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Anoxic zones, regions of the water column completely devoid of dissolved oxygen, occur in open oceans and coastal zones worldwide. The
Baltic Sea is characterized by strong salinity-driven stratification, maintained by occasional water inflows from the Danish Straights and fresh-
water input from rivers. Between inflow events, the stratification interface between surface and deep waters hinders mixing and ventilation of
deep water; consequently, the bottom waters of large regions of the Baltic are anoxic. The onset of the anoxic zone is closely coincident with
the depth of the halocline and, as a result, the interface between oxic and anoxic waters corresponds to a strong impedance contrast. Here,
we track acoustic scattering from the impedance contrast utilizing a broadband split-beam echosounder in the Western Gotland Basin and
link it to a dissolved oxygen level of 2 ml/I using ground truth stations. The broadband acoustic dataset provides the means to remotely ob-
serve the spatiotemporal variations in the oxic—anoxic interface, map out the extent of the anoxic zone with high resolution, and identify sev-
eral mechanisms influencing the vertical distribution of oxygen in the water column. The method described here can be used to study other

systems with applications in ongoing oceanographic monitoring programs.
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Introduction

Anoxic zones, regions of the water column completely devoid of
dissolved oxygen, occur in open oceans and coastal zones world-
wide (Diaz and Rosenberg, 2008). Formed as a result of an imbal-
ance in transportation rates of organic matter and oxygen in deep
waters, anoxic regions dramatically alter marine ecosystems
(Conley et al., 2009). As the climate warms many of the drivers of
anoxic conditions are enhanced and, as a result, anoxic zones
worldwide have expanded in recent decades (Stramma et al,
2008) and are likely to grow larger in the near future. In this arti-
cle, we identify and continuously track the anoxic zone in the

Western Gotland Basin of the Baltic Sea using a broadband
acoustic method, providing a high-resolution map of anoxic wa-
ters that can be used for more accurate areal and volume extent
estimates. Furthermore, the broadband data provide the means to
discern local mixing dynamics and the mechanisms influencing
the vertical distribution of oxygen in the water column, providing
a pathway to deeper understanding of anoxic zone extent.

The Baltic Sea is a nearly landlocked marginal sea connected to
the Atlantic Ocean through the Kattegat, Skagerrak, and North
Sea. It is particularly prone to deep water anoxic conditions, due
to a combination of limited water exchange through the narrow
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and shallow Danish Straits and heavy freshwater and nutrient in-
flow from riverine sources (Winsor et al, 2001; Conley et al,
2002). The strong salinity-driven stratification and restricted wa-
ter exchange through the Danish Straits prevents regular ventila-
tion of deep water, resulting in relatively long residence times, on
the order of 30years (Do6s et al, 2004; Meier et al., 2006).
Consequentially, low oxygen conditions have frequented the
Baltic Sea over the past thousand years (Andrén et al., 2000;
Zillén et al., 2008). The present anoxic conditions in the Baltic
Sea encompass between 12 000 and 70 000 km? (Carstensen et al.,
2014) and have resulted in water column habitat losses for major
fisheries, such as Eastern Baltic Cod (Rabalais et al., 2002; Casini
et al., 2016), the complete elimination of benthic faunal species
(Vaquer-Sunyer and Duarte, 2008), and altered nutrient cycling
(Mortimer, 1941; Smith and Hollibaugh, 1989).

Regular mapping of the spatial and volumetric extent of anoxic
waters in the Baltic Sea has taken place since the early 1960s
(Fonselius and Valderrama, 2003). These efforts utilize water col-
umn oxygen profiles measured in situ at discrete locations by
ship-based or moored sensors (Carstensen et al., 2014). These
methods provide high-resolution vertical profiles of dissolved ox-
ygen levels at the individual points of collection, but broad inter-
polation is required to create spatial maps to define the full extent
and nature of the anoxic zone. The resulting maps (e.g.
Viktorsson, 2017; Hansson et al., 2018) have low horizontal reso-
lution due to the sparse data collection across the Baltic Sea and
are costly to produce due to the large amount of station time re-
quired to collect the data. Regardless, these direct measurement
efforts have identified an increase in the spatial and volumetric
extent of anoxic waters in many basins of the Baltic Sea over the
past several decades (Zillén et al., 2008; Carstensen et al., 2014).
Drivers of this expansion are hypothesized to include higher nu-
trient loads from anthropogenic sources (Conley et al, 2009;
Hong et al., 2012), decreases in oxygenated inflows through the
Danish Straits (Kabel et al., 2012; Schmale et al., 2016), and an in-
crease in the temperature of surface waters and river load due to
the warming climate (Graham, 2004; Rabalais et al., 2009).
However, the limited spatial resolution of single-point profiles
cannot provide high-resolution information on the changing ex-
tent of anoxic waters, nor afford insight into the mechanisms
controlling the short-term variability in the anoxic zone.

Active acoustics have been used for over a century to identify,
track, and quantify phenomenon in the water column based on
scattering from changes in density and/or sound speed, i.e. acous-
tic impedance contrasts (Hayes, 1924). The primary advantage of
acoustics, over station-based sampling methods, is the near-
synoptic collection of high-resolution spatial and temporal water
column data over large regions. Acoustic applications to ocean
sciences include identification of military targets (Clay and
Medwin, 1977), fisheries and biological oceanography research
(Simmonds and MacLennan, 2005), characterization of gas bub-
bles and oil droplets (Anderson, 1950; Merewether et al, 1985;
Camilli et al, 2012; Weidner et al, 2019), and observation of
turbulence-induced ocean structure (Proni and Apel, 1975;
Lavery et al., 2003). Recent commercialization of broadband
acoustic systems has allowed for the detection and study of
weakly scattering stratification phenomenon including interfaces
associated with pycnoclines and thermohaline staircases (Ross
and Lavery, 2012; Stranne et al., 2017) and the base of the surface
mixed layer (Stranne et al., 2018), where very small changes in

temperature  (~0.05°C) and salinity (~0.015g/kg) are
discernable.

In the Baltic Sea, the salinity-driven stratification interface be-
tween oxic and anoxic waters represents a region where density and
sound speed rapidly increase from lower values in the oxic waters to
higher in the anoxic waters. This increase corresponds to a strong
acoustic impedance contrast. Here, we show that in the Western
Gotland Basin, the stratification interface can be tracked with high
vertical resolution using a broadband acoustic system; furthermore,
by linking the acoustic data to a series of ground truth stations, we
can show that the interface is near coincident with the hypoxic depth
horizon [here defined as 2ml/l (89.32 mmol/kg) dissolved oxygen]
and therefore the commencement of the low oxygen zone in the
Western Gotland Basin of the Baltic Sea. The result of this work is a
high-resolution map of the areal extent of low oxygen conditions in
the Western Gotland Basin study site, which provides the means to
study the mechanisms responsible for the vertical distribution of ox-
ygen in the water column.

Methods

Data collection

Data were collected on the Research Vessel (RV) Electra between
12 and 14 June 2018, northeast of Oland, Sweden’s second largest
island, in the Western Gotland Basin of the Baltic Sea. The survey
area covered a region of ~1000 km? and with 300 km of track line
(Figure 1). The Gotland Basin is a region known for anoxic bot-
tom waters and steep halocline at ~60 m depth (Elken et al.,
2006; Hansson et al., 2018).

Broadband acoustic water column data were collected with a
Simrad EK80 wideband transceiver (WBT) transmitting through a
Simrad ES70C split-beam transducer with a 7° circular beam. All
system parameters (i.e. transmit power, signal mode, pulse length)
were kept constant during acquisition. The system was operated
continuously during survey operations in broadband mode with a
frequency range between 45 and 90kHz, providing 45kHz of
bandwidth and a vertical range resolution of ~1.5cm. The trans-
mit power was set to 150 W, and the pulse length was set to
2.024ms. The acoustic system was calibrated using a 38.1-mm
tungsten-carbine sphere during operations on 12 June, following
the well-documented procedure described in Demer et al. (2006).

Position and attitude data were collected and applied in real
time from RV Electra’s integrated Seapath 330+ GPS unit and
MRU5+ motion sensor. The accuracy of horizontal and vertical
positioning was =0.5m RMS. Pitch and roll accuracies were
*3 cm RMS for 5° amplitude. Heading accuracy was =5 cm RMS
for 4 m baseline (http://www.km.kongsberg.com).

Temperature, conductivity, and oxygen data were collected at
20 ground truth stations during survey operations using a
Seabird SBE 9plus CTD (Conductivity, Temperature, Depth)
unit, equipped with a Seabird SBE 43 oxygen sensor for dissolved
oxygen profiles. The accuracies of the pressure, conductivity, tem-
perature, and dissolved oxygen sensors are *=0.0015% of full
range (~1400 m), £0.0003 S/m, £0.001°C, and *2% of oxygen
saturation, respectively (www.seabird.com).

During operations a weakly scattering interface was observed
throughout the survey region between the depths of ~50 and 70
m (Figure 2). The scattering interface evolved along the survey
track, as multiple layers merged, dispersed, split, and appeared.
Biological scattering from fish and fish aggregations were abun-
dant above the scattering interface, while below the interface there
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Figure 1. Overview image of the Baltic Sea (a). The inset in (b) shows the Western Gotland Basin and survey area. (b) The survey ship track
lines (blue), and positions of ground truth stations (black encircled white dots) from survey operations. Bathymetry is from the digital
bathymetric model by the European Marine Observation and Data Network (EMODnet Bathymetry Consortium, 2018).
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Figure 2. An example EK80 echogram showing scattering from the acoustic interface at ~60 m depth for >2 km.

was no indication of biological scattering in the water column.
The depth of the scattering interface generally matches the previ-
ously reported coarsely mapped depth of the permanent halocline
in the Western Gotland Basin (e.g. Elken et al., 2006; Hansson
et al., 2018).

CTD profile processing

CTD files were processed with the SBE data processing software,
version 7.26.7 (www.seabird.com) and binned into 10 cm vertical
averages. Using the binned data, temperature and salinity profiles
were converted to absolute salinity and conservative temperature
following the International Thermodynamic Equation of
Seawater (IOC, SCOR and IAPSO, 2010) with the Gibbs-
SeaWater (GSW) Oceanographic Toolbox for MATLAB 2017a
(http://www.teos-10.0rg/). See Supplementary data for processed
temperature and salinity profiles at all ground truth stations
(Supplementary Figures S1-54).

Following the procedure described in Stranne et al. (2017), an
impedance (1) profile was computed for each set of processed
CTD data (Figure 3, see Supplementary data S5-S8) and from
this, the reflection coefficient profile (Rcrp) was estimated
following:

i, 1)

where the ith element of Rorp corresponds to the depth midway
in between the depths z(7) and z(i — 1) from the CTD profile data
and 7 is the impedance at that depth as calculated from:

n(z) = p(2)e(2), 2)

where p(z) is the density of seawater (kg/m’) and c(z) is the
speed of sound in seawater (m/s), both computed from the proc-
essed CTD data.

20z Atenuep g}, uo Jasn Aleiqi [e1usD WYON Ad 9882566/ 82/8-2/LL/910Ie/swisa01/woo°dno-olwapese;/:sdny Woly papeojumod


http://www.seabird.com
http://www.teos-10.org/
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa153#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa153#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa153#supplementary-data

Tracking spatiotemporal variability of the oxic—anoxic interface in the Baltic Sea 2817

55

Depth {m)

60 o

Reflect efficient Reflection coeffident <10
- 4 E 3 0 2 4 6 L} 10
40— 40
B ! C D
451 a5 -
i I
50 s0 f
1
i
s5F ) 55 | }
60 e — = 60| _C._____._.ﬁ—_——_ 1
1 I.
| 65 85y
\ g
70 70t k
1 T
75 75

20 M0 400 S0 00 FOO 8OO T Ta 4
Ping Number

80 a0 -
B 1436 144 1445 145 1455 146

Conservative temperature Impedance <100

Figure 3. CTD and acoustic data from station 11. (a) An EK80 echogram from CTD station 11 showing several distinct horizontal bands of
elevated scattering and the track of the CTD rosette traveling through the water column. (b) Processed profiles of temperature and salinity.
(c) The impedance profile and the estimated reflection coefficients as derived from the CTD data. (d) The reflection coefficients as derived

from EK80 data (black line) and plotted against the dissolved oxygen profile (green line).

Reflection coefficient profiles were computed at 16 of 20 CTD
stations; stations 19 and 20 were in waters shallower than the hal-
ocline and stations 6 and 8 were used for a solar insolation
experiments and did not contain a full water column profile.

Acoustic water column data processing

All EK80 data were processed in MATLAB 2017a using a series of in-
ternal scripts and a software package provided by Kongsberg
Maritime (L. Anderson, pers. commun.). A matched filter was ap-
plied to the acoustic water column data using an idealized replica
signal. The high vertical range resolution of the match filtered
broadband data allowed for the discrimination of acoustic scatterers
in the water column at the sub-decimeter scale (see Supplementary
Figures S9-S12). For all data, range from the transducer face was
computed using the mean harmonic sound speed based on the near-
est in time CTD profile. Range data were converted to depth by ac-
counting for the static vessel draft and vessel heave.

A reflection coefficient profile was estimated from the proc-
essed EK80 data at all ground truth stations to compare against
the CTD-derived reflection coefficient profile. The model that
predicts acoustic backscattering at an interface assumes that the
observed interface is a surface that extends beyond the ensonified
area of the acoustic beam. Following Stranne et al. (2017), if the
ensonifying acoustic pulse is assumed to be a plane wave, the cali-
brated acoustic backscattering (TS, target strength) from the layer
can be predicted from the following:

TS(z) = 201log,oRekso + 1010g,,A(7), (3)

where Rggo is the reflection coefficient and the area ensonified by
the acoustic system at specific range, A(r), can be computed from:

0 2
A(r) = n(r X tan %) , (4)

where ris the range from transducer and Ogsy is the 3-dB circular
beamwidth of the ES70 transducer.

This model is similar to the facet model for a rough seafloor,
described in Lurton (2010), evaluated at normal incidence with
unknown, but small slope variance and low distribution of slopes
along the interface surface. The effects of interface roughness are
ignored, as the depth of the scattering interfaces show very little
variability ping-to-ping, with a root-mean-squared (RMS) height
on the order of the range resolution (see Figure 3 and
Supplementary Figures S9-S12). This simplification likely intro-
duced a small over estimation of the true reflection coefficient
from the acoustic measurements, as roughness induces scattering
of the incident wave at the interface, causing a loss of acoustic en-
ergy in the backscattered direction. However, the result does not
affect our analysis and the simplification is in agreement with
previous acoustic research on scattering from ocean pycnoclines
(Ross and Lavery, 2012) and diffusive-convection interfaces
(Lavery and Ross, 2007).

Using the measurements of TS computed from the processed
EK80 data, (3) can be inverted to estimate the reflection coeffi-
cient from the scattering interface (Rgkso). The acoustic reflection
coefficient profile was computed using a running average filter,
with a filter length of thirty-one acoustic profiles (acoustic system
pings). All station data were collected while RV Electra was drift-
ing and were sampled immediately before the CTD rosette passed
through the scattering interface (Figure 3).

Linking co-located water column profiles

The depth and magnitude of the maximum of the acoustically de-
rived reflection coefficient profiles [Rgggo from (3)] were com-
pared to the depth and magnitude of the maximum in the CTD-
derived reflection coefficient profiles [Rcrp from (1)] (See
Supplementary Figures S13-S16). In addition to direct compari-
son against the CTD reflection coefficient profiles, the frequency-
modulated scattering response from the interface regions was ex-
plored in the EK80 dataset by taking a Fourier Transform of the
calibrated acoustic time series. The resulting ensemble average
spectra provided insight into the scattering mechanisms of the
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observed interfaces. Finally, the position of the peak in the acous-
tically derived reflection coefficient profile was compared to the
dissolved oxygen profile from the processed SBE43 unit data
(Figures 3 and 4, see Supplementary Figures S17-S20). All analy-
ses were limited to water column depths between 40 and 80 m,
the region containing the permanent halocline and observed scat-
tering interface.

Oxic—anoxic interface tracking

The interface between oxic and anoxic waters was tracked based
on the results from the ground truth CTD stations. The peak in
the reflection coefficient profile, as derived from the processed
EK80 acoustic water column data, was closely co-located to the
hypoxic horizon in the water column. Before computing the re-
flection coefficient profile from the acoustic data for tracking
purposes, several data masking steps had to be taken.

In regions where the scattering interface intersected with the
seafloor (i.e. the depth of the seafloor approached ~50 m), the
acoustic return from the seafloor was masked to prevent interfer-
ence with the tracking algorithm. For each acoustic profile, the
masking procedure identified the first instance of a TS measure-
ment >—30dB below 40 m depth, to avoid false seafloor detec-
tions due to fish in the upper water column. The index from this
position was back-stepped by 300 samples, ~2 m of depth, to re-
move additional match filter-generated side-lobe interference.
Data below the identified position were ignored in further calcu-
lations of the reflection coefficient profile.

In addition to intersections with the seafloor, in many instan-
ces, strong biological scattering, most likely aggregations of fish,
were observed near to or in the scattering interface region. When
present, scattering from fish dominates the acoustic record, mak-
ing tracking the interface difficult. Fish aggregations were masked
using a split-beam processing procedure known as the coherence
factor (CF) index (Blomberg et al., 2018). The CF index provides
a measurement of the data coherence measured across the ele-
ments of the EK80 receiver array at a single time point. CF is de-
fined by the ratio of the coherent sum to incoherent sum of
acoustic samples for the receiver elements, given by:

M
Z}’M(Pv r)z
CE(p, 1) =-"= , (Eq. 5)

M 2
M3 yulp. 1)

where for each receiver element m, y,, denotes the match-filtered,
complex valued sample at ping p and range r, and the total num-
ber of elements in the receiver is given by M. The EK80 split-
beam transducer on RV Electra has four quadrants, so M= 4 for
this data set.

The CF index procedure allows for automated masking of
most of the observed fish aggregations due to the difference be-
tween these aggregations and the interface layers. Scattering from
randomly distributed organisms, as these aggregations appear to
be, results in a combined scattered return that is incoherent
across the split-beam receiver elements. By contrast, the interface
layers, which are akin to surfaces that extend beyond the acoustic
beam footprint, scatter sound coherently (Supplementary Figure
S22). A CF index threshold of 0.4 was set and all data samples
below the threshold were ignored in any further calculations of
the reflection coefficient profile.
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Figure 4. The depth of the hypoxic horizon, as calculated from the
dissolved oxygen profiles, plotted against the depth of the peak in
the acoustically derived reflection coefficient profile (circles) and the
resulting linear regression of these data (solid line). The R-squared
value of the regression is 0.9078.

The tracking procedure required that the acoustically derived
reflection coefficient profile was computed for every ping along
the RV Electra’s survey track. After the masking procedures were
applied, the peak reflection coefficient for a given ping was com-
puted from a running average filter with a filter length of 31
acoustic profiles. From the averaged reflection coefficient profile,
the depth of the peak reflection coefficient in the water column
was saved, as well as the latitude and longitude of the ping loca-
tion. The tracking procedure was applied to all water column
data between the depths of 40 and 80 m in the study area.

Maps detailing the spatial extent of the oxic—anoxic interface
were created by interpolation between the measured depths from
the highly resolved track derived from the acoustic algorithm
(Figure 5). The interpolated maps were created in MATLAB using
triangulation-based natural neighbor interpolation function onto
a grid with 500 m x 500 m spacing, covering the survey region.
Interpolated data were then masked in regions shallower than 50
m where the oxic—anoxic interface was not found due to shallow
bathymetry.

Results

Linking co-located water column profiles

This analysis allows for direct comparison between the physical
changes in the properties of the water column (e.g. the halocline)
and the scattering observed at the acoustic scattering interface.
Throughout the dataset, the two sets of derived reflection coeffi-
cient profiles show similar water column trends, as exemplified
in Figure 3. The peaks in reflection coefficient profiles, which
represent the position of the scattering interface, are co-located
within a mean difference of 1.0 = 1.3 m standard deviation
(Supplementary Table S1). Furthermore, the magnitude of the
peak reflection values shows agreement between the two deriva-
tion methods. The relative error between peak magnitudes for a
station is always within an order of magnitude, often much
closer with a the mean relative error is 23.9% (%+16.2%)
(Supplementary Table S2).

The spectra of the interfaces generally showed no frequency
dependence, or in a few cases there was a very weak (kil'z) fre-
quency dependence (Supplementary Figure S21). Taken together
with the comparison to the CTD reflection coefficient profiles,
these findings suggest: (i) the smooth surface assumption is valid,
as no frequency dependence would be expected, and (ii) scatter-
ing from the interface can be primarily explained the physical
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Figure 5. (a) An EK80 echogram transect of over 12 km starting at CTD station 13. The magenta line at ~60 m depth shows the result of
interface tracking algorithm along the transit, which identifies the oxic—anoxic interface. (b and c) An overview map of the survey region with
ship track lines (blue), CTD station locations (white markers with black outlines), and the results of the triangulation-based natural neighbor
interpolation of the oxic—anoxic interface tracking algorithm. The interpolation map shown in (b) consist of data from 11, 13, 14, and 15
June. The panel (c) interpolation map consists of data from 11, 12, 13, and 15 June. Data from 12 and 14 June cover the same region, in the
southeast corner of the survey area, and show significantly different interface depths (dashed box highlights this region). This is the results of
suspected down-welling, which is discussed below. In addition, the position of the echogram from (a) is denoted with the dotted box in the

middle of the interpolated maps.

Table 1. A comparison of the depth (in meters) of the peak reflection coefficient, as determined by the EK80 acoustic data inversion verse
the depth of the point of hypoxia (2 ml/| dissolved oxygen) as measured by the oxygen sensor on the CTD.

9 10 11 12 13 14 15 16 17 18

Ground truth station ID 1 2 3 4 5 7
Depth (m)
Hypoxic point 595 678 668 60.1 564 573
Peak EK80 derived R 583 688 691 586 553 588
Absolute difference (m) 12 1.0 23 15 1.1 1.5

580 614 612 627 623 617 642 581 656 653
551 619 595 625 613 618 628 568 654 634

29 0.5 17 0.2 1.0 0.1 1.4 13 0.2 19

changes in the water properties, as opposed to biology, turbulent
microstructure, or some other scattering mechanism.

Throughout the ground truth station datasets the position of
the peak reflection coefficient was closely located to the hypoxic
oxygen horizon (2ml/l dissolved oxygen) in the water column,
often within <1 m (see Table 1). The minimum absolute different
in depth was 0.1 m at station 14, the maximum was 2.9 m at sta-
tion 9, and the mean difference was 1.2 = 0.76 m standard devia-
tion. The results of linear regression between the datasets in
Table 1 indicate strong correlation, with an R-squared value of
>0.9 (Figure 4). These results show that the position of the maxi-
mum reflection coefficient from the pycnocline region is not just
within the oxycline, but closely associated with the hypoxic depth

horizon. By tracking the peak reflection coefficient from the
acoustic dataset, we can track the hypoxic depth horizon in the
water column to within ~1 m, which allows us to track the oxic—
anoxic transition continuously over long distances using remote
acoustic measurements.

Oxic-anoxic interface tracking

The result of the oxic—anoxic interface tracking, shown in
Figure 5 (top panel), is a highly resolved track, both vertically and
horizontally, of the oxic—anoxic interface following Electra’s path
across the Western Gotland Basin. The depth of the oxic—anoxic
interface varies between 70 m at the deepest point and 49 m at
the shallowest. The mean depth is 62 == 4 m, and there is a general
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deepening of the interface from southwest to northeast across the
survey site. The horizontal resolution is ~5 m and is a function
of the tracking algorithm averaging window and survey speed of
Electra. The vertical resolution is ~1.5 cm and is a function of the
match-filtered range resolution of the EK80 system.

Discussion

Anoxic zones, found in the Baltic Sea and throughout the worlds’
oceans, affect nutrient cycling, carbon sequestration and biologi-
cal productivity (Mortimer, 1941; Smith and Hollibaugh, 1989;
Rabalais et al., 2002; Vaquer-Sunyer and Duarte, 2008; Conley
et al., 2009; Casini et al., 2016). The limited spatial resolution of
traditional single-point oxygen profiles has hampered our ability
to understand fine scale variations in the extent of anoxic waters;
such measurements cannot provide high-resolution information
on inter-seasonal timescale changes in the extent of anoxic waters,
nor offer insight into the mechanisms controlling the short-term
variability of the anoxic zone. In this article, we have identified
and tracked the anoxic zone in the Western Gotland Basin using
broadband acoustic methods, which afford high horizontal and
vertical resolutions on the order of meters and centimeters,
respectively.

Patterns of oxic—anoxic interface across survey area

The anoxic zone of the Western Gotland Basin was mapped
across the study area. There is an overall deepening of the oxic—
anoxic interface from the southwest to the northeast of the survey
site, generally following bathymetric trends in the region. The in-
terface is at its shallowest as the acoustic track approached the
shallow waters off the harbor on Oland; there, the interface inter-
sected the seafloor at ~50 m depth. Despite the overall deepening
to the NE, the deepest measurement of the interface was ~70 m
depth, in the southeast corner of the survey site (Figure 5, dashed
box). In the SE region, despite the short temporal scope of the
study, we observed a strong temporal variation in the depth of
the anoxic zone, with a deepening of >10 m between the 12th
and the 14th of June. We hypothesize that the dramatic change in
depth of the interface in this region is related to a wind-driven
event that will be discussed below. Overall, the interface showed
lateral continuity over the survey area. In the central part of the
survey area where the seafloor shallowed, the interface weakened
and widened at the point of intersection with the seafloor
(Supplementary Figure S23), potentially driven by near-boundary
turbulence. During CTD operations, when RV Electra was drift-
ing, internal waves were occasionally observed propagating along
the scattering interface (see Supplementary Figures S10 and S11),
although observations of internal waves were limited by the time
at each station (<1hr). Observed wave amplitudes were on the
scale of decimeters, and wave periods varied between ~130 and
240s.

As noted in the results, the depth of the oxic—anoxic interface
as measured by the dissolved oxygen profiles at the ground truth
stations agrees well with the acoustically derived results. A CTD-
based interpolated map of the survey region would have shown
an oxic—anoxic interface of relatively constant depth between
~60 and 62 m, which agrees with previously published literature
(Hansson et al., 2018). However, it is clear from our interpolated
maps that the discrete CTD stations fail to identify many of the
details in the interface extent; specifically, the shallowest and
deepest extents of the anoxic zone. These differences in resolution
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and detail highlight the importance of using acoustic data as part
of low-oxygen tracking and monitoring efforts. Furthermore, the
spatial coverage of the ground truth stations is significantly less
than that of the acoustic survey due to timing constrains during
operations (see Figure 5). Although the acoustic tracking method
depends on ground truth CTD data, running acoustic systems
during all survey operations is inexpensive and efficient, provid-
ing spatial resolution orders of magnitude higher than that of
CTD operations alone.

Previous work in the Western Gotland identified the perma-
nent halocline at ~60 m depth (Elken et al., 2006; Hansson et al.,
2018). While our results generally agree with a mean depth of the
halocline (and therefore oxic—anoxic interface) at ~60 m, the var-
iability in depth of the interface across the survey region is >20
m. The higher resolution view of the oxic—anoxic interface pro-
vides the means to track changes and long-term variability in
low-oxygen conditions via more accurate areal and volume extent
estimates of the anoxic zone across the region, as well as the
means to better study the processes controlling the extent of the
anoxic zone, discussed below. It is important to note that there
are limits to the interpretation of the interpolated maps shown in
Figure 5. The acoustic data presented here were not collected as
part of a regimented survey with equal spacing between track
lines or any consideration of the track line density needed to cap-
ture the variability and spatial structure of the oxic—anoxic inter-
face. The simple interpolation presented here suggests that
structure in the spatial extent of the oxic—anoxic interface where
there may be none does not consider the directional dependence
of interface variability from currents or other oceanographic phe-
nomenon and acts as only a first-order constraint on the depth of
the anoxic zone. Furthermore, the data were collected in the be-
ginning of the June and it is likely that seasonal processes, such as
summer shallowing of the mixed layer, winter storm and wind
events, or ice cover, may impact the depth and extent of the an-
oxic zone. Future, more regimented application of this method
can provide a more complete picture of the extent of the oxic—an-
oxic interface by employing a higher density survey with equally
spaced track lines and regimented CTD stations.

Mechanisms controlling vertical profiles of dissolved
oxygen distribution

The characteristics of the vertical dissolved oxygen profile in the
Gotland Basin, and the broader Baltic Sea, are primarily defined
by a permanent halocline, which is a function of the long-term
balances between freshwater input from rivers and the sporadic
inflows of dense, oxygenated water through the Danish Straits
(Winsor et al., 2001). In between major inflow events, during
periods of deep-water stagnation, internal mixing processes influ-
ence the distribution of dissolved oxygen and other substances in
the water column. These processes include wind-driven topo-
graphic waves, near-boundary turbulence, and double-diffusive
convection (Holtermann et al., 2017); however, the details of
these processes and their magnitudes are not well understood and
are the subject of ongoing research.

In the course of this research, we observed processes exerting
vertical control over the dissolved oxygen level in the water col-
umn, specifically a wind-driven down-welling event and double
diffusion-driven convection.
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Wind-driven down-welling

In the southeast corner of the survey site (see Figure 5), an appar-
ent wind-driven down-welling event depressed the anoxic zone
by ~10 m during the period of survey operations
(Supplementary Figure S24). On 12 June 2018, RV Electra col-
lected a series of ground truth stations (stations 4, 5, 7, and 9)
and ~12.5-line kilometer of acoustic water column data. Both the
ground truth stations and the acoustic tracking algorithm found
the depth of the oxic—anoxic interface in this region to be 58 = 1
m, shallowing slightly to the south. Roughly 40 hr later on 14
June, RV Electra returned to the same region for another series of
ground truth stations (stations 17 and 18) and acoustic data col-
lection. During this data collection period, the depth of oxic—an-
oxic interface estimated by both datasets was 67 = 1 m, slightly
deeper to the north.

The water column characteristics, as measured by the CTD
profiles, show no indication of mixing between oxic and anoxic
water masses between the period of the 12 and 14 June. Instead,
the CTD profiles show slight freshening of surface water (depths
<5 m) and downward depression of the water column in the re-
gion of the oxic—anoxic interface, suggesting a potential down-
welling event.

No wind data were collected on RV Electra during this project,
but wind magnitude and directional data were collected at a
weather station operated by the Swedish Meteorological and
Hydrological Institute, which was located at the nearby northern
cape of Oland (number 77220, https://www.smhi.se/data/meteoro
logi/vind). Processing of this dataset shows a strong, sustained
wind event on 12 June from 07:00 to 15:00, local time. During
this period, winds with the magnitude of ~11 m/s blew from the
southeast. Such an event could have caused a localized down-
welling event to the southeast of the bathymetric high in the cen-
ter of the survey region. Down-welling in this region would have
shifted the water column downward, causing the depression of
the oxic—anoxic interface that was observed during the acoustic
data collection.

While the CTD casts from 12 and 14 June did capture the
deepening of the halocline, the CTD data do not provide the
same level of insight into the down-welling event as the acoustic
data. The collection of the acoustic data expands the dimension-
ality of analysis including the possibility of determining the foot-
print of the deepening, allowing for study of the spatial variability
and magnitude of change in the hypoxic horizon due to short-
term events, as well as direct observation of the biological re-
sponse. While the duration of data collectiondoes not capture the
full time period that this event will impact the anoxic zone, the
down-welling event highlights the importance of using acoustic
data to provide spatial context.

Double-diffusive convection

Throughout the survey site the observed scattering interface
evolved dramatically along the ship track, as multiple layers were
seen merging, splitting, appearing and disappearing. Closer in-
spection of the CTD profiles revealed a double-diffusive convec-
tive mixing regime driven by the water column structure near the
stratification interface with cold, fresher water siting over denser
warm, salty water (Supplementary Figure S25). In such situations,
the difference in the diffusivities of heat and salt gives rise to step-
like structures in the water column. These structures, often re-
ferred to as “thermohaline staircases”, have been well described in

the literature (e.g. Turner, 1968; Tait and Howe, 1968; Ruddick
and Gargett, 2003) and observed in many regions (Timmermans
et al., 2008; Stranne et al, 2017), including some parts of the
Baltic Sea (Holtermann et al, 2017; Umlauf et al., 2018), al-
though not in the Western Gotland Basin.

The staircases observed in the study site are characterized by
one to three step features, with thicknesses between 0.5 and 2.0
m, salinity gradients 0.5-3.0 g/kg across interfaces, and tempera-
ture gradients 0.4-2.0°C across interfaces. The makeup of the
staircases was not homogenous over the survey area; in some
regions, staircases were well defined and discrete, while in others
profiles there was a relatively smooth gradient between water
masses with indications of not quite formed staircases, potentially
representing the formation and/or deterioration of staircases.
Heterogeneity of these features suggests the potential for different
mixing rates across the survey area and, thus, different controls
on the vertical profiles of dissolved oxygen.

Double-diffusive convective mixing is driven by potential en-
ergy from temperature gradients without the need for outside
mechanical energy input. The majority of ocean thermohaline
staircase phenomenon are low-energy systems, with slow and
steady mixing, and heat flux rates on the order of 0.1 W/m?>
(Timmermans et al., 2008; Shibley et al., 2017); however, observa-
tions by Umlauf ef al. (2018) in the Bornholm basin of the Baltic
Sea describe rapidly forming staircases associated with fresh, cold
intrusions and vertical heat fluxes on the order of 10 W/m?. This
does not appear to be the case here, rather they appear to be asso-
ciated with relatively stationary water column structure similar to
those in the Arctic Ocean. Future broadband research will focus
on determining the spatial variability of these staircase structures,
estimating the rates of mixing associated with them, and studying
their effect on the dissolved oxygen distribution in the Gotland
Basin.

The identification of both the double diffusive convective mix-
ing and the wind-driven down-welling highlights the need for
regularly updated, high-resolution maps of the anoxic zone in the
Baltic Sea. Short-term changes in the extent of the anoxic zone
are likely not captured with traditional in situ discrete sampling
methods, and while long-term trends may be observable, their
impacts and effects might not be.

Biological response to oxic—anoxic interface

As noted previously, there was abundant biological scattering in
the survey area above the oxic—anoxic interface from individual
fish, fish aggregations, and possibly zooplankton. This has been
observed both in the Baltic and other low-oxygen regions (Eby
and Crowder, 2002; Diaz and Rosenberg, 2008; Bertrand et al.,
2010). Strong biological scattering above the oxic—anoxic inter-
face was ubiquitous across the survey region; however, the vertical
distribution of observed scatterers was not homogenous.
Throughout the survey region, in the shallow oxygenated water
(depths <40 m), the observed biology was primarily composed of
discrete targets. In deeper waters, close to the oxic—anoxic inter-
face, scattering were observed from aggregations of many targets
(e.g. groups of multiple fish in proximity). The fish aggregations
were often found within <1 m of the point of hypoxia, suggesting
a tolerance for low-oxygen conditions. The approach described
here provides a series of measurements that can, at high-
resolution, simultaneously identify biology and physical oceano-
graphic properties, offering the opportunity for new levels of
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understanding (e.g. fine-scale species interactions with the physi-
cal environment).

The observations of fish made in this study reinforce the
results of prior research in the Baltic Sea that suggests that low-
oxygen conditions are a major mechanism driving the vertical
distribution of fish (Randell, 1970; Neuenfeldt, 2002). As the ex-
tent of the low oxygen waters grows, both laterally and vertically
in the water column, the available habitat for fish in the Baltic Sea
shrinks, highlighting the need for high-resolution maps of anoxic
regions. The vertical separation of discrete fish targets and aggre-
gations of fish to different depth regions supports the suggestion
that the low-oxygen conditions are potentially de-coupling prey—
predator interactions, (Taylor and Rand, 2003; Ekau et al., 2010).
The behavioral responses of fish species are complex and future
research with this dataset will focus on quantifying the spatial re-
lationship between vertical fish distributions and the depth of the
oxic—anoxic interface in this region.

Method applicability beyond the Gotland Basin

In the Western Gotland Basin, we have tracked the position of
the hypoxic horizon by its tight correlation to the strong salinity-
driven stratification in the water column. The ground truth sta-
tions show that this correlation holds true across the survey re-
gion; however, across the Baltic Sea and in other oceans and
basins, the same tight correlation may not exist. In these situa-
tions, our method may still be applicable, though slightly modi-
fied, through the same linking process of acoustic profiles to
ground truth stations.

One such region where a modified version of this method
could be applied is in the Bornholm Basin, a region south of the
study site described in this manuscript. The Bornholm Basin, like
the Gotland Basin, is a region known for low-oxygen conditions
(Feistel et al., 2016). Unlike the Western Gotland Basin, however,
anoxia is seasonal and the oxycline in the Gotland Basin has been
shown to commence well below halocline (Hansson et al., 2018),
precluding a direct depth correlation between acoustic scattering
and the hypoxic horizon. However, preliminary processing of
CTD and broadband EK80 data from Bornholm shows that a
strong scattering interface (driven by a combined thermocline
and halocline) can be linked to the hypoxic horizon through a
static offset (Supplementary Figure S26). In the Bornholm Basin,
or other similar regions, strong and spatially contiguous pycno-
clines can be tracked using the acoustic methods outlined in this
manuscript; and with successful collection of ground truth data,
it should be possible to successfully track an oxygen horizon,
even without a direct depth correlation. Additional information
on this application of the method can be found in the
Supplementary data.

Still, in other, more dynamic regions of the Baltic Sea and else-
where, the methods in this manuscript may not be applicable. In
areas with strong currents, tidal forcing, or other lateral advection
events the water column structure can dramatically vary across
short distances. Acoustically tracking a specific interface and link-
ing it to an oxygen horizon could prove difficult in such an area,
made more complicated by the potential for other types of scat-
tering mechanism, such as turbulent microstructure or suspended
sediment. The Southern Quark (Muchowski et al., 2020) is a re-
gion of the Baltic Sea not well suited for this method; beyond the
Baltic Sea, many estuaries would likely prove too dynamic for this
method (Lavery et al., 2013).
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Conclusions

In this work, we have shown that the permanent halocline in the
Western Gotland Basin of the Baltic Sea can be tracked with
broadband acoustics across large regions of the basin with vertical
and horizontal resolutions on the order of meters and centi-
meters, respectively. Furthermore, when directly sampled at dis-
crete stations, this stratification interface was successfully
associated with a specific dissolved oxygen level, 2 ml/l, in the wa-
ter column. This allowed for the remote identification and track-
ing of the oxic—anoxic interface throughout the basin.

The high-resolution maps produced through this work offer
important new insights into the horizontal and vertical distribu-
tion of anoxic waters in the Gotland Basin. We identified that
mixing, driven by double diffusion, and external forcing (e.g.
wind-driven down-welling) are actively influencing the distribu-
tion of oxygen in the Gotland Basin. These observations, along
with the high resolution map, would not have been possible to
replicate with traditional point methods, which can fail to capture
high-frequency spatial and temporal variability (e.g. CTD, moor-
ings). Future efforts using these methods could provide more de-
tailed information on the response of the anoxic zone to seasonal
processes, major inflow events, and long-term forcing, such as the
warming of the Baltic Sea.

As discussed above, this method, or a slightly modified form of
this method, could be applied to other basins and regions within
the Baltic Sea. Many research vessels associated with active Baltic
Sea oxygen-monitoring programmes (e.g. HELCOM) are
equipped with, or could be easily equipped with, active broad-
band sonar systems. In addition, long-term observation platforms
(e.g. mooring, buoys) could be equipped with broadband acous-
tic packages and deployed to collect long-term acoustic time se-
ries. As the broadband acoustic methodology used in this work
requires corresponding in situ measurements to provide both ver-
ification of the scattering mechanism responsible and dissolved
oxygen levels in the water column, it would be possible to
“upgrade” such vessel- and mooring-based monitoring pro-
grammes with this complementary acoustic method. The result
would provide more accurate, higher-resolution maps, as exem-
plified in Figure 5, to better inform the scientific community,
governments, and public of the actively changing anoxic condi-
tions in the Baltic Sea and beyond.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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