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Abstract We use a data set with daily precipitation observations from 55 homogeneity-tested stations

in Norway from 1900 to 2019 available from MET-Norway. These observations show that precipitation in
Norway has increased by 19% since 1900. Notably, over half of the overall increase occurred within the
decade of 1980-1990 and is happening across all precipitation rates. To examine possible mechanisms behind
the precipitation increase, we use a diagnostic model to separate the effects of changes in vertical velocity,
temperature and relative humidity. We use daily vertical velocity, near-surface temperature and relative
humidity from two reanalysis products, ERA-20C and 20th Century Reanalysis. The model-based precipitation
correlates significantly with the observed precipitation on an annual timescale (r > 0.9), as well as captures
the trend in all reanalysis products. The diagnostic model indicates that the variability in vertical velocity
chiefly determines the interannual variability and long-term trend. The trend in vertical velocities contributes to
more than 80% of the total modeled trend in precipitation between 1900 and 2019. However, over the last two
decades (1995-2015), changes in temperature and relative humidity are the main contributors to the modeled
trend in precipitation.

1. Introduction

Norway is located at the end of the North-Atlantic storm track and is thus warmer and wetter than the average
climate at the same latitude, as cyclones transport heat and moisture poleward. Between 1900 and 2014, precip-
itation in Norway has increased by more than 18% (Hanssen-Bauer et al., 2017). Furthermore, Northern Europe
is one of the few regions globally where there is high confidence that human influence has contributed to the
observed changes in extreme precipitation (Seneviratne et al., 2021). Precipitation is expected to increase in
Europe with continued warming (Seneviratne et al., 2021), and the relative change in extreme precipitation is
expected to increase faster than the mean (Kharin et al., 2007; Myhre et al., 2019; Sillmann et al., 2013). Knowl-
edge is currently lacking on how precipitation extremes have changed in Norway, on the changes in precipitation
characteristics, and a discussion of possible mechanisms behind the precipitation increase. To close this gap,
we analyze an extensive station network with data from 1900 and provide an updated and consistent view of
mean and extreme precipitation changes. Furthermore, we examine possible mechanisms behind the precipita-
tion variability and link it to thermodynamic and dynamic changes using a diagnostic model to decompose the
observed changes into contributions form vertical velocity, temperature, and relative humidity.

Precipitation is expected to increase in a warmer climate because higher temperatures are related to increased
precipitation through moisture availability. If the relative humidity is constant, the atmosphere's moisture content
scales directly with the saturation vapor pressure, which increases with rising temperatures (Clausius, 1850). At
our current temperature, this means an increase in atmospheric water vapor content of approximately 7% K~!
(Trenberth et al., 2003). The thermodynamic contribution to extreme precipitation change is well understood and
positive everywhere (Pfahl et al., 2017), and it can also be interpreted as the maximum amount the mean precipi-
tation can increase at a regional level if the relative humidity and upward vertical velocity are constant. However,
this effect is insufficient to explain the observed precipitation increase in Norway; while the temperature in
Norway has increased by 1 K, precipitation increased by 18% (Hanssen-Bauer et al., 2017).

Thus, we must consider the dynamic changes in addition to the thermodynamic changes. Atmospheric circulation
and associated vertical velocities comprise the dynamic component. This component is one of the major sources
of uncertainty in climate models (Shepherd, 2014), and even the sign of the dynamic contribution to precipita-
tion change differs between climate models in the same region (Pfahl et al., 2017; Seneviratne et al., 2021). The
historical simulations of both CMIP6 and CMIP3 models produced considerably smaller trends in precipitation
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in Northern Europe than observed in the last century (van Haren et al., 2013; Vicente-Serrano et al., 2021).
However, some pf the CMIP6 models are able to capture the observed trend in the second half of the century
(Vicente-Serrano et al., 2021). van Haren et al. (2013) linked the trend bias in CMIP3 to the circulation and sea
surface temperature trend biases in the models' boundary conditions. As synoptic scale features, such as atmos-
pheric rivers and extratropical cyclones (ETCs), are responsible for most extreme precipitation events in coastal
Norway (Azad & Sorteberg, 2017; Benedict et al., 2019; Heikkild & Sorteberg, 2012; Michel et al., 2021),
dynamic changes have likely played a substantial role in changing the precipitation in the past.

Although thermodynamics' and dynamics' contributions to extreme precipitation changes are widely discussed,
no studies have, to our knowledge, quantified the thermodynamic and the dynamic contributions to the observed
mean precipitation increase over longer timescales using a physical diagnostic. Previous studies have quantified
the thermodynamic and dynamic contributions to modeled extreme precipitation changes in the future (Pfahl
et al., 2017; Tandon et al., 2018), changes in extreme precipitation over India between 1979 and 2019 (Ali &
Mishra, 2018), and record-events of short timescales in the past (Oueslati et al., 2019). We adopt a similar frame-
work to decompose the changes in mean precipitation into changes in thermodynamics and dynamics. We use a
simplified model of precipitation that assumes pseudoadiabatic ascent and estimate the precipitation in Norway
between 1900 and 2019 based on temperature, vertical velocity, and relative humidity. The method then allows us
to decompose changes in precipitation into contributions from these three variables.

Although changes in precipitation in Norway have previously been investigated (e.g., Hanssen-Bauer, 2005;
Hanssen-Bauer et al., 2017; Hanssen-Bauer & Fgrland, 1998; Hanssen-Bauer & Fgrland, 2000), there is currently
no peer-reviewed literature on the topic. The most updated view on the trends used a monthly gridded data
set (Hanssen-Bauer et al., 2017), and the interpolation uncertainties associated with such gridded precipita-
tion datasets can be much larger than the uncertainties associated with measuring precipitation itself (Haylock
et al., 2008). We avoid the interpolation uncertainties using the observations directly, although there may be
issues of homogeneity in long precipitation time series (Hanssen-Bauer & Fgrland, 1994). In addition, none of
the studies have considered changes in extreme precipitation in Norway since 1900. We aim to complement the
existing literature on seasonal and annual mean changes by providing an updated view of the annual mean to daily
extreme precipitation trends using daily observations over the last 120 years.

2. Data and Methods
2.1. Observations and Quality Control

We use observations of daily accumulated precipitation from The Norwegian Meteorological Institute. The data
set is quality-controlled and has more than 200 stations all over Norway.

To select appropriate stations for our study, we check for sufficient data coverage in addition to homogeneity. For
the data coverage, we require that the stations have less than 25% of the data missing between 1961 and 1990.
Because some stations have changed location over the past 120 years, we merge data from stations closer than
4 km if the altitude difference is less than 100 m to get a longer continuous time series from the stations. We
correct the shortest time series by multiplying it with the systematic bias, defined as the ratio of the longest to
the shortest time series, if at least a 2 year data overlap exists. The results did not change much depending on a
2 or 4 radius, but for an 8 km radius, the bias between the stations became substantially larger. The strict 100 m
altitude difference was important to avoid merging a valley station with a mountain station. Then, to assure that
a change of location, measuring technique, a merging of a station, or similar, have not artificially induced a
trend in the time series, we check for breakpoints with a homogeneity test. The homogeneity test is a penalized
maximum F-test (RHv4 Wang, 2008a; 2008b). If a breakpoint is detected within the time series at a 5% signifi-
cance level, we remove the station from the record. Lastly, we visually inspect the time series and the remaining
non-significant breakpoints. If a breakpoint is detected close to a station merging, or if the time series differ
substantially from neighboring stations, we also remove these stations. The station metadata is available in Table
S2 of Supporting Information S1.

Due to a shift in the number of stations in the late 1950s, we focus on two different periods: 1900-2019 and
1960-2019. In the time series starting in 1900, 69 stations meet the data coverage criteria. However, 14 of these
did not pass the quality control, leaving 55 stations, of which 15 are merged with a neighboring station. Nearly
all the stations are located in Southern Norway (Figure 1), while the two northernmost regions in Norway only
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Figure 1. Map of Norway showing precipitation stations and the regions used in this study. Circles mark stations in the short
time series and squares stations in the long time series. Colors indicate elevation. The numbers shown after the region names
represent the number of stations available in the region from 1900 to 1960.

have two stations each. In the time series starting in 1960, 229 stations meet the data coverage criteria. Of these,
199 passed the quality control, and 64 stations were merged with a neighboring station. Despite the increase in
the number of stations, most of them are still located in Southern Norway and at low elevations. We will refer to
the aforementioned time-series of precipitation as OP1900 and OP1960, respectively.

We use the same precipitation regions as Michel et al. (2021), as shown in Figure 1. We refer to South-Western,
Western, Middle-Coastal, Northern-Coastal, and Southern as coastal regions, and Middle-Inland, Northern-Inland
and Eastern as inland, based on their seasonality characteristics of precipitation.

To calculate mean statistics for Norway, we weigh all regions equally regardless of area. This averaging method
gives a bias toward Southern-Norway, where the regions are more numerous and smaller than the regions in
Northern-Norway. However, the relative trend calculated for Norway of annual accumulated precipitation is
almost insensitive to the choice of averaging methods (weighing all stations equally, weighing all regions equally,
and weighing regions by area), differing only by 0.6%. We ignore the missing data and use only the existing
values when we calculate the means for the individual stations. If the number of missing days exceeds 10% in a
month, the monthly value for the station is assigned as missing.

2.2. Reanalyses

We use two reanalyzes products that provide global atmospheric data since 1900; European Centre for
Medium-Range Weather Forecasts' (ECMWF) twentieth-century reanalysis, ERA-20C (Poli et al., 2016) and
National Oceanic and Atmospheric Administration's (NOAA) Twentieth century Reanalysis version 3, 20CRv3
(Slivinski et al., 2019). Both are available on a 1° latitude X 1° longitude grid and at a 3 hourly temporal resolu-
tion. ERA-20 C has 91 vertical levels between the surface and 0.01 hPa, while 20CRv3 has 28 vertical levels from
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the surface to 1 hPa. They both assimilate surface pressure, but ERA-20C assimilates marine winds in addition.
For comparison and reference, we use ERAS from ECWMF (Hersbach et al., 2020). ERAS is available from 1979
to the present on a 30 km grid and has 137 levels in the vertical and an hourly temporal resolution.

We select 2 m temperature, dew point temperature or relative humidity, depending on availability, and vertical
velocity in pressure coordinates from all available levels between 1,000 and 200 hPa at 12:00 UTC. We use the
reanalyzes at 12:00 UTC because there are more observations assimilated at this time step, particularly in the
early part of the century (Cram et al., 2015).

2.3. Trend Analysis

We use the non-parametric Mann-Kendall test (Mann, 1945) to detect statistically significant trends in the time
series. Because the test does not assume a distribution of the data, it is commonly used to detect trends in both
mean and extreme precipitation (e.g., Alexander et al., 2006; Westra et al., 2013; Wu et al., 2016). If a trend
is present in the time series, we use Sen's slope estimator (Sen, 1968) to calculate the magnitude of the trend.
Note that “significant” refers to statistically significant at the 95% confidence level throughout the paper unless
otherwise stated.

2.3.1. Trend Analysis for Extreme Events

To determine the trend of different quantiles, we performed quantile regression on daily precipitation for
each station following the method from Koenker and Hallock (2001). The advantage of using quantile regres-
sion compared to standard linear regression is that the quantile regression can estimate changes in all parts
of the distribution rather than just the mean. While standard linear regression entails minimizing the sum of
squared errors, quantile regression involves minimizing a weighted average of the absolute errors (Tareghian &
Rasmussen, 2013). Several studies have used quantile regression to look at changes in extreme precipitation (e.g.,
Bohlinger & Sorteberg, 2018; Fan & Chen, 2016).

Rarer events, such as annual maxima, follow a Generalized-Extreme-Value (GEV) distribution and can thus be
described with three parameters: location (u), scale (o), and shape (§). To determine whether trends are present in
the annual maxima precipitation, we introduce time as a covariate to the location parameter, u = u,, + u,t, where
t is time. If the distribution with a varying location parameter is a better fit than a stationary location parameter
according to a maximum-likelihood test with a 95% confidence level, we say that there is a significant trend
in the annual maximum. Knowing the change in the location parameter allows us to calculate changes in both
magnitude and return period for rare events, for example, 100 year events. We only used the stations available
since 1900 to minimize the uncertainty in the calculated return values because the GEV distribution is highly
sensitive to the record length (Hu et al., 2020). We use the extRemes software package, written in the statisti-
cal software language R (Gilleland & Katz, 2016), for extreme value analysis.

2.4. Diagnostic Model: Estimating Precipitation Based on Pseudoadiabatic Ascent

To relate trends in the observed precipitation to dynamically or thermodynamically induced changes, we use a
diagnostic model based on moist pseudoadiabatic ascent. A similar formulation has been used by Sinclair (1994),
Collier (1975), and Kunz and Kottmeier (2006) to model orographic precipitation. However, instead of using
orographically induced velocity, we use the vertical velocity from reanalysis. We assume that all condensate
precipitates out immediately and that no precipitation evaporates on the way down. Integrating the total conden-
sate from the lifting condensation level to the top of the troposphere then yields the precipitation generated by the
moist-pseudoadiabatic ascent, PAP, as formulated in Haltiner and Williams (1980, pp. 309-310):

PAP = 221t

”"’"6 qsT ( L,R - ¢,R,T

" Rp cpR,T? + quf,> @(p)dp M

PrLcL

In Equation 1, p; -, and p,,, are the pressure of the cloud base and 200 hPa, respectively. g, is the saturation mixing
ratio, w is the vertical velocity in pressure coordinates, which is a function of pressure (p), T is temperature, R
and R, are the ideal gas constants for dry air and moist air, respectively, and L, is the latent heat of vapouriza-
tion. §,, is the Heaviside function which is 1 if the vertical velocity is upward and O otherwise and is evaluated
at all levels. To avoid precipitation in unsaturated conditions but account for that part of the grid cell may be
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saturated even if the average RH is below saturation, we introduce the RH-threshold parameter, Agy. Agy is 1 if
RH > RH_ and 0 otherwise. RH_ is a critical relative humidity, set to 0.75 in every grid point, which according to
Quaas (2012) is representative of pressure levels below 900 hPa over Europe as well as close to the mean global
value at 1,000 hPa. For simplicity, we set the cloud base as the lifting condensation level, where air reaches
saturation with a dry-adiabatic ascent from 1,000 hPa, estimated from the 2 m temperature and the 2 m relative
humidity. Although keeping the sea level pressure constant is a simplification, we find the effect negligible as the
results differ with <0.5%. Within the cloud, we assume the air is saturated and that the temperature follows the
moist-adiabatic lapse rate.

Equation 1 shows that precipitation depends on the upward vertical velocity inside the cloud and indirectly on the
2 temperature and 2 m relative humidity, which affect the level of condensation, and thus the temperature within
the cloud. We integrate all the levels with upward vertical velocity from the level of condensation to 200 hPa,
where 200 hPa approximates the top of the troposphere.

2.4.1. Separating the Effects of Changes in Vertical Velocity, Temperature, and Relative Humidity

To separate the contribution from changes in vertical velocity, temperature, and relative humidity to the long-term
trend in precipitation, we decompose Equation 1. First, we construct a seasonal mean based on data from each day
from all the years for the three variables at all pressure levels in a grid cell. Thereafter, we smooth the mean using
arunning 25 day average. The seasonal cycle of the vertical velocity is constructed from days with upward motion
only at each pressure level. We then allow one term to vary on a daily timescale while keeping the seasonal cycle
of the two other terms constant;

PAP ~ Py + Pr+ + P,

2
= dwn [7 (71 (0" (D) dp+ Uirn] [ T* (" () dp + LArar] [7 [T*10*(p)dp @

. g7 [ LoR-,R,T
where T* is 2~ <%
Rp \ ¢yR,T>+q,L;

cycle. P,, Pr+, and P, thus represent the precipitation contribution from relative humidity, temperature, and verti-

), w* is 6, (p)w(p), and the square brackets denote the smoothed average seasonal

cal velocity, respectively. Despite the terms not being independent, their sum deviates little from that of the full
equation with an average absolute error of 2.9%, 3.6%, and 3.1% in 20CRv3, ERA-20C, and ERAS5, respectively,
on an annual timescale. The small absolute errors indicate that the separation method is adequate and that the
contributions from the interactive terms are small.

3. Observed Climatology and Trends
3.1. Is the Station Network in the Long Time Series Representative?

As the station coverage increased substantially from 1900 to 1960 (55 stations to 199 stations), we check whether
OP1900 represents precipitation on both a regional and national level compared to OP1960 (see Figure 1 for an
overview of the spatial distribution of the stations). The national annual mean precipitation from OP1900 corre-
lates near-perfectly to OP1960 (r = 0.99). Furthermore, a linear regression of the monthly average precipitation
from OP1900 to OP1960 reveals a mean slope of 0.98x, where x is the monthly average precipitation. Thus,
OP1900 overestimates the monthly average precipitation by 2% compared to OP1960. However, OP1900 and
OP1960 show a similar mean (difference <2.5%) and trend (difference <1%).

The high correlations between OP1900 and OP1960 can be explained by the high correlation between the stations
in the coastal regions. For example, a station in Western correlates better to a station in Northern-Coastal more
than 1,000 km away (r = 0.4) than to a closer station in Eastern, only 250 km away (r = 0.1).

With the number of stations and the correlation distances in mind, we do not have sufficient station cover-
age to calculate representative trends for Northern-Inland or Northern-Coastal. Northern-Inland has only two
stations in OP1900 available, and they correlate poorly to each other because the correlation drops rapidly with
distance (r = 0.2, mean distance = 100 km) and to stations in other regions (r < 0.2). The station coverage in
Northern-Coastal is also poor, with only two stations in OP1900. Although these stations are better correlated
than in Northern-Inland (r = 0.4, mean distance = 250 km) and show a quite high correlation to Middle-Coastal
(r = 0.4, mean distance = 650 km), it is impossible to determine whether they are representative of the region.
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However, we will present the climatology for both regions based on OP1960, when the station coverage in
Northern-Coastal improves substantially (from 2 to 17 stations).

The high correlation between the stations within regions and the linear regression slope parameter (close to 1)
gives us confidence that we can use OP1900 to analyze changes in the mean and extreme precipitation of most
regions and Norway as a whole between 1900 and 2019.

3.2. Observed Precipitation Climatology

We calculate the climatology for 1960-2019 to include as many stations as possible. Norway has a clear sepa-
ration between the coastal and inland climates. In the coastal regions, humid air masses from the west meet the
steep orography along the coastline and form orographically enhanced precipitation, which maximizes at the first
orographic barrier before it decreases (Figure 2). Both the frequency of precipitation and the intensity are highest
in Western and South-Western in all seasons (Figures 2b and 2c¢). It rains more than 45% of the days with an
average of more than 10 mm/day (see table 1 for an overview). In contrast, Northern-Inland and Middle-Inland
are the driest regions, reflected in both low mean wet day intensity (<6 mm/day) and wet day frequency (<33%).

The seasonal timing of precipitation is also different between the inland and coastal regions (Figure 2a).
While most precipitation in the coastal region falls during September-November (SON), June-August (JJA) is
the wettest season in the inland regions. March-May (MAM) is the driest season in coastal regions, whereas
December-February (DJF) is the driest season in inland regions. Although JJA contributes relatively more to
annual precipitation in the inland regions, the coastal regions are wetter in all seasons.

The distribution of the extreme precipitation (99th percentile) largely follows that of the observed climatology
(Figure 2d). The 99th percentile is highest in Western Norway, and extreme precipitation events mainly occur
in SON and DJF. Most extreme precipitation events occur in JJA and SON in the inland regions, and the 99th
percentile is lower than in the coastal regions. However, the contribution from extreme precipitation to the annual
total precipitation is higher in inland regions (15%—17%) than in coastal regions (12%-14%), and the proportion
is increasing northwards (not shown).

The different seasonal cycles of precipitation and the differences in the rate at which correlation decrease with
distance indicate different precipitation-generating mechanisms between the regions. That precipitation in coastal
regions affects larger areas than in inland regions is consistent with precipitation events in coastal regions being
of more synoptic-scale nature and directly associated with ETCs and westerly flow. This is consistent with Michel
et al. (2021), who found that 82% of precipitation extremes in Western were associated with atmospheric rivers,
which are linked to ETCs (e.g., Ralph et al., 2004). In contrast, <50% of extreme events in inland regions occurred
with atmospheric rivers. This suggests that local convection and fewer or weaker ETCs dominate inland regions.

3.3. Trends and Changes in Time

The annual mean precipitation in Norway has increased by 19% between 1900 and 2019 (Figure 3a). The
slightly larger value compared to Hanssen-Bauer et al. (2017) can be partly attributed to the inclusions of the
years 2017-2019. It is also possible that the discrepancies come from different datasets used, as we use the
station observations directly while Hanssen-Bauer et al. (2017) use a monthly gridded data set. Gridded data-
sets and observations have been shown to give different trends (Hanssen-Bauer et al., 2006). Precipitation has
increased significantly in Western, Eastern, Middle-Coastal, Middle-Inland, and South-Western (see table 1 for
an overview of all trends in all regions). Middle-Coastal has the largest relative increase (30.2%), but the region
has no trend in the second half of the time series. In contrast, South-Western has the largest absolute increase
(414 mm), with most of the increase after 1960 (402 mm). Lastly, five of the six regions with adequate data
coverage exhibit a statistically significant trend at the 99% confidence level compared to the 4 of 13 regions in
Hanssen-Bauer (2005).

Consistent with Hanssen-Bauer (2005), we find that precipitation in Norway since 1900 has increased in all
seasons, but most in absolute magnitudes in SON (19.9%) and relative magnitudes in MAM (Figure 4, Figure S1
in Supporting Information S1). DJF is the only season without a significant trend in the long time series because
of high interannual variability (however, the trend is still positive). Notably, almost half of the long-term increase
occurred between 1980 and 1990 and was most prominent in DJF. Western and South-Western show the largest
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Figure 2. Spatial pattern of precipitation in Norway. Bars represent the seasonal average in the different regions. The map and individual stations are shaded according
to (a) The annual mean precipitation in mm, (b) Wet day frequency, given in percent, and (c) mean intensity on the wet days in mm/day, (d) 99th percentile of daily
precipitation amount (99p), while the bars represent the average number of events per year in the different seasons in the different regions.

increase, both in absolute and relative terms, but a signal is present in all regions (Figure 4 a, see Figure S1 in
Supporting Information S1 for relative terms). This increase looks particularly dramatic because the years before
1980 were anomalously dry, while the years after were anomalously wet compared to the mean. The precipitation
continued to increase after 1990, but at a lower rate and in all regions and seasons (Figures 4a—4d).

Both the frequency and intensity have contributed to the change in observed precipitation. In Norway, on average,
between 1960 and 2019, the number of wet days increased by almost 10 days (6%, see Table 1), with an accom-
panying significant decrease in the annual longest dry spells (consecutive dry days, <1 mm/day). The trend in the
absolute contribution of the precipitation rates to the annual total precipitation increase across all precipitation
rates (Figure S2a in Supporting Information S1) indicates an overall increase in wet days, including an increase in
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Table 1
Trends in Mean Wet-Day Intensity Intensity, Annual Total, and the Number of Wet Days
South- Northern- Middle- Middle- Northern-
Western ~ Southern Inland Western Eastern ~ Coastal Inland Coastal Norway
Mean wet-day intensity 1900 mean [mm/day] 10.8 10.0 3.9 10.7 6.8 7.8 5.5 5.8 8.1
rel 13.9° 2.1 - 7.2¢ 5.8¢ 20.6° 4.6 - 8.1°
abs 1.5° 0.2 - 0.82 0.4 1.6° 0.3 - 0.7°
1960  mean [mm/day] 10.1 9.2 4.0 11.4 6.7 7.9 5.1 6.1 8.2
rel 12.5° 52 1.4 11.12 7.3% 9.2¢ 7.9° 9.3 9.4°
abs 1.3° 0.5 0.1 1.3 0.5° 0.7¢ 0.4° 0.6 0.8°
Annual precipitation 1900 mean [mm/year] 1,772.7 1,362.1 381.1 1,850.5  803.0 1,230.8 686.9 785.4 1,189.1
rel 23.4° 9.0 - 17.3° 18.3% 30.2° 22.4° - 20.0°
abs 414.5° 123.0 - 319.9 147.1° 371.9° 154.0° - 236.6°
1960 mean [mm/year] 1,720.8 1,207.6 409.0 2,079.9  786.9 1,332.1 610.4 907.2 1,270.0
rel 23.8° 16.7 0.4 18.0 15.6° 10.2 14.4° 4.9 17.2°
abs 408.8° 201.3 1.8 3723 122.7° 1354 88.0° 44.5 219.2°
Number of wet days 1900 mean [days/year] 162.9 135.5 98.3 166.7 116.4 152.3 117.4 135.9 137.2
rel 7.6% 7.2 - 12.2° 13.4° 10.7° 18.5° - 12.9°
abs 12.6* 9.7 - 20.3° 15.6° 16.3° 21.7° - 17.7°
1960 mean [days/year] 167.9 130.6 102.2 1773 117.1 163.4 115.7 145.3 146.1
rel 10.9* 10.9* 0.0 6.9 9.8 2.7 8.12 -2.6 6.6
abs 18.32 14.32 0.0 12.2 11.5 4.5 9.4% -3.8 9.7

Note. Changes are both from the long and short time series; note that the trends starting in 1960 are based on substantially more stations. The changes are multiplied
with the length of the period, 120 and 60 years for the time series starting in 1900 and 1960, respectively. rel is the change in relative terms over the period, whereas
abs is the trend in absolute measures (units of mm, days, and mm). The no-data is in regions where we find it misleading to calculate the trends because of the poor

station coverage.

aSignificant at the 5% confidence level. "Significant at 99% confidence level.

drizzle days. This is in contrast to the hypothesis that a warmer climate dominated by the thermodynamic mecha-
nism would have more days of heavy precipitation and fewer days of drizzle, leading to a general decrease in the
number of wet days. Climate models show fewer days of drizzle at the end of the century compared to present
over most land areas in a low-emission scenario (Sun et al., 2007), but the result is highly dependent on model
resolution (Stephens et al., 2010). In contrast to the trend in the absolute contribution of the precipitation rates to

the annual total precipitation, the relative contribution decreases at the lower precipitation rates and increased at

higher rates (Figure S2b in Supporting Information S1). The precipitation intensity has increased by almost 10%

precipitation anomaly [%)]
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Figure 3. Time series of annual mean precipitation anomalies relative to the whole time series. The thin red line indicates
number of averaging years is less than the length of the sliding averaging-window.
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Figure 4. Seasonal 10 year running mean precipitation anomalies for each region relative to the whole time series.

in Norway since 1900. The precipitation increase in Norway is due to both increased frequency and intensity. It is
neither constrained to the upper percentiles nor is it happening at the expense of the lower percentiles.

3.4. Changes in Intense and Extreme Precipitation

To investigate changes in intense and extreme precipitation, we use quantile regression as well as extreme value
theory.

The 95th and 99th percentiles show a positive change in 90% of the OP1900-stations using quantile regression,
and half of these trends are significant at the 5% significance level. That the absolute increase is becoming larger
for the higher percentiles and that most stations exhibit a positive trend is visible in Figure 5 top panel (absolute
changes). The relative changes of the 99th percentile are larger than the mean in 49% of the stations in Norway and
69% of the stations for the 95th percentile, consistent with the notion that intense precipitation will increase faster
than the mean in the future (Myhre et al., 2019) (Figure 5, second row). Although more stations show negative
trends at even higher percentiles (99.5th and 99.9th), the majority still show positive trends (96%/76% OP1900/
OP1960), but few of the trends are significant. The 95th percentile increases significantly in South-Western
(23%), Northern-Inland (23%), Eastern (16%), and Middle-Coastal (25%). Despite the significant increase of the
95th percentile, the fraction of the 95th percentile to the total annual precipitation has only increased significantly
in South-Western (increased by 9% over the past 120 years), Northern-Inland (6.5%), and Middle-Coastal (9.6%).
At lower percentiles (25th to 75th), the trends are both positive and negative but small (<1 mm/60 years/<10%).

Calculating the changes in the number of days of intense precipitation based on a constant threshold for the 95th,
99th, 99.5th, and 99.9th percentile, most stations show an increase in the number of days exceeding the thresh-
olds (Figure 5, third panel), although not necessarily significant. Days exceeding the 95th percentile increased
by 4.9 days over 120 years (30%), the 99th percentile increased by 0.8 days (24%), while there is no trend for the
99.9th percentile. The relative trend is of similar magnitude for the different percentiles. In Middle-Coastal, the
days with precipitation exceeding the 95th percentile have increased by 12 days in the past 120 years, and the trend
is steeper in OP1960 (0.7 days/year) than OP1900 (0.04 days/year).

The bottom panel of Figure 5 shows the results from fitting a GEV-distribution to the annual maxima and intro-
ducing time as a covariate to the location parameter. Although the uncertainties are large (not shown), most
stations have a positive trend in the magnitude of the 100-year events (on average, 40% increase), and the waiting
time is reduced by 25 years. However, some of the stations show more than 60 years reduction in waiting time for
a 100 year event. It is worth noting that all significant trends are positive (23% of the stations). In addition, the
overall pattern is qualitatively consistent with the trends in the quantile regression.
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Figure 5. Summary of the changes in extreme and intense precipitation. Each tile along the x-axis represents the individual stations grouped together in regions. Top
panel: Changes in percentiles grouped by regions for all stations available from 1900 from quantile regression. The upper percentiles (>95) are based on all days,
while the lower are based on only the wet days to avoid zero precipitation at the lower percentiles. Second panel: same as top, but for relative changes. Third panel:
Trend in relative number of days exceeding a percentile. Bottom panel: Results from the GEV-fitting, split into three rows: (a) changes in the absolute magnitude of
100 year events, (b) changes in the relative magnitude of 100 year events, (c) changes in waiting time in years. Note that the changes are given over a 120 year period
(1900-2019). NI is Northern-Inland, MI is Middle-Inland, and NC is Northern-Coastal. Hatching indicates non-significant trends at the 95% significant level.

Some variability in the sign of the trends is expected as all statistical tests are designed to have a specified false
discovery rate. Sun et al. (2021) found that for the Rx1day index (the annual maximum precipitation), 10% of
the stations in Europe showed significant increasing trends at the 95% confidence interval, which was larger
compared to what can be expected by chance alone (between 0% and 6%). Although not directly comparable,
18% of the stations show a significant increasing trend in Norway for the 99th percentile, which on average
occur 4 times a year. The 3.6% stations showing significant negative trends are, on the other hand, within the
range of what can be considered “due to chance,” and there are no systematic negative trends within or between
regions. The overall tendency is thus toward more intense precipitation, although the interannual variability is
large. Furthermore, the fact that the two different methods agree corroborates that the extreme precipitation has
increased over the past century.

4. Drivers of Annual Precipitation Variability and Trends

What has caused the change in annual mean precipitation? We have described the statistical properties of how
the precipitation has changed over the past 120 years. To relate the observed annual mean precipitation increase
to either thermodynamic or dynamic changes, we use the diagnostic model outlined in Equation 1. The diag-
nostic model estimates precipitation — based on pseudoadiabatic ascent — for three different reanalysis products,
ERA-20C, 20CRv3, and ERAS. We show the annual relative anomalies of the estimated precipitation (pseudoad-
iabatic precipitation, [PAP]) compared to the observed precipitation (OP1900) and precipitation from ERA-20C
(P_ERA-20C) and 20CRv3 (P_20CRv3) in Figure 6. Because observations represent point-processes rather than
area averages as models do, we bin the observations on a 1° X 1° latitude-longitude grid and do the average of
all stations in a grid box prior to averaging over all the grid boxes in a region. This way, we avoid emphasizing
regions with a high station density but note that we are comparing PAP to a smaller set of grid points which can
cause some discrepancies when comparing PAP to OP1900.
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Figure 6. Pseudoadiabatic precipitation based on ERAS, ERA-20C, and 20CRv3, observed precipitation (OP1900), and
precipitation from reanalysis (P_ERA-20C and P_20CRv3) anomalies compared to the 1980-2010 average over Norway.

The number of pressure observations assimilated into the reanalysis in Northern Europe was sparse before 1935
(Slivinski et al., 2019) and the quality of the reanalyzes is more questionable before 1950 in terms of circulation
indices such as the North Atlantic and Arctic Oscillations (Bloomfield et al., 2018; Poli et al., 2016). However,
we find that PAP correlates well with OP1900 after 1930 ( > 0.9) in both reanalyzes, and considerably higher
than between 1900 and 1930 (r = 0.68) on an annual time scale. We therefore omit the period 1900-1930 from
our analysis.

The absolute level of PAP is underestimated compared to OP1900, and more so using ERA-20C than both
20CRv3 and ERAS (see a summary of key numbers in Table S1 of Supporting Information S1). The different
magnitude of PAP in ERA-20C compared to 20CRv3 can be linked to the critical relative humidity; although
the relative humidity is consistently higher in 20CRv3 than in ERA-20C, we have used the same critical relative
humidity. However, the variability and the relative anomalies are similar between PAP using all reanalysis prod-
ucts and OP1900, indicating that the relative humidity mainly affects the magnitude of precipitation and not the
variability.

In addition to a high temporal correlation on an annual time scale, PAP also shows similar spatial variability char-
acteristics, with higher values in coastal Norway than inland regions. The trend is also relatively well captured in
PAP, 20% (17%) in 20CRv3 (ERA-20C) compared to the observed 14%. Note that the trend differs slightly from
the result presented earlier (see Table 1) due to a different period (1930-2010) and averaging method. Because
the method works adequately, both spatial and temporal, we use Equation 2 to decompose the observed changes in
precipitation into contributions from thermodynamics (through changes in temperature and subsequent changes
in the water vapor content), dynamics (through changes in vertical velocity), and changes in relative humidity.

Vertical velocity is the key variable in understanding the interannual variability and the long-term trend in annual
precipitation (Figure 7). P+ (precipitation varying only due to the vertical velocity) accounts for 93% (89%) of the
yearly variance in PAP based on 20CRv3 (ERA-20C). The contribution from vertical velocity to the precipitation
anomalies is mainly negative before 1970 and positive after 1970. This shift coincides with the marked increase
in the observed precipitation (Figure 3). In addition, it is worth noting that the absolute magnitude of the verti-
cal velocity differs substantially between ERA-20C and 20CRv3, although the relative anomalies are the same.
ERA-20C shows consistently weaker vertical motion than 20CRv3, which provides an additional explanation for
why the estimated absolute precipitation values are lower in ERA-20C than 20CRv3.

P, (precipitation varying only due to the relative humidity) accounts for <1% of the interannual variability using
20CRv3 and 45% using ERA-20C. The discrepancy arises because the relative humidity is higher in 20CRv3 than
in ERA-20C, but RH, is the same. As the relative humidity in 20CRv3 tend to be above RH,, the precipitation
frequency is mainly decided by the frequency of upward motion, while it is also limited by relative humidity in
ERA-20C. Therefore, the correlation of PAP to P, in 20CRv3 is higher than in ERA-20C, while P, accounts for
more of the variability in ERA-20C. Lastly, P * (precipitation varying only due to surface temperature) accounts
for 58% (61%) in 20CRv3 (ERA-20C). Note that the sum of the variability exceeds 100% because the terms are
not independent.

We can decompose the trend into the trends in individual additive terms (Equation 2). The sum of the trends of
the individual terms (P,, P, ., Pr.) roughly equals the full estimated PAP trend (the difference is less than 2%

0¥
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Figure 7. 5 year running mean of relative anomalies over Norway. P . - contribution from vertical velocity, P, - relative
humidity, P, - temperature. Note that 20CRv3 (a) and ERA-20C (b) use the same averaging period (1930-2010), whereas
ERAS (c) use the whole period available as the reference (1979-2019).

using both 20CRv3 and ERA-20C). However, the relative trends in PAP are overestimated compared to OP1900's
in 20CRv3 (5% higher using 20CRv3). Decomposing the trends yield no contribution from P, in ERA-20C nor
20CRv3 between 1930 and 2010 because there is no trend in relative humidity over Norway. Changes in P,
accounts for 86% of the total trend in ERA-20C, and 84% in 20CRv3, while P, comprises the rest. In ERAS,
between 1979 and 2019, the slightly positive trend in P, is directly offset by the negative trend in P,, while
Pr, accounts for 93% of the trend. Consistent with ERAS, the trend is smaller in P, in ERA-20C and 20CRv3
between 1979 and 2019.

To estimate the sensitivity of the surface temperature to precipitation, we do a linear regression of PAP to the
near-surface temperature over Norway in the respective reanalysis. The temperature increase in ERA-20C is only
0.6 K over Norway, while it is 0.7 K in 20CRv3, less than the observed 1K increase (Hanssen-Bauer et al., 2017).
For 20CRv3 (ERA-20C), this yields a sensitivity to temperature of 10%/K (12%/K) of PAP to temperature, and
4.5%K (5%/K) for Pr.in 20CRv3 (ERA-20C). The sensitivity of Pr. to temperature is slightly less than we would
expect from pseudoadiabatic scaling. P, sensitivity to temperature is 8§%/K in 20CRv3 and 6.8%/K in ERA-20C.
The main discrepancy between the reanalyzes is in P,, which shows no relation to temperature in 20CRv3, while
it is positive (6.8%/K) in ERA-20C. However, this difference is most likely due to the discrepancies in RH and
RH,, as discussed earlier.

The sensitivity of the dynamic contribution to temperature is what differs most compared to Pfahl et al. (2017),
who showed a sensitivity in the dynamic contribution in the future of 1%-3%/K over Scandinavia. However,
the sensitivity in Pfahl et al. (2017) is calculated based on the model ensemble mean, and individual members'
dynamic components may be more sensitive to changes in temperature. This is reflected in the large uncertainty
in the future changes in the dynamic component (Pfahl et al., 2017). In addition, part of the discrepancy may be
because we regress the dynamic component against changes in annual mean temperature in Norway rather than
the global mean temperature. Furthermore, we have calculated the dynamic component directly, and taken the
seasonality into account of the decomposition, which differs from the method of Pfahl et al. (2017).

Although the vertical velocity is argued to change little in the future, we find that the vertical velocity in the
reanalyzes has changed over the past century. Vertical velocity is thought to change little with climate change in
the extratropics because it does not depend on either static stability or latent heating in a non-convective envi-
ronment (O’Gorman, 2015). However, in ETCs, the asymmetry of vertical velocity and hence the strength of the
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Figure 8. Changes in the distribution of @ at 850 hPa, calculated as the change of the number of occurrences in each
intensity of the vertical velocity between 1970 and 2010 compared to 1930-1970. (a) The change in the probability for the
different intensities of vertical velocity. (b) Same as a, but normalized by the probability of an intensity to occur in the former
period.

upward motion has the potential to increase in the future because of increased latent heating (Tamarin-Brodsky
& Hadas, 2019). If the asymmetry of the vertical motion increases, this may not be visible in the average changes
of the vertical velocity but might be vital for precipitation changes as its distribution is known to link intimately
to the precipitation distribution. Pendergrass and Gerber (2016) found that changing the skewness of the vertical
velocity distribution was crucial to represent important characteristics of the changes in precipitation, that is, that
extreme precipitation is increasing more than the mean. We, therefore, compare how the mean distribution of @
has changed over Norway between 1970-2010 and 1930-1970 (Figure 8). For all pressure levels (Figure 8a, only
850 hPa shown), there are fewer occurrences of weak vertical motion in the later period than in the earlier period,
indicating that the width of the distribution increased. Both the upward and downward intensity increase in both
reanalysis products, but the change is more pronounced in 20CRv3 than ERA-20C. Although the overall change
is small (2% more days of upward motion in the later period compared to the earlier period), some bins show
substantial changes (Figure 8b). The strongest upward motion increases with more than 50% in ERA-20C and
more than 100% in 20CRv3. The changes in vertical velocity distribution reveal that the tail is longer for changes
in upward motions (@ < 0) than downward motions, which agrees qualitatively with the observed asymmetric
precipitation response. In addition, the frequency of days with upward motion is increasing, consistent with the
observed frequency increase. However, the relative increase in the occurrences of upward motion is considerably
smaller than the observed frequency increase.

4.1. Precipitation Increase From 1980 to 2010

Notably, almost half of the precipitation increase occurred between 1980 and 1990 (Figure 3). We focus on this
period to better understand what caused this increase. The model captures the increase and the dry years before
the increase (Figure 6). While anomalous low relative humidity and temperatures cause the dry years (negative
contributions from P, and Pr.), enhanced vertical velocity (positive contribution from P,_,) cause the wet period
(Figure 7). The positive contribution from vertical velocity is consistent across all reanalysis products, although
the magnitude differs.

ETCs are linked to precipitation as they constitute areas of large-scale ascent and subsequent condensation and
precipitation. In addition, ETCs are associated with fronts and often intense moisture transport, which, as it
approaches Norway, is forced over topography and causes heavy precipitation. Hawcroft et al. (2012) found that
>75% of all winter precipitation over Norway can be associated with ETCs. The storm track activity has been
analyzed in previous studies using different reanalyzes and proxies. Feser et al. (2015); Chang and Fu (2003)
found that storm track activity was weakest during the 1960s and increased until the 1990s before it decreased
back to average values until 2010. The increase in storm track activity was particularly prominent over the East-
ern Atlantic and Europe (Chang & Fu, 2003). The timing of the lowest storm track activity fits well with the
all-time driest winter in coastal regions in DJF in the 1960s and the subsequent increase in precipitation to an
all-time maximum in DJF in the 1990s (Figure 4a). The decrease in storm track activity coincides with the decline
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in the importance of vertical velocity in our diagnostic model (Figure 7), and we, therefore, hypothesize that
the changes in the vertical velocity and hence the dynamic component of precipitation are associated with the
storm track variability in the North Atlantic. In addition, as mentioned before, the asymmetry of vertical velocity
in ETCs can increase because of increased latent heating due to increasing temperatures (Tamarin-Brodsky &
Hadas, 2019). After 2000, the contribution from P,* and P, dominates, particularly in ERA-20C, simultaneously
as coastal DJF precipitation decreases. The increase after 2000 is happening in all regions and all seasons. We
note that this is consistent with a pure thermodynamic response in precipitation to the increasing temperatures
in Norway after 2000. Furthermore, dynamic or circulation changes over Europe are consistent with other stud-
ies. Sippel et al. (2020) linked the rapid temperature increase in the 1980s over Europe to circulation changes.
Furthermore, van Haren et al. (2013) found that errors in the climate model simulated circulation patterns were
the main reason for the bias in precipitation trends over Northern Europe, rather than a direct effect of the models’
coarse resolution on precipitation. However, making an exact link of ETCs to precipitation changes in Norway
and changes in vertical velocity requires further research and is beyond the scope of this paper. In addition,
previous studies have determined that the dynamic component has been crucial for changes in extremes. Ali and
Mishra (2018) found that the dynamic component scaled with more than 10%/K for extreme precipitation events
over India and was substantially larger than the thermodynamic scaling. When decomposing the moisture budget
for a record-breaking wet January in Britain, Oueslati et al. (2019) found the dynamic component to play the most
important role. We show that the dynamic component is also the main factor deciding the interannual variability
in mean precipitation over long timescales in Norway.

4.2. Applicability of Method

Although we have only used this method in Norway, we believe we can say something about the general appli-
cability of the method by investigating the method's performance in the different regions. In the individual
regions, the correlation between OP1900 (observed precipitation) and PAP (pseudoadiabatic ascent estimated
precipitation) drops to a mean of 0.78 in 20CRv3 (min = 0.54, max = 0.88) and 0.68 in ERA-20C (min = 0.4,
max = 0.86), and the best agreement is in South-Western and Western, followed by the rest of the coastal regions.

In the inland regions (Eastern, Northern-Inland, and Middle-Inland), PAP is underestimated in summer and
overestimated in winter compared to observations and reanalysis-precipitation. Although OP1900 increases
from spring to summer in Northern-Inland and Middle-Inland, PAP overestimates the precipitation in SON
and DJF. PAP underestimates precipitation in summer in Western and Middle-Coastal, but only compared to
reanalyzes-precipitation, not OP1900. However, as the observations are averaged over a smaller number of grid
points, it may be that the observations are located where summer precipitation is lower than the regional average
or that the summer precipitation is not accurately represented in the reanalyzes. Although ERAS has a higher
resolution and should thus better represent the vertical velocity associated with convection and possibly better
capture the seasonal cycle, PAP does not have a better seasonal cycle in ERAS than the other reanalyzes. This
is most likely related to the simplistic nature of the PAP model. An essential assumption of the model is that
the moisture supply is unlimited when precipitation occurs, which is not necessarily valid in the inland regions.
This may partly account for the overestimation of PAP compared to OP1900, particularly because the method
assumes it precipitates for 24 hr. The assumption that precipitation does not evaporate on the way down may lead
to an overestimation during drizzle events but is probably less important than the aforementioned simplification.
Lastly, ERA-20C and 20CRv3 most likely represent the vertical velocity more accurately in regions where it is
governed by synoptic-scale dynamics. The combination of this and the coastal regions having no shortage of
moisture supply may explain why the seasonal cycle is better represented in coastal regions where most precipi-
tation falls during SON and DJF.

To conclude, care should be taken in regions where most precipitation falls during strong convective events and
regions where the moisture supply is limited if this method is further used for mean precipitation.

5. Uncertainties Associated With Precipitation Measurements

Precipitation measurements are susceptible to a change in location, measurement technique, or installation of
windshields. Hanssen-Bauer and Fgrland (1994) found that the relocation of weather stations accounted for 47%
of the detected inhomogeneities in precipitation stations in Norway. Relocation of weather stations can cause

KONSTALI AND SORTEBERG

14 of 18

8518017 SUOLULLOD @A1IR.0 3(cedl|dde 8Ly Aq pausenob afe sejoie YO ‘@SN Jo SaIn1 10} Ariq1T8UIIUO A1 UO (SUORIPUOD-PUB-SWIRILID™A8 | 1M ARe.q 1 Bul U0/ StY) SUORIPUOD pue SWe | 8L 88S " [£202/20/ET] U AriqiTauliuo Ao|1M ‘| 1eXeIoljaigsieIS RAIUN AQ #£29E0ArTZ02/620T 0T/I0p/wW0d A8 M Areiq puljuosgndnBe//sdny wouy pepeojumod ‘ST ‘2202 ‘96686912



A~y )
M\I Journal of Geophysical Research: Atmospheres 10.1029/2021JD036234

ADVANCING EARTH
AND SPACE SCIENCE

artificially induced trends either because the sheltering conditions are different or because the annual precip-
itation is different. We might have induced artificially induced trends when we merged stations; however, we
discarded the entire station if any breakpoint was detected close to a station merging.

In addition to relocation, wind affects the precipitation catch. Hanssen-Bauer and Fgrland (1994) found that the
installation of windshields was responsible for 30% of the inhomogeneities in the long precipitation series in
Norway. The installation of windshields improves the catch, particularly in regions where a large portion of the
precipitation falls as snow, but does not substantially increase the catch, even in windy conditions, for tempera-
tures <3°C (Wolff et al., 2015). In regions and mountainous areas where most precipitation falls as snow, a tran-
sition from snow to rain can also induce trends in measured precipitation. Such a trend would be mainly visible
in the onset or offset of winter. However, it is impossible to determine whether the observed trends are due to
a snow-rain transition. We, therefore, took the conservative approach and threw out all stations with significant
breakpoints detected by the homogeneity test. The installation of windshields and snow-rain transition is likely
why so few stations at high elevations and in Northern Norway passed the quality control.

In contrast, winters in South-Western and Western tend to be mild and rainy, and the installation of windshields is
thought to be of minor importance (Hanssen-Bauer & Fgrland, 1994), as well as the snow-rain transition. Further-
more, 70% of all windshield installations were done in the period 1906-1910 (Hanssen-Bauer & Fgrland, 1994),
and we find that the trend from 1930 to 2010 is not substantially different from the trend from 1900 to 2019. It
is worth noting that, overall, the trends from the reanalyzes precipitation match the observed and the estimated
precipitation (PAP).

Except for automatization gradually happening over the last decade, the sampling routine and bucket diameter
have not changed. Automatization was responsible for 12% of the detected breakpoints between 1960 and 2018
and generally reduced the precipitation catch (Kuya & Tveito, 2021). At the same time, the sampling frequency
has increased in some stations from one to three times a day, which might influence the very low precipitation
amounts due to decreased evaporation.

Our calculated trends are consistent with previous studies (Hanssen-Bauer, 2005; Hanssen-Bauer et al., 2017,
Hanssen-Bauer & Fgrland, 1998, 2000). Despite the uncertainties related to precipitation measurements, we are
confident that the trends presented here represent the actual trends except in the Northernmost regions where
the station coverage remains poor. Lastly, our study shows that 20th-century reanalyzes are not only providing
accurate estimates of precipitation in Europe (Poli et al., 2016) but can also be representative for smaller areas
such as Norway.

6. Conclusions

We have analyzed observations of daily accumulated precipitation from a network of stations that measured
continuously between 1900 and 2019 and introduced and used a diagnostic model to assess the mechanisms
responsible for the historical precipitation variation in Norway. We find that in Norway:

1. Precipitation has increased by 19% between 1900 and 2019. Notably, almost half of the increase occurred
between 1980 and 1990 in winter. In contrast, the precipitation increase after 2000 occurs in all seasons.

2. Both frequency and intensity contribute to the precipitation increase. Although we find a positive trend across
all precipitation rates, intense precipitation's absolute magnitudes increase faster than the mean.

3. The long-term trend and year-to-year variation in precipitation can be approximated with pseudoadiabatic
ascent and hence three parameters: vertical velocity, temperature, and relative humidity. Changes in precipita-
tion can then be related to these three parameters.

4. Vertical velocity is the key variable for precipitation variability and the long-term trend.

5. The precipitation increase between 1980 and 1990 appears dramatic, but this is partly because the late *60s
and *70s were anomalously dry. While low temperatures and relative humidity can explain some of the peri-
od's dryness, anomalous upward motion, and thus the dynamic contribution, dominates the wet period in the
late *80s and early "90s, which corresponds to a time period where previous studies have found increased
storm track activity in the North-Eastern Atlantic.
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6. From 2000 and onward, the vertical velocity is less important than before. Instead, the high precipitation
amounts link to anomalously high temperatures and relative humidity, and, consistent with a pure thermody-
namic response, the precipitation increase is happening in all regions and seasons.

The precipitation increase in Norway is larger than what can be explained by increased water vapor in the atmos-
phere alone. Our decomposition of the precipitation increase points to the importance of vertical velocity, both
for the variability and long-term trend. The dynamic part is the most uncertain parameter regarding precipitation
changes in climate models. Hence, to predict precipitation changes in the future, it is critical to understand the
mechanisms responsible for the changes in vertical motion in the past and the weather that governs it.
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