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of around 23%/K. This change may have serious implica-
tions for flooding and geohazards.
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1  Introduction

Extreme precipitation in Norway is associated with the 
onshore flow of a moist jet of air over the complex ter-
rain of southern Norway. This large moisture flow occurs 
in association with extratropical cyclones located in the 
North Atlantic. It is of great interest to understand how this 
atmospheric river and the associated extreme orographic 
precipitation may change in the future as this moisture 
source results in a large fraction of annual precipitation 
over the Norwegian mountains important to hydropower 
and recreation. In addition, the high precipitation rates 
associated with this flow often leads to adverse conditions 
for transportation and avalanche occurrence.

In a warming climate available moisture will gener-
ally increase, roughly following the atmospheric satura-
tion specific humidity (O’Gorman and Schneider 2009b; 
O’Gorman and Muller 2010). The Clausius-Clapeyron 
(CC) relation is often used as a rule of thumb on how 
extreme precipitation may change in a warmer climate (e.g. 
Allan and Ingram 2002; Trenberth et  al. 2003; Pall et  al. 
2006; Loriaux et  al. 2013). By using a simple numerical 
model for idealized extreme storms, Siler and Roe (2014) 
found that orographic precipitation had a lower response to 
surface warming than expected by the CC-relation. They 
noted a decrease in the condensation rate combined with an 
increase in transport of precipitation to the lee side of the 
mountain, where evaporation occurs, as the main reasons 
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for the lower response in precipitation. On the other hand, 
Rasmussen et al. (2011) found a higher response than the 
CC-relation in a warmer climate for accumulated winter 
precipitation for some months in high-precipitation years 
over the Colorado Headwaters (CH) region. The two main 
factors for the increase were an increase in precipitation 
efficiency, due to higher fall speed for rain than snow as 
the system passes the barrier; and an increase in riming 
growth, due to the increased cloud water mixing ratio. At 
temperatures below 295  K Singh and O’Gorman (2014) 
found the rate of increase in precipitation to be sensitive to 
the fall speed of hydrometeors, in agreement to that found 
by Rasmussen et al. (2011). Liu et al. (2016) also found a 
higher response for winter precipitation than the CC-rela-
tion for future climate over the continental western United 
States and Canada.

Changes in the atmospheric lapse rate and vertical veloc-
ity can also result in deviations from the CC relation for 
precipitation extremes (O’Gorman and Schneider 2009a; 
Trenberth et al. 2003; Sugiyama et al. 2010). An example 
of this is latent heat release due to condensation. Latent 
heat release changes the stability in the atmosphere, mak-
ing it more stable. The same latent heat release can increase 
the updraft velocity (Sørland et  al. 2016). Using a cloud-
resolving model, Muller and O’Gorman (2011) found that 
changes in vertical velocities tended to weaken the strength 
of precipitation extremes despite an increase of upper trop-
ospheric updraft velocities for mixed phased clouds in the 
tropics.

A number of climate model simulations show a pole-
ward or eastward shift of the mid-latitude storm tracks 
(Bengtsson et  al. 2006; Yin 2005). However, the climate 
model trajectories of storm tracks are highly variable 
for different ensemble members (Bengtsson et  al. 2006; 
Ulbrich et al. 2008; Laîné et al. 2009), and knowing which 
one will represent reality in the future is difficult. Climate 
models do however agree on a warmer and moister climate 
for mid and high latitudes (Collins et al. 2013).

An idealized method for analyzing the sensitivity of 
extreme events to temperature changes is the use of the 
pseudo global warming method [PGW, also called surro-
gated climate change (SCC) method]. PGW can be used 
to perform idealized experiments to better understand how 
sensitive regional weather is to certain aspects of a warm-
ing climate. In PGW experiments a climate change signal 
is introduced to the initial and boundary conditions. Sev-
eral PGW experiments have focused on Europe with a cli-
mate change signal added to the temperature field as well 
as the atmospheric water vapor content (e.g. Schär et  al. 
1996; Frei et al. 1998; Im et al. 2009; Kröner et al. 2016). 
The PGW method is conducted by introducing a tempera-
ture anomaly in the air, land, and sea surface to the initial 
and lateral boundary conditions. The temperature anomaly 

may be a uniform change, a change in vertical profile, or 
obtained from a GCM or RCM. Since the specific humid-
ity have the tendency to follow the CC-relation, the RH is 
often chosen to be kept constant. Schär et al. (1996) showed 
that this procedure does not affect the dynamical structure 
(gradients and location of the synoptic systems) entering 
the model on the lateral boundaries. The assumption of a 
constant RH is an idealization compared to the real world. 
However, by using observations, Bony et al. (1995) found 
only small variations in RH. The PGW methods are ideal-
ized experiments in that they isolate the effects of increased 
temperature and specific moisture content. Kröner et  al. 
(2016) separated the climate change signals into thermody-
namic, lapse-rate and circulation effects with the use of the 
PGW method for a temperature perturbation that was verti-
cally dependent. They showed that for summertime mean 
precipitation over Scandinavia the changes were mainly 
attributed to the thermodynamic effect associated with a 
vertically uniform warming and changes in the circulation, 
and to a lesser extent the effect of changes in warming with 
height.

In this study, we will use the PGW method presented in 
Schär et  al. (1996) to study how orographically enhanced 
precipitation extremes over the west coast of Norway 
change with temperature. How these extremes change as 
a result of changes to the large scale is beyond the scope 
of this study. Rather, we focus on the impact of thermody-
namic changes to these phenomena. In particular, we will 
focus on:

1.	 How much do orographically enhanced stratiform pre-
cipitation extremes change with temperature?

2.	 Whether the chosen extreme events follow the CC-rela-
tion and if not, what are the causes of the deviations?

2 � Data and methods

2.1 � Study area

The southern part of Norway is divided meridionally by 
the Langfjella mountain range (Fig. 1). The south western 
part has complex topography with deep and narrow val-
leys, fjords, and mountains reaching up to 2000  m. This 
region experiences large amounts of precipitation, typically 
exceeding 2000  mm/year (Heikkilä et  al. 2011). The oro-
graphic complexity causes large variability in the observed 
precipitation amount over relatively short distances. Most 
of the extreme precipitation events in this area are a result 
of orographically enhanced precipitation from fronts 
embedded in North Atlantic mature low-pressure systems. 
They often occur during fall and winter months when the 
low-pressure systems become more frequent and intense 
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(Bengtsson et  al. 2009; Sorteberg and Walsh 2008). The 
Norwegian Meteorological Institute (MET Norway) has 
divided Norway into 13 homogenous precipitation regions 
(Hanssen-Bauer and Førland 1998; Hanssen-Bauer et  al. 
2009). The region of interest for this study encompasses 
regions 5 and 6, which combined represent what we call the 
“West Coast” (WC) in our study. This region is indicated 
by the dark grey shadings in Fig.  2. The light grey dots 
represent the lee side of Langfjella and is used to calculate 
the fraction of precipitation that falls out on the lee side of 
Langfjella in Sect. 3.3.3.

2.2 � Selection of extreme events

The extreme daily precipitation events selected for our 
analysis occurred during the time period 1900–2011, and 
only stations with more than 75% data coverage within the 
chosen timeframe (1900–2011) are retained, resulting in 20 
stations. We define an extreme precipitation event as a day 
in which precipitation exceeds the stations 99.5-percentile 
threshold considering the entire 111 year record. To be sure 
that the events were associated with large-scale systems 
(extratropical cyclones), only events for which 60% of the 
stations exceed the 99.5 percentile threshold are selected. 
By using the full 1900–2011 period we ensure that the 
extremes selected are in fact extremes on the scale of a cen-
tury. For further investigation we selected the events that 
occurred from 1990 onwards, since good quality boundary 

conditions for the model simulations are available for this 
period. This resulted in the 11 events listed in Table 1.

2.3 � Model setup

To examine the impact of thermodynamic climate change 
on extreme precipitation over Western Norway, simulations 
with and without climate change impacts on temperature 
and moisture were performed with the Advanced Research 
WRF (ARW) model (version WRF3.6.1). WRF is a fully 
compressible nonhydrostatic model, with a terrain-follow-
ing hydrostatic pressure vertical coordinate system (Skama-
rock et al. 2008). Table 2 lists the model setup and physics 
options used in these simulations. The model domain con-
tains 600 × 700 grid points with a 2 × 2 km horizontal reso-
lution, which covers Southern Norway, parts of the United 
Kingdom, Sweden and Denmark as well as the Norwegian 
Sea, North Sea and Skagerrak (Fig. 1). Due to the high spa-
tial resolution, convection is mostly resolved by the model, 
and thus the convection scheme was turned off. The atmos-
phere is divided into 51 vertical (eta) model levels. The 
model top is located at 50  hPa with no vertical damping 
layer at the top. Six hourly ERA-INTERIM reanalysis (Dee 
et al. 2011) from the European Center for Medium Range 
Weather Forecast (ECMWF) were used as initial and lateral 
boundary conditions.

The domain is a compromise between two factors. It 
has to be big enough to allow weather systems to develop 

Fig. 1   The WRF model 
2 × 2 km resolution domain 
and topography. The main 
north–south mountain range is 
the Langfjella having peaks up 
to 2000 m. The black box over 
Norway represents where the 
influx and outflux of humid-
ity were calculated to give an 
estimate of the drying ratio
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their own orographically induced dynamics (which often 
includes an orographically induced high pressure anomaly 
off the west coast of Norway), but still constrained by the 
synoptic scale flow through the lateral boundary conditions. 
Larger domains were tested, which resulted in a degrada-
tion of the daily precipitation compared to observations, as 
well as changes in the tracks of the synoptic systems when 
temperature perturbations were imposed. To reduce this 
drift in the large scale flow, we tested one-way nesting by 
introducing a 10 km resolution outer domain that covered 
parts of North America, the north Atlantic and Europe that 
was spectrally nudged. We found that the introduction of 
a spectrally nudged outer domain did not produce signifi-
cant improvements compared to the single high resolution 
domain simulations. The nudging had to be applied down 
to wavelengths within the mesoscale range to constrain the 
large-scale flow, and this may have influenced the model’s 
ability to produce the orographically induced dynamics. 
Thus, a single high resolution domain without nudging is 
used in this study.

Each model simulation was 72 h long, starting with an 
18 h spin up period prior to the extreme precipitation event. 
The spin up time allows the model to equilibrate to the ini-
tial conditions and to start the production of precipitation. 
Both longer and slightly shorter spin up times were tested 
with no discernable differences in the accumulated daily 
precipitation during the extreme event.

 

Fig. 2   The grey shaded areas represent the WC area. The grey dots 
on the other hand indicate the leeside of the mountain range called 
Southern Norway (SN, region 2 in the MET Norway classification), 
which is used to calculate the fraction of precipitation that falls within 
the WC area. The black square indicates the area used to calculate the 
vertical transects. The dark grey lines indicate the 4.5°, 5.3°, 6.5° and 
8° longitude lines, respectively

Table 1   The dates of the 11 
extreme precipitation events are 
listed in the first column

Dates indicated are end dates for the 24 h observed precipitation (06–06 UTC). Thus the bulk of the pre-
cipitation occurred the day before. The second column states the percentage of the 20 stations that has 
data back to 1900 that observed extreme precipitation during a given event. The maximum daily accumu-
lated precipitation that was recorded (using all stations having data for the event) during the given events is 
found in the third column. Mean absolute error (MAE) and mean error (ME) are listed in the two last col-
umns, respectively. The number of observational stations that have been used to validate the control runs 
(CTR) when calculating MAE and ME is listed is the fourth column

Date, ddmmyyyy Percentage of 
stations [%]

Max precipitation 
[mm/day]

Number of 
stations

MAE [mm/day] ME [%]

05031990 60 109.4 127 15.0 −16.7
11011992 74 206.0 128 29.6 3.1
19101995 61 121.2 115 18.6 −15.0
27101995 67 184.6 115 17.3 −16.9
02031997 94 175.0 113 31.0 −8.2
04021999 65 140.6 111 14.1 −3.6
29111999 65 135.8 113 21.5 1.8
15112004 79 195.0 98 24.5 −14.0
14092005 85 179.5 93 21.0 −4.1
15112005 85 223.0 95 23.7 2.9
12012009 83 123.5 89 27.4 9.5
Mean 74 163.1 109 22.2 −5.6
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2.4 � PGW‑simulations

For the sensitivity experiments we follow the PGW 
method outlined in the introduction. An idealized uni-
form ±2 °C perturbation of all the temperature-fields 
in the atmosphere, the land surface and the sea surface 
was imposed on the initial and lateral boundary condi-
tions. Relative humidity was kept constant, resulting in 
an adjustment of the specific humidity according to the 
CC-relation. The surface pressure was recalculated after 
introducing the temperature perturbation. This adjust-
ment as well as the new temperature fields resulted in a 
hydrostatic adjustment of the geopotential height, ΦΔT:

where p is at some reference pressure level. The modifica-
tion of the geopotential height ensures that it is dynamically 
consistent with the temperature fields. This is especially 
important over high topography where pressure surfaces 
can be shifted upward with increased temperature. In the 
following, the control runs and sensitivity simulations will 
be indicated as CTR, 2PL (+2 °C perturbation) and 2NG 
(−2 °C perturbation), respectively.

3 � Results

In the following, a 24 h analysis period is chosen from 6 
UTC to 6 UTC.

To provide a general picture of how sensitive these 
types of extreme precipitation events are to a warmer/
colder climate, the 11 cases were composited and ana-
lyzed. The magnitude of the 2PL and 2NG simulations 
experienced a similar response, but in opposite direc-
tions. Therefore, figures and numbers presenting the 
sensitivity will be from the warmer climate response. To 
quantify the amount of variation between the 11 cases 

ΦΔT(p) =

ps,ΔT

∫
p

R(T + ΔT)
dp

p

one standard deviation is given after each value (indi-
cated by ±) given in this section.

3.1 � Synoptic situations

Six hourly ERA-Interim reanalysis data (Dee et  al. 2011) 
for mean sea level pressure (MSLP) and temperature at 
850 hPa is used to evaluate the synoptic systems connected 
with these extremes. The synoptic situation for each of the 
extreme events is not identical. They are however similar in 
that they all have a pressure dipole where a low-pressure 
system in the north (typically in the Nordic Seas1) is com-
bined with a high-pressure system in the south (typically 
over central Europe) forcing a mix of cold arctic air with 
warm humid air from the south toward the west coast of 
Norway (Fig. 3). From an analysis of the synoptic weather 
patterns corresponding with extreme precipitation events 
for the WC region, the “04021999” case shown in Fig.  3 
visualize a common synoptic situation for these events. The 
prevailing synoptic flow hitting the west coast of Norway is 
in over half of the cases southwesterly flow while the rest 
either has westerly or northwesterly flow. Large tempera-
ture gradients associated with frontal systems in connection 
with the low can be found in some of the cases (Fig.  3). 
The passing of these frontal systems results in the large 
observed precipitation amounts in the WC region. A more 
detailed analysis of the synoptic situations leading to 
extreme precipitation on the Norwegian West coast can be 
found in Heikkilä and Sorteberg (2012).

3.2 � Model validation

Evaluation of the CTR simulations is performed by com-
paring the daily-accumulated precipitation from WRF 
against the daily-accumulated precipitation observations 
collected by MET Norway. The WRF nearest gridpoint to 

1  The Nordic Seas is a common name for The Norwegian Sea, The 
Iceland Sea, The Greenland Sea, The Barents Sea and The North Sea.

Table 2   Model setup Model version WRF (ARW) version 3.6.1

Duration 3d run, 24 analyze period (19h after start)
Output frequency of 1h

Grid 2 km grid spacing
600 × 700 grid points (EW × NS)
51 vertical levels

Physics Thompson microphysics scheme
Yonsei University PBL scheme
Unified Noah land surface model
Radiation: RRTMG longwave and shortwave scheme
No convection scheme
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the observation is used for validation. The number of sta-
tions used in the validation range from 89 to 128 (Table 1). 
The observations have undercatch due to the impact of 
wind speed on the gauge performance (Rasmussen et  al. 
2012), which complicate the validation process. For a 
mountainous site in south western Norway the undercatch 
for snowfall was found to be up to 80% in wind speeds 
above 7–8 m/s (Wolff et al. 2015). In the validation below, 
no correction for undercatch has been performed to lack 
of wind and temperature observations at the precipitation 

locations, but it should be kept in mind that the observa-
tions are probably biased low for snowfall (high eleva-
tions). The observational stations within the WC area are 
used to calculate the Mean Absolute Error (MAE) and the 
Mean Error/Bias (ME), see Table  1. On average WRF is 
underestimating the daily precipitation by 5.6 ± 9.2% with a 
MAE of 22.2 ± 5.7 mm/day. The average mean daily-accu-
mulated precipitation in WRF and the observations of the 
11 cases can be viewed in Fig. 4a. From Fig. 4a it appears 
that WRF is able to reasonably reproduce the observed 

Fig. 3   The synoptic situa-
tion for February 3rd 1999 
at 6 UTC. The darker thin 
grey lines show the mean sea 
level pressure (MSLP) and the 
colored shading represent the 
temperature at 850 hPa. The 
red circle represents the lowest 
pressure measured in the area. 
The landmasses are shown with 
the lighter thick lines
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pattern; the lowest precipitation amounts are located along 
the coast, the largest precipitation amounts are located 
where the airflow first hits the major slope in the topog-
raphy; further inland precipitation values are in the 60 to 
80 mm/day range.

Stations containing data for at least 6 of the 11 cases 
(109 stations) were divided into topographic height inter-
vals (Table 3) and distance to the ocean (Fig. 2). From this 
we are able to evaluate where WRF is underestimating 
and overestimating the observed precipitation (Table  3). 
Coastal, Near Coastal and Inland areas are defined as the 
area between 4.5° and 5.3° longitude, 5.3° and 6.5° lon-
gitude, and 6.5° and 8° longitude, respectively (dark grey 
lines in Fig. 2). The inland area experienced a general over-
estimation of precipitation except for a weak underestima-
tion of 2% for elevations located between 100 and 350 m 
a.s.l. One should keep in mind that the observational under-
catch in inland high elevation areas could be considerable 
and may explain parts of the overestimation by WRF. For 
the other categories a general underestimation is present. 
The largest mean underestimations are found at the stations 
in the coastal area and at elevations between 30 and 100 m 
a.s.l. for the near coastal area. In other words, WRF has a 
tendency to not produce enough precipitation in the coastal 
areas and near coastal areas, but rather deposit it further 
inland.

To be sure that the differences in precipitation are not a 
result of a time shift in the precipitation, the onset of the 
accumulated precipitation was checked for all cases. No 

shift in the onset were detected that could have altered the 
results.

3.3 � Sensitivity to temperature perturbations

In this section we examine the response of the meteorologi-
cal variables that are relevant for understanding the changes 
in precipitation to the imposed change in temperature 
fields, by comparing two PGW simulations with CTR, one 
with a positive temperature perturbation [2PL (+2 °C)] and 
one with a negative perturbation [2NG (−2 °C)].

Since we are mainly interested in changes in the parts of 
the atmosphere that have the bulk of the water vapor, all 
column integrated variables are weighted by the amount of 
water vapor (weighti =

qi�izi
∑N

i=1
qi�izi

, where qi is specific 

humidity, �i is the averaged density of the air within each 
layer, zi is the depth of each layer, and N is the number of 
layers). All changes are scaled with the initial temperature 
perturbation.

3.3.1 � Area averaged response

Two-meter temperature was used to quantify the CC rela-
tion. When averaging the WC region for the 11 cases the 
temperature change had an average value of 7%/K, consist-
ent with CC expectations. In high elevation areas, the cold-
est temperatures and the highest values of the CC-relation 
was found with a maximum of 7.5%. The warmest tempera-
tures and lowest values of the CC-relation with a minimum 
value of 6.7%/K was found in the coastal region. The area 
and column average change in specific humidity over the 
WC region for the 11 cases experienced a larger change 
than the CC-relation imposed on the boundary conditions 
with an average of 8.1 ± 0.4%/K for increased temperature 
(Table 6). The change is uniform throughout the region.

The area average change in the extreme precipitation 
over the WC region is on average 5.2 ± 0.9%/K for the 
warmer simulations (Table  4). The height intervals were 
chosen to evenly distribute the number of gridpoints within 
each height interval (~450 gridpoints). The largest percent-
age increases are located in high elevation areas where 
the change was around 6.4%/K (for elevations higher than 
650  m a.s.l.) compared to around 2.3%/K for low eleva-
tion areas (elevations lower than 150 m a.s.l.) (Fig. 5). The 
increased relative sensitivity in high elevation areas may be 
a result of the larger fractional change in condensation with 
lower temperatures as a result of the temperature depend-
ence of CC’s equation (Siler and Roe 2014). Regionally 
there are large percentage increases along the fjords located 
in areas of relative steep topography in the inland area with 
values above 15%/K (Fig. 4b). Even if the relative change is 
largest along the fjords and in high topography, the largest 

Table 3   mean absolute error (MAE) and mean error (ME) for differ-
ent elevation intervals and distance to the coast

The Coastal, Near Coastal and Inland regions are defined in Sect. 3.2 
and can be seen in Fig. 2. The height intervals of the stations are cre-
ated to give more or less an even number of observational stations 
within each interval (~28 stations) when calculating MAE and ME

Region Elevation MAE [mm/day] ME [%]

Coastal h < 30 12.8 −19.5
30 ≤ h < 100 – –
100 ≤ h < 350 18.1 −18.3
h ≥ 350 – –
All 13.3 −19.4

Near costal h < 30 23.5 −7.7
30 ≤ h < 100 21.6 −23.7
100 ≤ h < 350 22.6 −11.3
h ≥ 350 20.0 −11.1
All 22.2 −15.0

Inland h < 30 23.8 50.8
30 ≤ h < 100 39.9 45.2
100 ≤ h < 350 20.9 −2.0
h ≥ 350 16.1 10.5
All 22.6 19.0
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changes in total amounts are found in the high elevations of 
the near coastal area where the airflow hits the first major 
topographic barrier (Figs.  4c, 5). This area is also where 
the largest precipitation amounts are located in the con-
trol simulation. Simulations with decreased temperature 
(not shown) behaved slightly different for the inland area 
with the largest relative decrease for lower elevation areas 

(elevations lower than 650 m a.s.l.). As in the positive per-
turbation runs, the largest reduction in amounts occurred in 
the high elevation regions of the near coastal areas.

To get a better understanding of the microphysical 
changes with a warmer climate we divided the precipi-
tation into liquid (rain) and solid (snow and graupel). In 
the warmer simulations, snowfall decreased by ~22.7%/K 

Table 4   Accumulated daily 
precipitation, rain, and snow 
plus graupel amounts (CTR 
columns) for each of 11 extreme 
events and the mean

The percentage change between the perturbed temperature (+2 and −2 °C) simulations can be found in the 
2PL and 2NG columns, respectively. All values are area averaged values for the west coast region (WC) 
seen in Fig. 2

Date
ddmmyyyy

Precipitation Rain Snow and Graupel

mm/day % mm/day % mm/day %

CTR 2PL 2NG CTR 2PL 2NG CTR 2PL 2NG

05031990 36.6 8.6 −9.0 9.2 85.8 −55.6 27.5 −17.1 6.5
11011992 53.7 12.2 −10.0 30.0 56.4 −46.6 23.7 −44.8 35.2
19101995 40.6 7.9 −8.3 36.6 16.3 −27.6 4.0 −72.3 165.5
27101995 51.2 14.4 −11.7 47.8 20.7 −21.8 3.4 −73.5 130.9
02031997 58.7 10.9 −9.5 27.6 65.3 −49.0 31.1 −38.5 26.5
04021999 49.3 10.9 −9.6 38.1 30.2 −30.0 11.2 −55.3 59.5
29111999 50.3 8.2 −8.6 30.8 39.9 −43.8 19.5 −42.0 47.1
15112004 48.1 8.9 −8.1 36.5 30.8 −35.7 11.6 −59.4 77.9
14092005 74.8 10.8 −10.1 74.7 10.9 −11.1 0.1 −96.7 1028.8
15112005 62.6 10.1 −9.9 49.2 28.1 −35.1 13.4 −57.5 82.2
12012009 58.0 10.5 −8.4 35.3 57.0 −43.9 22.7 −64.0 48.4
Mean 53.1 10.3 −9.4 37.8 32.7 −31.8 15.3 −45.3 45.8

Fig. 5   Relative (a) and absolute 
change (b) change in precipita-
tion by comparing the PGW-
simulation 2PL (+2 °C) with 
the control run (CTR) where 
the west coast region has been 
divided into height intervals 
and distance from the coast. 
The Coastal, Near Coastal and 
Inland regions are defined in 
Fig. 2. The different colors on 
the bars indicate the height 
intervals defined in the legend. 
The “All” bar contains all grid-
points within each of the C, NC 
and I regions
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(Fig.  6c; Table  4) while rainfall increased by ~16.4%/K 
(Fig. 6b; Table 4). This is due to the higher melting level, 
melting more of the solid precipitation to rain before hit-
ting the ground. In terms of absolute values, the increase 
in daily rainfall was 12.4  mm while the reduction in 
snowfall and graupel was 6.9 mm.

The simplest explanation of the increased precipitation 
is an increase of moisture associated with the CC relation. 
However, a change in precipitation efficiency could also 
lead to a change in precipitation amounts. Smith et  al. 
(2003) found that precipitation efficiency can lead to arti-
ficially inflated condensation rates over multiple ridges. 
To evaluate how efficient Langfjella generates precipita-
tion, the drying ratio (DR, the fraction of incoming water 
vapor flux that is rained out as air passes over the ter-
rain) was examined. The advantage of this quantity is that 
it can take into account the multiple condensation and 
evaporation cycles over the complex terrain of southwest 
Norway. With an idealized cloud resolving model, Kir-
shbaum and Smith (2008) found a decrease in DR with 
an increase in temperature while RH was kept constant 
for a mountainous area. They argue that the main reason 
for this relationship is that the normalized (by incoming 
vapor flux) condensation rate decreases with increased 
temperature as dictated by the CC-relation, as well as a 
reduction in the precipitation efficiency due to a decrease 
in ice-phased precipitation growth. DR is defined as the 

ratio between the areal precipitation (P) and the incoming 
water vapor flux (IWVF):

The DR is calculated for each of the 11 cases over the 
rectangular area shown in Fig. 1 covering the West Coast 
area (Table  5). The water vapor flux and accumulated 
precipitation are calculated over the 24  h period. The 

DR =
P

IWVF

Fig. 6   Average absolute change (mm/day) in precipitation (a), rainfall (b), and snowfall and graupel (c) between the +2 °C perturbation simula-
tions (2PL) and the control (CTR) for the 11 selected cases. The topography is indicated by the grey contours with a 200 m contour interval

Table 5   Drying ratio (DR, 
defined in Sect.  3.3.1) for the 
control run (CTR) and the two 
PGW simulations 2PL (+2 °C) 
and 2NG (−2 °C) for each of the 
11 cases and the mean

Units are %

Date
ddmmyyyy

CTR 2PL 2NG

05031990 29.1 29.2 28.1
11011992 21.5 20.6 22.5
19101995 17.8 17.1 18.6
27101995 20.1 20.0 20.6
02031997 26.1 24.8 27.6
04021999 19.6 18.6 20.8
29111999 31.4 30.5 32.0
15112004 21.9 20.8 23.1
14092005 21.3 20.6 22.2
15112005 31.2 31.9 29.9
12012009 20.6 19.6 21.8
Mean 23.7 23.1 24.3
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flux is calculated by integrating the moisture transport 
horizontally, vertically (up to 15 km altitude) and in time 
for each side of the box separately using the wind direc-
tion perpendicular to the box side. The average DR for 
the CTR was 23.7 ± 4.9% for the 11 cases. In a warmer 
climate the DR is reduced to 23.1 ± 5.2%, where two of 
the cases experienced a small increase in DR. Thus, by 
increasing the temperature the extreme cases in general 
experienced a slightly lower precipitation efficiency, con-
sistent with the results found in Kirshbaum and Smith 
(2008). This slight reduction of only 0.5% suggest that 
the enhanced moisture effect on precipitation change 
dominated any change in precipitation efficiency.

The hydrometeor composition changes when the tem-
perature increases (Table  6). The total hydrometeor mass 
changed by an average of 2.8 ± 2.0%/K. From Table 6 one 
can also see that the control simulation contains on aver-
age twice as much solid water as liquid water (as given by 
the cloud droplets column). In general, there is a reduction 
of 2.3 ± 3.8%/K in solid water hydrometeors in a warmer 
atmosphere. There is however an increase in solid hydro-
meteors in a warmer atmosphere for three of the eleven 
cases. A possible reason for this is that a warmer atmos-
phere has the capability to hold more vapor to condense. So 
at high altitudes where it is still cold enough for snow, there 
is more available vapor for ice phase growth process as 
long as RH has not decreased, which can be seen in Figs. 7 
and 8 and discussed in Sect. 3.3.2.

Our extreme cases are a product of orographic 
enhanced precipitation with little formation of convection 
plumes. The average atmospheric lapse rate (Γ = −dT∕dz) 
over the WC region was 5.4 K/km for the lowest 5 km and 

maximum gridsquare CAPE was in most cases lower than 
1000 J/kg. Both the 2PL and 2NG simulations experience 
only small changes in the lapse rate (less than 0.1 K/km 
changes) with the warmer environment becoming slightly 
more stable and average CAPE reduced by around 4%. 
The area and column integrated (weighted with mass of 
water vapor) vertical velocity in the CTR was 6.2  cm/s 
and increased by only 0.4 ± 0.1  cm/s (Table  7), similar 
to the results by Rasmussen et  al. (2011) over the CH. 
Thus, the areal average air column is ascending slightly 
faster with increased temperatures. The vertical velocity 
was also divided into updrafts and downdrafts. A larger 
part of the area was covered by updrafts compared to 
downdrafts for the CTR. The average velocity in the CTR 
was also higher for the updrafts with 30.1 ± 5.8  cm/s 
compared to −23.9 ± 5.8  cm/s for the downdrafts. By 
increasing the temperature both the updrafts and down-
drafts experienced a reduction in velocity of −1.3 and 
−3.5%, respectively, as well as a small increase and 
decrease of about 0.5% in the area covering the updrafts 
and downdrafts, respectively. When averaging the col-
umn integrated vertical velocity, the small increase of 
0.4 ± 0.1 cm/s is a result of the stronger reduction in the 
velocity in the downdrafts compared to updrafts and a 
small increase in the area experiencing updrafts. Follow-
ing the PGW method RH is not changed at the bound-
ary conditions and the model results indicate only a small 
change in column integrated area mean RH when per-
turbing the temperature (Table  7). The area mean CTR 
RH was 90.2%, with an average change of 0.5 ± 0.1%/K 
for the 2PL simulations.

Table 6   Column averaged 
hydrometeors (CTR columns) 
and relative changes (%) in 
column averaged hydrometeors 
for the 2PL (+2 °C) and 2NG 
(−2 °C) simulations in the 
atmosphere above the west 
coast region (see Fig. 2)

Q_tot is the sum of cloud droplets, rain, snow, ice and graupel. Values are column integrated. CTR gives us 
the average amount in g/m2 for each of the 11 cases and the mean. 2PL and 2NG is the percentage change 
between the two PGW simulations, respectively, and the control runs

Date
ddmmyyyy

Q_tot Cloud droplets Rain Snow + Ice + Graupel

g/m2 % g/m2 % g/m2 % g/m2 %

CTR 2PL 2NG CTR 2PL 2NG CTR 2PL 2NG CTR 2PL 2NG

05031990 1.4 6.6 −6.9 0.2 28.6 −20.5 0.01 106.8 −55.2 1.2 2.7 −4.6
11011992 1.9 2.7 −4.6 0.4 37.0 −29.6 0.1 111.9 −62.0 1.5 −9.4 3.5
19101995 1.3 2.8 −4.7 0.5 15.3 −19.7 0.1 43.1 −39.4 0.6 −15.0 14.3
27101995 1.7 15.1 −6.8 0.3 26.1 −22.0 0.1 57.1 −42.7 1.2 8.4 0.5
02031997 2.1 4.0 −4.5 0.2 36.3 −27.5 0.04 116.4 −63.4 1.8 −2.7 −0.2
04021999 1.8 3.6 −3.1 0.7 15.0 −14.6 0.1 34.9 −28.5 0.9 −9.8 9.4
29111999 2.0 3.7 −4.6 0.2 35.3 −29.1 0.05 91.1 −57.8 1.7 −2.2 −0.3
15112004 2.6 11.4 −9.6 0.6 19.2 −20.9 0.3 31.2 −30.1 1.7 5.1 −1.9
14092005 1.6 4.1 −4.0 0.5 26.2 −25.4 0.1 69.8 −49.4 1.1 −10.3 8.7
15112005 2.0 2.7 −2.9 0.4 33.3 −28.1 0.1 80.1 −53.1 1.5 −11.5 7.8
12012009 2.0 4.8 −2.7 0.4 30.3 −23.8 0.1 92.6 −56.4 1.6 −5.3 4.8
Mean 1.9 5.6 −4.9 0.4 27.5 −23.7 0.1 75.9 −48.9 1.3 −4.5 3.8
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3.3.2 � Changes in the vertical structure

By perturbing the temperature field, the height of the 0 °C 
isotherm will be changed and this may affect the growth 
processes of hydrometeors. Snow and ice crystals have a 
lower saturation pressure than liquid droplets, and there-
fore grow more efficiently and often deplete the available 
moisture to ice saturation. For warm cloud processes, the 
precipitation growth is dominated by the collision-coales-
cence process. However, as shown in both Kirshbaum and 
Smith (2008) and Siler and Roe (2014) the increase in con-
densation rate is less than the increase in atmospheric water 
vapor. In other words, the air needs to be lifted further up to 
reach condensation. For our 11 cases the 0 °C isotherm was 
elevated with approximately 200 m/K (Fig. 7d–f) which is 
similar to the shift found in Rasmussen et al. (2011).

To get a better representation of these changes, verti-
cal cross-sections of the cloud water, rainwater and snow 
mixing ratio changes were analyzed (Fig. 7). Cloud water 
has a maximum between 500 and 2000 m a.s.l. with the 
highest values on the mountain chains closest to the coast 
(white circles in Fig.  7a). The rainwater maximum is at 
lower altitudes and slightly further inland compared 
to cloud water. This shift in maxima is expected due to 

advection and the microphysical delay in production 
of rainwater. Maxima in snow and graupel on the other 
hand are mostly located in the inland area and at higher 
elevations (1500–4000  m a.s.l). By comparing liquid vs 
solid water amounts for the CTR run, there is a clear 
shift from mostly liquid cloud water in the lowest 2000 m 
for the coastal and near-coastal areas to mostly solid in 
the inland area. Warmer future temperatures result in a 
general increase in cloud water (Fig. 7d) with the largest 
increases associated with the strongest updrafts (Fig. 8b). 
For the area from the coast towards the west below 
1000  m the cloud water experiences a small decrease 
with increasing temperatures. The same area shows a 
slight reduction in RH (Fig. 8c). Rainwater has increased 
with the large increase towards the ground between 6 
and 7° longitude (Fig.  7e). An interesting aspect of the 
hydrometeor changes with warming is the increase in RH 
(Fig.  8c) and snow amount (Fig.  7f) at altitudes above 
4  km near the top of the Langfjella. This is similar to 
what was found in Rasmussen et al. (2011) for Colorado. 
Norwegian mountains are too low for the increase in 
snow to be as pronounced as in Rasmussen et al. (2011). 
The increase in cloud water underneath the snow could 
potentially explain some of the enhanced precipitation at 
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Fig. 7   The vertical transect of cloud droplets (a), rain (b) and 
snow + graupel (c) in g/kg from the coast to the top of the Langfjella, 
averaged over the 11 cases and meridionally averaged over the box 
shown in Fig. 2. The white circles in the first row show the maximum 
values for each of the 11 cases to give an indication on the spread. 

d–f Absolute change in g/kg between the +2 °C perturbation simula-
tions (2PL) and the control (CTR). The black solid and dashed line 
shows the mean zero isotherm for the CTR and the 2PL simulation, 
respectively
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Fig. 8   The vertical transect of relative humidity (RH) in % (a) and 
vertical velocity (w) in cm/s (b) from the coast to the top of the Lang-
fjella, averaged over the 11 cases and meridionally averaged over the 

box shown in Fig. 2. c, d Change between the +2 °C perturbation sim-
ulations (2PL) and the control (CTR) in RH (%) and w (cm/s)

Table 7   The change between 
the two PGW simulations 2PL 
(+2 °C) and 2NG (−2 °C) and 
the control run for each of the 
variables specific humidity 
(%), temperature (K), relative 
humidity (ΔRH) and vertical 
velocity (cm/s) are listed for 
each of the 11 extreme events 
and the mean

CTR run values for all of the 11 cases are also included for the variables temperature (K), relative humid-
ity (%) and vertical velocity (cm/s2). All values are column averages weighed by the mass of the moisture 
in each model layer (see Sect. 3.3 for details) as well as area averaged over the west coast (WC) region 
(Fig. 2)

Date
ddmmyyyy

Specific humid-
ity [%]

Temperature [K] Relative humidity [%] Vertical velocity [cm/
s2]

2PL 2NG CTR 2PL 2NG CTR 2PL 2NG CTR 2PL 2NG

05031990 15.9 −14.1 261.9 1.8 −1.9 87.1 0.3 −0.5 9.4 −0.04 −0.2
11011992 17.4 −15.0 265.2 1.9 −1.9 85.6 0.9 −1.0 1.8 0.7 −0.7
19101995 16.0 −14.1 268.4 2.0 −2.0 86.8 0.1 −0.2 4.7 0.01 −0.4
27101995 15.4 −13.7 268.8 1.9 −1.9 91.4 0.1 −0.3 4.0 0.7 −0.5
02031997 16.7 −14.5 263.9 1.9 −1.9 92.1 0.7 −0.7 9.5 0.4 −0.4
04021999 16.8 −14.7 265.8 1.9 −1.9 90.9 0.5 −0.7 6.6 0.3 −0.4
29111999 15.4 −13.8 264.8 1.8 −1.8 90.1 0.4 −0.6 6.9 0.2 −0.2
15112004 16.5 −14.4 266.1 1.9 −1.9 91.1 0.6 −0.8 6.2 0.4 −0.4
14092005 15.3 −13.7 272.1 1.9 −1.9 95.2 0.5 −0.8 5.6 1.0 −0.8
15112005 16.9 −14.9 266.2 2.0 −2.0 88.7 0.4 −0.6 7.9 0.3 −0.5
12012009 16.7 −14.5 266.6 1.9 −1.9 92.7 0.7 −0.8 5.8 0.5 −0.4
Mean 16.2 −14.3 266.3 1.9 −1.9 90.2 0.5 −0.6 6.2 0.4 −0.4
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high terrain due to enhanced precipitation growth by the 
“seeder-feeder” mechanism for snow.

There are clearly updrafts and downdrafts of air as the 
weather system forces the air over Langfjella (Fig.  8b). 
A similar pattern is present for each of the 11 cases (not 
shown). By increasing the temperature, both positive and 
negative changes are apparent (Fig.  8d), the maximum 
change is less than 2% compared to the maximum CTR 
value. There is a mix of increasing and decreasing upward 
as well as downward motion when comparing Fig.  8b, d. 
The changes are similar for the vertical velocity for all the 
extreme events evaluated (not shown). These weak changes 
in the vertical velocity support the previous findings that 
they do not play a significant role in the precipitation 
response.

3.3.3 � Shifts in precipitation pattern over the mountain 
range

Fractions of precipitation between the West Coast (WC) 
and the West Coast together with Southern Norway (SN), 
which is east of the mountains (Fig. 2), are used to investi-
gate if there has been a significant change in how much of 
the total precipitation that is falling on the western wind-
ward side of the Langfjella:

where x represents either precipitation, rain, and snow and 
hail. Changes in this fraction are an indication of changes 
in the amount of condensation in the different regions, the 
microphysical production timescale, fall velocities and 
advection. The fraction of accumulated precipitation on the 
western (windward) side of the mountain range Langfjella 
compared to the eastern (lee) side did not change much 
with temperature (less than −0.5%/K, Table 8). As stated in 
Sect. 3.3.1 the daily precipitation had a response of around 
5%/K compared with around 8%/K for the specific humid-
ity for the WC area. This indicates a change in the influx of 
water to the lee side which is larger than CC scaling. The 

fwest =

∑

xWC
∑

(xWC + xSN)

small increase of daily precipitation on the lee side of the 
mountain may be a result of the increased amount of water 
vapor crossing the mountain range. However, this is outside 
the region experiencing extreme precipitation and will not 
be investigated in more detail.

4 � Summary and concluding remarks

In this study we have examined the sensitivity of historical 
extreme precipitation events over the west coast of Norway 
are to an idealized change in the atmospheric temperature. 
We simulated 11 extreme precipitation events that occurred 
between 1990 and 2011, using a pseudo global warming 
method (Schär et  al. 1996). This idealized setup involved 
first simulating the 11 cases with boundary conditions from 
the ERA-Interim reanalysis; called the control run (CTR), 
followed by two sets of perturbed simulations; the 2PL and 
2NG, where all the temperature fields were changed by +2 
and −2 °C, respectively. This method allows us to isolate 
the effects of changes in the thermodynamics, i.e. increased 
temperature, moisture content and small scale dynam-
ics while keeping the large and synoptic-scale dynamical 
structure similar. Relative humidity was kept constant, 
resulting in a change in the specific humidity over the west 
coast (WC) region of 8.1%/K for the PGW simulations 2PL 
compared to the control run CTR.

WRF was able to replicate the observed precipitation 
pattern with the lowest accumulation along the coast, high-
est accumulation along the first major slope in the topog-
raphy, and relatively high amounts further inland. On 
average, WRF underestimated the accumulated daily pre-
cipitation by 5.6% for the 11 extremes and has a MAE of 
22.2  mm/day. There is a tendency for WRF to underesti-
mate precipitation in the coastal and near coastal areas and 
overestimate the precipitation further inland. A correction 
for undercatch of the snow gauge observations might have 
altered some of the verification results but were not done 
due to lack of wind and temperature measurements at the 
precipitation station locations.

The daily precipitation had an average change of ~5%/K 
for the WC region, which is less than that given by the 
CC-relation (~7%/K) and the change in specific humidity 
(~8%/K). The change was however not uniform through 
the region. Areas located at elevations higher than 650 m 
a.s.l. experienced the largest change, ~6.4%/K, peaking at 
7.5%/K for the highest elevations in the near coastal moun-
tain regions, while the lowest changes were located at ele-
vations lower than 150 m a.s.l with a change of ~2.3%/K. 
In other words, there is in general a larger percentage 
increase in daily precipitation in terrain located at higher 
altitudes. This may be due to the dependence of the larger 
fractional change in condensation at lower temperatures 

Table 8   Average fraction of accumulated precipitation, rain, and 
snow and graupel that falls out on the west coast region compared to 
the total amount that falls out on both the western and eastern side of 
Langfjella for the 11 cases

Precipitation Rain Snow 
and 
Graupel

CTR 0.873 0.918 0.778
2PL 0.870 0.895 0.745
2NG 0.877 0.944 0.811
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or possibly an increase in the seeder-feeder mechanism as 
more cloud water is present underneath the snow crystals in 
the 2PL simulation. The largest changes in absolute as well 
as relative accumulated precipitation in the control runs 
were located where the airflow is forced over the first major 
topographic slope of the near coastal mountains.

Changes in variables such as vertical velocity, relative 
humidity and the stability were relatively modest and could 
not explain the below CC scaling response in precipita-
tion. The likely cause for the lower response in precipita-
tion compared to what is expected from the CC-relation 
is a change of microphysical growth processes due to a 
warmer in-cloud temperature. This affects the composition 
and growth of different hydrometeors in the atmosphere. A 
warmer atmosphere will be less favorable for the produc-
tion and growth of snow, graupel and ice, and more favora-
ble for rain. Production of snowfall and graupel had a mean 
reduction of around 23%/K, while the rainfall amounts 
increased with about 16%/K. As snow and ice crystals 
grow at a lower saturation pressure compared to liquid 
droplets (Wallace and Hobbs 2006), this makes them grow 
efficiently. The atmosphere compensates for this, how-
ever, by causing cloud droplets to auto-convert to drizzle 
and rain through the higher cloud mixing ratio reached in 
the warmer cloud. The combined effect of increased coa-
lescence rain and snow melting is apparently insufficient to 
compensate for the reduced snow and graupel growth (16% 
increase versus 24% decrease). As a result, the precipita-
tion increases at a rate slightly below the CC rate, but still 
a 5%/K, leading to significantly more extreme precipita-
tion in a warmer climate. Rasmussen et  al. (2011) found 
an increase in snowfall over the Colorado Headwaters 
in a warmer atmosphere due to enhanced riming growth. 
We see a similar increase in snow at altitudes above 4 km 
(2.5  km above the topography) near the top of Langfjella 
(Fig. 7f), but due to the fact that the Norwegian mountains 
are much lower and the lower troposphere is warmer the 
enhanced snow mass was much less pronounced than in 
Rasmussen et al. (2011) and could not compensate for the 
reduction in snow production at lower altitudes.

To what extent our idealized simulations are close to 
the results of full RCM simulations is beyond the scope of 
this paper. But we note that the national report Klima 2100 
(Hanssen-Bauer et  al. 2015) reports wintertime precipita-
tion changes on the west coast of ~16% with a 3 °C warm-
ing for the rcp8.5 scenario.
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