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Introduction

Abstract

The Nordic Seas is the gateway from the North Atlantic Ocean to the Arctic Ocean. The major ocean
currents in the east carry large amounts of heat poleward, which is partly released to the atmosphere.
Skillful near-term climate predictions of changes in ocean surface properties (temperature and salinity)
and air-sea heat exchanges in this region could potentially be highly beneficial for fisheries, industry,
and politicians, in their long-term planning. The Norwegian Climate Prediction Model is a global
climate model that produces climate predictions for the next 10 years. To assess the predictive skill
of such predictions, we analyze a large number of retrospective predictions (hindcasts) over the time
period 1960-2018. In this report, we describe the predictive skill in the North Atlantic Ocean – Arctic
Ocean region, with a particular focus on the eastern Nordic Seas. We use the latest version of the
Norwegian Climate Prediction Model [NorCPM; CMIP6 version, Bethke et al., 2021], and compare
interannual variability in the hindcasts with NorCPM reanalysis (both winter and summer). In the
Nordic Seas during winter, we find that NorCPM shows largest potential for skillful prediction for
Sea Surface Temperature (SST) up to long lead times along the model’s northward current (4 years
ahead, and longer if considering a limited region along the coast of Norway). The predictions of Sea
Surface Salinity (SSS) show less potential than SST, where the predictive skill drops faster with lead
time. Similarly for the larger subpolar North Atlantic during winter, NorCPM shows that large areas
have potential for skillful prediction for SST up to long lead times, whereas skillful predictions of
SSS appear to be limited to the western parts of the Subpolar North Atlantic. In summer, there is
little predictive skill for both SST and SSS in the eastern Nordic Seas compared to winter. The same
is found for air-sea heat exchange (both summer and winter), with overall little predictive skill in
the eastern Nordic Seas (although this is a region with large influence of the northward current and
with high heat loss compared to surrounding regions). We find that the deeper Norwegian Basin is a
difficult region for NorCPM to represent, especially in terms of SST, and thus, results in high Root
Mean Square Error (RMSE) and negative correlations. We suggest that this report can be used a
benchmark for the Nordic Seas for future versions of NorCPM. All diagnosis of NorCPM in this report
is freely available as python scripts and is further described in this report.

1 Introduction

Our focus is on analysing predictive skill of NorCPM in the Nordic Seas. Hence, a detailed description
of the large-scale ocean circulation and bathymetry in the Nordic Seas is given in this section. However,
we note that NorCPM is a course resolution climate model (nominal ocean resolution of 1° x 1°) and is
not able to represent the level of details in the ocean circulation as presented below. For instance, the
Norwegian Atlantic Current is a two-branch system, whereas NorCPM simulates one broad branch.
This is shown in the Result section, where NorCPM surface velocities are compared with AVISO
surface currents. For NorCPM to be able to represent a two-branch system, a higher resolution of
the ocean model is needed (Langehaug et al., 2019; comparing 1° x 1° and 1/4° x 1/4° versions of
the ocean model used in NorCPM). The introduction of the Nordic Seas below is provided to better
understand which parts of the ocean circulation in NorCPM is missing, and that might be reasons for
poor predictive skill in parts of the Nordic Seas.

The Nordic Seas (Figure 1) are the region where most of the overturning in the Arctic Mediterranean
(the Nordic Seas, the Barents Sea, and the Arctic Ocean) takes place [Tsubouchi et al., 2021]. The
Nordic Seas impact the climate on a global scale through deep water formation, sea ice and freshwater
export, and heat exchange between the ocean and the atmosphere. The Nordic Seas comprise the
Norwegian, Greenland, and Iceland Seas, and are separated from the North Atlantic Ocean by the
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Greenland-Scotland Ridge (GSR). The bathymetry of the Nordic Seas is complex, with three main
basins (Norwegian, Greenland, and Iceland Basins) separated by submarine ridges (Figure 1). To the
north, the Fram Strait (2600 m) and the Barents Sea opening (250 m) connect the Nordic Seas to the
Arctic Ocean, while to the south the GSR limits the exchange between the North Atlantic Ocean and
the Nordic Seas.

Figure 1: Bathymetry of the Nordic Seas (in color) and schematic of the general circulation of the
Nordic Seas. The figure is based on Brakstad et al. [2019]. The inflow of warm Atlantic Water is
shown in red, while cold and dense waters are green. The cold and fresh Polar Surface Water is
in light blue. The acronyms are: the North Icelandic Irminger Current (NIIC); the North Icelandic
Jet (NIJ); the East Icelandic Current (EIC); the Jan Mayen Current (JMC); the West Jan Mayen
Ridge (WJMR); the recently discovered Iceland-Faroe Slope Jet [IFSJ, Semper et al., 2020]; the West
Spitsbergen Current (WSC); and the Norwegian Atlantic Current (NwAC).

The Norwegian Sea comprises the Norwegian and Lofoten Basins and is located on the eastern side
of the Nordic Seas. The major inflow of warm and saline Atlantic Water (AW) into the Norwegian
Sea, around 8 Sv (1 Sv ≡ 106 m3 s−1), takes place east of Iceland through an extension of the North
Atlantic Current [Østerhus et al., 2019]. The AW occupies the upper 500-900m of the water column
in the Norwegian Sea while the deeper part is filled with a combination of deep waters formed in the
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Greenland Sea and in the Arctic Ocean. Once the AW passes the GSR it forms the Norwegian Atlantic
Current (NwAC). The NwAC flows northward next to the continental slope of Norway and separates
into two branches [Orvik and Niiler, 2002]. One flows along the western coast of Norway (the Norwegian
Slope Current), while the other follows the Mohn and Knipovich Ridges (the Norwegian Atlantic Front
Current). North of the Lofoten Basin, a fraction of the Norwegian Slope Current enters the Barents Sea
(∼2 Sv) while the remainder continues northward forming the West Spitsbergen Current. Part of this
current flows northward through Fram Strait into the Arctic Ocean, while another portion recirculates
southward and subducts under the lighter Polar Surface Water that comes from the Arctic Ocean and
forms the surface part of the East Greenland Current (EGC).

A smaller portion of AW (∼2Sv) enters the Nordic Seas west of Iceland via the North Icelandic
Irminger Current [NIIC, Casanova-Masjoan et al., 2020]. The western part of the Nordic Seas contains
the Greenland and Iceland Seas, which are separated by the West Jan Mayen Ridge (WJMR). The
Greenland Sea is bounded by the Fram Strait to the north while the Mohn Ridge and the WJMR are
the eastern and southern boundaries. It includes the Boreas Basin to the north, separated from the
central Greenland Sea by the Greenland Fracture Zone. Both the Greenland and Iceland Seas have
cyclonic gyres and experience open-ocean convection during winter.

The flow out of the Nordic Seas into the North Atlantic Ocean is composed of fresh Polar Surface
Water and cold, dense overflow waters that are able to pass across the sills of the GSR. The largest
overflows are located at Denmark Strait and the Faroe Bank Channel (east of Faroe Island). The
Denmark Strait Overflow Water accounts for more than half of the dense overflow across the GSR,
while the Faroe Bank Channel Overflow represents one third of the total overflow transport [Hansen
et al., 2016; Østerhus et al., 2019].

The inflow of warm and salty AW into the Nordic Seas plays a key role on climatic conditions in the
Arctic Mediterranean, and its variability on interannual to decadal timescales has gained relevance
in the recent years [Årthun et al., 2017; Asbjørnsen et al., 2019].The winter months are the ones
representative of the Atlantic water layer in terms of SST [Nilsen and Falck, 2006]. Focusing on winter
SST, will allow us to detect, track, and study the different heat anomalies that enter the Nordic Seas.
This is due to the nature of the NwAC and how anomalies propagate with the current [Årthun et al.,
2017]. Advective processes are thought to be a main driver of the anomalies but atmospheric influence
is important on interannual time scales [Asbjørnsen et al., 2019].

Observation-based studies have shown predictability on decadal timescale related to upper ocean
temperature and salinity anomalies along the major warm currents from the Subpolar North Atlantic
and towards the Arctic Ocean [Årthun et al., 2017; Asbjørnsen et al., 2019]. However, recent studies
show that predictive skill of SST is low in the eastern Nordic Seas compared to the Subpolar North
Atlantic, both in NorCPM and in other climate prediction models [Langehaug et al., 2017, 2022;
Passos et al., in revision]). One possible reason for the low predictive skill could be that the climate
models struggle to represent realistic spatio-temporal SST variability along the major warm currents
towards the north [Langehaug et al., 2022]. In this report, we investigate the predictive skill of several
variables in NorCPM in detail to better understand its capabilities and further improvement. One
variable represents the air-sea interactions in the Nordic Seas and Arctic Ocean. The amount of heat
released from the polar ocean to the polar atmosphere is huge. Large biases in the amount and location
of heat loss in NorCPM could potentially impact the polar atmospheric circulation.
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2 Methods

In this study we analyse the prediction skill of several variables in the CMIP6 version of NorCPM
[Bethke et al., 2021] over the time period 1960-2018: sea surface temperature (SST), surface heat flux
from ocean to atmosphere (HFLX), sea surface salinity (SSS), and salinity at 200m (S200m). Both
initialisation are used (i1 – without sea ice update and i2 – with sea ice update). In the maps, we use
the sea ice concentration (SICONC) to illustrate the sea ice extent.

From NorCPM, we used the reanalysis and the decadal hindcast simulations to perform the prediction
skill analysis. We pre-processed the hindcasts in order to construct time series based on lead times.
We first calculated the 10 member ensemble mean of each hindcast and selected the winter (December-
January-February) and summer (June-July-August) months. Then we calculated the seasonal mean
for each year of the hindcast. Each hindcast spanned for ten years and was initialised each year. We
placed the first year of each hindcast in a time series that would form the lead time 1 year data set. We
repeated such a procedure for each year of the hindcast. At the end we had ten time series spanning
59 years since we had 59 hindcasts. The idea can be seen in Figure 2. We applied this procedure
to all variables. Then, to evaluate the skill of the hindcast, we compared them with the NorCPM
reanalysis product by correlating the anomalies of each lead time data set with the anomalies of the 30
member ensemble mean NorCPM reanalysis product. For each lead time data set we also calculated
the winter and summer RMSE. We have calculated the statistical confidence interval (95%) and the
maps in Section 5 show where the correlations are within the confidence interval.

Figure 2: Schematic of how the time series are constructed. Each row represents the extension of a
hindcast, the ellipse contains the years selected for lead time 1 year data set.
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Furthermore, we have selected the Norwegian Atlantic Current (NwAC) and the Norwegian Basin
regions and performed correlation skill analysis in those regions (Figure 3).

Figure 3: Map of the Nordic Seas with the boxes used to average properties for the two regions:
Norwegian Basin (orange) and the Norwegian Atlantic Current (red).

All analysis to assess NorCPM skill have been done using python scripts and the results are shown in
Section 5 (correlation skill for selected boxes, correlations skill and RMSE for maps). The scripts are
shared on Github and can be re-used to assess new versions of NorCPM. Scripts are available from
here: Github-Prediction Skill for NorCPM

We note that we in this study has not investigated whether the prediction skill arises from the initial-
isation or the external forcing, or a combination of the two. For this question, we refer the reader to
Bethke et al. [2021], where the prediction skill of SST of the decadal hindcasts is compared with that
of the historical runs [Fig. 11 in Bethke et al., 2021].

Throughout this study we compare the NorCPM decadal hindcasts with NorCPM reanalysis. Thus,
when calculating the predictive skill (correlation skill and RMSE), our results would likely represent an
upper limit of predictive skill compared to if NorCPM hindcasts were compared with an independent
observational data set.

3 Results

In this section, we describe the correlation skill for both versions of NorCPM (i1 and i2). We present
four different variables: two representing the ocean surface (SST and SSS), one representing air-sea

6

https://github.com/JoMaHoPo/NorCPM1_Prediction_Skill


Results

heat interaction (HFLX), and one representing subsurface (S200m). We focus on the eastern Nordic
Seas, where the results are presented for both winter and summer (Section 3.1). The larger North
Atlantic – Arctic region is only described for the winter season, where we present the correlation skill
and RMSE (Section 3.2).

Before we describe the results in the eastern Nordic Seas, we compare the surface velocities from
NorCPM with those from AVISO (downloaded through CMEMS) for the North Atlantic - Nordic Seas
region (Figs. 4-6). With this we aim to better understand the pathways of surface water in NorCPM.
AVISO data have higher horizontal resolution than NorCPM (1/4° x 1/4° and 1° x 1°, respectively).
Comparing NorCPM and AVISO, we clearly see that the Norwegian Atlantic Current is represented
as one broad current in NorCPM and a two-branch system in AVISO.

3.1 Eastern Nordic Seas correlation skill

The eastern Nordic Seas has been divided into two regions (Figure 5-6; also shown in Figure 3 in
the Method section): one region embracing the model’s Norwegian Atlantic Current along Norway’s
coast, and one region embracing the deeper Norwegian Basin. In Årthun et al. [2017], several locations
along the North Atlantic Current and the Norwegian Atlantic Current were used to track poleward
propagation of temperature and salinity anomalies. These locations are illustrated in Figs. 4-6. In
NorCPM, these locations fall on the major current to the north in the Nordic Seas.

The highest correlation skill is found in winter in the Norwegian Atlantic Current (Fig. 7, lower left
panel). At lead time 1 year, the correlation skill is mainly >0.8 for both SST, SSS, and S200m.
The difference is small between i1 and i2 at short lead time, but grows as lead time increases. The
correlation skill for SSS and S200m is fairly similar, and their skill drops faster with lead time than for
SST. The correlation skill for SST is >0.6 at lead time 2 years, and >0.4 at lead time 3 years. After
that, the difference between i1 and i2 grows. The i1 version keeps rather high skill with skill >0.4 for
lead time 4 years and >0.3 for lead time 5 and 6 years. The i2 version loses skill faster than i1. For
all ocean variables, we clearly see that skill goes from high to low as lead time increases. However, the
skill for HFLX is overall low for all lead times (mainly between 0 and 0.3).

Moving to the deeper ocean, the Norwegian Basin, we see similarities with the Norwegian Atlantic
Current, but the correlation skill is overall lower (Fig. 7, upper left panel). The skill goes from high to
low with increasing lead time for all ocean variables, but the skill at lead time 1 year is lower (>0.5-
0.6) and the skill for SST drops to negative values (and high negative values for i2). Interestingly, the
correlation skill for HFLX for i2 is reaching relatively high values at lead time 2 and 3 years (>0.4).

In summer, the correlation skill is overall low both in the Norwegian Atlantic Current and the Norwe-
gian Basin (Fig. 7, right panels). In the Norwegian Basin, the skill is <0.4 for all lead times, except
for S200m for i2 with correlation skill of nearly 0.6 at lead time 1 year. In the Norwegian Atlantic
Current, the skill is also <0.4 for all lead times, except for S200m at lead time 1 year and for SST at
lead time 2 years.

3.2 North Atlantic – Arctic correlation skill and RMSE

We have seen in the previous subsection that the correlation skill is reaching its highest values during
winter, where the skill for SST from i1 keeps >0.4 up to lead time 4 years in the Norwegian Atlantic
Current. In the following, we address the winter correlation skill for all variables for the North Atlantic
– Arctic region (Fig. 8 and 9). We illustrate the correlation skill at lead time 1 year and lead time
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Results

10 years. The results at lead time 1 year show the skill of NorCPM just after initialization, as the
selected winter months are December-January-February.

At lead time 1 year, the correlation between the hindcasts and the reanalysis data show overall good
agreement for HFLX in the sea ice covered regions (Figure 8). In i2 compared to i1, there is a clear
improvement in skill both in the Arctic Ocean and in the subpolar North Atlantic. All ocean variables
(SST, SSS, and S200m) show overall high correlation skill at lead time 1 year, except in some regions
east off Newfoundland in the central Subpolar North Atlantic and SST in the Arctic Ocean. However,
there is an improvement in i2 compared to i1, especially for SST in the Arctic Ocean (similar to that
seen for HFLX). This could be due to the fact that i2 assimilates sea ice, while i1 does not. In addition,
we find that some regions in the Nordic Seas have low correlation skill (e.g., close to the Norwegian
Basin).

At lead time 10 years, SST is the variable that remain correlation skill in the largest area compared
to the other variables (SSS, S200m, and HFLX). SST shows some skill in large parts of the Subpolar
North Atlantic, in the easternmost part of the Nordic Seas, and in the Barents Sea. The Arctic
Ocean, the Norwegian Basin, the area where the Labrador Current dominates, and the eastern parts
of the Subpolar North Atlantic show low correlation or negative correlation (especially in i2). SSS and
S200m shows a different pattern, with only some skill in the western Subpolar North Atlantic and low
or negative skill in the eastern Subpolar North Atlantic (especially in i2). Interestingly, the Arctic
Ocean shows large areas with high correlation skill for SSS and S200m, opposite to what is shown for
SST (low skill in the Arctic Ocean).

Another interesting feature is the high correlation skill for SST typically where the Norwegian Atlantic
Current dominates. A «pathway» can clearly be depicted still at lead time 10 years in SST (not in SSS
nor S200m), extending into the Barents Sea, and towards the Fram Strait (especially in i2). Whether
the high skill in this region is due to NorCPM hindcasts capturing well long-term trends or interannual
variability, has not been investigated.

Based on the correlation skill, we identify some regions with typically low skill (for one or all ocean
variables), such as the Arctic Ocean, the Norwegian Basin, and in parts of the Subpolar North Atlantic.
The low skill in the Subpolar North Atlantic is located mainly in the west (or in central parts) at lead
time 1 year, whereas the low skill region is located mainly in the east at lead time 10 years. Considering
maps of RMSE for the same lead times (Fig. 10), we detect similar regions with high RMSE: the central
parts of the subpolar North Atlantic, the Labrador Current, and the Norwegian Basin, and the RMSE
grows from lead time 1 year to lead time 10 years. Note that HFLX does not display high RMSE in
the Norwegian Basin, but it shows high RMSE along the sea ice edge (somewhat reduced RMSE in i2
compared to i1).

Regions with low RMSE overlaps mainly those regions with high correlation skill, except for the Arctic
Ocean. In this region, the RMSE is very small, likely because the variability in HFLX and the ocean
variables are low during winter (with a fully sea ice covered Arctic Ocean).
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4 Summary

In this study, we are describing the skill of NorCPM to predict variations in ocean properties (surface
temperature and salinity, including salinity at subsurface) and air-sea interaction (surface heat flux)
in the period 1960-2018. For this analysis, we compare retrospective predictions (hindcasts) from the
latest version of NorCPM (CMIP6 version; Bethke et al., 2021), which are initialized every year, with
NorCPM reanalysis. NorCPM CMIP6 includes two versions of the hindcasts and herein we present
their differences. Both versions include initialization of the full water column (ocean temperature and
salinity), but they differ in terms of sea ice: one includes initialization of the sea ice (i2) and one
without sea ice initialization (i1).

Observation-based studies show that there is predictability during winter along the warm currents to
the north (the North Atlantic Current and the Norwegian Atlantic Current, Fig. 1; Årthun et al.,
2017). However, recent studies have shown that there is low predictive skill in the Norwegian Sea on
interannual to decadal time scales when applying predictions from climate models (Passos et al., in
revision; Langehaug et al., 2022).

We show that NorCPM hindcasts (1x1 degree) have a different pattern of surface velocity in the North
Atlantic – Nordic Seas region when compared against surface velocities from the AVISO product
(0.25x0.25 degree). In the eastern Subpolar North Atlantic, AVISO presents several narrow branches
directed northeast, whereas NorCPM presents a broad eastward branch (Figs. 4-6). Similarly, in
the Norwegian Sea, NorCPM shows one broad northward branch along the Norwegian coast, whereas
AVISO shows two narrow branches directed towards the north. These findings are similar to the
differences when comparing a 1x1 degree and a 0.25x0.25 degree resolution version from NorESM
[Langehaug et al., 2019].

To better understand the predictive skill in the Norwegian Sea, we separate the Norwegian Sea in two
regions (Figs. 5-6); one region embracing the northward branch in NorCPM (what we refer to as the
model’s Norwegian Atlantic Current), and one region embracing the deeper Norwegian Basin (with
weak currents). In winter, we find overall higher predictive skill (correlation skill) in the Norwegian
Atlantic Current than in the Norwegian Basin (Fig. 7). In the Norwegian Atlantic Current, Sea
Surface Temperature (SST) has correlation skill above 0.4 up to lead time 4 years for the i1 version
(while skill drops faster for the i2 version). Maps of correlation skill show that SST skill can remain
relatively high compared to surrounding regions along the coast of Norway (i1 at lead time 10 years,
Fig. 8). On the other hand, correlation skill for salinity (SSS and S200m) in the Norwegian Atlantic
Current drops faster than for SST (Fig. 7), and no skill is found along the coast of Norway at lead
time 10 years (Fig. 9). Correlation skill for surface heat flux (HFLX) is low for all lead times in the
Norwegian Atlantic Current (Fig. 7).

The deeper Norwegian Basin appears as a challenging region for NorCPM to represent. In this region,
the correlation skill for SST drops to high negative values in the i2 version (Figs. 7-8). The Norwegian
Basin also clearly shows up as a region with high Root Mean Square Error (RMSE) compared to
surrounding regions (in both i1 and i2, Fig. 10). In addition, we clearly see large RMSE in central
parts of the subpolar North Atlantic, evident for both SST and HFLX (Fig. 10).

An interesting result is that NorCPM hindcasts show clear differences for SST in the Norwegian
Atlantic Current and the Norwegian Basin, whereas the two regions present small differences in terms
of salinity (SSS and S200m).
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Figures with NorCPM results

Considering the Nordic Seas, NorCPM shows largest potential for skillful prediction for SST up to
long lead times along the model’s northward current (along the coast of Norway), whereas predictions
of salinity show less potential. Similarly for the larger subpolar North Atlantic (Fig. 8-9), NorCPM
shows that large areas have potential for skillful prediction for SST up to long lead times, whereas
skillful predictions of salinity appear to be limited to the western parts of the Subpolar North Atlantic.

5 Figures with NorCPM results

Figure 4: Mean winter surface geostrophic velocity derived from AVISO+ satellite observations from
1993 until 2018. The purple circles show locations used in Årthun et al. [2017] to track temperature
and salinity anomalies along the North Atlantic Current and the Norwegian Atlantic Current.
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Figure 5: NorCPM mean winter surface (0-5m) level velocities for the i1 initialisation at lead time
1 from 1960 until 2018. The purple circles show locations used in Årthun et al. [2017] to track
temperature and salinity anomalies along the North Atlantic Current and the Norwegian Atlantic
Current.
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Figure 6: NorCPM mean winter surface (0-5m) level velocities for the i2 initialisation at lead time
1 from 1960 until 2018. The purple circles show locations used in Årthun et al. [2017] to track
temperature and salinity anomalies along the North Atlantic Current and the Norwegian Atlantic
Current.
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Figure 7: Prediction skill at different lead times between the NorCPM reanalysis and the hindcast
time series.
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Figures with NorCPM results

Figure 8: Winter prediction skill between the reanalysis and the lead-time hindcasts of NorCPM.The
black contour represents the 15% sea ice concentration. The dotted regions represent the 95% confi-
dence interval.
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Figure 9: Winter prediction skill between the reanalysis and the lead-time hindcasts of NorCPM. The
dotted regions represent the 95% confidence interval.
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Figure 10: Winter HFLX and SST long term mean (left), and the root mean squared error (RMSE)
for the 1st (center) and 10th (right) lead times. Both initialisations are included and specified in the
central pannels. The green and purple contours on the plots represent the 15% sea ice concentration.
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