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Abstract Measuring basal melting of ice shelves is challenging and represents a critical component toward
understanding ocean-ice interactions and climate change. In November 2011, moorings containing
fiber-optic cables for distributed temperature sensing (DTS) were installed through the McMurdo Ice Shelf,
Antarctica, (~200m) and extending ~600m into the ice shelf cavity. The high spatial resolution of DTS
allows for transient monitoring of the thermal gradient within the ice shelf. The gradient near the ice-ocean
interface is extrapolated to the in situ freezing temperature in order to continuously track the ice-ocean
interface. Seasonal melt rates are calculated to be ~1.0mm d�1 and 8.6mm d�1, and maximum melting
corresponds to the arrival of seasonal warm surface water in the ice shelf cavity between January and April.
The development of continuous, surface-based techniques for measuring basal melting represents a
significant advance in monitoring ice shelf stability and ice-ocean interactions.

1. Introduction

Ice shelf stability is strongly influenced by ocean circulation within ice shelf cavities, and therefore,
observations of ice shelf and cavity heat transfer, basal melting, and ocean circulation are important for
assessing changes in stability resulting from climate change or other environmental factors [e.g., Jacobs et al.,
1992; Jenkins et al., 2010b; Robinson et al., 2010; Arzeno et al., 2014]. The dynamics of ice-ocean interactions at
the base of ice shelves are complex [Holland and Jenkins, 1999] and are driven by seasonal and long-term
variations of ocean water temperature, salinity, and currents. Yet measurements of basal mass loss (melting)
are difficult because of logistical and technical limitations of measurements over space and time. Direct high-
resolution monitoring can facilitate the understanding of ice shelf mass balance in relation to local and global
climatic trends [Stanton et al., 2013]. Measurements of ice-ocean interactions began with ice shelf temperature
measurements [Wexler, 1960; Crary, 1961] and have now evolved into a wide range of both in situ and remote
sensing approaches including casts and moorings [Jacobs et al., 1979; Smethie and Jacobs, 2005; Robinson et al.,
2010; Hattermann et al., 2012], radar [Corr et al., 2002; Stanton et al., 2013], GPS [Arzeno et al., 2014], downhole and
robotic oceanographic instrumentation [Jenkins et al., 2010a; Stanton et al., 2013], and satellite altimetry [Horgan
et al., 2011; Pritchard et al., 2012]. Each approach captures data on different spatial and temporal scales; however,
continuous measurement of the ocean water column and the ice-ocean interface remains a challenge.

Ice shelf temperature profiles have long been used to estimate basal melting [Wexler, 1960; Crary, 1961] and
accumulation rates [MacAyeal and Thomas, 1979; Budd et al., 1982; Craven et al., 2004]. Additionally, thermal
gradients near the ice-ocean interface have been used to estimate heat flux across the interface [Clough and
Hansen, 1979]. In most previous studies, temperature measurements typically consisted of single “point-in-time”
thermal profiles, from a limited number of in situ temperature sensors. Up to now, analyses of these thermal
profiles within the ice shelf have generally been limited to steady state solutions yielding mean basal melt rates.
Holland and Jenkins [1999] summarize these heat transfer mechanisms across the ice-ocean interface with an
emphasis on understanding the salinity and heat transfer mechanisms during ice shelf melting.

Distributed temperature sensing (DTS) monitoring represents a new and robust technique to monitor in situ
ice shelf and ocean temperatures without the need for submerged or downhole electronics. Recent work
[Warner et al., 2012; Stern et al., 2013; Tyler et al., 2013] has demonstrated the viability and value of fiber-based
temperature sensing in polar ice and oceans. In this work, we first present 14months of calibrated ocean and
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ice temperature data and develop a
new method to resolve seasonal
basal melt rates from changes in
the thermal gradient at the
ice-ocean interface.

2. Methods

In November 2011, two moorings
(BH1 and BH2) were installed at
the Windless Bright site located at
77°46.550′S, 167°32.400′E. Windless
Bight is on the McMurdo Ice Shelf,
adjacent to the Ross Ice Shelf [McCrae,
1984]. The moorings were designed
primarily as a test bed for the
development of both DTS [Tyler et al.,
2013] and novel drilling methods
[Zagorodnov et al., 2014]. Mooring BH1

was used primarily for testing drilling and installation methods. Mooring BH2 was completed approximately
40m east and extends through 192.8± 0.025m of ice shelf and an additional 598m into the ocean below. At
the time of drilling in November 2011, sea level was measured 37.5m below the ice shelf surface.

The moorings and instrumentation are described in greater detail in Tyler et al. [2013] and Zagorodnov et al.
[2014]. Stern et al. [2013] utilized preliminary data to constrain ocean circulation simulations for the first
7months of the mooring and modeled seasonal melting. During the initial 7month period, warm Ross Sea
surface waters were observed to enter the ice shelf cavity for several months before beginning to retreat
in late March 2012 as reported in Tyler et al. [2013] and Stern et al. [2013]. The moorings continued to
operate through mid-January 2013 when the surface instrumentation was removed.

DTS systems record Raman backscattered photons and independent temperature sensors are employed
to calibrate the backscatter signal [Hausner et al., 2011]. The data from mooring BH2 were calibrated in
two sections to accommodate the different ranges of temperature (ice shelf, �2 to �25°C and ocean, �1 to
�2°C) and to improve the calibration using the most relevant independent temperature sensors. Unlike in
Tyler et al. [2013], in this work we utilized additional independent temperature sensors located in the firn
to constrain the calibration of the ice shelf data set over the entire deployment period. The sensors located
in the firn were constructed and calibrated in the field leading to a reduced accuracy of the calibrated
temperatures of the ice shelf. A dynamic three-point calibration algorithm [Hausner et al., 2011] was
used for the ocean data set, similar to that reported by Tyler et al. [2013]. Within the ice shelf, a hybrid
two/three-point calibration was used. Data prior to April 2012 were used to determine a fixed value for
the gain parameter (γ), and a two-point calibration was subsequently used for the entire ice shelf data set.

DTS systems report distance based on optical travel time. For the mooring cables used at Windless Bight, the
optical path length is ~0.1% longer than the true physical distance, and all DTS distances have been corrected to
represent true physical distances along themooring cable. For simplicity, all depths are referenced to either the ice
shelf surface (37.5m distance above sea level) or sea level at the time of installation in November 2011. True depth
below the ice shelf surface at any later point in time is controlled by both surface accumulation and basal melt.

3. Results
3.1. Ocean Thermal Profiles

Figure 1 shows the 14month time series of calibrated ocean temperatures from mooring BH2. Conservative
temperatures were calculated by methods outlined by the Thermodynamic Equation of Seawater 2010
[McDougall and Barker, 2011]. Calculations are made under the assumption of a uniform salinity of 34.5
practical salinity unit (psu), representative of the deep water column [Robinson et al., 2010] and linear
interpolation of pressure between the transducers installed along the moorings. The thermal signature of the

Figure 1. Conservative temperature (°C) recorded from Mooring BH2 at
Windless Bight from November 2011 through January 2013. Distances
are reported as depth below the sea level in November 2011 at the time of
installation. The three longest data gaps are shown in black and are due to
intermittent power failures of the surface instrumentation.
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summer warm water from the Ross Sea is observed at this location in the cavity in January of 2012 and again
in January 2013. The system was removed prior to the full onset of warming in 2013; however, the initial
warming is evident. The instruments ability to capture the start of the warm water intrusion in 2013
demonstrates its long-term functionality for periods greater than 1 year.

The accuracy of the calibrated ocean temperature data is 0.055°C. The temperature resolution is 0.022°C between
86 and 101m and 0.030°C between 770 and 785m along the fiber (see section S1 in the supporting information
for a detailed description of DTS accuracy and resolution analysis). Data gaps did occur, with the largest from 23
June to 14 October 2012, when power to the instrumentation was interrupted. Temperature profiles taken before
and after this gap are uniform throughout the ocean column (at the resolution of the DTS, ~0.03°C) and appear
to be at or slightly below the local surface freezing temperature [Stern et al., 2013]. Over the winter season,
ocean temperatures near the ice-ocean interface are below the surface freezing temperature suggesting some
interaction with ice at depth, consistent with results from Robinson et al. [2010]. Given the current resolution of the
DTS systemwe are unable to differentiate oceanwatermasses at themilliKelvin resolution for further classification
of ice shelf waters.

3.2. Ice Shelf Thermal Profiles

Figure 2 shows three representative traces of temperature through the ice shelf before, during, and after the
intrusion of warm water. The exponential form of the thermal profile within the ice shelf is consistent with
basal melting [Robin, 1955]. Temperatures in the upper and lower portion of the ice shelf show the most
changes in time, with the central core of the ice shelf remaining constant over the year as expected. From
37.5m below the surface to the bottom of the ice shelf, the instrument cables were frozen in by seawater that
had filled the initial drill borehole, while the upper 37.5m to the ice shelf surface were open and only packed
with snow at the surface. At the bottom of the ice shelf, the transition to the ocean is clearly evident at all
times, with a distinct change in the thermal gradient between 191 and 194 m. The accuracy and average
temperature resolution for the ice shelf is 0.3°C and 0.036°C, respectively.

4. Discussion

Variations in ice shelf temperatures near the interfaces of the atmosphere and the ocean record the most recent
events [MacAyeal and Thomas, 1979]. Therefore, it is expected that annual changes in thermal profile would be
present in the DTS data near the base of the ice shelf due to basal melting caused by ocean heat transport.

(a) (b)

Figure 2. Three thermal profiles of the ice shelf before, during, and after the intrusion of warm water. (a) The transition
into the ice shelf cavity is seen by the break in slope at ~200m. (b) An expanded view close to the bottom of the ice
shelf, where the transition to the ocean below is more clearly visible and changes through the year. Dashed lines represent
the estimated ice draft location for each given trace.
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Figure 2b clearly shows the transition from the ice shelf to the ocean column. The transition is visible based
on the DTS-measured temperatures and moves upward, particularly through the summer period of warm
water intrusion. The approximate location of the ice-ocean interface can be identified in the data to within
± 1m (Figure 2b). Therefore, it is not possible to precisely calculate the basal melt because the total migration
of the ice-ocean interface is less than the spatial resolution of DTS.

However, an inherent property of DTS is the ability to accurately measure the spatial variability of
temperature gradients within smoothly varying profiles. From Figure 2a it is apparent that the thermal
gradient near the base of the ice shelf can be approximated with high precision. Therefore, if the ocean
interface temperature is known, a simple linear (or exponential) extrapolation of the ice shelf temperatures
closest to the ice-ocean interface would provide a measure of the interface location. Estimation of the
interface temperature is complex due to the dependence of freezing temperature on salinity at the interface
[Holland and Jenkins, 1999] and the transient nature of heat transport upward into the ice shelf during
basal melting.

As a first approximation, we assume the interface temperature to be constant in time at the in situ pressure
freezing temperature (�1.99°C) for a salinity of 34.5 psu and constant pressure of 156 dbar [Stern et al., 2013].
Salinity was not measured on this mooring, but the assumed salinity is consistent with previous work in the
area [Robinson et al., 2010]. The position of the ice-ocean interface is then calculated from the ice shelf data
set by extrapolating either a linear gradient from the last two measurements in the ice shelf or a six-point
exponential (consistent with the expected form of the thermal profile). As an approximation, the vertical
spatial resolution of the interface can be estimated by dividing the temperature resolution (0.036°C) by the
thermal gradient at the base of the ice shelf (0.38°Cm�1) and is ~0.10m. DTS-derived temperatures represent
an average over the instrument’s sampling window (~1m). For this study, the last point in the ice shelf was
defined such that ~90% of the spatial sampling window of the instrument was within the ice shelf.

Figure 3 shows the inferred interface depth from the beginning of the deployment through January 2013.
The calculated interface depth is noisy early in the deployment due to both data gaps and the resolution of
the DTS-derived temperatures. The thermal gradient calculated by linearly fitting the closest two temperature
measurements to the interface is more variable in time because of the close proximity to warming at the
interface and the thermal lag time within the ice shelf. The two-point approach captures the transient heat
transfer into the ice shelf more accurately during rapid melting but at a cost of greater uncertainty in the
interface depth by using only two DTS-measured temperatures. The thermal lag time for one-dimensional
conduction of a step change in the boundary condition temperature can be taken approximately as z2 ×D�1

Figure 3. Interpolated ice-ocean interface depths based on thermal gradients within the ice shelf. Interface depths
represent the daily average depth calculated from between four and eight temperature traces taken on the same
day. The two-point linear fit is slightly noisier and is offset from the exponential. Daily melt rates are estimated seasonally
yielding two significantly different melt rates during the Antarctic summer and winter. Melt rates are further discussed in
detail in Table 1.
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where D represents the thermal diffusivity of the ice and z represents the distance where the change
would be recorded. For typical glacial ice, the thermal lag time 1m away from a step change in temperature
is ~10 days, suggesting that the calculated interface locations during periods of rapid melting may
overestimate the true interface location and thereby underestimate the actual melt rate. The exponential fit,
on the other hand, will dampen the transient heat transfer into the ice shelf due to the inclusion of
measurements further from the interface in the fitting.

The migration of the interface location between January 2012 and early April 2012 corresponds to warm
water in the ice shelf cavity (Figure 1). The net change in interface position in the first warming season
(1 January to 1 May) is ~0.8m (192.8m to 192.0m). Between mid-March and April, the basal elevation moves
upward more quickly but then moves downward ~0.1–0.2m before stabilizing at ~192.0m by 1 May. This
apparent “overshoot” is during the period of transition frommaximummelting when the thermal gradient in
the ice shelf may not be equilibrated to the melt rate.

Between 1 May 2012 and 26 December 2012, the interface position moves upward an additional ~0.2m,
implying a much smaller rate of melting corresponding to the winter period when the ocean water column is
coldest and dominated by Ice Shelf Water from the Ross Ice Shelf [Robinson et al., 2010]. On each side of the
winter data gap (May to June and October to December), the melt rates are calculated to be ~1mmd�1.

Melting increases by the end of December 2012. Between late December and 15 January 2013, the interface
moves ~0.15m. The average daily melt rate for this period is 7.6mm d�1 and correlates with the intrusion of
warm water seen in the calibrated ocean data set (Figure 1). The DTS-derived interface migrated upward from
192.76 to 191.71m between 1 January 2012 and 1 January 2013, resulting in a cumulative melt rate of 1.05m yr�1

during 2012.

A further independent estimation of the basal melt rate at this location was determined by fitting the ice shelf
thermal profiles to a steady state constant vertical advection and conduction model with surface
accumulation [Crary, 1961]. Accumulation rates ~7 km northwest of the Windless Bight site are estimated to
be 269± 9 kgm�2 yr�1 [Kruetzmann et al., 2011]. The model was evaluated for the reach of fiber frozen in
place and an accumulation rate of 0.25m yr�1 liquid water. The average modeled basal melt rate for the DTS
record was 1.04 ± 0.008m yr�1, almost identical to that cumulatively measured by the DTS mooring.

Melt rates calculated by Stern et al. [2013] using local ocean temperatures and the turbulent transfer model
of McPhee [2008] estimated the basal melt rate to be 0.71m yr�1. A change in the assumed mixed layer
velocity by 0.01m s�1 changes the average annual melt rate by 0.1m yr�1 for this model. Therefore,
increasing the assumed mixed layer velocity 0.03m s�1 would bring the estimated annual basal melt rate in
line with the rate observed by tracking the ice-ocean interface by DTS.

Seasonal melt rates were determined by linear regressions of the DTS-inferred interface location over specific
periods of time and are summarized in Table 1. Each period was statistically analyzed to determine the
significance of the trend and melt rate. Pearson’s correlation test was used to determine the significance
for each time period.

This approach to calculate basal melting rates assumes the interface temperature to be constant and
representative of the freezing point of the mixed layer salinity. Since the thermal gradient in the ice shelf is

Table 1. Seasonal Melt Rates Based on the Daily Average Interface Locationa

Melt Rate
Average Ocean Temperature

at 50 mb (°C) Number of Recordsc P valueDate Range (mm d�1) (m yr�1)

2 Jan 2012 to 14 Mar 2012 8.6 3.14 �1.74 57 < 0.001
29 Apr 2012 to 18 Jun 2012 1.3 0.48 �1.84 39 0.036
14 Oct 2012 to 21 Dec 2012 1.2 0.43 �1.93 69 < 0.001
29 Apr 2012 to 21 Dec 2012 0.9 0.34 �1.90 110 < 0.001
26 Dec 2012 to 14 Jan 2012 7.6 2.77 �1.87 20 < 0.001

aThe statistical significance of each melt rate regression is evaluated using the Pearson’s correlation coefficient.
bBased on 10m average temperature centered 50m (45m to 55m) below the ice-ocean interface.
cNumber of traces used to evaluate the statistical significance of the regression (P value).
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nearly linear, the interface position will be linearly proportional to the assumed in situ freezing temperature.
The linearized dependence of salinity on the freezing point is -5.7 × 10�2 °C psu�1, and therefore, a difference
of 1 psu in the assumed interface salinity results in a change in the freezing temperature of ~0.06°C, which
is close to the reported resolution of the DTS [Tyler et al., 2013]. For the typical observed thermal gradient
at the base of the ice shelf, a 0.06°C difference in the freezing temperature would equate to an error of
~0.07m in the interface location.

The true position of the interface is ultimately dependent upon the assumed interface freezing temperature
and therefore cannot be known precisely. However, the relative changes in the interface position are
detectable independent of the accuracy of the true ice-ocean interface position. Because of the approximate
linearity of freezing temperature with salinity, the choice of freezing temperature only serves to offset the
true interface position, and the difference in interface position from 1 day to the next will still reflect the rate
of melting. The validity of this argument does break down, however, if the actual interface salinity changes
between measurements. Changes in the interface salinity in time cannot be ruled out without detailed
measurements at the interface which were not available from the mooring. The assumption of constant
interface salinity should be most questionable during periods of rapid basal melting and dilution of interface
water or during changes in mixing with the bulk ocean waters. However, by comparing extrapolated interface
locations seasonally, when the interface salinity can be expected to be similar, errors associated with changes
in interface salinity can be greatly reduced.

Confidence in the measured melt rate under the assumption of constant salinity at the base of the ice shelf is
further supported from measurements of the thermal gradient at the base of the ice shelf. Holland and
Jenkins [1999] demonstrate that the thermal gradient at the base of the ice shelf during melting is expected
to be amplified relative to the case without melting. This enhancement is a function of the melt rate, thermal
diffusivity of ice, and the ice shelf thickness. Using average ice shelf base and surface temperatures of �2°C
and �22°C, an ice shelf thickness of 192m, representative values of thermal diffusivity and the 2011/2012
estimated melt rate of 1.05m yr�1, the conductive gradient (no melting) should be amplified by a factor of
~4 [Holland and Jenkins, 1999, equation (26)]. The conductive gradient without melting, calculated simply as
the difference in surface to base temperature divided by the shelf thickness, at Windless Bight would be
~0.1°Cm�1. We would therefore expect the gradient at the interface to be enhanced to ~0.4°Cm�1.
The average observed gradient over the 14month deployment at the base of the ice shelf is 0.38°Cm�1,
consistent with the value predicted for melting at the interface.

Finally, uncertainties in the interface position may also arise due to rapid changes in the basal melt rate. In the
case of amelting interface, the ice shelf thermal gradient near the ice-ocean interface is continually varying in
time. Under slow and steady melting, thermal conduction within the ice shelf will continually adjust the
gradient. Close to the ice shelf front, the peak basal melting occurs over a short window in the Antarctic
summer consistent with Stern et al. [2013] and Arzeno et al. [2014]. The temperatures measured further from
the interface within the ice shelf during this period of rapid basal melting may not be in thermal equilibrium
and will not yet be equilibrated to the new melt rate. The calculated gradient will be over steepened and will
result in a prediction of greater basal movement than actually occurred. There is possible evidence of this
behavior in Figure 3 in mid-March and April, when the ice shelf appears to thicken from ~191.9m to ~192.1m
at a time when accumulation of frazil ice would be unlikely, although prediction of frazil ice formation is
difficult. As the temperatures in the lower portion of the ice shelf relax to accommodate the smaller basal
melting rates in the winter, the apparent interface location calculated from the gradient migrates back
downward and stabilizes at the apparent winter basal melt rate. However, the annual melt rates, calculated by
comparing basal elevations early in each summer, will be far less affected by thermal disequilibrium as the
melt rate is far slower in the winter months allowing for greater confidence in estimating total annual melt
over any given year period.

5. Conclusions

We have presented observations of ice shelf and ocean thermal profiles from surface based fiber-optic
temperature sensing. Using the evolution of the thermal profile at the ice-ocean interface, the seasonal
basal melting could be estimated and was clearly regulated by the ice shelf cavity water temperatures. The
DTS-derived melt rate compares well with long-term average melt rates reported and modeled for the area.
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This new approach provides for the first time, continuous in situ measurement of basal melting measured
from surface instrumentation. Although DTS systems integrate over length scales at or larger than the
anticipated annual melt rate at Windless Bight, the continuous nature of the measurement allows the
gradient to be calculated with far more certainty than individual point measurements and allows for higher
vertical spatial resolution of the interface. Unlike traditional thermal gradient measurements in ice shelves
used to infer a yearly or average melt rate, the continuous in time temperature measurements within the
ice shelf provides seasonal and annual rate estimates and also showed the maximum melting to coincide
with intrusion of warm waters beneath the ice shelf.

From a practical point of view DTS allows temperature to be measured along the entire mooring and can
“adapt” to the upwardly moving interface. Unlike traditional point sensors whose location is fixed in depth,
the frozen cable slowly exposes itself to the interface and will provide continuous measurements at the
interface. While the instrument used in this study had a 1m sample integration, next generation DTS systems
can sample at intervals of 0.1–0.2m and will provide far better resolution of the gradient at the interface.
This enhanced resolution, combined with potential advances in salinity and current sensing, will allow
opportunity to explore the nature of the thermal boundary layer and melting at the ice-ocean interface.
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