
The Impact of a Subpolar North Atlantic Freshwater Anomaly on

Eurasian Winter Climate

JEREMY P. GRIST ,a SIMON A. JOSEY,a BABLU SINHA,a JAMES A. SCREEN,b ROBERT MARSH,c

AND DIPANJAN DEYc,d

a National Oceanography Centre, Southampton, United Kingdom
b Department of Mathematics and Statistics, Faculty of Environment, Science and Economy, University of Exeter, Exeter, United Kingdom

c School of Ocean and Earth Science, University of Southampton, Southampton, United Kingdom
d School of Earth, Ocean and Climate Sciences, Indian Institute of Technology Bhubaneswar, Jatni, Khordha, Odisha, India

(Manuscript received 29 November 2024, in final form 16 July 2025, accepted 30 July 2025)

ABSTRACT: The potential impact of a subpolar North Atlantic freshwater anomaly on sea surface temperature and the
overlying atmosphere on seasonal time scales is investigated. A coupled climate model is perturbed with a major freshwa-
ter anomaly (FWA) in the subpolar gyre similar in structure to the 1970s Great Salinity Anomaly (GSA). A 20-member
ensemble simulation is run from October to March and compared with a parallel 20-member control simulation. There are
robust responses to the FWA in both the ocean and the atmosphere. In the ocean, the FWA is accompanied by an abrupt
shoaling of the mixed layer and a decrease in the surface temperature anomalies that stay in place for several months. In
the atmosphere, anomalously low pressure develops over the eastern North Atlantic and East Asia. Increased storminess
and precipitation develop over the Atlantic (408–58W, 308–558N) and in the vicinity of Kazakhstan and central Asia
(408–808E, 358–508N). The changes in storminess are consistent with increased horizontal temperature gradients and a
stronger and more zonally orientated upper-level jet stream. The ability of the freshwater anomaly to sustain an other-
wise short-lived SST anomaly highlights the importance of salinity as an initial condition in coupled seasonal forecasts.
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1. Introduction

Recent studies have proposed that a freshwater anomaly in
the subpolar North Atlantic could have a significant impact on
weather in the Atlantic–European region in subsequent months
(Oltmanns et al. 2020, 2024). The proposed mechanism is that
anomalous surface freshening in late summer leads to increased
ocean surface stratification and a shallower mixed layer. The
temperature of a shallower mixed layer is more sensitive to heat
loss, resulting in a greater-than-normal SST decrease as seasonal
cooling begins. As the freshwater is confined to the subpolar
gyre, regions further south do not experience enhanced cooling.
Consequently, the winter meridional gradient in SST is in-
creased and this leads to a strengthening of baroclinicity and
midlatitude storms.

Hereafter, we refer to Oltmanns’ hypothesis as the Salinity
to Storminess Mechanism (SSM). We note that there is sup-
port for the physical changes associated with the SSM in the
literature. For example, the difference between summer and
winter subpolar SSTs has increased and is projected to in-
crease further (Chen and Wang 2015; Alexander et al. 2018;
Grist et al. 2023), with the change attributed an increase in
surface stratification that reduces the volume on which sur-
face fluxes act (Gallego et al. 2018). However, it should be
noted that in these studies, increased surface stratification

arises primarily from surface warming as opposed to surface
freshening. Similarly, it is understood that storms tend to form
most frequently and strongly in regions of high baroclinicity
(Hoskins and Valdes 1990) and specifically that increases in
the midlatitude SST gradient lead to stronger storm tracks
(Brayshaw et al. 2008). However, there are some challenges in
providing observational evidence for the SSM. First, with
global ocean coverage from Argo floats only beginning in the
early 2000s, the time period with suitable coverage of sea sur-
face salinity is limited. Second, in a complex coupled system, it
is difficult to confidently attribute changes in weather to any
one antecedent condition. To this point, while there is recent
observational evidence for midlatitude SST anomalies driving
an atmospheric response in the North Atlantic Oscillation
(e.g., Gastineau and Frankignoul 2015; Wills et al. 2016, 2024),
this evidence is mixed and seasonally dependent (see, e.g., Nie
et al. 2019).

Considering the current state of understanding of the SSM, in
this paper, we isolate the influence of subpolar gyre salinity on
the climate system by conducting a 20-member ensemble experi-
ment in which the surface salinity of the subpolar gyre is reduced.
The anomaly, though idealized and large, has similarities to the
1970s Great Salinity Anomaly (GSA) (see Dickson et al. 1988).
The experiment is conducted with the Hadley Centre Global En-
vironment Model, version 3 (HadGEM3), climate model, a simi-
lar version to that used for seasonal forecasts (MacLachlan et al.
2015). The 20-member ensemble control and experiment simula-
tions are run for 6 months starting from 1 October.

The structure of the paper is as follows. The model used,
the experimental setup, and the analysis undertaken are de-
scribed in section 2. In section 3, the results are presented.
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Finally, in section 4, our results and the implications thereof
are summarized.

2. Description of model, experimental setup, and analysis

The model used is the HadGEM3–Global Coupled 3.1
configuration–HM (HadGEM3-GC3.1-MM; Williams et al.
2018; Roberts et al. 2019). It has a ;60-km atmosphere (N216)
and an eddy-permitting (;25 km, 1=48) ocean, with 75 levels in
the vertical. It has been shown that this resolution is important
in minimizing key biases in the ocean and atmosphere and in
simulating realistic winter blocking (Scaife et al. 2011). The
extent that the representation of blocking frequency patterns
is improved by further increasing the resolution of this atmo-
spheric model to 25 km had been examined by Schiemann
et al. (2017). Although they found improvements in all sea-
sons, only in March–May was the improvement large com-
pared to the typical distance between ensemble members.
The model formed part of the U.K. contribution to CMIP6

(Eyring et al. 2016) and is the basis of that used in the Met
Office seasonal prediction system (see Maclachlan et al.
2015; Williams et al. 2018).

With regard to the experimental setup, we note that a con-
trol ensemble is initiated from a 10-yr 1950s temperature and
salinity climatology (Haarsma et al. 2016). The model is first
run from 1 January to 1 October to create 1 October initial
conditions. The control ensemble is of 6-month duration from
1 October to 30 March, the following calendar year. The
20 ensemble members were created by changing the initial
SST conditions of each grid cell by a random amount between
20.058 and10.058C as in Persechino et al. (2013). The experi-
ment followed the same procedure of randomly changing the
initial SST field after the initial salinity field had been per-
turbed. The number of ensemble members is similar to that
previously used in HadGEM3 seasonal prediction experi-
ments (Scaife et al. 2014). The perturbation region had a ra-
dius of 1000 km centered on the subpolar gyre, specifically
468N and 578W (Fig. 1). In the inner part of this region, up to

FIG. 1. Difference in 1 Oct salinity initial conditions (psu) between experiment and control simulations (a) surface
(SSS) and (c) vertical cross section through the SPG. The observed (EN.4.2.2) anomaly in October 1975 for (b) the
surface and (d) a vertical section through the SPG. The anomalies are relative to the 1970–2022 mean.
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a radius of 500 km, the salinity is reduced by 1.5 psu, while be-
tween 500 and 1000 km, the magnitude of the perturbation is
reduced linearly from 1.5 psu to 0. The depth of the perturba-
tion is 54 m with again a linear tapering to 70 m. As a point of
reference on 1 October of the control run, the mixed layer
depth ranges from 10 to 93 m in the inner region. For addi-
tional context, we show from EN4 observations (Good et al.
2013) the salinity anomaly for the GSA period of October
1975 in Figs. 1b and 1b. While this shows the GSA did reach
21.5 psu at the surface, as mentioned, the anomaly was more
modest than in the experiment. However, in October 1975,
the salinity anomaly of 21.0 psu extended to a width of
600 km wide and reached a maximum depth of 70 m and
the 20.5-psu anomaly had a width of about 1000 km and a
depth of 90 m.

The experiment design allows significant ocean and atmo-
sphere differences between ensemble-mean experiment and
control simulations to be attributed to this freshwater/salinity
anomaly in the subpolar gyre (SPG). Similar to the approach
used in Grist et al. (2019), ensemble-mean differences are taken
to be significant if they exceed the 95th quantile, which for a
normal distribution is 1.96 times the standard error. The stan-
dard error is defined as the square root of [(s2

p /np)1 (s2
c /nc)],

with s being the standard deviation of n ensemble members
and subscripts p and c referring to the perturbed and control
ensembles. To avoid over emphasizing small areas of signifi-
cance that may be false alarms (Wilks 2006, 2016), a conserva-
tive approach to interpretation is adopted and focus is placed
mainly on larger, coherent areas of significance.

To track the climate impact of the salinity anomaly, we first ex-
amine the ocean salinity, mixed layer depth (MLD), and temper-
ature. We then examine ocean heat loss to the atmosphere and
surface atmospheric fields including sea level pressure (SLP),
10-m winds, and 1.5-m air temperature. Following this, changes
in upper-level winds are examined and we investigate changes in
different measures of storminess (precipitation, vertical motion,
and surface storm intensity). For surface storm intensity, we use
half the standard deviation of the daily difference in the surface
meridional wind as previously used in Booth et al. (2012) and
Grist et al. (2021).

3. Results

a. Impact on the ocean

Concentrating first on the changes to the ocean, Fig. 2a
shows the experiment and control daily values of the ensemble-
mean sea surface salinity (SSS) averaged over the region of the
inner part of the freshwater anomaly (FWA) where the 1.5-psu
anomaly was applied. The difference in the 2 time series is shown
in Fig. 2b. The average anomaly on day 1 is approximately
0.7 psu, and this steadily declines to approximately 0.2 psu
by day 180, the end of the 6-month experiment. The persistence
of the anomaly is strong enough so that at the end of 6 months,
it is still significant. Figure 3 shows how the initial anomaly
evolves spatially for each of the 6 months after the start of the
experiment. The anomaly largely remains in the initial subpolar
gyre regions throughout the 6 months of the experiment. At
the 95% level, note there are also isolated, noisy areas of signifi-
cance elsewhere that are to be expected and are likely a charac-
teristic of the standard significance test used (Wilks 2006, 2016).
We note that the spatial extent of the anomaly in the SPG is
modulated by the ocean circulation. For example, by month 3,
the anomaly has spread south of the Grand Banks, northwest
through Davis Strait into Baffin Bay, and northeast through the
Irminger Basin toward the Denmark Strait. The extent to which
the ocean circulation spreads the anomaly, particularly via the
western boundary, is dependent on the ocean resolution, with
more energetic eddy-resolving resolutions leading to quicker
advection of anomalies (Condron and Winsor 2011, 2012).
However, with the experiment duration only being 6 months,
we do not expect this to be a critical concern. For example, the
typical advection time from the SPG to the tropics greatly ex-
ceeds the length of experiment (Weijer et al. 2012).

Robust signals that are geographically distant from the SPG
are more likely to be associated with fast ocean teleconnec-
tions (Blaker et al. 2006) resulting from the initial disturbance.
Additionally, salinity anomalies may arise if the experiment al-
ters the atmosphere in such a way as to modulate the precipi-
tation distribution. For example, we note a small area of
negative salinity anomaly that develops near 208W and 08 in
February and March (Figs. 3e,f). The monthly time series of
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FIG. 2. Daily SSS (psu) area averaged over the SPG perturbation region (Fig. 1a) for (a) the ensemble-mean experi-
ment (red line) and control (blue line). (b) Ensemble-mean experiment minus control (red line). Black dashed lines
denote 95% significance.
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FIG. 3. SSS (psu) ensemble-mean difference between experiment and control simulations for each of the
6 months following the 1 Oct start. Black contours denote 95% significance in the differences. Negative
values denote reduced salinity in the experiment.
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sea surface salinity at this location corresponds well with the
precipitation anomaly, suggesting that this particular patch of
negative SSS anomaly may be associated with an increase in
precipitation (Fig. 4a). The increase in precipitation appears to
be associated with a reorganization of the double peak in tropi-
cal rainfall associated with the ITCZ (Zhang 2001). Specifically,
in the experiment, there is an increase in the northern peak
around 08 (Fig. 4b). Salinity anomalies that are both significant

and cover a larger area of the tropics would be of interest as a
subsequent SST anomaly could have a possible impact on the
extratropics. For example, west tropical Pacific SST anomalies
can set up an atmospheric Rossby wave train influencing
weather systems in North America and in turn the Atlantic
Sector (Palmer 2014; Hartmann 2015; Knight et al. 2017).
While in general this process is feasible, in this experiment,
there is no such wave train from the tropical Pacific in either
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FIG. 4. (a) Ensemble-mean experiment minus control of monthly area-averaged precipitation
(m s21) and SSS (psu) for 27.58–228W and 0.58–2.758N: precipitation (magenta), SSS (green).
(b) Zonally averaged precipitation between 358 and 208W for the control and experiment
ensemble means.
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FIG. 5. Daily MLD (m), area averaged over the SPG perturbation region (Fig. 1a) for (a) the ensemble-mean experi-
ment (red line) and control (blue line). (b) Ensemble-mean experiment minus control (red line). Black dashed lines
denote 95% significance.
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FIG. 6. MLD (m) ensemble-mean difference between experiment and control simulations for each of the 6 months
following the 1 Oct start. Black contours denote 95% significance in the differences. Negative values denote shallower
mixed layer in the experiment. For reference, the corresponding20.2 psu contours for the ensemble-mean SSS differ-
ence (see Fig. 2) are shown in magenta.
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anomalous surface pressure field or the upper-tropospheric
geopotential heights. Consequently, the main focus here is
considering the direct local and regional impact of the SPG
anomaly.

Consistent with the increased stratification brought about by
the salinity anomaly, the mixed layer depth shoals in the SPG
(Fig. 5a). In October, the MLD is relatively shallow; the area-
averaged depth is 53 m for the control, which shoals to 47 m
in the experiment. After October, winter heat loss begins to
deepen the mixed layer. The mean depth in the control is 78 m in
November and then rises rapidly before plateauing near 680 m in
February andMarch. By contrast, the maximumMLD in the ex-
periment is 440 m in March. The effect of the FWA in reducing
the MLD increases as the winter mixing increases so that the
maximum difference in area-averaged mixed layer is around
405 m near day 125 (February) (Fig. 5b). The evolution of the spa-
tial differences in the mixed layer is shown in Fig. 6. Although sig-
nificant ensemble differences in the MLD encompass the whole
subpolar gyre, there are marked differences within the subpolar
gyre. These differences are associated with specific areas, where
particularly deep mixing occurs in the control ensemble but is in-
hibited by stratification in the experiment. For example, differences
of over 1500 m in the Labrador Sea reflect the large mixed layer
depths (;3000m) there in January and February of the control en-
semble relative to approximately 1500 m in the experiment. It
should be noted that, in general, Labrador Sea mixed layer depths
are large in the model relative to observations (Koenigk et al.
2021).

Consistent with the shallower mixed layer, a negative SST
anomaly develops over the SPG (Fig. 7a). Due to the shallower
mixed layer, the surface heat loss to the atmosphere acts on a
smaller ocean volume and thus a greater cooling takes place.
Figure 7b indicates that the associated difference in tempera-
ture becomes significant after about 60 days. The spatial devel-
opment of the SST anomaly (Fig. 8) reflects that of the SSS
anomaly (Fig. 3), apart from a couple of notable modulations.
The first of these is a considerable variability of the SST anomaly
within the subpolar gyre. In month 4 (January), the western SPG
has a much larger SST anomaly than the eastern SPG. To a large
extent, such spatial variabilities are consistent with the variability

in MLD differences (Fig. 6). The exception to this is later in the
experiment, in month 6 (March) where the SST anomaly in the
western subpolar gyre begins to fade, despite the continued exis-
tence of a large MLD anomaly. The second notable difference is
that the SST anomaly clearly extends beyond the region of SSS
and MLD anomaly to the south and east. Because this part of
the SST anomaly appears to be in the absence of any other
oceanographic changes, it may be a consequence of an altered
mean atmospheric circulation. Air–sea interaction and the atmo-
spheric responses will be considered more in the next section.

Summarizing the impact on the ocean fields, the FWA results
in a shoaling of the mixed layer and a negative temperature
anomaly. In this respect, the results are in accord with the expect-
ations of the SSM. However, a notable feature of the anomaly is
its persistence. The shoaled mixed layer caused by the FWA re-
mains in place until March (month 6), and as seasonal heat loss
continues through this period, so does the negative SST anomaly.

b. Impact on air–sea fluxes and the atmosphere

In this section, we will consider the impact of the FWA on
the atmosphere, starting with the net exchange of heat between
the ocean and atmosphere. As the SST anomaly becomes sig-
nificant at around 60 days, we examine the air–sea flux and at-
mospheric response as the mean of months 3–6. The net heat
flux is strongly affected by atmospheric variability, so one might
expect less correspondence with the FWA than found in the
ocean fields. Nevertheless, all things being equal, one would ex-
pect the reduction in SST found in Figs. 7 and 8 to result in less
heat loss to the atmosphere. That is to say that once the nega-
tive SST anomaly has developed, there will be less heat loss to
the atmosphere. Over much of the initial FWA region, this is
the case (Fig. 9), although the areas where this is significant are
restricted to central and western parts of the initial FWA re-
gion. To the south of this is a region of significant negative heat
flux anomaly (increased ocean heat loss). This coincides with
the region outside the SSS perturbation where there is a nega-
tive SST anomaly. The signs of the changes imply that a stron-
ger net heat flux drives the negative SST anomaly, whereas
over the FWA region itself, the negative SST anomaly itself
leads to a reduction in net heat flux.
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FIG. 7. Daily SST (8C), area averaged over the SPG perturbation region (Fig. 1a) for (a) the ensemble-mean experi-
ment (red line) and control (blue line). (b) Ensemble-mean experiment minus control (red line). Black dashed lines
denote 95% significance.
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FIG. 8. SST (8C) ensemble-mean difference between experiment and control simulations for each of the
6 months following the 1 Oct start. Black contours denote 95% significance. Negative values indicate colder
temperatures in the experiment. For reference, the corresponding 20.2 psu contours for the ensemble-mean
SSS difference (see Fig. 2) are shown in magenta.
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Considering the impact of the FWA on the atmosphere
immediately above the ocean surface, the ensemble-mean
difference in sea level pressure is shown in Fig. 10a. There is
an area of significantly anomalous low pressure just to the
east of the FWA, centered on 308W and 558N, similar to the
east Atlantic pattern (EAP; see, for example, Thornton et al.
2022). This is part of a wave-like disturbance with an anoma-
lously high pressure centered on 208E and 608N and another
low pressure anomaly centered on 808E and 608N. The changes
in mean surface winds, shown in Fig. 10a are consistent with
the geostrophic changes implied by the anomalous SLP. In con-
junction with SLP, we examine the ensemble-mean difference
in near-surface (1.5-m) air temperature (Fig. 10b). This field also
has a wave-like disturbance, shifted a quarter of a wavelength to
the west relative to the pressure pattern. This pattern is expected
from anomalous advection resulting from the changes in pres-
sure. We note there are anomalously strong northerlies and west-
erlies and lower air temperature over the region of negative SST
anomalies to the south of the FWA perturbation. This is consis-
tent with the change in the atmosphere forcing in this part of the
negative SST anomaly as noted earlier. Directly over the subpo-
lar gyre, however, the negative air temperature anomaly may be
associated with less heat being transferred from the ocean to the
atmosphere (see Fig. 9). We also note that the negative tempera-
ture anomaly is not confined to the surface but manifests in the
troposphere, as noted by the negative 1000–700-hPa thickness
anomaly (Fig. 10c). The results shown in Fig. 10 indicate not
just a thermal response to the atmosphere in the Atlantic ba-
sin but a modulation of the mean atmospheric conditions
over continental Europe and central Asia, noting particularly
the anomalous low surface air temperatures over northwest-
ern Russia, consistent with enhanced northerly advection.

We now consider the extent that surface atmospheric changes
are reflected in upper-level geopotential height and zonal wind
(Fig. 11). The 500- and 250-hPa geopotential height (Figs. 11a,b)
reflect a pattern very similar to the changes in SLP (Fig. 10a),
with negative anomalies over mid-Atlantic basin and the
central-northern parts of the Ural region and a positive
anomaly centered on the Baltic Sea. To the south of each
anomaly is an anomaly of the opposite sign in the band 208–308N.

The regions where these anomalies are significant are the sub-
polar and subtropical Atlantic and the Arabian Sea/southern
Pakistan. The ensemble-mean differences in 250-hPa zonal
wind are shown in Fig. 11c. Over the North Atlantic, there is
a band of weakened flow between 558 and 708N, strengthening
immediately to the south. When viewed in conjunction with
the ensemble-mean flow (thin green contours in Fig. 11c), it
can be seen that this represents the jet stream becoming stron-
ger and more zonal over the North Atlantic. We note again
that the atmospheric response over the Atlantic is consistent
with the SSM. In addition, the jet is significantly strengthened
to the east of the Caspian Sea. It is thus clear that the net
effect of the FWA is to modulate the jet stream not only over
the Atlantic but also downstream over Eurasia.

We continue examining the atmospheric impact of the FWA
in Fig. 12 which shows different measures of storminess and
precipitation. There is a significant increase in precipitation in
the eastern Atlantic, specifically in the region between 408 and
208W and 358 and 558N (Fig. 12a). Consistent with this, similar
areas show significant increases in vertical velocity (Fig. 12b)

FIG. 9. Net surface air–sea heat flux (W m22) ensemble-mean
difference between experiment and control simulations for the
mean of months 3–6 (December–March) following the 1 Oct start.
Black contours denote 95% significance. Positive values indicate a
reduction in the heat transfer from the ocean to the atmosphere.
For reference, the corresponding20.2 psu contour for the ensemble-
mean SSS difference is shown (magenta).

FIG. 10. (a) SLP (shading; hPa) and 10-m wind (vectors) ensemble-
mean differences between experiment and control simulations for the
mean of months 3–6 (December–March) following the 1 Oct start.
(b) As in (a), but for surface (1.5-m) air temperature (8C). (c) As in
(a), but for 1000–700-hPa geopotential thickness (m). Black con-
tours denote 95% significance.
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and surface storm intensity (Fig. 12c). The increase in east
Atlantic precipitation in response to the east Atlantic pat-
tern has previously been noted (Josey and Marsh 2005).
There is also a response in the region near Kazakhstan (i.e.,
between 308 and 708E and 358 and 508N), which shows signifi-
cant increases in precipitation, vertical velocity, and storminess.
These coherent changes can be interpreted by considering
changes to the upper-level flow. In particularly, increases in
precipitation and storminess are broadly collocated with the
strengthening of the jet stream.

The results in this section have demonstrated that the SST
anomaly described in section 3a leads to significant changes
from the air–sea interface to the upper troposphere and that
these changes influence regional weather systems. More gener-
ally, the results here have established that the SSMmechanism
can operate in a complex coupled model, and in particular, a
freshwater anomaly in the SPG can lead to significant down-
stream weather impacts on a seasonal time scale.

4. Summary and conclusions

The impact of a North Atlantic SPG freshwater anomaly on
both the ocean and the atmosphere has been examined in a
coupled climate model experiment. The experiment involved
perturbing the initial salinity in a manner that resembled an ide-
alized FWA and the subsequent impact on ocean conditions
and the overlying atmosphere on seasonal time scale is investi-
gated. The experiment was motivated by recent studies that pro-
posed that a late summer freshening of the SPG could result in
anomalous cooling that impacts storminess by strengthening the
meridional SST gradient (Oltmanns et al. 2020). The timing of
the study is also pertinent as the North Atlantic is within a pe-
riod of anomalously low salinity (Holliday et al. 2020) with fur-
ther freshening projected in coming decades (Marsh et al. 2024).

A 20-member ensemble perturbed simulation run from
October to March was compared with a parallel 20-member
control simulation. This enabled the impact of a salinity
anomaly to be identified in a manner not possible from ei-
ther observations or long simulations of climate models. In ac-
cordance with Oltmanns et al. (2020), the immediate ocean
response to the FWA was an abrupt shoaling of the mixed layer

FIG. 11. (a) The 500- and (b) 250-hPa geopotential height (m)
ensemble-mean difference between experiment and control simu-
lations for the mean of months 3–6 (December–March) following
the 1 Oct start. Black contours denote 95% significance. (c) As
in (a) and (b), but for 250-hPa zonal wind (m s21). Thin green
lines in (c) are the 20 and 30 m s 21 (dashed) contours of the cor-
responding 250-hPa mean zonal wind for the same period of the
control simulation.

FIG. 12. (a) Precipitation (kg m22 s21) ensemble-mean differences
between experiment and control simulations for the mean of months
3–6 (December–March) following the 1 Oct start. As in (a), but for
(b) 500-hPa vertical air motion (i.e., v; hPa s21) and (c) surface storm
intensity (m s21). Black contours denote 95% significance.
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and a decrease in the surface temperature. A notable aspect of
the ocean response is that significant salinity and MLD anoma-
lies exist for several months. Consequently, the SST anomaly
persists throughout the cooling season.

The strong persistence of the SST anomaly afforded it the op-
portunity to influence the atmosphere over the following months.
The ensemble-mean difference of months 3–6 following the
FWA indicates the development of an anomalously low pressure
over the eastern North Atlantic and East Asia. Increased stormi-
ness and precipitation developed over the Atlantic, east of 408W,
between 308 and 558N and over central Asia, and between 408,
808E and 358, 508N. The changes in storminess are consistent
with a stronger and more zonal upper-level jet stream.

Although some of the changes such as precipitation increases
over the eastern Atlantic are not over human-populated re-
gions, the potential societal impact of the results should not be
dismissed. In particular, the severe flooding and storminess in
northwest Europe in the winter or 2013–14 were partially asso-
ciated with an EAP anomaly (Grist et al. 2016; Knight et al.
2017; Thornton et al. 2022), and thus, a slight modulation of the
atmospheric response found in this experiment would be of sig-
nificant societal interest. The observational record does not pro-
vide conclusive evidence of a link between the EAP and the
North Atlantic sea surface salinity. Although the period of sus-
tained positive EAP index from 2012 to 2017 coincided with an
anomalously low salinity in the North Atlantic, during the 1970s
GSA, the EAP was predominantly negative (Holliday et al.
2020; Rodrigo 2021). This highlights the challenges in attribut-
ing observed changes to any one antecedent condition, which in
part motivated the model experiment approach adopted here.
However, further sensitivity studies will need to be undertaken
to assess the extent the response is dependent on the month in
which the FWA appears, as well as its shape and magnitude. It
is also reasonable to expect some sensitivity in the results to
model resolution. Studies have shown that increases in both at-
mosphere and ocean resolution enhances the influence of SST
on the atmosphere, particularly over the Gulf Stream (Wills
et al. 2024, Roberts et al. 2016).

The results here are broadly consistent with the SSM mecha-
nism proposed by Oltmanns et al. (2020). We note that they also
propose that fall freshwater anomalies in the SPG are often as-
sociated with a negative NAO in the preceding summer and
that the net effect of the increased storminess is to increase the
NAO index not just in the next winter but also up to the
next 3 years. The origin of freshwater anomalies and their
potential impact beyond the next winter are of interest but
beyond the scope of the current study.

In summary, the experiment confirms that in a complex cou-
pled model, a significant atmospheric impact can arise from a
subpolar gyre salinity anomaly. This is broadly consistent with
the SSM mechanism proposed by Oltmanns et al. (2020). The
atmospheric impacts stretch beyond the Atlantic basin to over
central Asia and East Asia and key to this is the FWA’s ability
to sustain an SST anomaly throughout the cooling season. At
a practical level, the results highlight the importance of the ac-
curate representation of salinity fields in the initial conditions
of coupled seasonal forecasts.
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