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José C. Sánchez-Garrido
Physical Oceanography Group, Department of Applied Physics II, University of Malaga, Spain.

August 10, 2020



la
tit

ud
e

longitude

m

(a)

ps
u

Figure 1: Maps of 148-day mean properties with overlaid contours of 148-day and monthly-mean properties.
(a) Surface practical salinity, contours of 36.475psu for November (blue), March (yellow), 148-day mean
(black dashed). (b) SSH, contours of 0.05m.

1 Overview

This supplement provides more detailed analyses of many of the processes presented in the main text.
Typically these demonstrate the sensitivity of results to choices made in the original analysis. None of these
additional analyses change the results described in the main text, but they may be useful for those readers
intending to repeat these types of analyses. We follow the order of the main text, providing first the Eulerian
details, followed by the Lagrangian ones.

2 Eulerian Analyses

2.1 Eulerian WAG Boundary

Having used a fixed volume of water for analysis of budgets for the Western Alboran Gyre, WAG, begs the
question of how stationary the WAG is in our model. There is no simple choice of a dynamic WAG boundary
to track this feature, but here we consider two. The Eulerian boundary is defined using the 148-day mean
salinity contour of 36.475psu at the surface, which has the benefit of being closed. Figure 1 shows this
same contour for the first and final month analyzed (November 2007 and March 2008), revealing that the
increasing surface salinity in the area does not allow this measure to track the dynamic WAG. A similar
measure of the WAG edge at the surface is the 0.05m SSH contour, which shows what may be the edge of
the gyre over the full period of interest. These monthly contours show that while the WAG does fluctuate,
it does not move far compared to its size. Certainly, in this model and time period, we do not see the WAG
migrate to the east, leaving its usual position, as it has been sometimes observed to do.

Another concern with Eulerian budget analyses is their dependence on the chosen boundaries. In our
case, this does not appear to affect the qualitative results of the budgets. Figure 2 shows how small changes
in the horizontal limits of the chosen boundary affect the cumulative fluxes for the volume and salinity
budgets. The blue boundary shown is the one based on mean surface salinity; the red boundary is based on
mean surface density.
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Figure 2: Cumulative volume (b,c) and salinity (d,e) fluxes for the Eulerian WAG as defined using two
different horizontal boundaries (a).

2.2 Volume Fluxes

In the main text, when discussing the spatial patterns of the volume fluxes we show only the perpendicular
portions of the 148-day mean values. One question of interest may be whether there is any large time
dependence in the spatial patterns of these fluxes, especially changes toward the end of the analysis period,
as the WAG appears to reduce its size (see March SSH contour in Fig 1b). Here we show the spatial patterns
of the volume flux using the full horizontal fluxes around the boundary of the Eulerian WAG along with
the total vertical fluxes through the bottom. Fig 3a shows the mean over the full 148-day period, while
(b-f) show the monthly means for November through March. In the 148-day mean, the horizontal volume
fluxes are nearly aligned with the boundary of the WAG; these fluxes are at least twice as large as their
perpendicular portion, shown in the main text. The angles of these horizontal fluxes do shift from month to
month, indicating changes in the circulation over time. There is a slight increase in eastward flux in the NE in
January, and a similar more westward flux in February, which is the month with greatest mismatch between
the curve of the chosen Eulerian WAG boundary and the advective flux direction. These might correspond
to the shift in the SSH contour eastward in January and then back to near the 148-day mean for February.
By contrast, March has horizontal fluxes similar to the 148-day mean. There are also some increases in the
maximum magnitudes of the vertical fluxes in the second half of the analysis period, especially near the
outer edges of the Eulerian WAG.

2.3 Planetary Vorticity

We did not go into detail on the advection of planetary vorticity in the vorticity budget in the main text.
Figure 4 shows the daily planetary and relative vorticity advective terms, which are often of the same
magnitude. Nonetheless, their mean values are quite different, 0.71m3s-2 for the planetary vorticity advection
and 4.89m3s-2 for relative. The planetary vorticity is also the stretching-squashing term which may be
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Figure 3: Mean advective volume transports for the Eulerian WAG. Colors show transport through the
bottom, arrows show vertically-integrated horizontal transport. Top left arrow shows scale, 1 · 105m3/s.
White patches indicate seamounts. (a) 148-day mean. (b-f) monthly means: (b) November, (c) December,
(d) January, (e) February, (f) March.
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Figure 4: Daily advection of planetary vorticity (green) and relative vorticity (blue) into the Eulerian WAG.

associated with the heaving of isopycnals. Here we show that the advection of planetary vorticity is partially
connected (r = 0.51) to the heaving of the σθ = 27.5kg m-3 surface, which is the isopycnal closest to the
bottom of the WAG (figure 5).
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Figure 5: Relationship of the advection of planetary vorticity term (blue) to the volume flux associated with
the heaving of the σθ = 27.5kg m-3 surface (orange), which is the mean vertical velocity of that surface
multiplied by the area of the Eulerian WAG.
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3 Lagrangian Analyses

Our Lagrangian analyses use manifolds constructed under the assumption of along-isopycnal motion. As
stated in the main text, this assumption does not lead to large errors: the mean separation between 1000 full
three-dimensional trajectories and their counterparts computed along the σθ = 27kg/m3 isopycnal is 3.7km
horizontally and 5.6m vertically after 14 days of integration. The horizontal separation is much smaller than
the trajectory lengths which are an average of 360km long. The vertical separation is within the range of
daily heaving of the isopycnal and is small compared to the total vertical displacements which are an average
of 152m.

For a more complete picture, we also compare the Eulerian vertical velocity interpolated to the depth of
an isopycnal to the Lagrangian vertical velocity computed from trajectories with the isopycnal assumption.
These two vertical velocities are independent of each other, as the Eulerian vertical velocity field is not used
in the Lagrangian trajectory computation. We release Lagrangian particles on a grid spanning the western
Alboran into the Atlantic on nine days spread between model days 1 and 126. A comparison of the first
day’s mean Lagrangian vertical velocity (displacement based on isopycnal depth divided by one day) to the
Eulerian daily-average vertical velocity, averaged over the 9 release days, is quite good (figure 6ab). As a
further demonstration, we show this comparison for 3 individual days (figure 7). Generally, the magnitude
of the largest velocities are well-matched, about 20m/day, and the positions of positive and negative vertical
velocity regions are qualitatively similar. Thus, we conclude that an along-isopycnal assumption is valid.

We also consider the along-isopycnal Lagrangian vertical velocities over a longer time, three weeks. This
is sufficient time for trajectories to circle the WAG twice, or move from the Strait of Gibraltar to east of
the WAG entirely, and is more indicative of total upwelling or subducting behavior. Figure 6(c) shows this
field for two isopycnals: generally, the northern portion of the domain shows downwelling while the southern
portion shows upwelling, which is consistent with higher and lower initial positions, respectively. These
long-time vertical velocities are an order of magnitude smaller than those for a single day, about 2m/day
rather than 20.

Next, we provide a higher time resolution of the gyre’s Lagrangian core, where no manifold segments
enter. The core moves over time when computed using 30 days of manifold segments rather than the 120
used for the total period of analysis (figure 8). However, the qualitative features remain the same: the core
is larger for shorter manifold segments, due to either lower velocities, as on deeper isopycnals, or shorter
integration times, such as 8 rather than 14 days.

Finally, we provide an alternate Lagrangian analysis of the stirring region and core. Forward FTLE on
model day 15 show the exponential rate of separation of initially-adjacent passive particles. For 8 and 14-day
FTLE on σθ = 27kg m-3, there is a clear minimum near the expected center of the WAG and a ridge near
its edge (figure 9ab). FTLE calculated from a 30 or 60 day integration show no interior minimum and a less
defined ridge at the edge (figure 9cd). Results from σθ =kg m-3 are qualitatively consistent with FTLE at
the surface (main text) and on σθ = 27.5kg m-3 (not shown), including for those calculated from other initial
days. Using these same trajectories, we can estimate the total residence time of the western Alboran, where
the WAG is located. The maximum time any coherent structure might be expected to persist is less than
the residence or flushing time, over which all trajectories leave the region. This timescale may be close to
two months for our model. Over 98% of isopycnal trajectories leave the region over a two month integration
(figure 9f). This is consistent with the lack of strong ridges or valleys in the FTLE computed from the the
60-day integration. However, at the surface there is a rapid removal of trajectories over the first 30 days of
integration, with 81% leaving the region, followed by a much slower removal of the remaining trajectories,
with only 83% gone at the end of 60 days. The initial and final positions for the remaining trajectories are
spread through the WAG, not concentrated in any one region. Future work on the Lagrangian structures in
this region could elucidate this behavior.
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Figure 6: (a-c) Vertical velocities on σθ = 27kg/m3. (a) Eulerian daily-average vertical velocities interpolated
onto the isopycnal, mean across days 1,15,31,46,61,76,91,106,121. (b) Lagrangian vertical velocities from one-
day along-isopycnal trajectories initialized on the same days. (c) As for (b) but with 21-day trajectories.
(d-f) Same as (a-c) but for σθ = 27.5kg m-3.
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Figure 7: Vertical velocities on σθ = 27kg m-3. (a) Eulerian daily-average vertical velocity interpolated
onto the isopycnal, model day 1. (b) Lagrangian vertical velocities from one-day along-isopycnal trajectories
initialized on model day 1. (c,e) As for (a) but for model days 46 and 91. (d,f) Same as (b) but for model
days 46 and 91.
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Figure 8: Lagrangian WAG core region. Thick black indicates the 120-day core, dark blue indicates the
horizontal Eulerian WAG boundary, and thin colored lines indicate the core over four 30-day periods. (a)
Surface, 8-day manifold segments. (b) Surface, 14-day manifold segments. (c) Isopycnal 27.5, 8-day manifold
segments. (d) Isopycnal 27.5, 14-day manifold segments.
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Figure 9: Timescale of Lagrangian WAG. (a-d) Forward FTLE for trajectories on σθ = 27kg/m3 starting
day 15. (e) Trajectories’ initial position in the western Alboran. (f) Fraction of trajectories remaining in the
western Alboran over a 60-day integration. For surface trajectories, 83% leave the region over 60 days and
81% leave the region over 30 days. For trajectories on σθ = 27kg m-3, 99% leave the region over 60 days.
For those on σθ = 27.5kg m-3, 98.5% leave the region over 60 days.
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