
1.  Introduction
Climate projections in the North Atlantic region suffer from great uncertainties. Part of this relates to the 
large natural climate variability of the region, which is difficult to distinguish from an anthropogenic warming 
signal, for example, the North Atlantic Oscillation and associated variability in the storm tracks and jet stream. 
Uncertainties are also related to a thug-of-war between the dynamical responses to non-uniform warming of 
the region, for example, Arctic Amplification versus upper-tropospheric tropical warming (Oudar et al., 2020; 
Screen et al., 2018; Shaw et al., 2016; Zappa & Shepherd, 2017), as well as model representations of important 
ocean circulation features and the sea surface temperature (SST) gradients they produce (Bellomo et al., 2021; 
Cohen et al., 2020; Gervais et al., 2019; Nakamura et al., 2004). Precipitation is a variable greatly affected by 
this uncertainty. Projections of precipitation by general circulation models (GCMs) also suffer from the draw-
backs connected with parameterizations of sub-grid convection (Hohenegger et al., 2008; Kendon et al., 2020; 
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version 2 projects a large area of sea surface cooling in the North Atlantic toward the end of the century. In 
our study we point to possible connections between this cooling and future decreases in winter precipitation in 
the northeastern North Atlantic region. This is mostly associated with a reduction in convective precipitation, 
which is dependent on the temperature of the sea surface. In this area the Scandinavian mountains contribute 
significantly to the precipitation received through orographic effects. We also find a future upstream shift in the 
maxima of orographic precipitation, which is indicated to be also (partly) connected to the sea surface cooling. 
These findings may help in understanding the large spread in future precipitation projections in this region and 
should urge for more research toward constraining them.
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Li et  al.,  2019; Prein et  al.,  2015; Tang et  al.,  2021; Tomassini et  al.,  2017; Trenberth et  al.,  2003; Wilcox 
& Donner, 2007), as well as being too coarse to resolve regional detail. Future changes in precipitation have 
substantial consequences for society at a regional and local scale, for example, for hydropower generation, water 
consumption, irrigation, industry, and infrastructure design. Winter precipitation is of particular importance as 
snowpacks acts as natural reservoirs, and occurrence of icing on structures can cause major damage (Barnett 
et  al., 2008; Iversen et  al., 2023). It is thereby essential to better understand the physical mechanisms of the 
precipitation responses at this scale, to better constrain climate model projections (Trenberth et al., 2003).

Part of the uncertainty in North Atlantic climate projections relates to a phenomenon termed the North Atlantic 
Warming Hole (NAWH). The NAWH is an area within the North Atlantic subpolar gyre with a striking deficit 
in surface warming, which has been linked to a slowdown of the Atlantic Meridional Overturning Circulation 
(AMOC) (Drijfhout et al., 2012; Keil et al., 2020; Liu et al., 2020). In future projections, SST gradients associ-
ated with SST anomalies in the North Atlantic cause an increase in the meridional surface temperature gradient 
between the subpolar and subtropical gyre, leading to increased baroclinicity, and the potential for enhanced 
storm activity over the North Atlantic and Europe (Gervais et al., 2019; Hand et al., 2019; Inatsu et al., 2003; 
Nakamura et al., 2004; Wilson et al., 2009; Woollings, Gregory, et al., 2012). The jet and storm tracks have been 
shown to be sensitive to the location of SST gradients relative to the mean jet position in models of varying 
complexity (Brayshaw et al., 2008; Gervais et al., 2019; Graff & LaCasce, 2012; Nakamura et al., 2004). Conse-
quently, the NAWH depth, spatial extent and location in climate models play a crucial role in their projections of 
North Atlantic climate (Bellomo et al., 2021).

The AMOC slowdown/NAWH has been associated with a precipitation decrease in the North Atlantic region 
(Bellomo et al., 2021; Liu et al., 2020). The NAWH impacts precipitation through its impacts on the jet stream 
and storm tracks, as well as the surface heat fluxes (Gervais et al., 2020). In sensitivity experiments with the 
Community Earth System Model (CESM) where they isolated the effects of the NAWH, Gervais et al. (2020) 
found precipitation to be suppressed directly over the NAWH. This was mostly influenced by the direct effect of 
lowered SST and turbulent heat fluxes. Hand et al. (2019) also performed sensitivity experiments, using the Max 
Plank Institute for Meteorology Earth System Model (MPI-ESM), and showed that precipitation suppression in 
conjunction with the NAWH was apparent when local SST pattern changes were isolated, while precipitation 
increased in the same region when all global warming related aspects were included (including increased stormi-
ness). Using the Met Office Hadley Centre's GCM, HadGEM3, Jackson et al. (2015) found less precipitation and 
evaporation over Europe and the North Atlantic and strengthened storm tracks. Woollings, Harvey, et al. (2012) 
highlighted the connection between increased atmospheric static stability and the NAWH, as the warming at 
upper levels are stronger than at the surface. Increased static stability was also shown in Hand et al. (2019).

At a regional and local scale, stratiform, convective and orographic precipitation (in mountainous regions) contrib-
ute to the total precipitation received, and these are produced by different physical mechanisms (Houze, 2014). 
While previous studies have considered changes in projected winter precipitation in the North Atlantic region in 
relation to the NAWH (Gervais et al., 2020; Hand et al., 2019; Jackson et al., 2015; Swingedouw et al., 2021), 
this has not been related directly to the different precipitation types. As was highlighted by for example, Hand 
et al. (2014) and Lebeaupin et al. (2006), stratiform and convective precipitation respond differently to changes 
in underlying SSTs, and orographic flow theory explains how orographic precipitation is strongly influenced 
by static stability (Kirshbaum et al., 2018; Smith, 1989). To fully understand the precipitation responses and 
associated uncertainties in this region, these precipitation types should be investigated separately. Given the 
large errors associated with convection schemes of global models, as well as the relatively coarse resolution and 
poorly resolved orography, a higher resolution model without parameterized convection should be applied for this 
purpose (Kendon et al., 2020; Vergara-Temprado et al., 2020).

Motivated by a discovered relatively large winter precipitation decrease in Iversen et al. (2023), based on three 
future scenarios from the CESM version 2 (CESM2) (Danabasoglu et al., 2020) downscaled with the Weather 
Research and Forecasting (WRF) model (Skamarock et al., 2019), we here further explore these data to investi-
gate the physical mechanisms behind this precipitation response. It was hypothesized that the relatively strong 
and extensive NAWH in CESM2 (as compared to other CMIP6 models) is largely contributing to this response. 
The WRF data is on a 12 km grid and has explicit treatment of convection, covering an area in the northeastern 
North Atlantic region. We investigate changes in stratiform, convective and orographic precipitation, with a 
specific focus on the influences of the NAWH. Changes to orographic precipitation are investigated over the 
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Scandinavian mountains, as this precipitation type contributes considerably to the precipitation received in this 
region. We focus on the December-February (DJF) winter season, when SST impacts on precipitation generation 
in the region is strong. The study does not seek to quantify potential future precipitation changes, but rather to 
highlight physical mechanisms of climate change responses, with a specific focus on the impacts of projected 
SST anomalies in the North Atlantic, to better understand the reasons behind the large spread in climate model 
projections in the region. The paper is structured as follows: Data and methods are presented in Section 2, results 
in Section 3, discussion in Section 4 and summary and conclusions in Section 5.

2.  Data and Methods
2.1.  Regional Model Configuration and Downscaling

The WRF model (version 4.1.2) is set up with one domain with a horizontal grid spacing of 12 km and 32 vertical 
levels (the upper level is at 100 hPa and the level density decreases with height). The domain covers Scandinavia, 
the Norwegian Sea and the North Sea (Figure 1). The temporal resolution of the data is 1 hr. Parameterization 
scheme choices are listed in Table  1. The chosen grid spacing is within the “convective gray zone,” yet no 
parameterization of convection is used due to indications of better model performance with explicitly treated 
rather than parameterized convection up to around 25 km grid spacing (Birch et al., 2015; Dirmeyer et al., 2012; 
Field et  al.,  2017; Hohenegger et  al.,  2015; Pearson et  al.,  2014; Stein et  al.,  2015; Vellinga et  al.,  2016; 
Vergara-Temprado et al., 2020). Kendon et al. (2020) highlight the inability of convective parameterizations to 
advect convection due to their lack of memory, relevant for typical winter conditions in this region where ocean 

Figure 1.  Spatial extent and terrain height (m above sea level) of the WRF domain.
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triggered convection is advected over land. The choice of 12 km grid spacing is a compromise between accu-
racy and computational requirements, and enables near century-long simulations with three emission scenarios, 
needed to evaluate robustness in the regional model responses.

Boundary conditions were updated in WRF every 6 hr and spectral nudging was applied for temperature, horizon-
tal winds and geopotential height. Sea-surface temperatures were updated daily in WRF from the CESM2 data.

Three future scenarios from CESM2 have been downscaled: ssp126 (a sustainable future), ssp245 (middle of the 
road) and ssp370 (more pessimistic development trends) (O'Neill et al., 2016), and the ensemble member “r11” 
(due to being the only member with all necessary fields for downscaling with WRF available at the time). The 
primary focus of this study will be on ssp370 and the future period 2080–2100, relative to 2015–2035, when the 
forcing is strongest, while the other scenarios will be shown in Supporting Information S1. The model and data 
is described in more detail in Iversen et al. (2023).

2.2.  Precipitation Type Separation

Stratiform, convective and orographic precipitation are referred to as precipitation types through this paper. To 
separate out the convective component of precipitation, the method of Poujol et al. (2020) is adopted with some 
modifications. The method is based on detecting the overturning circulation of convection, by utilizing the stand-
ard deviation of vertical velocity at 500 hPa. Due to the vast amount of data generated by our simulations, and 
the original purpose of application for atmospheric ground icing, only the 10 lowest vertical levels of the model 
were saved (roughly the boundary layer). Hence, the detection of up- and downdrafts in our data is performed at 
the highest model level (roughly 700–800 hPa). Given that winter convection over the Norwegian Sea is relatively 
shallow, this level showed to be sufficient for detecting the convective overturning.

Vertical velocity is significantly affected by topography, and so in Poujol et al. (2020) convection was identified 
above terrain through potential vorticity dipoles and uplift vertical velocity at necessary levels of the atmosphere 
not available in our data. Here we assume that the precipitation type occurring over topography (west of the topo-
graphic barrier only) is the same as over the Norwegian Sea at a given time (assuming westerly advection; Figure 
S1 in Supporting Information S1 shows that close to all of the precipitation received west of the topographic 
barrier is advected by westerly winds. See Supporting Information S1 for more details on this methodology). 
Precipitation east of the topographic barrier is not as highly correlated with westerly flow and hence cannot be 
classified. If the precipitation only occurs over land at a given time, it is characterized as orographic, assuming it 
is generated by orographic lifting of moist air. The precipitation not classified as either convective or orographic 
is classified as stratiform. Orographically enhanced stratiform precipitation is therefore also classified as such.

A validation of this algorithm is not carried out, however a comprehensive visual inspection confirms its qualita-
tive validity (Figure S2 in Supporting Information S1 shows two example cases of the performance).

3.  Results
While the main focus of this paper is on the downscaled results, we first consider some key fields directly from 
the global model in order to compare with and highlight the benefits of the regional model.

3.1.  Global Model

The projected warming hole in CESM2 is one of the strongest and most extensive among the CMIP6 models 
(Figure S3 in Supporting Information S1), with cooling reaching as far northeast as Norway (Figure 2a). Seasonal 

Type of scheme Name References

Microphysics Thompson-Eidhammer aerosol-aware (with mod. regarding 
melting snow)

Thompson and Eidhammer (2014)

Iversen et al. (2021)

Boundary layer Mellor-Yamada-Nakanishi-Niino 2 (MYNN2) Nakanishi and Niino (2006)

Radiation Rapid radiative transfer model for GCMs (RRTMG) Iacono et al. (2008)

Land surface Noah Mitchell (2005)

Table 1 
Parameterization Scheme Choices for the WRF Model Configuration
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total accumulated precipitation (Figure 2b) and mean liquid water path (LWP) (Figure 2c) is decreasing directly 
above the NAWH, and precipitation is also decreasing over an area covering most of the Norwegian Sea. This is 
a robust response in CESM2, seen in the ensemble mean of ssp370, as well as ssp126 and ssp245 (Figures S4–S6 
in Supporting Information S1). Storm-track changes vary more between the scenarios. Changes are largest for 
ssp370, with increased storm activity over large parts of Europe (including Norway, however non-significant in 
the ensemble member used for downscaling), and reduced activity over the Greenland Sea (Figure 2d and Figure 
S6 in Supporting Information S1). In ssp126 the maximum storm activity increase is located further north, over 
the British Isles and the North Sea, and activity is increasing over the entire Norwegian Sea (significantly only 
south of ∼69°N) (Figure S4 in Supporting Information S1). The changes in ssp245 are similar to ssp370 but 
weaker (Figure S5 in Supporting Information S1).

3.2.  Regional Model

By using a regional model (WRF) with 12 km grid spacing, the winter precipitation over most of the Norwegian 
Sea is increased by 20%–30% compared to CESM2, and over the Scandinavian Mountains by roughly 60%, as 
orographic precipitation enhancement is better captured (Figure 3). North of 70°N WRF produces up to 100% 
more precipitation. WRF produces substantially more convective precipitation (Pc) than CESM2, both in terms 
of fraction of total precipitation and absolute values (Figure 3, bottom). In the area north of 70°N, WRF Pc frac-
tion peaks at 0.6 (equaling 300–400 mm), while the CESM2 fraction is 0.1 (equaling 10–100 mm). This area is 
associated with polar lows which are of too small scale (∼200–1,000 km) to be fully resolved by most present-day 
GCMs (Kolstad & Bracegirdle, 2008; Kolstad et al., 2009; Landgren et al., 2019). This is also a favorable area for 

Figure 2.  Change fields from CESM2 ssp370 member r11, between 2015–2035 and 2080–2100 for the winter season (DJF). 
Contours display the reference period mean (2015–2035). Note that the contour values for liquid water path in (c) is kg/kg. 
Storm-track activity is in terms of standard deviation of bandpass-filtered geopotential height at 500 hPa (see Supporting 
Information S1 for details). White dots indicate non-significant changes at the 5% level according to the Welch t-test.
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marine cold air outbreaks (MCAOs) and associated convection, which in CESM2 relies strongly on parameter-
ized, subgrid-scale processes, while in WRF relies on explicit treatment on a 12 km grid scale. Given that Field 
et al. (2017) demonstrated that accumulated precipitation from MCAO event show relatively small differences 
between simulations with and without a convection scheme for similar grid scales in this region, it is reasonable 
to think that WRF with its higher resolution improves the representation of winter total P and Pc here.

Figure 4 shows future changes in WRF variables. The future surface temperature (Ts) change includes a cooling 
that extends northwards along the Norwegian coastline (maximum 2°C within the domain) (Figure 4a). Over the 
northerly corners of the domain the sea is ice covered in the reference period while mostly ice free in the future 
period, causing a Ts warming here. Precipitation (P) decreases over the Norwegian Sea (50–200 mm, 10%–30%) 
and the Scandinavian Mountains (more than 200 mm, ∼30%) (Figure 4b). P increases over the southern North 
Sea (up to 100 mm, ∼10%), over the sea-ice melting northerly corners, and over most of the remaining land 
masses. This change signal is similar to CESM2 in terms of percent, but larger in terms of absolute values, and 
CESM2 lacks the orographic component (Figure 2b).

Figures 4c and 4d show how changes in atmospheric static stability (here calculated simply as the difference 
between temperature at 700 hPa (T700) and at the surface (Ts)) and evaporation (E) closely follow the change in 

Figure 3.  Comparison of winter (DJF) mean CESM2 (left) and WRF (right) total precipitation (top) and convective 
precipitation (bottom), from the period 2015–2035. Contours in the bottom panels display the fraction of total precipitation. 
(WRF convective precipitation could not be identified east of the Norwegian topographic barrier, see Section 2.2).
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Ts. Static stability is increasing over the Norwegian Sea, North Sea, and Baltic Sea where the ocean surface cools, 
as the upper troposphere is warming (Woollings, Harvey, et al., 2012). E decreases alongside Ts, by 50–100 mm 
(10%–30%) for large parts of the Norwegian Sea (E increases over the northerly corners as sea ice is melting). The 
change in P minus E (Figure 4e) reflects the changes to P brought upon by changes in horizontal moisture trans-
port (Trenberth, 1999), and indicates decreased moisture transport into the northern half of the domain (except 
for the northwest corner where sea ice is melting), and increased transport into the southern half. This further 
indicates that the decrease in E over the southern part of the Norwegian Sea dominates the increased moisture 
transport and causes reduced P.

Results from the separation of stratiform, convective and orographic precipitation (Ps, Pc, and Po respectively) are 
shown in Figure 5 (as winter totals). Reference period (2015–2035) Ps is occurring relatively evenly across the 
ocean, with a maximum over West Norway (300–400 mm), and has an orographic component over the moun-
tains reaching 1,000 mm (Figure 5b). Its fractional contribution to the total precipitation is largest to the south 
over the North Sea and over the ice-covered northwest corner (>0.6), and smallest over North Norway (<0.4). 
With future warming, Ps is decreasing by 10%–40% north of and increasing by 10%–30% south of about 65°N 
(mid-domain) over the ocean (Figure 5f). Where Ps is increasing, its frequency is also increasing, however the 

Figure 4.  Change in WRF winter (DJF) (a) mean surface temperature (Ts), (b) total precipitation (P), (c) mean static stability 
(T700-Ts), (d) total evaporation (E), and (e) P–E, between 2015–2035 and 2080–2100 (ssp370). Gray contours in panels (b) 
and (d) present the relative change (in %) (not shown above terrain). Black height contours are given for 500 m intervals.
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amount increases more than the frequency due to a larger fractional increase in the highest intensities (Figure S7 
in Supporting Information S1). Ps in this region is predominantly associated with fronts of low-pressure systems, 
whose moisture to a large degree originates from sources further away from the sink region (Catto et al., 2012; 
Lavers & Villarini, 2013; Stohl et al., 2008; Trenberth, 1999). The Ps changes are in good agreement with the 
storm-track changes of the global model (Figure 2d), and reflects the contribution from changes in horizontal 
moisture transport to changes in P in the domain (compare Figures 4e and 5f).

In WRF, dominant wind directions along Norway are rotated from westerly toward southwesterly/southerly in 
the future climate (Figure S8 in Supporting Information S1), indicating a higher frequency of storm tracks with a 
more southwest–northeast oriented path toward Scandinavia. On this path, the storms pass across a warmer ocean 
surface than they would coming more from the west across the NAWH, and hence pick up more moisture along 
the way. This is supported by the CESM2 horizontal moisture flux across WRF's boundaries, which decreases 
along the western and increases along the southern boundary (Figure S9 in Supporting Information S1) (consist-
ent with the change in LWP in Figure 2c), which supports the increased Ps intensity to the south in the domain. 
A similar anomalous southwesterly flow was also found in a couple of the sensitivity experiments of Gervais 
et al. (2020).

The reference period Pc shows a favorable area of occurrence (Figure 5c). The largest Pc values and fractions are 
found over the Norwegian Sea closest to the Norwegian coastline (200–400 mm, fraction of 0.5–0.6), and the 
maximum fraction (>0.6) is located further north (convection rarely occurs over the northwest corner due to sea 
ice). This corresponds to typical areas for cold air advection behind passing low-pressure systems and marine 
cold air outbreaks (MCAO) (Kolstad et al., 2009; Landgren et al., 2019; Papritz & Grams, 2018). These provide 
ideal conditions for convection, as the colder air above the warmer ocean surface creates instability and exchange 
of latent heat (Brümmer, 1997, 1999; Papritz & Spengler, 2017).

Future WRF Pc decreases over the favorable area of occurrence, with the largest decrease occurring over the refer-
ence period maximum (as much as 150 mm, >30%) (Pc is increasing in the northwest corner as sea ice is melting 

Figure 5.  WRF reference period (2015–2035) total winter (DJF) precipitation (P; a) and its stratiform (Ps; b), convective (Pc; 
c) and pure orographic (Po; d) components, and the future change (2080–2100) (ssp370) (e, f, g, h, respectively). Contours 
in the top panels (b, c) display the fraction of total precipitation. Contours in the bottom panels (e, f, g) display percentage 
change (Contours are not shown over topography, and hence not for Po, due to disturbance from height contours). Significance 
of the changes were tested using a Mann Whitney U-test and yielded significant changes (at the 5% level) for all areas, except 
for the narrow zones with small values between increasing and decreasing changes, and is not shown. (The precipitation types 
could not be identified east of the Norwegian topographic barrier, see Section 2.2).
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and leaving an open ocean surface) (Figure  5g). The reduction corresponds to a 30% decrease in frequency 
(Figure S10 in Supporting Information S1). All convective precipitation intensities are decreasing, more so for 
higher intensities. In the cold, dense air masses above the Norwegian Sea, the convection is typically relatively 
shallow with surface-layer-based updrafts (Kendon et al., 2020), and generated precipitation is largely associ-
ated with local moisture sources from evaporation (Papritz & Sodemann, 2018). Consequently, the decrease in 
convective precipitation is well explained by the decrease in SST, Ts, evaporation and static stability (Figure 4).

As is expected, the reference period Po shows a positive gradient from low to high terrain (Figure 5d). Po shows a 
distinct change pattern of increase for terrain below roughly 500 m.a.s.l. (10%–50%) and decrease above (10%–
30%) (Figure 5h). This pattern is also evident for Ps over southern Norway (Figure 3f), where there is orographic 
enhancement of Ps. Given that close to all precipitation received on these western mountain slopes in winter 
is carried with westerly winds (180–345°, Figure S1 in Supporting Information S1), this implies an upstream 
shift in the geographic distribution of Po. The dynamical response of the impinging moist flow depends on the 
nondimensional mountain height (M = Nhm/U), where N is the mean Brunt- Väisälä frequency, hm the crest height 
and U the mean cross-barrier wind speed (Smith, 1989). Larger M reflects stronger terrain blocking, more flow 
deflection, reduced vertical lift, and upstream shifted Po maximum (Colle, 2004). We therefore hypothesize that 
the Po change is partly due to the increased static stability (increasing N) and rotation of prevailing wind direc-
tion (Figure S8 in Supporting Information S1) (reducing U). The change might also be partly caused by a shift 
from frozen to liquid precipitation with warming. Rain has a higher fall velocity than snow and so is horizontally 
advected a shorter distance before reaching the ground, hence also contributing to shift the precipitation maxima 
upstream (Pavelsky et al., 2012).

Indications to support these hypotheses can be seen in the vertical cross sections in Figure 6. The Brunt-Väisälä 
frequency squared (N 2) is mostly increasing and vertical velocity (W) is decreasing over the windward slope, 
particularly the upper portion. The reduced orographically induced cloud water (QCLOUD) at the upper slope 
and graupel (QGRAUP) over the whole windward slope might be connected to the reduced vertical lift. Isolation 
of westerly wind directions reveals that U is decreasing (at all levels, not shown), indicating that westerly wind 
speeds are reduced in addition to being less frequent. All these factors support increasing M. Also evident is 
an increase in rain (QRAIN) over the whole windward slope, with a maximum at the foot of the mountain, and 
decrease in snow (QSNOW) over the upper slope and crest. This may indicate that the warming present over the 
windward slope increases the melting level and the vertical depth of rain above ground at the expense of snow.

The precipitation type separation was also performed for the ssp126 and ssp245 downscaled simulations, with 
very similar results, and hence is not shown.

4.  Discussion
Most studies that investigate future changes in precipitation types (convective, stratiform, and orographic) 
find increased convective precipitation in both summer and winter, typically at higher rates than stratiform, as 
the climate warms (Berg et al., 2013; Chernokulsky et al., 2019; Han et al., 2016; Hand et al., 2014; Kendon 
et al., 2020; Poujol et al., 2021; Rulfová & Kyselý, 2013). The high sensitivity of convective precipitation to 
surface temperature changes is confirmed here, however, with the opposite sign to most other studies due to the 
decreased surface temperatures of the NAWH in our model. Poujol et al. (2021) and Kendon et al. (2020) studied 
precipitation type changes in our region of interest, but are based on input from single global models or ensemble 
means where the NAWH is significantly less pronounced than in CESM2. Our results are however in agreement 
with several other studies; Lepore et al. (2021) showed reduced convective available potential energy (CAPE) 
over the NAWH in a CMIP6 model ensemble. Landgren et al. (2019) found decreases in MCAOs in the region 
due to the increased static stability, based on the CESM large ensemble (Kay et al., 2015). Also related are the 
findings of reduced polar low activity in the northern seas linked to the increased stability (Bresson et al., 2022; 
Mallet et al., 2017; Woollings, Harvey, et al., 2012; Zahn & von Storch, 2010).

As for the change in orographic precipitation, our results are consistent with the literature (Colle, 2004) regard-
ing increased static stability and flow blocking (Hughes et al., 2009; Kirshbaum & Smith, 2008; Panziera & 
Germann, 2010; Purnell & Kirshbaum, 2018), reduced cross-barrier wind speed (Luce et al., 2013; Panziera & 
Germann, 2010; Smith & Barstad, 2004), and precipitation phase shift (Pavelsky et al., 2012). Other research has 
pointed to mechanisms related to changes in thermodynamics and microphysics with warming, such as the level 
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Figure 6.  Vertical cross sections of WRF winter (DJF) mean temperature (T), Brunt-Vaisala frequency squared (N 2), vertical velocity (W), and the mixing ratios 
of cloud water (QCLOUD), graupel (QGRAUP), snow (QSNOW) and rain (QRAIN), for the reference period (2015–2035) (left) and future change (future period 
2080–2100) (ssp370) (right). The vertical coordinate is height above sea level (m). The graphs in the bottom two panels display seasonal total precipitation (P) (left) 
and it's change (right). The sections are latitudinally averaged over the black box shown in the horizontal map at the bottom (the map is showing DJF total precipitation 
change as in Figure 5e).
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of condensation shifting vertically upward over a mountains windward slope (Kirshbaum & Smith, 2008), caus-
ing the precipitation distribution to shift downstream (Siller & Roe, 2014), and the lower precipitation efficiency 
of warm cloud processes, lowering the precipitation response to below Clausius-Clapeyron scaling (Kirshbaum & 
Smith, 2008; Sandvik et al., 2018). Due to the general cooling of the region from the extreme NAWH we hypothe-
size that these warming effects are not particularly prominent in our results. To isolate the effects of the individual 
hypothesized mechanisms, and to more clearly separate the effects imposed by the NAWH from general global 
warming and circulation changes, it would be beneficial to perform a sensitivity study with idealized simulations.

Gervais et al. (2020) found contrasting responses in precipitation in relation to the NAWH through changes in 
jet regimes and surface heat fluxes, with the former producing a relatively weak increase where the enhanced jet 
hit the European coast, and the latter producing strong suppression of precipitation over the NAWH relatively 
constantly among their sensitivity experiments. This agrees well with our results. The stratiform component, 
which is mostly associated with low pressure systems, their fronts, and import of moisture from sources away 
from the sink region, shows increases where storms are projected to hit coastal Northern Europe more frequently 
(south of ∼65°N). Convective precipitation on the other hand, is more strongly affected by changes in underlying 
surface heat and moisture fluxes. Papritz and Sodemann (2018) showed that up to 90% of the moisture taken up 
from the Nordic seas' surface during MCAO events falls as local precipitation through convective overturning 
(increasing values approaching the Norwegian west coast). This supports the strong impact of the SST cooling, 
and consequently reduced MCAOs, evaporation, and increased atmospheric static stability, on convective precip-
itation. We hypothesize that this contributes to both reduced convective triggering and convective intensity. The 
decrease in convective precipitation is robust across all the applied scenarios here, and exceeds the precipitation 
increase associated with increased moisture transport from storms to the south in the domain, and hence domi-
nates the total precipitation change signal. Consequently, the dominant effect on future precipitation change in 
this region seems to be the underlying surface heat flux impact brought upon by the extreme NAWH.

Gervais et al. (2020) also point out that the spatial extent of the precipitation suppression and hence its possible 
impact on coastal Europe is highly dependent on the NAWH strength, spatial extent and location, which again is 
dependent on the slowdown of the AMOC. Both the AMOC and NAWH show a substantial spread among the 
CMIP5 and CMIP6 models (Bellomo et al., 2021; Hand et al., 2019), highlighting the large uncertainty involved 
in these future projections.

5.  Summary and Conclusions
We summarize the main results from the WRF downscaling of CESM2 (member r11) with the ssp370 scenario 
and 12 km grid spacing. The changes are for 2080–2100 with respect to 2015–2035:

•	 �Winter precipitation totals decrease by 10%–30% over the Norwegian Sea and western and northern Norway, 
while increasing by 10%–20% over the southern North Sea, Denmark, eastern Norway and southern Sweden.

•	 �Stratiform precipitation decreases (10%–30%) north of and increases (10%–30%) south of 45°N (also valid for 
its frequency), which corresponds well with CESM2's projected changes in storm-track activity. The results 
show that prevailing wind directions change from westerly to south-westerly, indicating changes in the orien-
tation of storm tracks. A southwesterly path will to a large extent detour the warming hole and pick up mois-
ture from a warmer ocean surface along the way.

•	 �Convective precipitation decreases by 10%–40% over its primary area of occurrence, which constitutes major 
parts of the Norwegian Sea and Norway's west coast. The reduced SSTs of the NAWH lead to reduced evap-
oration and increased atmospheric static stability, which contributes to reduce available moisture, convective 
triggering, convective intensity, and hence convective precipitation amounts.

•	 �Orographic precipitation shows a distinct pattern of decrease (10%–30%) above and increase (10%–50%) 
below roughly 500 m.a.s.l. on the western slopes of the Scandinavian mountains. The results and literature 
indicate that this is related to (a) increased static stability, causing increased terrain flow blocking, which 
moves the zone of orographic lift upstream, (b) reduced cross-barrier wind speed, (c) the higher frequency 
of rain versus snow in a warmer climate (rain has a higher fall velocity which leads to a shorter horizontal 
advection distance, hence making the precipitation fall out further upstream than if it consisted predominantly 
of snow) (Colle, 2004; Pavelsky et al., 2012).

•	 �The precipitation signals are robust responses in the downscaling experiments across the three scenarios 
(ssp126, ssp245, and ssp370). The responses are also evident in the CESM2 fields directly, and are also robust 
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across the range of scenarios and different ensemble members, although not with the same magnitude and 
level of detail as simulated with WRF.

To conclude, our results indicate that the anomalously cold SSTs of the NAWH as projected by CESM2 lead to a 
considerable decrease in winter convective precipitation in the region. The results further indicate that the local, 
direct negative surface heat and moisture flux impact of the NAWH on the convective precipitation dominates the 
impact of other global warming related aspects, including increased storm activity causing increased horizontal 
moisture transport and stratiform precipitation south of 45°N. The upstream shift in orographic precipitation 
distribution seems also to be, at least partly, connected to the NAWH through the increased static stability and 
flow blocking, however research is needed to isolate the individual proposed mechanisms. It should be stressed 
that our experiments are based on an extreme projection of the NAWH from one climate model and an end of 
the century period, serving as an extreme scenario, and that generally there are large uncertainties involved in 
climate model projections of the AMOC/NAWH. Nevertheless, this study contributes with evidence that there is 
a risk of substantial future decreases in winter precipitation over large parts of Scandinavia. Given the significant 
societal impacts of such changes, more research is urgently needed to constrain future climate projections in the 
North Atlantic region.

Data Availability Statement
The CMIP6 CESM2 data is openly available from the ESGF server: https://esgf-node.llnl.gov/search/cmip6/. 
The data behind this research is generated with the freely available Weather Research and Forecast (WRF) model 
(Skamarock et al., 2019) version 4.1.2. As noted, modifications have been made to one of the parameterization 
schemes of the model (the Thompson and Eidhammer microphysics scheme), which is documented in Iversen 
et al. (2021). The modified code is openly available (Emiliecive, 2021). The algorithm to separate out convective 
precipitation is based on Poujol et al. (2020), with the modifications listed in Supporting Information S1.
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