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Abstract A set of collocated, in situ oceanographic and glaciological measurements from Petermann
Gletscher Ice Shelf, Greenland, provides insights into the dynamics of under-ice flow driving basal
melting. At a site 16 km seaward of the grounding line within a longitudinal basal channel, two
conductivity-temperature (CT) sensors beneath the ice base and a phase-sensitive radar on the ice surface
were used to monitor the coupled ice shelf-ocean system. A 6 month time series spanning 23 August 2015
to 12 February 2016 exhibited two distinct periods of ice-ocean interactions. Between August and
December, radar-derived basal melt rates featured fortnightly peaks of ∼15 m yr−1 which preceded the
arrival of cold and fresh pulses in the ocean that had high concentrations of subglacial runoff and glacial
meltwater. Estimated current speeds reached 0.20 – 0.40 m s−1 during these pulses, consistent with a
strengthened meltwater plume from freshwater enrichment. Such signals did not occur between December
and February, when ice-ocean interactions instead varied at principal diurnal and semidiurnal tidal
frequencies, and lower melt rates and current speeds prevailed. A combination of estimated current speeds
and meltwater concentrations from the two CT sensors yields estimates of subglacial runoff and glacial
meltwater volume fluxes that vary between 10 and 80 m3 s−1 during the ocean pulses. Area-average
upstream ice shelf melt rates from these fluxes are up to 170 m yr−1, revealing that these strengthened
plumes had already driven their most intense melting before arriving at the study site.

Plain Language Summary Petermann Gletscher is a large glacier in northern Greenland that
transports 4% of the ice sheet by area into the ocean. At its marine terminus it extends into a 16 km wide
and 50 km long floating ice shelf. The ice shelf has retreated by 30% over the last decade, likely due to
increasing melting of its base. Regions of faster melting result in channels carved into the ice base, where
ice thicknesses are half that of the surrounding ice. Here, we investigate the cause of this melting using
6 months of oceanographic and glaciological measurements from August 2015 to February 2016 in the ice
shelf's central basal channel. We find that under-ice ocean current speeds played the primary role in mixing
ocean heat upward and controlling melting in the channel. During the first 3 months of data, freshwater
periodically flowed from land into the ocean beneath the ice shelf, causing currents to accelerate and
melting to increase. This behavior changed in the second 3 months, when freshwater discharge stopped and
tides instead drove weaker currents and low melting. Hence, the timing of subglacial freshwater outflow
into the ocean controlled when the ice shelf experienced the strongest melting in its central basal channel.

1. Introduction
Marine-terminating outlet glaciers play a key role in the mass balance of the polar ice sheets (e.g., Holland
et al., 2008). They transport ice from the center of the ice sheets to their marine margins, where the
ice then interacts with warm ocean water and a seasonally warm atmosphere. In an equilibrium state,
the ice sheets gain mass through snowfall at the same rate that they lose mass through atmosphere and
ocean-forced melting and calving of their outlet glaciers. Geothermal and frictional heat at the base of these
fast-flowing glaciers also drive melting and remove mass from the ice sheet (Joughin et al., 2003). Stud-
ies found that the Greenland (Mouginot et al., 2019) and Antarctic (Shepherd et al., 2018) ice sheets are
presently not in equilibrium, but are losing mass, largely due to excess melting and calving at their marine
termini (Adusumilli et al., 2020; Enderlin et al., 2014; Pritchard et al., 2012; Rignot & Kanagaratnam, 2006;

RESEARCH ARTICLE
10.1029/2020JC016427

Key Points:
• Concurrent measurements of

melt rate and hydrography under
Petermann Gletscher Ice Shelf
reveal dynamics of ice shelf melting

• Maximum melt rates occur during
periods of elevated buoyant
under-ice flow rather than when
ocean temperatures are greatest

• Initiation of buoyant flow is
modulated at the grounding line
by the spring-neap tidal cycle and
seasonality in subglacial runoff

Correspondence to:
P. Washam,
pwasham3@gatech.edu

Citation:
Washam, P., Nicholls, K. W.,
Muenchow, A., & Padman, L. (2020).
Tidal modulation of buoyant flow
and basal melt beneath Petermann
Gletscher Ice Shelf, Greenland.
Journal of Geophysical Research:
Oceans, 125, e2020JC016427. https://
doi.org/10.1029/2020JC016427

Received 20 MAY 2020
Accepted 28 SEP 2020
Accepted article online 1 OCT 2020

©2020. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction in
any medium, provided the original
work is properly cited.

WASHAM ET AL. 1 of 19

http://publications.agu.org/journals/
https://orcid.org/0000-0001-8861-520X
https://orcid.org/0000-0002-2188-4509
https://orcid.org/0000-0001-8360-5686
https://orcid.org/0000-0003-2010-642X
https://doi.org/10.1029/2020JC016427
https://doi.org/10.1029/2020JC016427
https://doi.org/10.1029/2020JC016427
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JC016427&domain=pdf&date_stamp=2020-10-13


Journal of Geophysical Research: Oceans 10.1029/2020JC016427

Smith et al., 2020; van den Broeke et al., 2009). Excess melting erodes the marine termini of the ice sheets'
outlet glaciers, which reduces their ability to buttress the seaward flow of ice (e.g., Dupont & Alley, 2005;
Thomas & Bentley, 1978). When this occurs, the outlet glaciers accelerate, transport more ice into the ocean,
and consequently contribute to global sea level rise. Estimates of ice sheet mass loss reveal that Green-
land contributed 13.7± 1.1 mm to global sea level rise between 1972 and 2018 (Mouginot et al., 2019), and
Antarctica contributed 7.6± 3.9 mm between 1992 and 2017 (Shepherd et al., 2018).

Oceanographic and glaciological measurements provide valuable insight into how the ocean and ice sheet
interact (e.g., Jenkins et al., 2010). Long-term glaciological measurements from instruments deployed
on the ice sheet surface are scarce; most estimates of ice surface elevation change and velocity come
from remote sensing by satellite (Joughin et al., 2010; Rignot et al., 2014; Smith et al., 2020) or aircraft
(Dow et al., 2018; Münchow et al., 2014; Rignot et al., 2013). While these remotely sensed measurements
reveal large-scale trends in ice sheet variability, their coarse temporal resolutions do not capture varia-
tions across the broad range of time scales over which ocean processes influence ice sheet change. High
temporally resolved, long-term surface-based measurements of ice thickness from phase-sensitive radars
(e.g., Vaňková et al., 2020) and ice velocity from global positioning systems (e.g., Rosier & Gudmundsson,
2020) have exposed some of these processes on both grounded and floating ice.

Extended time series of ocean conditions near or underneath ice shelves, or at tidewater glacier calving
fronts, are also uncommon. Most ocean measurements come from ship-based conductivity-temperature-
depth (CTD) surveys in the adjacent water column, such as those provided by Johnson et al. (2011) for
Petermann Fjord. However, floating ice shelves and iceberg-clogged fjords often prevent these CTD sur-
veys from sampling the ocean close to the glacier's grounding line where considerable mass is lost through
ocean-forced ice melt (e.g., Rignot & Jacobs, 2002). Furthermore, heavy sea ice and extreme winter tem-
peratures often restrict ship-based work to summer and may thus introduce a seasonal bias to these data
(Jackson et al., 2014, 2018; Webber et al., 2017).

One approach to collect long-term ocean time series near glacier grounding lines is to drill a borehole
through an ice shelf using pressurized hot water, then deploy instruments through the borehole along a
mooring line that is tethered to the ice shelf surface. The mooring line freezes into the ice shelf, which pre-
vents recovery of these instruments. Data acquisition hence relies on communications cables running from
the ocean, through the ice shelf, to a data logger on the surface. This approach has been successfully used
to collect multiyear ocean time series beneath various Antarctic ice shelves (e.g., Hattermann et al., 2012;
Herraiz-Borreguero et al., 2013; Nicholls & Østerhus, 2004; Stewart et al., 2019). One of the strengths of
this approach is that it allows ocean instruments to be deployed in close proximity to the ice base, so that
interactions between the ocean and the ice shelf can be monitored.

Very few ice shelves remain in Greenland, and those that do are experiencing ongoing retreat and breakup
(Hill et al., 2018). This type of mooring has, therefore, not been utilized as extensively in Greenland as
in Antarctica. Indeed, only four sub-ice-shelf moorings have been deployed in Greenland: one beneath
Nioghalvfjerdsrae Ice Shelf in the northeast (Lindeman et al., 2020) and three beneath Petermann Gletscher
Ice Shelf (PGIS) in the north (Münchow et al., 2016; Washam et al., 2018, 2019). We here report on ocean
time series data from two SBE 37-SM Microcat Conductivity-Temperature (CT) sensors located along one
of these mooring lines beneath PGIS within 5 and 25 m of the ice base. In conjunction with the ocean data,
we also present ice shelf melt rates acquired using an Autonomous phase-sensitive Radio-Echo Sounder
(ApRES) collocated on the ice shelf surface. By relating signals in the ocean and melt rate data, we obtain
a detailed view of the dynamic interaction between one of Greenland's last remaining ice shelves and the
ocean beneath it.

2. Petermann Gletscher
Petermann Gletscher is the largest outlet glacier in northern Greenland (Mouginot et al., 2019), draining 4%
of the ice sheet, by area, across its grounding line into Petermann Fjord (Münchow et al., 2014) (Figure 1)
at a nominal speed of 1,200 m yr−1 (Münchow et al., 2016). Historically, Petermann Gletscher extended in
a 70 – 80 km long ice shelf, but major calving events in 2010 and 2012 shortened it to 50 km (Münchow et
al., 2014). The aqua line in Figure 1a represents the ice shelf terminus in 2009, before recent calving events.
Prior to calving, the ice shelf thinned by 3 – 5 m yr−1 over the 2003–2010 period (Münchow et al., 2014).
This likely resulted from stronger ocean-forced melting along the ice shelf base but could have also arisen
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Figure 1. (a) Landsat 8 image from 12 August 2015 displaying Petermann Gletscher Ice Shelf in northern Greenland.
The burgundy square indicates the location of our study site, the burgundy line marks a section of a 2015 Operation
Icebridge flight line, the black line represents the glacier's grounding line, the aqua line denotes the ice shelf terminus
in 2009, and the + markers show the locations of other study sites from Washam et al. (2019). Panels (b) and (c)
provide context to the larger geographic region, with the catchment of Petermann Gletscher from Mouginot and Rignot
(2019) denoted. The blue square in (c) shows the location of the Discovery Harbor tide gauge, and the yellow stars
indicate the locations of bathymetric sills that separate the Lincoln Sea, Nares Strait, and Petermann Fjord.

from intensified atmospheric-forced melting of the ice surface during summer (Rignot et al., 2001; Rignot
& Steffen, 2008). Relatively warm and saline water of Atlantic origin underlies PGIS (Johnson et al., 2011;
Münchow et al., 2016; Washam et al., 2018). This dense Atlantic Water (AW) flows over a 290 m sill from
the Lincoln Sea of the Arctic Ocean into Nares Strait, then spills over a 440 m sill from Nares Strait into
Petermann Fjord (Jakobsson et al., 2018) (Figure 1c). Once in the fjord, the AW extends from ∼500 m to the
seafloor (Johnson et al., 2011), which reaches a depth of up to 1,200 m (Washam et al., 2018). Petermann
Gletscher's grounding line rests at 500 – 600 m below sea level (Rignot et al., 2001), within this deep layer
of relatively warm AW. The ocean heat in this layer contributes to rapid basal melting near the glacier's
grounding line, with annual rates of up to 50 m yr−1 (Wilson et al., 2017). Areas of concentrated melting in
this region form inverted channels that quickly carve into the ice base, then extend and deepen seaward,
parallel to glacier flow (Rignot & Steffen, 2008; Wilson et al., 2017) (Figure 2a). Washam et al. (2019) revealed
that the discharge of meltwater across the grounding line played an integral role in modulating basal melt
rates at a location in one of these channels. We here extend those analyses by estimating the under-ice
current speeds associated with this buoyancy-driven flow, as well as those related to tides, as a direct driver
of flow and as an impetus of internal wave excitation over topographic slopes. Finally, we combine these
estimates with meltwater concentrations to obtain seaward meltwater volume fluxes and area-averaged melt
rates along the upstream section of the ice shelf channel.
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Figure 2. (a) The 5 May 2015 Operation Icebridge airborne ice penetrating radar profile across the PGIS central
channel approximately 3.5 km upstream from our study site (see Figure 1 for location), where black squares correspond
to the depths of CT sensors along the mooring line and the ApRES location is denoted (10 m lateral distance from
mooring), as well as sea level. (b) Upper portion of the channel (represented by box in (a)), where CT sensor depths are
indicated, and the dashed triangle represents the area used for flux calculations in section 5.2. (c) Diagram of a model
subglacial conduit at the PGIS grounding line that feeds the downstream ice shelf channel.

3. Data and Methods
3.1. Field Observations

We quantify ice-ocean interaction beneath PGIS at a site about 16 km from the grounding line in the ice
shelf's central basal channel (Figures 1 and 2a). To do this, we exploit collocated, hourly measurements
of oceanic properties and local melt rates at the base of the ice shelf. Oceanic properties come from two
SBE 37-SM Microcat CT sensors deployed at 95 and 115 m depth, initially about 5 and 25 m from the ice
base (Figure 2b). A CTD profile collected shortly before these sensors were deployed revealed a 10-m-thick
well-mixed layer below a sharp pycnocline located within 1 m of the ice-ocean interface (Figure 3). Ocean
properties freshened substantially and cooled slightly upward along this pycnocline to reach a temperature
of 1.16◦C above the local freezing point at 0.20 m below the ice base, after which they warmed and freshened
rapidly due to mixture with the borehole water (contaminated measurements not shown in Figure 3).

The distance between our CT sensors and the ice base increased by 1.00± 0.10 m over 6 months due to
ocean-driven basal melting (Figure 3). We monitored these basal melt rates with an ApRES on the ice surface
following the methodology of Nicholls et al. (2015). The ApRES was located close to (∼10 m away from)
the ocean mooring borehole (Figure 2a) to ensure measured melt rates were consistent with measured and
inferred local ocean properties. Melt rate uncertainties are ±0.3 m yr−1 and result from related uncertainties
in the vertical strain rate (Washam et al., 2019).

Estimates of tidal displacement come from analyses of data recorded every 3 hr between 2003 and 2012 by
a Paroscientific pressure sensor that was moored 125 km northwest of PGIS in Discovery Harbor Canada
(Münchow & Melling, 2008) (Figure 1c). Predictions based on 38 tidal constituents derived from this
time series made at an hourly interval are consistent with simulated tides in Petermann Fjord from a
high-resolution tide model (Padman et al., 2018). Furthermore, comparison between these predictions and
short-term observations of ice shelf tidal displacements from kinematic GPS reveal that the dominant M2
tide registered similar amplitudes between sites and took only 15 min to travel from Discovery Harbor
to PGIS (Münchow et al., 2016). For further details regarding the design of the study site, sensor errors,
processing of ApRES data, and validity of these tidal estimates, see Washam et al. (2019).
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Figure 3. Vertical profiles of conservative temperature above in situ freezing (Θ−Θf ), absolute salinity (SA), and
stratification frequency (N) within 25 m of the ice base from a continuous CTD profile collected in August 2015.
Overlaid on this is the position of our CT sensors in the water column relative to the ice base at the time of deployment
(August 2015) and at the end of the data record (February 2016).

3.2. Estimating Current Speeds With an Ice-Ocean Boundary Layer Parameterization

We assume that vertical shear between ocean mixed layer currents and the ice shelf base dictates the tur-
bulent vertical flux of ocean heat and salt and therefore the ice shelf melt rate (Jenkins, 1991). As we did
not obtain direct measurements of ocean mixed layer currents, we estimate them by inserting our measured
temperatures, salinities, and basal melt rates into the boundary layer parameterization described by Holland
and Jenkins (1999). This yields a time-varying ocean current speed, potentially driven by a combination of
buoyancy, tides, wind stress acting outside of the sub-ice shelf cavity, and eddies (e.g., Jenkins, 2011; Mack
et al., 2019; Makinson & Nicholls, 1999).

The boundary layer parameterization (Holland & Jenkins, 1999) is as follows:

ΘB = aSAB
+ b + cpB, (1)

ΔQT = QT
O − QT

I = QT
Latent, (2)

ΔQS = QS
O − QS

I = QS
Fresh. (3)

In Equation 1, ΘB, SAB
, and pB represent the respective conservative temperature, absolute salinity, and

pressure at the ice-ocean boundary (conservative temperature and absolute salinity are hereafter referred
to as temperature and salinity), and a = −5.73 × 10−2◦C/(g kg−1), b = 9.39 × 10−2◦C, and c = −7.53 ×
10−8◦C Pa−1 are considered constants. In this relationship ΘB must be at the freezing point. Considerable
difficulty surrounds the measurement of these properties because a stratified boundary layer with a virtually
unresolvable mm-thick viscous sublayer separates the ice base from the ocean mixed layer. We therefore
solve for the ice-ocean boundary properties using the above equations. Our method is explained below.

In Equation 2, ΔQT represents the divergence of the vertical sensible heat flux at the ice shelf base, which
is the difference between the ocean heat flux QT

O into the ice base and the conductive heat flux through the
ice shelf QT

I . The resultant sensible heat flux equals the latent heat QT
Latent removed during melting:

QT
Latent = 𝜌iLF

.m, (4)

WASHAM ET AL. 5 of 19



Journal of Geophysical Research: Oceans 10.1029/2020JC016427

where 𝜌i = 918 kg m−3 is the density of ice, LF = 3.34× 105 J kg−1 is the latent heat of fusion, and .m denotes
the measured basal melt rate at our study site ( .m > 0 for melting). We use Equation 1 of Jenkins et al.
(2010) to compute QT

O:

QT
O = 𝜌wcpu∗ΓT(Θ − ΘB), (5)

where cp = 3,974 J kg−1◦C−1 is the specific heat capacity of cold seawater, and 𝜌w and Θ represent the density
and temperature of seawater in the ocean mixed layer, measured by our upper CT sensor at approximately
5 m below the ice base (95 m depth). The friction velocity u∗ is the kinematic stress at the ice-ocean interface,
and the nondimensional turbulent heat transfer coefficient ΓT parameterizes the turbulent mixing of ocean
heat across the stratified boundary layer and viscous sublayer into contact with the ice base. As will be shown
below in Equation 9, u∗ is a function of ocean mixed layer currents; therefore, the dependence of QT

O on u∗
establishes our ability to retrieve current speeds from concurrent measurements of hydrographic properties
and basal melt rates.

We use Equation 6 of Holland and Jenkins (1999) to compute QT
I :

QT
I = 𝜌icpi

𝜅T
i
𝛿Ti

𝛿z
||||B, (6)

where cpi
= 2,009 J kg−1◦C−1 represents the specific heat capacity of the ice shelf and 𝜅T

i = 1.14× 10−6 m2 s−1

is the molecular thermal diffusivity of the ice shelf. We compute the nonlinear temperature gradient through
the ice shelf

(
𝛿Ti
𝛿z
|||B
)

using Equations 23, 26, and 31 of Holland and Jenkins (1999). This method consid-
ers a reduced form of Equation 19 of Holland and Jenkins (1999), where constant vertical advection and
diffusion is assumed, as well as a steady state. The steady state assumption follows the justification that for
short time scales thickness changes are negligible compared with the total ice shelf thickness. This tempera-
ture gradient depends on the melt rate, thickness, and surface temperature of the ice shelf. Here we consider
an ice shelf thickness of 100 m, an ice base temperature equal to the time-varying ΘB, and an ice surface
temperature of −18◦C, which represents the median air temperature at our study site from an atmospheric
temperature probe (Washam et al., 2019). After solving for ΘB (explained below), we find that QT

I varies
considerably over the range of melt rates considered here (0 to 17 m yr−1) but always scales at ∼12% of QT

O.

In Equation 3, ΔQS represents the vertical salt flux divergence at the ice-ocean interface, where QS
O is the

upward salt flux from the ocean and QS
I is the diffusive salt flux through the ice shelf, which we set to 0.

Hence, the upward salt flux from the ocean equals the downward freshwater flux required to maintain the
ice-ocean boundary salinity in the presence of melting QS

Fresh:

QS
Fresh = 𝜌i

.m(SAB
− SAi

), (7)

where SAi
represents the salinity of glacial ice that is 0 g kg−1. We use Equation 5 of Jenkins et al. (2010) to

compute QS
O:

QS
O = 𝜌wu∗ΓS(SA − SAB

), (8)

where SA denotes the salinity of seawater approximately 5 m below the ice base in the ocean mixed layer and
ΓS is the nondimensional salt transfer coefficient, which is typically much smaller than the heat transfer
coefficient due to dominant molecular diffusive processes in the viscous sublayer (Steele et al., 1989). Here
we relate the heat and salt transfer coefficients with the previously published u∗ΓT/u∗ΓS ratio of 25 (Jenkins,
1991; McPhee et al., 1987).

A combination of the above equations leads to a quadratic expression for either the combined unknown
parameter u∗ΓT or the melt rate that can be solved for without prior knowledge of ice-ocean interface condi-
tions. We first seek a best fit value for u∗ΓT by tuning this expression to six peaks in our observations of basal
melt rates that preceded cold and fresh ocean meltwater pulses (Figure 4). In order to do this, we compute
the friction velocity with the quadratic stress formula of McPhee (1979):

u2
∗ = CDU2, (9)

where the mixed layer current speed U equals an advective plume speed of 0.23 m s−1 that was derived from
cross spectral phase lags for the ocean meltwater pulses traveling from another study site near the grounding
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Figure 4. (a) The 23 August 2015 to 11 February 2016 ice shelf basal melt rate, (b) predicted Discovery Harbor tidal
fluctuations, ocean mixed layer and ice-ocean boundary (c) temperature (Θ,ΘB) and (d) salinity (SA, SAB

), and
(e) estimated ocean mixed layer current speeds from the Holland and Jenkins (1999) parameterization (section 3.2).
The additional time series labeled “lower” in (c) and (d) represents temperature and salinity at the lower CT sensor,
∼25 m below the ice base. Solid vertical gray lines underline melt rate peaks that immediately precede cold and fresh
ocean meltwater pulses. The vertical dashed gray line partitions Period 1 (23 August to 8 December 2015) from Period 2
(8 December 2015 to 11 February 2016), and the horizontal dashed line in (e) represents the 0.23 m s−1 average
propagation speed for meltwater pulses (Washam et al., 2019).

line, to the site of interest for this study, then to locations further downstream (Washam et al., 2019); see
Figure 1a for other study site locations. More specifically, 85% of the variance in the upper ocean CT data
at the grounding line site (13 km upstream) correlated with the 115 m CT data from this study site at the
principle meltwater pulse frequency of 0.07 cpd (∼14 day period). This signal occurred first at the grounding
line site, with a 19◦ phase or 16 hr time lag, resulting in the 0.23 m s−1 advective plume speed. Note that this
speed represents an average propagation rate for the meltwater pulses between these two sites, which may
differ from the local mixed layer current speed at the the time of their arrival to the site of interest here.
As no other information on ocean currents at this site exists, we treat this speed as a best estimate of local
conditions and use it to tune the above equations.

The incorporation of an estimate for U reduces the unknown parameter for these events to C1∕2
D ΓT , an

expression referred to as the Thermal Stanton number. We use a range of Thermal Stanton numbers to com-
pute melt rates during the six melt rate peaks and select an initial value that produces calculated melt rates
closest to our measurements. Differences between calculated and measured melt rates are then attributed
to variations in U. We address these variations by considering the Thermal Stanton number along with
the instantaneous measured melt rate at the arrival time of the six ocean meltwater pulses, then choos-
ing the Thermal Stanton number that produces a median U equal to the 0.23 m s−1 advective plume speed
of Washam et al. (2019). This yields a Thermal Stanton number of 2.18× 10−4, which converts to a Haline
Stanton number C1∕2

D ΓS of 8.70 × 10−6 when we employ a u∗ΓT/u∗ΓS ratio of 25 (Jenkins, 1991; McPhee
et al., 1987). These values lie toward the lower end or below the two prior sub-ice shelf observations:
C1∕2

D ΓT = 0.0011, C1∕2
D ΓS = 3.1 × 10−5 (Ronne Ice Shelf: Jenkins et al., 2010) and C1∕2

D ΓTS = 0.87 × 10−4

(Ross Ice Shelf: Begeman et al., 2018), where ΓTS represents an identical transfer coefficient for heat and
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salt. This is consistent with a level of boundary layer stratification beneath PGIS from high melt rates and
subglacial runoff that was not present beneath the Ross and Ronne ice shelves.

After obtaining C1∕2
D ΓT and C1∕2

D ΓS values from a subset of the data, we employ them to compute a time series
of U for the entire data record. This is accordingly used to solve for the time-varying interfacial salinity, then
temperature, considering an ice base pressure that decreases over the record with the integrated ApRES melt
rate. Finally, these values are returned to the heat (Equations 2 and 4 – 6) and salt (Equations 3, 7, and 8)
conservation equations to confirm that computed ΔQT and QS

O flux rates equal the respective QT
Latent and

QS
Fresh rates.

4. Results
4.1. Melt Rate Response to Ocean Mixed Layer Conditions

Time series of basal melt rates and ocean mixed layer properties depict two distinct periods of ice-ocean
interactions during the 6 months of data (Figure 4). The first 3.5 months (23 August to 8 December 2015)
are characterized by melt rates between ∼0 and 17 m yr−1 (Figure 4a), which varied in magnitude in relation
to the phase of the ∼14 day spring-neap tidal cycle. Melt rates typically ranged from 2 to 6 m yr−1 during
spring tidal amplitudes of ∼1 m (Figure 4b), when the ocean mixed layer was relatively warm (Θ = −0.80
to −0.40◦C) and saline (SA = 34.20 to 34.60 g kg−1), and estimated current speeds were moderate (U = 0.02
to 0.06 m s−1) (Figures 4c – 4e). During this time the temperature gradient across the boundary layer, that
is, the thermal forcing, was large (Θ − ΘB = 0.80 to 1.00◦C); however, the boundary layer was strongly
stratified, with calculated interfacial salinities between 26 and 27 g kg−1, or 7.20 to 8.60 g kg−1 lower than
those measured 5 m below in the ocean mixed layer.

As the tidal range declined toward neap conditions, large melt peaks of ∼15 m yr−1 occurred, concurrent
with short-duration spikes in estimated current speed of up to 0.40 m s−1. These melt peaks preceded cold
and fresh pulses in the ocean, where mixed layer hydrographic properties dropped to Θ − ΘB = 0.25◦C
and SA = 33.50 g kg−1 for several days to over a week. Hydrographic properties at the lower CT sensor
also cooled and freshened significantly during these events (Figures 4c and 4d), indicating that the large
anomalies reached to at least 25 m below the ice base. Washam et al. (2019) analyzed these ocean pulses and
found that they contained up to 4.7± 0.2% total freshwater: 2.8± 0.1% had derived from meltwater on the
grounded glacier that discharged into the ocean across the grounding line (subglacial runoff, denoted SR),
and 1.9± 0.1% was produced by ocean-driven melt along the underside of the ice shelf (glacial meltwater,
denoted GMW). We infer that the swift estimated current speeds associated with these meltwater pulses led
to large shear across the boundary layer, which eroded stratification and raised estimated boundary salini-
ties to ∼30 g kg−1. Following this short period of elevated ice-ocean interaction, currents speeds weakened,
and a wake of cold and fresh water was left in the mixed layer, leading to near-zero melt rates. These con-
ditions persisted until tidal amplitudes increased and melt rate and ocean behavior typical of spring tidal
amplitudes returned, except during the last event. Over the 3.5 months, six melt peaks occurred, which were
each immediately followed by a meltwater pulse.

After the final meltwater pulse, melt rates reduced to ∼0 to 5 m yr−1 for the 8 December 2015 to 11 February
2016 period. Ocean mixed layer properties during this time appeared much different than Period 1, with
cooler and fresher conditions (Θ−ΘB = 0.10 to 0.80◦C, SA = 33.20 to 34.20 g kg−1) occurring in spring tides
and warmer and saltier (Θ − ΘB = 1.00◦C, SA = 34.50 g kg−1) conditions in neap tides. In addition to this
phase switch relative to the spring-neap tidal cycle, the nature of ice-ocean variability completely changed
during this second part of the record. Melt rates in this period exhibited primarily diurnal fluctuations,
with amplitudes of up to 5 m yr−1 that generally followed the spring-neap tidal cycle. Ocean mixed layer
conditions also experienced diurnal oscillations that more closely followed the spring-neap tidal cycle than
did the melt rate, with large amplitude variations of 1◦C and 1 g kg−1 during spring tides and much smaller
oscillations of 0.10◦C and 0.10 g kg−1 during neap tides. Oscillations of smaller amplitude also occurred at
the same time in temperature and salinity data 20 m lower in the water column, revealing that these signals
were not simply a function of the upper sensor moving in and out of the mixed layer. Estimated mixed layer
current speeds during this time also followed the spring-neap tidal cycle, with average amplitudes ranging
from ∼0.05 m s−1 during spring tides to <0.01 m s−1 during neap tides. These current fluctuations notably
affected stratification, with estimated salinity differences across the boundary layer ranging from 1.00 to
7.50 g kg−1 during large amplitudes and 8.40 to 8.80 g kg−1 during low amplitudes. Note that the current
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Figure 5. (a) Autopower spectra for melt rate and ocean mixed layer Θ, SA, and estimated U data from Period 1
(left panel) and Period 2 (right panel). (b) Cross-power spectra between melt rate and Θ, SA, and U data. Vertical gray
lines indicate frequencies associated with principal tidal constituents (K1 = 1.01 cpd, O1 = 0.93 cpd, S2 = 2.00 cpd,
M2 = 1.93 cpd) and melt rate peaks (0.07 cpd, ∼14 day period) from Figure 4.

speeds estimated for Period 2 are higher than simulated barotropic (depth-averaged) tidal current speeds
at our site (Padman et al., 2018), which reach only 0.01 m s−1 during spring tides and are negligible during
neap tides. A possible mechanism to explain this discrepancy in speed is described in section 5.1.

The above estimates of current speed and interfacial temperature and salinity hinge on the choice of constant
Thermal and Haline Stanton numbers for the full data record. While the lack of measured current speeds
and upper ocean hydrographic vertical resolution necessitated this assumption, the implementation of con-
stant turbulent heat and salt transfer coefficients during variable melt and mixed layer conditions could
have led to inconsistencies in the estimated variables. Stanton numbers are likely most accurate during the
melt rate peaks at the arrival time of meltwater pulses, as these events were used to tune the boundary layer
parameterization equations, but the efficiency of turbulent mixing of heat and salt across the boundary layer
varies with the degree of upper ocean stratification. In periods of high thermal forcing and low melting such
as Period 1 background conditions, increased stratification would potentially reduce the efficiency of turbu-
lent mixing. This would lower the Stanton numbers relative to those estimated here, which would require
a combination of higher current speeds and higher interfacial salinities (weaker stratification) to drive the
observed melt rates. This could indicate that our estimated currents and interfacial salinities are biased low
and our interfacial temperatures are biased high during this section of the record. In contrast, in periods of
colder and fresher ocean conditions and low melting such as during Period 2 spring tides, decreased stratifi-
cation would potentially increase the efficiency of turbulent mixing. This would raise the Stanton numbers
relative to those estimated here, which would require a combination of lower current speeds and higher
interfacial salinities (weaker stratification) to drive the observed melt rates. This could indicate that our
estimated currents and interfacial temperatures are biased high and our interfacial salinities are biased low
during this section of the record.

Autopower spectra of the data from these two periods reveal the distribution of variability at discrete time
scales in the ice shelf basal melt rate, ocean mixed layer hydrographic properties, and estimated current
speeds (Figure 5a). When compared, the melt rate and ocean spectra from Period 1 display higher variability
at frequencies lower than one cycle per day (cpd) than during Period 2. This is highlighted by the spike in all
four spectra at 0.07 cpd (∼14 day period), the dominant frequency of the melt rate peaks and ocean meltwater
pulses in Period 1 (Figure 4). This signal is not present during Period 2; instead, spectral peaks appear in the
data at the principal diurnal (K1 = 1.01 cpd, O1 = 0.93 cpd) and semidiurnal (S2 = 2.00 cpd, M2 = 1.93 cpd)
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tidal frequencies. While these frequencies dominate variability during Period 2, melt rate spectra in Period
1 register comparable diurnal levels and higher semidiurnal levels than Period 2. However, elevated Period
1 background melt rate variance masks these signals, which suggests different regimes between periods.
The ocean spectra corroborate this, as diurnal and semidiurnal levels are much lower during Period 1 than
Period 2.

Cross-power spectra confirm that the basal melt rate did indeed covary with the mixed layer hydrographic
properties (Figure 5b), as spectral peaks are visible at the frequencies of interest from both periods. The melt
rate also covaried with the estimated current, which is unsurprising as this variable was derived from the
melt rate and hydrographic property time series. Note that the cross-power spectra between the melt rate
and Θ, and the melt rate and SA closely align with one another. This is consistent with highly correlated
variability of Θ with SA in the mixed layer.

5. Discussion
5.1. Influence of Buoyancy Forcing and Tides on Under-Ice Currents and Melting

The lack of semidiurnal and diurnal tidal variations in estimated ocean currents during Period 1 suggests
that some other component dominated flow beneath the ice shelf during this time. The higher speeds in
Period 1 compared with Period 2 further demonstrate that this other component contributed significantly
to under-ice currents and the resultant ocean-forced melt (Figure 4). Washam et al. (2019) attributed this
component of flow to buoyancy forcing imparted by high concentrations of fresh SR and GMW in the ocean
mixed layer during this time. The effect of buoyancy forcing on current speeds and ocean-driven melt is
clearest during the six cold and fresh ocean pulses in Period 1 (Figure 4). Washam et al. (2019) show that
discharge of SR across the grounding line stimulates these pulses and strengthens the buoyant meltwater
plume in this region. The plumes then continue to accumulate freshwater as they travel seaward through
input of GMW into the water column from melting. At our site, the spikes in current speeds and melt rates
preceding the arrival of these pulses reveal that this additional buoyancy from SR and GMW greatly impacts
ice-ocean interactions. To investigate the dynamics of how accelerated buoyancy-driven currents induced
stronger ocean-forced melt, we focus on 1 day snapshots of the melt rate, tide, current speed, mixed layer
thermal forcing, and GMW and SR concentration during the six meltwater pulses from Period 1 (Figure 6).

In each event, melt rates (Figure 6a) began to rapidly rise in phase with the estimated current speed
(Figure 6c) about 8 hr before the local maximum melt rate, which typically occurred around low tide
(Figure 6b). Mixed layer thermal forcing (Figure 6d) dropped over this time due to increased concentrations
of cold (and fresh) GMW, as well as fresh SR (Figures 6e and 6f). These colder and fresher conditions began
to lower the local melt rate even though currents continued to rise to a maximum that aligned with the
arrival of the meltwater pulse, when mixed layer thermal forcing registered about 0.5◦C lower than 12 hr
previously, and GMW and SR concentrations significantly increased. After the front of this strengthened
plume advected past our site, currents weakened, and a wake of cold and fresh water remained in the mixed
layer, which led to low melt rates.

This pattern of buoyancy-enhanced melt held true for five of the six meltwater pulses; however, the sixth
pulse exhibited a different structure, as thermal forcing was already low, meltwater concentrations were
high, and the peak current speed preceded the peak melt rate. This event marked a maximum current speed
of 0.40 m s−1 and occurred as tidal amplitudes were increasing, rather than decreasing or at a minimum
(Figure 4).

Washam et al. (2019) noted that the concentration of fresh SR and GMW during background or nonpulsed
conditions gradually declined from August to December 2015, which weakened buoyant flow over this
time. Our estimated current speeds during these background hydrographic conditions (Θ − ΘB = 0.80 to
1.00◦C, SA = 34.20 to 34.60 g kg−1) decreased from ∼0.06 m s−1 in late August to ∼0.03 m s−1 in December
(Figures 4c – 4e). Eventually these currents abated to a point where they no longer dominated flow, and
regimes shifted suddenly on 8 December 2015, when melt rates and ocean properties began to oscillate at
diurnal tidal periods (Figures 4, 5, and 7).

In Period 2 the ocean mixed layer oscillations at our study site are diurnal (Figures 7c–7e) even
though semidiurnal tides dominate in pressure (Figure 7b), current speeds in the adjacent Nares Strait
(Davis et al., 2019; Münchow & Melling, 2008), and the vertical motion of the ice shelf itself (Münchow
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Figure 6. (a) The 24 hr structure of the six melt rate peaks underlined in gray in Figure 4. (b) Predicted Discovery
Harbor tidal fluctuations. (c) Estimated ocean mixed layer current speeds for these melt rates. (d) Ocean mixed layer
thermal forcing, (e) glacial meltwater (GMW), and (f) subglacial runoff (SR) concentrations at 95 m depth. Figure
panels center on the local maxima for estimated current speeds, which are marked by vertical gray lines. For details
regarding the calculation of GMW and SR concentrations see Washam et al. (2019).

et al., 2016). One would expect the opposite to occur during weak or absent background flow, as vertical
mixing is a function of speed which peaks twice during an oscillating current. Diurnal tidal oscillations in
such an environment produce semidiurnal signals in current speed and semidiurnal tides produce a 4 cpd
signal in speed. Since we instead observe a dominance of diurnal energy in Period 2, we propose that an
internal wave process is responsible for the observed diurnal mixed layer variability during this time.

Freely propagating internal waves exist only for periods less than the inertial period 2𝜋
𝑓

(Gill, 1982), which
in our study area equals about 12.16 hr. Petermann Fjord thus resides poleward of the so-called “critical
latitude” and propagating internal tidal waves decay exponentially away from their generation site for all
diurnal and most semidiurnal tides (Makinson et al., 2006; Robertson et al., 2017). Internal tidal oscilla-
tions at subinertial frequencies can therefore only reach the ice shelf as baroclinic Kelvin or topographic
Rossby waves that require a vertical wall or sloping bottom, respectively (Gill, 1982). While Sun et al. (2019)
attributed observed subinertial diurnal oscillations in the basal melt rate along the grounding line of the
broad Roi Baudouin Ice Shelf, Antarctica to topographic Rossby waves, we posit that the steep and narrow
Petermann Fjord may more likely facilitate baroclinic Kelvin waves. We speculate that the diurnal baroclinic
waves are generated by the diurnal barotropic tide traveling across the fjord sill, approximately 65 km sea-
ward of our study site. When early-winter deepening of the upper mixed layer pycnocline in this uncovered
portion of the fjord allowed this interface to reach the approximate depth range of our sensors, these waves
could then travel along the interface and drive the observed ice-ocean interactions at our site. Indeed, an
18 hr ship-based survey of tidal currents at the fjord sill during summer revealed an intensified flow focused
at the approximate depth of the upper mixed layer pycnocline, although it was assumed to be a result of the
semidiurnal tide (Johnson et al., 2011; their Figure 6). The phase speed of a mode-1 baroclinic Kelvin wave
is c = ND

𝜋
, which we estimate from the CTD profile taken beneath the ice shelf prior to mooring deploy-

ment (Figure 3). Considering a typical value of N = 0.025 s−1 within D = 25 m of the ice base produces
c = 0.20 m s−1. A wave traveling at this speed would take 3.5 days to reach our study site from the fjord
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Figure 7. As in Figure 4, except only for Period 2 (8 December 2015 to 11 February 2016). Vertical gray lines underline
the maximum tidal range during each spring-neap cycle.

sill, which is consistent with observations in Period 2 when the largest fluctuations in the ice-ocean system
generally lagged maximum tidal amplitudes (Figure 7).

The steeply sloping walls of Petermann Fjord (500 m drop over 1,000 m distance) prevent linear Rossby
wave theory from applying. Ignoring this limitation, we estimate the along-slope phase velocity of a (short)
diurnal topographic Rossby wave in a two-layer ocean with an upper layer D = 25 m to be about 0.002 m s−1

(dispersion relation from Rhines, 1970). This propagation speed is 2 orders of magnitude smaller than the
corresponding Kelvin wave speed and thus could not explain our observations.

5.2. Estimates of Meltwater Fluxes

We interpret the behavior of estimated currents in Period 1 as a persistent, seaward flowing meltwater plume
that periodically accelerated when a large pulse of SR discharged across the grounding line. This interpre-
tation is supported by phase-lagged cross correlations over this time period between three mooring sites,
which showed that ocean mixed layer signals occurred first near the grounding line, then at the site of inter-
est here, and finally at a location further seaward (Washam et al., 2019). During these advective pulses, the
GMW and SR concentrations at our CT sensor 25 m from the ice base closely resembled those within 5 m of
the ice (not shown). This was not the case for background hydrographic conditions, which indicates that the
accelerated plume thickened the upper mixed layer to at least the depth of this lower sensor. The increase in
mixed layer meltwater content and current speed suggests that a considerable amount of meltwater advected
past our study site during these pulses. We estimate meltwater volume fluxes (QGMW , QSR) past our site in
Period 1 by combining the meltwater fractions (GMW, SR) from our two CT sensors with inferred current
speeds, then considering the cross-sectional area of the central basal channel of PGIS through which this
water flows.

The best estimate of across-channel geometry comes from an ice penetrating radar profile acquired on 5
May 2015 approximately 3.5 km upstream of our study site (Figure 2a). The upper section of the channel
was triangular, approximately 25 m tall by 850 m wide (Figure 2b); we use this to estimate a cross-sectional
area of 10,625 m2. For GMW and SR content, we take three approaches to provide estimates with higher
and lower bounds. First, we linearly interpolate fractions between our sensor at 5 m from the ice and our
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Figure 8. Estimates of (a) GMW and (b) SR flux past our study site during Period 1 (left axis: instantaneous rate, right
axis: total volume). (c) Bulk melt rate over the 16 km upstream section of ice shelf channel between our site and the
grounding line, where the black line is computed using GMW fluxes and the purple line is computed using SR fluxes
(left axis: instantaneous rate, right axis: accumulated melt). Gray shading behind total volumes and accumulated melt
indicate upper and lower bounds on estimates from respective ranges in instantaneous flux rates.

sensor at 25 m from the ice, then set fractions in the upper 5 m of the water column to the value at the upper
sensor. This approach likely underestimates meltwater content in the upper 25 m of the water column, as
a continuous profile through this region from August 2015 revealed a 10 m thick layer of nearly constant
concentrations underlain by linearly decreasing values (Washam et al., 2019; Figure 4b). Accordingly, in the
second approach we estimate higher bounds on meltwater content by setting the upper 10 m of the water
column to the fractions at our sensor 5 m from the ice, then linearly interpolating downward to our sensor at
25 m from the ice. Finally, we obtain lower bounds for meltwater content estimates by setting the upper 5 m
of the water column to the fractions at our upper sensor, then setting the lower 20 m of the water column to
the lower sensor fractions. We then assume that our meltwater content estimates are representative of the
entire upper water column within 25 m of the channel apex at any point in time, and that this area flows
uniformly seaward at the speeds shown in Figure 4e. These three approaches yield meltwater volume fluxes
with ranges in the 90th percentile of 0.2 to 1.2 and 0.0 to 1.8 m3 s−1 for GMW and SR, respectively.

We estimate that 4.3± 0.4× 107 m3 of GMW and 3.0± 0.4× 107 m3 of SR advected past our study site over
the 106 days between 23 August and 8 December 2015 (Figures 8a and 8b). Of this total volume, 46± 4% of
the GMW and 61± 7% of the SR was transported over 23 days in the six large pulses. During these pulses,
instantaneous flux rates rose considerably over background conditions, with a maximum of 73± 2 and
81± 1 m3 s−1 on 22 November in the final pulse for QGMW and QSR, respectively. This event not only regis-
tered the highest flux rate, but also the longest duration of elevated flux, transporting 17± 1% of the total
GMW and 24± 3% of the total SR past our site over 10 days.

The impact of these swift meltwater pulses on ocean-driven melting is clear in the ∼12 hr of elevated local
melt rates surrounding their arrival at our study site (Figure 6); however, the considerable volume of fresh-
water transported by them is the result of integrated melting upstream. We estimate the bulk melt rate
( .mGMW) along the upper section of the ice shelf basal channel between our site and the grounding line by
dividing QGMW by an 850 m × 16,000 m area, the product of the channel width near our site and distance
to the grounding line (Figures 1 and 2). This estimate assumes the ice shelf channel width does not change
between our site and the grounding line and that QGMW results only from melting within the channel. Upper
and lower bounds on these melt rates result from associated bounds on QGMW flux rates.

Bulk upstream melt rates using this method (Figure 8c) vary considerably over the record, with minimum
values of 0 m yr−1, maxima of 40 to 170 m yr−1, and a median of 8 m yr−1. Overall, these rates far exceed those
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measured locally at our study site, which have a median of 3 m yr−1 and maxima of 10 to 17 m yr−1. Thus, the
persistent GMW flux past our study site indicates that more intense melting occurred upstream during both
background and pulsed conditions. Meltwater pulses impacted upstream melting differently than at the local
study site, as they drove heightened rates for most of their duration (Figure 8c) instead of a single peak in
melting followed by near-zero conditions (Figure 4a). This is most noticeable during the sixth pulse, which
marked the maximum melt rate and was responsible for driving 0.5± 0.2 m of melt along the 16,000 m length
and 850 m width of the channel over a period of 10 days. We attribute the differing upstream versus local
melt rate behavior to a balance between the speed and ocean heat content in the evolving meltwater plume,
which ultimately dictates the vertical ocean heat flux into the ice base. As the meltwater plume traveled
along the ice base between the grounding line and our study site, it drove melting and cooled, producing a
mixture of GMW that depended upon the degree of melting. In the six large meltwater pulses, the upstream
melting was strong enough to remove much of the heat from the ocean before the pulse arrived at our study
site (Figure 4). Although some of these plumes exhibited significant current speeds at our local study site
following the maxima associated with their propagating fronts, the decreased ocean heat led to a low heat
flux and melt rate. This would not be the case closer to the grounding line, where less ocean heat would
have been removed through melting, and the elevated buoyant currents could still entrain warm seawater
and drive a considerable ocean heat flux into the ice base.

We estimate that the total upstream portion of the channel melted by 3.1± 0.3 m over 106 days, which is
three times higher than the 1.0± 0.1 m of melt at our study site over this time. While this crude estimate of
melting does not resolve along-channel variability, it does reveal that stronger melting occurred beneath the
ice shelf near the grounding line. This is consistent with remotely sensed melt rates of PGIS that indicate
this to be the region of maximum melt (Münchow et al., 2014; Rignot & Steffen, 2008; Wilson et al., 2017),
and contemporaneous sub-ice shelf CTD profiles that show undiluted warm and saline Atlantic Water (AW)
that was 2.5◦C above in situ freezing at the depth where the ice shelf basal channel becomes grounded
(Washam et al., 2018; Figure 7b). Furthermore, the 1:3 ratio in local versus upstream melt is consistent with
simulations of buoyancy-driven melt beneath PGIS, considering an AW temperature at the grounding line
of 2.1◦C above in situ freezing (Cai et al., 2017).

The coupled relationship between SR flux rates and bulk melt rates (from GMW fluxes) indicates that the
discharge of SR across the grounding line placed a first order control on the strength of channelized melting
downstream. Previous modeling studies derived an empirical relationship to relate the maximum melt rate
at a tidewater glacier (Xu et al., 2013) as well as the maximum and area-averaged melt rate beneath an ice
shelf (Cai et al., 2017) to the SR flux. This was achieved by using a least squares fit to express the simulated
melt rate as a function of the SR flux. While we expect melting to still occur without this additional forcing,
we use Equation 1 of Xu et al. (2013) and Cai et al. (2017) to determine the degree with which bulk melt rate
variability can be explained by variations in our estimated SR flux:

.mSR = (Aq𝛼

SR + B)(ΘAW − Θ𝑓 )𝛽 . (10)

In Equation 10, .mSR represents the simulated bulk melt rate along the 16 km section of ice shelf channel as
a function of the time-varying SR discharge speed across the grounding line qSR and the AW temperature
above freezing in this region ΘAW −Θf = 2.5◦C; the remaining parameters are constants. The SR discharge
speed is tuned by dividing QSR by various hypothetical two-dimensional, circular subglacial conduit areas
through which this freshwater flowed as it crossed the grounding line (Figure 2c), and adjusting the remain-
ing constants. After considering a range of conduit sizes and constant values, we find a radius of 15 m and
constants of A = 0.0016, 𝛼 = 0.67, B = 0.01, and 𝛽 = 1.11 provide the best fit (Figure 9), with RMS residuals
between .mGMW and .mSR = 4.6± 0.2 m yr−1.

Overall, melt rates derived from SR fluxes show good agreement with those estimated from GMW fluxes
(Figures 8 and 9), with the .mSR accumulated melt over the record lying within the range for .mGMW. Substan-
tial discrepancies only occur during melt rates >75 m yr−1 caused by the propagating fronts of the meltwater
pulses, when .mSR register as low as one half of .mGMW. Note that this is the case even though our melt rate
power dependency on SR flux 𝛼 = 0.67 exceeds prior published values from modeling exercises that con-
sider large flux rates: 0.33 (Jenkins, 2011), 0.54 (Xu et al., 2013), and 0.56 (Cai et al., 2017). In order to fit
.mSR to .mGMW during these events a larger 𝛼 of 0.70 must be used (Figure 9). This model therefore suggests
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Figure 9. Bulk upstream melt rates from GMW flux versus SR flux, with
the best fit of Equation 10 for all data overlaid in purple and for meltwater
pulse fronts with melt rates >75 m yr−1 in yellow.

that melt rates in the central channel of PGIS are more sensitive to SR
flux rates than previous theoretical studies indicated.

5.3. Timing of Meltwater Pulses

All six meltwater pulses during Period 1 arrived at our downstream
study site when tidal amplitudes were low (Figure 4), indicating that the
spring-neap tidal cycle controlled the stimulation and evolution of buoy-
ant flow beneath the ice shelf. One oceanic process that could have mod-
ulated the evolution of the meltwater plume is a tidal front located in the
narrow ocean cavity near the grounding line (Holland, 2008; MacAyeal,
1984). In the presence of such a front, turbulent mixing between tidal cur-
rents and the ice and seafloor completely erodes stratification to create
a fully mixed water column (Fearnhead, 1975; Simpson & Hunter, 1974)
that prevents the downstream transport of fresh water. As tidal ampli-
tudes recede toward neap conditions, the associated currents weaken and
so does this barrier. However, estimates of the tidal current speeds nec-
essary to trap the meltwater pulses at the grounding line reveal that they
would need to be unrealistically high, on the order of tens to a hundred
m s−1 (Appendix A). Therefore, we conclude that tidal mixing near the
grounding line cannot explain the observed spring-neap control on SR
discharge.

An alternate hypothesis is that tidally induced grounding line flexure and migration modulates subglacial
pressure gradients, thus controlling the timing of subglacial outflow. Prior modeling efforts have sought to
address this problem with a simplified 2-D viscoelastic or purely elastic floating ice shelf that transitions to
grounded ice superimposed on an elastic bed (Sayag & Worster, 2013; Walker et al., 2013). If the ground-
ing line's horizontal position is kept fixed, then vertical tidal displacements cause seawater to be pumped
upstream during low tides and outflow of fresh or brackish water into the ocean during high tides (Walker
et al., 2013). Conversely, if the grounding line is allowed to migrate horizontally with the tide along a shal-
low sloping bed, such as Hogg et al. (2016) suggest is the case for a portion of the PGIS grounding line
encompassing the central channel, then upstream subglacial water moves back and forth with the tide but
never crosses the grounding line (Sayag & Worster, 2013). This is due to enhanced subglacial pressure at the
grounding line relative to upstream, which creates a hydraulic barrier.

Several studies suggest that a large subglacial canyon upstream of PGIS feeds the central ice shelf channel
(Bamber et al., 2013; Bell et al., 2014; Chambers et al., 2019). Whether or not this feature manifests at the
grounding line as a conduit etched into the sediment, ice, or both is unknown. Neither of the aforemen-
tioned idealized models contain the details of how a subglacial conduit might respond to tidally induced
grounding line variability. Nevertheless, they both show that grounding line motion and flexure scales with
the tidal range, and that the effect on subglacial water movement is greatest when the tidal range is largest.
If we apply the Sayag and Worster (2013) model to the PGIS grounding zone, then as tidal flexure at the
grounding line diminishes into neap tides, the associated hydraulic barrier preventing upstream freshwater
from discharging into the ocean also weakens. Thus, the freshwater that stalled at the grounding line during
spring tides would overcome this weakened barrier and escape into the ocean to initiate a seaward flowing
buoyant meltwater plume near neap tides.

In the Walker et al. (2013) scenario, tidal pumping of freshwater and seawater across the grounding line
would be most vigorous during spring tides. Our estimates of SR discharge speeds across the grounding line
(qSR, Equation 10) vary from 0.01 to 0.12 m s−1 for meltwater pulses, with only the sixth pulse registering
above 0.06 m s−1. Given these relatively low current speeds, we suggest that while large tidal amplitudes per-
sisted, freshwater and seawater can be pumped back and forth across the grounding line with the tide at a rate
that prevents meaningful seaward propagation. Additionally, this back-and-forth mechanical movement
across the grounding line would serve to mix the water masses in the narrow water column, thus reducing
buoyancy forcing relative to a monotonic outflow of fresh water. As tidal amplitudes receded toward neap
conditions, the associated pumping would weaken to a point when the meltwater pulse could escape this
region, then rise along the sloping ice base as a buoyant plume, accumulate more freshwater through
melting, and arrive at our downstream study site.
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The large SR fluxes associated with these pulses reveal that when each did escape the grounding line, it evac-
uated a considerable amount of subglacial water. Following this evacuation, the upstream reservoir likely
refilled over the following spring tidal cycle, then discharged again around neap tide. We posit that the pulsed
behavior of these events is a function of a diminishing supply of freshwater to the glacier bed as remnant
surface melt from the previous summer became less prevalent (Washam et al., 2019). Assuming that these
pulses largely consisted of surface meltwater, our data suggest a 3 month lag between the end of surface melt-
ing in early September when air temperatures dropped below freezing (Washam et al., 2019; Figure 3) and
the discharge of most of this water into the ocean. Finally, after the sixth meltwater pulse, this source became
low enough that it either could not overcome the hydraulic barrier at the grounding line or, if it did discharge
into the ocean, the volume of freshwater generated an insufficient buoyancy forcing to overcome grounding
line pumping to initiate a meltwater plume that could then advect to our seaward study site. We expect that
any remaining subglacial water, which likely consisted primarily of upstream basal meltwater, accumulated
at the grounding line throughout the winter season until air temperatures exceeded freezing the following
summer, when surface meltwater drained through the glacier and replenished this reservoir. Extensive win-
ter subglacial water has been observed beneath a land-terminating glacier system in southwest Greenland in
April (Chu et al., 2016), as well as weak discharge of this water in February (Pitcher et al., 2020). While the
Petermann Gletscher environmental setting differs from these glaciers (marine-terminating, larger drainage
basin, lower air temperatures), our results nonetheless provide another example of SR discharge well after
the end of the summer melt season.

6. Conclusion
Our results reveal how variability in under-ice current speeds dictates the rate at which Petermann Gletscher
Ice Shelf (PGIS) melts at a location in its central basal channel. High melt rates occurred periodically at
our study site over the 3 months following the 2015 summer season, but ended afterward. These high melt
rates aligned with estimates of swift under-ice currents that resulted from the discharge of buoyant sub-
glacial runoff across the glacier's grounding line into the ocean. The flow initiated by this freshwater source
efficiently mixed the relatively warm and saline seawater in the underlying ocean mixed layer across the
stratified boundary layer, providing a source of heat to melt the ice base. When placed into the larger con-
text of atmospheric warming in northern Greenland (Orsi et al., 2017), these daily to seasonal variations
in current speeds that relate to summer surface meltwater production could have a profound effect on the
long-term melt rate beneath PGIS, and could play an integral role in the continued thinning of the ice shelf
(Münchow et al., 2014). The combination of warm ocean conditions and swift buoyant currents from sub-
glacial runoff were implicated in the collapse of major Greenland outlet glacier Jakobshavn Isbrae's ice shelf
(Holland et al., 2008; Motyka et al., 2011). Two consecutive large calving events in 2010 and 2012 reduced the
length of PGIS to an extent that had not yet been observed in recorded history (Münchow et al., 2014), and
converging rifts at ∼40 km from the grounding line signal the imminent removal of another large section
of the ice shelf (Rückamp et al., 2019). This sustained retreat highlights the relationship between stronger
basal melting and destabilization of another Greenland ice shelf. Future changes to the subglacial runoff
flux beneath the ice shelf will dictate its stability, with increased flux likely leading to the eventual removal
of PGIS (Reilly et al., 2019) and accelerated ice discharge from the Greenland ice sheet (Hill et al., 2018).

Appendix A: Current Speeds Required to Form a Tidal Front
We investigate the likelihood of a grounding zone tidal front using Equation 16 of Holland (2008) or
Equation 3 of MacAyeal (1984):

qc =
4𝛼CD𝜇U3

𝛽gSAD
, (A1)

where qc denotes a critical one dimensional buoyancy flux (speed) when tidal current speeds (U) erode
stratification to fully mix the water column. In Equation A1, 𝛼 = 0.0075 is the proportion of turbulence
used in destratifying the water column, CD = 0.007 is the drag coefficient derived in section 3.2, 𝜇 = 2
represents the temporal pattern of tidal speed (Holland, 2008), 𝛽 = 8 × 10−4 g kg−1 is the haline contraction
coefficient, g = 9.81 m s−1 is gravitational acceleration, SA = 34.93 g kg−1 is the salinity of Atlantic Water at
the grounding line, and D indicates water column thickness.
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Table A1
Tidal Currents (U) Necessary to Create a Tidal Front, Considering Various
Grounding Zone Buoyancy Fluxes (qc) Associated With Meltwater Pulses

Pulse qc (m s−1) U (m s−1)
1 <0.001–0.02 63
2 <0.001–0.01 40
3 <0.001–0.02 63
4 <0.001–0.01 34
5 <0.001 12
6 <0.001–0.04 124

Note. The range in qc represents variability in the one-dimensional bouyancy
fluxes with over a water column thickness range of 5 to 40 m.

We assume that SR discharges from the upstream subglacial conduit into a shallow grounding zone water
column that is encompassed by the central ice shelf basal channel. We attain values for qc by dividing the
SR flux for the propagating front of each meltwater pulse by a triangular area of 850 m width and varying
height between 5 and 30 m, representative of a range of water column thicknesses. As qc diminishes with
an increasingly thick water column, we can thus solve for the constant tidal current speed necessary to trap
the flux of each meltwater pulse (Table A1).

Data Availability Statement
Under-ice hydrographic profile and mooring data are available in the Arctic Data Center at https://doi.org/
10.18739/A22J6846K and https://doi.org/10.18739/A2PC2T86B, respectively. Discovery Harbor pressure
measurements are also archived in the Arctic Data Center (at https://doi.org/10.18739/A2MZ3J). Operation
Icebridge ice penetrating radar data can be accessed online (at https://data.cresis.ku.edu/data/rds). ApRES
basal melt rates are available in the Arctic Data Center at https://doi.org/10.18739/A2T14TQ57.
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