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Abstract Fluctuations in the path of the Gulf Stream (GS) have been previously studied by primarily
connecting to either the wind-driven subtropical gyre circulation or buoyancy forcing via the subpolar
gyre. Here we present a statistical model for 1 year predictions of the GS path (represented by the

GS northern wall—GSNW) between 75°W and 65°W incorporating both mechanisms in a combined
framework. An existing model with multiple parameters including the previous year's GSNW index,
center location, and amplitude of the Icelandic Low and the Southern Oscillation Index was augmented
with basin-wide Ekman drift over the Azores High. The addition of the wind is supported by a validation
of the simpler two-layer Parsons-Veronis model of GS separation over the last 40 years. A multivariate
analysis was carried out to compare 1-year-in-advance forecast correlations from four different models.
The optimal predictors of the best performing model include: (a) the GSNW index from the previous year,
(b) gyre-scale integrated Ekman Drift over the past 2 years, and (c) longitude of the Icelandic Low center
lagged by 3 years. The forecast correlation over the 27 years (1994-2020) is 0.65, an improvement from
the previous multi-parameter model's forecast correlation of 0.52. The improvement is attributed to the
addition of the wind-drift component. The sensitivity of forecasting the GS path after extreme atmospheric
years is quantified. Results indicate the possibility of better understanding and enhanced predictability of
the dominant wind-driven variability of the Atlantic Meridional Overturning Circulation and of fisheries
management models that use the GS path as a metric.

Plain Language Summary The position of the Gulf Stream (GS), the western boundary
current in the North Atlantic, after it detaches from the coast can affect processes from fisheries

to atmospheric events and is an indicator of climate change. In this study, we were able to create a
forecasting model predicting the position of the northern wall of the GS 1 year in advance. This model
incorporated integrated winds generated from the Azores High and the Icelandic low, the two major
atmospheric pressure centers over the North Atlantic. The correlation between the predicted latitude from
the model with the observed GS North Wall index for over 27 years is 0.65. The ability to correctly predict
the GS path has important implications for improving the management of Living Marine Resources.

1. Introduction

In the North Atlantic subtropical gyre, the Gulf Stream (GS) is the northward flowing geostrophic cur-
rent that is topographically bound until it reaches the latitude of Cape Hatteras, where it separates from
the coast and becomes a “free-wheeling” jet. The latitudinal excursion of the GS meanders from its mean
path are on the order of 100-200 km after it departs from the coast (Cornillon, 1986). This path variability
has been linked to multiple processes spanning from fisheries (Nye et al., 2011) to atmospheric events
(Joyce et al., 2009) and is often interpreted as an indicator of climate change (Caesar et al., 2018; Zhang
et al., 2019). In particular recent rapid changes in the northwest Atlantic water properties and ecosystem,
responses have been linked to the variations of the GS path and its instabilities (Andres, 2016; Brickman
et al., 2018; Gangopadhyay et al., 2019; Gawarkiewicz et al., 2012, 2018, 2019; Mills et al., 2013; Pershing
et al., 2015; Silver et al., 2021).

The path of the GS from the separation point up to 65°W and beyond has often been quantified with one
single metric—called the GS North Wall (GSNW) Index. The GSNW at the surface is defined by the sharp
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temperature gradient that occurs where warm waters at the northern edge of the GS meet the cooler waters
from the Slope Sea. A recent review of different metrics and their inter-relationship with respect to the GS
axis is given by Chi et al. (2019).

The meandering of the GS path is also linked with its separation near Cape Hatteras (75°W, 35°N). The
separation of the GS from the coast at Hatteras is governed by multiple factors such as inertial control (Fo-
fonoff, 1954), basin-wide wind stress (Dengg, 1996; Gangopadhyay et al., 1992; Gill, 1982; Parsons, 1969;
Veronis, 1973) and bathymetric control (Schoonover et al., 2017; Zhang & Vallis, 2007). The Taylor-Stephens
Index (TSI ; see Data for details), an index of the GSNW (Taylor et al., 1998) has been shown previously to
correlate well with the separation point inter-annually (Taylor & Gangopadhyay, 2001).

Previous studies have focused on two distinctly separate but somewhat linked force-response mechanisms
between the GS path and the overlying wind system. First, the Parsons-Veronis hypothesis is built on the
concept of separation by detachment. This theory, within a two-layer ocean model, implies that the GS de-
taches from the coast when it reaches a latitude in which the boundary between the two layers extends to
the surface, essentially at an outcropping of isopycnals (Huang & Flierl, 1987; Parsons, 1969; Veronis, 1973).
This hypothesis was tested by Gangopadhyay et al. (1992) (GCW92, hereafter), who found evidence that the
observed separation latitude of the GS was correlated with the predicted outcropping latitude (OCL) of the
two-layer model if one integrates the wind-stress over the subtropical Atlantic basin (dominated by Azores
High) for 3 years. This 3-year time-period was attributed to the integrating effect of long-planetary Baroclin-
ic Rossby Waves (BRW) to cross the Atlantic and affect the western boundary (Gill, 1982).

Furthermore, the path of the GS after separation is dependent on the separation point itself. It is well
known that the GS has a standing meander pattern between 75°W and 70°W (Cornillon, 1986; Lee & Cornil-
lon, 1996; Tracey & Watts, 1986). Thus the latitude and angle of the GS at separation dictates the path of the
GS at least up to 70°W; indicting that the choice of TSI as a metric of separation as well as a GSNW index (at
least for the western half of the GS between 75 and 65°W) is reasonable.

A number of studies have proposed that the path of the GS is influenced by the southward flow of Labra-
dor Seawater (Rossby, 1999), dictated by the strength and location of one of the North Atlantic Oscillation
(NAO)'s Center of Action, the Icelandic low-pressure center (Hameed & Piontkovski, 2004; Sanchez-Franks
et al., 2016). Sanchez-Franks et al. (2016) (SHW16 hereafter) created a regression prediction method of
forecasting the GSNW position 1-year ahead using Icelandic low center pressure and longitude paired with
the Southern Oscillation Index (SOI). SHW16 found that the forecasted GSNW values accounted for 36%
of the variance and did not consider other mechanisms, for example, the latitude of separation, that could
influence the GS location.

The variability of the path and transport (of heat and mass) of the GS is also linked to the variability of the
Atlantic Meridional Overturning Circulation (AMOC). Understanding the GS path variability, a component
of the AMOC, might lead to a better understanding and prediction of the variability of the overall AMOC
(Caesar et al., 2021; Lozier, 2010). A number of studies have recently suggested that the impacts of buoyancy
and wind forcing on the AMOC transport are different over different time-scales; wind-forcing dominating
the seasonal, interannual and decadal variability while the buoyancy forcing dominates over the longer,
centennial time-scales (Biastoch et al., 2008; Mielke et al., 2013; Zhao & Johns, 2014a, 2014b). Using data
(2004-2010) and model simulations, both Zhao and Johns (2014a, 2014b) and (Mielke et al., 2013) con-
cluded that although it is a relatively smaller constituent of the total AMOC transport, most of the AMOC
variability results from the Ekman transport component.

Mooring array programs at both 26°N (Smeed et al., 2016, RAPID) and 53°N (Lozier et al., 2017, OSNAP)
show that the variability of the Ekman transport is about +1.5 — 2 Sv, while the amplitude and seasonal
range is about 3 — 4 Sv. Thus, it makes a case for understanding the variability of the Ekman transport
which is restricted to the upper layer of the AMOC. In turn, in a simple 2-layer Parsons-Veronis model
sense, this Ekman drift is related to the separation and path of the GS at the western boundary between 26°
N and 41°N.

In summary, the wind-driven GS, resulting from integrated effects of basin-scale wind gyres (Gangopadhyay
et al., 1992, 2016) flowing around the two atmospheric Centers of Action (i.e., the Icelandic Low and the
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Azores High) of the NAO, is sensitive to both atmospheric pressure cells.
A schematic in Figure 1 captures this synergistic force-response system
of the GS path to both the components of the NAO via their respective
Ty forcing parameters. The GS is situated at the boundary between the sub-
. tropical and subpolar gyres. The variability of the GS path is thus partly
due to (a) the basin-scale wind-driven through long BRW and the latitude
of separation as per GCW92 associated with the Azores High and (b) the
buoyancy advection of Labrador Current and Labrador Sea Water from
the Labrador Sea region (Joyce et al., 2009), associated with the Icelandic
Low as per SHW16.

We present a statistical model for the first time whose parameters rep-
resent the effects of buoyancy and wind-forcing in a combined response
system for predicting the variability of the GS path using 40 (1980-2019)
years of observed wind and 41 years (1980-2020) of GS index data. Specif-
ically, we will be first exploring the hypothesis proposed by Parsons (1969)
and Veronis (1973) and building upon the work done by Gangopadhyay
et al. (1992), reanalyzing the hypothesis over a longer time (40 years). We
then combine the Parsons-Veronis hypothesis (wind-forcing) with influ-
ences of the Icelandic Low (bringing in the buoyancy-forcing by extend-
ing the previous work by SHW16) to develop a new forecasting model for

the path of the GS.
Figure 1. This synergistic schematic shows the different aspects of The organization of this paper is as follows. Section 2 outlines the dif-
atmospheric forcing and their influence on the Gulf Stream (GS) which ferent data sets used in this study. Section 3 presents the validation of

are incorporated into the forecasting model. (a) The two components
of the North Atlantic Oscillation (AH and IL) are presented with wind
vector arrows while the dashed line on the right edge shows the typical

the Parsons-Veronis mechanism of predicting the outcropping latitude
for the 40-year period (1980-2019). A hierarchical forecast model devel-

latitudinal variation of the zonal wind stress, z,. (b) The surface circulation ~ Opment is presented in Section 4 starting from the SHW16 model and
with the red arrows represents the GS and the North Atlantic Current; the  ending with a model that incorporates both the effects of integrated wind
blue arrows represent the Labrador current and other currents around stress over subtropical Atlantic and the longitudinal movement of the

Greenland. The small black arrows show the southward Ekman drift
(T;) under the Azores High. The dashed line shows the location of the
outcropping latitude (OCL) along which the vertical depth structure is

Icelandic Low. Additional parameters such as the SOI and the Icelandic
Low Pressure (ILP) amplitude are included in intermediate steps to test

depicted in the bottom panel. (c) The depth structure of the two-layer the sensitivity of the GS response to extreme conditions of the El Nifio
ocean model with the OCL marked on the western side is shown here. Southern Oscillation and NAO variability. Section 4 also discusses these
The geostrophic flow is marked by the red arrow and the interface sensitivities and Section 5 summarizes the results with implications to

between the two boundaries on the eastern side is marked by /,. BRW
represents the Baroclinic Rossby Waves. The image was generated using

the presently active AMOC.

Inkscape (Inkscape Project, 2020) and MATLAB's mapping toolbox (The

MathWorks, 2020).

2. Data

In this section, we briefly describe the different data sets used in this
study: (a) the GS path and (b) multiple parameters from the atmospheric
system.

2.1. GS Path

The Taylor-Stephens index (TSI) was calculated by applying principal components analysis to the time se-
ries of monthly latitudes of the north wall at (79, 75, 72, 70, 67, and 65°W), and found to be significantly
linked to the NAO (Taylor & Gangopadhyay, 2001; Taylor et al., 1998).

The TSI in addition to being used as a measurement of the GSNW is also used here as an estimation of the
GS separation latitude. We validated this by comparing the TSI with the Atlantic Zone Mapping Program'’s
(AZMP) (Fisheries and Oceans Canada, 2021) GS location at 74°W and with the location of the 50 cm con-
tour line from AVISO sea surface height fields at 74°W (Global Monitoring and Forecasting Center, 2021).
Both comparisons, AZMP and AVISO, showed high correlations with the TSI (r = 0.74 and 0.66, respective-
ly, for the period 1993 to 2016) as seen in Figure 2 justifying our usage of TSI as a proxy for the separation
latitude.
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The wind stress data was obtained from JRA-55 yearly wind fields which
are available from 1958 to 2019 at a 1.25° grid (Japan Meteorological Agen-

®
é ] cy, 2013). This is higher resolution than the 2.5° wind used in GCW92.
% 0 i The JRA-55 wind data are available from https://rda.ucar.edu/datasets/
._§ '| ' ds628.1/. The SOI data are available from https://climatedataguide.
g gl " Y : ' ER l ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-ta-
5 "’.‘_f o ;, _.:' hitidarwin-slp-soi (Trenberth, 1984). The atmospheric centers of action
% S == AVfS 5 L’ | indices (for Azores High and Icelandic Low) are available from https://
e AZMP b you.stonybrook.edu/coaindices/ (Hameed & Piontkovski, 2004; Hameed
: . . . & Riemer, 2012). The NAO winter index is available from https://cli-
1995 2000 2005 2010 2015 matedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscilla-
Year tion-nao-index-station-based (Hurrell et al., 2003).
Figure 2. Validating the Taylor-Stephen Index (TSI) with two different Finally, the analysis time-period for the Parsons-Veronis model focus-

metrics of the Gulf Stream separation latitude at 74°W. The Atlantic Zone ing on validating the linkage between the GS path and the Azores High

Mapping Program (AZMP) uses sea surface temperature and the AVISO
quantification uses the 50 cm contour from sea surface height fields. The
correlations between the AVISO separation and with the TSI and the

winds (in an integrated sense) was the 40-year period (1980-2019). The
forecasting model was fit over the 14-year period 1980-1993, and the

AZMP with the TSI are r = 0.66 (red text in figure) and r = 0.74 (blue text 1-year forecast comparisons were carried out over the next 27-year peri-
in figure), respectively, for the period 1993 to 2016. od (1994-2020). Extreme years for SOL, ILL, and NAO were identified as

those years when the parameters were beyond +0.8 standard deviation
from their mean value over the 1980-2019 period.

3. The Variability of the GS Separation Latitude (1980-2019)
3.1. The Parsons-Veronis Model (Wind-Forcing)

Following GCW92's methodology, we considered a two-layer ocean forced by steady wind stress with the
bottom layer at rest. Using a balance between Ekman transport and the northward geostrophic flow, the
outcropping latitude was predicted. The model was constructed using the equations from GCW92 with the
final form being:

g 2 g 2

——h,, =—=—h; - T, 1

7 f W 2 f e E ( )

g(Pz ~ P

The term 2g—fh3 represents the geostrophic transport and g' = 1) is the reduced gravity of the

two-layer model with p, and p, being the densities of the upper angzlower layers and f being the Cori-
olis parameter. Depths of the interface between the two layers at the eastern and western boundaries are
represented by %, and h,, respectively. The outcropping latitude is obtained by setting 4,, = 0, so that the
isopycnal reaches the surface at the western boundary. This eliminates the left hand side of Equation 1 and
establishes a balance between the northward geostrophic flow and the Ekman transport. Ekman transport
increases as one moves further North, so in order to maintain this balance the GS has to detach from the
coast and move eastward. In this way, we can use this equation to predict the separation latitude (as the
outcropping latitude) of the GS. The A, and p values were based on the GCW92 work which designed a
data-based two-layer system of the subtropical north Atlantic using CTD casts (conductivity, temperature,
and depth) from the National Oceanographic Data Center database. Specifically, p, = 1026.4 kgm™ and

p, =1027.61kgm™>, which yielded a g’ = 0.0115 ms™> The values of /, were adapted from the CTD-based
two-layer model presented by GCW92 and are interpolated to higher resolution grid for this study. The orig-
inal values of h, were 375, 300, 230, and 125 m at 31°N, 33°N, 37°N, and 41°N respectively.

The Ekman Transport was computed by integrating the zonal wind stress (z,) from 20°W to 75°W, excluding
regions over land. GCW92 used a constant 110 km per degree longitude and a constant f value, equivalent
to f at 35°N, for all latitudes. This was updated here by allowing for both longitudinal distance variations
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Annual 3-yr Avg over spherical earth and for f to vary with latitude. The Ekman transport
2 o 2 o T, in Sv was then calculated using the equation
o oo S ° 0 gOo®y, W gy
0 . % g O%o 0 o 80 08 fe) T, - .I‘XET.X. @)
] ° QO 8 Y
% -2 or=-004 -2 0 r=05 where p, is the density of the surface layer (1,026.4 kgm ™) and 7, is inte-
é -2 0 2 -2 0 2 grated from 75°W (xy,) to 20°W (x).
\; d-yr AV% S-yr Avgo Note that, Zhao and Johns (2014a, 2014b) set up a simple two layer model
"qé 2 é’o@@ 2 0g .. ® to understand the seasonal and interannual variability of the AMOC and
I 0 S 5 9 o 0 & Z Ogo found credence to the dominance of wind-driving in explaining its ob-
= o2 oop 0 o © < ) served variability in both time-scales. The present data-based model set
5 <3 91205 2 Qg)o Or —0.46 up for validating the Parsons-Veronis hypothesis is very similar to that of
- - Zhao and Johns (2014a, 2104b) two-layer numerical model set with wind
-2 0 2 -2 0 2

Normalized OCL (Predicted)

forcing. It is thus reasonable to test and validate the variability of the path

of the GS based on a simpler Parsons-Veronis hypothesis with a two-layer
model in the presence of a robust and active AMOC.

Figure 3. Correlation (r) between predicted separation latitudes using

JRA-55 winds averaged annually, and with 3, 4, and 5 years running
averages against the observed Gulf Stream Northern Wall (Taylor-Stephens
Index). The 3-, 4-, and 5-year averaged correlations are significant. OCL,

outcropping latitude.

Wind stress acting on a thermocline generates planetary waves that prop-
agate to the west (Anderson & Corry, 1985). Given that the time scale
for planetary waves moving across the North Atlantic (with speeds of ~
3.7 km day™") is on the order of 3-5 years (Gill, 1982; Halliwell & Cornil-
lon, 1990), it is not expected that a significant correlation between pre-
diction and observation will be obtained when the annual wind is used
to predict the outcropping latitude. A correlation was expected once this time integration scale is accounted
for as was the case in GCW92. For this reason, running averages of 3, 4, and 5 years were conducted on 7}
values which were then used to calculate the predicted outcropping latitude. For example, for a 3-year run-
ning average, an average of 7, values from 1991, 1992, and 1993 would be used to predict the outcropping
latitude for 1993 and be compared to the observed north wall position (TSI) in 1993.

All reported p-values were calculated with an adjusted sample size to account for autocorrelation. This
was done using the equation from Quenouille (1951) given below and following the methodology of Tay-
lor (1995) and SHW16:

3

where N is the unadjusted number of points in each time series and 5 and 5 are the lag one autocorrelations

N' =N/(Q+251 +281 +..)

of the respective time series, and r, and r; are the 2-year lag autocorrelations. While investigating the out-
cropping latitude, this calculation included terms up to r,, because the addition of higher-order autocorre-
lations had a negligible effect on the p-values.

3.2. Predicted Outcropping Latitude Versus Observed GSNW Index

The outcropping latitudes predicted on the basis of the Parsons-Veronis hypothesis are correlated with the
GSNW position given by the TSI over the years 1980-2019 when averaged over a 3-year period. Figure 3
shows the comparisons between the predicted outcropping latitude and the TSI for the years 1980-2019
with annual and 3, 4, and 5-year running averages. Similar to GCW92 results, the annual averages showed
an insignificant correlation between the predicted outcropping latitude and observed separation locations
(TSI) (r = —0.04, p = 0.84). When a 3-year running average was applied to T}, a strong correlation emerges
for the year-to-year comparison between TSI and Parsons-Veronis prediction, with r = 0.55 p = 0.012. The 4-
and 5-year running averages also show similar correlations with the observed TSI; however, the correlation
coefficients slightly decrease, and the p-values increase with an increased averaging period after 3 years,
matching what was observed in GCW92. The 3-year integrated wind-based predictions of the outcropping
separation latitude from Equation 1 also showed significant correlations with the AZMP and AVISO with
r=0.44 (p = 0.023) and r = 0.44 p = 0.105), respectively.
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This increased correlation with 3-year averaging is also shown in Fig-

'-' 1-yr Avg

ures 4a and 4b. Figure 4a shows the annual average with an apparent lag
between the outcropping latitude and the observed one. Figure 4b then
shows the outcropping latitudes with 3-year averaging, closing this gap
between outcropping and observed latitudes due to the delayed integrat-
ed effect of the generated planetary waves.

¥y =.0.04

1990

2000

It is worth pointing out the connection between the “lost fluid” in the
2010 2020 upper layer of the original 2-layer Parsons-Veronis equations (see Equa-

tion 9 of GCW92) and the uncertainties in AMOC transports. The AMOC

TSI and Normalized OCL
z

T
3-year Avg

has a mean flow around 18 Sv at 26°N and around 13 Sv at 41°N, in com-
parison the Ekman transport variations of around 2-4 Sv might seem
insignificant (Mielke et al., 2013). As mentioned before, the majority of
the interannual variability is driven by fluctuations in wind stress (Fraj-
ka-Williams et al., 2019; Zhao & Johns, 2014b).

r=0.55

-2
1980

Figure 4. Comparison of Taylor-Stephens Index (red solid line) with
normalized predicted outcropping latitudes (black dashed line) based on
(a) annual averaged winds and (b) 3-year running average winds from 1980

to 2019.

1990

2000
Year

Using the latitudinal difference between the known separation latitude

2010 from AZMP and our predictions, a yearly estimate of the loss of fluid in

2020

the two layer model was obtained with a mean of 0.8 Sv and a range of
0.04 — 1.6Sv. These numbers match well with the 0.7-4.9 Sv found to be
lost in the observed range of AMOC-Ekman transport between 26°N and
41°N (Mielke et al., 2013).

4. A Forecast Model for the Path of the GS
4.1. Icelandic Low Model (Buoyancy Forcing)

The strength of the NAO directly influences the North Atlantic circula-

tion (Hurrell et al., 2000, 2001; Walker & Bliss, 1932). Many recent studies
(Drinkwater, 2004; Drinkwater et al., 2003; Hameed & Piontkovski, 2004; Rossby, 1999; Rossby & Ben-
way, 2000, SHW16) have focused their attention on the lag time scale between the advection from the Lab-
rador Sea and the latitudinal variation of the GS path. Mechanisms such as forcing by the Deep Western
Boundary Current (Spall, 1996; Thompson & Jr, 1989) connected with the Labrador convection region and
the movement of the Icelandic low (Hameed & Piontkovski, 2004) have been suggested.

SHW16 developed a regression-based forecasting model incorporating the hypothesis of the Icelandic low
forcing the Labrador Sea water into the Slope Sea from Hameed and Piontkovski (2004) and the influence
of the SOI from Taylor et al. (1998). For a 1-year forecasting model, SHW16 obtained the best regression
equation for the “i’th year prediction as follows,

GSNW, = aGSNW,_ + bILP_, + cILL, 5 +d SOI, , +¢  Model A @)

where GSNW is the GS north wall position from the TSI, /LP and ILL are the average Icelandic Low pressure
and longitude from December through February respectively, and SOI is the average SOI from September
through February for the subscript year. The multipliers a, b, ¢, and d are the regression coefficients, while
e is the residual. We were able to reproduce the results from SHW16 as well as extend the model prediction
through 2020 (Tables 1 and 2 and Figure 5; for data sources, see Section 2).

4.2. Combined Icelandic Low-Azores High Model (Buoyancy and Wind Forcing)

Motivated by the validation of the Parsons-Veronis mechanism for over the last 40 years as shown in Sec-
tion 3, a new model that incorporates both the Icelandic Low and the basin-wide, time-integrated wind-driv-
en predicted outcropping latitude information is proposed. This is the novelty of this work. It connects the
two pressure cells of the Atlantic wind system: (a) Icelandic Low Center longitude's east-west excursion
with a lag of multiple years and (b) Azores High component contributing through the basin-wide time-in-
tegrated Ekman wind drift as modeled by the Parsons-Veronis hypothesis. A series of experiments were
carried out with different combinations of the longitudinal variation of the Icelandic Low, basin-wide wind
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Table 1
Standardized Beta Coefficients of Model Variables for Models A, B, C, and D Fit From 1980 to 2020
Model GSNW,_, OCL2, , ILP._, ILL; 4 SOI,_, re p-value
A 0.42" NA —0.10 -0.24" 0.04 0.52 0.029
B 0.33" 0.31° —0.04 -0.17° 0.04 0.65 0.007
C NA 0.36" —0.12 —0.11 0.04 0.61 0.007
D 0.33" 0.32" NA -0.16" NA 0.65 0.016

Note. Coefficient values with an asterisk indicate significance at a 95% level. The r; is the correlation coefficient
between 1-year model predictions and the TSI; the corresponding p-value is listed in the last column.
Abbreviation: TSI, Taylor-Stephen Index.

stress integrated over 2-3 years and the SOI. We present the results in Tables 1 and 2 and discuss them
below.

While the 3-year integration timescale works well for validating the Parsons-Veronis mechanism, a forecast
model for year “i” does not have the wind information for the forecast year. Given the need for 1 year in
advance prediction without knowing next year's winds, predicted outcropping latitudes based on 2 years of
wind-integration were used with a 1-year lag. The addition of the 2-year integrated wind-derived outcrop-
ping latitude (OCL?2) into Model A created a new model, Model B which can be given as follows

GSNW,; =a GSNW,_; +bOCL2;_, + cILP_, s
+d ILL; 5 +eSOI,_, + f Model B )
Following the methodology from SHW16, the model fit was assessed by making continual 1-year predic-
tions for 1994 through 2020 and then comparing the correlation and mean absolute error (MAE) between

forecast locations and the observed GSNW positions. Following SHW16, MAE = lz;’_l | fi —y; | where
2=

f; is the model's prediction and y, is the observed GSNW position (TSI for the ith year). Both f; and y,
time-series were standardized to compute the MAE. For each 1-year prediction, the model was fit from
1980 through 1 year prior to the prediction year. For example, the years 1980-1993 were used to fit the
model and forecast for 1994. Similarly, the years from 1980 to 1994 were used to fit the model and forecast
for 1995. This process was continued for all 1-year predictions from 1994 to 2020. The model is evaluated
by calculating the correlation between its predictions with observations. To avoid confusion with other
r values used in this paper, this correlation coefficient between model predictions and observations will
be called the “forecast correlation” r, from here on. Years 1980-1993 were not predicted as the model
would not have enough data to robustly fit all variables (see SHW16) for 1-year advance prediction for
those years. Table 1 presents the resulting r, values and their corresponding p-values. The sample size

Table 2

Model Fit Parameters With ry Being the Correlation Between the 1-Year Predictions and Observed TSI From 1994 to
2020, MAE Being the Mean Absolute Error of 1-Year Predictions, RV Being the Residual Variance Between Predictions
and TSI, AICc Being the Akaike Information Criterion Adjusted for Small Sample Sizes for Each Model Fit to the Whole
Time Series

Model Iy MAE RV AlICc
A 0.52 0.64 0.70 68.3
B 0.65 0.54 0.53 59.3
C 0.61 0.53 0.54 63.1
D 0.65 0.50 0.40 57.0

Abbreviation: TSI, Taylor-Stephen Index.
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Model Forecast

TSI

i Model A (r; = 0.52)

was adjusted with autocorrelations up to 4 years in Equation 3 with the
addition of further lagged autocorrelations having a negligible effect on
the p-values.

The 1-year model prediction for Model B using the integrated outcrop-
ping latitude shows a strong correlation with TSI with an r, = 0.65 and
MAE = 0.54 over the forecast period (1994-2020). In comparison Model
A has ar, = 0.52 and MAE = 0.64. The correlation is increased and the
MAE is decreased with the addition of the wind-integrated prediction of
outcropping latitude.

To compare the relative contribution of each predictor variable to the

1995

Figure 5. One-year model forecasts from Model A and D compared
to Taylor-Stephens Index (TSI). The r, values in the figures represent

2010 2015 2020 outcome variable (GSNW) in the forecasting model, standardized beta

Years coefficients are used. Beta coefficients show the degree of change in the

outcome variable given one unit change of the predictor variable. So, beta
coefficients with larger absolute values indicate larger influences on the

correlations between the TSI and the 1-year predictions from both forecast ~ Outcome variable. Given that all our variables are normalized before go-
models. Note that the time-axis spans the forecast period (1994-2020). ing in to the model these are standardized beta coefficients with units of

standard deviations. The final model can thus be selected using the beta
coefficients from the different individual model experiments.

Both the GSNW,_, and OCL2,_, explain roughly the same amount of variance in Model B with beta coef-
ficients of 0.33 and 0.31 respectively (Table 1). When the GSNW,_, variable was removed from Model B,
creating Model C, the r, value dropped to 0.61.

GSNW, = a OCL2, | + bILP,_, + cILL, 5 + dSOI, , + ¢ Model C (6)

When both GSNW,_; and OCL2,_, were removed from Model B, the correlation between 1-year predictions
and observed locations dropped to r, = 0.42, showing the large contribution of the wind-integrated outcrop-
ping latitude in the model.

The Icelandic low pressure and SOI explain relatively less variance compared to other variables and are not
significant in Model A or B. For this reason we built a new model with only the significant contributors,
which is,

GSNW, = a GSNW,_, + bOCL2, | + cILL, +d Model D 7)

This model resulted in an rs value of 0.65 for the whole forecast period of 1994-2020 (Figure 5). The rea-
son that ILP and SOI were found to be significant in the SHW16 paper but not in any of the models in our
study, is because of the difference in the time periods used to fit the model. SHW16 used data beginning
in 1966 whereas we use data beginning in 1980 to fit the models. We restricted our analysis to the 40-year
period after 1980 for two reasons. First, it is well known that there was relatively poor spatial coverage of
the atmospheric data in the years before satellite observations started in 1979. This led to the poorer quality
of wind products (due to coarser resolution of available data and spatial-temporal gaps), which have been
well recognized by many studies recently (Huesmann & Hitchman, 2003; Kistler et al., 2001; Sturaro, 2003).
Second, prior to the 1970s, the data used to calculate the GS indices were much more scarce, leading to po-
tentially less accurate estimates of the GS north wall location (McCarthy et al., 2018). Furthermore, while
testing the models for the period used in the SHW16 paper we found that even though the ILP and SOI are
significant in Models A-C; Model D still performed best with a ry = 0.66, compared to a r; = 0.57 for Model
A. The fidelity of Model D is attributed to the inclusion of both buoyancies forcing (ILL) and wind driving
(OCL) effects to forecast the GS path.

In addition to evaluating the forecast correlation, two other tests were carried out to assess model fit, re-
sidual variance, and AICc (see Table 2). The residual variance is the sum of squares of the difference be-
tween the observation and the model predicted value (Weisberg, 2005). Model D showed a drop in residual
variance compared to Model A, both when comparing the 1-year predictions to the observed TSI (0.40 and
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0.70, respectively) and when comparing the model when fit with all avail-
able years to the TSI (0.27 and 0.34, respectively).

Since there was a varying degree of parameters in different models (A-D),
we used the Akaike information criterion (AIC) to test model fit. AIC is

1990

2000 2010 2020

an estimate of model prediction error taking into account both the good-

NAO

. ness of fit and the simplicity of the model. AIC accounts for the amount
of information lost while penalizing for the addition of parameters to ac-
J count for over-fitting. In this study, we used AICc, which adds a modified
correction for smaller sample sizes (Hurvich & Tsai, 1989). The smaller
the AICc, the better the model fit. Model D yields an AICc of 57.0 (least

1990

2000 2010 2020

among all four models) whereas Model A had an AICc of 68.31.

4.3. Forecast Model Sensitivity to Extreme Events

Observational studies have shown that the GS has experienced cli-

2000 2010 2020

mate-scale changes in its path variability and instability processes
(Andres, 2016; Caesar et al., 2021; Gangopadhyay et al., 2019; Silver

OCL

et al., 2021), over the past 40 years. These changes include long-term
shifts of the path, regime-shift of annual ring formations, and the west-
ward movement of the destabilization point of the GS. Looking ahead,
one of the projected impacts of the current rate of global warming is pos-

sible future increases in the frequency and amplitude of extreme events
(e.g., hurricanes), which are related to atmospheric indices such as the

Model D

2 F

g SOI and NAO (Brickman et al., 2018; Wang et al., 2020). The elements of
forecast models presented herein (Models A-D) allow us the opportunity
to test the sensitivity of the GS forecasts to such extreme atmospheric
- conditions. We thus repeated the forecast correlation exercise on a num-

1980

1990

2000 2010 2020
Years ing the forecasting period of 1994-2020. Results and interpretations from

ber of subsets of previously identified extreme SOI and NAO years dur-

these sensitivity experiments are presented next.

Figure 6. Time series of atmospheric indices Southern Oscillation Index

(SOI), North Atlantic Oscillation (NAO), with extreme years (outside
+0.8 standard deviation) highlighted with vertical stripes and shown with
shaded dark red or dark blue regions. All indices are normalized. The
SOl is averaged over September through February and NAO is averaged
over December through February. The TSI is the annual Taylor-Stephens
Index, the outcropping latitude (OCL) is the 3-year integrated predicted
outcropping latitude, and Model D is the 1-year forecast from the final

model.

Model sensitivity to predicting the GSNW for years of different atmos-
pheric extreme events was tested by selecting 1-year predictions from
respective years of extreme SOI in one subset of extreme events and of
NAO in the other subset. We chose NAO extreme years as it is a more rec-
ognized index than either ILL or ILP or its Azores High components. The
NAO winter index has a positive correlation of 0.49 with ILL and a neg-
ative correlation of 0.78 with ILP. In our models, the impact of buoyancy
forcing comes from the ILP/ILL variables and that of the wind-forcing
comes from the OCL factor, which is the integrated wind-stress over the
basin and over time. The selected set of extreme years (chosen as those
falling outside +0.8 standard deviations) are shown in Figure 6 and are listed in Table 3. The cut off of 0.8
standard deviations was used to allow for a large enough sample size for analysis. All indices were normal-
ized with respect to the mean over the 1980-2019 period before extreme years were selected. This resulted
in 12 SOI years, 13 NAO years, and 12 ILL years (Table 3).

For the extreme SOI year subset, 1-year predictions showed the strongest correlation for Model D with
r; = 0.83. Models A, B, and C showed values of r; as 0.50, 0.70, and 0.62, respectively. Model A, the only
model without OCL, had the lowest r, value, which might indicate that OCL is an important predictor for
extreme SOI years.

For the extreme NAO year subset, Model C had the highest r; value with 7, = 0.62. Model B had the second
highest with rp =0.57. Model D had similar correlation as Model B (rf = 0.54). Models B and C are the
only two models that include OCL, ILP, and ILL indicating that all three variables associated with the NAO
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Table 3

Extreme Years (Outside +0.8 Standard Deviation From the Mean) for

Different Atmospheric Indices Used in the Sensitivity Testing

NAO SOI ILL
1994 1994 1994
1995 1997 1995
1996 1998 1996
2000 1999 1998
2001 2000 1999
2006 2004 2003
2007 2007 2005
2010 2008 2006
2011 2009 2011
2012 2010 2014
2013 2011 2015
2014 2015 2017
2015 - -
Note. Also see Figure 6.

Abbreviations: NAO, North Atlantic Oscillation; SOI, Southern

Oscillation Index.

might play an important role in predicting extreme NAO years. Interest-
ingly, all of the models outperformed the extreme NAO subsets when
compared against the extreme ILL years (third row of Table 4).

The fact that Model D still performed well when predicting the GS path
for extreme NAO, SOL, and ILL years (r, from 0.54 to 0.83) highlights the
robustness of the model. However, the model could be further improved
for predicting the extreme excursions of the GS by including other im-
portant forcings. A challenge for the future is accurately predicting ex-
treme events of different types such as extreme conditions of NAO and
SOIL, more frequent ring formation, marine heatwaves, more frequent and
stronger atmospheric storms. Extreme events may lead to disruption of
ecosystems and multiple extreme events may affect the long-term struc-
ture of an ecosystem (Gupta et al., 2020). This is an area that is worthy of
concentrated research in the future.

In addition to testing the models' ability to predict the GSNW during
extreme events, the models’ sensitivity to forecasting from an extreme
event was also tested. This was done to understand the lasting impact of
both buoyancy and wind forcing after an extreme event year. Considering
the same extreme event years described above, correlations between the
model forecast and TSI were computed for 2 years after an extreme SOI
year because the models (A, B, and C) incorporated a 2-year lagged SOI
variable. Model A had the lowest correlation (rf = 0.22) with models B,
C, and D showing better forecasting performance (rf =0.51, 0.49, 0.47 re-
spectively). In contrast, for 2 and 3 years after extreme NAO events (some

of the models incorporated 2-year lagged ILP and 3-year lagged ILL) there was less difference in forecast
correlations between models. Two years after an extreme NAO, Models A, B, C, and D had ry values of 0.56,
0.55,0.52, and 0.53, respectively; whereas 3 years after an extreme NAO year, the values of rywere 0.52,0.59,
0.53, and 0.72, respectively. Table 4 summarizes the forecast correlation for all these cases. Again, for the
3-year lagged extreme ILL years, all of the models except model A, outperformed the other extreme NAO
and SOI subsets (bottom row of Table 4).

Figure 7 shows the 7, fields for the years with the pressure center being furthest west and furthest east.
When the ILL is farthest west, as shown in Figure 7a, the 7, anomaly over the Labrador region is negative.
This negative 7, anomaly reduces the southward Ekman drift in the region and results in a reduced amount

’;‘::sli‘:i:ity Testing Results for Years Concurrent and Following to the Extreme Events of Different Atmospheric Forcing
Index Model A Model B Model C Model D
Forecast of extreme event years
NAO 0.43 0.57 0.62 0.54
SOI 0.50 0.70 0.62 0.83
ILL 0.71 0.84 0.82 0.79
Forecast following extreme event years
NAO, 0.56 0.55 0.52 0.53
NAO; 0.52 0.59 0.53 0.72
SOI, 0.22 0.51 0.49 0.47
ILL, 0.48 0.66 0.56 0.65

Note. The top half of the table with row labels NAO, SOI, and ILL, shows the correlation coefficient between model forecasts and the TSI for concurrent extreme
years listed in Table 3. The bottom half of the table with row labels NAO,, NAO;, SOI,, and ILL, shows the correlation coefficients between model forecasts and
the TSI for years either 2 or 3 years following an extreme event indicated by the subscript number.

Abbreviations: NAO, North Atlantic Oscillation; SOI, Southern Oscillation Index; TSI, Taylor-Stephen Index.
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Easternmost ILL (1983)
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Figure 7. Example of zonal wind stress (7,) anomaly for extreme years
of ILL with (a) showing the westernmost center for the ILL in 2010, (b)
showing easternmost ILL for 1983. (c) shows the mean 7, field from 1980
to 2019.

of cold Labrador surface water entering the Slope Sea. This allows for a
northward shift of the GSNW in later years. SHW16 found that when the
ILL was anomalously west, the sea surface temperature over the Labra-
dor Sea and east and south of Greenland was reduced resulting in en-
hanced deep water convection, decreased amounts of cold water entering
the Slope Sea, and a northward shift in the GSNW. In contrast, when the
ILL is to the east as shown in Figure 7b, a positive 7, anomaly appears in
this region, increasing the southward advection of Labrador water into
the Slope Sea and less deep water convection resulting in a more south-
ward GSNW.

This process is also evident in Figure 8a, which shows the integrated 7}
for the 3 years following each extreme ILL event. For years after an ex-
treme westward (eastward) ILL, the integrated T} is weaker (stronger)
resulting in the intersection with T, occurring at a higher (lower) latitude.
This confirms the workings of the Parsons-Veronis hypothesis as present-
ed earlier (Section 3.1) for the years following extreme ILL years as well.
This also validates the best performance of Model D, which captures both
the effects of buoyancy and wind forcing within a single framework.

The relationship between the SOT and GSNW is less understood and needs
further investigation. Figure 8b shows a negative relationship between
SOI and OCL for years selected after 2 years of an extreme SOI event. For
years with a low (high) SOL, the integrated T}, is weaker (stronger) and the
OCL is further north (south). This matches with the Parsons-Veronis idea
again as discussed for ILL. However, how exactly the SOI influences the
subtropical winds is beyond the scope of this study.

We note in passing that the SOI beta coefficient in all models fitted from
1980 to 2020 was very slightly positive. This is in contradiction to the con-
sistent negative beta coefficients found by SHW16 while analyzing the
period from 1966 to 2014. The result presented in Figure 8b was for years
mostly before 2014, with 2017 (from the 2015 extreme) being the only
years after 2014 (see Table 3) and matches with the negative correlation
idea. The changeover of beta coefficients from negative to slightly posi-
tive could be in part due to observed changes in the SOI variation in re-
cent years. Power and Smith (2007) found that the mean state of the SOI
has decreased in recent years due to climate change. Additionally, Wang
et al. (2020) projected that the number of concurrent extreme warm and
convective El Nino events will increase under greenhouse warming.

5. Summary and Conclusion

To summarize, we presented a new model (Model D) for forecasting the GS path which includes: (a) the
GSNW index from the previous year, (b) gyre-scale integrated Ekman Drift over the past 2 years, and (c)
the longitude of Icelandic Low center lagged by 3 years. The forecast correlation over the 27-year period
(1994-2020) was 0.65, which is a reasonable improvement from the previous model's (Model A) correlation
value of 0.52. This improvement was attributed to the addition of the effect of time-integrated basin-scale
wind drift to allow for the BRW to cross the Atlantic to affect the separation of the GS. This also highlights
the importance of both North Atlantic pressure cells, Icelandic Low and Azores High in dictating the path

of the GS.

The major results from this study can be detailed as follows:

1. The observed separation of the GS path is significantly correlated (r = 0.55) with the basin-wide Ekman
drift over the subtropical Atlantic integrated over 3 years for over 40 years
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Figure 8. Impact of extreme events on Gulf Stream path forecasting.

The meridional distributions of the total Ekman transport (7)) integrated
zonally for 3 years following each occurrence of an extreme ILL to the east
(red) or west (blue) are shown in (a). Similar to (a) but for 2 years after

an extreme Southern Oscillation Index (SOI) high (red) or low (blue) is
shown in (b). Dotted lines show individual years whereas solid lines show
the mean. The black line represent the 7, line whose intersection points
with 7; represents the outcropping latitude (OCL). Both 7, and T, are

in Sverdrups (The predicted OCL being further north than the observed
separation point is due to the loss of fluid not accounted for in the model
discussed at the end of Section 3.2).

2. The integrated wind effect was incorporated as an outcropping lat-
itude for the separation point of the GS to improve the forecasting
model created earlier in SHW16

3. The model yielding the best results was Model D using the GSNW,_,,
OCL2,_,, and ILL, ; with a forecast correlation of 0.65

SHW16's model was able to predict the TSI with a correlation coeffi-
cient of ry =0.52. We believe that part of this model's success was due
to the GSNW,_, variable incorporating the influence of the integrated
outcropping latitude into the model (see Table 1). When both GSNW,_,
and OCL2,_, are removed the accuracy of the model drops substantially,
showing the large role that wind stress is playing on the separation loca-
tion. The model with the most explained variance for the TSI prediction
used only GSNW,_,, OCL2,_,, and ILL,_,, with a r; = 0.65.

Using both the Azores High and the Icelandic Low parameters in Model
D has substantially improved the explained variance to 50% from 36%
(with just Icelandic Low as in Model A) for the variability of the GS
path between 75 and 65W. Extreme years of SOI or NAO were similarly
predictable (Models B and C), which indicates that Model D is able to
capture most of the forcing influences from the wind gyres in the North
Atlantic and their connection to the equatorial Pacific. However, there is
a substantial amount of unexplained variance (40%-45%) which requires
future investigation. Some of the factors that may influence the path of
the Stream and can be explored in the future are as follows: (a) wind
stress curl integrated over basin and time; (b) position of the zero and the
maximum of the wind stress curl in the subtropical North Atlantic; (c)

strength, intermittency and spatial variability of the DWBC linked with ice melting and convection in the
Labrador region; (d) atmospheric forcing strengthening recirculation gyres to the north and south of the

Stream. The results presented here open up new research pathways which could utilize long-term data sets

now available and advanced numerical models to test similar hypotheses.

Furthermore, the four different models allowed us to carry out a sensitivity study to understand the impacts
of extreme events (represented by SOI and NAO indices) on forecasting the GS path. Based on the analysis
of a selected subset of years strategically following extreme events during the period 1994-2019, our recom-
mendation is to use Model B (with OCL, SOI and ILP, and ILL indices) in addition to Model D (with OCL
and ILL only) and reevaluate the forecast correlations and adapt in the coming 5-10 years.

Finally, the implication of this simple study to understand the climatic variability of the AMOC needs fur-
ther attention. As presented here, the Parsons-Veronis two-layer idea of Ekman wind drift affecting the GS
path is working for four decades in the background of an active AMOC. Given that most of the AMOC varia-
bility is in fact dominated by this Ekman Drift (Caesar et al., 2021; Frajka-Williams et al., 2019; Lozier, 2012;
Mielke et al., 2013), it is possible that one could use this simpler variability prediction model within the con-
text of a time-varying AMOC predictability scheme when more observations for AMOC would be available.

Data Availability Statement

All data are freely available, and sources are listed in the Data section of the paper. The Taylor-Stephens index
(TSI) data can be accessed at http://www.pml-gulfstream.org.uk/. The AZMP data are available from https://
www.dfo-mpo.gc.ca/science/data-donnees/azmp-pmza/index-eng.html. The AVISO SSH data are available
from https://marine.copernicus.eu/. The JRA-55 wind data are available from https://rda.ucar.edu/datasets/
ds628.1/. The SOI data are available from https://climatedataguide.ucar.edu/climate-data/southern-oscil-
lation-indices-signal-noise-and-tahitidarwin-slp-soi (Trenberth, 1984). The atmospheric centers of action
indices (for Azores High and Icelandic Low) are available from https://you.stonybrook.edu/coaindices/
(Hameed & Piontkovski, 2004; Hameed & Riemer, 2012). The NAO winter index is available from https://
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