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Warming ocean currents are considered to be a contributing factor to the retreat of marine-terminating
glaciers worldwide, but direct observations near the ice–ocean interface are challenging. We use radar
intensity imagery and an iceberg tracking algorithm to produce half-hourly current maps within an
imaged portion of Jökulsárlón, a proglacial lagoon in southeastern Iceland. Over our 43.5-h observation
period, the lagoon has clockwise circulation with current speeds of order 3–8 cm/s and occasional strong
glacier outflows of up to ∼15 cm/s. The currents driven by the glacial outflows appear to be dominantly
inertial.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Overview

Sea ice monitoring programs and automated iceberg tracking
algorithms have been used in maritime operations to prevent
damage to ships or oil rigs (Smith and Banke, 1983). Many of these
programs and algorithms involve imaging radar, because of its
day/night, all-weather capability. Here we use radar intensity
imagery, in conjunction with a new automated iceberg tracking
algorithm to develop insights into the hydrography of a proglacial
lagoon.

Improved knowledge of ice–ocean interactions is important for
predicting the behavior of marine-terminating (tidewater) gla-
ciers, many of which are presently undergoing rapid retreat
(Straneo et al., 2013). The role of ocean circulation in melting and
calving of marine-terminating glaciers has been recognized for
some time (Motyka et al., 2003; Holland et al., 2008; Straneo et al.,
2010). However, details of this circulation process in the im-
mediate vicinity of the glacier terminus remain obscure because
the possibility of iceberg calving makes direct observation
dangerous.

Iceberg motion is an excellent proxy for surface and near-
ko).
surface currents, since most of the iceberg is submerged, and
hence little-affected by winds. GPS receivers have been emplaced
on icebergs for current monitoring (Sutherland et al., 2014), but
the process is logistically challenging. Rapid remotely-sensed
imagery may be useful in fjords and lagoons where iceberg motion
can be used to track surface and near-surface currents, and to
monitor the frequency and size of glacial outflow events. Here we
report results based on imagery acquired with a Terrestrial Radar
Interferometer (TRI).

A TRI is a ground-based instrument designed to monitor small-
scale displacements on the glacier's surface with high sampling
rate and precision using interferometry based on phase compar-
isons of successive images (Voytenko et al., 2015). However, in-
stead of using phase interferometry to measure the speed of gla-
cier ice, here we exploit the radar intensity imagery and the high
sampling rate of the system. Unlike the motion of the glacier ice,
smaller icebergs in proglacial lagoons tend to move too fast to be
tracked interferometrically, so intensity-based tracking is required.

There are two commonly used methods for detecting motion in
imagery: Particle Image Velocimetry (PIV) and Particle Tracking
Velocimetry (PTV). PIV is based on measuring the motion of blocks
of the image containing numerous particles, while PTV focuses on
tracking particles individually. These methods have been ex-
tensively studied and applied to a variety of fields including river
gauging (Creutin et al., 2003) and iceberg tracking from satellite
imagery over long time steps (Silva and Bigg, 2005).

In this study, we focus on a PTV approach for tracking icebergs
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Fig. 1. Study location. The black star in the inset shows the site location in Iceland.
The red star shows the location of the radar during the study period. The black and
white image shows the area scanned by the radar. The yellow box outlines the
lagoon area shown in Figs. 6 and 7. The orange dots represent the BSOP locations
over a three-hour period (A is at the beginning of the first hour, B is at the end of
the first hour, C is at the end of the second hour, and D is at the end of the third
hour). All of the information is overlain on a LANDSAT image obtained from
landsatlook.usgs.gov. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)

Fig. 2. A typical TRI field set-up. Since the primary purpose of the TRI is to monitor
ice surface velocities, the TRI must be set up with a clear view of both the proglacial
lake and of the glacier to measure ice surface velocities and to track the icebergs.
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over several minute time steps. First, we use the intensity of the
backscattered signal to find the positions of icebergs in the lagoon,
whose centroids are detected using a connected component la-
beling algorithm. Second, we track the iceberg positions in time
using a nearest-neighbor approach and generate the resulting
velocity maps using radial basis function (RBF) interpolation, a
method that has been successfully used for surface, image, and
topographic reconstruction (Hardy, 1971; Carr et al., 1997, 2001;
Gumerov and Duraiswami, 2007), to infer the behavior of lagoon
currents. The iceberg detection and tracking scripts were written
in Python using SciPy, NumPy and Matplotlib (Hunter, 2007; Oli-
phant, 2007) and are available on GitHub along with the TRI in-
tensity images as supplementary materials.

1.2. Site setting

Jökulsárlón is a tidal lagoon at the terminus of Breiða-
merkurjökull, an outlet glacier of Vatnajökull, Iceland's largest ice
cap (Fig. 1). The lagoon has an area of ∼20 km2, a maximum depth
of around 300 m, and is connected to the North Atlantic Ocean via
a narrow, engineered, channel (Björnsson, 1996; Björnsson et al.,
2001; Howat et al., 2008). Breiðamerkurjökull occasionally calves
icebergs into Jökulsárlón. These are the icebergs we track in this
study.

The hydrodynamics of this lagoon appear to be complicated, as
there are several sources or drivers of potential currents. The la-
goon is bounded by mountains on the east and west sides, a gla-
cier on the north side, and the Atlantic Ocean on the south side.
The glacier and the ocean bring in strong winds from opposing
directions, while ocean tides modulate the currents near the nar-
row outlet to the ocean. The bounding glacier to the north also
subjects the lagoon to calving-driven flows and subglacial
drainage.

The lagoon contains both cold, fresh, meltwater from the gla-
cier, and warm, saline, water from the Atlantic Ocean. The salinity
and temperature of the lagoon vary seasonally: salinity of 7–17
with temperatures between 1 and 5 °C in the summer (Dixon
et al., 2012) and salinity of 15–21 with temperatures between
0.5 and 2 °C in the spring (Brandon et al., 2013). Winter mea-
surements are not available.
2. Methods

2.1. Data acquisition

We used a GAMMA Portable Radar Interferometer (Fig. 2) as
the TRI instrument for this study (Werner et al., 2008). This is a
Ku-band, real-aperture radar with a range resolution of 0.75 m and
an azimuth resolution of 7.5 m at 1 km. The azimuth resolution
decreases linearly with distance (e.g., 15 m at 2 km). We deployed
the TRI in August of 2012 covering 90-deg arcs with a range of
50 m to 8.5 km and a two minute sampling rate (an ideal sampling
rate for measuring rapid iceberg motion in this lagoon), and cre-
ated 87 half-hour current maps during a continuous 43.5-h ob-
servation period.

During the study period, we also deployed an autonomous CTD
(conductivity-temperature-depth) profiler, specifically a bottom-
stationed ocean profiler (BSOP) (Langebrake et al., 2002) in the
lagoon (Fig. 3). During one three-hour period, the BSOP was un-
tethered and moved with the surface currents while continually
logging its position (Fig. 1). We used these BSOP position data to
verify the current maps and speeds derived from our iceberg
tracking algorithm.

2.2. Radar pre-processing

Intensity images are extracted from the radar data and con-
verted to map coordinates with 10 m pixel spacing using the
GAMMA software package. The icebergs are detected sequentially
image-by-image. Before detection, each image is pre-processed
(Fig. 4). The pre-processing is responsible for removing speckle
and simplifying iceberg detection. This step is facilitated by the
basic characteristics of the radar intensity images. The icebergs act
as strong radar scatterers, appearing bright in the image, while the
water surface reflects most of the radar energy away from the
instrument, and hence appears dark in the image.

The first step in the pre-processing procedure is masking. The
mask is the area containing the boundaries of the lagoon, and any
pixels outside of the mask are not considered to be an iceberg and



Fig. 3. Salinity, temperature, and depth data from our August, 2012 BSOP deployment (Voytenko et al., 2015). The data show that the lagoon is well mixed at all depths. The
great majority of the data lie between salinity of 8–11 and temperatures of 1.5–3 °C.
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are discarded. The second step, after the lagoon is selected, focuses
on minimizing noise (unfortunately, small icebergs may also be
removed in this step). This is accomplished with a sequence of a
Gaussian blur (s¼1), a threshold (0.3), another Gaussian blur
(s¼1) and another threshold (0.3). The thresholding operation
creates a binary image, as any pixel value above the threshold
criterion is converted to a 1, and every other pixel to a 0. The final
image that undergoes iceberg detection is thus a binary image
where each pixel is considered either a part of an iceberg (fore-
ground) or a part of the lagoon (background).

2.3. Iceberg detection

Each iceberg in the binary image is detected with a connected
component labeling algorithm. The purpose of this algorithm is to
identify, and uniquely label, individual components of the image
that are only connected to themselves, and distinguish them from
other discrete components. We use the SciPy implementation of
the two-pass connected component algorithm (scipy.ndimage.
measurements.label) based on the classical algorithm proposed by
Rosenfeld and Pfaltz (1966).

An illustration of the connected component algorithm is shown
in Fig. 5. The image is scanned line-by-line, and border pixels are
set to the background value. The first pass over the image labels
each pixel in a specific way. If the pixel is a foreground (iceberg)
pixel, the algorithm checks to see if any of the four of its neighbors
Fig. 4. An example of the pre-processing procedure. The procedure is a sequence of a
threshold (0.3), another Gaussian blur (sigma¼1), and another threshold (0.3). Panel A sh
the detected iceberg centroids from the pre-processed image.
(W, NW, N, NE pixels) are also foreground pixels. Once that check
is complete, there are three possibilities (1) if no neighbors are in
the foreground, the pixel is given a new label; (2) if only one of the
neighboring pixels is in the foreground, then the pixel is given the
same label as the other foreground neighbor pixel; (3) if two or
more neighboring pixels are in the foreground, then the pixel is
assigned a label of either of the foreground neighboring pixels.
When this happens, the algorithm stores that all of the labels seen
in this step are equivalent. Once all of the pixels have been suc-
cessfully labeled, the second pass over the image resolves the
equivalence between labels: every pixel that belongs to the same
set of equivalent pixels is given the same label. Subsequently, all
icebergs are relabeled in a consecutive order.

Once every iceberg is given its own label, we find the positions
of every pixel with the same label in every iceberg, and calculate
the centroid of each iceberg, keeping that information for later
tracking. The centroid of an iceberg is the average x and y position
of all its constituent pixels, and is compared from image to image
for the tracking. The algorithm moves on to the next image, and
repeats. Once the centroids for every detected iceberg in every
image are found, we begin the tracking process.

2.4. Iceberg tracking

The tracking algorithm is based on a nearest-neighbor ap-
proach. The first image initializes the centroids of icebergs
mask (to get rid of the visible part of the glacier), a Gaussian blur (sigma¼1), a
ows the original image, panel B shows the pre-processed image, and panel C shows



Fig. 5. Step-by-step explanation of the connected component labeling algorithm. (a) Pre-processed binary image. (b) Binary image without visible background pixels.
(c) Treat edge pixels as background. (d) Pass 1: check for foreground pixels among the W, NW, N, NE neighbors (dark gray) of every non-edge pixel (light gray) and apply the
labeling criteria described in the text. (e) Result after Pass 1 is complete. Note how there are more labels than components. Labels 1 and 2 are equivalent, and so are labels
3 and 4. Each set of equivalent labels belongs to the same component. (f) Pass 2: resolve label equivalences and relabel components sequentially.
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detected (these are the icebergs that are going to be tracked).
Then, for every new image, the locations of the centroids in the
image are compared to the locations of the centroids in the pre-
vious image. We specify a maximum distance (20 m for this study)
and find the closest centroid in the new image. This is repeated,
giving a time series of iceberg centroid positions, which can be
converted into velocities. Icebergs that are not detected (e.g., if
they become shadowed for one acquisition) are assigned the co-
ordinates from the previous time step.

2.5. Current map generation

Although data are available for every measurement, we line-
arize the motion over a 30 min time step to account for noise and
for temporarily-undetected icebergs. No new icebergs are in-
troduced into the system over this period. Two positions are used
to calculate the velocity, one at the beginning (0 min) and one at
the end (30 min). Icebergs that moved less than 2 pixels over the
half-hour period (speed of 1.1 cm/s), are considered stationary and
discarded.

Since we calculate a velocity for every iceberg at every 30-min
time step, we specify those velocities at the last known locations
of the icebergs. The x and y components of iceberg velocity are
interpolated onto a 25x25 grid using a linear radial basis function
(RBF) interpolation in SciPy, and each velocity component is in-
terpolated separately.

The RBF interpolation solves for the velocity component at
each grid point by using velocity values from every measurement
point weighted by the distances to that point. The general
equation for the RBF interpolation is (Buhmann, 2003):
s x p pi

N
i i1 λ ϕ( ) = ∑ (∥ − ∥)= , where s(x) is the velocity of the inter-

polated point, λi is a weight coefficient, ϕ is the radial basis
function, p is the interpolation point, and pi is a data point.

Although there are many types of radial basis functions, the
linear RBF has a form: r rϕ ( ) = , where r is the radius from the
interpolated point to a data point, suggesting that the general
interpolation equation is v r rj

N
j1 λ ϕ( ) = ∑ ( )= , where v is the inter-

polated velocity, i is an index of an interpolated point, rϕ ( ) is the
RBF, and j is the index of a data point.

Although we have a general equation for the interpolation, we
still need to calculate the λ coefficients, which are weights asso-
ciated with the velocities of the data points and their distances to
each other. The λ coefficients are computed by solving a system of
linear equations: A v1λ = − , where λ is the vector of weights asso-
ciated with the distances related to the data points, A is a Eu-
clidean Distance Matrix (EDM) describing the distances between
points in a specific format, and v is a vector of velocities of the
known points. The format of the EDM is
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where pi is a data point with coordinates x y,i i( ).
Once we have the coefficients, the velocity at a desired point is



Fig. 6. Iceberg tracking results. Most of the currents are in a clockwise direction and are of order 3–8 cm/s. Panels C and D show faster currents towards the central part of
the lagoon, and may reflect outflow events of subglacial water. Strong counterclockwise eddy currents are seen forming in Panel D.
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calculated as a function of the distance to all of the available data
points, weighted by the calculated coefficients. The components of
these interpolated velocities are then represented as arrows on the
current maps (Figs. 6 and 7).

2.6. Uncertainty analysis and verification

Uncertainties were estimated using a Monte Carlo simulation
with 1000 runs to determine the sensitivity of the linear RBF in-
terpolation method to data noise. We assumed that uncertainties
in determining the x and y position of the iceberg centroid were
independent, and added a randomly sampled uncertainty para-
meter (assuming a zero-mean normal distribution and a standard
deviation of 1 pixel) to each set of initial and final position
Fig. 7. A comparison between the automatically-detected current map (A) and a current
beginning and the end of the same period (B). Although the pattern and magnitude of th
some details (e.g., the magnitude of the eddy current in the bottom left portion of the
measurements, producing 1000 interpolated maps for each of the
two components of iceberg motion.

We plot error ellipses related to the measurement uncertainties
given a set of x and y position vectors from the Monte Carlo si-
mulation. First, we calculate the covariance matrix

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥.

x xy

yx y

2

2
Σ

σ σ

σ σ
=

Subsequently, Σ is decomposed into a set of eigenvalues (λ) and
eigenvectors (ξ)
map generated by visually picking (and tracking) the centroids of 15 icebergs at the
e currents are similar in both figures, the automated method appears to smooth out
image and the flow out of the embayment).



Fig. 8. Error ellipses from the 2012/08/17 08:34–09:04 data for a subset of points
derived from the Monte Carlo simulation given a 95 percent confidence interval.
Note that most of the ellipses are small compared to the length of the arrows,
suggesting that the interpolation method is robust. Also note that the ellipses are
bigger in the area (bottom left) with the fewest icebergs seen in the other figures.
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Then, we follow Haug (2012) to obtain the parametric equa-
tions for the error ellipse given a specific confidence interval Pc.
For example, we can calculate the area of an ellipse (C2) that would
encompass 95 percent of the data by using the equation:
C P2 ln 1 c

2 = − ( − ), and setting Pc¼0.95.
Next, we use the square root of this area to scale the ellipse

axes, whose length depends on the eigenvalues, and whose or-
ientation depends on the eigenvectors, and θ, a parametric vector
on 0, 2π[ ]. This creates a set of angles, defining points (xe θ( ), ye θ( ))
to plot the full ellipse around the average x and y positions (Fig. 8)
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The Monte Carlo simulation results show the distribution of
uncertainties for a subset of selected points in Fig. 8.

The 7–33 percent error in the current speeds (assuming speeds
of 3–15 cm/s and a centroid detection error of 1 cm/s) also appears
to be reasonable, considering that the TRI was not designed to
monitor currents. However, since the visual centroid detection
error remains the same regardless of current speeds, the relative
uncertainty becomes high in areas with very slow currents (2 cm/s
or less).

We verified our technique in two ways: first, by comparing one
automatically-detected current map to a manually-detected one;
and second, by comparing our estimates to measured motion of
the BSOP.

For the first verification method, the manually-detected current
map was created by visually identifying the initial and final cen-
troid positions of 15 icebergs over the 30-min period, interpolated
the same way as the automated map. The manual iceberg centroid
detection produced a current map similar to the automated one
(Fig. 7) and had a speed range of 0.14–11 cm/s, while the auto-
matically-detected current map had a speed range of 0.3–11 cm/s.

The second verification method focused on comparisons be-
tween different data sets. In this case, the BSOP was transported
1.1 km over a three-hour period, suggesting a surface current
velocity of ∼10 cm/s (Fig. 1) in a direction consistent with the
overall circulation pattern determined by our algorithm. Most of
the BSOP is submerged, so its motion should mainly reflect cur-
rents rather than winds. The automatically-detected iceberg mo-
tion (3–15 cm/s) compares reasonably well with the BSOP motion
in both direction and rate (up 11 cm/s in the faster-moving portion
of the lagoon) and the manually-detected measurements.

The impact of wind on the current estimates (i.e., the extent to
which iceberg motion can be considered a proxy for currents) is
addressed in Discussion section.
3. Results

During our 43.5-h study period in 2012, most of Jökulsárlón
experienced a clockwise circulation with surface and near-surface
current speeds on the order of 3–8 cm/s (Figs. 6 and 7). A video
showing current maps and iceberg motion over this 43.5 h period
is available in the supplementary materials.

Although the circulation pattern within the lagoon stays fairly
constant, the center portion of the lagoon occasionally experiences
faster flows (up to ∼15 cm/s, Figs. 6 and 7) when there appear to
be outflow events from the glacier. We also observe occasional
formation of small-scale counter-clockwise eddies near the lagoon
shore (Fig. 6).
4. Discussion

The utility of this algorithm is that it can be used in conjunction
with high-precision TRI measurements of glacier motion. If a TRI
instrument is deployed at a glacier terminating in a lake or fjord,
then iceberg motion may be used to infer the surface currents or to
observe the frequency and size of glacial outflow events with no
additional measurements. Similarly, one or more radars can be used
to study iceberg motion in fjords, at lower cost than deploying GPS
units on the icebergs (see supplementary information).

One advantage of this method is that it does not directly rely on
iceberg cross-section area, shape, or aspect. Instead, it only relies on
the iceberg centroid. This is valuable because the rotation of the
icebergs changes how they are seen by the radar. Shadow effects due
to the nearly-horizontal view angle may cause smaller icebergs to be
lost or to appear morphologically different, making it difficult to use
feature-based correlation tracking, or to calculate the exact cross-
sectional area of the iceberg. However, even if certain parts of an
iceberg are shadowed, or if some features of the iceberg are eroded
during the filtering step, the centroid should be largely unaffected.

This algorithm can also be modified to detect iceberg calving, as
labeling connected components does not depend on motion (we did
not attempt this as there were no large calving events during our
study period). If the mask for the lagoon is modified to leave a small
unmasked band around the terminus, then the only area where the
icebergs could be detected is immediately in front of the terminus.
Since most of the icebergs float away immediately after calving, and
few come close to the ice cliff during circulation, counting the number
of icebergs detected in the small area could be used to estimate the
number of calving events and to infer the timing of calving.

It is important to keep in mind that this method is sensitive to
the spatial density of icebergs. If there are few icebergs in the
visible area, the current maps may not be sufficiently detailed (if
there are no icebergs in the area, no current measurements can be
made). On the other hand, if there are too many icebergs in the
visible area, a nearest-neighbor tracking approach may no longer
work correctly due to the possibility of overlapping iceberg paths
and false connections. Instead, a path predictive algorithm may be
needed to account for the possibility of tracking the wrong iceberg



Fig. 10. Position-time plot of a track of a single iceberg shown in Fig. 9. The data are
shown at hourly intervals. Hour 0 is August 17, 13:00. The velocities range between
4 and 11 cm/s. Note that the iceberg velocity decreases as it gets closer to the
glacier front. The figure also shows theoretical inertial radii, which are calculated
for a speed of 4 cm/s (300 m radius, 600 m diameter, red) and 8 cm/s (600 m ra-
dius, 1200 m diameter, green). The similarity of the theoretical calculations to the
measured iceberg path supports the hypothesis that post-outflow currents are
dominated by inertial motion. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)
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after two icebergs pass close to each other. Of course, for tightly-
packed icebergs, motion is inhibited, and current measurements
cannot be made with this technique.

For future studies using this method, it may be necessary to
adjust the blur and threshold parameters along with the maximum
distance between the icebergs to obtain the best results. It would
also be beneficial to install an anemometer at the site to resolve
issues related to wind-driven iceberg motion (our TRI was not op-
erated in high winds, hence this issue is not important here). Ad-
ditionally, a tide gauge in the lagoon, combined with a longer ob-
servation period, is clearly desirable to assess tidal influences.

Even though both automated and manual detection methods
produced similar results of pattern and magnitude (Fig. 7), the au-
tomated method appears to smooth out some behavior. The most
likely explanation for this is that the automated method used a
larger number of icebergs, some of which either moved slower or
had substantial changes in illumination (e.g., shadow), which
stopped tracking earlier, and smoothed the result. The manual de-
tection method, on the other hand, focused on the 15 most visually-
salient icebergs, and may not have accounted for some of the
smaller and slower icebergs, while also allowing us to pick iceberg
positions by eye and ignore any potential variability in illumination.

We can learn more about the period of fast circulation (August
17–18, 2012) by either tracking a single iceberg (Figs. 9 and 10) or
by averaging a number of the images from this time period and
plotting them (Fig. 11). During this period, the current exhibits
elliptical circulation with long axis of approximately 1300 m and
short axis of approximately 900 m, while it takes an iceberg ap-
proximately 12–15 h to complete a full loop (see supplementary
materials for video).

Although currents in a lagoon are driven by some combination
of tides, winds, and any additional externally-forced inflow or
outflow events, our analysis of iceberg trajectory geometry sug-
gests that currents in the lagoon mainly reflect inertial forces.
Inertial motion describes the circular behavior of icebergs subject
to a burst of applied force (e.g., glacial outflow or wind) and the
subsequent impact of the Coriolis effect on their trajectories. Since
the motion is clockwise, the expected direction of Coriolis motion
in the Northern Hemisphere, and since the circular motion of the
icebergs becomes dominant after visible outflows, the driver for
inertial motion is likely strong glacier meltwater outflow events
(see animated figure in the supplementary materials).
Fig. 9. Path of a single, manually-detected, iceberg over a 23 h period (August 17,
13:00 to August 18, 12:00). The period and dimensions of this circulation pattern
are consistent with those for inertial motion at this latitude.

Fig. 11. Averaged image from the intensity data on August 18th (currents shar-
pened for clarity). Note the strong elliptical pattern of circulation and its dimen-
sions (width of ∼900 m and length of ∼1300 m; see also Figs. 9 and 10). This
pattern may reflect iceberg motion subject to inertial effects after an outflow event.
Also note that a few very large icebergs were motionless (and therefore grounded –

note radar shadow) during this period. This suggests that iceberg motion may
contribute to the mixing of lagoon waters.
The circulation from the observed iceberg motion can be
compared to theoretical calculations for inertial currents. The
Coriolis parameter, f, is f 2 sinΩ ϕ= , where Ω is the rotational
rate of the Earth (7.292E�5 rad/s) and ϕ is latitude (64°N at our
study site, giving f¼1.31E�4).

The Coriolis parameter can be used to calculate how long it
would take an iceberg to complete one full loop (inertial period) of
a specific inertial radius. The inertial period, T, is given by T f2 /π= ,
and is 13.3 h at the latitude of Jökulsárlón, in approximate agree-
ment with observations. The inertial radius, r, is r¼V/f, where V is
the velocity of the current.

The speed variations may explain the pattern of circulation, in
particular its “teardrop” shape. For a purely inertial current, the
inertial radius at a given latitude depends only on current speed.
For a speed of 4 cm/s, the radius is 300 m, while a speed of 8 cm/s
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generates a radius of 600 m (Fig. 10). This is in approximate
agreement with observations shown in Figs. 9 and 10 and supports
the hypothesis that iceberg circulation within a portion of the la-
goon during our observation period is essentially inertial motion,
likely caused by bursts of subglacial drainage.

The shape of the current track may also be influenced by the
relationship between the glacier terminus and the moraine de-
posits (shown at the bottom of the intensity images; Fig. 9). Since
the glacier terminus changes position and shape, and the moraine
deposits do not, there may be a dynamic feedback mechanism
between the orientation of circulation and the terminus position.
As the terminus position changes, the direction of subglacial out-
flows may vary as well, forcing the outflows to change direction at
the stationary moraine boundary. This process may impact the
circulation pattern, and may subsequently impact the terminus
morphology at times when warm water intrusion becomes im-
portant (e.g., spring).

Fig. 11 shows several “stranded icebergs” marked by strong
radar returns from the front of the icebergs, and shadowing be-
hind, over the ∼12 h observation period. These icebergs are so
large that they become grounded on the lagoon bottom. This im-
plies that the range of iceberg depths is sufficient that iceberg
motion acts to stir the lagoon water, which may be a contributing
factor (along with long-term wind-driven circulation) to the la-
goon mixing, explaining the limited range of salinity and tem-
perature (Fig. 3) during summer conditions.

Although we did not have an anemometer at the site and we
only operated the TRI during low wind conditions due to opera-
tional limitations associated with the large antennas, we can
speculate on the effects of wind-driven motion on our measure-
ments. Ekman (1905) derived a simple empirical formula,
V h0.0127 sin0

1/2ϕ= ( )− , to estimate surface current speed (V0) gi-
ven a wind speed (h) and latitude (ϕ). This approach assumes that
motion is considered over a few inertial periods (Stewart, 2004),
and includes Ekman's assumptions of infinite water depth and no
lateral boundaries, which are not strictly valid here. At the latitude
of the lagoon (64°N), assuming a light breeze (2.5 m/s) suggests a
surface current speed of 0.033 m/s (3.3 cm/s). Assuming a strong
breeze (12 m/s, a speed at which operating the TRI is challenging)
suggests a surface current speed of 0.16 m/s (16 cm/s). If we as-
sume a constant light breeze at the study site, some of the mea-
sured current velocities could reflect wind-driven circulation.
5. Conclusions

TRI measurements of glaciers can be used not only to study
glacier motion, but also to study surface and near-surface currents
in glacial lakes or fjords and to monitor glacial outflow events,
assuming trackable objects such as icebergs are visible in the radar
imagery. Current motion can be determined without any extra
data collection efforts and with straightforward post-processing.

TRI intensity images have been used to produce lagoon current
maps with 30-min sampling intervals, showing the variability of
current motion within Jökulsárlón, a proglacial lagoon in Iceland.
During our study, currents have typical speeds of 3–8 cm/s and
follow a clockwise rotation, with occasional bursts of outflow
along the center portion of the lagoon that are likely related to
subglacial drainage. These outflow events appear to set up pat-
terns of inertial circulation.
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