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ABSTRACT: The role of ocean dynamics in Atlantic climate variability and predictability is often studied through the
lens of sea surface temperature (SST). Unlike SST, sea surface salinity (SSS) is not directly damped by surface fluxes, and
its low-frequency variability responds primarily to oceanic processes. This study investigates the drivers of SSS variability
using a stochastic model hierarchy to disentangle oceanic and atmospheric contributions to Atlantic climate variability, in
particular, the role of local vertical processes. Representation of SST and SSS persistence and variance is especially improved
by the introduction of damping of anomalies below the mixed layer, though SSS anomalies remain too persistent. The effect of
SST–evaporation feedback on SSS is comparatively smaller except in regions with strong SST–SSS correlation. Despite the lack
of representation of geostrophic advection, the stochastic model successfully reproduces spatial patterns of recurring SST/SSS
anomalies in the Community Earth SystemModel 1 (CESM1) Large Ensemble at monthly to interannual time scales. At multi-
decadal time scales, the stochastic model is unable to simulate the amplitude of SST/SSS variability, but their spatial patterns
are broadly reproduced, suggesting that direct atmospheric forcing and local vertical processes are important for capturing these
features. Further analysis of the processes missing from the stochastic model suggests that the lack of geostrophic advection is
largely responsible for too persistent SSS in the stochastic model, while the lack of interannual mixed-layer depth variability ex-
plains the underestimated persistence and variance in some regions for both SST and SSS.

KEYWORDS: Atlantic Ocean; Ocean dynamics; Salinity; Stochastic models; Climate variability;
Multidecadal variability

1. Introduction

Identification and prediction of the spatiotemporal signa-
tures of multidecadal North Atlantic climate and its drivers
have largely focused on anomalous sea surface temperatures
(SSTs), but the relative roles of atmospheric and oceanic dynam-
ics for Atlantic multidecadal variability (AMV, also Atlantic
multidecadal oscillation) remain equivocal, despite its numerous
impacts across the Earth system (see Zhang et al. 2019 and refer-
ences therein). Less attention has been paid to multidecadal sea
surface salinity (SSS) variability, in spite of its connections to driv-
ers ofAMVsuch as theNorthAtlanticOscillation (NAO;Mignot
and Frankignoul 2004; Frankignoul et al. 2009), low-frequency co-
herence with SST over the subpolar gyre (Zhang 2017; Friedman
et al. 2017), and impacts on the Atlantic meridional overturning
circulation (AMOC; Hughes and Weaver 1996; Patrizio et al.
2023). Furthermore, predicting and understanding SSS variability
has societal relevance in itself; for example, extreme salinity anom-
alies can alter ocean circulation and low-frequency climate vari-
ability or serve as precursors to extreme weather events (Zhang
andVallis 2006;Oltmanns et al. 2024).

One possible pathway to understanding the drivers of SSS
variability is through the stochastic climate model framework

(Hasselmann 1976). This framework describes how rapidly
varying atmospheric processes are communicated to the oce-
anic mixed layer through air–sea fluxes; these signals are inte-
grated by the ocean due to its greater thermal inertia, resulting
in a slowly varying climate response. The advantage of the sto-
chastic model lies in its transparency and modularity, as individual
processes can be successively added to understand its contribu-
tions. Applications have successfully captured both the spectra
and persistence of midlatitude SST variability at locations across
the North Atlantic and Pacific (Frankignoul and Hasselmann
1977; Frankignoul 1985; Hall and Manabe 1997; Deser et al. 2003;
de Coëtlogon and Frankignoul 2003; Li et al. 2020; Patrizio and
Thompson 2022; Liu et al. 2023).

While most studies focus on SST, only several have ap-
plied the stochastic model to investigating drivers of SSS
variability. A key difference between the two variables is
the absence of direct surface damping via air–sea fluxes for
SSS, leading to unbounded growth of anomalies without
other damping processes such as diffusion and advection
(Spall 1993; Mignot and Frankignoul 2003; Zhang 2017).
Subsequent studies have addressed the missing damping by
adding a linear damping term to the stochastic SSS model.
Hall and Manabe (1997) concluded that the local stochastic
model failed to explain the low-frequency coherence be-
tween SST and SSS at North Atlantic ocean weather sta-
tions, suggesting that ocean circulation is important in these
regions. Mignot and Frankignoul (2003) also found that
anomalous Ekman advection is an important driver of inter-
annual SSS variability and potentially more important than
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local freshwater flux, particularly in regions influenced by
large-scale atmospheric modes such as the NAO.

A common thread across these studies is a focus on competing
contributions between atmospheric forcings (evaporation and
precipitation) and horizontal ocean advection (often subsumed
under the broad umbrella of “ocean dynamics”). The role of ver-
tical entrainment and seasonality in SSS anomalies has received
less attention, despite its ability to improve the representation of
SST persistence and capture the AMV pattern in the stochastic
framework (Liu et al. 2023).

A key process enabled by entrainment is reemergence:
Anomalies from the previous winter remain insulated from in-
teractions with the atmosphere under the seasonal summer ther-
mocline and are reentrained as the mixed layer deepens again
the subsequent fall, resulting in a winter-to-winter “memory” of
anomalies (Alexander and Deser 1995). However, oceanic pro-
cesses such as subduction, diffusion, and eddy mixing can erode
thermocline anomalies before they reemerge, providing a source
of damping for the deep anomalies that acts through entrain-
ment (Park et al. 2006). These vertical processes impact both
SST and SSS, but their contribution to low-frequency SSS varia-
tions remains unexplored. An investigation of these local pro-
cesses and their impact on AMV is further warranted because
strong reemergence requires a large seasonal mixed-layer depth
(MLD) cycle}a condition fulfilled in the subpolar regions that
have the longest persistence of SST and SSS anomalies (Timlin
et al. 2002; Buckley et al. 2019). Despite data limitations, ob-
served SSS reemergence in the North Atlantic hints at a third-
year reemergence signal in SSS, but not SST, consistent with the
lack of surface damping of the former (Frankignoul et al. 2021).
However, long-term observational data for SSS are scarce;
thus, analysis of SSS anomalies in model output with good
spatiotemporal coverage may provide further insight into
the driving processes.

To investigate how reemergence and other local dynamics con-
tribute to SSS behavior and its implications for North Atlantic
climate, we develop a hierarchy of stochastic models. The model
parameters are estimated using thousands of years of output
from the Community Earth System Model 1 (CESM1) Large
Ensemble, allowing us to isolate contributions from specific
processes to answer the following:

1) What regions have strong SSS reemergence, and how
does this compare with SST?

2) What are the physical processes that drive SSS variability
and persistence at these locations?

3) Can the stochastic model capture the pattern and ampli-
tude of multidecadal SST and SSS variability, and what
are the implications for our understanding of AMV?

This paper is structured as follows: We describe the CESM1
output and patterns of North Atlantic SST/SSS reemergence
(sections 2 and 3). To understand the processes that generate
such patterns, we introduce the stochastic model and estimates
of the required parameters (sections 4a,b). Using a hierarchy,
we isolate contributions from damping of subsurface anomalies
and SST–evaporation feedback on SSS at representative loca-
tions, and broaden our analysis to the basinwide patterns of

multidecadal SST/SSS variability (sections 4c,d). We identify re-
gions of large discrepancies with CESM1, discuss potential con-
tributions of key processes missing from the stochastic model
(section 5), and then summarize our results (section 6).

2. CESM1

Limited observational records complicate understanding of
the drivers and statistics of multidecadal North Atlantic climate.
We thus focus on understanding the behavior of SST and SSS
variability in CESM1, with land, ice, atmosphere, and ocean
components at nominally 18 horizontal resolution (Hurrell et al.
2013). We use monthly mean output from the historical period
(1920–2005) of the 42-member large ensemble simulations,
providing 3612 years of output (Kay et al. 2015). Since our ob-
jective is to disentangle contributions of specific processes in in-
ternal North Atlantic climate variability rather than the impact
of external forcings, large ensembles facilitate the isolation of
the internal component by subtracting the ensemble mean
(Deser et al. 2020). Furthermore, focusing on a single model
provides an opportunity to understand the dynamics within a
physically consistent system, avoiding confounding factors from
intermodel biases.

Prior to all calculations, the mean seasonal cycle and ensem-
ble mean are removed at each location and time step. Oceanic
outputs are regridded to the atmospheric grid using bilinear in-
terpolation. To focus on ocean–atmosphere interactions, we ex-
clude grid points where the sea ice fraction exceeds 5% at any
time during the simulations (cyan line, Fig. 1).

It is critical to note that the coarse resolution of CESM1 im-
pacts the representation of SSS and SST, particularly through
underestimating contributions from mesoscale ocean pro-
cesses (Kirtman et al. 2012; Small et al. 2020). The coarse reso-
lution also biases the position of the Gulf Stream and North
Atlantic Current, altering the locations of strong SST/SSS gra-
dients and the regions where advective processes may play a
critical role. Furthermore, the North Atlantic in CESM1 is
saltier than observations, impacting AMOC strength and the
contributions of nonlocal processes to low-frequency SST/SSS
variability (Danabasoglu et al. 2012; Patrizio et al. 2023).

3. Patterns of SST and SSS Reemergence

To identify regions in the North Atlantic where local vertical
processes are important for setting the memory of anomalies,
we use the reemergence index (REI; Alexander and Deser
1995; Byju et al. 2018), derived from the monthly lagged auto-
correlation function using the difference between the winter
maximum and the preceding summer minimum autocorrelation
(AC):

REI 5 max(ACwinter) 2 min(ACsummer), (1)

where the minima and maxima are located around lags of 6 and
12 months, respectively, with a search tolerance of 63 months.
The REI is calculated at each grid point using monthly autocor-
relation functions for February or March anomalies, when the
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MLD is deepest at most extratropical locations (Fig. 1b;
Hanawa and Sugimoto 2004).

The REI patterns in CESM1 for SST (Fig. 2a) and SSS
(Fig. 2c) share many features, including maximum values in
the far northeastern subpolar gyre (558–608N), a secondary
maximum in the Sargasso Sea just south of the Gulf Stream,
and a tongue of elevated values connecting both regions along
the North Atlantic Current.

The strongest SSS reemergence signals occur where winter-
time MLDs are deep, just south of the maximum sea ice extent
and within the Labrador Sea (Fig. 2c). While the locations of
SST REI maxima coincide generally with regions of deep win-
tertime MLDs (Fig. 1b), this correspondence is limited. For
example, the SST REI maximum is located southeast of
Greenland near the Irminger Sea rather than in the Labra-
dor Sea, where MLDs are deeper (Figs. 1b and 2a).

4. The stochastic salinity model

a. Theory and formulation

To understand how specific physical processes impact SSS
and SST variability and shape the reemergence patterns in
CESM1, we apply the stochastic climate model framework
(Hasselmann 1976; Frankignoul and Hasselmann 1977). Its
simplicity is a key advantage, permitting transparent investi-
gation of how individual processes, such as vertical entrain-
ment and subsurface damping, generate key features of SST
and SSS behavior.

Assuming homogeneous density, horizontal velocities, and
salinity within the mixed layer, the vertically integrated salinity
equation in the open ocean can be expressed as (Frankignoul
1985; Frankignoul et al. 1998)

h
­S
­t

5
S
r
(E 2 P) 2 (hu) ?=HS 2 (S 2 Sd)we 1 kHh=

2S 1 kz
­Sd
­z

:

(2)

The right-hand side terms represent evaporation (E) and pre-
cipitation (P) forcing, advection of horizontal salinity gra-
dients (=H) by lateral mixed-layer currents (hu), vertical
entrainment (we) of anomalies below the mixed layer (Sd), pa-
rameterized horizontal mixing with a constant diffusivity (kH),
and parameterized vertical mixing at the mixed-layer base
with a turbulent diffusivity (kz; see Table A1 of appendix A
for a full list of parameters). The we consists of both local
MLD changes and the divergence of horizontal currents and is
only active when positive:

we 5
­h
­t

1 =H ? (hu): (3)

Following Frankignoul (1985), the SSS anomaly equation is
obtained by decomposing the terms into monthly climatologi-
cal means ( ) and deviations (′):

­S′

­t
5

S

rh
(E′ 2 P′)︸�����︷︷�����︸

A

2
(hu)′ ?=H(S 1 S′)

h︸��������︷︷��������︸
B

2
(hu) ?=HS

′

h︸����︷︷����︸
C

2
h′

h

­S
­t︸︷︷︸

D

2
(S′ 2 S′d)

h
we︸�����︷︷�����︸

E

2
S 1 S′ 2 Sd 2 S′d

h
w′

e︸�����������︷︷�����������︸
F

1 kH=
2S′ 1

h′

h
kH=

2(S 1 S′)︸��������������︷︷��������������︸
G

1
1

h
kz

­S′d
­z︸��︷︷��︸

H

: (4)

The right-hand-side terms are

A: Anomalous evaporation (E′) and precipitation (P′) forcing
with a nominal density (r 5 1026 kg m23), mean salinity
(S), and MLD (h).

B: Anomalous advection (u′) of horizontal salinity gradients.
C: Mean advection (u) of anomalous salinity gradients.
D: Changes due to MLD variability (h′).
E: Mean entrainment of salinity anomalies beneath the mixed

layer.

FIG. 1. (a) Ensemble-mean surface currents (vectors) over the mean SST (colors) and SSS (contours) in CESM1.
(b) Maximum MLD of the mean seasonal cycle in CESM1. MLDs deeper than 200 m are contoured every 100 m
(white). The Xs (dots) denote a maximumMLD in February (March). The extent of the ice mask used for our simula-
tions (cyan line) and the Gulf Stream’s mean position (black line), given by the local maxima in surface current speed,
are indicated in both panels and included for reference in figures hereafter.
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F: Anomalous entrainment acting upon the salinity jump
across the mixed-layer base.

G: Horizontal mixing and eddy stirring.
H: Vertical diffusion at the mixed-layer base.

The horizontal currents (terms B and C) and their divergence
in Eq. (3) are further decomposed into geostrophic and Ekman
components (u 5 ugeo 1 uek). Since geostrophic currents are
largely forced by remote processes such as Rossby waves and
mesoscale eddies, the latter of which is not resolved by CESM1,
they cannot be simulated by the local stochastic model. We thus
retain only the advection of mean gradients by anomalous
Ekman currents driven by local wind stress (Frankignoul 1985).
Since the mean Ekman advection is neglected, we is now:

we 5
­h
­t

, w′
e 5

­h′

­t
1 =H ? (huek)′: (5)

Our current formulation does not include an energy equation
that allows for estimating h′ and w′

e from wind and buoyancy
forcing, so we neglect terms D and F. Contributions of anoma-
lous Ekman pumping to w′

e are neglected as they are smaller
than wind mixing (Sterl and Hazeleger 2003) and are found to
be less important than horizontal Ekman convergence where
Ekman forcing is important for SST (Haarsma et al. 2005); com-
parison of these two components in CESM1 verifies previous re-
sults, with local wind mixing (­h′/­t) greater than anomalous
Ekman pumping at all grid points in the North Atlantic (not
shown).

The mixing term G encapsulates multiple processes including
stirring by mesoscale and submesoscale eddies, providing a po-
tential source of ocean damping (Bryan and Bachman 2015;
Laurindo et al. 2024). Since our objective is to investigate spe-
cific processes such as subsurface damping and entrainment
rather than to exhaustively include all parameterizations pre-
sent in CESM1, we drop this term to prioritize transparency
within the simple stochastic model framework (Frankignoul
1985; Danabasoglu et al. 2012). Since our model does not
provide the vertical structure of salinity or temperature under
the mixed layer, we neglect the diffusive flux at the mixed-
layer base (term H). Potential contributions from some of
the neglected terms are discussed in sections 5 and 6.

These simplifications leave three primary processes:
1) evaporation–precipitation forcing, 2) advection of the mean
salinity gradients by anomalous Ekman currents, and 3) mean
vertical entrainment:

­S′

­t
5

S

rh
(E′ 2 P′) 2 (huek)′ ?=(S)

h
2

(we )
h

(S′ 2 S′d): (6)

To consider potential connections to SST, we substitute
anomalous evaporation (E′) with the downward latent heat
flux (Q′

L 52LE′), where L is the specific heat of evaporation
(2.5 3 106 J kg21).

A key assumption of the stochastic model is the time-scale
separation between rapidly varying “weather” forcing and the
slowly varying “climate” response produced by the ocean. We

FIG. 2. REIs for wintertime anomalies of (a),(b) SST and (c),(d) SSS in (left) CESM1 and (right) the stochastic
model. The ensemble-average pattern for CESM1 is shown. (c) The Sargasso Sea (blue star), (c) North Atlantic
Current (red star), and (a) Irminger Sea (magenta star) locations are indicated.
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apply this separation to decomposeQ′
L into stochastic (F′

L) and
temperature-dependent (lLT′) components (Frankignoul et al.
1998; Frankignoul and Kestenare 2002):

Q′
L 5 F′

L 2 lLT′: (7)

We can then rewrite Eq. (6) as (hereafter h 5 h, as we only
consider the mean seasonal cycle of MLD)

­S′

­t
5

S
rhL

(2F′
L 1 lLT′) 2 S

rh
P′ 2

we

h
(S′ 2 S′d) 1 Q′

ek,S,

(8)

where anomalous Ekman forcing is given byQ′
ek,S 52[(huek)′ ?

=S]/h.
We introduce the SST–evaporation feedback (le) represent-

ing an SSS change induced by the latent heat flux from an SST
anomaly (Hughes andWeaver 1996; Frankignoul et al. 1998):

le 5
S

rhL
lL: (9)

Previous studies have speculated that this term, while small
on interannual time scales, could contribute to SSS variability
on decadal and longer time scales. This addition results in a
simplified stochastic model for salinity:

­S′

­t
5 leT′ 1

S
rh

2
F′
L

L
2 P′

( )
2

we

h
(S′ 2 S′d) 1 Q′

ek,S: (10)

To compute T′ in the SST–evaporation feedback term, we
build upon the corresponding SST stochastic model (Liu et al.
2023) with the addition of forcing by anomalous Ekman cur-
rentsQ′

ek,T :

­T′

­t
52

lN

rcph
T′ 1

F′
N

rCph
2

we

h
(T′ 2 T′

d) 1 Q′
ek,T : (11)

Note that T′ is forced by the stochastic component (F′
N) of

the net heat flux (Q′
N , positive downward) independent of

T′:

F′
N 5 Q′

N 1 lNT′, (12)

where lN is the net surface heat flux feedback.
To integrate the stochastic model, we discretize Eqs. (10)

and (11) using the forward method, as outlined in appendix B.
The final discretized form of the salinity stochastic model is
given by

S′(t 1 Dt) 5 e2lDtS′(t) 1 1
Dt

ln
h(t 1 Dt)

h(t)
[ ]

S′d 1
S
rh

FL′

L
2 P′

( )[ ]{

1 Q′
ek,S 1 leT′

}
1 2 e2lDt

l

( )
: (13)

The total damping of the system is represented by l. Impor-
tantly, entrainment is the only source of damping directly ap-
plied to SSS (l 5 we /h), occurring only when the mixed layer

deepens. This is in contrast to SST that experiences both heat-
flux and entrainment damping [l 5 lN 1 (we /h)].
b. Parameter estimation

Unless otherwise stated, all estimates are performed point-
wise, separately for each CESM1 ensemble member and
month. The estimates are then averaged across all ensemble
members for the final stochastic model inputs.

1) HEAT FLUX AND SST–EVAPORATION FEEDBACKS

We estimate the heat flux feedbacks by taking the monthly
lagged covariance of Eq. (7) with T′ (Frankignoul et al.
1998; Frankignoul and Kestenare 2002; Park et al. 2005; Liu
et al. 2023). By definition, the stochastic component F′

L van-
ishes when S′ or T′ leads, leaving the latent heat flux feed-
back (lL):

lL 52
cov[Q′

L(t), T′(t 2 t)]
cov[T′(t), T′(t 2 t)] , (14)

where t is taken to be 1 month. The lN is similarly esti-
mated by substituting Q′

L with Q′
N . The feedback is set to

zero at locations where either the numerator or denominator
of Eq. (14) is not significant at the 95% confidence level, using
a two-sided t test (Park et al. 2005). Seasonally averaged lN

estimates (colors) and their corresponding e-folding time
scales (tN; contours) are shown, where the latter is estimated
by converting lN from units of W m22 8C21 to months, where
tN 5 rCphDt(l

N)21 (Fig. 3).
The lN is strongest along the western boundary due to en-

hanced turbulent heat fluxes when cold continental air is ad-
vected over the warm Gulf Stream (Figs. 3a–d). This translates
to short tN (,6 months), in agreement with previous estimates
(Frankignoul and Kestenare 2002; Park et al. 2005). In contrast,
regions with the longest tN are in the far northern subpolar gyre
due to comparatively weak lN and deep MLDs (Figs. 3a–d).
Insignificant lN estimates occur near the maximum extent
of sea ice in the northeastern subpolar gyre (Figs. 3a,b). As
expected, regions of strong lL over the subtropics also have
large le, particularly during summer and fall with shallower
MLDs (Figs. 3g,h).

2) STOCHASTIC FORCINGS

From Eq. (13), the total stochastic forcing amplitude of
SSS by local atmospheric variability is the sum of the sto-
chastic latent heat flux (F′

L), precipitation (P′), and Ekman
forcings (Q′

ek,S). Similarly, the total forcing for the stochas-
tic temperature equation includes stochastic net heat flux
(F′

N) and Ekman forcing (Q′
ek,T). To understand relation-

ships between local drivers of SSS/SST and large-scale
North Atlantic climate such as the AMV, it is important to
preserve both the amplitude and spatial coherence of each
individual forcing. We accomplish this by first constructing
an empirical orthogonal function (EOF)-based F′

N forcing
and then establishing associated patterns of other forcing
terms, so that the temporal and spatial coherence between the
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various forcings are retained (Liu et al. 2023). The details of this
procedure are described in appendix C.

EOF 1 of the wintertime F′
N resembles heat flux patterns

associated with positive NAO, where increased westerly winds
over the subpolar gyre lead to greater heat loss (Fig. 4a) and
increased evaporation and precipitation with opposing effects
on salinity (Figs. 4c,d; Hurrell and Deser 2010). The second
mode resembles the east Atlantic pattern, where increased low
pressure over the center of the subpolar gyre leads to anoma-
lous counterclockwise circulation, strengthening the westerlies
and intensifying the heat loss over the North Atlantic Current
(Msadek and Frankignoul 2009). These patterns are largely
consistent with the enhanced evaporation and precipitation
forcing (third and fourth columns).

To compute the Ekman forcing, the anomalous zonal and
meridional wind stress (t′x, t′y) are regressed to F′

N EOFs (step 3
of appendix C) and used to compute the associated horizontal
Ekman currents:

hu′ek, y ′eki 5
1

rhf
ht′y, 2 t′xi, (15)

where f is the Coriolis parameter. These currents are then
used to advect the mean SST or SSS gradients computed us-
ing a centered difference, for instance:

Q′
ek,S 5 u′ek

­S
­x

1 y ′ek
­S
­y

: (16)

The patterns are similar between both variables. The Q′
ek,T

has comparable amplitude to F′
N near the region of largest

gradients between the subpolar and subtropical gyres
(Figs. 4k,l), while Q′

ek,S is more comparable to the stochas-
tic E and P forcing.

3) DAMPING OF SUBSURFACE ANOMALIES

Previous stochastic model formulations often assume that
subsurface temperature (T′

d) and salinity anomalies (S′d) re-
main constant until reentrainment into the mixed layer the
following fall and winter. However, these anomalies may be
impacted by local and nonlocal processes while detrained, in-
cluding subduction, obduction, diffusion, eddy mixing, and
lateral subsurface advection (de Coëtlogon and Frankignoul
2003; Sugimoto and Hanawa 2005, 2007; Liu and Huang
2012). Park et al. (2006) parameterized these processes as a
fixed “effective diffusivity,” applying an exponential decay to
subsurface anomalies of 1028 s21 (e-folding time scale of ap-
proximately 38.6 months), derived from subsurface tempera-
tures at locations across the North Pacific.

We build upon this approach by explicitly estimating point-
wise values of “subsurface memory” (ld), representing the
bulk effect of ocean processes on damping subsurface anoma-
lies (S′d, T′

d). S
′
d entrained into the mixed layer [Eq. (10)] is

given by

S′d 5 ldSS
′
d0, (17)

where S′d0 is the SSS at the time of detrainment. The ld has
a value between 0 and 1, where larger ld indicates weaker
damping, translating to longer persistence of subsurface
anomalies. The T′

d is given by the same expression but with
ldT estimated separately.

The ld is quantified using correlations between subsurface
anomalies from vertical profiles of S′ and T′ in CESM1. For
illustration, we provide an example of the procedure at 508N,
308W (Fig. 5):

1) For a given month when entrainment is occurring, identify
the depth from which the anomaly was detrained earlier

FIG. 3. (a)–(d) Seasonally averaged damping time scales in months (tN; contours) due to net heat flux feedback (lN; color). (e)–(h)
Seasonally averaged SST–evaporation feedback on SSS (le).
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based on the climatological MLD annual cycle at the loca-
tion. For example, anomalies entrained in October were
detrained between April (68.7 m) and May (31.7 m), or at
the averaged depth of 50.2 m.

2) Find the vertical model level (55 m) nearest to the de-
trainment depth and extract the time series of tempera-
ture and salinity anomalies.

3) Compute ldT and ldS as the correlation between anomalies
at the month of detrainment and anomalies 1 month be-
fore entrainment. We take anomalies 1 month prior be-
cause anomalies at the month of entrainment are already
within the mixed layer and influenced by atmospheric
forcing, leading to overestimated subsurface damping.
Hence, ld for anomalies entrained in October is given by
the correlation between April and September anomalies
at the depth of 55 m.

To visualize the persistence of subsurface anomalies
(Fig. 6), we assume an exponential decay (ld 5 e2Dt/t d

) to
recover the subsurface memory time scale (td) of subsur-
face anomalies:

tdS 5
2Dt

ln(ldS)
, (18)

where Dt is the number of months between detrainment
and entrainment. As expected, shorter time scales are com-
mon throughout the North Atlantic in summer (Figs. 6a,d),
when the MLD is shallow and more likely to be influenced
by perturbations such as mechanical mixing (Alexander
and Penland 1996). Time scales increase toward fall and
winter as anomalies are drawn from deeper depths that
should be less affected by surface processes. Subsurface
anomalies have short td along the Gulf Stream and North
Atlantic Current, particularly for SST, suggesting that they
may be advected away or damped by nonlocal ocean
processes.

While the spatial patterns and seasonal variation of temper-
ature and salinity subsurface memory are similar, S′d is overall
more persistent. Notable regions of long (601 month) T′

d

persistence are found southeast of Greenland near the
Irminger Sea and in the eastern subtropics around 408N
between winter and early spring (Figs. 6b,c). The tdS is

FIG. 4. Mean wintertime (February/March) forcing terms for (left two columns) SST and (right three columns) SSS stochastic models.
(a)–(e) EOF 1 and (f)–(j) EOF 2 are shown for illustration, as well as the total amplitude of the EOF forcing summed across all retained
modes (k)–(o). The local correction factor (percentage relative to the EOF total plus correction) for each term is shown at the bottom
(p)–(t).
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slightly larger in late summer and fall, with an elevated
tongue of persistent subsurface anomalies (.30–50 months)
extending diagonally south of the North Atlantic Current,
roughly corresponding to the region of deeper MLDs
(Fig. 1), subduction, and North Atlantic subtropical mode
water formation (Liu and Huang 2012). The presence of a
thick, uniform water mass could lead to reduced vertical
gradients of temperature and salinity, reducing processes
such as mixing and diffusion that would damp subsurface
anomalies. Overall, regions of long subsurface memory
coincide with regions of strong REI, suggesting the im-
portance of this parameter for reemergence strength and
persistence.

c. Applying the stochastic model hierarchy

The stochastic model is integrated for 10 000 years at a
monthly time step, separately at each point in the North
Atlantic (808W–08, 208–608N). The mean annual cycle in
MLD over the historical period of CESM1 (h) is used in
our integrations. Regions equatorward of 208N are ex-
cluded due to longer time scales of atmospheric persis-
tence, violating the time-scale separation in stochastic
model theory (Hasselmann 1976). We also exclude points
within 18 of the coastline to focus on direct forcing of SST/
SSS rather than the effects of upwelling, downwelling, or
continental runoff (Alexander and Scott 2008).

FIG. 5. Schematic depicting the entrainment mechanism applied in the stochastic model at a
location with a typical MLD seasonal cycle in the subpolar gyre (508N, 308W). Circular arrows
denote the entrainment month and depth, while “x” denotes the corresponding detrainment
time, with the value indicated in fractional months.

FIG. 6. The e-folding time scale of deep anomalies entrained at a given month, averaged over (left) late summer, (center) fall, and (right)
winter for (a)–(c) SST and (d)–(f) SSS. Light gray contours show the corresponding correlation between the detrained and entrained
anomalies, or the subsurface damping parameter ld.
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Despite its simplified representation of vertical entrain-
ment, the stochastic model remarkably captures major fea-
tures of the REI amplitude and patterns in CESM1 for both
SST and SSS, emphasizing that the persistence and its sea-
sonal progression are reasonably reproduced, even without
horizontal ocean dynamics (Figs. 2b,d).

To investigate how specific processes impact SST and SSS
behavior and generate the REI pattern, we build a stochas-
tic model hierarchy by iteratively including specific parame-
ters. Beginning with the stochastic model with entrainment
and Ekman forcing [level 1 (without subsurface damping)],
we first consider the effect of adding subsurface damping
(level 2). For SSS, we further investigate the contribution of
SST–evaporation feedback (level 3). All cases are then com-
pared to CESM1 with full ocean physics to elucidate potential
contributions from the absent processes. The stochastic model
is integrated at each hierarchy level using identical sets of forc-
ings to maximize comparability across experiments.

We focus on three representative locations (Fig. 2, stars) in
1) the Sargasso (SAR) Sea, 2) North Atlantic Current (NAC),
and 3) the Irminger (IRM) Sea. These locations were selected
because they have strong SST/SSS reemergence signals and are
away from coastlines and sea ice, criteria that reflect a balance
between our two objectives: 1) understanding the role of ree-
mergence in SST/SSS variability and 2) choosing locations where
the local stochastic model is well suited to explain variability.
While both IRM and SAR are away from regions of strong ad-
vection (Fig. 1), NAC is characterized by large SST/SSS gra-
dients and relatively strong advection (Buckley et al. 2014, 2015).

Comparisons with NAC allow for investigating drivers of strong
SST/SSS reemergence in both near-advective and nonadvective
regimes. We extend the comparisons throughout the North
Atlantic in section 5a.

1) DAMPING OF SUBSURFACE ANOMALIES

We first examine the wintertime persistence using the
February autocorrelation function. Despite its simplicity, the
stochastic model captures the approximate timing of SST win-
tertime reemergence peaks, but in SAR and NAC, the peaks
are overestimated without subsurface damping (level 1, gold
line). This peak is better reproduced when subsurface damping
is added (level 2, green line), translating to comparable REI val-
ues between the stochastic model and CESM1 (Figs. 7a,b). This
stresses the importance of subsurface damping for accurately
capturing the amplitude of SST reemergence. However, SST
persistence in the initial summer and fall (lags 1–24) is underes-
timated in IRM irrespective of subsurface damping, suggesting
that the missing dynamics should provide additional SST persis-
tence (Fig. 7c).

The effect of subsurface damping is more striking for SSS,
where its absence leads to highly unrealistic persistence at all lo-
cations (Figs. 7d–f, gold line). With subsurface damping (green
line), the persistence of SSS is strongly reduced, although not
sufficiently. Due to the unrealistic persistence of SSS without
subsurface damping, we will not consider SSS results without
subsurface damping any further.

Next, we investigate how subsurface damping impacts inter-
annual variance (s2

Int) for each month (de Coëtlogon and

FIG. 7. Persistence of wintertime (February) anomalies quantified through the monthly lagged autocorrelation functions for (a)–(c) SST
and (d)–(f) SSS at selected locations with strong reemergence. The corresponding metric for CESM1 is shown in black. Shading indicates
one standard error across the 42 ensemble members (CESM1) or ten 1000-yr chunks (stochastic model). Compare the effect of adding de-
trainment damping (gold to green) and adding SST–evaporation feedback on SSS (green to magenta).
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Frankignoul 2003; Gozdz et al. 2024). The s2
Int(SST) in

CESM1 is generally higher in the summer months as the shal-
lower MLDs translate to smaller heat capacity (Figs. 8a,c, black
lines). The stochastic model captures this behavior; subsurface
damping reduces variance during the late fall and wintertime
when entrainment is active, somewhat decreasing the corre-
spondence with CESM1. However in SAR, minimum s2

Int(SST)
occurs instead in August (Fig. 8a) due to the offset between
seasonal minima in stochastic heat flux forcing and MLD
(not shown).

Unlike for SST, maximum values of s2
int(SSS) occur in early

fall due to timing of seasonal maxima in precipitation and
Ekman forcing for SAR and NAC, respectively (Figs. 8d–f,
black lines). The addition of subsurface damping (Figs. 8d–f,
green lines) allows the stochastic model to capture s2

int(SSS),
but not at IRM, where the maximum occurs instead in late fall.
This feature is shared by surrounding points and corresponds to
a region of shallower wintertime mixed-layer depths extending
into the Irminger Sea, though the mechanism is not clear from
our model and requires further investigation (Fig. 1). Without
subsurface damping, SSS variances are overestimated by an or-
der of magnitude across all locations and months with little sea-
sonal variation (not shown).

Subsurface damping reduces both SST and SSS power pri-
marily at low frequencies, resulting in location-dependent dif-
ferences with CESM1. In SAR, the SST power spectra are well
captured, suggesting that the atmospherically forced regime of
the stochastic model is appropriate (Fig. 9a). In contrast, SSS re-
mains overestimated at low frequencies, highlighting the need

for additional damping from the missing processes (Figs. 9d,e).
In NAC, while SST power is underestimated at low frequencies
(,10 years21), the largest discrepancies for SSS are underesti-
mates around subdecadal (5–10 year) periods, suggesting that
the missing processes, especially horizontal advection, may have
frequency-dependent impacts that differ between each variable
(Figs. 9b,e). Both SST and SSS power are underestimated rela-
tive to CESM1 in IRM, suggesting the importance of the miss-
ing ocean dynamics there for enhancing variability, especially
for SST at low frequencies (Figs. 9c,f).

2) THE SST–EVAPORATION FEEDBACK ON SSS

When SST and SSS are positively correlated, SST–evapora-
tion feedback should enhance the variance and persistence of
SSS, as positive SST anomalies would increase the evaporation
which leads to enhanced positive SSS anomalies and vice versa
[Eq. (10)]. In CESM1, strong positive correlations occur along
the NAC and within the IRM and Labrador Seas (Fig. 10a).
In contrast, weakly positive SST–SSS correlations occur in
the western subtropics and central subpolar gyre (Fig. 10).
Negative correlations along the western subtropics may be
due to the climatological position of the salinity maximum in
208–308N (Fig. 1), leading to opposing meridional gradients of
salinity and temperature south of its location. Northward mean
advection along the Gulf Stream brings fresher and warmer
anomalies from the equator, producing negative correlations.

Overall, the stochastic model reproduces strong positive
correlations along the NAC and far northeastern subpolar

FIG. 8. Interannual (a)–(c) SST and (d)–(f) SSS variance for each month, where each subplot column corresponds to one of the selected
locations. The color conventions for the lines and shadings are identical to Fig. 7. Note the difference in y-axis scale between subplots.
Green and pink bars indicate the percentage of variance explained by the most complex stochastic model (i.e., level 2 for SST, level 3 for
SSS) relative to CESM1, while the dashed horizontal line indicates the 100% level.
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gyre in CESM1. The positive values along the NAC are collo-
cated with regions of large SST/SSS gradients (Fig. 1) and Ekman
forcing (Figs. 4l,o), suggesting its potential role in driving the
CESM1 correlation pattern. Ekman forcing in SSS drives a sharp,
unrealistic dipole of positive–negative correlations northwest of
Africa in the stochastic model, where the meridional salinity gra-
dient is positive, opposing the mean temperature gradient.

The SST–evaporation feedback on the SSS has limited ef-
fects on SSS persistence and variance except over the NAC
region, where SST and SSS are positively correlated. The

addition of this feedback leads to a slight increase in persis-
tence (Fig. 7e, green versus magenta) and an increase in SSS
variance across all months (Fig. 8e) and frequencies (Fig. 9e).
However, this further increases the already too large SSS per-
sistence and translates to overestimated power relative to
CESM1 at lower frequencies.

d. Patterns of multidecadal SST and SSS variability

Expanding beyond the representative locations, we investi-
gate if stochastic model reproduces basinwide AMV patterns

FIG. 9. Power spectra for the corresponding points for (a)–(c) SST and (d)–(f) SSS. Solid thin (dotted) lines indicate the red-noise null hy-
pothesis (95% significance level). CESM1 (stochastic model) spectra were smoothed across 2 (20) adjacent bands using a modified Daniell
window. The color conventions for the lines are identical to previous figures. Note the difference in y-axis limits between subplots.

FIG. 10. Correlation between SST and SSS anomalies in (a) CESM1 and (b) the stochastic model. The illustrative
locations are indicated by stars. Stippling indicates significant correlation at the 5% level, determined by simulating
10 000 pairs of red-noise time series with the same lag-1 correlation as SST/SSS at each location.
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comparable to CESM1. We compute AMV indices for both
SST and SSS as the 10-year low-pass-filtered, area-weighted
average of each respective anomalies between 20 and 608N,
808W–08 (Liu et al. 2023). These indices are standardized and
used to obtain the AMV regression patterns for SST and SSS
(Fig. 11).

The stochastic model successfully simulates major features
of multidecadal SST and SSS patterns in CESM1 (Fig. 11).
The centers of action in the subpolar gyre (for SST) and the
North Atlantic current (for SSS) are well reproduced, highlight-
ing the importance of local forcing and damping for capturing
multidecadal patterns of SST and SSS variability. This is consis-
tent with previous findings (Liu et al. 2023) that the stochastic
model can largely recreate the SST AMV pattern once the
spatial coherences of the stochastic forcing are realistic, al-
beit with an underestimated amplitude. Note that while addi-
tions of Ekman forcing and subsurface damping yield more
comparable variances along the Gulf Stream–NAC region
(608–708W, 408–508N) than in Liu et al. (2023), the amplitude
of the SST AMV index remains underestimated by more
than 50%, leaving a substantial role for the missing processes
to enhance low-frequency SST variance (Figs. 11a,d). In con-
trast, the multidecadal low-frequency SSS variability in the
North Atlantic is overestimated by nearly 1.5 times (Figs. 11b,e),
consistent with the overestimated SSS persistence; this again em-
phasizes the importance of missing damping for capturing SSS
behavior at low frequencies.

It is also of interest to regress SSS anomalies onto the SST
AMV index to recover the SSS pattern associated with the
traditional SST AMV. In contrast with the dominant pattern
of low-frequency SSS variability, a prominent dipole of SSS
anomalies appears in CESM1, with negative (positive) values

south of Newfoundland (in the eastern subpolar region;
Fig. 11c). This pattern closely resembles the SST AMV, where
co-occurrence of warm and salty (cool and fresh) anomalies
suggests the influence of advection. The dipole highlights con-
trasting behavior between the subpolar and subtropical regions
of the North Atlantic: The former exhibits coherent multi-
decadal SST and SSS variability, while the relationship is more
ambiguous over the subtropical latitudes (Zhang 2017). This
SSS dipole pattern is absent in the stochastic model, replaced
by large and positive values along the entirety of the North
Atlantic Current (Fig. 11f), likely due to anomalous Ekman
forcing acting upon meridional gradients of SST and SSS of
the same sign (Fig. 1). Overall, this suggests that additional
lateral processes, such as geostrophic advection, are needed
to correctly simulate the relationship between SST and SSS
at multidecadal time scales. This contrasts the multidecadal
pattern of SSS alone that is well captured by the stochastic
model.

5. Discussion of contributions from missing processes

a. Where do the missing ocean dynamics play a role?

We identify where dynamics missing from the stochastic
model affect SST/SSS persistence and standard deviation (s),
by calculating pointwise differences between CESM1 and the
most complex stochastic models (level 2 for SST and level 3 for
SSS). Contributions to persistence are quantified by differences
(stochastic model minus CESM1) in the wintertime autocorre-
lation averaged over two lag intervals: 1) the initial decorrela-
tion over spring and summer (lags 1 to 6, Figs. 12a,c) and
2) the reemergence peak between fall and winter (lags 6 to 18,

FIG. 11. (a),(d) The AMV pattern for SST (8C per sAMV,SST) and (b),(e) SSS (psu per sAMV,SSS), and (c)–(f) SSS regressed to SST
AMV (psu per sAMV,SST) in (top) CESM1 and (bottom) the stochastic model. The variance for the SST and SSS AMV indices is shown
within the corresponding subplots.
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Figs. 12b,d). The spatial pattern of differences remains similar at
longer lags (not shown).

Stochastic model SSTs are comparable to CESM1 over much
of the subtropics, with only slight underestimates in both persis-
tence (Figs. 12a,b) and s(SST), hinting at the AMV horseshoe
pattern (Fig. 13b). Larger underestimates south of Newfound-
land and near IRM suggest that the missing processes should
enhance both sSST and long-term persistence there.

Locations with overestimated SST persistence also exhibit
too high s(SST). An example is the northeastern subpolar gyre,
where deep wintertime mixed layers suggest a potential role
for mixed-layer variability [Eq. (4), term D]. During spring
and summer, SST is too persistent along the Gulf Stream
(Fig. 12a), suggesting that missing advection (terms B–C) or
mixing (term G) should provide a short-term damping of SST,
particularly considering strong mean gradients and currents in
this region (Fig. 1a).

Similar relationships exist between SSS persistence and s over
regions with strong mean advection (Figs. 12c,d and 13d). SSS is
too persistent nearly everywhere, especially along the Gulf
Stream, NAC, and the subpolar gyre boundary. Overestimated

s also occurs along these advective pathways, emphasizing that
missing horizontal circulation and mixing should reduce both
SSS variability and persistence. Similar to SST, underestimates
of initial SSS persistence and s are found in the western subpolar
gyre and south of Newfoundland. Unlike SST, SSS is overly
persistent and variable in the subtropics despite weaker
mean advection. Local diffusivity at the mixed-layer base
(term H) could provide a source of damping (Kolodziejczyk
and Gaillard 2013).

Two common threads emerge from regional differences in
persistence and s. The first concerns underestimates south of
Newfoundland and in the western-central subpolar gyre
where MLD variability is large, suggesting that the responsi-
ble processes should involve these properties. The second
concerns large overestimates of persistence and s relative to
CESM1 in regions of strong mean advection such as the Gulf
Stream and subpolar gyre boundary. Importantly, persistence
and s overestimates are larger for SSS, suggesting that the
processes involved should damp SSS more strongly than SST.

We thus qualitatively investigate potential contributions of
two missing processes corresponding to each thread: 1) local

FIG. 12. Mean difference in AC (stochastic model minus CESM1) over two different lag ranges for the winter-
time AC function: the (left) initial decorrelation (lags 1–6 months) and (right) year 1 reemergence (lags 6–18) for
(a),(b) SST and (c),(d) SSS.
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MLD variability (term D) and 2) geostrophic advection in the
mixed layer (components of terms B–C). Each term is com-
puted from CESM1 output, and the amplitude is assessed by
taking the standard deviation separately for each month (sInt).
We then discuss potential contributions from mesoscale pro-
cesses and vertical diffusion.

b. MLD variability

A major simplification of the stochastic model is the as-
sumption of a fixed MLD seasonal cycle. Year-to-year MLD
variations affect the variability of SST and SSS in several
ways, such as by (i) changing thickness of the mixed layer,
thus changing the system’s inertia or memory (Elsberry and
Garwood 1978; Li et al. 2020) and (ii) altering the entrain-
ment velocity during the fall months when the mixed layer
deepens (Alexander and Penland 1996). Previous studies in-
vestigated contributions of MLD variations to SST variability
(Alexander and Penland 1996; Li et al. 2020; Senapati et al.
2024), but fewer have explored its impact on SSS variability in
the context of multidecadal North Atlantic climate. In-depth
investigation of the entrainment velocity anomalies, including
those associated with Ekman pumping, would require a more

complex numerical mixed-layer model. We thus only focus on
(i), the direct modulation due to MLD anomalies.

MLD variability plays an especially important role for SST
during the spring and summer, when MLD anomalies (h′) are
of comparable magnitude to the mean MLD h and are driven
by variations in mechanical mixing (Alexander and Penland
1996; Senapati et al. 2024). In CESM1, interannual variability
of MLD anomalies is large in the Labrador Sea and eastern
subtropical Atlantic, where sInt(h′) is 25%–60% of the mean
MLD (Fig. 14a), suggesting that mechanism (i) may be impor-
tant there. To explicitly investigate the impact of (i), we com-
pute term D [Eq. (4)] from CESM1, using a forward difference
of the mean climatological SSS or SST to calculate ­S/­t and
­T /­t.

Over the Labrador Sea and south of Newfoundland, the
amplitude of term D [sInt (term D), Fig. 14b] is comparable to
the stochastic forcing applied to SST over much of the extra-
tropics (.0.258C month21, Figs. 4k,l). The sInt is also compa-
rable to amplitudes of evaporation–precipitation forcing for
SSS as well (.0.015 psu month21; Fig. 14c). The co-occurrence
of strong sInt (term D) with underestimated SST and SSS vari-
ability suggests that this process could significantly contribute

FIG. 13. The standard deviation of (a) SST and (c) SSS for the stochastic model (colors) and CESM1 (contours),
computed separately for each month and then averaged for all months. The ratio (stochastic model to CESM1; %)
for each variable is shown in (b) and (d). Blue (red) indicates that the stochastic model underestimates (overestimates)
total variability at interannual and longer time scales relative to CESM1.
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to the missing variability of the stochastic model in these
regions.

We note that the use of monthly values in our calculations
underestimates the contributions of MLD variability; prelimi-
nary calculations using daily output at the three illustrative loca-
tions from a CESM1 ensemble member indicate that the s

(MLD) within each month can be up to 2.5 times larger than at
monthly resolution, particularly in the late spring to summer
months (not shown). However, a quantitative estimate of the
net impact of MLD variability on SST and SSS would require
considering its influence on entrainment variability [terms E–F
in Eq. (4)], which is beyond the scope of this paper.

c. Geostrophic advection

To estimate potential contributions of geostrophic advec-
tion to SST and SSS variability [components of terms B–C,
Eq. (4)], we compute this term using sea surface height to esti-
mate surface geostrophic currents. This calculation likely
overestimates the advection effect as vertical shear in geo-
strophic velocities within the mixed layer is neglected, but it

provides an upper bound for the contribution of geostrophic
transport. We focus on the total geostrophic transport term
(ugeo ? =T and ugeo ? =S) since the spatial pattern and ampli-
tude are similar between anomalous and mean geostrophic
advection.

The geostrophic transport term is maximum over the Gulf
Stream and NAC region, where currents are strong (Fig. 15).
This term is up to an order of magnitude larger than precipita-
tion and evaporation forcing for SSS (Fig. 15b vs Figs. 4m,n)
and up to 2–3 times larger than stochastic heat flux forcing in
SST (Fig. 15a vs Fig. 4k), suggesting that geostrophic advec-
tion should more strongly impact SSS than SST. In contrast,
contributions from geostrophic advection are minimal else-
where, in particular at SAR, where the stochastic model re-
produces the level of variance in CESM1 (Figs. 8a,d).

Our results suggest that the missing terms should damp
low-frequency SSS variance but have less impact on SST
variance. While vertical diffusivity at the mixed-layer base
is one potential source of damping due to its larger role
in the salt budget (Kolodziejczyk and Gaillard 2013), the

FIG. 14. (a) Mean ratio of standard deviation for monthly MLD anomalies over mean monthly MLD [s(h′)/h]; (b) standard deviation
for term D for SST {s[(h′/h)(­T /­t)]; 8C month21}; (c) as in (b), but for SSS {s[(h′/h)(­S/­t)]; psu month21}. All terms are computed at
each location and month before averaging across all months.

FIG. 15. Standard deviation of the geostrophic advection term for (a) SST (8C month21) and (b) SSS (psu month21),
computed separately for each month and then averaged. The illustrative locations are shown for reference.
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missing advection could also impact SST and SSS differently.
Previous work by Frankignoul and Reynolds (1983) examined
the role of advection for SST variance in a simple stochastic
model without seasonal variation and entrainment. In wave-
number–frequency space, their analysis yielded the relationship:

FTT(v) ’
�
dk

FNN(k, 0)
(v 2 k ?u)2 1 l2

, (19)

where FTT is the power spectrum of SST anomalies, FNN that
of white noise atmospheric forcing, k is the wavenumber, v is
the frequency, u is the mean advection, and l is the net damp-
ing. While advection should not affect high-frequency SST be-
havior (v .. 1), it could significantly reduce the power at low
frequencies, depending on the relative strength of (ku)2 and
l2. The same holds for SSS.

Since the net damping for SSS is 60%–80% smaller than
for SST due to the absence of direct surface flux damping (not
shown), the SSS power spectra should be more reduced by
advection effects. Intuitively, since SSS anomalies are very
persistent, advection may control their apparent damping
by carrying them away, while SST anomalies may already be
damped by the heat flux feedback. Following this hypothesis,
we expect larger overestimates for low-frequency SSS in regions
with either large advection or small-scale SSS anomalies.

Pointwise estimates of spatial decorrelation scale are ob-
tained by fitting an exponential function to the correlation ver-
sus distance of SST and SSS anomalies. These estimates reveal
that SSS anomalies generally have shorter e-folding distances
throughout the North Atlantic (i.e., kSSS . kSST), enhancing
their sensitivity to advection (Fig. 16). This suggests that geo-
strophic advection could act as a stronger damping for SSS than
SST, perhaps explaining in part the most glaring stochastic
model–CESM1 discrepancies, though further process studies
are needed to quantify its impact.

d. Mesoscale processes and vertical diffusion

Vertical diffusion at the mixed-layer base may provide a
potential source of damping to SSS with minor impacts on
SST. Salt budget calculations by Kolodziejczyk and Gaillard
(2013) over the subtropical southeast Pacific have identified

this term as a potential strong contributor, particularly during
winter months. In the subtropical Atlantic, large vertical salin-
ity gradients in late winter and a strong density-compensating
layer at the mixed-layer base lead to injection of anomalies to
the ocean interior, translating to strong interannual variability
within subducted isopycnal layers (Yeager and Large 2004,
2007). This variable pulse of late-winter signals and interactions
with subducted subsurface waters could lead to an additional
source of SSS damping not included in the stochastic model.

The coarse resolution (18) of CESM1 presents a challenge for
understanding contributions of ocean mesoscale processes, likely
leading to an underestimate in the role of ocean dynamics. Mul-
tiple studies have noted increased SST and SSS variance in high-
resolution (HR) simulations compared to their low-resolution
counterparts with parameterized mesoscale processes due to
contribution of mesoscale processes to intrinsic oceanic forcing
(Kirtman et al. 2012; Smirnov et al. 2014; Bishop et al. 2017;
Small et al. 2020; Siqueira et al. 2024; Laurindo et al. 2024). Me-
soscale variability would likely widen the underestimation of
SST variance by the stochastic model, leaving a greater role for
missing ocean processes in driving variability. Furthermore, in-
creased gradients from improvements in representation of SST/
SSS gradients, fronts, and filaments can further enhance the role
of nonlocal processes, providing additional sources of ocean
damping that are critically missing from the stochastic model’s
representation of SSS persistence (Bishop et al. 2017; Putrasahan
et al. 2017; Sun and Wu 2022). Contributions of mesoscale
processes could be explored within the stochastic model
framework using bulk oceanic forcing and damping terms
parameterized based on HR output, but finer separation into
specific processes remains a challenge (Patrizio and Thompson
2022; Laurindo et al. 2022, 2024; Siqueira et al. 2024). Future
work investigating the SST–SSS relationship and its sensitivity
to resolution could thus provide further insights into the vari-
ability and predictability of the North Atlantic climate.

6. Summary

While studies on interannual-to-multidecadal climate vari-
ability over the North Atlantic often focus on SST, less atten-
tion has been given to SSS variability and the contributions of

FIG. 16. Spatial e-folding scale (km) for (a) SST and (b) SSS anomalies, and (c) their difference, where blue (red) indicates locations where
the e-folding scale is larger (smaller) for SST.

J OURNAL OF CL IMATE VOLUME 385426

Unauthenticated | Downloaded 09/01/25 02:05 PM UTC



local, vertical processes. Understanding of SSS variability is
complicated by limited observational records, particularly in
the subpolar Atlantic, where deep wintertime MLDs portend
the strong influence of vertical processes for long-term vari-
ability. Using 3612 years of monthly output from the CESM1
Large Ensemble, we investigate the drivers of SSS variability
and its relationship to SST.

Wintertime SST and SSS in CESM1 exhibit strong recurring
signals in regions south of the Gulf Stream and within the cen-
tral subpolar gyre (Figs. 2a,b). These patterns of reemergence
are strikingly reproduced by a simple stochastic model without
horizontal advection, suggesting the power of local, vertical pro-
cesses in capturing SST and SSS persistence (Figs. 2c,d).

We investigate contributions of subsurface damping and
SST–evaporation feedback by successively including each pro-
cess in a hierarchy of stochastic models. Damping of subsurface
anomalies enables successful simulation of SST behavior over
most locations and is particularly important for capturing cor-
rect seasonal differences in persistence (Figs. 7–9). Subsurface
damping is essential to simulate SSS variability, though there re-
main strong overestimates of SSS persistence and variance, indi-
cating that missing damping processes are more important for
this variable (Figs. 12 and 13). The impact of SST–evaporation
feedback on SSS is smaller but notable in locations with large
positive SST–SSS correlation such as in the NAC (Fig. 10).

Overall, the local dynamics included in the stochastic model
can explain many spatiotemporal signatures of North Atlantic
SST and SSS variability but cannot capture their magnitude
(Fig. 11). This reinforces the findings by Liu et al. (2023) that
processes beyond local atmospheric forcing, entrainment, and
anomalous Ekman forcing are needed to correctly represent
the amplitude of AMV. Interannual MLD is a potential can-
didate for some of the missing variance, particularly in the
western subpolar gyre and south of Newfoundland (Fig. 14).

Critically, our results highlight how ocean processes may
not have the same impact on SST and SSS. The stochastic
model–CESM1 discrepancies suggest that the missing pro-
cesses should provide a strong damping source to the over-
estimated SSS with less impact on SST. Potential solutions
involve differences in spatial scales between both variables
(Fig. 16), differences in the amplitude of geostrophic advec-
tion (Fig. 15), and vertical diffusion at the mixed-layer base.
Analysis of high-resolution simulations or developments in
the stochastic model, particularly considering neglected
anomalous vertical velocities, could clarify the damping or
forcing roles of the missing terms from the stochastic model
framework, shedding further light on the drivers of large-
scale salinity and temperature variations.
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APPENDIX A

Parameters and Units

Table A1 shows the parameters and corresponding sym-
bols and units.

APPENDIX B

Integrating the Stochastic Salinity Model

We describe the discretization procedure for the stochas-
tic salinity model, beginning from Eq. (10). First, group all
terms dependent on S′ to the left side of the equation:

e2lt ­

­t
(eltS′) 5 leT′ 1

S
rh

2
F′
L

L
2 P′

( )
1

we

h
S′d 1 Q′

ek,S,

(B1)

TABLE A1. Variables used in the stochastic SST and SSS equations,
with full names and units.

Parameter Name Units

T′, SST Anomalous SST 8C
S′, SST Anomalous SSS psu
T′
d, S

′
d Detrained temperature/salinity

below mixed layer
8C, psu

lN, lL Net and latent heat flux feedback W m22 8C21

ldT , l
d
S Subsurface SST and SSS damping Unitless

le SST–evaporation feedback on SSS psu 8C21 s21

tdT , t
d
S Subsurface damping time scale months

tN Net heat flux damping time scale months
Q′

N , Q
′
L Net and latent heat flux W m22

F′
N , F

′
L Stochastic net and latent heat

flux forcing
W m22

P′ Precipitation forcing psu s21

S Mean salinity psu
h MLD m
B Bowen ratio Unitless
u′ek Anomalous Ekman current m s21

Q′
ek,T , Q

′
ek,S Anomalous SST and SSS

Ekman forcing
W m22

u′geo Anomalous geostrophic current m s21

t Time lag months
Dt Integration step months
tx, ty Zonal/meridional wind stress N m22

r Density of seawater kg m23

R EOF forcing pattern 8C month21,
psu month21

C Correction factor 8C month21,
psu month21

N White noise time series Unitless
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where the total damping (l) consists of only the entrainment
damping (we /h), which is constant over the integration step.
Multiplying Eq. (B1) by elt and integrating from t to t 1 Dt
yields

S′(t 1 Dt) 5 e2lDtS′(t) 1 we

h
S′d 1

S
rh

2
F′
L

L
2 P′

( )[ ]{

1 Q′
ek,S 1 leT′}

� t1Dt

t
e2l(t1Dt2t′)dt′, (B2)

where the forcing terms (within the curly brackets) are as-
sumed to be constant over the monthly time step. The inte-
gral in Eq. (B2) is simplified by substituting t 5 t′ 2 t and
integrating over the monthly step between 0 to Dt, yielding
an integration factor:

� t1Dt

t
e2l(t1Dt2t′)dt′ 5

�Dt

0
el(t2Dt)dt 5

1 2 e2lDt

l

( )
: (B3)

The monthly averaged entrainment velocity can be further
rewritten as

we

h
5

1
Dt

� t1Dt

t

1
h
­h
­t′

( )
dt′ 5

1
Dt

ln
h(t 1 Dt)

h(t)
[ ]

, (B4)

where h(t) and h(t 1 Dt) refer to climatological mixed-layer
depths for the current and following month. Similarly, the
salinity below the thermocline S′d is given by

S′d 5
S′d(t) 1 S′d(t 1 Dt)

2
, (B5)

where S′d is calculated considering the subsurface damping (ldS)
of anomalies [Eq. (17)]. Substituting Eqs. (B3)–(B5) into
Eq. (B2), the discretized form of the stochastic model [Eq. (13)]
is recovered.

APPENDIX C

Estimating the Stochastic Forcing

The procedure for estimating the forcing can be broken
into four steps, performed separately for each calendar
month m on all CESM1 ensemble members together:

1) Retrieve the principal component time series of the
stochastic component of the net heat flux [F′

N , Eq. (12)]
over the North Atlantic basin.

2) Retain enough modes (k) to explain 90% of the variance of
each month to focus on large-scale forcing. This ranges be-
tween 15 modes in the winter to 79 modes in the summer
months.

3) Regress the target forcing term (e.g., Ekman forcing,
precipitation) onto the standardized principal component
time series to obtain corresponding forcing patterns
[P(x, y, k, m)]. Figure 4 shows the winter forcing patterns
of mode one (A–E), two (F–J), and the sum of the k re-
tained modes (K–O).

4) Compute and add a correction factor [C(x, y, m)] at each
point and month by subtracting the total variance repre-
sented by P from the variance of the original term (e.g.,
Ekman forcing, precipitation). This procedure ensures that
the monthly variances are preserved at each grid point and
the signs are coherent across different terms, preserving the
large-scale spatial structure of the forcing. This EOF-based
forcing largely captures the variance but requires larger cor-
rections for precipitation and Ekman forcing near the coast-
lines and Gulf Stream (Figs. 4p–t).

For example, the stochastic latent heat flux forcing (F′
L)

is given by

F′
L(x, y, t) 5 ∑

k

n51
[P(x, y, n, m)N(n, t)] 1 C(x, y, m)N(t),

(C1)

where P are the regression patterns of stochastic latent heat
flux, N is a set of white noise time series with unit variance,
and C is the additive correction factor. All other forcing com-
ponents are computed in the same way. Note that while each
EOF mode and correction factor receives its own white noise
time series, the same set of k white noise time series is applied
to all other forcing components. This ensures that the signs
are coherent across the different terms, preserving the large-
scale spatial structure of the forcing.
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