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Abstract 
A lightning climatology, based on the Norwegian lightning detector network are          
presented. Seasonal and spatial differences are described and discussed. In summer,          
lightning is observed most frequently in south east Norway and over land in southern             
Norway in general. In winter, the most pronounced lightning activity appear offshore and            
along the Norwegian west coast.  

A possible future change in lightning patterns for Norway are further investigated. This            
study suggest that lightning in Norway will happen more frequently in winter, spring,            
autumn and in mountainous areas in the future. However, the frequency of traditional            
summer lightning (e.g. what is experienced in south east Norway) will happen slightly            
less frequent, or with today's frequency. However, the estimates of future lightning           
characteristics are still uncertain. 
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1. Introduction 
Lightning strikes are responsible for a substantial part of interruptions in the Norwegian 
power supply (Kjølle et al., 2006, 2008). Lightning protection is therefore an important 
component of the power supply infrastructure. To make appropriate plans for lightning 
protection, knowledge about present and future lightning climatology is important.  
 
Lightning is closely linked to convective precipitation (e.g. showers). A first necessity            
for convection to happen is relatively warm air at lower levels of the atmosphere. This               
happens in summer when the surface is heated by the sun, or in winter when cold air                 
flowing over relatively warm oceans are heated (e.g. in connection with “cold air             
outbreaks”). For high vertical atmospheric temperatures differences (with colder air at           
higher altitudes) the atmosphere becomes potentially unstable and vertical mixing can           
be triggered. If also enough moisture is available at lower levels, convective            
precipitation will start to develop. 
 
Charging of convective clouds happens by collisions between different hydrometeors          
(e.g. ice, snow, graupel, rain droplets) where electrical charge is transferred between            
their surfaces. Due to different density, mass and shape of these hydrometeors they are              
transported by cloud updrafts to different regions in the cloud. This process then builds              
larger charged regions that can be released by lightning discharges when the differences             
exceed some thresholds. 
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Lightning is a small scale phenomenon, and not resolved or explicitly forecasted by             
weather and climate models. Day to day forecasting and climate model scenarios are             
therefore dependent on parameterization schemes (e.g. unresolved processes are         
described with resolved large scale parameters) or larger scale stability indices (e.g.            
indexes based on vertical stability and moisture availability).  
 
Midtbø et al. (2011) studied the change in lightning indices in Norway in a future               
climate. The conclusion was that we should expect an increase in lightning activity, but              
not homogenous in space. Since this study, the observational time series of lightning             
over Norway and adjacent areas has been significantly extended in time. In addition,             
greenhouse gas scenarios have evolved together with climate model descriptions. An           
update on lightning activity in present and future climate can therefore provide new and              
potentially useful insight. 
 
In this study, we use output from already existing climate scenario runs. However, the              
temporal resolution of model output in these runs is somewhat limited in representing             
the daily cycle. Also, not all desired variables are available. Therefore, this study also              
includes a new climate scenario run with the COSMO-CLM regional climate model            
(Früh et al. 2016) to ensure a good temporal resolution of the daily cycle and               
availability of the necessary variables for lightning indices. 
  
This report describes the lightning observational system in Norway (section 2) and            
presents an updated lightning climatology based on these observations in section 3. A             
short introduction to climate scenarios and climate models is given in section 4.             
Analysis of lightning indices in the ProTrafo climate run is done in section 5, while the                
findings are compared with data/literature from other studies in section 6. The report             
ends in a short summary with conclusions in section 7. 
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2. Description of observations 
The Norwegian sensor network was built during the 1980s and 1990s in a cooperation              
between Statnett, Sintef and MET Norway. Since 2017, MET Norway is responsible for             
operating the network, and lightning data from the norwegian economic zone (and            
countries which MET Norway has agreed on sharing data with) are freely available             
from api.met.no. 
 
At the moment (summer 2018) the Norwegian lightning sensor network consists of            
fourteen sensors in Norway (from Lista in the south to Vardø in the north). In addition,                
one sensor is placed at Lerwick airport on Shetland and one near Sindal in Denmark               
(Figure 2.1). Several sensors makes it possible to triangulate individual discharges with            
a given accuracy. However, the observational accuracy of the system has some known             
limitations. The electromagnetic signature of a lightning decreases with distance and           
will at a given distance be difficult to separate from other electromagnetic signals.             
Therefore, large distances between sensors make the triangulations inaccurate.         
Furthermore, if a sensor is too close to the discharge, the sensor could be overloaded               
and the observation will be excluded from the calculation. Obviously, lightning           
discharges outside of the network might not be registered or have a large error in               
location.  
 
Introduction of new sensors and processing units have improved the accuracy and            
detection efficiency of the system. For example, after a sensor upgrade in 2015 it is               
possible to differentiate between intra-cloud (IC) and cloud-to-ground (CG) lightning.          
Due to the evolution of the system, spatial lightning patterns are well described in the               
historical observations, but description of lightning changes with time is more uncertain            
and should be handled with care. For the present version of the network, the lightning               
detection efficiency given by the manufacturer is 90-95% and 45-50% for           
cloud-to-ground and intra-cloud lightning, respectively (https://www.vaisala.com). To       
improve the observational coverage and accuracy, MET Norway exchange sensor data           
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with the Swedish Meteorological and Hydrological Institute (SMHI), The Finnish          
Meteorological Institute (FMI), Siemens (that runs the sensor network in Germany) and            
Meteorage which has a lightning sensor net spread over UK, Netherlands, and France. 
 

 
Figure 2.1 Lightning sensor locations. 
 

3. Lightning climatology 
A lightning climatology for the period 2004 - 2016 has been prepared and is presented               
in the following. Figure 3.1 shows hours with one or more lightning strikes within 12,5               
x 12,5km for yearly, cold and warm season averages. A yearly maximum is found              
around Oslofjorden and along the coast in southern Norway. In general, lightning            
frequency decreases with latitude and altitude.  
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Figure 3.1 Percentages of hours when one or more lightning strikes are observed within              
a 12,5km x 12,5km box for the period 2004-2016. Annual percentages to the left, warm               
season values in the middle and cold season values to the right. 
 
There are significant differences between summer and winter lightning. Taking          
lightning mechanisms into consideration this is quite reasonable. Summer lightning is           
most frequent in south east Norway associated with build up of traditional summer             
continental convection (single convective cells or more organised activity). When the           
surface is heated by the sun, low level moisture is available and colder air is present                
aloft. Thus, the atmosphere is unstable and convective activity develops. Cold season            
lightning, as seen along the west coast and offshore, has a different origin compared to               
summer lightning. Winter lightning is connected to cold air, often of Arctic origin,             
traveling with a long fetch over the ocean. The cold air will, with the help of relatively                 
warmer sea surface temperatures, warm near the surface. This results in relatively warm             
and moisture air near the sea surface in combination with colder air aloft. In these               
situations widespread, but relatively shallow convection is common and results in           
lightning activity offshore and along the coast line. The maximum along the coast             
happens due to additional convergence of the air masses that hit land due to increased               
friction and additional topographic lifting. Since the temperatures are lower in winter            
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than summer, and thereby also the ability to hold on humidity, the lightning frequency is               
lower in the cold season than in the summer. 
 
Figure 3.2 shows the total amount of lightning strikes for an area in northern Norway               
(6-13E and 62-69N), west Norway (0-6E and 57-62N) and east Norway (7-13E and             
58-62N) as a function of time of the year. The lightning season in east Norway starts in                 
May and ends in September. While west Norway has a season from May to January,               
and north Norway from May to September and a second top in December and January. 

Figure 3.2 Number of observed lightning strikes by month averaged over all years from              
2004 to 2016 for Eastern Norway, Western Norway and Northern Norway. Each box is              
drawn between the upper and lower quartile, with the thick black line showing the              
median. The dashed lines extend to the highest and lowest value, excluding outliers. 
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The relative amount of positive lightning increases in the cold season along the coast of               
Norway (not shown). On average, the most energetic lightnings are found in west             
Norway (Table 1). On average, also winter lightning is more energetic than summer             
lightnings. Furthermore, the variability in lightning energy is higher during winter than            
in summer (not shown). Compared with the energy reported elsewhere (e.g. Poelman et             
al., 2016, Schultz et al., 2016 ) at lower latitudes Norwegian lightning has less energy. 
 

Strength of 
lightning 

(kA) 

Year Warm season Cold season 

all neg pos all neg pos all  neg pos 

Southeast 7 9 6 7 9 6 9 9 8 

West 14 15 12 14 15 12 15 16 14 

North 9 10 7 9 10 7 16 15 17 

Table 1 Median value of lightning strength (kA) in different regions divided into annual,              
cold and warm season. 
 

4. Climate scenario runs 
Global Earth System Models (ESMs) simulate the processes in the atmosphere, land            
surface, ocean, sea ice and their interactions and are the cornerstone of climate scenario              
production. In climate scenario runs these models are forced with emission scenarios of             
historical, present and future emissions of greenhouse gases. ESMs are very computer            
demanding and simulate therefore the future climate with a quite coarse horizontal            
resolution and often lack spatial and temporal details. To give more useful and detailed              
climate scenarios, Regional Climate models (RCMs) are therefore often used to           
downscale ESM results. Such a model employed on a limited regional domain and time              
period can afford higher resolution and provide more details. 
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Although results from RCMs still differ significantly from observations, the          
performance has been much improved (e.g, Kotlarski et al., 2014). For Europe, RCM             
simulations are coordinated in the EURO-CORDEX initiative       
(​http://www.euro-cordex.net/​) which provides RCM climate projections (and evaluation        
runs) for a set of model combinations (>15) over a common 0.44° (ca. 50km) and 0.11°                
(ca. 12km) grid covering Europe. The EURO-CORDEX data is available on the Earth             
System Grid Federation (ESGF) data centers (e.g., ​https://esgf-data.dkrz.de/​). 
 
Considering the assessment of possible changes in lightning climatology in a future            
climate, the availability of data is somewhat limited. CAPE is usually not available and              
some desired variables are available at daily resolution only. Thus, to supplement the             
CORDEX simulations with additional variables like CAPE or Graupel, as well as on             
different pressure levels and with higher temporal resolution (hourly), an additional           
RCM simulation for Northern Europe (Fig. 4.2) has been carried out using the COSMO              
model in Climate Mode (COSMO-CLM, Früh et al., 2016). For this simulation, global             
data from the MPI-ESM-LR earth system model (Giorgetta et al., 2013) has been             
downscaled to 0.22° for the time period 1971-2100 following the RCP8.5 scenario (high             
greenhouse gas emission). 
 
The COSMO-CLM is the community model of the German regional climate research. It             
is a non-hydrostatic RCM based on the COSMO (Consortium for Small-scale           
Modeling) numerical weather prediction model (​http://www.cosmo-model.org​). Details       
on the COSMO-CLM model can be found on the CLM web page            
http://www.clm-community.eu/​.  
 
Our model configuration follows the setup used for simulations covering Europe (Jacob            
et al., 2013; Kotlarski et al., 2014), but with a microphysics scheme including             
prognostic cloud water, cloud ice, and graupel. Vertically, the model domain consists of             
40 atmospheric layers reaching up to 23 km (ca. 40 hPa) and 9 soil layers down to 11.5                  
m using a multilayer soil model (Schrodin and Heise, 2002). To account for spin-up, the               
first 3 years (1968-1970) of the simulations have been neglected. 
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Figure 4.2: Model domain and orography [m] used for the ProTrafo COSMO-CLM            
simulation. 
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5. Analysis of ProTrafo climate scenario run 
The general approach of climate scenario runs is described in the previous section. More              
details on the applied climate scenario run used in ProTrafo (hereafter PTCR) is also              
given there. In this section we analyse the results from PTCR before we compare the               
results with other data and published literature in the next section. 
 
Lightning is not explicitly described in climate models and the analyses rely on             
lightning indices (e.g. indexes based on vertical stability and moisture availability). In            
our study we first analyse the general stability of the atmosphere using temperatures at              
850 (~1500m) and 500 (~5500m) hPa. This is done as a reduced vertical stability is a                
prerequisite for convection to happen. In addition to stability, we focus on Convective             
Available Potential Energy (CAPE) in combination with convective precipitation.         
CAPE is a vertically integrated measure of buoyancy when an air parcel is lifted, which               
is used in the daily lightning forecasting at MET Norway. In addition, Romps et al.               
(2014) combined CAPE and convective precipitation to investigate changes in future           
lightning in North America. CAPE can then be thought of as the potential for              
convection, while the precipitation part counts for what was actually released. 
 
Figure 5.1 shows the changes in tropospheric temperature and low level humidity for             
PTCR. In the PTCR the temperature increases in the future, both at 850 hPa and at 500                 
hPa. Significant increases are seen in the average temperature and in the maximum and              
minimum temperatures. However, the temperature increases more at higher altitudes          
(500 hPa) than in the lower atmosphere (850 hPa) with the implication that the              
temperature difference has a significant decrease between these levels (lower left panel).            
So the results indicate a warmer atmosphere, but also an atmosphere that is getting more               
vertically stable. A significant increase in relative humidity for the future is also seen              
which in combination with a warmer atmosphere gives clear signals that more low level              
humidity will be available. The changes in the vertical temperature gradient in the lower              
left panel of Figure 5.1 is shown for each season in Figure 5.2. The atmosphere becomes                
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significantly more stable in all seasons. However, the increase in stability is clearly             
higher in the summer than in the winter. 
 
The increase in low level humidity indicates a possible increase in lightning activity, but              
is counteracted by the, in general, more stable atmosphere. Based on these changes it is               
therefore very uncertain if and how lightning will change in a future climate. We              
therefore investigate the possible changes in the product CAPE x convective           
precipitation (Figure 5.3). Since the mechanisms for lightning production in Norway           
varies in space and time, as discussed earlier, we look into possible changes for different               
seasons and regions. CAPE x convective precipitation has a significant increase in all             
regions in winter and spring. In autumn, most of the changes are not significant (but               
slightly positive). During summer, we find only non-significant minor changes for the            
highest combination of CAPE and convective precipitation. However, a significant          
reduction in the 99 and 95%-tile is found.  
 
In the PTCR, a general increase in atmospheric stability counteracts the presence of             
more low level humidity in particular in the summer. Changes in CAPE and convective              
precipitation further suggest that there might only be small changes (neutral or slight             
reductions) in summer time lightning activity. However, it can be expected that the             
lightning season is extended into the spring and autumn and intensified in the winter              
along the Norwegian coast line. 
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Figure 5.1 Percentiles of hourly values of T850 hPa, T500 hPa, T850 hPa - T500 hPa                
and RH925 hPa respectively, each year from 1971 until 2100, for all seasons and all               
three regions combined. The numbers on the right hand vertical axis give the total              
change in the related percentile derived from a linear regression. Asterisks (or a dot)              
next to a number denote the significance of the trend, according to the legend at the                
bottom of the plot. 
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Figure 5.2 Percentiles of hourly values of the temperature difference between 850 hPa             
and 500 hPa from 1971 until 2100, according to season (Dec-Feb, Mar-May, Jun-Aug,             
Sep-Nov). The numbers on the right hand vertical axis give the total change in the               
related percentile derived from a linear regression. Asterisks (or a dot) next to a              
number denote the significance of the trend, according to the legend at the bottom of the                
plot.  
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Figure 5.3 Percentiles of hourly values of CAPE of most unstable parcel times             
convective precipitation for each year from 1971 until 2100, according to region and             
season. A logarithmic axis with a cutoff at 1, is used, due to the enormous differences,                
both regional and seasonal. The numbers on the right hand vertical axis give the total               
change in the related percentile derived from a linear regression. Asterisks (or a dot)              
next to a number denote the significance of the trend, according to the legend at the                
bottom of the plot. Each row of plots shows a separate region, and each column is a                 
different season. 

  

Footer 18
 



6. ProTrafo climate scenario compared with other 
studies.  
Early studies focussing on global lightning suggest a general increase of lightning in a              
warmer climate (e.g., Price and Rind, 1994a; Brasseur et al., 2005; Hauglustaine et al.,              
2005, IPCC, 2007). However, more recent studies (Clark et al., 2017; Declan et al.,              
2018, Tost et al., 2007) show that the trends are sensitive to parameterizations involved,              
resulting either in large increases, mild increases or even a decrease in lightning flash              
density depending on the chosen parameterization schemes. For Norway, the          
simulations analysed in Midtbø et al. (2011) project an increase in lightning frequency             
for the country as a whole until 2050 of about 25%, but with an uncertainty ranging                
from 0 to 50%. The increase is growing towards 2100, with larger uncertainties for              
different seasons and regions. 
 
The new PTCR indicates a neutral or a small decrease in lightning during summer, but a                
longer lightning season. However, as the PTCR is just a single RCM/GCM scenario run,              
it gives only one possible future development and neglects any uncertainty in the             
projected changes. Thus, to put our simulation into a broader context (i.e., to add an               
uncertainty estimation), high-resolution (0.11°, ca. 12km) regional climate model         
projections available from the EURO-CORDEX framework (Table 2) have been          
analysed. As the model combination used for the PTCR (​COSMO-CLM driven by            
MPI-ESM-LR) has also been used in EURO-CORDEX, a direct comparison is possible. 
 
As discussed in section 5, trends in convective (and thus lightning) activity are a result               
of two effects: 1) The amount of water vapour the atmosphere is able to hold is                
increasing with temperature, resulting in an increasing convective activity (i.e.,          
increasing intensity) and 2) Stability in the atmosphere may increase, reducing the            
number of convective events (i.e., decreasing frequency). While ​analyses of future           
convective events agree that associated intense storms are more probable (​Del Genio et             
al. 2007​; ​Trapp et al. 2007​; van Klooster and Roebber, 2009​), ​the counteracting increase              
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in stability is more uncertain and varying. Figure 6.1 shows the trends in number of               
days with convective summer precipitation over Scandinavia as an indicator for           
instability in the EURO-CORDEX RCP8.5 projections. As can be seen, there is a large              
spread among the single models. The area average is ranging from -0.5 days per decade               
(in the REMO2009 simulation driven by MPI-ESM-LR) to +0.5 days per decade (in the              
RCA4 simulation driven by CNRM-CM5). 
 
 
Table 2: List of EURO-CORDEX simulations used to estimate uncertainties in projected            
changes of convective precipitation 
 
Modelling institute ID RCM GCMs 

CLMcom CCLM4-8-17 CNRM-CM5, EC-EARTH, 
HadGEM2-ES, 
MPI-ESM-LR 

DMI HIRHAM5 EC-EARTH, 
HadGEM2-ES, 
NorESM1-M 

IPSL-INERIS WRF331F IPSL-CM5A-MR  

KNMI RACMO22E EC-EARTH, 
HadGEM2-ES 

MPI-CSC REMO2009 MPI-ESM-LR 

SMHI RCA4 CNRM-CM5, EC-EARTH, 
HadGEM2-ES, 
MPI-ESM-LR 
IPSL-CM5A-MR 

 
 
Taking the ensemble mean over all 16 simulations yields a smooth field with increases              
in northern and mountainous areas and a decrease along the southern coast lines. It also               
shows that both the RCM (CCLM) and GCM (MPI-ESM-LR) used in the PTCR tend to               
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give lower trends than other models but are no clear outlier. As the ensemble mean may                
be influenced by some overrepresented models (e.g., RCA and EC-EARTH), a           
sub-ensemble using each RCM and GCM only once was taken into account. However,             
as can be seen, the result of the sub-sample is in good agreement with the non-restricted                
average. 
 
 

 
 
Figure 6.1: Trends (in days per decade) in number of days with convective summer              
precipitation (days with more than 1mm of convective precipitation) over the time            
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period 2006-2100 in different EURO-CORDEX simulations following RCP8.5. Blue         
labels indicate means over a specific RCM, while black labeled plots show means over              
a specific GCM (also indicated by differently colored frames). “All runs” gives the             
mean over all RCM runs, while the “SubEns” show the mean of the sub-ensemble using               
a model combination where each RCM and GCM is used only once. 
 
To assess the robustness of the convective precipitation signal in the EURO-CORDEX            
simulations, we show the number of EURO-CORDEX models with a positive trend in             
summer (Figure 6.2). Most models agree on a decrease in the total convective             
precipitation amount along the south-west coast with a steep, sharp gradient towards an             
agreement on an increase inland in northern and mountainous areas. The pattern is             
dominated by changes in frequency. For intensity, there is high agreement on an             
increase throughout the domain, with the exception of a small area along the west-coast              
towards Shetland where there is less agreement.  
 
Considering total summer precipitation, the convective precipitation trends are         
counteracting and dominating the large-scale precipitation trends in several regions. For           
instance, along the south-western coast and towards Shetland the convective          
precipitation trends are negative, highly influencing the agreement among the          
EURO-CORDEX models in total summer precipitation trends (Figure 6.3). For the           
more mountainous regions in the south-west, the models agree on an increase in             
summer convective precipitation. Also here, this is partly dominating trends in the            
large-scale precipitation resulting in an overall increase of total precipitation. 
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Figure 6.2: Number of RCMs that agree on a positive trend for summer convective              
precipitation amount (left) frequency (middle) and intensity (right). 
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Figure 6.3: Number of RCMs that agree on a positive trend for summer total (left),               
large-scale (middle) and convective (right) precipitation amount. 
 

7. Summary and conclusions 
The Norwegian lightning sensor network is operated by MET Norway and data is             
available at api.met.no. The network provides a good spatial picture of lightning activity             
in Norway, but temporal trends are not well represented due to the development of the               
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system over time. A Norwegian spatial lightning climatology shows a distinct difference            
between warm and cold season lightning. The warm season lightning is dominated by             
areas in south east Norway and follows the inside of the coast lines. This pattern is due                 
to continental summer convective activity. In the cold season, lightning activity happens            
offshore and along the western coast line. The latter is due to convection in cold air over                 
relatively warm sea which is further enhance by the coast convergence of the air              
masses. In general, the lightning activity decreases with latitude and altitude. 
 
Early global studies on changes in lightning activity indicate an increase in a future              
changing climate (e.g., Price and Rind, 1994a; Brasseur et al., 2005; Hauglustaine et al.,              
2005, IPCC, 2007). The study of Midtbø et al. (2011) about changes in lightning              
activity in Norway also indicated an increased future activity. However, more recent            
studies (Clark et al., 2017; Declan et al., 2018) show that the trends are much more                
uncertain and results vary from either large increases, mild increases or even a decrease              
in lightning flash density. 
 
In the ProTrafo Climate Run we find an increase in atmospheric stability (indicating             
potentially less lightning) counteracted by a warmer and more moist lower atmosphere            
(indicating potentially more lightning) and the total effect on lightning activity is            
uncertain. Convective Available Potential Energy x convective precipitation indicates         
an increase (more lightning) in winter, spring and autumn and no change or a small               
decrease (less lightning) in summer. However, the summer results can also be            
interpreted as fewer lightning events, but more severe when they happen. The latter is in               
agreement with van Klooster and Roebber (2009) stating that in a warmer and more              
moist climate, the frequency of ​triggering convection may not increase noticeably but,            
when convection is happening, there is sufficient energy available to make it more             
intense.  
 
Furthermore, comparing the results to ​EURO-CORDEX summer simulations indicate         
that a ​stabilisation of the atmosphere over the North Sea is affecting convective             
precipitation frequency (and partly even intensity) at the Norwegian coast, resulting in            
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an overall decrease along the south-west coast. Most models agree on a decrease of              
convective summer precipitation in this region as a result of a decreasing frequency of              
events. In contrast, most models agree on an increase in convective summer            
precipitation over the nearby more mountainous region and there is only a small area in               
between where models disagree. The positive convective precipitation trends are partly           
dominating trends in large-scale precipitation, resulting in an overall increase in total            
precipitation. Interestingly, this is similar to findings by ​Giorgi et al. (2015) for a similar               
sample of EURO-CORDEX high-resolution simulations showing an increase in         
precipitation over high (European) Alpine regions as a result of increased convective            
rainfall dominating negative large-scale precipitation trends. ​Thus, this seems to be not            
specific to the European or Norwegian Alps, but may be a general behavior of the               
RCMs involved in EURO-CORDEX in mountainous areas. This is also supported by            
the findings of Wennerdahl (2017) showing that the RCA4 model (driven by 8 different              
GCMs) gives an increase in thunderstorm potential in a warmer future climate, with             
increases expected to be largest in mountainous regions of Europe. 
 
In summary, this study suggest that lightning in Norway will happen more frequently in              
winter, spring, autumn and in mountainous areas in the future. However, the frequency             
of traditional summer lightning (e.g. what is experienced in south Norway) will happen             
slightly less frequently, or with today's frequency. However, changes in the intensity of             
each individual lightning event are still uncertain. 
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