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ABSTRACT: The implications of bottom intensified mixing together with an insulating boundary condition at the ocean
floor for the ocean overturning has been investigated recently by many authors in many different settings. Here, we apply
similar ideas to a brackish coastal sea, the eastern Gotland Basin in the Baltic Sea. The deep overturning in the basin is esti-
mated using high-resolution temperature, salinity, and bathymetry data for a number of assumed vertical buoyancy flux
and diffusivity profiles. The overturning structure in the basin is, in many ways, found to be similar to that inferred for the
global ocean in recent studies, having rising water in a bottom boundary layer and sinking waters in the stratified mixing
layer above. Moreover, the vertical structure of the overturning is found to be controlled by the hypsographic curve, with
strong transformation occurring in certain depth ranges. These transformation hotspots are, however, not visible when wa-
ter mass transformation is averaged in buoyancy space indicating that the effect of these hotspots is spread naturally over a

large range of water masses.
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1. Introduction

A new paradigm describing the ocean overturning has
emerged in which the deep overturning in the global ocean is a
small residual of fast upwelling in narrow boundary layers along
the sloping seafloor and slower downwelling occurring in the
much larger stratified interior above the boundary layers (Ferrari
et al. 2016; McDougall and Ferrari 2017). Two assumptions, both
supported by observations, are central to the theory. First, turbu-
lent fluxes owing to small-scale mixing decrease in magnitude
with distance from the ocean floor, and second, there is an insu-
lating boundary condition at the ocean floor (Polzin et al. 1997,
St. Laurent et al. 2012). The first of these assumptions leads to
the conclusion that small-scale mixing drives densification
and consequently sinking rather than rising of deep-water
masses. The second assumption imposes the condition that close
to the bottom there must be an area of flux convergence, where
water masses are made less dense. As an alternative to an insu-
lating bottom boundary condition, one may also use a Neumann
condition allowing for geothermal heating, which gives rise to an
even stronger flux convergence (McDougall and Ferrari 2017).

Diagnostic overturning calculations have been done in many
different settings, from idealized ocean geometries (e.g., cones,
bowls, and inverted cones) to more realistic ocean basin geome-
tries and have helped explain many features of the global ocean
overturning (de Lavergne et al. 2017; Holmes et al. 2018; Drake
et al. 2020). Most of these applications make use of the water
mass transformation framework first introduced by Walin
(1977). The framework combines tracer and volume budgets in
tracer space and makes it possible to calculate the volume flux
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across an isotracer surface from estimates of the nonadvective
fluxes of said tracer. The framework was first applied using sa-
linity as tracer but has since been extended to temperature, den-
sity, and multitracer applications (Walin 1982; Marshall et al.
1999; Tudicone et al. 2008; Hieronymus et al. 2014).

The first usage of the water mass transformation framework
by Walin (1977) was an application to the Baltic Sea, which in-
cidentally is also the area of interest for our application. The
Baltic Sea is a semienclosed brackish and strongly salt stratified
water body. The sea consists of a number of subbasins sepa-
rated by sills. Here, we focus on the eastern Gotland Basin
(EGB), see Fig. 1 (upper panel). To a first approximation, the
stratification in the basin can be thought of as a two-layer sys-
tem with relatively freshwater above sill depth separated from
much more saline water below by a strong halocline (Lehmann
et al. 2022). The main ventilation of the deep water comes
with intermittent inflows of high saline waters from Kattegat
(Mohrholz 2018), a bay in the North Sea that constitutes the
Baltic Sea’s only connection to the open ocean. A plot of sa-
linity against time for the lower layer therefore looks some-
what like a sawtooth wave, with a very irregular period, see
Fig. 1 (lower panel). During the short inflows, the salinity
quickly goes up, and then the salinity is slowly lost to the upper
layer during the much longer stagnation periods. The poor ven-
tilation during the often multiyear long stagnation periods in
combination with eutrophication leads to many environmental
problems (Kuliriski et al. 2022). Most prominently, wide spread
oxygen deficiency in the bottom waters (Almroth-Rosell et al.
2021). The aim of our endeavors here is to derive a model for
salinity changes during stagnation periods and to see how those
are affected by different assumptions that can be made about
the vertical nonadvective buoyancy flux profile. For this pur-
pose, we lean heavily on earlier work, especially McDougall
and Ferrari (2017).
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FIG. 1. (top) Bathymetric map of the area and (bottom) deep sa-
linity as a function of time from the station BY15. Isolines are drawn
at 170-, 190- , 210- , 230- , and 250-m depth. The station BY15 is also
the station where the temperature and salinity data used to infer the
basin stratification in our analyses are taken from.

The Baltic Sea has many features in common with the global
ocean, like an overturning circulation, a permanent stratification,
meso- and submesoscale eddies, and bottom intensified small-
scale mixing (Reissmann et al. 2009). However, there are also
some notable differences such as very small tidal amplitudes and
no bottom water production. A major difference between the
Baltic Sea and the global ocean is that the availability of obser-
vations is much higher in the former. Here, we utilize the avail-
ability of long-term observations of salinity and temperature as
well as high-resolution bathymetry in our aim to better under-
stand the deep circulation of the EGB.

A main motivation for our investigation is that earlier tracer-
release experiments in the EGB have demonstrated the leading
order importance of near-boundary mixing, for the spreading
of tracers during stagnation periods (Holtermann et al. 2012;
Holtermann and Umlauf 2012). Moreover, these tracer-release
experiments did not only give evidence of rapid rising velocities
close to the boundary but also of sinking in the stratified interior
(Holtermann et al. 2012; Holtermann and Umlauf 2012). It
should be noted that the observed sinking could have other
causes, some of which were discussed by Holtermann et al.
(2012). Nevertheless, these observations give evidence of a
deep circulation in the EGB that appears to share interesting
characteristics with that proposed to govern the deep over-
turning in the global ocean in the emergent paradigm discussed
in the first few paragraphs. Moreover, evidence of a similarly
structured overturning circulation in the Baltic Sea was very re-
cently found in a 2-yr-long integration of a regional ocean
model (Henell et al. 2023). These observations, as well as those
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of bottom intensified mixing in the Baltic Sea (Reissmann et al.
2009), constitute a strong motivation for making more detailed
calculations.

2. Theory and method
a. Transformation of basin deep water

Figure 2 shows a schematic of our domain of interest, a
deep-water mass bounded by the ocean floor and an isopycnal
surface, as well as the advective and nonadvective fluxes af-
fecting this water mass. The volume of deep water V is de-
fined by having a buoyancy that is less than b. This volume
consists of water masses both in the stratified mixing layer
(SML) and in the well-mixed bottom boundary layer (BBL).
The boundary between these two regions is sketched with a
dashed line. The volume is bounded by the seafloor and the
isopycnal surface where the buoyancy is equal to b. Through
the isopycnal surface goes fluxes of volume [G (m® s™!)] and
nonadvective fluxes of buoyancy [F (m* s™%)]. Near the bot-
tom, there is a well-mixed bottom boundary layer, shown by
the dashed line. Through the top of the boundary layer, the
dashed line, there are fluxes of volume [M (m® s~ !)] and non-
advective fluxes of buoyancy [Fggr (m* s™%)]. Our aim is to
derive expressions for G separated into a component repre-
senting the transformation in the BBL (Gggy) and one repre-
senting that in the SML (Ggmy). The idea of calculating these
transformations separately comes from McDougall and
Ferrari (2017), but our derivations and designations are more
in line with those used originally by Walin (1977, 1982).

Consider the volume and buoyancy budgets of the whole
volume (i.e., the BBL + SML regions). Volume conservation
gives

- = _G’ (1)

and conservation of buoyancy gives

a v
— "—db' =-Gb + F 2
o wb abdb Gb ) 2)

where we note that G contains both the contribution to G from
the BBL and the SML, that is Gggr and Ggyy . Substituting
bolob of Eq. (1) into d/0b of Eq. (2) yields

oF
G=20p )

Let us now consider those same budgets for the volume
within the BBL, denoted as Vgg;. Volume conservation gives

A%
% = My — Ggpyps “4)

and conservation of buoyancy gives

a oV b aM.
8_tJ‘_x b’ —OI;JBL db’ = Lw b’ —BEBL db’ — Ggp b + Fgp,

®)
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FI1G. 2. Sketch of our domain with fluxes of buoyancy and volume. Seen (a) from the side and (b) from the top of
the isopyncnal. The V is the volume where the buoyancy is less than b, which is bounded by the isopycnal surface
where the buoyancy equals b (sketched in red and magenta) and the ocean floor. The red parts of the isopycnal surface
marks the area of the isopycnal surface where the mixing is intensified, while the magenta part marks the area of the
isopycnal that is far enough away from the bottom that water mass transformations are very weak. The Ggyy, (m® s~ 1)
is the volume flux across the isopycnal surface that occurs outside the BBL. The Ggpy is the part of G that occurs in
the BBL. The dashed line marks the separation of the BBL and the SML and is also where the nonadvective buoyancy
flux f (m? s—*) reaches its maxima. The different F (m* s~*) terms denote laterally integrated nonadvective buoyancy
fluxes, and Mg, (m> s~ 1) denotes the volume flux through the top of the BBL. The top view shows the areas where

water is rising with arrowheads and sinking with fletchings.

Substituting bd/ob of Eq. (4) into 9/0b of Eq. (5) yields

JF,
GgpL = alzBL : (6)

Moreover, G = Gggr + GSML glVlng

,(E‘faFBBL.

Gom = ab ab

0
Note that our derivations do not rely on any steady-state assump-
tions, which is important as the deeper parts of the Baltic Sea are
never in a steady state. Instead, they are characterized by having
irregular oscillatory behavior, owing to inflow-stagnation period
cycles.

In our computations, we approximate both F and Fgg as ver-
tical fluxes occurring across small horizontal area elements. That
is, we approximate both the isopycnal surface bounding V and
the material surface marking the top of the BBL (the area that
separates the SML from the BBL) the same way that the free
surface and the ocean floor are represented in z-coordinate
ocean models. With this approximation, the area of the isopyc-
nal surface bounding V(b, ) and the area that separates the
BBL from the SML are equal in size, as they are given by the
same sum of area elements. Here, we call the area of these sur-
faces A(b, t). Using this designation, F(b, f) can be written as

Fib. 1) = Lf(b, 0dA = A(f), ®)

where fis the buoyancy flux per unit area and () signifies an
average over the area A(b, t). That is, we use uppercase letters
(e.g., F) to denote area-integrated terms and lowercase letters
(e.g., /) to denote per unit area terms. The Fggy_ is given by
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Fypy (b, 1) = max,( f)LdA — max, (A, )

because f takes its maximum value on the boundary between
the BBL and the SML. Note that this means that Fgpgy is di-
rectly proportional to A and is thus a function only of the
hypsographic curve and max,(f), which is here taken to be
uniform in x and y. The f profiles are discussed separately in
section 2b.

Substituting Egs. (8) and (9) into Eq. (7), Gsmy. can be writ-
ten as

o L

G =4 b

[() = max, (D)% = G = Gy (10)
The second term of Eq. (10) is always negative as (f) cannot
exceed max,(f), and the first term is negative as long as the
averaged buoyancy flux is bottom intensified. Given that
GpgL is always positive, well as long as,dA/0b > 0 or for a sta-
bly stratified ocean when dA/9z > 0, it stands to reason that
the overturning G, in many ocean basins and lakes, is a sum of
two opposing contributions, a positive contribution from Gggp
and a negative contribution from Ggyy . In fact, McDougall and
Ferrari (2017) found G in the global ocean to be much smaller
in magnitude than the two opposing contributions from Gggy.
and Ggppr. As a quantitative measure, they introduced the am-
plification factor:

A= GBBL‘

G (11)

A definition that works fine as long as G > 0. Here, however, we
have situations where G < 0 (i.e., situations where d Flob < 0).
We believe such situations can occur after inflows if the new
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bottom water is more strongly stratified than the water masses
immediately above. Leading to situations where F decreases with
b at the boundary between the more stratified new bottom water
and the weakly stratified old deep water. For this reason, we de-
fine the amplification factor as

_ GppL GSML)
A= max( G G [

(12)
The amplification factor thus goes to infinity when |Gggr/
Gsmr| goes to —1. The amplification factor can be related to the
ratio of the diapycnal velocity in the BBL to that in the SML. To
proceed, we set Ggpr. = Appr(WapL) and Gspr. = Asmr(WsmL)»
where wgpr and wgy. are the average diapycnal velocities in
the BBL and SML, respectively, and Agg;, = Hppr X C and
Asmr = Lsy, X C are the areas of the BBL and SML, respec-
tively. Here, C is the circumference of the basin, Hgpy is the
height of the well-mixed bottom boundary layer, and Lgyy is the
length of the isopycnal surface where intensified mixing occurs,
measured from where the surface intersects the BBL toward its
center. That is, Lsyy scales as Hi,/tan(a) (McDougall and
Ferrari 2017), where Hi, is the height above the bottom
where the mixing is intensified and « is the bottom slope. It is
worth noting that Ly, typically is much smaller than the radius
of the basin and thus that deep isopycnal surfaces typically
have three dynamical regimes: upwelling in the BBL, downw-
elling in the SML, and a quiescent interior that is far enough
away from the bottom to have negligible water mass transfor-
mation. Putting these estimates together, we get

(Wppy ) ~ A Hipy
(wepr) 1 — Atan(a)Hyg, ’

(13)

where A = Gy, /G has been used (i.e., we are restricted to
A >1). From Eq. (13) it is clear that the velocity ratio asymp-
totes to Hi,/[Hgpr X tan(a)] for very large A. As A tends to
one, the first fraction on the left-hand side tends to infinity
and the second tends to zero, so the velocity ratio for very
small A depends on the speed by which the area of and veloc-
ity across the SML vanishes when Ggyy tends to zero. Under
typical oceanic conditions, small bottom slopes and A ~ 3,
(wppL) is much larger than (wsp.)-

b. Flux profiles

The rate of water mass transformation depends on the di-
vergence of the nonadvective buoyancy flux in buoyancy co-
ordinates as was shown in the preceding subsection. To
compute the water mass transformation, we shall here assume
that we know the buoyancy flux f, either directly or through
knowledge of the turbulent diffusivity « and the buoyancy fre-
quency N°. Measuring the buoyancy flux directly is not practi-
cally possible but many types of measurements help constrain
it. From microstructure measurements, we can infer the vis-
cous dissipation €, which can be related to f through the
Osborn (1980) relation f = I'e, where a constant mixing effi-
ciency, I' = 0.2, is typically used. From tracer-release experi-
ments (Holtermann et al. 2012; Holtermann and Umlauf
2012), we know a bit about k, which relates to f through
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f = kdb/dz = kN*. The N* and its variability are known quite
well from measurements that have been ongoing with an ap-
proximately monthly frequency in the EGB since the 1960s.
Estimates of k derived from observationally based budgets of
salinity and heat is another possible constraint on k (Axell
1998).

Just as in the proper ocean, several lines of evidence sug-
gest that mixing is bottom intensified in the EGB. Moreover,
the buoyancy flux f must go to zero at the ocean floor to sat-
isfy the no-normal flux condition on the boundary. Here, we
will assume a number of different f profiles that all have a sim-
ilar functional form, heavily inspired by Ferrari et al. (2016)
and McDougall and Ferrari (2017). A difference from these
aforementioned works is, however, that we consider both «
and f profiles, while the earlier works considered only f pro-
files. The functional form we use for fis

f _ 02{31 + Boe[*Z*(HfHBBL)]/h}' (14)
If z = —(H — Hgpr) and otherwise
f=02(B, + By) X (H + z)/Hgg; , 15)

where z is the vertical coordinate equal to zero at the ocean
surface, H is the maximal depth as a function of x and y,
Hygg is the height of the well-mixed bottom boundary layer,
h is the e-folding length scale, and By and By set the magni-
tude of the buoyancy flux curve. Similarly for k, we use

k= {K, + Kyel 3 (- Hag )V} (16)
If z = —(H — HgpL) and otherwise
k= (K, + K;) X (H + z)/Hgp, . 17)

The aim of our investigation is not to try and pin down the
most basin-appropriate f profile but rather to investigate what
difference different profiles make for the water mass transfor-
mation in the basin. Therefore, we have done calculations us-
ing a number of different parameter values. Our best guess
profile, based on Reissmann et al. (2009), Holtermann et al.
(2012), Holtermann and Umlauf (2012) and references therein,
is called “base,” and the other profiles represent slight variations
around the parameter choices used for the base case. However,
the simple analytical nature of our functions for k and f suggests
that also the base case should be considered a very coarse
representation of reality. The main aim of these functions is
to capture three features: 1) that both € and k have been
found to increase by about an order of magnitude in the vi-
cinity of the bottom from 107 to 1078 and 107° to 1073, re-
spectively; 2) no buoyancy flux goes through the ocean floor;
and 3) a well-mixed bottom boundary layer of varying thickness
(typically some meters) exists over the ocean floor. The first
and third features are supported by observations (Reissmann
et al. 2009; Holtermann et al. 2012; Holtermann and Umlauf
2012), while the second feature is motivated by the theoretical
consideration that the flux curves must satisty the insulating
boundary condition at the bottom. The parameter values used
for base and our other profiles are given in Table 1. Vertical
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TABLE 1. Parameter values for « and fin the different cases.

BO Bl KO Kl HBBL h
Base 2%x10°8 2%x107° 1x10°° 1x10°° 5 5
int/10 2 %1077 2x107° 1x10°° 1x10°° 5 5
intx10 2% 1077 2%x107° 1x10* 1x10°° 5 5
hl 2x10°8 2x107° 1x107° 1x10°° 5 1
h10 2x10°8 2%x107° 1x10°° 1x10°° 5 10
h20 2x 1078 2x107° 1x107° 1x10°° 5 20
BBL2 2x10°8 2%x107° 1x10°° 1x10°° 2 5
BBL10 2x 1078 2x107° 1x107° 1x10°° 10 5
BBL20 2x10°8 2%x107° 1x10°° 1x10°° 20 5

profiles of f and k for the different cases over a 250-m-deep part c¢. Numerics
of the basin are shown in Fig. 3. Each of these cases thus give
rise to two different ways of constructing a buoyancy flux profile
for the basin either by using a vertical f profile or by using the ex-  nautical mile version of the NEMO-Nordic model (Hordoir
pression f = kN? together with an observationally based N?and etal 2019). Bathymetry is taken from the General Bathymet-
a vertical k profile. Both approaches are tested in the following. ric Chart of the Oceans 2020 (GEBCO-2020). The vertical

Our calculations are done on the horizontal grid of the two

buoyancy flux and k

=170 A
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buoyancy flux [m?s3) K [m3s?)

FIG. 3. Vertical profiles of k and f for the different cases. (top) The profiles for the base case parameters for two differ-
ent depths. (bottom) All different cases for a depth of 250 m, with a logarithmic x axis.
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FIG. 4. Vertical profiles of N* and 9A/9z. The shaded area shows the 5th-95th percentile range for N? derived from
the 322 potential density profiles, while the solid line shows the median value.

grid used has a 1-m resolution. The N? is calculated from mea-
sured 7 and S profiles from the station BY15 using the Ther-
modynamic Equation of Seawater 2010 (TEOS-10). The T
and S profiles are available since the early 60s with an approx-
imate monthly resolution. In total, we have 322 such profiles.
From those profiles, we calculate potential density referenced
to 170-m depth using TEOS-10. Each of the 322 potential den-
sity profiles is then used to fit a potential density profile of the
form o = a, + a,e®*. From these, N? can then be computed an-
alytically. A large number of measured profiles give us an op-
portunity to evaluate not only a mean state but also the range
of variability in water mass transformation that occurs as a con-
sequence of stratification changes. Figure 4 shows N* and a
measure of its variability together with the vertical derivative of
A. The latter is included as it has a strong control on the trans-
formation as can be seen from Eq. (10).

It should be noted that using potential density as a coordinate
is a mere approximation. We are treating potential density here
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as if was a materially conserved quantity like 7" and S. That is,
we ignore effects of the nonlinearities of the equation of state
that we know to be important in the buoyancy budget of the
global ocean (Klocker and McDougall 2010; Hieronymus and
Nycander 2013b) and that should contribute to the buoyancy
budget also in the EGB. Ignoring these effects is common also in
the global ocean, but here in the Baltic Sea it is much more justifi-
able as the stratification at depth is strongly S dominated. This
means that water mass transformations owing to the cabbeling
and thermobaricity nonlinearities (Hieronymus and Nycander
2013b; Groeskamp et al. 2016) are small, and that similar results
should be expected from b- and S-based frameworks.
To calculate dF/9b from our depth-based profiles, we use

_9F 9Fdz 1 9F

ob  9zob N?oz’

where we used the inverse function theorem, and that 9blz = N>
The dF/oz is estimated using a five-point stencil giving an error

(18)
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of order dz*, while N? is calculated analytically from the fitted
density profiles. The Gspmp. and Ggpy are evaluated the same
way using five-point stencils for the respective F derivatives
and an analytically derived N,

These assumptions form the basis for our computations.
Calculations start at the bottom of the EGB, which is approxi-
mately at 250-m depth, and we focus our interest in the depth
range between 170- and 250-m depth. Horizontal integration
is done using a criterion that all grid points at a given depth
must be connected. That is, other Baltic Sea basins that are
deeper than z’ but that are connected to the EGB at depths
shallower than z’ are not contributing to F(z’). We also assume
that surfaces of constant b coincide with surfaces of constant z
except for where the surface of constant b intersects the BBL.
In the BBL, we instead assume surfaces of constant b to be nor-
mal to the seafloor, see Fig. 2.

3. Overturning implied by different buoyancy
flux profiles

Here, we investigate the overturning implied by the differ-
ent k and f curves for the different stratifications. Figure 5
shows G, GggL, and Gsyp as a function of depth for the dif-
ferent f profiles given in Table 1. Shown are the 5th, 50th, and
95th percentiles of the different G values. The spread owes to
them being calculated for our 322 different stratifications. The
usage of a depth rather than a more customary buoyancy coordi-
nate is done because our interest here is not in how different wa-
ter masses change over time but in how the hypsographic curve,
A(z), affects the overturning in the basin. The different G curves
in the figure thus illustrate the diapycnal transport across the
buoyancy surface that happen to be at the depth seen on the y
axis for the given stratification.

A main finding in this paper is that the vertical structure of
G as a function of z changes very little with the stratification
and is qualitatively similar for all parameter choices for f
given in Table 1. Note that this applies only to the structure,
not to the magnitude of G which changes similarly to fin the
int/10 and intx10 experiments. In other words, the structure of
the overturning in the basin is very strongly constrained
by the hypsographic curve, which can be seen in the consistent
vertical structure of G for all the different f curves, and through
the similarity between dA/0z shown if Fig. 4 and the different G
curves shown here. The variation with stratification is weaker
for G than for Ggyy. and Gpgr. The reason is simple to see
from Eq. (18). Since dF/oz is independent of b for a vertical f
profile, the spread comes from the division with N?. Moreover,
G is smaller than both |Gy | and |Gggy |, and the opposing sign
on Ggy and Gggp means that a stratification that gives a large
positive Gggp also gives a large negative Gsyy and vice versa.
That is, the net diapycnal flow at a fixed z level is rather unaf-
fected by stratification changes because of compensatory
changes in the diapycnal flow in the SML and the BBL.

Figure 6 is the same as Fig. 5, but instead of vertical f pro-
files, we use a vertical k profiles and hence a buoyancy flux
profile given by f = kN> Here, we find similarly to the earlier
example that G is strongly constrained by the hypsographic
curve and qualitatively similar for all vertical « profiles. A
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noteworthy difference to the earlier shown f-based G profiles
is that these are less-bottom intensified. This is simply a result
of N? decreasing with depth, as the « profiles used here have
the same depth dependencies as the f profiles used in Fig. 5.
Also noteworthy here is that the overall stratification-induced
variation in all G terms is very small. Again from Eq. (18), we
have

19F 1 0A(KN> _, 0A ()

SN N e g A T

dln(N)
0z

s

(19)

showing that the dependence on the stratification for the G
terms in this case goes as the In(N) term. For our stratifica-
tions, we get nearly no spread in any of the G terms for the
k-based flux profiles, thus suggesting that basin geometry con-
trols the structure of the diapycnal flow. This is also evidenced
by the similarity between dA/0z shown in Fig. 4 and different
G curves. It is worth noting that many parameterizations of
are N dependent. Nilsson et al. (2003), for example, stated
that k < N~ ' and k = N~ ' are candidates choices. Our two
cases have fo N° and f o« N, respectively. Using k = N ! and
k & N2 would thus give a stratification-induced G variability
that is between that in our two cases. We could thus assume that
changes in the stratification should give modest changes in G at
fixed depths also for commonly used stratification-dependent «
parameterizations.

Turning our attention now to the diffusive fluxes F rather
than the diapycnal transports G. These are shown in Figs. 7
and 8 for the vertical f and « profiles, respectively. Here, the
BBL curve shows Fgpy as defined in Fig. 2. That is, it shows
the nonadvective buoyancy flux entering the BBL through the
control surface at the top of the BBL and thus not the negligible
buoyancy flux F that goes through the tiny part of the surface of
constant buoyancy that is in the BBL [i.e., to the left (right) of
where the dashed and b = constant lines intersect on the left
(right) in Fig. 2]. The total term shows F as defined in Fig. 2, and
the SML curve is simply the difference between the total and
the BBL. The three curves thus show the net nonadvective
buoyancy flux entering the BBL, the SML + BBL, and the
SML, respectively.

The situation with respect to the spread is for F more or
less the opposite of what it was for G. The result is as ex-
pected; vertical f profiles naturally give rise to F profiles that
are independent of N2, and vertical « profiles give rise to N*-
dependent F profiles. For a fixed f profile and a variable N?,
we thus get constant F profiles with some variability in G. For
a fixed k profile and a variable N*, we instead get a nearly
fixed G profiles and variable F profiles. Neither of these flux
profiles are entirely realistic, and some degree of stratification
dependence and time variability on both F and G should be
expected in reality. Moreover, realistic flux profiles should de-
pend not only on distance from the bottom but also on bottom
roughness and the circulation. That is, they should be functions
of latitude, longitude, and time as well as of the distance from
the bottom. Nevertheless, all tested, somewhat observation like
and not so observation like, buoyancy flux profiles give a net dia-
pycnal transport that is strongly constrained by the hypsographic
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FIG. 5. Vertical profiles of G, GggL, and Gsyy for the different vertical f profiles defined by the parameters given in Table 1. The pro-
files are time averaged in depth space. The lines show the median values of the respective terms, while shading shows the 5th-95th percen-

tile range.

curve, suggesting that this result is likely to stand also for many
other flux profiles. Next, we will consider what implications this
has for the deep circulation in the basin.

4. Implications for the deep circulation

The G curves in Figs. 5 and 6 show many depth ranges
where there is vertical convergence or divergence in the tempo-
ral mean. From Eq. (1), it is evident that if G(by, 1) < G(b», t)
and by > b,, then the volume V(by, t) — V(b,, t) must increase
with time. Given that the volume between two fixed depths is
constant in time, such volume changes affect the stratification
[i-e., b(z)]. For example, AG in the limit limbz_,b1 represents a
stretching or compression of the b(z) curve depending on its
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sign. Inferring the temporal evolution of b(z) implied by the
G(z) curves shown here is difficult: first, because the time av-
eraging of G is done in z rather than in b space, and second,
because we do not know the temporal evolution of either
fork.

Tackling the second issue is beyond our scope here, but
averages of G in buoyancy space are shown in Figs. 9 and 10
for the base cases with vertical f and k profiles, respectively.
The right panels of the two figures are zoomed in versions of
their respective left panels. The left panels show only the b
range that on average occupies the depth range of 170-250 m,
while the b range in the right panels goes from a 5th percen-
tile b at 250 m to a 95th percentile b at 170-m depth. It is clear
from the figures that the areas of strong vertical convergence
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FIG. 6. As in Fig. 5, but usi

and divergence in the time-averaged G curves that were very
apparent in the depth-averaged cases are not present in the
buoyancy-averaged cases. The picture that emerges from the
buoyancy-averaged view is instead one of rather uniform up-
welling in the BBL and downwelling in the SML. The vari-
ability is higher at higher b levels because these b levels occur
at shallower depths, sometimes in and above the permanent
halocline. Together the buoyancy and depth-averaged G curves
give an interesting view of the water mass transformation in the
deep parts of the EGB. It can be summarized as follows: Multi-
ple depth ranges are hotspots for water mass transformation
and the water situated there undergoes rapid transformation.
However, when averaged in buoyancy space, there are no ap-
parent transformation hotspots; rather, we find transformation
rates that are similar for large buoyancy ranges. Thus, the action
of the transformation hotspots is naturally spread fairly even

Brought to you by Swedish Me
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over the water masses that typically occupy the depth range of
interest here, leading to similar transformation rates for most
water masses.

Another interesting aspect of the buoyancy-averaged fig-
ures is that they show rather similar net transformation rates
(i.e., G), even though G is considerably larger at many depths
when averaged in depth space for the f curves than for the
curves. Our net transformation rates can be compared to ear-
lier estimates of basin residence time and yearly salt loss to
give an indication of their validity as an approximation of real
EGB buoyancy flux curves. Feistel et al. (2006) estimated a
residence time of 21 years for deep water in the EGB using a
two-box model. However, this estimate included the effect of
inflows. Feistel et al. (2006) hence concluded that the ob-
served salt loss of about 0.15 psu per year during the 1983-93
stagnation period suggests a residence time of about a century
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FIG. 7. Vertical profiles of F, Fgg;, and Fgyy for the different f profiles defined by the parameters given in Table 1. The profiles are time
averaged in depth space. The lines show the median values of the respective terms, while shading shows the 5th-95th percentile range.

in the absence of inflows. From bulk arguments, 7 = V/Q,
where 7 is the residence time, Q is the freshwater supply, and
V is the volume of the Baltic Sea; Meier and Kauker (2003)
estimated a residence time of 35 years for the whole Baltic
Sea. From our calculations, one may similarly estimate a resi-
dence time as, T = V/G, for the volume below 170 m. Yielding
estimates of 3 and 6 years for the f and k cases, respectively.
Our estimates thus deviate substantially from earlier estimates,
but the large difference is a result of differing methodologies
and those residence times are thus not comparable to the esti-
mate by Meier and Kauker (2003). Yearly buoyancy gain at a
fixed depth level on the other hand can be estimated from

db G(b')Nz(b/)S ear
w Ay @
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where G(b), N*(b’), and A(b’) are the medians of the respec-
tive quantities calculated from all stratification profiles at the
buoyancy b’ = 0.0125 m s2, and Syear = 31536000 is the
amount of seconds in a year. Plugging the numbers in gives an
estimate of the yearly buoyancy gain at the given level. The
buoyancy gain can then be related to a salt loss through

S _aboS _ab—1

POt O 21
at  atob ot gB’ @1)

where B is the haline contraction coefficient, here estimated
using TEOS-10 for T = 6°C, S = 12 psu, and at a depth of
170 m. Moreover, a simple estimate of stratification-induced
variability can be derived through substituting the median
G(b’) in Eq. (20) by the Sth and 95th percentile of G(b’). The
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resulting salt loss is 0.07 (—0.11, 0.42) psu yr~ ! for the f profile
and 0.031 (—0.004, 0.14) psu yr ! for the « case. That is, our
base f curve gives a yearly salt loss that is compatible with
that observed during the 1983-1993 stagnation period, while
that for the base k curve is on the low end but not overly far
from the observationally based estimate. It is also worth not-
ing that the aforementioned stagnation period has a compara-
bly fast salt loss as compared to other stagnation periods as is
evidenced in Fig. 1, indicating that also the salt loss estimated
for the base k case might not be very far from reality.

A somewhat trickier comparison to observations can be
done by applying similar ideas to those used above, to the
sinking of the tracer patch injected by Holtermann et al.
(2012). Those authors injected tracer at the isopycnal surface
where p = 9.9 kg m >. Two weeks later, they found peak
tracer concentrations around the p = 9.92 kg m ™ isopycnal
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surface. Assuming the patch underwent 2 weeks of sinking at a
uniform velocity implies a 9blr = —1.6 X 107° m s>, Using
Eq. (20) with Gy instead of G and without sy, gives estimates
of =85 X 107 "(=1.5 x 107'°, =32 x 10~ ") m s~ for the base
case with the vertical f profile and —1.3 X 10"1(=2.6 x 10~
—3.9 X 107'2) m 573 for the base case with the vertical k profile.
In both cases, we find implied sinking velocities that are some-
what smaller than those observed. However, the uncertainties
in these computations are very large, so it is hard to see the re-
sult as either a refutation or a validation of either the buoyancy
flux curves or the hypothesis that the observed sinking was in-
fluenced by the SML dynamics. On the one hand, the tracer
patch could have done all its sinking in a much shorter time
than 2 weeks between the observations, making the disagree-
ment larger. On the other hand, our estimated db/dt is a bulk es-
timate for the whole p = 9.9 kg m ™ isopycnal surface, while we
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F1G. 9. Vertical profiles of G, Gggy, and Ggy for the base f profile defined by the parameters given in Table 1.
The profiles are time averaged in buoyancy space. (left) The various G terms over the buoyancy range that on average
occupies the depth range of 170-250 m. (right) The buoyancy range from a 5th percentile b at a depth of 250 m to a

95th percentile b at a depth of 170 m. The lines show the
shows the 5th-95th percentile range.

know that the sinking is only substantial in areas sufficiently
close to the boundary, suggesting that the implied sinking could
also be underestimated. Moreover, we know mixing to be
highly variable in both time and space in ways that are not cap-
tured in our simple profiles. Thus, it seems fair to consider the
SML dynamics as a plausible mechanism explaining the ob-
served sinking, or at least part of it, but conclusive evidence is
clearly lacking.

Apart from the vertical fluxes that form the basis of our
analyses, strong lateral transport processes are also needed
for the observations of nearly flat isopycnal surfaces and in-
tense boundary mixing to be compatible. In the global ocean,
it is thought that baroclinic eddies play a major role in lateral
homogenization along isopycnal surfaces (Griffies et al. 1998;
Hieronymus and Nycander 2013a). The Baltic Sea also has
baroclinic eddies, often called Beddies, but their potential
role in lateral mixing in the EGB is not well understood
(Reissmann et al. 2009). In fact, generally speaking, it is not
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median values of the respective G terms, while shading

entirely well understood how the lateral mixing in the deep
parts of the EGB is achieved. However, several things are
known. Holtermann et al. (2014) found that lateral homogeni-
zation of tracer patches released in a modeling study was rela-
tively rapid, with a time scale for homogenization of about
100 days, which also agrees well with estimates in Holtermann
et al. (2012). These authors also managed to connect the lateral
spreading to topographic waves and a basin scale rim current,
suggesting the role of baroclinic eddies to be less prominent in
the Baltic Sea than in the global ocean for lateral spreading.
For each stratification and every vertical f and « profile, we
calculate the amplification factor .A. These profiles are quite
noisy, as the denominator G in Eq. (12) takes on small values
at some depths. Table 2 shows the vertical median of A in the
170-250-m range based on the median G profiles from Figs. 5
and 6. The value of A varies with the flux profile, but the
more plausible flux curves give values between 2 and 3. It
thus seems likely that the net diapycnal flow G is a factor of
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FIG. 10. As in Fig. 9, but using « instead of f profiles.

2-3 smaller than its SML and BBL components. Moreover, it
is evident from Eq. (13) that the velocity in the BBL should
be much larger than that in the SML. An amplification factor
between 2 and 3 was also found for the global ocean in model
experiments by Ferrari et al. (2016), while a somewhat higher
amplification factor reaching up to 5 was found for the global
ocean in calculations similar to those done here by McDougall
and Ferrari (2017). The amplification factor found here for the

TABLE 2. Median A values for the different x and f profiles.

K(2) f(z)
Base 2.3 2.8
int/10 1.0 1.7
intx10 2.6 32
hl 3.2 43
h10 1.8 2.3
h20 1.3 2.0
BBL2 24 2.8
BBL10 2.3 2.7
BBL20 22 2.7

Brought to you by Swedish Meteorological & Hydrological Institute | Unauthenticated | Downloaded 04/22/25 11:30 AM UTC

EGB is thus in broad agreement with those found for the global
ocean.

5. Conclusions

The main result of this short paper is that the deep diapyc-
nal flow in the EGB is strongly controlled by the basin’s hyp-
sographic curve. A result that is reminiscent of de Lavergne
et al. (2017) who found the deep overturning in the global
ocean to similarly be controlled by its respective basin’s hyp-
sographic curves. The results derived here are reached using
only simple considerations about the buoyancy and volume
budgets. Nothing is assumed about the momentum budget
nor is a steady state assumed. Given the generality of these as-
sumptions and the fact that the results stand for a large range
of different stratifications, vertical buoyancy flux curves, and
diffusivity curves, we believe them to be very robust.

In fact, as discussed earlier, the structure of the diapycnal
flow implied here, with sinking in the SML and rising in the
BBL may already have been, at least, partly validated by
observations and very recently also in a numerical ocean
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model (Henell et al. 2023). Holtermann et al. (2012) and
Holtermann and Umlauf (2012) reported initial sinking and
later rising during a tracer-release experiment in the EGB. The
initial release was far from the boundary, and the rising started
when the tracer patch came close to the boundary. The observed
sinking could conceivably have been the work of chance or of
other sinking mechanisms (Holtermann et al. 2012), but the simi-
larity between the observed circulation and that derived here
and in an ocean model by Henell et al. (2023) is nonetheless in-
triguing. Further work is certainly needed to better constrain the
diapycnal velocity, the buoyancy flux curve, and their spatial and
temporal variability in the EGB, for a proper validation of the
theory to be possible. That is, not only G but also its forcing F is
highly uncertain. Thus, similarities found here between observa-
tions and theory are essentially qualitative in nature, and more
independent measures of F and G would be needed for a true
quantitative test to be possible. Nevertheless, it should also be
said that these problems are much easier to tackle in a data-rich
coastal sea than in the comparably data-poor global ocean. The
EGB might therefore in the future prove a valuable laboratory
model where data needed for quantitative tests are much easier
to gather than in the vastly bigger and deeper global ocean.

Apart from having a vertical profile strongly dependent on
the hyposgraphic curve, it is also noteworthy that G, in our cal-
culations, depends rather weakly on the stratification, in fact,
very weakly for the vertical diffusivity profiles. This may have
implications for the sensitivity of the diapycnal flow to climate
change, as such changes imply stratification changes. However,
one should be careful not to overinterpret, given that our model
is not complete. First, it lacks the important inflow dynamics,
meaning that it is in practice a model for the diapycnal flow
during stagnation periods. Second, our f and k profiles are very
simplistic and may need to be complemented with additional
transport processes. An interesting avenue of future research
would be to quantify water mass transformation in the EGB in
long integrations with numerical ocean models, where time-
varying process-by-process estimates of water mass transforma-
tion can be computed as in Hieronymus et al. (2014). Another
interesting finding regarding the strong control of the hypso-
graphic curve on the transformation was the presence of trans-
formation hotspots in certain depth ranges. Also interesting was
that we found those hotspots to affect the water masses typically
situated in the 170-250-m-depth range very similarly (ie., G
was similar for a large range of b), as was evidenced by the ab-
sence of such hotspots when G was averaged in buoyancy
space.

Last, while the vertical structure of G is insensitive to changes
in the magnitude of fand « (i.e., to changes in By and Kj) in our
experiments. The strength of the overturning, the magnitude of
G, is not. This is evidenced by the int/10 and intx10 cases that
suggest that an order of magnitude increase in By or K, implies
a similar increase in G. In the context of climate change, our re-
sults do therefore not suggest that the magnitude of G could not
change significantly in a warmer world. However, it does seem
unlikely that the vertical structure of G during stagnation peri-
ods would be much affected by climate change or other pertur-
bations likely to occur on time scales of decades to centuries, as
it seems to depend primarily on the hypsographic curve.
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Our results could potentially also have implications for nutri-
ent cycling in the basin. The deep parts of the Baltic Sea are, as
mentioned in the introduction, often oxygen depleted owing to
poor ventilation and eutrophication. Our results suggest that
upwelling and thus nutrient transport from the deeper parts to-
ward the surface occur predominantly in a boundary layer along
the sloping seafloor. The depth range used for the computations
in this study is quite far from the euphotic zone, but neverthe-
less it would be interesting to investigate whether the circulation
pattern with upwelling around the basin rim and downwelling
in the SML could affect the spatial patterns of primary produc-
tion in the basin.
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