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Abstract—Coastal upwelling is a wind-driven ocean process.
It brings cooler, saltier, and usually nutrient-rich deep water
upward to replace surface water displaced offshore due to Ekman
transport. The nutrients carried up by upwelling are important
for primary production and fisheries. Ocean life can aggregate at
the boundary between stratified water and upwelling water—the
upwelling front. In an upwelling water column, temperature,
salinity, and other water properties are much more homogeneous
over depth than in stratified water. Drawing on this difference, we
set up a key measure for differentiating upwelling and stratified
water columns—the vertical temperature difference between
shallow and deep depths. The vertical temperature difference is
large in stratified water but small in upwelling water. Based on this
classifier, we developed a method for an autonomous underwater
vehicle (AUV) to autonomously detect and track an upwelling
front. During the Controlled, Agile, and Novel Observing Network
(CANON) Experiment in April 2011, the Tethys long-range AUV
ran the algorithm to autonomously track an upwelling front in a
dynamic coastal upwelling region in Monterey Bay, CA. The AUV
transected the upwelling front 14 times over two days, providing
a very high-resolution depiction of the front.

Index Terms—Autonomous underwater vehicle (AUV), up-
welling front, tracking.

I. INTRODUCTION

A N ocean front delineates the boundary between water
masses distinguished by different physical, chemical,

and/or biological characteristics. Ocean ecosystems are greatly
influenced by the structure and dynamics of fronts [1]. Ocean
fronts also play an important role in air–sea exchange [2],
[3]. Detection and tracking of ocean fronts are important for
investigating the formation, evolution, and interaction of ocean
water masses. Knowing the boundary between these water
masses enables targeted sampling of the respective waters.
As surface water is warmed by sunlight, temperature at

surface is higher than at depth, so density increases with
depth, forming a stratified water column that is gravitationally
stable [4]. Coastal upwelling [5], as illustrated in Fig. 1, is
a wind-driven ocean process that breaks stratification thus
making water more homogeneous over depth. Suppose a
northerly (i.e., from the north) wind blows along a north–south
coastline in the northern hemisphere. The wind stress plus the
effect of Earth’s rotation will lead to a net transport of surface

Manuscript received September 14, 2011; revised March 02, 2012; accepted
April 21, 2012. Date of publication June 06, 2012; date of current version July
10, 2012. This work was supported by the David and Lucile Packard Founda-
tion.
Associate Editor: W. M. Carey.
The authors are with the Monterey Bay Aquarium Research Institute, Moss

Landing, CA 95039 USA (e-mail: yzhang@mbari.org).
Digital Object Identifier 10.1109/JOE.2012.2197272

Fig. 1. Illustration of a northerly wind driving upwelling along a north–south
coastline in the northern hemisphere.

water offshore, called Ekman transport [6]. To conserve mass,
deep water wells up to replace the displaced surface water.
Upwelling brings cooler, saltier, and usually nutrient-rich deep
water upward, replacing warmer, fresher, and nutrient-depleted
surface water. The nutrients carried up by upwelling have
significant impact on primary production and fisheries.
When a northwesterly wind persists in spring and summer

along the California coastline, intense upwelling takes place
at Point Año Nuevo (to the northwest of Monterey Bay, CA;
see Fig. 2) [7]. For instance, during the April 2011 Controlled,
Agile, and Novel Observing Network (CANON) Experiment,
upwelling of cold deep water to the surface was manifested by
low sea surface temperature (SST) at Point Año Nuevo and
in the upwelling filaments spreading southward from Point
Año Nuevo, as displayed in Fig. 2. Due to the presence of a
mountain range along the northern coast, the northern Monterey
Bay is less exposed to the strong northwesterly wind forcing
that drives upwelling along the coast. The northern bay is also
sheltered from the prevailing southward flow of upwelling
filaments (from Point Año Nuevo) by its coastal recess. Such
atmospheric and oceanic sheltering, as well as bay circulation
patterns, causes enhanced residence time and local heating
in the northern bay, a region described as the Monterey Bay
“upwelling shadow” [1], [8], [9], manifested by relatively high
SST in the northern bay, as displayed in Fig. 2. The boundary
between the stratified water in the upwelling shadow and the
unstratified water transported southward from the Point Año
Nuevo upwelling center is called the “upwelling front.” Up-
welling fronts support enriched phytoplankton and zooplankton
populations [1], [10], thus having great influences on ocean
ecosystems. The SST images in Fig. 2 also demonstrate the
dynamic evolution of the upwelling front over a two-day period
in April 2011. Note that satellite SST only provides the surface
expression of upwelling processes. Also, the large data interval
(on the order of a day) renders satellite SST data insufficient
for providing high-resolution tracking of frontal dynamics.
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Fig. 2. Sea surface temperature (SST) in Monterey Bay, CA from April 27 to 29 during the April 2011 CANON Experiment. Point Año Nuevo (to the northwest
of Monterey Bay) is marked by the black arrow in the left panel. The Tethys AUV’s horizontal trajectory in tracking the upwelling front [from April 27 12:12:00
to April 29 15:22:00 (PDT)] is shown by the black lines (see Section III). Advanced Very High Resolution Radiometer (AVHRR) SST data courtesy of Kudela
Lab. (University of California at Santa Cruz) and the National Oceanographic and Atmospheric Administration (NOAA) CoastWatch. Longitude: West. Latitude:
North.

Autonomous underwater vehicles (AUVs) can be effectively
used for studying ocean fronts. In the 1996 Haro Strait Frontal
Dynamics Experiment [11], [12], twoMassachusetts Institute of
Technology (MIT, Cambridge) Odyssey-class AUVs were de-
ployed along with surface ships and drifters in a coordinated
effort to map the tidal fronts. The AUVs conducted high-reso-
lution surveys of temperature, salinity, and current velocity in
the frontal regions [13], [14]. For frontal mapping by acoustic
tomography [11], an acoustic source was also installed on one
vehicle. During the experiment, the Harvard Ocean Prediction
System (HOPS) ocean model [15] was run to predict the front’s
location, which guided the AUVs’ deployment. However, the
AUVs did not possess the ability to autonomously detect the
front.
In [16]–[22], AUVs were used to detect and track the thermo-

cline based on the temperature gradient in the vertical dimen-
sion. In [23], an autonomous surface craft was used to estimate
the direction of the horizontal thermal gradient based on tem-
perature measurements. In [24], an adaptive control capability
was demonstrated for enabling three gliders to move in a trian-
gular formation toward a low-temperature region in Monterey
Bay.
A prior effort aimed at detection and tracking of fronts in

Monterey Bay involved an approach called “mixed initiative”
[25]. This approach begins with an AUV conducting a recon-
naissance survey and sending a compressed data set back to a
scientist onshore via satellite. The scientist examines the data for
the presence of a front and derives parameters that will permit
the AUV to locate the center of the front: 1) the depth at which
to transit during the search; and 2) the water temperature at
the center of the front at the search depth. This data-informed

human initiative is relayed back to the AUV and thereafter in-
tegrated with machine initiative for the AUV to track the front
using a repeated sequence of localization and mapping. These
capabilities successfully demonstrated adaptive control of an
AUV using onboard planning and execution. However, the re-
quirement for a human in the loop imposes limitations.
We have developed two different methods for an AUV to au-

tonomously detect and track an upwelling front. One method is
for an AUV to detect and accurately locate an upwelling front
based on the horizontal gradient of the vertical temperature dif-
ference between shallow and deep depths [26]. The algorithm
was successfully run on the Dorado AUV for triggering water
samplings within a narrow upwelling front in Monterey Bay,
during the June 2011 CANON Experiment. Another method,
initially reported in [27] and fully presented in this paper, is
for an AUV to recognize that it has departed from a strati-
fied water column and entered an upwelling water column (or
conversely), and accordingly track the front between the two
distinct water columns. The AUV distinguishes between the
two types of water columns based on their distinction in ver-
tical homogeneity of temperature. The algorithm is presented in
Section II. In the April 2011 CANON Experiment, the Tethys
AUV [28] ran our algorithm to track an upwelling front in Mon-
terey Bay, as described in Section III. We propose future work
in Section IV.

II. AN AUV ALGORITHM FOR TRACKING
AN UPWELLING FRONT

The different vertical temperature structures in stratified and
upwelling water columns, and in the narrow front between them,
are illustrated in Fig. 3. The key to classification is finding the
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Fig. 3. Illustration of different vertical temperature structures in stratified and
upwelling water columns, and in the narrow front between them. Temperature
from high to low is represented by color ranging from orange to blue (i.e., the
temperature decreases with depth).

Fig. 4. Illustration of the algorithm for an AUV to determine that it has de-
parted from a stratified water column and entered an upwelling water column.
The first five yo–yo profiles that satisfy but

are marked blue. The sixth yo–yo profile that sat-
isfies and is marked
green.

feature that maximizes the separability between classes. In the
upwelling water column, the vertical temperature difference be-
tween shallow and deep depths is small due to the upwelling
process; but in the stratified water column, the vertical temper-
ature difference is large (warm at surface and cold at depth).
Drawing on this difference, we set up a key measure for differ-
entiating upwelling and stratified water columns—the vertical
temperature difference in the water column [27]

(1)

where and are temperatures at shallow
and deep depths, respectively. is significantly
smaller in upwelling water than in stratified water.
If falls below a threshold , the water

column is classified as an upwelling water column

(2)

Suppose an AUV flies from stratified water to upwelling
water on a sawtooth (i.e., yo–yo) trajectory (in the vertical
dimension). The algorithm for the AUV to determine that it
has departed from the stratified water column and entered the

Fig. 5. The Tethys AUV (a) suspended over MBARI’s test tank and (b) de-
ployed in Monterey Bay. The orange tail section of the vehicle is the propul-
sion and control section, which also includes antennas for Iridium and Argos
satellites, GPS, and line-of-sight radio-frequency communications. The yellow
center section is the main pressure vessel housing vehicle electronics and bat-
teries. The orange head section is a wet volume housing a suite of science sen-
sors.

upwelling water column is illustrated in Fig. 4. Previous temper-
ature measurements in Monterey Bay indicated that
between 5- and 20-m depths provided a strong contrast be-
tween upwelling and stratified water columns. Hence, we set
the shallow depth to 5 m and the deep depth to 20 m in (1).
For classification, we set the threshold
(again based on previous AUV temperature measurements in
Monterey Bay) in (2).
On each yo–yo profile (descent or ascent), the AUV

records and to calculate
. When falls below

for six consecutive yo–yo profiles, the AUV
determines that it has entered an upwelling water column.
The requirement of on six consecutive yo–yo
profiles falling below is for robust detection of
an upwelling water column (i.e., small patches of water with
low will be ignored).
Conversely, suppose an AUV flies from upwelling water to

stratified water on a yo–yo trajectory (in the vertical dimension).
When rises above for six consecu-
tive yo–yo profiles, the AUV determines that it has entered a
stratified water column. The requirement of on six
consecutive yo–yo profiles rising above is for ro-
bust detection of a stratified water column (i.e., small patches of
water with high will be ignored).
Based on the above classification algorithm, we developed a

method for an AUV to track the upwelling front as follows [27].
• Suppose an AUV starts a mission in stratified water and
flies toward upwelling water on a yo–yo trajectory (in
the vertical dimension). When falls below

, a detection counter
counts 1. On the following yo–yo profile, if
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Fig. 6. The horizontal track of the Tethys AUV on April 27–29, 2011 (mission log number 20110427T191236). The AUV transected the front (back and forth)
14 times. The front’s location detected on each transect is marked by a white dot (delay corrected).

Fig. 7. (a) The horizontal track of the AUV’s first transect from stratified water to upwelling water. (b) AUV-measured temperature between 5- and 20-m depths.
(c) used as the classifier for distinguishing between stratified and upwelling water columns. In each panel, the blue triangle
marks the front detection location where the AUV determined that it had passed the front and entered the upwelling water column (i.e., when
reached 6 and hence was to 1); the red triangle marks the true location of the front (i.e., when reached 1 prior to reaching 6).

remains below in-
creases to 2; but if turns out to be above

is reset to 0. When
reaches 6, the AUV determines that

it has passed the front and entered an upwelling water
column, and accordingly sets to 1.

• The AUV continues flight in the upwelling water for
3 km to sufficiently cover the frontal

region, and then turns around to fly back to the stratified
water. and are reset
to 0.

• On the way back to the stratified water, when
rises above counts 1.

When reaches 6, the AUV determines
that it has passed the front and entered the stratified water
column, and accordingly sets to 1.

• The AUV continues flight in the stratified water for
3 km, and then turns around to fly

back to the upwelling water. and
are reset to 0.

• The AUV repeats the above cycle of front crossing. As the
front evolves over time, the AUV effectively tracks it.

III. FIELD PERFORMANCE

The Tethys long-range AUV [28], as shown in Fig. 5, was
developed at the Monterey Bay Aquarium Research Institute
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Fig. 8. on all the 14 transects. The AUV’s flight direction on each transect is shown by the arrow. The blue vertical bar
marks the front detection location (i.e., when reached 6 and hence was set to 1); the red vertical bar marks the true location
of the front (i.e., when reached 1 before reaching 6). The duration of each transect is also noted.

(MBARI). It has a length of 2.3 m and a diameter of 0.3 m
(i.e., 12 in) at the midsection. The propeller-driven vehicle can
run effectively from 0.5 to 1 m/s. Propulsion power consump-
tion is minimized through a careful design of a low-drag body
and a high-efficiency propulsion system. In addition, by using

a buoyancy engine, the vehicle is capable of trimming to neu-
tral buoyancy and drifting in a lower power mode. The Tethys
AUV thus combines the merits of propeller-driven and buoy-
ancy-driven vehicles. The vehicle’s sensor suite includes Neil
Brown temperature and conductivity sensors, a Keller depth
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Fig. 9. AUV-measured temperature from surface to the full AUV depth of 50 m. On each transect, the red vertical bar marks the true (i.e., delay-corrected) location
of the front.

sensor, aWET Labs ECO-Triplet Puck fluorescence/backscatter
sensor, an Aanderaa dissolved oxygen sensor, an In Situ Ultravi-
olet Spectrophotometer (ISUS) nitrate sensor, and a LinkQuest
Doppler velocity log (DVL) of Model NavQuest 600 Micro.

The AUV’s underwater navigation is by DVL-aided dead
reckoning. The DVL provides the Earth-referenced velocity of
the AUV when the ocean bottom is within range (110 m). The
vehicle’s estimated speed is combined with measured heading



344 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 37, NO. 3, JULY 2012

Fig. 10. AUV-measured salinity from surface to the full AUV depth of 50 m. On each transect, the black vertical bar marks the true (i.e., delay-corrected) location
of the front.

and attitude and then accumulated to provide the estimated loca-
tion of the AUV. The vehicle periodically ascends to the surface
for a Global Positioning System (GPS) fix to correct the AUV’s
underwater navigation error [29].
One of the science objectives of the April 2011 CANON Ex-

periment was to study the dynamics of upwelling fronts in Mon-
terey Bay. From April 27 to 29, the Tethys AUV ran the pre-

sented algorithm to detect and track an upwelling front (mission
log number 20110427T191236). The vehicle’s horizontal track
is overlaid on Monterey Bay SST images in Fig. 2. The front
between the upwelling filament (spreading southward from the
Point Año Nuevo upwelling center) and the upwelling shadow
water (in the northern bay) is clearly shown by the contrast in
SST. The SST images also show the dynamic evolution of the
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front over the two-day duration of the AUV mission. However,
satellite SST only provided the surface expression of the up-
welling process. Also, the large data interval (on the order of a
day) rendered the satellite SST data insufficient for providing
high-resolution tracking of frontal dynamics.
We deployed the Tethys AUV to fulfill the task of high-reso-

lution front tracking. The AUV flew on a yo–yo trajectory be-
tween surface and 50-m depth. A closeup view of the vehicle’s
horizontal track is displayed in Fig. 6. The AUV’s vertical tra-
jectories are shown in Fig. 9. The AUV’s average horizontal
speed was about 0.87 m/s. Its average vertical speed was 0.23
m/s on ascent or descent legs. Thus, the flight-path angle of the
yo–yo trajectory (the angle between the trajectory and the hori-
zontal) was (0.23/0.87) 15 . The vehicle
transected the front (back and forth) 14 times over two days, pro-
viding a very high-resolution depiction of the frontal dynamics.
As presented in Section II, the AUV used

as the classifier for distinguishing
between stratified and upwelling water columns. A de-
tailed view of the first transect through the front is shown
in Fig. 7. The AUV started from stratified water, where

was large. As the vehicle flew toward the up-
welling water, decreased. When fell
below 1 C, began to
count. When reached 6, the AUV deter-
mined that it had passed the front and entered the upwelling
water, and accordingly set to 1 (i.e., the front
was detected), as marked by the blue triangle. Thus, the AUV’s
detection of the front came with a delay due to the requirement

. The true location of the front was
when reached 1 prior to reaching 6, as
marked by the red triangle. The AUV continued flight into the
upwelling water for 3 km to sufficiently
cover the frontal region.

on all the 14 transects is shown in Fig. 8. For
each transect, the AUV’s flight direction is shown by the
arrow, and the duration is also noted. On each transect, the
blue vertical bar marks the front detection location (i.e., when

reached 6); the red vertical bar marks the
true location of the front (i.e., when reached
1 prior to reaching 6). After detection of the front, the AUV
continued flight for 3 km to sufficiently cover the frontal region.
Additional explanations of the fourth and eleventh transects are
as follows. On the fourth transect, near longitude 122.07 W,
the AUV detected the front (i.e., when
reached 6 and hence was set to 1), as marked
by the blue solid vertical bar (the true location of the front
is marked by the red solid vertical bar). Just after that, the
experimental code run on the AUV caused a timing error in the
communication between the main computer and the propeller’s
motor controller, which resulted in an early termination of the
mission. Then, the shore operator restarted the AUV mission
( and were reset to 0),
maintaining the flight direction into the stratified water. When

reached 6 again, was set to
1 again, which is marked by the blue dashed vertical bar. This
second detection actually occurred inside the stratified water
and should be ignored. On the eleventh transect, the aforemen-

Fig. 11. Temporal variation of the front’s location (marked by the small squares
which correspond to the red vertical bars in Fig. 9) on the 14 transects over two
days.

tioned experimental code caused another communication error
which resulted in an early termination of the mission. Then,
the shore operator restarted the AUV mission on the reverse
direction (i.e., the ensuing twelfth transect). The code causing
the communication errors was corrected after the experiment.
The AUV-measured temperature and salinity from surface to

the full AUV depth of 50 m on all the 14 transects are shown in
Figs. 9 and 10, respectively. In the upwelling water (to the west
of the front), temperature and salinity were both much more ho-
mogeneous over depth than in the stratified water (to the east of
the front). Also, in the upwelling water, temperature was lower
and salinity was higher than in the stratified water, consistent
with the expected properties of upwelling water.
The front’s locations detected on the 14 transects are plotted

as a function of time in Fig. 11. On average, the AUV crossed
the front every 3.5 h, thus closely tracking the front for two
days. The front’s location changed from one transect to the next.
This variation is due to changes in the direction and intensity of
wind (the driving force of upwelling) as well as motions of and
interactions between stratified and upwelling water masses.

IV. CONCLUSION AND DISCUSSION

We have developed a method for an AUV to autonomously
detect and track an upwelling front. In a two-day mission in
April 2011, the Tethys AUV ran the algorithm to closely track
an upwelling front in Monterey Bay. The 14 transects across the
front provided high-resolution pictures of temperature, salinity,
and other water properties (not shown due to space limitation).
In the current algorithm, after the AUV has passed the front

(i.e., is set to 1), the vehicle continues to fly
for a preset distance before turning around. The
purpose of the continued flight is for sufficient coverage of the
frontal region. Instead of presetting , we can let
the AUV adjust this parameter based on real-time calculation of
the horizontal variability of . When the horizontal
variability of remains high, it signifies that the ve-
hicle is still flying in the transitional region (i.e., the frontal re-
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gion), so the AUV should continue flight maintaining the direc-
tion.When the horizontal variability of drops below
some level, it signifies that the vehicle has exited the frontal re-
gion and entered the upwelling or stratified water column, so the
AUV should turn around. This way, the AUV can adaptively
strike a good balance between frontal coverage and temporal
resolution of front tracking.
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