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Abstract A method using a linear shallow water model is presented for decomposing the temporal
variability of the barotropic stream function in a high‐resolution ocean model. The method is based on
the vertically averaged momentum equations and is applied to the time series of annual mean stream
function from the model configuration VIKING20 for the northern North Atlantic. An important result is
the role played by the nonlinear advection terms in VIKING20 for driving transport. The method is
illustrated by examining how the Gulf Stream transport in the recirculation region responds to the winter
North Atlantic Oscillation (NAO).While no statistically significant response is found in the year overlapping
with the winter NAO index, there is a tendency for the Gulf Stream transport to increase as the NAO
becomes more positive. This becomes significant in lead years 1 and 2 when the mean flow advection and
eddy momentum flux contributions, associated with nonlinear momentum advection, dominate. Only after
2 years, does the potential energy term, associated with the density field, start to play a role and it is only
after 5 years that the transport dependence on the NAO ceases to be significant. It is also shown that the
potential energy contribution to the transport stream function has significant memory of up to 5 years in the
Labrador and Irminger Seas. However, it is only around the northern rim of these seas that VIKING20 and
the transport reconstruction exhibit similar memory. This is due to masking by the mean flow advection
and eddy momentum flux contributions.

Plain Language Summary The Gulf Stream plays an important role in the climate system,
redistributing heat and other tracers, including carbon, between the tropics and higher latitudes. How the
transport of the Gulf Stream varies, in particular in response to forcing from the atmosphere, is still not
fully understood. Here we use a novel decomposition technique to identify the different contributions to the
transport variability in a high‐resolution model configuration for the northern North Atlantic. We find an
important role for the nonlinear terms in the momentum balance. Transport variations associated with
these terms are often not taken account of but can sometimes obscure signals that are present in the
density field.

1. Introduction

There is evidence of significant interannual to decadal variability in the circulation of the North Atlantic
Ocean (e.g., DiNezio et al., 2009; Eden & Jung, 2001; Eden & Willebrand, 2001; Greatbatch et al., 1991;
Joyce et al., 2000; McCarthy et al., 2018; Rossby et al., 2010; Smeed et al., 2018). Here we focus on the varia-
bility of the vertically integrated (barotropic) transport. Understanding what contributes to this transport
variability is a topic of ongoing research. High‐resolution ocean models offer a tool for making headway
but unraveling the different processes that drive transport poses a challenge.

In the present study, we investigate the vertically integrated (barotropic) transport variability in a
high‐resolution model of the North Atlantic. Such variability can be understood in terms of the vorticity
equation derived from either the vertically integrated or the vertically averaged momentum equations
(e.g., Bell, 1999; Yeager, 2015). Using the diagnostic model of Mellor et al. (1982), Greatbatch et al. (1991)
exploited both approaches and suggested a decomposition based on the linear momentum/vorticity balance.
Much less work has been done on the role played by the nonlinear advection terms in the momentum equa-
tions. Using an approach based on integrating a linear shallow water model (SWM) to steady state, with the
eddy momentum flux (EMF) specified based on satellite data, Greatbatch et al. (2010) suggested an impor-
tant role for the EMF terms in driving mean transport in the Gulf Stream extension region. The same
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methodology was later extended by Wang et al. (2017) to study the dynamics of the mean barotropic trans-
port stream function, where the primary forcing terms for a linear SWM, based on the vertically averaged
momentum equations, were diagnosed from a high‐resolution ocean model configuration of the North
Atlantic, VIKING20 (Behrens, 2013; Böning et al., 2016). These forcing terms are the potential energy
(PE) term (which leads to the JEBAR term in the vorticity equation) associated with the density field, the
mean flow advection (MFA), and EMF terms that arise from the nonlinear advection terms in the momen-
tum equations carried by VIKING20, and the wind stress (WS) term, in this case the effect of the surface WS
applied to a uniform density ocean.

Here the methodology of Wang et al. (2017) is used to decompose the temporal variability in the same
high‐resolution ocean model of the North Atlantic into the four transport components. The decomposition
is then illustrated by using it to interpret the response of the transport to the winter North Atlantic
Oscillation (NAO). The NAO is the dominant mode of low‐frequency variability in the atmospheric circula-
tion over the North Atlantic (Greatbatch, 2000; Hurrell et al., 2003; Marshall et al., 2001). The Gulf Stream is
suggested to vary in transport by up to 8 Sv in response to the NAO and move north (south) in the positive
(negative) NAO phase with a shift in order of 10 km (e.g., De Coëtlogon et al., 2006; Joyce & Zhang, 2010;
Taylor & Stephens, 1998; Watelet et al., 2017). Rossby et al. (2010) also note a significant (negative) correla-
tion between transport near 55‐m depth and the NAO along the “Oleander” line crossing the Gulf Stream
near 70°W. In the subpolar gyre, the lateral transport is thought to play a role in climate variability (e.g.,
Delworth et al., 1993), and the thermohaline forcing exhibits a close relationship to the NAO index (Curry
& McCartney, 2001; Dickson et al., 1996; Yashayaev, 2007). In addition, the convectively formed water
masses are estimated to have a residence time of approximately 4–5 years in the Labrador basin (Straneo
et al., 2003) and to arrive in the Irminger and Iceland basins with typical delays up to 5 years (Yashayaev,
2007). To what extent the spreading of newly formed dense water influences the barotropic transport varia-
bility is not clear, although Gerdes and Köberle (1995) offer a glimpse of what can happen in a model that
does not resolve eddies.

Another important point to note when interpreting our results is that because our focus is on interannual
time scales, classical (flat‐bottomed) Sverdrup balance is unlikely to be valid because of the much longer
time scales required for baroclinic adjustment of the ocean (e.g., Anderson and Killworth, 1977; Anderson
et al., 1979; DiNezio et al., 2009; see also Anderson and Corry (1985) for an illustration on seasonal time
scales). Rather, as pointed out by these authors, the variable ocean bottom topography plays an important
role. Indeed, Eden and Willebrand (2001) note that the response of the North Atlantic within the first year
to forcing from the NAO is expected to be the topographic Sverdrup response to the NAO‐induced wind for-
cing, consistent with what we present here from VIKING20.

The plan of our paper is as follows. The data andmethods are described in section 2, the results are presented
in section 3, and a summary is provided in section 4.

2. Data and Methods

To compute the annual‐mean barotropic transport driven by each of the four forcing terms, the linear, bar-
otropic SWM described in Wang et al. (2017) is run to steady state for each year and each forcing term sepa-
rately. The SWM uses a staggered latitude/longitude C‐grid with a horizontal resolution of 1/20° covering
the North Atlantic between 85°W and 5°E and from 31 to 67°N, with the lateral boundaries closed. In steady
state, the equations governing the SWM are

−fv ¼ Z −
1

ρ0acosθ
∂pb
∂λ

−
ru
H

− Fx (1)

fu ¼ M −
1
ρ0a

∂pb
∂θ

−
rv
H

− Fy (2)

0 ¼ 1
acosθ

∂Hu
∂λ

þ ∂cosθHv
∂θ

� �
(3)

where each of the four forcing terms are denoted as (Z,M), a is the radius of the Earth, and (λ, θ) are
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longitude and latitude. It should be noted that the free surface variable in the SWM should
be interpreted as the bottom pressure, pb; ρ0 is a representative density for sea water; u and v
are vertically averaged velocities in the eastward and northward directions, respectively; H is
the ocean depth; r is a linear friction coefficient, and (Fx, Fy) denotes a horizontal Laplacian
viscosity term with lateral eddy viscosity coefficient Ah (see Wang et al., 2017, for the details). It
should be noted that (3) allows the computation of a transport stream function from the SWM
output and that a transport stream function is also computed using annual mean output from
VIKING20 (see below).

The forcing terms, (Z, M), in equations (1) and (2) are computed from VIKING20 (Behrens, 2013).
VIKING20 is a high‐resolution (1/20°) configuration, covering the northern North Atlantic Ocean
(~30–85°N), nested within a global ocean‐ice model of roughly 1/4° horizontal resolution (the base
model). The model uses the Nucleus for European Modelling of the Ocean (Madec, 2008), the
Louvain‐la‐Neuve Ice Model (LIM2) model, and two‐way nesting using the AGRIF system (see
Behrens, 2013, and Böning et al., 2016, for details). After a 30‐year spin‐up with the base model alone,
VIKING20 was integrated from 1948 to 2009 using the interannually varying COREII atmospheric for-
cing (Large & Yeager, 2009). Output from VIKING20 covering the 50‐year period 1960–2009 is used
here. The forcing terms (Z, M) are calculated using the output, which consists of 5‐day means, for each
year separately (see Wang et al., 2017 for details).

The formulation of (Z, M) in the four cases is given below, where an overbar denotes a time average over a
single year (following Rieck et al., 2015), prime deviations from that average, and < > a vertical integral from
z = − H (the ocean bottom) to z = 0 (the ocean surface):

1. The PE term:

Figure 1. (a) Standard deviation of the annual mean barotropic transport stream function (color image in units of
Sverdrups) from VIKING20 (VK), and the percentage of variance in VIKING20 accounted for by (b) the shallow water
model (SWM) reconstruction, (c) the potential energy (PE), (d) the mean flow advection (MFA), (e) the eddy momentum
flux (EMF), and (f) the wind stress (WS) contributions. Here explained variance is computed using equation (4).
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where ρ represents the in situ density and ρm represents the horizontally averaged mean density.

2. The MFA term:
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4. The WS term

Figure 2. The dependence of the transport stream function on the winter North Atlantic Oscillation (NAO) index as
obtained using linear regression for (a) VIKING20 (VK), (b) the shallow water model (SWM), (c) potential energy (PE),
(d) mean flow advection (MFA), (e) eddy momentum flux (EMF), and (f) wind stress (WS) contributions. The units are Sv
per unit for the NAO index. Only those regions are plotted where the associated correlation exceeds the 95% significance
level according to a Student's t test.
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Z ¼ τxs
ρ0H

M ¼ τys
ρ0H

where (τxs ; τ
y
s) is the surfaceWS. Note that to compute terms 2 and 3, VIKING20 does not output the momen-

tum fluxes directly. Rather the 5‐day mean output of u and v is used to compute these terms.

When considering the forcing terms 1–4, it should be noted that in the vorticity equation that can be derived
from equations (1) to (3), the PE term appears as the JEBAR term (Greatbatch et al., 1991; Mertz & Wright,
1992). Also, theMFA and EMF terms both arise from the nonlinear advection terms in themomentum equa-
tions carried by VIKING20, and since the overbar corresponds to an annual mean, the MFA term includes
the interannual variability, whereas the EMF term takes account of variability on intraseasonal to seasonal
time scales.

In the following, when referring to the SWM reconstruction, we refer to the sum, for each year, of the trans-
port stream functions computed using each forcing term separately.

It should be noted that since the f/H contours enter the model domain at the southern boundary, there is
transport that is driven by each of the forcing terms outside the SWM domain that is not accounted for by
our model solution. We shall see that for the variability, the role of this “residual part” is not as important
as was found for the mean circulation by Wang et al. (2017).

The winter NAO index used in this study is the December–March (DJFM) North Atlantic Oscillation Index
(PC‐Based; Hurrell, 1995) and was downloaded from https://climatedataguide.ucar.edu. It should be noted
that for the analysis in the following sections, the time series have all been detrended.

Figure 3. The time in years for the autocorrelation of the transport stream function to drop to a value of 1/e or less in (a)
VIKING20 (VK), (b) the shallow water model (SWM) reconstruction, and for the stream function driven by each of (c) the
potential energy (PE), (d) mean flow advection (MFA), (e) eddy momentum flux (EMF), and (f) wind stress (WS) terms.
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3. Results

Figure 1a shows the standard deviation of the annual mean barotropic transport stream function in
VIKING20 for the 50‐year analysis period, 1960–2009. Over most of the domain, the standard deviation is
less than 10 Sv, while somewhat larger (>20 Sv) variability is seen along the pathway of the Gulf Stream
and the North Atlantic Current extending into the northwest corner region (Lazier, 1994). As noted by
Wang et al. (2017; see also Drews et al., 2015), reproducing the northwest corner is a challenge for most mod-
els. In VIKING20, the northwest corner is present but also extends too far northward into the Labrador Sea
(see Breckenfelder et al., 2017]).

To compare with the SWM reconstruction, we compute the percentage of variance of the stream function
variability in VIKING20 that can be accounted for by the SWM reconstruction as well as the time series of
annual mean stream function associated with the different forcing terms. Here explained variance P at each
grid point is calculated as

P ¼ 1 −
var ψvk − ψð Þ
var ψvkð Þ

� �
× 100 (4)

where ψvk is the time series of the annual mean stream function from VIKING20, var(ψvk) is the variance of
ψvk, and ψ is a time series of an annual mean stream function computed using the SWM. It should be noted

Figure 4. Scatterplot showing, for each year, the winter North Atlantic Oscillation (NAO) index and barotropic transport
between the two positions marked by stars shown in (f) for (a) VIKING20 (VK), (b) the shallow water model (SWM)
reconstruction and the contributions from (c) the potential energy (PE), (d) mean flow advection (MFA), and (e) eddy
momentum flux (EMF) terms. Here the year and winter used for the NAO index overlap in January, February, and March.
The time‐mean stream function fromVIKING20 (color shading) is shown in (f). The red lines are the best fits obtained by the
linear regression with the 95% confidence interval shaded in gray (see text for details). The lower left subpanel shows the
histogram of the distribution of linear regression slopes obtained by randomly reshuffling the transports, with the 95%
significance level indicated by the gray lines (see text for details). The percentages shown on the histogram plots indicate the
percentage of linear regression slopes from the Monte Carlo method that are less than the slope of the red line.
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that in all cases, the results are almost the same if the explained variance is computed as the square of the
linear correlation coefficient between the times series of the two annual mean stream functions.

Figure 1b shows the spatial distribution of P computed using the SWM reconstruction, that is, the sum of the
stream functions computed separately using the four forcing terms. It is clear that the SWM reconstruction
accounts for a large part of the variance seen in VIKING20. Exceptions are near the southern boundary and
in the continental shelf regions. The latter is because the bottom topography used for the SWM differs from
that in VIKING20 on the shelf. As explained by Wang et al. (2017), this was done for numerical reasons. The
discrepancy near the southern boundary is because the SWMdoes not account for stream function variations
that are generated south of the model domain and that propagate into the domain along f/H contours.

The other panels in Figure 1 show the percent variance of the temporal variability in VIKING20 that is
explained by stream function variability driven by each of the forcing terms used to drive the SWM. It is clear
that most of the variance is explained by the PE case, although there are regions, particularly on the western
side of the basin, where other contributions, especially from the MFA and to some extent the EMF cases,
play a more important role. This is especially true in the region of the Gulf Stream and associated recircula-
tion gyres south of Atlantic Canada and also in the Labrador Sea.

The WS case (Figure 1f) generally plays only a minor role. To understand why this is, it should be remem-
bered that WS corresponds to the transport stream function variability for the wind‐driven response of the
ocean as if it had uniform density. Even in the mean, the transport for a uniform density ocean is quite small
in the northern North Atlantic, especially in the region of the subpolar gyre (see Figure 2a in Greatbatch
et al., 1991).

Direct wind forcing does, however, influence the PE term, for example, through Ekman pumping, and also,
indirectly, the MFA and EMF terms to some extent. To illustrate this, Figure 2 shows the dependence, as
obtained from linear regression, of the transport stream function on the winter NAO index. Here the

Figure 5. (a–f) As the Figure 4 but for the barotropic transport 1 year later (lead year 1).
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transport stream function is a time series of annual means and the winter NAO index is for the months of
DJFM, where January, February, and March (JFM) overlap with the year used to compute the annual
mean stream function. The WS case is very similar to the response to wind forcing at lag zero noted by
Eden and Willebrand (2001) and corresponds to the topographic Sverdrup response to wind forcing. The
PE case shows the impact of Ekman pumping, with the tendency to have enhanced gyre transport for
both the subpolar and subtropical gyres when the NAO is positive, the latter extending northeastward
toward the British Isles. There is also good agreement between VIKING20 and the SWM reconstruction.
The feature extending toward the British Isles is enhanced in VIKING20 and the SWM reconstruction
compared to the PE case alone through the combination of the contributions from the PE and WS cases.
The contributions from the MFA and EMF cases are very localized and do not appear to be important.
The WS case will not be discussed further in this paper.

We can also examine how much year‐to‐year memory is contained in the computed stream functions.
Figure 3 shows the time (in years) for the autocorrelation of the stream function to drop to a value of 1/e
or less for each case. In order to remove the grid point wave, a centered star‐shaped 5‐point average is applied
in both the zonal and meridional directions to the transport stream function before computing the autocor-
relation with a weighting of 1/8 at the outer grid points and 1/2 at the center grid point. In both VIKING20
(Figure 3a) and the SWM reconstruction (Figure 3b), there is memory up to at least 5 years around the north-
ern part of the subpolar gyre. We can see that this memory derives almost entirely from the PE contribution
(Figure 3c), that is, the density field. Interestingly, the PE contribution also shows memory extending out to
5 years in the Labrador Sea that is not so evident in either VIKING20 or the SWM reconstruction, indicating
how signals in the density field can be obscured by the MFA and EMF contributions. The memory in the PE
contribution is consistent with the estimated residence time scale for convectively formed water masses in
the Labrador basin (Straneo et al., 2003). The MFA contribution also exhibits some long‐term memory in
the northern recirculation gyre region south of Atlantic Canada and also around the northern rim of the

Figure 6. (a–f) As the Figure 4 but for the barotropic transport 2 years later (lead year 2).
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Labrador Sea, in the region of the so‐called Lavender recirculation (Lavender et al., 2000), although neither
of these features appear in VIKING20 or the SWM reconstruction.

We now illustrate how the decomposition technique can be used to understand transport variability asso-
ciated with the NAO in more detail. In section 1, we noted that the Gulf Stream tends to be further
north/south in years following positive/negative NAO winters and although we find some evidence of this
in VIKING20 (not shown), the horizontal resolution of the model (1/20 degree, but still only about 5 km
in the Gulf Stream region) and the number of years available (50) are such that it is hard to detect move-
ments in Gulf Stream position with any certainty. Instead, we illustrate the transport variability showing,
first, the dependence of the transport variability between the two stars shown in Figure 4f. These two stars
sit on either side of the Gulf Stream in the model; in particular, one star is in the northern recirculation gyre
and the other on the southern flank of the Gulf Stream in the model. As before, the stream function has been
filtered to remove grid point waves before applying the analysis and all the analysis uses detrended time ser-
ies. The light blue dots in Figure 4 show the annual mean transport between the two stars as a function of the
winter NAO index along the x axis. Here, as before, the winter NAO index is for DJFM and the annual mean
is for the year containing JFM (lead year 0). The red straight line is the best fit obtained using linear regres-
sion, and the significance of the slope is obtained by randomly shuffling (with no repeats) the annual mean
transport amongst the years 10,000 times and repeating the regression analysis. The histogram of the distri-
bution of the regression slopes is presented in the lower left subpanel. The gray bars indicate the 95% signif-
icance level for the slope (that is, 2.5% of the total slopes are beyond the gray bar at each end of the
histogram), and the slope of the red line is indicated by the red bar. The histogram consists of 100 equally
spanned bins from the minimum to the maximum. The percentage of regression slopes from the shuffled
samples less than that of the red line is shown: the closer the red line is to the extremes at the two sides of
the distribution, the more significant is the dependence shown by the red line. The gray shading shows

Figure 7. (a–f) As the Figure 4 but for the stream function at the location in the Lavender recirculation shown by the star
in panel (f).
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the 95% confidence interval of the regressed red line as estimated by randomly resampling the two variables
(winter NAO index, x, and transport, y) in pairs, allowing repeated pairs. A distribution of predicted y is
obtained by 10,000 regressions on resampled x and y pairs, in this way accounting for noise in both the
winter NAO index and the transport.

From Figure 4, we see that in VIKING20, there is a weak tendency at lead year 0 for the transport to increase
with increasing NAO index, although this is not statistically significant. This behavior is reproduced by the
SWM reconstruction and is a feature of the different contributions to the SWM calculated transport, with the
most significant contribution coming from the MFA contribution. In VIKING20, the dependence on
the NAO is stronger and more significant 1 year later (lead year 1, Figure 5) and this is also reproduced by
the SWM reconstruction. This time, in addition to the MFA contribution, the EMF contribution plays an
important role. One year later again (lead year 2, Figure 6), the dependence on the NAO is even stronger
in VIKING20 and exceeds the 95% significance threshold, behavior that is again reproduced by the SWM
reconstruction. This time, however, it is the EMF contribution that dominates with no significant role for
the MFA contribution, but with the PE contribution becoming more important. The results for lead year 3
(not shown) are very similar to those for lead year 2 (Figure 6), and it is only in lead year 4 (not shown) that
the significance levels start to drop, with no significant relationship between the NAO and the transport
variations in lead year 5 (not shown).

The general features of the results shown in Figures 4–6 are not sensitive to the choice of location either side
of the Gulf Stream to compute the transport and show that the variability of the Gulf Stream transport in the
recirculation region in the model in response to the winter NAO index is not significant in lead year 0 but is
dominated by the MFA and EMF contributions in lead years 1 and 2 (the terms arising from the nonlinear
terms in the momentum equations carried by VIKING20). Only in lead year 2, does the baroclinic response
(the PE contribution) start to be important and it is the EMF and PE contributions that dominate in
lead years 3 and 4. The delayed baroclinic response agrees with the finding of Eden and Willebrand

Figure 8. (a–f) As the Figure 7 but for the stream function 1 year later.
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(2001) and is consistent with Gerdes and Köberle (1995), both of whom
used non‐eddying models. The reason for the relatively rapid response
through the MFA and EMF terms is less clear, and constitutes a new
result, but suggests that the eddy field may, itself, have some dependence
in the NAO. It has been suggested that interannual variability of the eddy
kinetic energy in the North Atlantic has a dependence on the NAO (e.g.,
Stammer & Wunsch, 1999) with a lag of 4 to 12 months (Penduff et al.,
2004). Nevertheless, there is no obvious dependence of the eddy kinetic
energy on the NAO in VIKING20. There is also no obvious dependence
of the MFA and EMF forcing terms used to drive the SWM on the NAO.
However, it should be remembered that the transport variability being
diagnosed here is an integrated response to the different forcing terms.
In the case of the SWM, the zeroth‐order description (in the absence of
friction) of the model response corresponds to a topographic Sverdrup
response to the imposed forcing and is, therefore, an integral along f/H
contours in the direction of topographic wave propagation into the basin
interior. This process of integration acts to smooth out the noise in the for-
cing and reveal the signal, in this case the components of transport that
are driven by the MFA and EMF terms.

As another example, Figure 7 shows the dependence of the stream func-
tion itself at the location shown by the star in Figure 7f within the
Lavender recirculation (Lavender et al., 2000) in the northern Labrador
Sea. In VIKING20, the stream function shows a significant decreasing
dependence on the NAO at lag 0, corresponding to an increase in gyre
transport as the NAO index becomes more positive. This behavior is
reproduced by the SWM reconstruction and is accounted for by the PE
and MFA contributions. It is worth noting that the MFA term is the pri-
mary term driving the Lavender gyre in the mean, as noted by Wang
et al. (2017). At lead year 1 (Figure 8), the relationship between the
NAO and stream function in VIKING20 and the SWM reconstruction
becomes less significant, despite a strong contribution from the PE case.
The reason for this is that the MFA and EMF contributions, both of which
pass the 95% significance threshold, oppose the contribution from the PE
case. This is another example of how signals, for example, from the PE
terms that are intrinsic to the density field, can be masked by and some-
times even countered by the MFA and EMF contributions.

4. Summary and Discussion

We have shown how the decomposition method introduced by Wang et al. (2017) can be used to analyze the
variability of the barotropic stream function and associated transport in a high‐resolution model configura-
tion for the northern North Atlantic Ocean, VIKING20 (Behrens, 2013; Böning et al., 2016). The decomposi-
tion is based on the vertically averaged momentum equations and is carried out by running a linear SWM to
steady state with the forcing terms diagnosed from VIKING20 output. The dominant contribution is from
the PE forcing term (which appears as the JEBAR term in the vorticity equation) but with important contri-
butions from the MFA and EMF cases in the Gulf Stream recirculation, North Atlantic Current regions, and
the Lavender recirculation. It should be noted that the MFA and EMF arise from the nonlinear advection
terms in the momentum equations carried by VIKING20.

The autocorrelation of the transport stream functions demonstrates that the PE contribution, which is
intrinsic to the density field, leads to significant memory of the transport stream function in the Labrador
Sea and Irminger Sea regions where newly formed waters by deep convection reside. The autocorrelation
associated with the PE term remains higher than 1/e for over 5 years in these regions (Figure 3). There is also
the suggestion of periodic behavior with a period approaching 30 years (Figure 9). Since this oscillatory

Figure 9. The estimated period (in years) for the internal oscillation implied
by the autocorrelation of the transport stream function in (a) VIKING20
(VK), (b) the shallow water model (SWM) reconstruction, and (c) the
potential energy (PE) contribution. The period is estimated by doubling
the time at which the autocorrelation reaches a minimum that is negative.
To be acceptable, the minimum must satisfy two requirements: (1) the
minimum autocorrelation must be less than −1/e with a 95% significance
level and (2) the autocorrelations must increase at longer lags to become
positive with a 95% significance level.
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behavior is not found in the NAO index, it seems likely that the oscillatory behavior indicates an internal
oceanic mode of variability in the model. Such internal modes of variability in the subpolar gyre region have
been suggested by a number of authors, for example, Eden and Greatbatch (2003) and Mecking et al. (2015).
The tendency to have oscillatory behavior is also seen in VIKING20 and the SWMbut only around the north-
ern rim of the Irminger and Labrador Seas, and not in the interior. This is an example of how transport varia-
bility associated with the PE term can be hidden by variability in the MFA and EMF terms arising from the
nonlinearity of the momentum equations in VIKING20.

The advantage of the decomposition was also illustrated by looking at how the annual mean barotropic
transport in VIKING20 responds to the winter NAO. In particular, we looked at the transport variability
in the Gulf Stream recirculation region in VIKING20. Despite there being no significant transport variability
associated with the NAO in lead year 0, a tendency for the transport to increase as the winter NAO index
increases gradually emerges in lead years 1 and 2 (NAO leading), mostly associated with the MFA and
EMF contributions. At lead years 2 and 3, the PE contribution starts to play a role consistent with earlier stu-
dies (e.g., Eden & Willebrand, 2001; Marshall et al., 2001) indicating a slow emergence of the baroclinic
response to the NAO. It is only in lead year 4 that the response in both VIKING20 and the SWM reconstruc-
tion starts to lose significance. The mechanism responsible for the more rapid response associated with the
nonlinear (MFA and EMF) terms requires further investigation. Nevertheless, the importance of the MFA
and EMF terms in lead years 1 and 2 is a new result.

In the Lavender recirculation (Lavender et al., 2000) in the northern Labrador Sea, both the PE contribution
associated with the density field and the MFA advection contribution play an important role in the strong
dependence of the transport stream function on the NAO in lead year 0: the more positive the NAO, the
stronger the circulation. In the following year (lead year 1), despite a strong contribution from the PE term,
the dependence of the stream function on the NAO in both VIKING20 and the SWM reconstruction is much
weaker, with the MFA and EMF contributions opposing the dependence from the PE contribution. This
again indicates how the nonlinear terms in the momentum equations can obscure transport variability
intrinsic to the density field (i.e., the PE contribution) in VIKING20.
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