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Abstract—Shoreward intrusions of anomalously salty water
along the continental shelf of the Middle Atlantic Bight are often
observed in spring and summer. Exchange of heat, nutrients, and
carbon across the salinity-intrusion front has a significant impact
on the marine ecosystem and fisheries. In this article, we developed
a method of using an autonomous underwater vehicle (AUV) to
detect a salinity-intrusion front and track the front’s movement.
Autonomous front detection is based on the different vertical
structures of salinity in the two distinct water types: the vertical
difference of salinity is large in the intruding saltier water because
of the salinity “tongue” at mid-depth, but is small in the nearshore
fresher water due to absence of the salinity anomaly. Every time
the AUV crosses and detects the front, the vehicle makes a turn
at an oblique angle to cross the front, thus zigzagging through the
front to map the frontal zone. The AUV’s zigzags sweep back and
forth to track the front as it moves over time. From June 25 to
30, 2021, a Tethys-class long-range AUV mapped and tracked a
salinity-intrusion front on the southern New England shelf. The
frontal tracking revealed the salinity intrusion’s 3-D structure and
temporal evolution with unprecedented detail.

Index Terms—Autonomous underwater vehicle (AUV), front,
Middle Atlantic Bight, salinity intrusion, southern New England
shelf, track.

I. INTRODUCTION

THE Gulf Stream is a western-boundary current that flows
poleward and brings warm water from the Gulf of Mexico

into the North Atlantic Ocean. Around Cape Hatteras (∼30°N),
the Gulf Stream separates from the coast and transitions into
a free flowing current, which starts meandering. As a conse-
quence, warm and salty eddies, called “warm core rings” [1],
break off the Gulf Stream and move northwestward through
the Slope Sea [2], impinging onto the continental slope and
ultimately the continental shelf [see Fig. 1]. Along the continen-
tal shelf of the Middle Atlantic Bight (from Georges Bank to
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Fig. 1. Snapshot of the advanced very-high-resolution radiometer (AVHRR)
sea surface temperature (SST) on June 29, 2021. The mean Gulf Stream path
(25-cm sea surface height contour) between 1993 and 2017 [8], two warm core
rings, and the long-range AUV (LRAUV) operation site are marked.

Cape Hatteras), shoreward intrusion of anomalously salty water
is often observed in spring and summer [1], [3], [4]. Fronts are
formed between the relatively fresh shelf water and the intruding
saltier water. The cross-frontal exchange of heat, nutrients, and
carbon between the continental slope and the continental shelf
[1], [5] has a significant impact onmarine ecology [6] andfishery
[7]. The existence of salinity intrusions has been known for
decades but 3-D hydrographic mapping of their structure was
rarely made, impeding a deeper understanding of this important
process. Their complex structure poses an immense challenge on
traditional oceanographic sampling methods and calls for new
innovative sampling strategies.
Autonomous platforms have found applications in studies of

ocean fronts. A sub-surface neutrally buoyant Lagrangian float
was deployed in the Kuroshio front to reveal that ocean fronts
enhance energy dissipation in the surface boundary layer [9].
Autonomous underwater vehicles (AUVs) and a Wave Glider
were effectively used to map and track coastal upwelling fronts
in Monterey Bay by zigzagging across the fronts [10], [11].
The AUV autonomously detected the front based on the differ-
ent vertical structures of temperature in the two distinct water
types [10]. The Wave Glider autonomously detected the front
based on the horizontal gradient of the near-surface temperature
[11]. In West Antarctica, an AUV surveyed under the Thwaites
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Fig. 2. Tethys-class LRAUV (photo courtesy of Kip Evans).

Ice Shelf front where inflow of warmer water and outflow of
melt-enriched colder water meet and mix [12]. In the Arctic,
an AUV autonomously tracked a front near an ice edge using
near-surface averaged temperature as the feature [13]. In the
northeast Pacific, an AUV was deployed to track a salinity front
by zigzagging between two boundaries defined by a lower- and
a higher-salinity bound (at a specific depth) [14]. The salinity
bounds were determined based on preceding ship underway
surveys and measurements by autonomous surface vehicles.
In this article, we developed a method for an AUV to au-

tonomously detect a salinity-intrusion front and track its move-
ment over time. Front detection is not based on absolute levels of
salinity, but on the different vertical structures of salinity in the
two distinct water types. Tethys-class LRAUVs are described in
Section II. The algorithms are presented in Section III. In June
2021, LRAUV Polaris mapped and tracked a salinity-intrusion
front on the southern New England shelf, as reported in Sec-
tion IV. Conclusions and future work are discussed in SectionV.

II. TETHYS-CLASS LRAUV

A Tethys-class LRAUV [see Fig. 2] is 2.3–3.2 m long (de-
pending on the payload configuration), and has a diameter of
0.3 m at the midsection. It can run from 0.5 to 1 m/s using
a propeller. Using a primary battery, the vehicle has demon-
strated a range of 1800 km (three-week duration) at 1-m/s
speed [15]. Long range is realized by minimizing propulsion
power consumption through an innovative design of a low-drag
body and a high-efficiency propulsion system [16]. In addi-
tion, the vehicle is equipped with a buoyancy engine and is
capable of autoballasting to neutral buoyancy, which allows
flight at a reduced angle of attack to decrease drag. Using
the buoyancy engine, the vehicle is capable of drifting in a
lower-power state and controlling depth while the thruster is
powered off. An LRAUV thus combines mobility and speed
properties typical to propelled vehicles and energy-saving prop-
erties unique to buoyancy-driven vehicles. AnLRAUV’s science
sensor suite (all in the nose section) includes Sea-Bird SBE
GPCTD temperature, conductivity, and depth sensors, a Sea-
Bird SBE 43F dissolved oxygen sensor, a Sea-Bird SeaOWL-
UV-A sensor to measure fluorescent dissolved organic mat-
ter (excitation wavelength 370 nm and emission wavelength
460 nm), chlorophyll fluorescence (excitation wavelength

470 nm and emission wavelength 690 nm), and backscatter
(700-nm wavelength), and a LI-COR LI-192SA PAR (photo-
synthetically active radiation) sensor. The vehicle’s underwater
navigation is by dead reckoning aided by a Doppler velocity log
(DVL). The DVL provides the earth-referenced velocity of the
vehicle when the ocean bottom is within acoustic range. The
vehicle’s estimated speed is combined with measured heading
and attitude and then accumulated to provide the estimated
location. The vehicle periodically ascends to the surface for a
global positioning system (GPS) fix to correct the accumulated
underwater navigation error [15]. The LRAUV software archi-
tecture uses state configured layered control [17], which divides
the vehicle operation into a group of behaviors assigned with
hierarchical levels of priority. The vehicle runs a mission script
that invokes appropriate AUV behaviors to achieve a specified
goal [15].

III. ALGORITHMS FOR SALINITY-INTRUSION FRONT
DETECTION AND TRACKING

A. Front-Detection Algorithm

In the Middle Atlantic Bight during the stratified season, the
salinity intrusions often take the form of “tongues” of anoma-
lously salty water with a thickness of about 10 m and centered
between 10- and 40-m depths, with a horizontal extent of about
10 km [3]. Our salinity-intrusion front detection algorithm is
based on the different vertical structures of salinity in the two
distinct water types measured on the AUV’s sawtooth (i.e.,
yo-yo) trajectory, as shown in Fig. 3.
We define the vertical salinity homogeneity index (VSHI),

as an extension of the previously defined vertical temperature
homogeneity index (VTHI) for upwelling front detection [10].
The VSHI (denoted by ΔSvert) is defined as follows:

ΔSvert =
1

N

N∑

i=1

∣∣∣∣∣Sdepthi
− 1

N
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where i is the depth index, and N is the total number of depths
participating in the calculation ofΔSvert; Sdepthi

is the salinity
at the ith depth. 1/N

∑N
i = 1 Sdepthi

is the average salinity of
those depths. 1/N
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|mea-

sures the difference (absolute value) between the salinity at each
individual depth and the depth-averaged salinity. The averaged
difference ΔSvert (averaged over all participating depths) is a
measure of the vertical homogeneity of salinity in the water
column. In the intruding saltier water, salinity is high within the
salinity “tongue” at mid-depth, but low below and above the
“tongue.” Because of the large salinity differences at different
depths, ΔSvert is large. In the nearshore fresher water, salinity
levels are low at all depths (only slightly higher below the pyc-
nocline than above the pycnocline), so ΔSvert is much smaller
than that in the intruding saltier water.
Suppose anAUVflies from the salinity intrusion to the fresher

water on a yo-yo trajectory. Fig. 3 illustrates the front detection
algorithm. On each yo-yo profile (descent or ascent), the AUV
records salinity at the participating depths to calculateΔSvert in
real time. WhenΔSvert falls below a threshold threshΔSvert

for
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Fig. 3. Illustration of the algorithm for an AUV to determine that it has departed from the salinity intrusion and entered the fresher water. The first four yo-yo
profiles that satisfyΔSvert ≤ threshΔSvert are marked blue. The fifth such yo-yo profile is marked green where the AUV declares that it has crossed the front.

Fig. 4. Illustration of the AUV’s horizontal-dimension zigzag tracks alternating in westward and eastward sweeps between a western bound and an eastern bound.
Over the duration of the sweeps, the front moved northward. On every instance of front detection, the vehicle continues flight for a prescribed distance (marked
green), and then turns an oblique angle to fly back to the other water type. When the AUV reaches the western bound, it reverses course.

a number of consecutive yo-yo profiles, the AUV determines
that it has crossed the front and entered the fresher water.
Conversely, suppose the AUV flies from the fresher water to
the salinity intrusion on a yo-yo trajectory. When ΔSvert rises
above threshΔSvert

for a number of consecutive yo-yo profiles,
the AUV determines that it has crossed the front and entered the
salinity intrusion. To avoid false detection due to measurement
noise or existence of isolated water patches, the algorithm only
sets the detection flag when threshΔSvert

is met on a number of
consecutive yo-yo profiles.

B. Front-Tracking Method

Every time the AUV detects the front, it makes a turn at an
oblique angle [10]. This way, the vehicle zigzags through the
front to map it and track its movement over time. The method is
illustrated in Fig. 4, comprising the following steps.
1) The AUV starts from the salinity intrusion (where

ΔSvert is high), flying toward the fresher water (where
ΔSvert is low), on a yo-yo trajectory between the sur-
face and a depth that is sufficiently deep for manifesting
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Fig. 5. (a) AVHRR SST images and (b) the Aquarius sea surface salinity (SSS) images of the southern New England shelf and the shelf break between June 25
and 30, 2021. The bounds of the LRAUV salinity-intrusion front-tracking missions are marked by the red dashed line box.

the contrast between the two distinct water types. When
ΔSvert falls below threshΔSvert

for a number of consecu-
tive yo-yo profiles, the AUV determines that it has crossed
the front and entered the fresher water.

2) The AUV continues flight in the fresher water for a pre-
scribed distance to sufficiently cover the frontal zone, and
then turns an oblique angle to fly back to the salinity
intrusion. For the AUV to effectively track the front, the
oblique turn angle is set to an appropriate value so that
the vehicle intersects the front at a close-to-normal angle
(if the AUV’s heading is at a small angle to the front or
even parallel to it, the vehicle risks losing track of the
front).

3) On the way back to the salinity intrusion, when ΔSvert

rises above threshΔSvert
for a number of consecutive

yo-yo profiles, the AUV determines that it has crossed
the front and entered the salinity intrusion.

4) The AUV continues flight in the salinity intrusion for a
prescribed distance, and then turns an oblique angle to fly
back to the fresher water.

5) The AUV repeats the aforementioned cycle, thus zigzag-
ging through the frontal zone.

6) The AUVmission terminates once the prescribed mission
duration has elapsed.

Front tracking is confined to a bounded region. If the AUV
reaches any of the bounds, it turns around to stay inside the
bounds. The bounds are defined based on prior information
of the front’s approximate location and orientation, as well as
the AUV operational safety considerations (e.g., away from
shore). On a westward-sweeping zigzag (see Fig. 4), when the
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AUV reaches the western bound, the vehicle reverses course to
start an eastward-sweeping zigzag. Conversely, on an eastward-
sweeping zigzag, when the AUV reaches the eastern bound, the
vehicle reverses course to start a westward-sweeping zigzag.
On each single transect on the zigzag track, if the AUV reaches
the northern or southern bound without detecting the front, the
vehicle will make a turn onto the next transect that brings the
vehicle back into the bounding box.

IV. EXPERIMENT

A. Overview

Warmer and saltier water over the continental slope, originat-
ing from the Gulf Stream, intrudes shoreward onto the southern
New England shelf during summer. In June 2021, R/V Neil
Armstrong and AUVs were used to investigate salinity intru-
sions during the Salinity Intrusions, Rings, AUVs, Turbulence,
and Squid (SIRATES) experiment. Satellite SST images in
the experiment area between June 25 and 30 [see Fig. 5(a)]
show how a warm core ring approached the continental shelf.
The upper continental slope had anomalously high salinities
abutting the fresher shelf water and generated a mid-depth
salinity intrusion moving northward onto the shelf. Satellite
sea surface salinity (SSS) images [see Fig. 5(b)] show an
increasing surface salinity on the continental slope was ap-
proaching the shelf, largely consistent with the movement of
the warm core ring. However, the satellite measurements were
not able to detect subsurface salinity intrusions, which empha-
sizes the importance of using AUVs to resolve these subsurface
intrusions.
Based on the data from an initial cross-shelf shipboard

conductivity-temperature-depth transect, we decided to focus
on a frontal region marked by the red dashed line box in Fig. 5,
and deployed LRAUVPolaris to autonomously detect, map, and
track the salinity-intrusion front inside the bounding box from
June 25 to 30.

B. Parameter Settings

The LRAUV front-tracking parameter settings were based
on both historical data and LRAUV measurements. Salinity
intrusions over the continental shelf are concentrated at the depth
of the seasonal pycnocline [3], [18]. During the stratified season,
the intrusions are about 10 m thick and centered between 10-
and 40-m depths [3]. LRAUV reconnaissance surveys at the
experiment site verified these features. In addition, observations
collected from 2015 to 2019 by the commercial fishing industry
through the Commercial Fisheries Research Foundation/WHOI
Shelf Research Fleet program provided the salinity intrusions’
characteristics [19] that allowed fine tuning of the LRAUV
front-tracking parameter settings.
1) Participating Depths for Calculating ΔSvert: ΔSvert

[see (1)] is the key metric used by the LRAUV for classifying
the water types (salinity intrusion versus fresher water). We set
the participating depths for calculating ΔSvert to 10, 20, 30,
and 40 m. To remove anomalous salinity data points, the raw
salinity measurements went through a five-point median filter

Fig. 6. In one mission on June 25–26, 2021, LRAUV Polaris detected and
crossed the salinity-intrusion front five times. Front detection on each transect
is shown in Fig. 7, with corresponding transect numbers.

(2-s duration corresponding to 0.5-m yo-yo depth change) and
then entered the calculation of ΔSvert.
2) Yo-Yo Depth Range: We set the LRAUV yo-yo depth

range to 8–50m. The shallow bound 8mwas for staying clear of
boat traffic. The deep bound 50mwas sufficiently deep to depict
the salinity-intrusion front. The yo-yo depth range contained
all the participating depths for calculating ΔSvert. The vehicle
periodically (every hour in the first mission and every 2 h in
the succeeding missions) ascended to the surface to obtain GPS
fixes and relay decimated science data to shore.
3) Front-Detection Threshold threshΔSvert

and Count Re-
quirement: On each yo-yo profile, the AUV calculates ΔSvert

and compares it with a preset threshold threshΔSvert
to classify

the water type. According to the classification theory [20], [21],
setting the threshold to the middle level between two classes
minimizes the total cost of misclassification. Therefore, we set
threshΔSvert

to themiddle of theΔSvert levels of the twodistinct
water types. If threshΔSvert

is set too high or too low, the de-
tected front line will be skewed to one side and the AUV’s flight
coverage will be excessive in one water type but insufficient in
the other. Based on LRAUV surveys prior to the autonomous
front-tracking missions, we set threshΔSvert

to 0.4 PSU for
missions from June 25 to 27. Then, we adjusted it to 0.3 PSU
for missions from June 27 to 30. To avoid false detection, the
algorithm only sets the detection flag when threshΔSvert

is met
on five consecutive yo-yo profiles.
4) Sweep Directions and the Oblique Angle of the Zigzag

Track: Preceding surveys indicated that the salinity-intrusion
front was oriented east–west. Hence, we let the LRAUV sweep
alternately eastward and westward. We set the zigzag oblique
turn angle to 135°, so that the zigzag transects intersected the
front at a close-to-normal angle (see Fig. 4). A portion of the
eastward sweep from June 27, 23:01 to June 28, 05:34 (UTC)
was an exception: the “northeast” directionwas set to 60° (rather
than the routinely set 45 °) to improve the vehicle’s eastward
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Fig. 7. Salinity and the corresponding ΔSvert on each yo-yo profile in the five cross-front transects shown in Fig. 6. Transect numbers are noted, and each
transect has two panels: salinity and ΔSvert on the yo-yo profiles. For each transect, Polaris’ flight direction is shown by the arrow in the salinity profile panel.
The yo-yo profiles that met the ΔSvert ≤ threshΔSvert (if entering the fresher water) or ΔSvert ≥ threshΔSvert (if entering the salinity intrusion) criterion
are marked red.

Fig. 8. LRAUV Polaris five-day front tracking. The start and the end of each segment is marked by the square and the circle, respectively. The locations and
times of the red and blue triangles in the upper-left and upper-right panels are used to estimate the advancement speed of the front (see text). The gray lines show
Polaris’ horizontal-dimension track during the five-day front tracking. The dashed line box marks the bounds.

progress against a westward current. Consequently, when the
front was detected, the turn angle from “northeast” to south or
from south to “northeast” was 120° (rather than 135°).
5) Continued Flight Distance After Detecting the Front: Ev-

ery time the LRAUV detected the front, it continued flight for
24min (equivalent to about 1-kmdistance).On the zigzag tracks,
the 1-km continued flight distance (marked green in Fig. 4) into

both sides of the front provided a good depiction of the frontal
zone.
6) Front-Tracking Bounds: The LRAUV front-tracking

bounds were set to 40.3 °N–40.5 °N and 71°W–71.333°W, as
marked by the dashed line box in Fig. 5. If the LRAUV reached
the western/eastern bound, it would switch to the next east-
ward/westward sweep. If the LRAUV reached the northern
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or southern bound without detecting the front (or during the
continued flight after detecting the front), it would make a 135°
turn onto the next transect back into the bounding box.

C. Cross-Front Transects

On June 25, Polaris started on a northward transect on a
westward sweep, as shown in Fig. 6. In this mission, Polaris
detected and crossed the salinity-intrusion front five times. Fig. 7
shows salinity measured on each yo-yo profile and the corre-
sponding ΔSvert. The yo-yo profiles on which ΔSvert met the
threshΔSvert

criterion are marked red. When the count of “red”
yo-yo profiles reached 5, Polaris determined that it had crossed
the front and entered the other water type. After each detection,
Polaris continued flight for 24 min to survey the frontal zone. In
Figs. 6 and 7, Polaris’ dead-reckoned latitude and longitude are
corrected using the periodicGPSfixes. Based on the corrections,
there was a westward current of about 0.15 m/s during this
LRAUV mission.

D. Front Tracking Over Five Days

Polaris tracked the salinity-intrusion front’s movement from
June 25 to 30, as shown in Fig. 8. The transects provided high-
resolution three-dimensional mapping of the front’s structure.
We observed the following.
1) The front’s orientation was largely east–west (between

saltier water to the south and fresher water to the north).
The salinity intrusion appeared to be stronger (i.e., higher
salinity) to the east.

2) Comparison between June 25–26 and 28–29 (upper-left
and upper-right panels in Fig. 8, respectively) showed that
the front was advancing northward in this duration. In the
upper-left panel, the red triangle marks the location of the
high-salinity tongue; the blue triangle marks the location
of low salinity. In the upper-right panel, the high-salinity
tongue had advanced northward to a location marked by
the red triangle (this location was the same as that marked
by the blue triangle in the upper-left panel). The latitudinal
separation between the red and blue triangles in the upper-
left panel was 3.8 km. The time difference between the
blue triangle in the upper-left panel and the red triangle
in the upper right panel was three days (same location at
different times). Thus, the front’s northward advancement
speed was estimated to be about 1.3 km/day.

These observations combine to indicate that the saltier water
was intruding onto the shelf, consistent with the theory [1].

V. CONCLUSION

We have developed a method for an AUV to autonomously
detect, map, and track a salinity-intrusion front. LRAUVPolaris
tracked a salinity-intrusion front on the southern New England
shelf for five days and effectively revealed the spatial structure
(along-depth, along-front, and cross-front) and movement of
the front. The advancement of autonomous sampling platforms
and algorithms allows us to investigate complex spatio-temporal

structures, such as salinity intrusions, which has not been pos-
sible to this detail before.
The key to developing successful AUV algorithms is combin-

ing oceanographic insight with the AUV’s flexible behaviors. In
our case, oceanographic insight pointed to the vertical structure
of salinity as the distinct feature for distinguishing the salinity
intrusion from the fresher water. The front-detection problem
was thus reduced to calculating a simple metric, the VSHI,
and comparing it with a threshold. The AUV’s yo-yo behavior
suits real-time calculation of VSHI on each yo-yo profile, and
the vehicle’s readiness to change heading makes zigzag front
tracking realizable.
In the presented experiment, the front-tracking algorithm

parameterswere set based on historical information andLRAUV
reconnaissance surveys. To make the algorithm more adaptive
to the dynamic environments, we consider improvements in the
following aspects.

A. Polygon Bounding Box

To keep the AUV away from operational hazards (shallow
bathymetry, ship traffic, high currents, etc.) and within the
area of interest, we often need to define a bounding box of a
more complex shape than a rectangle. In previously developed
upwelling front-tracking algorithms for AUVs or Wave Gliders,
the bounding box can be specified to have slanted slides [10] or
as a polygon [11]. We need to port these functionalities to the
salinity front-tracking algorithm.

B. Adaptive Adjustment of threshΔSvert

In autonomous classification algorithms, threshold setting is
unavoidable. Prior information and in situ measurements are
used for setting an appropriate threshΔSvert

to minimize the
total cost of misclassification. For Polaris missions from June
25 to 27 (column 1, rows 1 and 2 in Fig. 8), we set threshΔSvert

to 0.4 PSU, which was at the middle of theΔSvert levels of the
two distinct water types. However, in the June 26–27 mission
(column 1, row 2 in Fig. 8), it turned out that the threshold was
too high such that Polaris did not detect the front but reached
all the way to the southern bound. Accordingly, we lowered
threshΔSvert

to 0.3 PSU for Polaris missions from June 27 to
30 (column 1, row 3 and column 2, rows 1 and 2 in Fig. 8).
One approach to autonomous adjustment of threshΔSvert

is: on
every transect across the front, the AUV records ΔSvert levels
of the two water types; when one level or both levels change,
the algorithm dynamically maintains threshΔSvert

at the middle
level.

C. Adaptive Adjustment of Yo-Yo Depth Range and
Participating Depths for Calculating ΔSvert

Based on prior information of the depth and thickness of the
salinity intrusions, we set the participating depths for calculating
ΔSvert that brings out the contrast between the twodistinctwater
types, and then set the AUV yo-yo depth range to contain all the
participating depths. When environmental conditions change,
the salinity intrusion’s depth and thickness may accordingly
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change.Bymonitoring the changes of the salinity intrusion’s ver-
tical profile, the algorithm can autonomously adjust the settings
of the participating depths for calculatingΔSvert and the yo-yo
depth range. For example, when the salinity intrusion deepens,
the algorithm will autonomously deepen some of the participat-
ing depths and the lower bound of the yo-yo depth range.
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