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We present results from a coordinated frontal survey in Fram Strait in summer 2016
using an autonomous underwater vehicle (AUV) combined with shipboard and zodiac-
based hydrographic measurements. Based on satellite information, we identified a
front between warm Atlantic Water and cold Polar Water. The AUV, equipped with
oceanographic and biogeochemical sensors, profiled the upper 50 m along a 10 km-
long cross-front oriented transect resulting in a high-resolution snapshot of the upper
ocean. The transect was dominated by a 6 km-wide, 10 m-thick subsurface patch
of high chlorophyll, located near the euphotic depth within a band of cold water.
Nitrate was depleted in the surface, but abundant below the pycnocline. Potential
vorticity and Richardson number estimates indicate conditions favorable for vertical
mixing, which indicates that the high chlorophyll patch may have been sustained
by upward nitrate fluxes. Our observations underline the complex hydrographic and
biogeochemical structure in a region featuring fronts and meanders, and further
underline the patchy and small-scale nature of subsurface phytoplankton blooms
potentially fueled by submesoscale dynamics, which are easily missed by traditional
surveys and satellite missions.

Keywords: turbulent mixing, autonomous underwater vehicle (AUV), nitrate, flux, front, chlorophyll, physical-
biogeochemical interactions, submesoscale

HIGHLIGHTS

– AUV allows for the observation of a phytoplankton patch associated with a
front in Fram Strait.

– A frontal jet, symmetric, inertial/centrifugal as well as gravitational and shear instabilities
might induce mixing at a shallow front within the surface ocean.

– Instability analyses indicate that the high chlorophyll patch is likely sustained by vertical
nutrient fluxes.
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INTRODUCTION

Sea ice retreat in the Arctic Ocean is dramatically changing the
ocean’s light regime with drastic implications for the ecosystem.
Satellite observations indicate an increase in Arctic Ocean net
primary production by 30% between 1998 and 2012 (Arrigo and
van Dijken, 2015) and by as much as 57% between 1998 and
2018 (Lewis et al., 2020). This is mainly attributed to increases
in photosynthetically active radiation (PAR), which increases
the limiting role of nutrients for primary production (Tremblay
et al., 2008; Tremblay and Gagnon, 2009; Taylor et al., 2013).
However, satellite vision is limited to the near-surface ocean,
and cannot detect standing stocks of subsurface-chlorophyll.
Model projections on the future Arctic ecosystem predict that
primary production increases may occur along the Atlantic- and
Pacific-water inflow pathways and along the continental slopes,
where stratification weakens due to reductions in sea ice melt
(Slagstad et al., 2015). These projections further indicate, that
central Arctic regions away from the boundaries may not become
significantly more productive. There, the effect of enhancing PAR
levels is countered by increasing stratification due to enhanced ice
melt and thermal warming. On a pan-Arctic scale, stratification
regulates vertical mixing and nutrient fluxes into the sunlit
surface layer (euphotic zone) (e.g., Doney, 2006; Randelhoff et al.,
2020) and is therefore a key parameter needed to adequately
project the state of the future Arctic ecosystem. Vertical mixing
and other processes regulating stratification, however, occur on
small scales, are not easily measured with traditional sampling
methods, and are therefore not sufficiently understood. This
is especially true under a changing Arctic icescape, that is
characterized by increased mobility and variability (Serreze et al.,
2007; Stroeve et al., 2007).

The marginal ice zone (MIZ) is becoming increasingly
important under a continuously northward progressing seasonal
sea ice edge. Strong and Rigor (2013) determined the MIZ to
widen by 13 km decade−1 between 1979 and 2011. Physical
processes at the MIZ and their coupling to biological activity are
complex and occur on small scales induced by strong gradients
in water masses, light availability, surface stress, fronts, and
meanders (Niebauer and Alexander, 1985; Smith et al., 1985;
Engelsen et al., 2002; Perrette et al., 2011). In Fram Strait satellite-
based studies found that phytoplankton growth is promoted
by sea ice melt in the MIZ (seeding, stratification), while in
the open ocean south of the MIZ it is governed by thermal
warming (Cherkasheva et al., 2014). In a third regime, near the
coast of Svalbard, a suppression of phytoplankton growth goes
along with the presence of ice in early summer. Fram Strait
is the major Arctic gateway, where warm inflowing Atlantic
water (AW) encounters outflowing Polar water (PW) along
with the south-ward sea ice export. Interactions between the
swift West Spitsbergen Current, topographic irregularities, water
mass gradients, sea ice and winds contribute to strong fronts
and strong mesoscale activity that occur there (Hattermann
et al., 2016; von Appen et al., 2016; Wekerle et al., 2017).
Furthermore, a model study by Schourup-Kristensen et al. (2021)
found that mesoscale processes vary on seasonal time scales
and control phytoplankton growth in this region. Long-term

observational efforts using oceanographic moorings are in place
to monitor transports across Fram Strait (Beszczynska-Möller
et al., 2012), and numerous shipboard expeditions regularly
occupy Fram Strait for multi-disciplinary surveys (Nöthig
et al., 2020). However, the spatial coverage needed to survey
and understand mesoscale features and their multi-disciplinary
impact is generally not achieved with traditional surveys.
von Appen et al. (2018) surveyed a filament in Fram Strait
with high-resolution CTD (conductivity temperature depth)
profiles and shipboard current profilers, and were able to
characterize hydrographic frontal features and their associated
small-scale motion. They further found the accumulation of
high chlorophyll near the center of the front in 20–30 m water
depth. A biogeochemical characterization of this filament showed
the strong link between plankton community structure and the
physical processes at this particular feature (Fadeev et al., 2021),
and underline the importance of small-scale interdisciplinary
sampling to understand sea ice, ocean and ecosystem dynamics.
Based on an autonomous underwater vehicle (AUV)-survey,
Wulff et al. (2016) highlighted the role of the sea ice edge in
combination with wind-induced drift, as a possible trigger for
vertical mixing and nitrate fluxes into the euphotic zone.

In this paper, we contribute findings from a dedicated
experiment in Fram Strait in summer 2016, combining AUV
missions with ship- and zodiac-based CTD surveys. The AUV
was equipped with a suite of physical and biogeochemical sensors,
and performed one transect across a front between warm AW and
cold PW. The experiment was aimed at gaining insights on the
importance of mesoscale features for the Fram Strait ecosystem
via setting the hydrographic and nutrient (nitrate) conditions that
led to subsurface-chlorophyll features, such as the one discussed
here. We discuss water mass properties, stratification, velocity
shear and assess the potential of vertical nutrient fluxes through
different types of instabilities.

DATA AND METHODS

Experimental Setup and Data
During the Polarstern cruise PS99.2 in July/August 2016 a
coordinated experiment including satellite, shipboard, zodiac and
AUV-based measurements for a targeted bio-physical interaction
study at a frontal system in Fram Strait was conducted
(Figure 1A). Due to the transient nature of frontal features, our
experiment depended heavily on a large-scale overview of both
the front and the sea ice by means of satellite infrared images
(channel 3 data of the AVHRR/3 instrument on the NOAA
15 satellite). However, frequently occurring fog and overcast
skies limited the usability of the images and only one cloud
free image could be taken on July 6, 2016 (Figure 1B) – six
days prior to our experiment, conducted on July 12th. To find
the exact location and orientation of the front, we used the
ship’s thermosalinograph (TSG) and monitored the temperature,
salinity and fluorescence, while transiting through the study
region as suggested by the satellite infrared image. We identified
a front with fairly warm waters of 7–8◦C degrees in the south-
east and a much colder water mass of about 2◦C degrees in
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FIGURE 1 | (A) Topographic map of the Nordic Seas and Fram Strait. The study region is marked with a white box. (B) Infrared image taken on 6 July, 7:48 UTC of
Fram Strait (channel 3 data of the AVHRR/3 instrument on the NOAA 15 satellite). The approximate location of the AUV-dive is marked by the white cross. (C) Sea
surface temperature measured by the ship’s thermosalinograph at 5 m depth, and by the AUV and zodiac at 1 m depth. The AUV-track is marked in cyan, the
zodiac-track is marked in blue. Black dots give shipboard CTD-station locations with station numbers. The black diamond indicates the position of the mooring.
(D) One hour-averaged wind direction (arrow pointing into the down-wind direction) and wind speed (relative arrow length). The timing of the satellite image, the CTD
station 69-2 and the mooring deployment 70-1 are indicated below the plot. The black bar indicates the time of the dive.

the north-west (Figure 1C) and determined the orientation
of the front to be aligned at approximately 63◦ true north
(dashed line Figure 1C). We will use “T” for “true north”
throughout the manuscript.

The AUV dive pattern was designed to cross the front
perpendicularly, undulating between the surface and 60 m depth
on a zig-zag patch, collecting high-resolution profile data along
a 10 km-long transect (Tippenhauer et al., 2018). The AUV was
operated using a constant propeller rotation (rpm) resulting in
a speed of approximately 1.5 m s−1 with an average heading
333◦T. The dive started at 79.04◦N, 4.5◦E within the 7–8◦C
warm AW, crossed the front in a north-westward direction, and

ended at around 79.1◦N, 4.15◦E, on the cold side of the front
(cyan line in Figure 1C). On a parallel transect, approximately
400 m north of the AUV track (blue line in Figure 1C), we
operated a small, handheld CTD from a zodiac (SBE19plus,
Tippenhauer et al., 2018). At the same time, the ship recorded
the sea surface temperature (Soltwedel and Rohardt, 2017)
along a parallel transect south of the AUV (Figure 1C). All
oceanographic parameters were computed using the TEOS-10
GSW toolbox (McDougall and Barker, 2011). We exclusively use
absolute salinity and conservative temperature in this study.

Atmospheric parameters are recorded continuously
onboard Polarstern by a meteorological observation system
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(König-Langlo, 2016). Prevailing winds 5 days before the
dive were north-easterly with variable strength, as shown in
Figure 1D.

Instruments
Polarstern’s TSG system is a SEACAT SBE21 coupled with
a Digital Oceanographic Thermometer SBE38 (Seabird
Electronics). The water intake is located 5 m below the
surface. Additionally, a FerryBox (-4H-JENA engineering
GmbH) measures near-surface chlorophyll a concentrations.
The ship’s CTD was equipped with the standard SBE911plus
setup including double sensors for temperature and conductivity,
with an additional SBE43 for oxygen and a WET Labs ECO-
AFL/FL for fluorescence observations (Tippenhauer et al.,
2017). The AUV is a 4.7 m long Bluefin 21 vehicle (Bluefin
Robotics, operated by AWI) equipped with a SBE49 FastCAT
CTD probe (Seabird Electronics). During this campaign, the
AUV carried an upward looking Acoustic Doppler Current
Profiler (ADCP) 300 kHz Workhorse Monitor (Teledyne RD
Instruments) and a turbulence profiler (Rockland Scientific,
MicroPod System) for velocity shear. Unfortunately, we could
not derive turbulent dissipation rates due to broadband noise
contamination. The algorithm for noise reduction developed
for previous studies (Tippenhauer et al., 2015) for a different
AUV-turbulence-profiler system could not be applied, due to
the more broadband nature of the noise here. In the future an
improved mounting might solve this issue. As the water depth
in the study was deeper than the vehicle’s Doppler Velocity
Log, the accuracy of the navigation data was reduced. During
the dive we tracked the AUV path acoustically, such that the
method described in Wulff and Wulff (2015), for correcting
the navigation data, could be applied in post processing. This
provides us with more accurate positions of the AUV, compared
to positions estimated by dead reckoning only. For processing
the ADCP data, we used a modified version of the SACDP
processing toolbox originally by GEOMAR. The AUV is further
equipped with an upward-looking sensor for photosynthetically
active radiation (PAR, Irradiance, Satlantic, Canada), a nitrate
sensor (Deep Ocean SUNA, Seabird), a dissolved oxygen sensor
(electrochemical, fast responding profiling version, SBE43) and a
fluorometer (C7 c, Turner Designs) to determine fluorescence of
chlorophyll a, as a proxy for biomass. Water samples collected
by the vehicle’s water sample collector (Wulff et al., 2010) were
analyzed for nutrient concentrations (nitrate, nitrite, silicate, and
phosphate). Sample-derived nitrate concentrations were used to
calibrate the raw signal of the SUNA sensor. The raw fluorescence
measurements of the C7 fluorometer were not calibrated with
sample material of this specific dive, as the sample collector did
not take samples within the chlorophyll maximum region, but
in a region with rather homogenous chlorophyll concentrations.
The derived calibration curve thus does not stretch over a
sufficient range to be suitable for calibration purposes. For
this reason, the chlorophyll a concentrations presented in this
paper were calculated based on a calibration from a previous
dive in 2013. Nonetheless, it should be pointed out that the
fluorometer was saturated within the maximum fluorescence

area, a phenomenon that we had not observed before using
identical fluorometer settings.

Dive Pattern and Data Interpolation
The dive pattern was designed to include different phases to
measure different parameters. The zig-zag pattern was chosen
to record properties such as temperature, salinity, chlorophyll
a, nitrate and oxygen in the water column in high-resolution.
In-between the individual “Sawtooth’s” of the zig-zag pattern,
segments along constant pressure were introduced to record
the velocity structure above the AUV using the upward looking
ADCP. For the PAR data, every second to third ascend of
the AUV was performed as a so-called float-maneuver, where
the propulsion of the AUV was turned off, resulting in a
horizontal float to the surface, due to the residual buoyancy of
the vehicle. This phase of the dive is necessary as the PAR sensor
data is reliable only if the sensor is oriented perpendicular to
the incoming light.

As this dive pattern results in a rather special data set
with irregular spacing in all dimensions, careful evaluation and
interpolation is necessary. After sensor calibration and correction
of the position as described in Wulff and Wulff (2015), the
data was manually checked and divided into different dive phase
segments. Then, the hydrographic data from the down- and up-
casts were first interpolated onto a regular pressure grid, and
subsequently interpolated on a regular horizontal spacing. For
all considerations that require hydrographic and velocity data,
both were interpolated on the same grid in a third step. This is
necessary as the velocity data are available only for those segments
in-between down- and up-casts, as the AUV was able to record
the velocity above it only during those dive-phases. This grid
however, is not regular in the horizontal, since the dive pattern
was not regular. The spacing varies between 256 and 1,055 m.
Those gridded data were used to compute all derived quantities
that will be introduced in the following section.

Conducting frontal studies with comparably slow vehicles
as gliders or AUVs always includes the problem of a potential
distortion from the planned path. In the study of Carpenter et al.
(2020) an autonomous glider, planned to dive on an east-west
oriented track was forced on a southward path due to strong
currents. Also, for our study, it cannot be ruled out that the
currents might have altered the planned dive track. However,
our AUV was moving through the water with approximately
1.5 m s−1, while we encountered maximum ocean currents of
0.3 m s−1, and we therefore neglect the effect of a drifting
feature in this study.

Analysis of Frontal Processes
To understand the frontal processes, we analyzed the
stratification and the velocity field and derived quantities
such as the Richardson number (Ri), which relates the strength of
stratification to velocity shear. Direct observations of turbulent
kinetic energy dissipation rates are not available for this study
due to technical problems. We therefore assess potential mixing
processes and instabilities around the front based on geostrophic
velocities and vorticity-based instability criteria. The direct

Frontiers in Marine Science | www.frontiersin.org 4 September 2021 | Volume 8 | Article 605225

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-605225 September 21, 2021 Time: 12:6 # 5

Tippenhauer et al. Chlorophyll-Patch at a Front

velocity observations were rotated into along-front and cross-
front components and vertically averaged in 4 m bins. The
along-front component is then compared to the geostrophic
velocities derived from 4 m vertically-averaged properties,
by integrating the geostrophic shear from the lowest layer
(55 m depth), assuming zero velocity. The buoyancy-frequency
N2 (where N2

= db/dz, with b = −gρθ/ρ0) was vertically
averaged over 4 m bins and, combined with the total shear
Sh2
= (du/dz)2

+ (dv/dz)2, provides the Richardson Number
Ri = N2/Sh2.

Generally, shear instabilities can arise when the velocity shear
exceeds the fluid stratification, with the necessary condition of
a local Ri of less than 0.25. Other forms of instabilities can
also develop under various conditions. Gravitational instabilities
occur if the stratification is unstable (N2 < 0), resulting in
vertical convection. Inertial or centrifugal instability arise due
to the instability of fluid parcels to horizontal perturbations,
when the equilibrium between different forces in the initial
state (geostrophic or cyclostrophic balance) becomes unstable.
If a horizontal velocity perturbation is advected in meridional
direction, it can be either reinforced or dampened by the
Coriolis force, depending on the direction and amplitude of the
perturbation. If the Coriolis force reinforces the perturbation, an
inertial instability forms (Haine and Marshall, 1998); Smyth and
Carpenter, 2019). Symmetric instabilities can form in a situation
with stable stratification (N2 > 0) and a two-dimensional flow
(such as at a front), with a vertical (dv/dz) and cross-frontal
velocity gradient (dv/dx). The cross-frontal velocity gradient can
stabilize or destabilize the flow. If symmetric instability occurs,
convection is no longer vertical as is the case for gravitational
instability. Due to thermal wind shear in a stratified, rotating
fluid, convection will be slantwise and lead to an exchange in
the vertical and horizontal at the same time (Haine and Marshall,
1998). This slantwise convection will leave a stably stratified water
column and restore the potential vorticity to zero.

Mathematically, these instabilities can be characterized based
on potential vorticity. In a stably stratified flow, inertial and
symmetric instabilities can develop if the Ertel Potential Vorticity
PV (q) and the Coriolis parameter (f ) have opposite signs
(Thomas et al., 2013; Peng et al., 2020):

fq = f
(
f k̂+∇ × u

)
×∇b < 0,

where k̂ is the upward unit vector, u is the velocity vector, and
b = −gρθ/ρ0 again the buoyancy, with g – the acceleration due
to gravity, ρθ – the potential density, and ρ0 = 1026 kg m−3 the
reference density. By decomposing q into the vertical (qζ ) and
the baroclinic (qbc) components it can be distinguished whether
the conditions allow for symmetric or for inertial/centrifugal
instabilities (Peng et al., 2020). The vertical (qζ ) and the
baroclinic (qbc) components are defined following Peng et al.
(2020):

qζ =
(
f + dv/dx

)
×N2, and qbc = dv/dz

(
−db/dx

)
.

where the term dv/dx describes the change of the along-front
velocity component across the front while db/dx describe the
change of the density field across the front. The term dv/dz

describes the vertical shear of the along-front velocity component
and N2

= db/dz is again the square of the buoyancy frequency.
Symmetric instability (SI) is expected if

∣∣fqbc
∣∣ > fqζ with

fqζ > 0 (cyclonic absolute vorticity), while inertial/centrifugal
instabilities are expected if fqζ < 0 (anticyclonic absolute
vorticity). Inertial/centrifugal instabilities derive their energy
from lateral shear, whereas symmetric instabilities grow at the
expense of vertical shear.

RESULTS

Water Masses at the Front
The roughly 10 km-long AUV transect across a strong front
separating AW from PW was characterized by a complex
water mass structure with wide ranges in temperature (−2 to
7◦C), salinity (33–35), chlorophyll-a (0–10 µg L−1), nitrate
(0–10 µmol L−1) and oxygen saturation (90–115%) (Figure 2).
For easier orientation, we use the kilometer-scales at the top
of Figure 2A to point out relevant features along the transect.
The surface showed a complex water mass distribution and was
dominated by two fronts. The first was located about 1 km into
the transect (km-1, right blue arrow top of Figure 2), where the
temperatures decreased sharply from 7 to 2◦C. The second front
was located near km-6 (left blue arrow top of Figure 2), with
warmer (1◦C) water extending from the surface down to about
20 m at km-8. Surface waters carried temperatures of about 1◦C,
underlain by near-freezing PW (red contour in Figure 2A). This
cold layer was thickest near the interface between PW and the
warm AW reaching down to 45 m between km-2 and km-4. Here,
the temperature changed from below 1 to 7◦C, over a distance of
less than 1,000 m. On the warm side of the front (km-0 to 2), the
water column was well mixed down to 45 m (Figure 2A). West of
km-3, the water was colder, fresher and more stratified (Figure 2).
However, this front was density-compensated, as there was also
a strong salinity gradient (Figure 2B). Towards the western end
of the transect (km-9), the cold and fresh layer thinned and was
confined to depths between 25 and 35 m. The water below this
cold layer was less stratified, warmer and more saline. Physical
properties in temperature-salinity space (Figure 3) indicate that
two water masses have just recently come into contact. The
AW with densities of 27.1–27.6 kg m−3 (potential density with
reference to 0 dbar) being warmer than 3◦C and the modified
AW and surface PW with densities of 26.0–27.8 kg m−3 and
temperatures below 3◦C (Figure 3). The densest waters of more
than 27.6 kg m−3 were found on either side of the front at about
50 m (marked by black and cyan boxes in Figures 2, 3). These
two water masses are similar in temperature and salinity but
spatially separated, indicating that they have not been in contact
before, as they show no sign of mixing (Figure 3). The water
masses with the two temperature extremes (AW of 8◦C and near-
freezing PW) throughout the section, had a density of less than
27.6 kg m−3. The TS-diagram shows that mixing between these
two water masses occurs at their interface (cabbeling, marked
with two black arrows and a blue box in Figure 3), creating denser
water of more than 27.6 kg m−3. This water subducted and was
found deeper in the water column (blue box Figures 2, 3).
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FIGURE 2 | (A) Conservative temperature (◦C), (B) absolute salinity (g/kg), (C) chlorophyll a (µg L−1), (D) nitrate (µ mol L−1) and (E) oxygen saturation (%). Black
contour lines indicate potential density. Individual AUV-profiles are marked in black with a scatter plot showing the single-point measurements in panel (C). Yellow line
indicates the euphotic depth. Blue arrows at the top of panel (A) indicate the position of the two fronts. Colored contour line-boxes indicate different water masses
[green – Atlantic Water, red – Polar Water, yellow, green and magenta – different types of surface waters, black and cyan – different types of colder and slightly
fresher Atlantic Water, blue – mixed water originating from cabbeling (compare Temperature-salinity-diagram in Figure 3)].
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Biogeochemistry of the Front
A patch of extraordinary high chlorophyll a concentrations
exceeding 10 µg L−1 (Figure 2C) dominated the chlorophyll
distribution along the AUV-transect. The patch was observed
inside the cold, stratified water lens with nitrate concentrations
of 2–6 µmol L−1 (Figure 2D). Above this patch in the upper
25 m, the nitrate concentration was less than 2 µmol L−1. Below
25 m, concentrations increased to 6–9 µmol L−1 underneath the
chlorophyll a patch just below the euphotic depth (yellow contour
in Figure 2) where the stratification was weaker. The euphotic
depth is defined as the level where the light decreases to 1%
of the light available at the surface. The euphotic depth derived
from the AUV-based PAR sensor occupied the 30–40 m depth
range (Figure 2). At the eastern edge of the section (km-0 to 2),
chlorophyll a concentrations of 2–4 µg L−1 were found down to
55 m depth, thus, to at least 20 m below the euphotic depth. The
nitrate concentration there was close to 0 µmol L−1 (Figure 2D).
The oxygen saturation field contrasted that of nitrate, with
the lowest concentrations found within the high-nitrate dome,
indicative of higher water mass age. Just above the chlorophyll
maximum as well as on the warm side of the front (km-1),
the water was supersaturated with oxygen (Figure 2E). The
supersaturation just above the chlorophyll maximum and below
the pycnocline indicates active photosynthesis and the shielding
effect of the pycnocline preventing outgassing (Anderson, 1969;
Shulenberger and Reid, 1981), consistent with previous long-
term Glider observations off the Washington coast (Perry
et al., 2008). The remarkable feature among the distribution
of biogeochemical properties along the transect is thus the
5–10 m-thick band of high chlorophyll, located immediately
above the euphotic depth. The upper part of the elevated
dome of nitrate ends abruptly at the euphotic depth which
indicates nitrate supply and utilization, further underlined by
supersaturated oxygen levels.

Dynamics of the Front
The warmer eastern side of the front (km-0 to 2) was
characterized by weak stratification, with buoyancy-frequencies
(N2) close to zero almost throughout the water column
(Figure 4A). When resolved in 1 m bins (not shown),
gravitationally unstable stratification with negative N2 was found
at the interface of the PW and AW water masses, indicating the
effect of cabbeling (blue box Figure 3 and magenta color at km-3
in Figure 4A). Further, gravitationally unstable regions in the 1
m binned data were found near km-8.5 at 33 m, around km-9 at
26 m, and around km-6, between 5 and 20 m water depth (not
visible in the Figure 4A as this figure shows 4 m resolution).
Comparably strong stratification was observed in a band above
the cold water patch, deepening from 10 m at km-2 to 20 m
at km-7/8. A second and weaker band was found at 10 m in
between km-7 and km-8.

The along-front velocity component indicates that the surface
layer moved almost homogeneously in down-front direction (i.e.,
south-westward, out of the page, blue colors in Figure 4B).
The strongest down-front flow with more than 0.2 m s−1 was
observed above the band of high stratification indicative of a

FIGURE 3 | Temperature-salinity-properties along the AUV-transect. Colors
indicate the pressure (dbar) of the individual measurements. Black contour
lines indicate potential density (reference 0 dbar). Colored boxes indicate
different water masses (green – Atlantic Water, red – Polar Water, yellow,
green and magenta – different types of surface waters, black and cyan –
different types of colder and slightly fresher Atlantic Water, blue – mixed water
originating from cabbeling. Mixing occurred along the 27.6 isopycnal indicated
by the two black arrows. Same colored-boxes are used to indicate the
location of these water masses along the section in Figures 2, 4. The thick
black line indicates the freezing point temperature.

frontal jet. Below the frontal jet as well as within the AW region,
weaker south-westward flow of around 0.1 m s−1 was observed
(blue colors in Figure 4B). Up-front velocities were only observed
between km-2 and km-6 mostly below 20 m and at the western
edge of the section at 20 m and at 45 m water depth. Cross-frontal
velocities in the surface layer were generally weak (mostly below
0.1 m s−1) and oriented south-eastward, leading to flattening of
density contours and hence to weakening of the surface fronts
(blue colors in Figure 4C). Below this, even weaker velocities of
less than 0.05 m s−1 were observed. Only at the western side
of the front between 15 and 30 m, comparably strong velocities
occurred towards the north-west reaching 0.15 m s−1 (i.e., down-
gradient flow). Within or slightly below this down-gradient
flow, the stratification was weak or close to being gravitationally
unstable (Figure 4A).

To gain insight into possible mixing events, we screened
the data for the sensitivity to the various forms of instabilities
described in the data and methods-section. We present a subset
of the data in Figure 5. In particular we contrast the geostrophic
flow derived from thermal wind with the observed velocity (top
of Figure 5, panels 1–7), relate the shear with stratification
(panels 8–14), and present the vertical, baroclinic, and total
potential vorticity (panels 15–21). First, we assess whether the
flow is in geostrophic balance or whether it is ageostrophic.
In geostrophic balance the flow exhibits a balance between the
Coriolis force and the pressure gradient force. In absence of this
balance, the flow becomes ageostrophic, wherein other forces also
become important, such as friction. The along-front velocities
were mostly not in geostrophic balance (top of Figure 5 panels
1–7). On the warm side of the front, the flow was close to
geostrophic balance at the surface, but not below 10 m, where
the difference between geostrophic and measured velocities
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FIGURE 4 | (A) Buoyancy-frequency N2 (s−2) from upward and downward profiles of the AUV computed over 4 m bins, (B) Along-front velocity component (ms−1)
computed over 4 m bins. Blue colors indicate south-westward velocities (out of the page). Red colors indicate north-eastward velocities (into the page).
(C) Cross-front velocity component (ms−1) computed over 4 m bins. Red colors indicate north-westward velocities (towards the left of the plot). Blue colors indicate
south-eastward velocities (towards the right of the plot). (D) Richardson Numbers (colored circles) computed over 4 m bins. All: Black contour lines indicate potential
density. Yellow line indicates the euphotic depth. Colored, dashed contour line-boxes indicate different water masses (compare Figures 2, 3). The thick green
contour line indicating areas with negative Ertel potential vorticity. Blue arrows at the top indicate the position of the two fronts. The black dots at 53 m and the blue
arrows mark the locations of the single profiles shown in Figure 5.

increased with depth (Figure 5 panel 7). Further to the west,
observed and geostrophic velocities differed in direction but were
both weak. At km-4 the observed velocities were comparably
strong and not geostrophically balanced (Figure 5 panel 4),
while the flow was closest to geostrophic balance throughout
all of the transect at km-4.9, with a frontal jet above 20 m
(Figure 5 panel 3). The down-front velocities extended to km-
8 and 30 m depth although geostrophic velocities indicated

weaker down-front or even up-front velocities (Figure 5
panels 3-1). Concluding this section we note, that the flow is
mostly not geostrophically balanced, which implies that other
forces such as wind must have played a role in creating the
observed patterns.

To assess the likelihood for shear instabilities we relate
the shear with stratification (middle of Figure 5, panels
8–14). Whenever the Sh2/4 curve exceeds the N2 curve, shear
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FIGURE 5 | Selected profiles of the (1–7) geostrophic vg and observed along-front velocity va, (8–14) stratification N2 and total Sh2/4, for easier comparison with the
critical Richardson number (Ri = 1/4 or, equivalently, N2

= Sh2/4). (15–21) The vertical (fqζ ), baroclinic (fqbc), and total potential vorticity (fq)component. The
locations of the single profiles used here, are marked in Figure 4 with a black dot at 53 m and a blue arrow.

instabilities may potentially occur. This is the case only on the
warm side of the front between 20 m and 40 m depth (Figure 5
panel 14) as well as at km-5.9 at the surface (Figure 5 panel 9).
In areas where N2 is negative, gravitational instabilities will form
and lead to convective mixing, such as on the warm side of the
front between 20 m and 40 m depth (Figure 5 panel 14). Hence,
gravitational instabilities are present on the warm side of the
front at km-0.4 (Figure 5 panel 14) and shear instabilities might
occur at km-5.9 at the surface (Figure 5 panel 9). Thus, shear
instabilities might occur, but play only a minor role. Instead,
other types of instabilities might be more relevant, which we
assess in the following.

The different components of the vorticity provide a measure
for the rotative forces within the flow, which arise due to
gradients in the density and velocity field. Different forms of
instabilities can occur if the Ertel potential vorticity is negative,
as described in the methods-section. Areas with negative Ertel
potential vorticity are indicated with a green contour in
Figures 4A–D. In Figure 5 (panels 15–21), circles mark those
locations where symmetric (blue) and inertial/centrifugal (red)
instabilities are possible. Symmetric instabilities are indicated
on the warm side of the front at km-0.4 and at km-5.9 above
20 m (Figure 5 panel 21 and 16). Furthermore, below 40 m
at km-3.1 (not shown in Figure 5), at km-3.7 and at km-8.3

(Figure 5 panel 19 and 15). Vorticities close to zero might
be a sign of past symmetric instabilities, which might be the
case at km-4, km-5.9 (Figure 5 panel 18 and 16), and km-7.5
(not shown in Figure 5). Indications for inertial/centrifugal
instabilities in the upper 20 m were found at km-2.1, km-3.7, and
km-4 (Figure 5 panel 18–20), while they were found throughout
the upper 50 m at km-4.9 (Figure 5 panel 17). At most of the
other locations the layer below 20 m was characterized by Ertel
potential vorticities of just above zero, and thus not directly
indicative of an instability.

Overall, we found numerous indications for symmetric and
inertial/centrifugal instabilities at several locations along the
front. Gravitational and shear instabilities were present, but play
a minor role. The different types of instabilities discussed here
are illustrated in Figure 6. Apart from exceeding the instability
thresholds described above, the vorticity was regularly near-zero
between km-5 and km-8 below 30 m. This could be a sign
of previous symmetric instabilities that would set the vorticity
to zero but would not break down the stratification, due to
the slantwise circulation of symmetric instabilities (Haine and
Marshall, 1998). Such a slantwise circulation would result in
vertical mixing and thus induce vertical fluxes from the high-
nutrient reservoir below the pycnocline into the sunlit layer
above. This could therefore provide a key contribution to fuel

Frontiers in Marine Science | www.frontiersin.org 9 September 2021 | Volume 8 | Article 605225

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-605225 September 21, 2021 Time: 12:6 # 10

Tippenhauer et al. Chlorophyll-Patch at a Front

FIGURE 6 | Schematic illustrations of the major observed features and processes. Black lines – density contours, green patch – phytoplankton patch, yellow line –
euphoric depth, blue patch – frontal jet coming out of the page, brown dots and arrows – nitrate and nitrate flux. The spirals indicate mixing in general while distinct
mixing processes are indicated by text with Gr – gravitational instability, cab – cabbeling with the arrow indicating densification and sinking, I/C – inertial/centrifugal
instabilities, and SI – symmetric instabilities. Bold text indicates where the required conditions were met while normal font indicates locations where the vorticity was
close to zero which might be a sign of previously past symmetric instabilities.

the substantial chlorophyll patch as well as to potentially sustain
active growth throughout the summer.

DISCUSSION

The AUV-observations revealed a complex physical and
biogeochemical water column structure on small scales and
highlight the role of vertical nitrate fluxes to sustain sub-surface
phytoplankton blooms. Apparently, the spring bloom had
already depleted the surface water nitrate by the time of our
survey in early July 2016, and was shielded from the deeper
nitrate reservoir by strong stratification. With the euphotic zone
reaching only down to 30 m, the small-scale processes reported
here thus seem to provide a mechanism needed to support
phytoplankton growth later in the season.

Subsurface chlorophyll maxima (SCM) are observed
throughout the Arctic Ocean (Brown et al., 2015). Besides SCM
depths of 60 m in the Canada Basin, depths around 30 m have
been reported for most Arctic shelf regions, such as on the
Chukchi Sea shelf (Brown et al., 2015) or the Kara Sea (Demidov
et al., 2018). Once the spring bloom depletes the upper ocean
nutrients, the chlorophyll maximum deepens until it reaches
a depth range that allows sustained production, dependent
on the nutricline and light availability (i.e., euphotic depth).
Conditions may be less favorable in regions receiving enhanced
input of suspended particles and dissolved substances such as
CDOM from large rivers, where most of the PAR is absorbed
in the upper few meters of the water column (Soppa et al.,
2019). Changing Arctic conditions associated with changes in
stratification and the upper ocean freshwater reservoir have led
to increases in the observed (McLaughlin and Carmack, 2010)
and projected (Steiner et al., 2016) depth of the nutricline, and
thus the depth of SCM. Our AUV observed the SCM at around
30 m within the patch of cold PW, which agrees with the base
of the euphotic depth, as measured by the AUV’s PAR sensor.
The low-chlorophyll western edge of the transect indicates a
deeper euphotic layer down to 40 m as opposed to the 30 m in

the high-chlorophyll patch, which may be due to a self-shading
effect of the SCM.

Strong north-easterly winds of more than 10 m s−1 prevailing
for 2.5 days before the experiment, may have intensified the front
(via Ekman transport and frontogenesis), which was aligned at
63◦T. These sustained winds may have caused an increase in
baroclinicity and developed an ageostrophic frontal jet, which
provided an environment susceptible for instabilities and mixing
to flux nitrate into the euphotic layer. At the time of our
survey, it is likely that the front had already started to relax
(i.e., to flatten density contours) as winds decreased and shifted
to south-easterly.

Conditions underneath some parts of the observed
phytoplankton patch were favorable for different forms of
instabilities, which supports the assumption that nitrate may
be injected into the euphotic layer to sustain the plankton
patch. Instabilities might have occurred there earlier, when the
wind was stronger or might still occur intermittently. The weak
stratification of the water column also indicates that mixing was
either intermittent or not strong enough to entirely remove the
stratification. In the case of symmetric instabilities, slantwise
convection would flux nutrients upwards without eroding
vertical stratification. West of km-3 mixing did not completely
destabilize the water column and mix down phytoplankton
cells, as observed on the eastern side of the front (Figure 2C).
However, the lower rim of the phytoplankton patch is less
sharp compared with the upper rim, indicating that some
phytoplankton cells may have been mixed into deeper waters
(Figure 2C). Intermittent nitrate injections into the sunlit layer
might thus explain the extraordinarily high chlorophyll a values
as derived from the AUV’s fluorometer.

The growth and subsequent temporal evolution of this
high chlorophyll patch remains unknown, but likely partially
depended on the physical evolution of the front. Water samples
from this high chlorophyll a layer were not collected, and
therefore, we have no information about plankton diversity,
primary production rates, nutrient composition, or carbon
uptake. However, based on the water mass assessment
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FIGURE 7 | Profiles of (A) conservative temperature (◦C), and (B) chlorophyll a (µg L−1) from CTD-stations close to the AUV-dive location. Chlorophyll a
concentration observed with the CTD sensor during the down- (continuous and dashed lines) and upcasts (empty circles, showing values associated with bottle
data from selected depths), as well as concentrations measured from water samples (filled circles). Legends indicate station numbers and are shown in the map in
Figure 1.

(Figure 3), we can assume that the planktonic species at
the cold and warm sides of the front are distinct from each
other, as these water masses had not previously mixed.
Such a distinction of plankton communities was shown
at a filament in Fram Strait based on an extensive water
sampling program as part of a multi-disciplinary study
(Fadeev et al., 2021).

In order to gain insights regarding spatial and temporal
extent of the front and the phytoplankton patch, we investigate
complementary datasets comprised of a parallel zodiac transect
and nearby ship-based CTD profiles and mooring deployments.
Although at a lower resolution, the zodiac section reflected
those features shown by the AUV transect, indicating that the
front extended over a distance of at least 400 m (not shown).
One ship-based CTD-profile collected 7.5 km north-east of the
AUV-track (Figure 1) 1 day before the AUV-dive, showed an
SCM of more than 15 µg L−1 between 14 and 18 m depth
(Figure 7B. Station PS99/069-2 at 79.1◦N, 4.6◦E collected on
10 July 2016). This SCM was located at the top of a cold water
mass with temperatures of −1.55◦C extending down to about
40 m (Figure 7A). This profile showed the same properties
as observed in our AUV-section on the cold side of the front
(Figure 2A, west of km-3). These complementary observations
hence imply that the front extended far beyond the zodiac section
and at least 7.5 km up-front, with a cold layer 5 m shallower
and a chlorophyll maximum confined to a narrower band than
compared to the AUV section. The chlorophyll measured from
water samples (Nöthig et al., 2018) collected with the shipboard
CTD from 17 m, however, only showed concentrations of 4.76
µg L−1 (Figure 7B, filled circles). As a standard procedure,
sensor-based CTD profiles are processed from the downcast
only, while actual water samples are collected during the upcast.
The time passed between up- and downcast depends on the
water depth and might be substantial. We therefore compare
the laboratory-measured chlorophyll a value with the downcast-
profile, as well as with the point-measurement, when the CTD

sampling bottles were closed during the upcast (Figure 7B empty
circles). For instance, at station 69-2 the average value for all
bottles closed at 17 m depth is 4.78 µg L−1 and thus in very good
agreement with the laboratory value of 4.76 µg L−1, although
strikingly different from the downcast value of 15 µg L−1. This
discrepancy can thus result from missing the thin chlorophyll
patch or from lateral displacement of this small-scale feature
relative to the ship. The samples taken within the SCM at
station 42-11 and 57-1 also missed the maximum chlorophyll
concentration (Figure 7B), which underlines the difficulties in
accurately capturing the biomass in regions characterized by
strong mesoscale activity.

Additional spatial and temporal context of the front and the
chlorophyll patch can be gained from a mooring deployed 5 km
south of the AUV section (HG-IVS, PS99/0070-1 deployed at
79.023◦N, 4.26◦E on 11 July 2016, Figure 1C). This location also
showed the presence of cold waters of −1.56◦C at about 40 m,
which remained present until 1.5 days after the dive. Thus, we
assume the front extended another 5 km into the down-front
direction. Finally, a mooring-based fluorometer installed at 28
m recorded (saturated) chlorophyll a values of more than 30
µg L−1. In summary, three different fluorometers (two of them
recorded saturated values) measured a subsurface phytoplankton
patch with high chlorophyll a concentrations, extending over at
least 14 km and over a period of at least 2 days. Observations
such as these would be missed by satellites and traditional
ship surveys. For example, Nöthig et al. (2020) analyzed a
25 year-long record of biological observations in Fram Strait,
and found that the data are mainly driven by seasonal and
spatial variability, rather than following a clear temporal trend.
Here, we reiterate the importance of mesoscale processes, which
are especially pronounced near fronts, meanders, or eddies as
often found near the MIZ. Already in the 1980s, Niebauer and
Alexander (1985) reported on observations of subsurface high
chlorophyll patches due to interleaving water masses at the
Bering Sea ice edge. Considering the increasing role of MIZ
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processes in a changing Arctic Ocean, and the importance of
the Arctic ecosystem for carbon export, our findings underline
the necessity for more coordinated 4-dimensional experiments,
to better understand the physical and biogeochemical processes
that are known to occur on scales too small to be captured in
traditional surveys.

SUMMARY AND CONCLUSION

This paper presents results from a 10 km-long high-resolution
AUV transect across a front separating warm AW from cold
PW in Fram Strait as part of a coordinated frontal experiment
carried out during an RV-Polarstern campaign in 2016. The
AUV carried a CTD and biogeochemical sensors that captured a
patch of substantial chlorophyll biomass centered around a depth
of 30 m within a tongue of cold PW. The patch was located
below the depth of maximum stratification, at the interface
between high-nutrient water below, and nutrient-depleted water
above this layer. The euphotic depth (i.e., 1%-PAR level) as
determined with the AUV, was located within the phytoplankton
patch around 30 m. These observations provide an example of
an Arctic subsurface chlorophyll-maximum, featuring substantial
chlorophyll concentrations in a thin (5–10 m) and narrow (5 km)
band, that is easily missed by satellites or traditional ship-board
surveys. The data gathered supports the hypothesis that the patch
was fueled by nitrate fluxes into the euphotic layer, which can
potentially sustain high productivity throughout the summer.
Our observations indicate the importance of small-scale bio-
physical processes in driving primary production near fronts.
Frontal processes such as found in Fram Strait or near the MIZ
are becoming increasingly important in a changing Arctic Ocean,
and thus will require enhanced measurement efforts to observe
and understand these features. In particular, vertical mixing
processes are difficult to observe but are crucial to understand
the increasing impact of vertical heat fluxes on the seasonal sea
ice retreat, as well as to understand how nutrient fluxes may
contribute to enhanced primary production in the future Arctic
Ocean ecosystem.
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