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Things are changing on the Western Antarctic 
Peninsula [Ducklow et al., 2007]. 

 
•  Increasing atmospheric temperatures (~3 oC over 

50 years in winter) [Meredith and King, 2005]. 

•  A shortening of of sea-ice duration [Stammerjohn et 
al., 2008]. 

•  Glacial retreat (over 80% of WAP) [Cook et al., 
2005]. 

•  Increased heat content on the continental shelf 
[Martinson et al., 2008] 

•  The effects of these changes are seen at all levels 
of the marine food web: Bacteria, phytoplankton, 
krill, penguins, etc. 

 



however the rejected brine is distributed over the full depth
of the winter mixed layer. Consequently, the difference in
surface salinity between the two model runs is not very
large at this time of year. The following summer, the
melting of the extra sea ice formed adds significant extra
freshwater at the surface. This stabilises the water column,
thus the freshwater anomaly tends to be retained near the
surface and the freshening effect at this level is very strong.

Thus, for the surface waters, the summertime freshening
caused by enhanced sea ice melt greatly outweighs the
salinification caused by the enhanced sea ice formation the
previous winter (Figure 4). This process explains the fresher
nature of the surface ocean during 1955–64, when ice
formation was especially strong in the Bellingshausen Sea

Figure 2. Trends in ocean summer temperature during 1955–1998, for four different depth levels (surface, 20 m, 50 m
and 100 m). Gridcells with no data are left white. Note that the significant warming trend observed close to the Antarctic
Peninsula is strongly surface-intensified, decaying virtually to zero at 100 m depth.

Figure 3. As for Figure 2, but for salinity. Note that the
significant trend toward higher salinity west of the Antarctic
Peninsula is strongly surface-intensified. Surface salinities
in the region of highest trend increased by over 0.25 during
the second half of the twentieth century.

Figure 4. Results from the PWP mixed layer model.
Upper panel is surface salinity; lower panel is salinity at
50 m, both as a function of time. Solid line is for model
run under standard forcings (the control run); dashed line
is same but with arbitrarily doubled sea ice production.
Winter (W) and summer (S) conditions are marked. The
origin of the horizontal axis is the turn of the year.
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Meredith et al. (2005) 

Palmer 
Station 



One focus idea of the LTER is testing, is that system is undergoing climate migration. We 
have structured sampling around the major Adelie penguin breeding areas along the 

peninsula. !

To be expanded by NASA 
grant awarded in Dec.!

Summer !
foraging !

areas for Adelie!
penguins!

Winter !
foraging !

areas for Adelie!
penguins!

Summer foraging 
areas for Adelie 
penguins. 

Modeling and observational studies have shown Upper Circumpolar Deep Water 
(UCDW) penetrating onto the continental shelf, particularly through submarine 
troughs and canyons, such as those found at Palmer Station, a Penguin foraging 
hotspot [Martinson et al., 2008, Dinniman et al., 2011]. 

Palmer 
Station 



Palmer LTER 
-  Over 20 years of sampling 
-  Biological/Physical Samples 

-  Temp 
-  Salinity 
-  Depth 
-  Chlorophyll 
-  Nutrients 
-  Optical Properties 
-  Etc. 

-  Zodiac sampling 
-  Low resolution (temporal/space) 
-  Limited Range 
-  Limited by weather (~20 knot boating 

limit) 





Objectives 
1)  Identify the local physical forcing over the Palmer 

Deep. 
 - Tidal and wind forcing. 

2)  Demonstrate the viability of gliders to act as virtual 
moorings in extreme environments. 

3)  Translate glider mounted Acoustic Doppler Current 
Profiler (ADCP) data to realistic currents. 



Buoyancy pump in  the 
glider pulls in 0.5 L of  water 

Glider begins to 
dive downward 

Push pump out glider inflects 
and begins to climb to the surface 

When surfacing to 
connect glider inflates 

air bladder 



Nortek Aquadopp Profiler: 
 
1 MHz Custom glider head – Upward looking 

 - Instrument pitch reads 0 at glider pitch of 26.5o 

 
10 Meter profile length 

 - 1 meter bins 
 - 0.4 meter blanking distance 
 - 1 profile per second – Average of 6 pings 

 
3 beams – collected in Beam coordinates and transformed to ENU 

 during post-processing 
 
Also measures temperature, pressure, tilt and heading and is 
internally logging  and powered (~30 day deployment). 



Z 

~ 26.5o Pitch angle 

Calculated Glider Horizontal Velocity 

X
 

Y 

Depth averaged 
current 

Traditional Depth Averaged Currents 



Z 

Estimated Glider Horizontal Velocity 



processing. The ADP can be used as an altimeter during the
descending portion of a dive; data in cells that are deeper
than the altimeter!derived bottom depth are excluded.
Along!beam speeds are used to calculate eastward (u),
northward (v), and upward speeds relative to the glider by
successive rotations using records of the glider’s pitch, roll,
and heading during each ensemble average. Velocities rel-
ative to the glider that exceed 0.75 m s!1 are considered to
be erroneous since the speed of the glider through the water
is approximately 0.25 m s!1 and the range of the ADP is too
small (about 20 m) to expect very large relative velocities.
We also exclude measurements for which the signal!to!
noise ratio is less than 1.0.
[63] Transducer failures have occurred during some

deployments. We use the average return strength for each
beam during each profile to detect failures of transducers.
Any sudden drop in return strength of one beam relative to
the other two indicates failure of the respective transducer,
and data from that beam are not used in further calculations.
The loss of data from one or more beams prohibits calcu-
lation of a velocity profile. Transducer failures are the pri-
mary cause of the missing ADP velocity profiles shown
in Figure 2.
[64] We let N be the number of ensemble averages during

the ascending portion of a glider dive; the sampling geometry
defines a set N + 4 estimation bins (Figure B1b). Measure-
ments in the shallowest cell (cell 1) for each ensemble are
not used because of ringing of the ADP transducers, so up to
four measurements contribute to the estimate in each bin.
The exclusion of data from cell 1 results in no data in the
uppermost sampling bin, so we only estimate velocity in the
N + 3 bins with data. The number of measurements con-
tributing to the estimate in a bin is reduced if measurements
are excluded during quality control. Because the glider

sampling pattern is not perfectly regular, the depth of a
given estimation bin is defined to be the mean depth of each
good measurement in the bin.
[65] The glider!mounted ADP functions similarly to a

lowered acoustic Doppler current profiler (LADCP) deployed
from from a research vessel, and our calculation of ocean
velocity profiles from the glider!mounted ADP data is based
on the LADCP data processing scheme presented by Visbeck
[2002]. For each valid measurement of horizontal water
velocity relative to the glider, (u, v)r, we have an equation

u; v! "r# u; v! "w$ u; v! "g; !B1"

where (u, v)w is the ocean velocity at the location of the
measurement cell, and (u, v)g is the velocity of the glider at the
same moment. (Note that here the subscript r refers to water
velocity relative to the glider, which is the opposite of the
glider’s velocity through the water used in Appendix A.) Both
terms on the right hand side of equation (B1) are unknown.
There areN unknown glider velocities (one for each sampling
depth), and N + 3 unknown water velocities (one for each
estimation bin with data). Excluding data from the shallowest
cell for each ensemble, we have at most 4N equations of the
form of (B1). This system of equations can be written as a
matrix equation of the form Gm % d, where

d # u1;2 u1;3 u1;4 u1;5 u2;2 & & & u2;5 & & & uN ;5' (T

!B2"

is the vector of observations of speed relative to the glider in
one direction,

m # ug;1 & & & ug;N juw;2 & & & uw;N)4' (T !B3"

is the vector of unknown glider and water velocities in that
direction, and

G #
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0 0 1 0 0 & & & 0
0 0 0 1 0 & & & 0
0 1 0 0 0 & & & 0
0 0 1 0 0 & & & 0
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..
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. . .

. ..
.

0 0 0 0 0 & & & 1
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3

77777777777777775

!B4"

is the matrix of coefficients when all measurements are
good. When all measurements are used, d has dimensions
4N ! 1 and G has dimensions 4N ! (N + N + 3). Loss of
measurements reduces only the number of equations in the
system, so that, in practice, d and G have at most 4N rows,
but m always has dimension (N + N + 3) ! 1.
[66] Though the number of equations exceeds the number

of unknowns, we still require additional information to solve
the system of equations since the ADP data alone can only
provide the baroclinic portion of the ocean velocity
[Visbeck, 2002]. We use the estimate of vertically averaged
water velocity during each dive (Appendix A) to reference

Figure B1. (a) Sampling pattern and (b) estimation bins for
glider ADP sampling. The position of the glider at the time
of each of the N 16!ping ensembles is shown by the black
squares. For each ensemble, the glider measures along!beam
speed and return strength in five measurement cells below
the glider. The timing of ensembles is set such that measure-
ment cells from successive ensembles align as indicated.
The cells intersected by the black arrow are at the same
depth and sort into the ith bin as indicated. Measurements
from the shallowest cell for each ensemble (cell 1, light grey
shading) are not used in estimates of velocity.
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Ocean Velocity at 
Measurement cell 

Water Velocity Relative to 
Glider 

Glider velocity at same time as 
ocean velocity 

Visbeck et al. (2002) and Todd et al. (2011) 

•  Shear is independent of glider 
motion. 

•  Calculate dU/dz and integrate 
over 1 meter bins. (baroclinic) 

•  Constrain with the hourly 
depth averaged velocity. 
(barotropic) 

Shear Least Squares Method 

 
Assume that (u,v)w is constant over 
time  between glider surfacing  (~ 1 
hour to resolve tides in this case). 

Unknowns 



Visbeck et al., (2002) and Todd et al., (2011) 
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processing. The ADP can be used as an altimeter during the
descending portion of a dive; data in cells that are deeper
than the altimeter!derived bottom depth are excluded.
Along!beam speeds are used to calculate eastward (u),
northward (v), and upward speeds relative to the glider by
successive rotations using records of the glider’s pitch, roll,
and heading during each ensemble average. Velocities rel-
ative to the glider that exceed 0.75 m s!1 are considered to
be erroneous since the speed of the glider through the water
is approximately 0.25 m s!1 and the range of the ADP is too
small (about 20 m) to expect very large relative velocities.
We also exclude measurements for which the signal!to!
noise ratio is less than 1.0.
[63] Transducer failures have occurred during some

deployments. We use the average return strength for each
beam during each profile to detect failures of transducers.
Any sudden drop in return strength of one beam relative to
the other two indicates failure of the respective transducer,
and data from that beam are not used in further calculations.
The loss of data from one or more beams prohibits calcu-
lation of a velocity profile. Transducer failures are the pri-
mary cause of the missing ADP velocity profiles shown
in Figure 2.
[64] We let N be the number of ensemble averages during

the ascending portion of a glider dive; the sampling geometry
defines a set N + 4 estimation bins (Figure B1b). Measure-
ments in the shallowest cell (cell 1) for each ensemble are
not used because of ringing of the ADP transducers, so up to
four measurements contribute to the estimate in each bin.
The exclusion of data from cell 1 results in no data in the
uppermost sampling bin, so we only estimate velocity in the
N + 3 bins with data. The number of measurements con-
tributing to the estimate in a bin is reduced if measurements
are excluded during quality control. Because the glider

sampling pattern is not perfectly regular, the depth of a
given estimation bin is defined to be the mean depth of each
good measurement in the bin.
[65] The glider!mounted ADP functions similarly to a

lowered acoustic Doppler current profiler (LADCP) deployed
from from a research vessel, and our calculation of ocean
velocity profiles from the glider!mounted ADP data is based
on the LADCP data processing scheme presented by Visbeck
[2002]. For each valid measurement of horizontal water
velocity relative to the glider, (u, v)r, we have an equation
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where (u, v)w is the ocean velocity at the location of the
measurement cell, and (u, v)g is the velocity of the glider at the
same moment. (Note that here the subscript r refers to water
velocity relative to the glider, which is the opposite of the
glider’s velocity through the water used in Appendix A.) Both
terms on the right hand side of equation (B1) are unknown.
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but m always has dimension (N + N + 3) ! 1.
[66] Though the number of equations exceeds the number

of unknowns, we still require additional information to solve
the system of equations since the ADP data alone can only
provide the baroclinic portion of the ocean velocity
[Visbeck, 2002]. We use the estimate of vertically averaged
water velocity during each dive (Appendix A) to reference
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processing. The ADP can be used as an altimeter during the
descending portion of a dive; data in cells that are deeper
than the altimeter!derived bottom depth are excluded.
Along!beam speeds are used to calculate eastward (u),
northward (v), and upward speeds relative to the glider by
successive rotations using records of the glider’s pitch, roll,
and heading during each ensemble average. Velocities rel-
ative to the glider that exceed 0.75 m s!1 are considered to
be erroneous since the speed of the glider through the water
is approximately 0.25 m s!1 and the range of the ADP is too
small (about 20 m) to expect very large relative velocities.
We also exclude measurements for which the signal!to!
noise ratio is less than 1.0.
[63] Transducer failures have occurred during some

deployments. We use the average return strength for each
beam during each profile to detect failures of transducers.
Any sudden drop in return strength of one beam relative to
the other two indicates failure of the respective transducer,
and data from that beam are not used in further calculations.
The loss of data from one or more beams prohibits calcu-
lation of a velocity profile. Transducer failures are the pri-
mary cause of the missing ADP velocity profiles shown
in Figure 2.
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defines a set N + 4 estimation bins (Figure B1b). Measure-
ments in the shallowest cell (cell 1) for each ensemble are
not used because of ringing of the ADP transducers, so up to
four measurements contribute to the estimate in each bin.
The exclusion of data from cell 1 results in no data in the
uppermost sampling bin, so we only estimate velocity in the
N + 3 bins with data. The number of measurements con-
tributing to the estimate in a bin is reduced if measurements
are excluded during quality control. Because the glider

sampling pattern is not perfectly regular, the depth of a
given estimation bin is defined to be the mean depth of each
good measurement in the bin.
[65] The glider!mounted ADP functions similarly to a

lowered acoustic Doppler current profiler (LADCP) deployed
from from a research vessel, and our calculation of ocean
velocity profiles from the glider!mounted ADP data is based
on the LADCP data processing scheme presented by Visbeck
[2002]. For each valid measurement of horizontal water
velocity relative to the glider, (u, v)r, we have an equation
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where (u, v)w is the ocean velocity at the location of the
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same moment. (Note that here the subscript r refers to water
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is the matrix of coefficients when all measurements are
good. When all measurements are used, d has dimensions
4N ! 1 and G has dimensions 4N ! (N + N + 3). Loss of
measurements reduces only the number of equations in the
system, so that, in practice, d and G have at most 4N rows,
but m always has dimension (N + N + 3) ! 1.
[66] Though the number of equations exceeds the number

of unknowns, we still require additional information to solve
the system of equations since the ADP data alone can only
provide the baroclinic portion of the ocean velocity
[Visbeck, 2002]. We use the estimate of vertically averaged
water velocity during each dive (Appendix A) to reference

Figure B1. (a) Sampling pattern and (b) estimation bins for
glider ADP sampling. The position of the glider at the time
of each of the N 16!ping ensembles is shown by the black
squares. For each ensemble, the glider measures along!beam
speed and return strength in five measurement cells below
the glider. The timing of ensembles is set such that measure-
ment cells from successive ensembles align as indicated.
The cells intersected by the black arrow are at the same
depth and sort into the ith bin as indicated. Measurements
from the shallowest cell for each ensemble (cell 1, light grey
shading) are not used in estimates of velocity.
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processing. The ADP can be used as an altimeter during the
descending portion of a dive; data in cells that are deeper
than the altimeter!derived bottom depth are excluded.
Along!beam speeds are used to calculate eastward (u),
northward (v), and upward speeds relative to the glider by
successive rotations using records of the glider’s pitch, roll,
and heading during each ensemble average. Velocities rel-
ative to the glider that exceed 0.75 m s!1 are considered to
be erroneous since the speed of the glider through the water
is approximately 0.25 m s!1 and the range of the ADP is too
small (about 20 m) to expect very large relative velocities.
We also exclude measurements for which the signal!to!
noise ratio is less than 1.0.
[63] Transducer failures have occurred during some

deployments. We use the average return strength for each
beam during each profile to detect failures of transducers.
Any sudden drop in return strength of one beam relative to
the other two indicates failure of the respective transducer,
and data from that beam are not used in further calculations.
The loss of data from one or more beams prohibits calcu-
lation of a velocity profile. Transducer failures are the pri-
mary cause of the missing ADP velocity profiles shown
in Figure 2.
[64] We let N be the number of ensemble averages during

the ascending portion of a glider dive; the sampling geometry
defines a set N + 4 estimation bins (Figure B1b). Measure-
ments in the shallowest cell (cell 1) for each ensemble are
not used because of ringing of the ADP transducers, so up to
four measurements contribute to the estimate in each bin.
The exclusion of data from cell 1 results in no data in the
uppermost sampling bin, so we only estimate velocity in the
N + 3 bins with data. The number of measurements con-
tributing to the estimate in a bin is reduced if measurements
are excluded during quality control. Because the glider

sampling pattern is not perfectly regular, the depth of a
given estimation bin is defined to be the mean depth of each
good measurement in the bin.
[65] The glider!mounted ADP functions similarly to a

lowered acoustic Doppler current profiler (LADCP) deployed
from from a research vessel, and our calculation of ocean
velocity profiles from the glider!mounted ADP data is based
on the LADCP data processing scheme presented by Visbeck
[2002]. For each valid measurement of horizontal water
velocity relative to the glider, (u, v)r, we have an equation

u; v! "r# u; v! "w$ u; v! "g; !B1"

where (u, v)w is the ocean velocity at the location of the
measurement cell, and (u, v)g is the velocity of the glider at the
same moment. (Note that here the subscript r refers to water
velocity relative to the glider, which is the opposite of the
glider’s velocity through the water used in Appendix A.) Both
terms on the right hand side of equation (B1) are unknown.
There areN unknown glider velocities (one for each sampling
depth), and N + 3 unknown water velocities (one for each
estimation bin with data). Excluding data from the shallowest
cell for each ensemble, we have at most 4N equations of the
form of (B1). This system of equations can be written as a
matrix equation of the form Gm % d, where

d # u1;2 u1;3 u1;4 u1;5 u2;2 & & & u2;5 & & & uN ;5' (T

!B2"

is the vector of observations of speed relative to the glider in
one direction,
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is the vector of unknown glider and water velocities in that
direction, and
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is the matrix of coefficients when all measurements are
good. When all measurements are used, d has dimensions
4N ! 1 and G has dimensions 4N ! (N + N + 3). Loss of
measurements reduces only the number of equations in the
system, so that, in practice, d and G have at most 4N rows,
but m always has dimension (N + N + 3) ! 1.
[66] Though the number of equations exceeds the number

of unknowns, we still require additional information to solve
the system of equations since the ADP data alone can only
provide the baroclinic portion of the ocean velocity
[Visbeck, 2002]. We use the estimate of vertically averaged
water velocity during each dive (Appendix A) to reference

Figure B1. (a) Sampling pattern and (b) estimation bins for
glider ADP sampling. The position of the glider at the time
of each of the N 16!ping ensembles is shown by the black
squares. For each ensemble, the glider measures along!beam
speed and return strength in five measurement cells below
the glider. The timing of ensembles is set such that measure-
ment cells from successive ensembles align as indicated.
The cells intersected by the black arrow are at the same
depth and sort into the ith bin as indicated. Measurements
from the shallowest cell for each ensemble (cell 1, light grey
shading) are not used in estimates of velocity.
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the ADP shear. This measurement of vertically averaged
velocity is valid from the surface to the maximum depth
reached by the glider, a range that is offset from the sam-
pling range of the ADP since the ADP samples below the
glider. We account for this offset in two ways. First, we
exclude ADP velocity estimates in the seven bins (ibin =
N ! 2,…, N + 4) that are deeper than the glider’s maximum
depth (Figure B1b) from the constraint. Second, we assume
that the near!surface portion of the water column that is not
sampled by the ADP has uniform velocity. Under this
assumption, we weight the uppermost estimation bin as if it
extended to the surface in the vertically averaged velocity
constraint. This constraint adds the row

0 ! ! ! 0jDz2 ! ! ! DzN"3 0 ! ! ! 0# $; %B5&

to the matrix G. The Dzi are the vertical extents of the
velocity bins, which are approximately 4 m, except for Dz2
which is larger as discussed above. The corresponding ele-
ment added to d is USi=2

N!3Dzi, where U is the estimated
vertically averaged velocity. Since the ADP measures shear
only on the ascending portion of each dive and vertically
averaged velocity is based on the glider’s displacement
throughout the entire dive, there is a mismatch in location
and time between the shear profile and the barotropic con-
straint that is unaccounted for. At the 30 km and larger
scales considered in this analysis, any errors due to this
mismatch should not be significant. The agreement between
ADP!derived currents after 30 h filtering and geostrophic
currents (e.g., Figure 3) suggests that the induced errors are
small.
[67] Ideally, the overdetermined system Gm ' d is now

solvable by least squares techniques. However, the loss of
equations due to bad measurements can make the system ill
conditioned. To further constrain the problem and reduce
noise in the solution, we apply the curvature!minimizing
smoothness constraint of Visbeck [2002] to the horizontal
ocean velocities and horizontal glider velocities. These
constraints add N + 1 and N ! 2 additional equations to the
system, respectively. The additional rows added to G are
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where w is a weight that determines the degree of smooth-
ing. We choose w = 5 to produce sufficiently smooth
velocity profiles. The data vector d gains 2N ! 1 rows of
zeros since we seek to minimize curvature in the solution.
[68] We then solve the system for the unknown glider

velocities and horizontal ocean velocities using least squares

techniques to minimize the L2 norm of Gm ! d. The solu-
tion is

m ) GTG
" #"1

GTd: %B8&
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Solution by Least Squares: 

Raw velocities from ADCP 

Glider and ocean velocities 

G matrix of coefficients: 





St1 St2 

Palmer 
Station 





Mixed phase tide –  
 
Diurnal – K1 and O1 ~ 23 - 25 hrs   
*  Amplitudes of ~1.2 meters 
 
Semi-diurnal – M2 and S2 ~ 12 hrs 
•  Amplitudes of ~0.8 meters 
•  Inertial period ~ 13.25 hr 

   





ST1 ST2 

ST1 

ST2 





St1 St2 



St1 St2 







Summary 
1)  Demonstrated the utility of deploying glider-mounted ADCPs to 

explore difficult to sample environments.  

2)  Collected ADCP data and resolved tidal, inertial and storm 
currents from a ‘virtually moored’ glider 

3)  The upper 100 meters of the water-column near the mouth of the 
Bismark Strait is dominated by diurnal and inertial signals. 

1)  Diurnal currents range from -0.2 to 0.2 m/s 
2)  Inertial/semi-diurnal currents range -0.3 to 0.3 m/s 
3)  Wind driven currents are nearly 0.3 m/s and penetrate below our working 

depth. 
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St1 

St2 



Warm surface water advected over the ‘virtual mooring location’ likely 
from the shallow near-shore area where it had been warmed due to 
solar insolation and freshened due to glacial melt and precipitation. 



Out of phase relationship Cross-correlation of - 0.85 for October to April 
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Results from a Barotropic tidal model in the region predict semi-diurnal 
tides are small and weak < 0.05 m s-1. 
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