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Abstract Insufficient diapycnal oxygen transport through the halocline is the key reason for the anoxic
conditions typically observed in the deeper parts of the Baltic Sea. The variability of turbulent oxygen fluxes
through the halocline was investigated seasonally and in space during three cruises (summer, fall, winter).
Turbulence dissipation rates and oxygen fluxes showed a pronounced seasonal pattern, with the lowest values
during summer. At the basin boundaries, halocline oxygen fluxes increased by an order of magnitude as a result
of boundary mixing. A simple box model, distinguishing between interior, intermediate, and boundary regions,
was used to extrapolate the locally observed fluxes to the central Baltic Sea. The boundary area, covering less
than 23% of the total basin area, contributed more than 80% of the basin-scale oxygen transport through the
halocline. According to this model, the annual oxygen flux through the halocline is of the order of 20-28 Gmol
per year.

Plain Language Summary Oxygen deficits in natural waters are caused by an imbalance of the
oxygen demand within a water mass and the transport of oxygen into it. In the Baltic Sea two main water bodies
can be distinguished, the surface water and the deep water starting at 80 m. Oxygen is produced by primary
production in the upper part while in the deep water the bio-material sink down and require oxygen for their
degradation. The strong salinity difference between the deep and the surface water, which is much fresher,
creates a transport barrier, that inhibits an oxygen transport from the top to the deeper parts, the halocline. We
investigate the seasonal timing and spatial location of the mixing and the transport through the halocline and
found the closer the halocline is to the seafloor, the stronger is the mixing and the oxygen flux. There is also a
strong seasonality: During the summer months almost no oxygen transport has been observed. In contrast to the
fall and winter season with fluxes being at least 10 time larger. With the data available we could quantify the
total amount of oxygen being transported through the halocline into the deep parts of the central Baltic Sea.

1. Introduction

Over the past decades, the occurrence of suboxic and anoxic zones has significantly increased worldwide with
major implications for the affected ecosystems (Conley et al., 2011; Diaz & Rosenberg, 2008, and others). The
generation of anoxic water masses in stratified marine systems is related to unbalanced rates of oxygen consump-
tion, production, and transport. Especially in shallow marine and limnic systems, organic matter degradation and
in turn oxygen depletion is largely determined by benthic processes and resuspension in the turbulent bottom
boundary layer (Glud, 2008). In such systems, turbulent vertical transport of oxygen toward the sediment becomes
a key factor in regulating deep-water oxygen dynamics. Lack of sufficient transport mechanisms may lead to
permanent anoxia with well-known examples including the Black Sea, the Baltic Sea, and the Cariaco Basin
(Astor et al., 2003; Konovalov et al., 2005; Reissmann et al., 2009). For understanding the oxygen dynamics in
stratified marine systems, it is thus mandatory to identify and understand the physical transport mechanisms.

Recent research has made considerable progress in identifying and quantifying both oxygen transport processes
and oxygen consumption rates. For example, benthic consumption processes, especially relevant in shallow
marine systems and lakes, have been studied in various settings using chamber landers, oxygen microprofilers,
eddy-covariance techniques, and other approaches (Ahmerkamp et al., 2015; Glud, 2008; Lorke et al., 2003;
McGinnis et al., 2014; Noffke et al., 2016, and references therein). Turbulent transport processes in the water
column, however, have received much less attention, largely due to the lack of appropriate instrumentation and
methodological difficulties related to the strongly intermittent and heterogeneous nature of diapycnal turbulent
tracer fluxes. Studies in lakes, coastal seas, and the ocean have shown that vertical mixing is often confined to
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Figure 1. Maps of (a) entire Baltic Sea region with study area in the Eastern Gotland Basin marked in red, (b) study
area with “boundary,” “intermediate,” and “interior” regions shaded in red, orange, and pink, respectively. Cross-slope
microstructure transect as a black line, arrow indicates the location of the hydrographic profile shown in (c).

the turbulent bottom boundary layers (Ledwell & Hickey, 1995; P. L. Holtermann et al., 2012) and may exhibit
a strong seasonal variability (Axell, 1998; P. Holtermann & Umlauf, 2012; Williams et al., 2022). Often both
large-scale advective (e.g., Kelly et al., 2020; P. Holtermann et al., 2020) and small-scale turbulent vertical trans-
port (Rovelli et al., 2016) contribute to the total oxygen transport.

Also the lack of suitable sensor technology has restricted the investigation of turbulent oxygen transport processes,
in principle fast microelectrodes on microstructure profilers could be used, though their fragility limited the
application to a small number of applications for example, Rovelli et al. (2016). The recent establishment of
oxygen micro-optodes with response times as small as 0.1 s, combined with easier handling, has opened a prom-
ising new approach to directly observe vertical turbulent fluxes, in this study, we will build up on this technique.

Our study is based on high-resolution turbulence and oxygen observations from the central Baltic Sea (Figure 1a),
constituting one of the world's largest anoxic marine systems. Tides as the most important energy source for
mixing in the ocean are virtually lacking in the Baltic Sea (Reissmann et al., 2009), and the effect of wind-driven
near-inertial and topographic waves has been shown insufficient to destabilize the permanent halocline typically
located around 60—80 m depth (van der Lee & Umlauf, 2011; P. Holtermann & Umlauf, 2012). This is considered
as one of the key reasons for the development of a large volume of sulfidic waters accumulating below the halo-
cline of the central deep basin of the Baltic Sea (P. Holtermann et al., 2020, see also vertical profile in Figure 1b).
Except for short periods following so-called Major Baltic Inflows, sporadically occurring on decadal time scales
(Gustafsson et al., 2012; P. Holtermann et al., 2014), the basin is in a stagnation period, where the benthic oxygen
demand results in gradually increasing H,S concentrations.

The role of small-scale intrusions, providing an important advective source of oxygen, independent of vertical
mixing, has recently been analyzed by P. Holtermann et al. (2020). A surprising result of their study was that the
oxygen import through intrusions is largely sufficient to compensate overall oxygen consumption without any
indications for a relevant seasonality. This study was, however, based on data from the center of the basin, and
could therefore only speculate about the relative importance of boundary mixing. To fill this knowledge gap, here
we will investigate the vertical oxygen flux during different seasons across the slope of the central main basin
of the Baltic Sea, using a fast-response oxygen sensor in combination with a shear microstructure profiler. The
overall goal of this study is to disentangle the relative contributions of oxygen transport and mixing in an anoxic
coastal marine system, which will help understanding the generation and future projection of anoxia in the Baltic
and other marine systems.
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2. Sampling and Methods

Turbulence and diapycnal oxygen fluxes were observed along an approximately 12 km long transect on the
eastern slope of the Gotland Basin (Figure 1¢) during three research cruises with R/V Elisabeth Mann Borgese:
EMB169 (fall, 17 October—04 November 2017), EMB177 (winter, 24 February—09 March 2018), and EMB217
(summer, 09-24 July 2019). In total, approximately 1,700 turbulence microstructure profiles were obtained with
an MSS90-L microstructure profiler (Sea & Sun technology, Germany), operated in “tow-yo” mode while the
ship was slowly moving along the transect, yielding one full-depth profile every 5-8 min, or around 200 m in
distance. These cross-slope surveys along the transect were repeated 10—15 times per cruise. Our MSS90 profiler
was equipped with two airfoil shear probes for dissipation rate measurements, a fast FPO7 thermistor, a Seapoint
turbidity sensor, precision CTD sensors, and a fast-response micro-optode (OXR430-UHS-SUB, Pyroscience,
Germany) for high-resolution dissolved oxygen measurements. The optode was attached as an external logger
(the Turbulent Ocean Data Logger, TODL, developed in-house) to the MSS90 during cruises EMB169 and
EMB177, and integrated into the profiler on EMB217. Fast oxygen optodes are known for their drift and require
a frequent calibration (Bittig et al., 2018), during each transect oxygen saturations of 0% and 100% air concen-
tration were present and were used for an in situ two point calibration. Dissipation rates (in 0.5 m bins) were
calculated from integrating shear spectra across the viscous subrange, correcting for lost variance following the
procedure described in Lappe and Umlauf (2016).

Vertical oxygen fluxes were calculated based on a down-gradient expression of the form:
Fo, = -T——, €Y}

where the turbulent diffusivity K, is expressed in terms of the mixing coefficient I', the turbulence dissipation
rate &, and the (square of the) buoyancy frequency N? (Osborn, 1980). The oxygen concentration is denoted as O,,
and the z-axis is assumed to point vertically upward. The value of the mixing coefficient I” is not unequivocally
agreed upon. Here, we use a parameterization suggested by Shih et al. (2005), which predicts a reduction of I
below the canonical value of I = 0.2 for energetic turbulence, quantified via the buoyancy Reynolds number
Re, = &/(uN?), where v is molecular viscosity. Their model is based on data from homogeneous stratified shear
layers, and therefore likely to break down if the distance to the bottom rather than stratification determines the
size of the turbulent overturns. We therefore defined a bottom boundary layer based on a density threshold of
0.01 kg m~3, inside which we assume that the turbulent diffusivity K , follows the logarithmic wall-layer expres-

sion K, = EI/S(Kd)g with the von Kédrmén constant ¥ = 0.4 and the distance to the sea floor d. In all cases, we
set Fp, = 0if Re, < 7, for which vertical turbulent tracer fluxes have been shown to collapse. It is important to
note that in view of the strong intermittency of marine turbulence, applications of Equation 1 require precisely
collocated measurements of energy dissipation rates, stratification, and oxygen gradients, based on sensors with
fast and comparable response times. The Efron Gong bootstrap resampling method was used for 95% confidence
intervals limits of Fo, (Efron & Gong, 1983).

As the halocline shown in Figure lc constitutes the major obstacle for vertical turbulent transport, the
cross-halocline oxygen fluxes are of special interest. The halocline is defined here as the region inside a density
interval of +0.75 kg m~ centered around a density of 1,007 kg m=>. This results in average halocline depths
and vertical extensions of 70 + 4 m, 59 + 2 m and 70 + 5 m for the cruises EMB169, EMB177, and EMB217,
respectively. Figure 2 shows some examples of halocline regions based on this definition. The vertical oxygen
flux through the halocline is then defined as the vertical average of the oxygen fluxes across this density interval,
computed from Equation 1.

3. Results

Transects of oxygen saturation and turbulence dissipation rates, representative for each of the three seasons,
respectively, are shown in Figure 2. Stratification and mixing above the halocline show a pronounced seasonal
variability: during summer, the seasonal thermocline shelters the deeper halocline layers from surface mixing
(Figure 2f), which effectively suppresses halocline erosion by entrainment. During summer and fall, the halocline
therefore widens as a result of internal mixing processes (Figures 2b and 2f). Strong wind events in fall finally
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Figure 2. Oxygen saturation (left column) and turbulence dissipation rate (right column) along the approximately 12 km long transect shown in Figure 1b for (a, b)
fall 2017, (c, d) winter 2018, and (e, f) summer 2019. Thin gray lines indicate isopycnals at 0.5 kg m~ intervals. Isopycnals marking the center of the halocline and its
upper and lower edges (see definition in the main text) are shown in black.

erode the seasonal thermocline, however, without fully penetrating down to the halocline (Figure 2b). In winter,
surface-layer turbulence is strong enough to initiate erosion of the upper edge of the halocline, generating a sharp
density jump at the mixed layer base just above the halocline at 60 m depth (Figure 2d).

Figures 2a, 2c and 2e shows that the vertical distribution of oxygen in the Baltic Sea during all seasons is
characterized by an oxic near-surface region and a hypoxic to anoxic deep-water volume below the permanent
halocline, emphasizing the crucial effect of this density interface on vertical oxygen transport. Also the seasonal
thermocline limits the vertical transport of oxygen in summer and fall, resulting in significantly reduced oxygen
concentrations in the intermediate layer between the thermocline and halocline. This highlights the importance
of vertical turbulent transport for the local oxygen budget. The variability of oxygen in the region below the halo-
cline, often referred to as the hypoxic transition zone (HTZ, Sommer et al., 2017), is primarily related to the effect
of laterally intruding waters with elevated oxygen concentrations, interleaving into the originally anoxic layers
(P. Holtermann et al., 2020). Below 150 m depth, this type of intrusions becomes rare, and anoxic conditions are
found throughout.

To illustrate the lateral variability of turbulence in the vicinity of the sloping boundary of the basin, we vertically
averaged turbulence dissipation rates across the halocline region defined above, and then averaged the result-
ing cross-slope profiles across all transect surveys performed during the three cruises, respectively, yielding a
detailed view of the lateral (i.e., cross-slope) and seasonal variability. As shown in Figure 3, a striking result is
the trend of increasing ¢ toward the boundary, modulated by a strong seasonality. Lowest dissipation rates were
observed during summer with maximum average values around 1 X 1078 W kg~ directly at the boundary, grad-
ually decaying toward 1 x 10~ W kg~! within a distance of approximately 1.5 km. During fall, ¢ reaches maxi-
mum values up to 5 x 1077 W kg~!, again decaying down to a comparable background level over a distance of
3 km. Also in winter, dissipation rates were elevated toward the basin boundary, now, however, with a significant
increase up to values around 2 X 1078 W kg~ also in the interior region, away from the boundary.

To investigate how these spatial and seasonal variations in mixing are reflected in the vertical oxygen fluxes,
we computed oxygen fluxes across selected isopycnals, spaced at 0.5 kg m~3 intervals around the halocline,
and, similarly to the dissipation rates, averaged the results over all transect surveys conducted during each of
the three cruises, respectively. The diapycnal oxygen fluxes were computed by vertically averaging Equation (1)
across vertical density intervals of 0.5 kg m=3, centered about each of the selected isopycnals, respectively.
Figures 3c—-3e shows that, similar to the averaged dissipation rates, also the averaged oxygen fluxes show a strik-
ing increase toward the boundary with strongest fluxes observed during the stormy fall season. This forms one of
the key results of our study. Note that oxygen fluxes are directed downward only above and inside the halocline.
Further, below the halocline, weak upward fluxes can often be discerned in Figures 3c—3e, consistent with the
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Figure 3. Cross-slope variability of (a) cruise-averaged halocline energy dissipation rates, (b) bathymetry (in gray) and average halocline depths for the three cruises,
respectively, and (c—e) cruise-averaged downward oxygen fluxes for fall, winter, and summer, respectively. Shaded areas in (a) mark one standard deviation of the
natural variability encountered on the individual transect surveys. Circle markers in (c—e) indicate diapycnal oxygen fluxes across selected isopycnals (black) spaced
at 0.5 kg m~3 intervals in the vicinity of the halocline. The size of the symbols indicates the magnitude of the fluxes, the color (red = downward, blue = upward) their
direction as shown in the legends. Thick black isopycnals mark the halocline. Gray-shaded areas indicate the bathymetry.

slightly negative (average) oxygen gradient in this upper part of the HTZ (e.g., Figure 1c). This peculiar struc-

ture of the oxygen profiles can be explained by the effect of oxic intrusions into the HTZ as discussed in detail
in P. Holtermann et al. (2020).

Mixing in the central Baltic Sea is mainly wind driven and correlates with the wind speed cubed, |U,|*

(Axell, 1998), with single wind events triggering wave motions decaying on time scales of weeks (P. Holtermann

& Umlauf, 2012). We use this to investigate to what degree the derived oxygen fluxes are representative for their

respective seasons. This was done by comparing the wind situation in the time period of each cruise including

7 days before the first sampling with the long-term Coastdat2 re-analysis data (Groll & Weisse, 2017) between

show a significantly increased/decreased |U,,

|2, Table 1 first column.

1948 and 2020. While |U,, |? of the autumn cruise is well within the long term average, the summer/winter cruises

Z:yler;ind Speed Cubed in 10 m Height at 57.35°N, 20.08°E Between 1948 and 2020 and During the Research Cruises
[U|? Fo, transect Mo, basin
1948-2020 Cruise Boundary Intermed Interior Boundary Intermed Interior
Season [m=3 s3] [mmol m=2d-'] [Gmol y~']
Spring 586 - - - - - - -
+127 - - - - - - -
Summer 430 542 —16 (47%) —4 (57%) —0.3 (60%) =5 —4 -1
+72 —39to -2 —7to -2 —0.4to -0.2 —13to -1 —5to -2 —2to—1
Fall 1012 1039 —19 (38%) —37 (8%) —-1.2 (11%) —6 -30 —4
+181 —34to -6 —48 to =27 —-2.2t0-04 —11to -2 -39 to —22 —-8to—1
Winter 1224 906 —14 (36%) —4 (35%) —1.9 (65%) =5 —4 -8
+285 —-19to -9 —6to -3 —27t0-1.2 —7to -3 —5to -3 —11to -5
Year low -17 -21 -1.1 —6 -17 —4
(spring = summer) —31to —6 —27 to —15 —191to0 -0.5 —10to -2 —22to —12 —7to -2
Year high —16 -12 —0.9 =5 -10 —4
(spring = fall) -33to -5 —17to -9 —1.4t0 -0.5 —11to -2 —14to -7 —6t0 -2

Note. In Bold regional and seasonal contributions of halocline oxygen fluxes observed along the transect (center) and yearly oxygen flux extrapolated to the entire basin
(right). In brackets percentage of samples with Re, < 7 (collapsing turbulent fluxes), second line 95% percentile confidence intervals.
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4. Discussion and Conclusions

To systematically quantify the contribution of boundary mixing to the overall basin-scale diapycnal oxygen fluxes,
it is helpful to distinguish between different regions according to their proximity to the lateral slopes of the basin.
For this purpose, we use the distance D, between the halocline and the sediment to define three distinct regions:
a “boundary” region with D, < 10 m, where halocline mixing is directly fueled by bottom-generated turbulence;
an “interior” region with D, > 40 m, where weak oxygen fluxes are driven by sporadic local shear-instabilities
(e.g., Lappe & Umlauf, 2016); and finally an “intermediate” region (10 < D, < 40 m) that is only partly affected
by boundary mixing processes. A more detailed discussion of the rationale behind this choice is provided in
Supporting Information S1.

For each profile taken along our transect, we calculated the oxygen fluxes across the halocline and sorted them
into one of these three subregions. The region-averaged fluxes for each season as well as the annual average are
summarized in Table 1. For the computation of the annual average, we assumed that the oxygen fluxes in spring
(where no data were collected) correspond to those of either fall or summer, representing the periods with strong-
est and weakest turbulent fluxes, respectively.

The resulting annual mean for the case spring = summer can thus be thought of as a lower limit, since the winter
cruise showed a decreased |U,, | and the averaged spring |U,|? is larger compared to the summer cruise. Based
on this it is fair to assume that both winter and spring fluxes are typically higher. The low wind speeds during
the winter cruise make the upper limit much less certain. It is clear that an increased wind will also increase the
vertical oxygen flux but the interplay between the very strong stratification omit a valid prediction and points to
the need of further research of turbulent mixing processes during the winter months.

Histograms of the regionally sorted fluxes (not shown) reveal that during all seasons, a large fraction of the
samples is characterized by vanishing fluxes due to buoyancy Reynolds numbers below the threshold for collaps-
ing turbulence (Table 1), suggesting that the turbulent fluxes are strongly intermittent. To compute stable aver-
ages, a large number of transect surveys (10-15 in this case) with densely-spaced microstructure profiling was
thus required during each of the three cruises.

The most obvious conclusion from Table 1 is that the annual oxygen fluxes in the “interior” region are at least
an order of magnitude smaller compared to both the “boundary” and “intermediate” regions, highlighting the
importance of boundary mixing. The stormy fall season dominates the annual fluxes in the “intermediate” region,
yearly averaged fluxes for the “boundary” and “intermediate” regions are on the order of 10 mmol m~2 d~!, that
is, comparable to typical values for the benthic oxygen demand (Sommer et al., 2017). This suggests that turbu-
lent oxygen fluxes through the halocline may be, at least locally, a relevant factor. We will come back to this point
below.

Assuming that the average halocline depth (66 m) of the three cruises is representative for the entire basin,
the subregions defined above can be extrapolated to the entire basin. For consistency with the oxygen budget
constructed in P. Holtermann et al. (2020), we define the northern and southern boundaries of our domain identi-
cal to their “central” region, leading to the subregions shown in Figure 1. From this analysis, it can be shown that
77% of the entire basin area are covered by the “interior” region, followed by the “intermediate” and “boundary”
regions with contributions of 17% and 6%.

Similarly, also the observed oxygen fluxes through the halocline can be extrapolated to the entire basin. The key
underlying assumption for this is, obviously, that boundary mixing processes are comparable everywhere along
the lateral slopes of the basin. We lack an independent verification of this assumption; some support, however,
is provided by P. Holtermann and Umlauf (2012), who showed that boundary mixing processes are driven by
different types of basin-scale motions (topographic and near-inertial waves) that are likely affecting all slope
regions in similar ways. Multiplying the fluxes found in the different subregions with their respective basin-wide
areas results in the basin-averaged oxygen fluxes compiled in Table 1. Outstanding are the contributions of the
“boundary” and “intermediate” regions, which, despite their small areas, taken together account to more than
80% of the total turbulent oxygen flux of 20-28 Gmol (with a bootstrapping confidence interval of 11-39 Gmol)
per year through the halocline.

Based on these estimates and earlier studies, we attempt to summarize the present knowledge on oxygen trans-
port and transformation pathways in Figure 4. There, our pelagic oxygen flux estimates are compared to the
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Figure 4. Oxygen transport and transformation pathways in the central Baltic Sea. Black lines indicate isopycnals. Whirls mark turbulent regions and arrows show

oxygen and H,S transport pathways.

benthic oxygen demand, for which values in the range 5-20 mmol m~2 d~! have been reported for oxic sediments
(Noffke et al., 2016; P. Holtermann et al., 2020). For anoxic sediments in the deeper part of the basin, Sommer
et al. (2017) suggest H,S fluxes in the range 3-10 mmol m~2 d~! at the sediment-water interface, which, based
on the stoichiometry for the oxidation of sulfide to sulfate, requires an oxygen flux of 6-20 mmol m~2d~'. From
a budget point of view, therefore, the oxygen demand of the anoxic and oxic parts of the basin is comparable.
Despite the relatively large uncertainty in the estimated oxygen demand, a strong oxygen deficit in the “inte-
rior” region becomes evident, induced by the oxygen required to re-oxidize H,S (and likely also other reduced
substances) diffusing upward from the sediment-water interface.

Assuming that turbulent oxygen fluxes are negligible and that the benthic oxygen demand is the main oxygen sink
in the HTZ, P. Holtermann et al. (2020) showed that an amount of approximately 30 Gmol per year is imported
into the HTZ by lateral intrusions. As approximately half of the oxygen imported by the intrusions leaves the
HTZ again (P. Holtermann et al., 2020), the net import is approximately 15 Gmol. Our direct turbulent flux
measurements, however, show that their assumption of negligible turbulent oxygen transport only holds during
the summer period when the wind forcing is weak. In view of the 4-5 Gmol mixed across the halocline in the
interior region per year (Figure 4), the net amount of oxygen imported by intrusions therefore has to be corrected
downward to approximately 10 Gmol.

The most plausible picture is thus the following (Figure 4): During the summer months, when mixing is negligi-
ble, the total oxygen demand inside the HTZ (mostly benthic) is compensated by lateral intrusions. During times
with strong wind forcing, turbulent oxygen fluxes through the halocline become a relevant factor especially near
the boundaries. A part of this oxygen is directly supplied to the sediment at locations where the halocline inter-
sects with the sloping topography. A larger fraction is used to reoxidize reduced substances like H,S at the lower
edge of the HTZ, since their fluxes will increase during fall/winter, we suggest that the overall reoxidation process
will be intensified. It is unlikely that local vertical mixing and local oxygen demand perfectly balance, suggest-
ing additional lateral transport pathways, including the intrusions mentioned above, to communicate dissolved
substances between the interior region and the transformation hot spots near the slopes.

In the light of understanding the consequences of the changing climate with its impact on wind forcing and strat-
ification (Hordoir et al., 2018; Stigebrandt & Gustafsson, 2003), it is of importance to further study the specific
processes causing the oxygen transport. The wide-spread relevance of boundary mixing also in other anoxic
marine and limnic systems makes it likely that similar mixing and transport processes are relevant also beyond
the Baltic Sea.

Data Availability Statement
All data and source code for the processing is available under the DOI: https://doi.org/10.12754/data-2022-0002.
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