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Abstract Increasing freshwater input to the subpolar North Atlantic through iceberg melting can
influence fjord-scale to basin-scale ocean circulation. However, the magnitude, timing, and distribution
of this freshwater have been challenging to quantify due to minimal direct observations of subsurface
iceberg geometry and melt rates. Here we present novel in situ methods capturing iceberg change at
high-temporal and -spatial resolution using four high-precision GPS units deployed on two large icebergs
(>500 m length). In combination with measurements of surface and subsurface geometry, we calculate
iceberg melt rates between 0.10 and 0.27 m/d over the 9-day survey. These melt rates are lower than those
proposed in previous studies, likely due to using individual subsurface iceberg geometries in calculations.
In combining these new measurements of iceberg geometry and melt rate with the broad spatial coverage
of remote sensing, we can better predict the impact of increasing freshwater injection from the Greenland
Ice Sheet.

Plain Language Summary The acceleration of Greenland glaciers has led to an increase of
icebergs discharged in nearby waters. As icebergs melt, they release freshwater into salty ocean waters,
impacting local circulation. In order to, understand how global circulation will change in the future, we
need accurate iceberg melt rates. To do this, we use measurements of mass loss from on-iceberg GPS units,
and three-dimensional iceberg geometry constructed from aerial drone and subsurface sonar data. We
found melt rates smaller than previous studies and strong evidence for variable overall melt rates with
different keel depths and over time. This study is the first of its kind to calculate melt rates using exact
iceberg geometry. To better predict iceberg impacts, future iceberg studies should take these geometry
results into account.

1. Introduction

The six-fold increase in mass loss from Greenland since the 1980s (Mouginot et al., 2019) has increased the
number of icebergs choking Greenlandic fjords. The melting and transit of these icebergs has the potential
to modify ocean currents (Allan & Allan, 2019; Bamber et al., 2012; Good et al., 2018; Marsh et al., 2010;
Yang et al., 2016), freshen the North Atlantic, influence Arctic and subarctic climates (e.g., Dukhovskoy
et al., 2019), and become hazardous to ship-based travel (Gagnon & Wang, 2012) and offshore installations
(e.g., McKenna, 2005). However, the prolonged impact of increasing icebergs on local and regional ocean
circulation remains unclear, largely due to uncertainties concerning iceberg melt rate, meltwater distribu-
tion with depth, and iceberg residence time.

Early studies on iceberg melt used a combination of laboratory experiments (Josberger, 1978), field observa-
tions (El-Tahan et al., 1987; Venkatesh et al., 1985), and empirical relationships (Weeks & Campbell, 1973;
White et al., 1980) to calculate freshwater loss. More recent studies have refined these equations, uncer-
tainties, and dominant deterioration processes (e.g., A. J. Crawford, Mueller, & Joyal, 2018; FitzMaurice
et al., 2018), and incorporated remote sensing (Enderlin et al., 2016, 2018; Enderlin & Hamilton, 2014; Sulak
et al., 2017), modeling (e.g., Moon et al., 2018) and in situ measurements into melt calculations. Remote
sensing expanded the reach of laboratory measurements; however, satellite remote sensing is limited by
spatial and temporal resolution and cannot yet image subsurface iceberg geometry, therefore these studies
assumed an idealized subsurface geometry (e.g., cone, cylinder) to calculate melt rate (m/d), which resulted
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Figure 1. Sermilik Fjord, southeast Greenland (a), (b), with Iceberg A (c, cyan line) and B (c, red line) tracks from 15
to 24 July 2017. The locations of the drone and multibeam iceberg surveys (c, white labeled circles) on July 16, 2017 (A,
B;) and July 21, 2017 (A,, B,), CTD casts (b, c, green circles), and the locations used for the tidal correction (b, yellow
hexagon) and atmospheric pressure correction (b, orange circle, AWS) are noted.

in large uncertainties (8%-100%; Enderlin & Hamilton, 2014). Modeling studies (e.g., Moon et al., 2018)
have isolated individual melt mechanisms by applying theoretical parameterizations to generalized ice-
berg geometries. However, this generalized iceberg geometry mimics icebergs far from their source gla-
cier (Barker et al., 2004), at which point the icebergs have deteriorated to more stable geometries (Wagner
et al., 2017). In this study, we instrument icebergs in Sermilik Fjord, the largest fjord system in southeast
Greenland with high-precision GPS to directly measure surface lowering. We use coincident ship-based
drone and multibeam sonar data to construct full-iceberg geometries, then derive volume flux and melt
rates based upon measured surface lowering and iceberg geometry. By using individual iceberg geometry
to calculate volume loss, we avoid generic or idealized subsurface shapes, and derive iceberg melt rates at
temporal and spatial resolutions well beyond previous studies (every 5-30 s, < £1.3 mm).

2. Methods
2.1. On-Iceberg GPS

To enable coincident on-iceberg and ship-based measurements, we selected icebergs that were accessible
by boat (lower iceberg distribution), located in the mid-fjord region (stay in the fjord during surveying; Fig-
ure 1), appeared stable enough to remain upright for the duration of our campaign (equipment recovery),
and large enough for helicopter GPS deployment and recovery (>500 m length). We deployed four high-spa-
tial (£+3 cm) and high-temporal (5-30 s) resolution geodetic GPS units (measuring three-dimensional po-
sitions, lat-lon-h) in tandem on two icebergs using a Bell 212 helicopter. Tandem GPS configuration enables
measurements of iceberg rotation, deterioration, and tipping. To locate the instrumented icebergs during
ship-based surveying, we also deployed expendable GPS units (Globalstar SmartOne C, two-dimensional
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positions, lat-lon) adjacent to each high-resolution unit, relaying the position to an online server every hour
(similar to Sutherland, Roth, et al., 2014).

The geodetic GPS units recorded the absolute height of each iceberg, therefore, we removed the tidal phase
(<3.3 m), atmospheric pressure (inverse barometer, <0.3 m), and variations in the geoid—ellipsoid offset
(changes in relative sea level, <0.65 m) along the iceberg tracks to isolate surface lowering due solely to
ablation (see Supporting Information Text S1 for expanded methods). Lastly, we removed signal interfer-
ence caused by the adjacent (uncertainties > 0.5 m) and across-iceberg (one standard deviation) expendable
GPS devices, and applied a 40-h Hanning filter to remove the remaining high-frequency tidal variations
(Figures S1 and S2).

2.2. Fjord & Iceberg Measurements

The above-water iceberg digital elevation model (DEM) was constructed using structure from motion (SfM)
methods in Agisoft Metashape software, converting drone imagery (DJI Phantom 4+) to a dense point cloud
at ~5 cm resolution (4.1-5.7 cm), and a mesh at ~13 cm (8.7-18.1 cm; RMSE 12.4-18.7 cm). Post-processing
methods were in concert with the methods of A. Crawford, Crocker, et al. (2018), using updated software.
The surface DEM was then used to predict the total iceberg volume (henceforth “projected iceberg volume”)
using an ice density of 917 kg/m® and in situ average ocean properties collected from 13 conductivity, tem-
perature, depth (CTD) profiles (Sea-Bird 25 plus CTD sensor) near the instrumented icebergs (Figure 1).

The subsurface iceberg DEM was constructed using multibeam sonar (Reason T50-P) mounted off the
ship’s side, which scans the depth of the iceberg to within 20 m of the water surface. However, gaps in point
clouds resulted from wider portions of the iceberg impeding line of sight to the iceberg bottom, and smaller
icebergs floating between the ship and the target iceberg limiting the field of view. We corrected for iceberg
motion during surveying by using the geodetic GPS positions (lat-lon), which were comparable to an alter-
native method proposed by Shah et al. (2019) (see Supporting Information for expanded methods, Text S1).
To construct a full-iceberg mesh (henceforth “reconstructed iceberg”), we applied a Poisson reconstruction
(Kazhdan & Hoppe, 2013) to correct for gaps in subsurface data, though this method does not account for
surface roughness and therefore provides a conservative measurement of the total surface area. Two of the
four multibeam surveys were not complete circumnavigations due to large adjacent icebergs (scans A; and
B,); therefore, we only use the full-iceberg geometries from scans A, and B; to calculate iceberg surface area
and subsequent melt rates.

3. Results
3.1. Iceberg Movement & Hydrology

The two icebergs transited 35 and 56 km (along-track) progressing 7 and 27 km down-fjord (Icebergs A and
B, respectively; Figure 1 and Figure S3) during the 9-day study period. They incurred several short-duration
direction changes, following similar fjord circulation patterns inferred from iceberg “drifters” in 2012 (Suth-
erland, Roth, et al., 2014). The deeper-keeled Iceberg A (~375 m) moved slower than Iceberg B (~255 m),
with an average speed of 0.05 m/s (vs. 0.07 m/s, Iceberg B) and a peak speed of 0.17 m/s (vs. 0.23 m/s, Ice-
berg B; Figure S4). The slower speed of Iceberg A could result from more contact with Atlantic-origin water
(AW; below ~150 m), which generally travels up-fjord (e.g., Straneo et al., 2011), as opposed to Polar Water
(PW; >150 m) traveling down-fjord. A shift in salinity and temperature profiles was observed over the sur-
vey time and show a thinning of the PW layer (10-150 m to 10-70 m) between days 198-200, and a warming
of the AW below 250 m depth over the same time period (Figure 2). Similar shifts in the PW layer have been
previously observed in Sermilik Fjord (Jackson et al., 2014) and result from velocity pulses originating on
the shelf adjacent to Sermilik Fjord.

3.2. Iceberg Geometry & Melt Rates

Using the reconstructed icebergs, we found the total surface area to be 1.23x10° m? and 8.52 x 10°m? for
Icebergs A and B, and the total volume to be 5.88 x 10'm® and 3.47 x 10’m®, respectively (Table 1). The
reconstructed iceberg volumes are comparable to within £10% of the projected iceberg volumes, and we
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Figure 2. Temperature (a) and salinity (b) profiles collected from 13 conductivity, temperature, depth (CTD) casts
adjacent to Icebergs A and B in Sermilik Fjord between July 16 and 21, 2017. Calculated melt rates with depth (c, dotted
line) and depth-average melt rate (solid lines, c) are based upon melt parameterizations (e.g., Moon et al., 2018). The
range of melt rates measured through in situ methods is shown by the width of the transparent green and black boxes.

attribute a majority of this disparity to unknown bottom geometry; however, differences in ice density could
also contribute. We found the surface length to keel depth ratio to be ~2:1, falling within the range iden-
tified in several prior multibeam studies (Barker et al., 1999), and the surface footprint (at waterline) to
total volume relationship (Volume =6 x Area®) to be x = 1.31 + 0.01, comparable to the findings of Sulak
et al. (2017). The similarity of our measurements to prior studies suggests that even without data from the
iceberg bottom, the methods presented here still capture the maximum depth and total volume.

To calculate overall melt rate, we use the surface lowering rate in combination with the projected iceberg
volume to first find total volume loss, then remove the volume of mechanical ice loss (calving; calculat-
ed by differencing surface DEMs, Figure S5) to isolate volume loss due to melting. Lastly, we divide the
remaining volume loss by the reconstructed surface area to calculate melt rate. After accounting for envi-
ronmental variables (Figures S1 and S2), the average lowering rate for the two GPS units on Iceberg A is
9.42 £ 0.09 cm/d and 11.40 + 0.10 cm/d, and 5.18 + 0.12 cm/d and 6.62 + 0.13 cm/d for the units on Iceberg
B (Figure 4). Differences in surface lowering rates between GPS units on the same iceberg result from slight
tilting of the iceberg surface as it melts (Figure S6).

The total volume loss for Icebergs A and B is 1.99x10° and §.59 x10%m?®/d (Table 1), with <4% of the total
volume change due to calving (Figure S5). We find an overall melt rate of 0.16 and 0.10 m/d for Icebergs A
and B over the 9-days instrumentation period. We also calculated melt rates based on differences in drone
surveys (6 days apart), finding volume loss rates of 3.37x10° and 1,27 x10° m*/d, and melt rates of 0.27 m/d
and 0.15 m/d for Icebergs A and B (Table 1, Figure S5). In isolating the corresponding 6-day period in the
GPS record, we find volume loss rates of 2.18 x 10° and 7.84 x 10*m>/d for Icebergs A and B, and melt rates
of 0.18 and 0.09 m/d (Table 1).
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Table 1
Iceberg Dimensions Calculated From Drone Imagery (Rows 2, 4, 5, 7, 9, 10), Multibeam Sonar (Row 8), and a
Combination of Drone and Multibeam Sonar (Rows 3, 6) for Iceberg a (Columns 3, 4) and Iceberg B (Columns 5, 6)

Iceberg: A A, B; B, A B
2 SAabove (x105 m?) 2.59 3.14 1.91 1.87 = =
3 Meshed SAtotal (x105 m*) - 123 8.52 - - -
4 Vabove (x106 m®) 6.97 6.76 3.38 3.30 = =
5 Projected Vtotal (x107 m®) 6.52 6.34 3.17 3.10 - -
6 Meshed Vtotal (x 107 m®) = 5.88 3.47 = = =
7 Surface length (m) 733 729 518 515 - -
8 Keel depth (m) 386 375 255 251 - -
9 height (avg) (m) 35.1 34.1 22.6 22.5 - -
10 height (max) (m) 56.8 55.9 51.8 51.9 = =
11 Atm pressure (hPa) 998.3 1,006.8 998.5 1,006.5 - -
12 Total Vol. Loss (GPS,x105 m*/d) 9 days = = = = 1.99  0.86
13 Total Vol. Loss(GPS,x105 m*/d) 6 days - - - - 2.18  0.78
14 Total Vol. Loss(drone,x105 m*/d) 6 days - - - - 3.37 1.27
15 Mechanical loss (drone,x103 m?/d) 6 days - - - - 6.36  5.04
16 Melt Rate (GPS, m/d) 9 days - - - - 0.16  0.10
17 Melt Rate (GPS, m/d) 6 days - - - - 0.18  0.09
18 Melt Rate (drone, m/d) 6 days - - - - 0.27  0.15

Notes. Atmospheric pressure (row 11) is used to correct freeboard height in the projected iceberg volume calculation
(row 5). Volume loss rates for Icebergs A (column 7) and B (column 8) are calculated using GPS lowering (row 12 and
13) and drone volume measurements (rows 14 and 15). Measurements of volume loss rate and melt rate have been
partitioned based upon the instrumental period (9 days) and the time between drone surveys (6 days).

The melt rate for Icebergs A and B over the 9-day period showed temporal variability, we therefore isolat-
ed average melt rates of 0.18 m/d (day 198.9-201.75) and 0.10 m/d (day 201.75-203.5) for Iceberg A, and
0.06 m/d (mass gain, day 198.9-200), 0.15 m/d (day 200-202.5), and 0.09 m/d (day 202.25-203.5) for Iceberg
B based upon slope breaks. The increase in melt rates around day 200, for both Icebergs A and B, coincides
with changes in fjord hydrography, specifically a warming of the PW layer and a slight cooling of the AW
layer. The apparent mass gain in Iceberg B is likely an artifact due to tipping, as identified in differenced
surface DEMs (Figure S6; tilting uncertainty calculations in Supporting Information, Text S1).

4. Discussion
4.1. Iceberg Melt Rates

We propose that the difference in overall melt rate between Icebergs A and B results from differences in keel
depth, and therefore differences in the proportion of each iceberg in contact with variable water layers. Ser-
milik Fjord contains multiple temperature and salinity changes over its 900 m depth (Straneo et al., 2016;
Sutherland, Straneo, & Pickart, 2014), and much more of Iceberg A exists in the warmer water below the
AW/PW interface (Figure 2). This layering could explain the higher average melt rate observed for Iceberg
A. However, we also observe variable melt rates within the 9-day survey period, congruent with changes in
the AW/PW interface depth, potentially resulting from short-duration changes in fjord circulation.

Changes in the AW/PW interface depth are accompanied by increased current speeds (Figure S4). This
pulse mirrors findings in Jackson et al. (2014), where the vertical gradient of the horizontal velocity also
moves up and down. Thus, over the course of the survey period, the PW layer thinned, bringing warmer
water to shallower depths, while at the same time increasing relative water motion and a coincident small
cooling below 275 m (Figure 3). The deeper-keeled Iceberg A would have experienced both the warming
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Figure 3. Full-iceberg geometries constructed from drone and multibeam surveys (top) with the location of each
geodetic GPS noted (red and black circles). Iceberg height measurements (with tilting uncertainties, dashed, see
Supporting Information Text S1) after accounting for environmental variables and applying a 40-h Hanning filter
(bottom). Linear trend lines show the surface lowering rates (values noted) for each GPS unit and gray horizontal lines
show the average surface lowering rates for specific periods.

and cooling waters and less effect from the increased currents given that its keel depth spans across the op-
positely flowing layers, whereas Iceberg B would only have experienced warmer waters, thereby increasing
the depth-averaged melt rate. The difference in depth-averaged melt rate of Icebergs A and B implies that
both depth-dependent hydrography changes and depth-dependent horizontal velocities are impacting the
overall melt rate, and therefore a depth-dependent melt rate must also exist.

The differing melt rate data suggest that a key second control on iceberg melt rate is water velocity relative to
iceberg movement. Over the 9-days survey period, the icebergs changed flow direction (inflow to outflow) in
concert with changes in the AW/PW interface depth. The shallower-keeled Iceberg B shows a strong trend
of increasing melt rates with increased velocity (Figure 4). Prior to the flow reversal and thinning of the
PW layer, Iceberg B shows lower overall melt rates, which later increased for the same velocities as the AW/
PW interface shoaled (Figure 4). Conversely, Iceberg A did not show any strong relationship between melt
rates and iceberg velocity. We hypothesize this is due to the dual control of temperature and relative velocity
on iceberg melt rate: Iceberg A’s deeper keel leads to diminished depth-averaged velocities with a greater
portion of its subsurface area in the warmer AW layer, implying higher relative velocities and a higher mean
temperature. Iceberg B doubled its speed during the inflow event as it resides more squarely in the upper
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Figure 4. Melt rate versus iceberg speed for Icebergs A (top) and B (bottom), with color indicating day of year. Higher
melt rates correspond with higher volume loss rates, and negative rates indicate an increase in surface elevation, likely
due to iceberg tipping (Figure S6).

PW layer, yet as the PW layer thinned, the melt rates stayed high even as the water velocities decreased again
(hysteresis shown in Figure 4).

4.2. Comparison to Prior Methods

The depth-averaged iceberg melt rates presented here (0.09-0.27 m/d) are comparable but smaller than
those calculated for deep-keeled icebergs in recent remote sensing studies for Sermilik Fjord (e.g., Ender-
lin et al., 2016). We attribute this to two fundamental differences: (1) the subsurface geometry used in
calculations, and (2) the spatial resolution of measurements. Problematically, the use of end-member ge-
ometries (cone and cylinder) greatly underestimates iceberg surface area (22%-43%; see Supporting In-
formation, Text S1) and therefore over-estimates melt rates given the same mass loss rates, also hindering
the ability to be compared to melt rates using different subsurface geometries. Spatial resolution in remote
sensing studies can be as high as 0.55 m with DEM resolution as high as ~2 m + 3 m, however, edge detec-
tion remains a challenge due to mixed pixels, and often necessitates exclusion of these side areas (Enderlin
et al., 2016, 2018; Enderlin & Hamilton, 2014). While removal reduces errors, it also excludes a key potential
area of volume loss through calving, impacting subsequent volume loss calculations. In order to, better con-
strain iceberg loss and up-scale to include more iceberg variability, high temporal and spatial in situ studies,
such as this study, should be combined with remote sensing efforts. Additionally, the reliance of subsurface
geometry, and therefore survey method, to establish overall melt rate is a limitation in iceberg studies and
necessitates the presentation of mass loss rates (m*/d) in addition to melt rates to facilitate inter-study com-
parison as methodology develops.

We also compare the depth-averaged melt rates to a theoretical melt model using in situ measurements
for standard melt parameterizations (see Supporting Information, Text S1). We found the average modeled
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melt rates were higher than our measurements at 0.30 m/d and 0.21 m/d (+30%) for Icebergs A and B,
respectively (Figure 3). However, calculated melt rates with depth, which include depth-dependent dom-
inant erosion processes, found a melt rate range of 0.05-0.65 m/d. This model demonstrates how two ice-
bergs in the same fjord can have different depth-averaged melt rates due to the overlap of their individual
subsurface geometry with stratification and velocity shear in the water column, thereby supporting obser-
vations of different melt rates for Icebergs A and B.

5. Conclusion

During July 2017, we collected simultaneous glaciological and oceanographic in situ measurements of ice-
berg deterioration and full geometry of two large icebergs in Sermilik Fjord, southeast Greenland. We used
a combination of coincident on-iceberg geodetic GPS to measure surface lowering, and ship-based drone
and multibeam sonar data to construct full-iceberg geometries. We used individual iceberg geometry to
calculate iceberg melt rates first based upon GPS surface lowering, and then differences in repeat surface
DEMs. We found melt rates lower than those from previous studies in southeast Greenland, likely due to
using individual geometries in melt rate calculations. We calculated that end-member geometries under-
estimate subsurface area by at least 22%-43%, leading to an overestimate in melt rate for the same volume
loss. These results necessitate the development of representative geometries to use in future remote sensing
and modeling studies and the inclusion of volume loss rates (m*/d) to minimize method-dependent results.

This synthesis of iceberg geometry and GPS data to constrain the in situ melt measurements is among the
first of its kind. Using the methods of calculating mass loss, we found variable average melt rates for both
icebergs. While the icebergs were large (>500 m length) and were subjected to near identical environmental
forcing, the deeper keeled iceberg experienced a higher average melt rate in all calculations (GPS lower-
ing, drone differencing, model parameterization), providing strong support for depth-dependent melt rates,
variable on the time scale of days. These results support the development of depth-dependent iceberg melt
rates given depth-dependent hydrography and water velocities.

Data Availability Statement

Processed SfM drone pointclouds, raw GPS data, multibeam pointclouds (doi: 10.18739/A2QF8JK6B), and
CTD casts (doi: 10.18739/A2NG4GS8C) are uploaded to the Arctic Data Center.
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