Persistence of the large-scale interior deep ocean circulation
in global repeat hydrographic sections
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Key Points:

o Large-scale density gradients in most parts of the deep ocean away from
boundaries are stable over the modern observational period.

e The structure of large-scale (planetary) potential vorticity in the deep
interior ocean is also persistent from occupation to occupation.

e These results support the assumption of quasi-steady state that underlies
many analyses, including hydrographic inverse models.

Abstract

An assumption of steady-state is a common basis for deep ocean circulation
theory and observational strategies. We use GO-SHIP’s Fasy Ocean uniformly
gridded CTD data from repeat hydrographic sections to test this assumption. In
particular, we ask: for what regions of the world ocean is there evidence that the
planetary scale deep geostrophic shear and potential vorticity fields, related to
potential density gradients, are in quasi steady-state over the past forty years?
We find that away from boundary currents, planetary-scale potential density
gradients in most parts of the deep ocean are stable from occupation to occu-
pation, to within approximately 15% estimated standard error (lower in many
parts of the global ocean interior), with higher variability in a few expected
regions and for shorter sections.

Plain Language Summary

In analyzing ocean circulation, it is common practice to use all available density
data, because doing so can average out short time scales of variability (hours
to years) and provide values representative of an underlying circulation pattern
that is persistent over time. In doing so, a “steady-state” assumption has been
made — that the underlying ocean circulation does not have a long term trend
over the four decades of the modern observational period. This assumption may
be problematic given known warming of the deepest parts of the ocean. Our
study uses data from a global collection of long sampling lines, repeated every
decade or so, to test the steady-state assumption for the deep ocean’s density
field, and finds that it generally holds true, except near intense currents that
occur at its lateral boundaries and in parts of the ocean close to the few locations
where deep water is formed.



1 Introduction

An assumption of steady state is a fundamental tenet of both deep ocean cir-
culation theory and observational strategies. This assumption has been widely
applied, over time scales ranging from the multi-decadal span of the modern
observational period (e.g., Talley et al. 2003; Lumpkin and Speer 2007; Mac-
Donald et al. 2009; Khatiwala et al. 2012; Holzer et al. 2017) to millennial time
scale (Gebbie and Huybers, 2019). By combining all available hydrographic data
to estimate the large-scale geostrophic shear in a planetary geostrophic inverse
calculation, the authors rely on steady-state in their recent deep circulation
analyses for the Northeast Pacific Basin (Hautala, 2018; hereafter H18) and the
Brazil Basin.

The physical basis, at least for a quasi-steady state, is often discussed in terms
of the long adjustment time of the deep ocean, although faster teleconnection
mechanisms have been proposed (Masuda et al. 2010). Stability of the large-
scale circulation pattern during the modern observational period is supported by
persistent conservative tracer features such as deep 3He extrema (e.g., Lupton
and Jenkins 2017; Takahata et al. 2018; Jenkins et al. 2020). On millenial
timescales, Zhao et al. (2018) find consistency of the evolution of the deglacial
deep radiocarbon field with atmospheric trends using modern ventilation rates,
except in the northern North Atlantic and Southern Ocean, both close to the
regions of active deep water formation.

On the other hand, given the recent observed changes in abyssal water mass
temperature/salinity and also potentially in the rates of bottom water formation
(e.g., Talley et al. 2015, and references therein; Voet et al. 2016; Volkov et al.
2016; Purkey et al. 2018; Purkey et al. 2019; Johnson et al. 2019; Johnson
et al. 2020), it is important to revisit observational evidence that bears on
the steady-state assumption. Here, we reframe the question into one that can
be addressed by the existing observations along repeat hydrographic sections.
We ask: for what regions of the world ocean is there evidence that the deep
geostrophic shear (derived from large-scale gradients in potential density on
isobaric surfaces) and planetary potential vorticity (derived from the vertical
potential density gradient) are in a quasi steady-state over the past forty years?
As a part of the answer to this question, we also estimate the standard error for
planetary geostrophic scale variations of density and potential vorticity fields,
based on a technique that smooths out the prominent mesoscale variability.

2 Data and Methods

We use the GO-SHIP Easy Ocean data product (Katsumata et al. 2021)
that maps the GO-SHIP/CLIVAR/WOCE sections onto uniform space and
pressure coordinates (Figure 1). The data for all sections was downloaded
from their “clean” gridded CTD files. Conservative temperature and absolute
salinity values, calculated using TEOS-10 (McDougall and Barker 2011) are
already included in these files. Potential density is computed along each
section at three pressures: P;=2000, P,=3000 and P;=4000 dbar using the



gsw-python 0.1 (TEOS-10) codes gsw.density.sigma2, gsw.density.sigma3 and
gsw.density.sigma/. Large-scale potential vorticity (PV = f/g N?) is calculated
from N? using gsw.stability, and then vertically averaged over 200 m centered
on each P;.
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Figure 1. Nominal zonal and meridional locations of the GO-SHIP Easy Ocean
compilation of uniformly gridded repeat hydrographic sections (Katsumata et
al., 2021). Only sections (or parts of sections) with more than one occupation
are included in this analysis.

Planetary-scale (i.e., order 1000 km horizontal length scale) spatial variations
are assessed using fits produced by the gamm function from the R toolbox mgcw,
with thin-plate spline (TPS) basis functions (Wood 2003). This is the univari-
ate analog of the method (Trossman et al. 2011) that was used to determine
the large-scale structure of deep ocean neutral density, potential vorticity and
salinity fields in H18.

3 Results and Discussion

Potential density values at 2000, 3000, and 4000 dbar are shown in Figure 2
for representative sections. These sections were chosen for their greater length
(allowing for more reliable detection of the large scale trend in the presence of
eddy noise), with preference given to sections with more occupations. Because
the 5000 dbar horizon is often split by topography into isolated deep basins,
we do not analyze it for all sections, although , along this level is shown for
selected sections in Figure 3. Several sections of potential vorticity are shown



in Figure 4. As contrasting examples, several shorter sections with forseeably
larger noise to signal ratio are shown in in the online Supporting Information
in Figure S1 (P09: running through the Philippine Sea; TR06: just downstream
of the Indonesian Throughflow; and 75N: in the far subpolar North Atlantic).
Remaining sections with more than one occupation are shown in Figures S2-54.

Despite substantial mesoscale eddy noise, planetary-scale trends in the deep in-
terior ocean (i.e., several hundred kilometers away from lateral boundaries) are
remarkably similar from occupation to occupation (Figures 2 and 4, and online
Supporting Information). Since the horizontal potential density gradient is re-
lated directly to the geostrophic shear through the thermal wind equation, these
results imply that the interior abyssal circulation has not greatly changed over
the modern observational period. Larger occupation-to-occupation variability
occurs primarily in expected regions, particularly for shorter sections (Figure
S1), in deep western boundary currents, and in wind-driven western boundary
current extensions.

The Pacific Ocean has the largest number of repeat sections available and we
discuss that basin first, and most extensively. As an example, consider the sec-
tion at nominal 47°N in the subarctic Pacific (P01, Figure 2a), a key component
of the inverse calculation of H18. This section has repeat data from 1985, 1999,
2007 and 2014. Along this section, potential density at 2000 dbar reaches a
maximum at about 160°E and a broad minimum at about 160°W (Figure 2a,
top panel). While this structure clearly persists from occupation to occupation,
the extrema in the TPS fits (especially the western peak) shift slightly because
of the configuration of eddies present in an individual section. We use this 40°
longitude range for an example quantification of the slopes involved and their
differences between occupations: the along-section potential density gradient at
2000 dbar in the TPS fit varies from —1.256 x 107® to —1.028 x 107> kg m™
km™, with a mean value of —1.172 x 10~° kg m™® km™. From the thermal wind
equation, this mean value is equivalent to a change of geostrophic velocity of
1 mm/s over 1000 m depth. The standard deviation of the four occupations is
6-7% of the average gradient for the 2000-4000 dbar range that we examined.
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Figure 2. Representative sections from the Pacific (subplots a-c), Atlantic
(d-g) and Indian Ocean (h, i). Dots in the top three-panels of each subplot
show individual density values at 2000, 3000 and 4000 dbar levels ( 5, 5 and ,
respectively, kg m™), colored by occupation year. Smooth colored lines show



two-dimensional thin-plate spline (TPS) fits to each occupation. The black
dashed line shows the TPS fit using data from all years. In the top panel of
each subplot, a gray curve shows the deepest point sampled, an indicator of
bathymetry, according to the scale in the first column. The lower panel of each
subplot shows percent standard error for density differences over 2° of the along-
section coordinate (see text for details), with numbers in parentheses reporting
the section average value.

Although helpful as an illustrative example, the previous calculation is depen-
dent on its horizontal bounds, and so, in the lower panels of each subplot in
Figure 2, we plot a relative error estimate along the entire section. The rele-
vant quantity that varies between the uniformly gridded occupations is the local
large-scale isobaric potential density difference () between two points based on
the smoothed TPS fits. We show the standard error of for 2° intervals along
the section, where the number of degrees of freedom is the number of occupa-
tions. As the central tendency, we use the all-occupation TPS fit (shown in
the upper three panels as a black dashed line), since the field produced by the
large-scale mapping technique is the quantity of interest for quantification of
error. While the technique returns its own estimates of mapping error that are
used in the inverse analyses, those values are still dependent on the assumption
that the underlying field of interest is not changing between occupations.

Since the range of potential density varies considerably with depth and between
basins, we have normalized values using the interquartile range of potential
density at each level and section, taken from the all-occupation TPS fit. Because
of this normalization choice, the error estimates are not true percentages of
at their corresponding point in space along the section. However, this choice
avoids the tendency for the ratio to blow up as the local approaches zero. It is
apparent that for many longer sections, deep interior ocean density differences
over large scales can be estimated with a relatively low margin of error. For
example, for P01, the mean standard error for all three pressure levels ranges
from 2 to 5% of the normalization values at those depths. 95% confidence error
bars would be about two to three times larger, given the low number of degrees
of freedom.

Moving deeper within P01 (Figure 2a), at the the 3000 and 4000 dbar levels
we find another prominent and persistent structure in the form of a marked
decrease in density on level surfaces approaching the eastern end of the section,
noted in the very first occupation by Talley et al. (1991). This feature is the
thermal wind signature of a broad bottom-intensified southward flow that carries
Upper Circumpolar Deep Water away from its sources in the Aleutian Trench to
supply much of the Northeast Pacific Basin north of 30°N (H18). The structure
in potential vorticity at 4000 dbar in this region also is stable over time (Figure
4b). PV decreases approaching the eastern edge along neutral surfaces (H18),
and the increase observed here on level surfaces is convolved with the strong
downward slope of neutral surfaces as they ground into rising topography on
their eastern edges. This zonal structure in PV is important because it supports



meridional flow in the presence of weak diapycnal mixing (H18).

In the first reoccupation of P01 in 1999, a warming of about 0.005°C below 5000
m was observed (Fukasawa et al. 2004). Given values of = 1.2°C and § = 34.68
psu from the WOCE Atlas (Talley 2007), that degree of temperature change
would correspond to a decrease in 4 of 0.0008 kg m™3, a small number relative
to the planetary-scale horizontal variation at 5000 dbar (Figure 3a). The most
recent occupation of this section does show a distinct reduction in density in
selected areas, particularly around the dateline, but density differences across
the entire basin remain robust and the section-average standard error in the
large-scale trend at 5000 dbar is only 1% of the normalization value (Figure
3a).

P06, along nominal 30°S, demonstrates the persistence of deep zonal potential
density gradients (hence geostrophic shear of the meridional flow) in the South
Pacific subtropical interior (Figure 2b). As just discussed for the subarctic
section, this result is not inconsistent with the observations of Sloyan et al.
(2013) of bottom water warming and even a weakening of the northward AABW
transport — the focus of those changes is around neutral density 28.2 kg m™,
lying deeper, at about 5000 dbar, and, as they note, those changes are largely
confined to the western boundary region. Even though the reduction in density
between 1992 and 2017 is clear west of 155°W /205°E (Figure 3b), its relatively
small magnitude only impacts the shear in this area of relatively weak horizontal
density gradient; the stronger shear zone located to the east of 155°W is robust,
and the section-average standard error for the large-scale fit is only 0.3%.
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Figure 3. As in Figure 2, but for potential density ( ,) along the 5000 dbar
horizon, for selected sections.

Thus, both the subarctic (Figure 2a) and subtropical (Figure 2b, S2a-c) zonal
density gradients in the Pacific Ocean are persistent over the modern observa-



tional period (note that some of the more variable longitude bands in Figure S2a
can be attributed to an incomplete section in 1993 that distorts the TPS fit to
that occupation of P02). Long meridional sections also demonstrate persistence
of structure in density gradients, as exemplified for the Pacific by P16 (Figure
2¢; see Figs S1d-i for other Pacific meridional sections). Even in the south-
ernmost part of P16, extending into the stronger density gradients associated
with the deep Antarctic Circumpolar Current, persistence over its twenty year
observational span is observed. (While Southern Ocean persistence is observed
for the other meridional sections, the southernmost latitudes of those sections
have been truncated in the supplemental figures to enhance the subtropical vari-
ations and make the error estimates more relevant to those latitudes.) Greater
variation among occupations tends to occur mostly in the western part of the
North Pacific, especially in the vicinity of the deep Kuroshio Extension and
in the Philippine Sea (Figures Sla, S2a,b,d,e). However, even along the 5000
dbar horizon in the deepest part of the western South Pacific, where the density
reduction associated with global warming is most apparent, the planetary-scale
density gradient structure is remarkably consistent, and can be estimated with
a mean standard error of 3.3% (Figure 3c).

Given the large extent of the Pacific Ocean, one could argue it is the most
likely to show persistence both because the planetary scale fit can average out
many mesoscale features, and because its interior is relatively isolated from
modern changes communicated via deep western boundary currents. However,
persistence is also observed in typically shorter sections in the interior Atlantic
and Indian Ocean sections (Figures 2d-f, S3, S4).

For example, for the A10 section across nominal 30°S in the South Atlantic (Fig-
ure 2d), the normalized error is greatest at 2000, but note that the mean zonal
density gradients at mid-depth are weak. For the interior, the standard error
still only reaches ~20% of its normalization value in certain longitude ranges
where the configuration of eddies leads to subtle shifts in the smoothed curves,
and the section average error is about half of that. Although the 4000 dbar
horizon is broken up into segments by topography, there is clear persistence,
in either raw or TPS curves, of the zonal density gradient. For the longitude
range 15°-30°W, persistence is particularly important because it is related to the
meridional geostrophic shear just north of the Hunter Channel. As in the west-
ern South Pacific, persistence does not contradict significant warming observed
below 4000 m for Brazil Basin (Johnson et al. 2020). The density gradient along
A16-A23 in this latitude range is surprisingly stable, despite the reduction in
overall density (Figure 3d).

In the North Atlantic, variation from occupation to occupation tends to be
somewhat larger, particularly for several quite short sections in its western and
subpolar areas (Figures 2g, Slc, S3b), but estimated errors are still fairly low
away from the deep Gulf Stream extension and far northern subpolar gyre, and
there is a tendency for even lower variability at 4000 m than at mid-depth.
A good example for this basin is A05 across the mid-latitude North Atlantic



(Figure 2f). That the western mid-depth North Atlantic has variable meridional
geostrophic shear over large scales was first noted by Wunsch and Roemmich
(1985; see their Figure la comparing 1981 and 1957 occupations along ~24°N).
The likely cause is the well-known property and layer thickness anomalies over
broad scales that have been attributed to interannual variability in the Upper
North Atlantic Deep Water components (e.g., Curry et al. 1998; Ortega et al.
2017). Changes in the mean density of the far northern subpolar Atlantic section
(Figure Slc) are striking and it is perhaps surprising that the basin-scale density
gradients from year to year are even somewhat reproducible (except near the
western boundary). This section, close to the sources of North Atlantic Deep
Water would obviously be need to be treated with great caution in any steady-
state inverse calculation.

Indian Ocean sections (Figures 2h,i and S4), although few in number, provide
further support for the general conclusion of persistence, except near bound-
aries. More variability is observed, not surprisingly, in a short section across
the Indonesian Throughflow as it enters the eastern Indian Ocean (IR06, Figure
S1b). Although the Indian Ocean mean normalized errors are higher than the
other basins (Table S1), two of the five sections have only been occupied twice
(Figure S4), reducing the number of degrees of freedom. Additionally, with so
few lines, a highly variable section such as IR06 is likely over-weighted in the
average. Importantly, deep planetary scale density gradients along 105 are quite
persistent (Figure 2h). The stability of this section, along with the other two
zonal sections along ~30°S (Figure 2b, d), is important because they capture
the global deep connection between the deep basins and the Southern Ocean.

In some regions mesoscale features repeat in the same location from occupation
to occupation and are likely part of the slowly varying general circulation rather
than transient eddies. These features are often associated with topography. For
example, along 105 (Figure 2h), the sign of the shear in meridional velocity
at 4000 dbar changes sign in each of the three sections at the same location
(55°E-60°E) above the eastern flank of the Southwest Indian Ridge where the
section crosses meridionally-oriented fracture zone canyons. Another example
is meridional velocity shear of alternating sign along P01 within the deepest
part of the Northwest Pacific Basin, just west of the Emperor Seamount Chain
at ~170°E (Figure 2a). Along P16 in the South Pacific, the sign of the shear
in zonal velocity along 4000 dbar changes signs multiple times between 15°S
to 50°S, in nearly identical locations in each of its three occupations. The
region between 30-50°S where the largest such alternations occur is within a
deep basin bounded by slopes associated with the Pacific-Antarctic Ridge and
Austral Islands (French Polynesia). Numerous examples from other sections can
also be discerned (see online Supporting Information).

Potential vorticity (PV) in meridional sections largely tracks planetary vorticity
in the deep ocean. However, the repeat hydrographic sections reveal deviations
from this trend, over both large and regional scales, that are also stable from
occupation to occupation. This is perhaps not surprising given the general



persistence of the density field itself, but is worthwhile examining separately
since PV conservation underpins the inverse method of H18, as well as a whole
class of earlier techniques going back to the beta spiral (Schott and Stommel
1978). Warming of the bottom water has also been associated with a reduction in
stratification, and hence could impact planetary potential vorticity trends along
the sections. However, as with the warming signal itself, substantial systematic
changes are found deeper than about 5000 m (Zhang et al. 2021).
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Figure 4. As in Figure 2, but for planetary potential vorticity in units of 10-!!

m! s! for selected sections.

A marked reduction of the meridional PV gradient at the 4000 dbar level
in the North Pacific (Figure 4a) is likely related to enhanced bottom mixing
(Roussenov et al. 2002), perhaps enhanced by broad geothermal heating (War-
ren et al. 1986). In the South Pacific, PV goes through a notable minimum
just equatorward of the Antarctic Circumpolar Current (Figure 4a, also other
sections, not shown). In the southernmost part of P16, the absolute value of
PV increases moving northwards towards its negative minimum. This trend is
a consequence of increasing stratification along pressure surfaces that cross the
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strongly downward tilting isopycnals, associated geostrophically with the rela-
tively strong deep ACC. As previously discussed, a similar effect can be seen
in the zonal increase in PV at 4000 dbar along POl near their eastern edge
where isopycnals dive into topography (Figure 4b). This convolution highlights
that PV on neutral surfaces, rather than isobars, is the more useful quantity
for oceanographic interpretation and inverse modeling. Although neutral sur-
face PV is not specifically analyzed here, we hypothesize that its planetary-scale
variations also likely to be persistent over the modern observational period since
both isobaric density and PV gradients are stable.

As with the geostrophic shear, mesoscale PV variations that are likely part of
the time-mean circulation can also be discerned. One example can be found in
P10 in the western Pacific (Figure 4d) at about 25°N, where the PV gradient
is weaker than expected from the planetary trend. In two of the three occupa-
tions, the PV gradient even reverses sign at 4000 dbar between 20-25°N. This
is a region, complicated by zonally-oriented seamount chains, where Wijffels
et al. (1998) identified an eastward current with a benthic water mass front
at 25°N from 4000 m to the bottom. Potential density persistently decreases
to the north (Figure 4d), associated with this bottom-intensified eastward flow.
Wijffels et al. (1998) proposed that the eastward flowing water is sourced from
lower latitude in a narrow boundary current steered west of the section by topog-
raphy, likely influencing the regional PV gradient (see their Figure 10). Other
illustrative examples are lower PV on either flank of the Mid-Atlantic Ridge in
A05 (Figure 4e) and the topographically co-located variations on both planetary
and mesoscales along 105 (Figure 4f).

5 Conclusions

The main conclusion of this study is that, while a considerable amount of
mesoscale eddy variability can be seen between occupations, the underlying
planetary scale pattern of isobaric density and potential vorticity in most of the
deep global interior is unchanging. Furthermore, density gradients can currently
be estimated, using an appropriate technique for capturing the largest scales of
variation, to within approximately 15% estimated standard error (Table S1),
with higher variability in a few expected regions and for shorter sections. As
the number of occupations increases, the error level will drop further. Gradi-
ents for many areas of the deep interior, especially at 3000 and 4000 dbar, can
be estimated with even lower error levels (<10%). Because of the relationship
between density gradients and planetary geostrophic shear and dynamics, we
infer that the deep ocean circulation is in a quasi-steady state over the modern
observational period.

These results are not inconsistent with observed warming, in many parts of the
global ocean, of the densest water below about 4000 m depth (e.g., Purkey et
al., 2018, and references therein). However, the deep geostrophic shear is rela-
tively unaffected, except in regions of weak shear, or adjacent to deep western
boundary currents or otherwise directly influenced by changes in deep water
formation. Thus, analyses can consistently combine all available data to make
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progress toward a first order understanding of the interior deep ocean circula-
tion, a picture that is currently fuzzy, at best. While it is entirely possible
that over time the geostrophic shear in the deepest basins may begin to change,
this eventuality may not present an immediate limitation for such analyses. For
example, the planetary geostrophic inverse technique of H18 relies only on a
thick layer of deep and mid-depth surfaces that are dynamically connected over
basin scales, whereas the greatest warming signature occurs in the bottom wa-
ter of deep basins that are often disconnected from one another by intervening
topography. Given the support demonstrated here for the underlying assump-
tion of quasi-steady state for depths between 2000 to 4000 dbar, this technique,
along with many others developed in recent years, have the potential to yield
first-order estimates of the deep circulation for much of the global ocean.
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