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Abstract Enhanced outlet glacier discharge accounts for almost half of the Greenland Ice Sheet's
mass loss since 1990. Warming subsurface Atlantic Water (AW) has been implicated in much of that loss,
particularly along Greenland's southeastern coast. However, oceanographic observations are sparse prior
to the last decade, making it difficult to diagnose changes in AW properties reaching the glaciers. Here,
we investigate the use of sea surface temperature (SST) measurements to quantify ocean temperature
variability on the continental shelf near Sermilik Fjord and Helheim Glacier. We find that after removing
the short-term, atmospheric-driven variability in non-winter months, regional SSTs provide a reliable
upper ocean (surface mixed layer) temperature record. In the trough region near Sermilik Fjord, the
adjusted SSTs correlate well with moored ocean measurements of the water entering the fjord at depth
and driving glacier melting. Using this relationship, we reconstruct the AW variability on the shelf
dating back to 2000, 8 years before the first mooring deployments. Across the 19-year record, the AW
temperatures in the trough do not always track properties in the source waters of the Irminger Current,
which flows along the continental break. Instead, the properties of the waters found at the fjord mouth
depend on variations in the source AW and, also, in the Polar Water that flows into the region from the
Arctic Ocean. Satellite-derived SSTs, when combined with local oceanography considerations, have the
potential to improve understanding around previously unanswered glacier-ocean questions in areas
surrounding Greenland.

Plain Language Summary Greenland ice contributes one-quarter of global sea level rise
each year and almost half of that loss comes from glaciers at its periphery. Warming ocean waters may
cause much of that loss. Records produced from ocean instruments are the main method for studying

the oceans around Greenland, but few observations exist prior to the last decade. In this work, we
investigate the use of sea surface temperatures (SSTs) acquired by satellites to assess ocean temperature
changes through time. We explore their use near the southeastern Greenland coast, where warm water
circulates from the North Atlantic Ocean onto the continental shelf and eventually reaches Helheim
Glacier, Greenland's fifth largest glacier. Through a comparison with ocean instruments, we find that SSTs
serve as a good indicator of upper ocean temperatures in this region once proper corrections are applied.
With these records, we find that the dilution of warm waters as they circulate from the North Atlantic
changes over time and governs the temperature of the water that eventually reaches Helheim, which was
previously unknown. Our work shows that SSTs can provide new insight into the ocean changes that may
have affected glacier retreat before ocean instruments were deployed.

1. Introduction

The Greenland Ice Sheet and its surrounding oceans have changed rapidly as a result of shifting climate
conditions in recent decades (IMBIE Team, 2019). Since the late 1990s, many of Greenland's tidewater
glaciers have experienced periods of substantial thinning and retreat, interspersed with periods of greater
stability or re-advance (Howat et al., 2008; Moon et al., 2012). Their mass loss derives from a combination of
surface mass balance (the net difference between snow accumulation, meltwater runoff, and sublimation;
Fettweis et al., 2017; van den Broeke et al., 2009) and dynamical changes that are associated with glacier
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acceleration, thinning, and enhanced ice export, or discharge (Enderlin et al., 2014; Mouginot et al., 2019).
Almost half of the ice sheet mass loss occurs at marine-terminating outlet glaciers (Enderlin et al., 2014; IM-
BIE Team, 2019; Mankoff et al., 2020; Mouginot et al., 2019; van den Broeke et al., 2009) and changes in total
ice sheet discharge appear to be related to shifts in outlet glacier frontal position (King et al., 2018, 2020).
Enhanced submarine melting driven by ocean warming has been implicated in many recent glacier front
retreat events (Millan et al., 2018; Walsh et al., 2012), such as at Jakobshavn Isbrae (Holland et al., 2008),
Zachariae Isstrom (Mouginot et al., 2015), Kangerdlugssuaq (Bevan et al., 2019; Christoffersen et al., 2011;
Inall et al., 2014), and Helheim Glacier (Howat et al., 2008). These glaciers alone accounted for more than
40% of Greenland's ice discharge change, as opposed to surface runoff, between 2000 and 2012 (Enderlin
et al., 2014). However, the changes in ocean circulation that may have led to these glacier retreat events
are weakly characterized. Changes in ocean temperature and volume transport near Greenland's tidewater
systems were mostly unmonitored during many earlier events.

Sermilik Fjord abuts Helheim Glacier, one of Greenland's largest glaciers (Enderlin et al., 2014; Rignot &
Kanagaratnam, 2006). The region is among the best instrumented and understood glacier-ocean systems
(Straneo et al., 2016), making it an ideal area to investigate the extent to which remotely sensed sea sur-
face temperature (SST) variability may be used to infer ocean variability in the vicinity of an outlet glacier,
where oceanographic thermal characteristics can be of great significance. The ocean circulation and heat
transport within the fjord and on the continental shelf is highly variable (Jackson et al., 2014; Straneo
et al., 2010; Sutherland et al., 2013). Heat is primarily carried by relatively warm, saline Atlantic Water (AW;
~2.0°-5.2°C, deeper than 150-250 m) from the Irminger Current (IC) that circulates offshore of the conti-
nental shelf break (Jackson et al., 2014; Straneo et al., 2010). The IC carries AW equatorwards at the surface
and extending down to depths greater than 500 m (Andresen et al., 2012; Johannessen et al., 2011; Rudels
et al., 2002; Vage et al., 2011). Along the inner shelf, the East Greenland Coastal Current (EGCC) is a low sa-
linity wedge perched atop deeper AW (Bacon et al., 2002; Sutherland & Pickart, 2008). Above 150-250 m, the
upper layer carries cold and fresh Polar Water (PW; <4°C). The EGCC flows south, 20-30 km wide, hugging
the Greenland coastline (Sutherland & Pickart, 2008). Transport within the EGCC varies seasonally with
the greatest freshwater transport in December and higher transport in winter and spring coinciding with
its speedup and deepening (Bacon et al., 2014; Harden et al., 2014; Le Bras et al., 2018; Straneo et al., 2010;
Sutherland & Pickart, 2008). Freshwater within the EGCC derives primarily from export out of the Arctic,
via Fram Strait, with relatively small, highly diluted contributions from the eastern Greenland fjords (Bacon
et al., 2002; Harden et al., 2014; Sutherland & Pickart, 2008), including Sermilik which contributes ~1.4%
of the EGCC's freshwater content (Beaird et al., 2018). From summer shipboard surveys and longer term
mooring deployments, research in this area has suggested that seasonality in EGCC width, depth, and trans-
port along the shelf is controlled by alongshore winds (Harden et al., 2014; Le Bras et al., 2018; Sutherland
& Pickart, 2008). IC and EGCC variability on the shelf can influence water properties in Sermilik Fjord and
therefore, the glacier front; however, ocean variability on the shelf and within the fjord is largely unknown
before the record began in 2008 (Straneo et al., 2016), years after the first records of thinning and retreat at
Helheim Glacier (Howat et al., 2005; Luckman et al., 2006).

While the EGCC and IC have been relatively well studied, the interactions between them in the region out-
side of Sermilik Fjord, and the temporal variability in those interactions, are poorly understood as a result
of limited spatial and temporal measurement coverage. Warm AW encroaches onto most of the shelf below
PW throughout the year, often via troughs that cut across the continental shelf and into the fjords at depth
(Rudels et al., 2002; Sutherland et al., 2013). The AW near the coast is cooler than at the shelf break as a re-
sult of surface cooling and mixing with PW (Straneo et al., 2012). Farther from the coast, AW can flow onto
the shelf as full-depth occasional intrusions within the troughs or seasonally varying inflow across portions
of the shelf (Harden et al., 2014; Sutherland et al., 2013). This seasonal inflow intensifies in the fall and is as-
sociated with a narrower EGCC banked up against the coast (Harden et al., 2014). More frequent AW intru-
sions may lead to warmer waters on the inner shelf (Straneo & Heimbach, 2013), with greater influence of
AW on the shelf linked to increased glacier calving activity (Andresen et al., 2012). All past oceanographic
work in this region is limited spatially or temporally relative to the scale of the continental shelf, which ex-
tends ~200 km out from the coast. As a result, little is known about the variability of the AW across much of
the shelf and its influence on inner shelf and fjord water temperatures. However, research does clearly show
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that AW inflow and therefore, heat transport onto the shelf (Harden et al., 2014; Sutherland et al., 2013) and
into the fjord (Jackson et al., 2014; Straneo et al., 2010) varies substantially over short and long timescales.

The availability of remotely sensed SST records from the period prior to the speedup of many Greenland
glaciers that occurred in the early 2000s raises the possibility of inferring oceanic variability at Greenland's
glacial margins through proxies that are built on SSTs. SST depends strongly on the depth, magnitude, and
history of thermal gradients and stratification at the surface (Donlon et al., 2002, see Figure S1). These
properties are controlled by solar heating, heat exchange with the atmosphere, and heat exchange with
deeper waters (e.g., Donlon et al., 2002; Minnett, 2003). SST will therefore be impacted by, and potential-
ly covary with, both atmospheric and ocean mixed layer temperature changes (e.g., Frankignoul & Has-
selmann, 1977; Jaswal et al., 2012). Several recent studies have attempted to define SST-ocean temperature
relations largely through comparisons between glacier activity and SST variability with differing results
(Andresen et al., 2012; Howat et al., 2008, 2010; Khan et al., 2014; Schild & Hamilton, 2013). Those studies
largely do not address the physics relating SSTs to deeper water temperatures, therefore, important ques-
tions remain about the extent to which SSTs around Greenland provide information about the subsurface
water column (below 150-250 m) where the AW, which influences submarine melting of the larger glaciers,
resides. Important progress has been made by Sutherland et al. (2013) who found that, for the period from
2004 to 2010, summertime (June, July, August) MODerate resolution Imaging Spectroradiometer (MODIS)
SSTs on the continental shelf near Sermilik Fjord correlated closely with tagged-seal temperature measure-
ments at 50 m depth, with diminishing correlation at deeper depths until decoupling below 250 m. Howev-
er, a broader treatment is necessary in order to constrain temporal variations in ocean temperatures, which
is crucial for discerning ice-ocean interactions in glacier retreat events back through time.

Here, we investigate the use of SSTs as a means to assess the variability of the surface and subsurface
waters that enter Greenland's glacial fjords and melt glaciers at depth (Straneo et al., 2012). In contrast to
other studies, we make use of oceanographic subsurface data to investigate the correlation between surface
properties in different regions on the shelf, in the vicinity of Sermilik Fjord, and those observed at depth
at the mouth of the fjord. In Section 2, we describe the data sets and methods used in this study. We then
describe the variability in the SST records and examine the relationships between SSTs and the atmospheric
and ocean temperature variability that contributes to it in Section 3. Using these relationships, we estimate
upper ocean temperatures and derive a proxy for subsurface AW temperatures from SSTs adjusted for local
air temperatures to produce the first AW record near Sermilik Fjord dating back to 2000. We also track AW
intrusion variability along the trough leading to Sermilik Fjord to give insight into the drivers of subsurface
AW temperature changes on the shelf. In Section 4, we further discuss the utility of SSTs and their caveats,
and the implications of the subsurface AW record we have derived within the backdrop of the Helheim
Glacier and broader southeastern Greenland systems. While our findings and this method are specific to the
oceanography of this region, our analysis demonstrates that SSTs provide novel insight into ocean variabili-
ty around Greenland, which is crucial for identifying glacier-ocean processes and glacier retreat attribution.

2. Data and Methods
2.1. Satellite-Derived Sea Surface Temperatures

In contrast to in situ data, SSTs acquired from satellites offer broader spatial and temporal records for track-
ing ocean temperature and extent of AW inflow onto the continental shelf. To help reconstruct ocean var-
iability here, we use MODIS-derived SSTs, which provide the temperatures of the ocean skin (upper few
um; SSTyn; see Figure S1; Donlon et al., 2002). The accessibility of MODIS SST products, the instrument's
moderate spatial resolution, and its ~15 scans per day by each of the two satellites on which it flies (Aqua
and Terra) provide extensive spatiotemporal coverage suitable for our objectives. In this work we use the
MODIS Aqua and Terra daily global level 3 4-km mapped thermal daytime and nighttime SST V2014.0
products (quality level 0 and 1) derived from the 11 and 12 pm thermal infrared channels 31 and 32, re-
spectively (Kilpatrick et al., 2015; Ocean Biology Processing Group, O. E. L. and NASA Goddard Space
Flight Center, 2014a, 2014b). The data we use span the period beginning February 24, 2000 for Terra and
July 4, 2002 for Aqua, and ending December 31, 2018 for both satellites. The retrieval error for the SSTs is
~0.4°C (Kilpatrick et al., 2015). We reference the four MODIS SST products hereafter based on their division
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by satellite and time of day: Terra daytime (T-D), Terra nighttime (T-N),
Aqua daytime (A-D), and Aqua nighttime (A-N).

Before extracting SSTs from each of the four products, we account for
cloud and sea ice contamination that may occur because the MODIS SST
processing pipelines are not optimized for polar climates (Jia & Min-
nett, 2020; Kilpatrick et al., 2019; see supporting information). Arctic
SSTs can have cloud contamination (Kilpatrick et al., 2019) that intro-
duces noise by shifting SST retrievals toward an artificially cold measure-
ment (Ackerman et al., 1998). To reduce these effects, we apply spatial
and temporal averaging for each sampling region and across multiple SST
products, as described below. Sea ice contamination can also lead to a
cool bias in the SST retrievals, and we find that the daytime SST products,
especially in Aqua, contain systematically more sea ice contamination
(Figure S2a). To reduce sea ice misclassification and these inter-product
differences, we apply a separate sea ice mask, created from MODIS and
passive microwave sea ice products, to the four daily SST products (see
Supplementary Information).

2.2. Sampling Regions

To investigate SST spatial and temporal variability near Sermilik Fjord,

T

we examine three regions: the IC, the EGCC, and the Shelf Trough (ShTr)

2 4 6 8 regions (Figure 1). We chose the IC and EGCC sampling regions based
Temperature [C] on the observations from Rudels et al. (2002) and Sutherland and Pick-

art (2008) that characterize the locations of the respective currents, and

Figure 1. 2000-2016 mean nighttime MODerate resolution Imaging chose the box sizes to include relatively homogeneous SSTs based on

Spectroradiometer (MODIS) sea surface temperature (SST) of the
Ammassalik region around Sermilik Fjord. Solid black arrows show the
location of the Irminger Current (IC) and dashed show the East Greenland

the SST climatology from the region. We use IC and EGCC regions as
indicative of AW and PW end members, respectively, because these are

Coastal Current (EGCC), which mix across the Shelf Trough (ShTr) region.  the primary water masses at the surface in the respective boxes (Rudels
Boxes indicate areas over which SST is averaged for each region, the blue et al., 2002; Sutherland et al., 2013). In addition, we define a “ShTr re-
star shows the fjord mouth mooring, the red circle gives the location of gion” over the trough leading to Sermilik Fjord, where AW flows onto
the Ocean Observatories Initiative (OOI) mooring, the white circle marks the shelf and mixes with the PW of the EGCC (Sutherland et al., 2013).

Helheim Glacier front, and white square is in Sermilik Fjord. Bathymetry
from BedMachine v3 is in thin black lines at 300, 400, 500 m, and every

Results for the ShTr are not sensitive to small changes in the box locations

500 m thereafter (Morlighem et al., 2017). and size (Figure S3; Table S1; see supporting information).

2.3. Seasonal and Diurnal Biases

Seasonal differences in instrument scan coverage between the Level 3

MODIS SST products must be accounted for before they are used to in-
vestigate ocean variability in polar regions. Each MODIS instrument acquires 12-18 scans of our study
region each day. During the summer solstice, few are classified as nighttime and most scans are binned into
the daytime product (Figure S2b). The opposite is true during the winter solstice. As there is a far higher
likelihood of getting at least one sea ice- and cloud-free measurement during a day with more scans, this dis-
parity in scan coverage between seasons indicates that the daytime products (daily, 8-day, monthly, annual)
are skewed to summer measurements and nighttime toward winter. As a result of these differences, creating
a robust and continuous record of SSTs that is representative of all seasons requires creating a composite by
combining day- and nighttime SSTs for each region.

The day- and nighttime products carry inherent biases based on diurnal differences in values of SSTy,
which we remove before combining the data sets into a daily composite. Diurnal biases cause a decoupling
between the ocean skin and underlying water (Donlon et al., 2002; Minnett, 2003; Price et al., 1986). They
are expected as a result of differences in diurnal thermocline and skin temperature effects on SSTg, be-
tween day- and nighttime, which also vary seasonally (e.g., Eastwood et al., 2011; Koizumi, 1956; Sverdrup
et al., 1942). We calculate the diurnal bias based on differences between the day- and nighttime products for
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Figure 2. Composite and adjusted SST records for each sampling area. Monthly mean (thick) and daily (thin) SST
composite records for the IC (yellow), ShTr (green), and EGCC (purple) boxes are shown. The SST adjusted for air
temperature is shown as black lines (see Section 3.3 for description). EGCC, East Greenland Coastal Current; IC,
Irminger Current; ShTr, Shelf Trough; SST, sea surface temperature.

each region separately. To determine the biases, we first take the mean of the pixels in the sampling boxes
and produce daily time series from 2000 to 2018 for each of the four masked daily products (Figure 1). We
average the A-D and T-D products together to produce a daytime average for each region. We do the same for
the two nighttime products. From these records, we produce a day- and nighttime climatology for each of
the sampling regions using monthly means across the entire 19-year record (Figure S4, see supporting infor-
mation). We calculate standard error for the climatologies between the 19 years of monthly data. We define
the seasonally varying diurnal bias as the systematic warm bias in the daytime products in comparison to
the nighttime records across the climatologies (on average 0.28 + 0.15°, 0.39 + 0.16°, 0.46 + 0.23°C for the
IC, ShTr, and available EGCC time period, respectively; see supporting information). We use the seasonally
varying diurnal biases for each sampling location — which result from wind speed and solar radiative forcing
(Kawai & Wada, 2007) — and subtract them from the daytime product.

With the diurnal bias removed from the daytime records so that they are equivalent to the nighttime, we
assume that all four records represent the bulk SST temperature (Figure S1; Sutherland et al., 2013) and
that they can be combined into a composite record. This assumption for nighttime SSTg;, is consistent with
Minnett (2003) and used by others (e.g., Jia & Minnett, 2020; Kilpatrick et al., 2015). We hereafter refer to
this bulk temperature as SST, although the measurement will also still contain a slight and constant cool
skin bias to bulk temperatures as a result of heat flux to the atmosphere (~0.17°C; Donlon et al., 2002). We
average the nighttime and corrected daytime records to produce the composite daily SST time series for
each region (Figures 2 and S4). The daily time series includes some noise from cloud contamination and
the daily record during multiple months of the year can include only one or two measurements per week
as a result of high cloud cover. Therefore, to reduce the impact of cloud contamination on the record, we
also aggregate daily measurements to produce weekly and monthly mean SST time series for our analyses.
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2.4. Air and Ocean Temperature Records

To determine the extent to which variability in satellite-derived SST can be used to reconstruct upper ocean
(surface mixed layer) temperature outside Sermilik Fjord, we consider two factors that influence SST vari-
ability: (1) air and (2) ocean temperatures. We use the European Center Medium-Range Weather Forecasts
(ECMWF) ERA-5 operational reanalysis data set (Copernicus Climate Change Service, 2017; Hersbach
et al., 2020) to assess the relationships between SST and air temperatures in each region. From ERA-5, we
use the 2-m air temperature measured at 6-hourly intervals on a 0.5° X 0.5° grid. Air temperatures vary
significantly across our study region and are, thus, averaged to daily time steps for each of the SST sampling
areas, separately.

The water column in the IC and ShTr regions can be relatively homogeneous from surface to depth, the latter
as a result of full-depth AW layers flowing from the IC onto the shelf along the trough (Harden et al., 2014;
Sutherland et al., 2013). Therefore, we use surface and subsurface ocean temperatures from these locations
for comparison to SST. We use the Ocean Observatories Initiative (OOI) Flanking Mooring A Microcat
SBE37 temperature record from 180 m deep in the Irminger Gyre for comparison to the IC SST. This OOI
mooring sits offshore (south) of the IC box (Figure 1) and shares similar water properties (Krauss, 1995;
Vage et al., 2011). The OOI record we use spans September 9, 2014 — December 31, 2018 collected at 7.5 min
intervals. We refer to this mooring as the OOI mooring, hereafter. We determine subsurface water tempera-
ture variability on the inner shelf below the EGCC using data from a mooring deployed multiple times be-
tween August 24, 2009 and August 18, 2013 on the continental shelf within the trough that leads to Sermilik
Fjord (see Figure 1 for location; Harden et al., 2014; Jackson & Straneo, 2016; Jackson et al., 2014). From this
mooring - referred to as the “fjord mouth” mooring — we use the temperatures recorded by one instrument
each year, either a Microcat SBE37SM or XR 420 RBR sensor, deployed between 262 and 305 m. The fjord
mouth moorings recorded temperatures every 7.5-15 min. In processing, the records were calibrated at re-
lease and retrieval and then despiked. The fjord mouth mooring temperatures provide a time-varying record
of subsurface AW that is known to flow into Sermilik Fjord (Jackson & Straneo, 2016; Straneo et al., 2011).
Both the OOI and fjord mouth mooring records are averaged to daily intervals.

3. Results
3.1. Seasonal and Interannual

In this work, we examine the seasonal and interannual variability of the water properties reaching Sermilik
Fjord and their relationships to the SST-derived properties in the ShTr and the two regions feeding the ShTr.
Across the 19-year record, the IC is warmest on average (6.5 + 0.6°C) and the EGCC coolest (2.3 £ 0.3°C),
with ShTr temperatures between them (4.3 + 0.4°C), which is consistent with the ShTr being a mixing
region for AW and PW (Sutherland et al., 2013). Similarly, the IC has the largest seasonal range (5.3°C),
with the ShTr and EGCC having progressively smaller ranges (4.3°C and 3.3°C, respectively; see support-
ing information). Across the entire record, the seasonal cycle dominates the interannual variability for the
three regions, especially for the IC and ShTr (Figure 2), and the interannual variability of the EGCC is more
prominent because the EGCC has a smaller seasonal signal.

3.2. Dependence on Air Temperature

To determine the extent to which air temperature controls SST variability near Sermilik Fjord, we compare
the SST with ERA-5 air temperature records (Figures 3 and S5). We use ordinary least squares (OLS) regres-
sion to examine the linear relationships between air temperature and SST in each of the regions separately
(Seabold & Perktold, 2010). We test these relationships for daily, weekly, and monthly timescales and deter-
mine that the daily averaging window has the most consistent variability between regions (Figure S6; see
supporting information). We, therefore, use daily averages in the regression herein.

Using the OLS regression model, we find that daily SST in all regions have a strong linear relationship with
ERA-5 air temperature records in summer, but that this relationship does not hold in winter (Figure 3; Ta-
ble 1). For example, ShTr SST has the strongest linear relationship (+* = 0.44, p < 0.001) with daily air tem-
peratures in summer (June, July, August, September; slope = 0.61 + 0.03; Figure S5b), but the relationship
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Figure 3. The Shelf Trough (ShTr) bulk sea surface temperature (SST) compared to other temperature records.
Monthly ShTr SST (green) are compared to air temperatures (blue) and fjord mouth mooring water temperatures from
290 m (black). We also show the SST,g; (orange) derived in Section 3.3 — which we identify as a fjord mouth subsurface
temperature proxy. The root mean square error (RMSE) between SST,q; and mooring temperature records are given.
Standard deviations for the ShTr adjusted SST (SST,q) and mooring temperatures are shown as orange shading and
error bars, respectively. Winter (purple) months are shown. Not shown, air temperature reaches —1° to —6°C each
winter.

becomes weak or insignificant (+* = 0.03, p < 0.001) during winter months (December, January, February,
March; slope = 0.06 £ 0.02). For the remaining months (Apr, May, Oct, Nov), SST shows a weaker correla-
tion with air temperature (slope = 0.31 + 0.03; * = 0.19, p < 0.001). Our findings are consistent with a shal-
lower mixed layer or strongly stratified surface ocean in non-winter months, which results in a more closely
coupled air-sea temperature response than in winter (Chang, 1993). It is also consistent with previous work
that found a weaker coupling between SST and air temperature in winter than in summer around Green-
land (Singh et al., 2005, 2006). This seasonality in the relationships holds for all three sampling regions
with the ShTr experiencing the strongest air-SST coupling and the weakest ones in the EGCC. However, the
significance of the relationships in some months differ slightly (Figure S6; see Section 3.3). This is expected
based on stratification and heating differences between the regions (e.g., Sutherland & Pickart, 2008), which
affect ocean skin temperatures and air-sea interactions (Garwood, 1979).

3.3. Upper Ocean Temperatures

Since SST can have a strong linear relationship with air temperature in non-winter months (proportionality
as large as 0.6; Table 1), consistent with a stronger near-surface stratification, we removed the portion of
SST variability related to air temperature to obtain a better indicator of upper ocean layer temperatures. To
do this, we build a multivariate linear model that expresses daily SST for each region as the combination of
a portion that covaries with air (T,;,) and one that covaries with upper ocean (Tocean) temperatures:

SST(R,t) = A, (R)T,; (R,t) + B(R)T, ..o

(R.1) + C(R) 1)

where A,, is the proportionality coefficient for the relationship between SST and air temperature that var-
ies by month (indicated by the subscript m), B is a constant proportionality coefficient with upper ocean
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Table 1

temperatures, and C is a skin bias (expected to be similar to the ~—0.17

A,, Parameters Calculated by the Ordinary Least Squares Regression global average; Donlon et al., 2002). We assume that this relationship

Models for the ShTr, IC, and EGCC

holds for each of the regions with coefficients that are region (R) and

ShTr Ic EGCC time (¢) dependent. Physically, A,,T.;(t) represents the variability result-
ing from air-sea interactions, which is a function of the heat exchange
N = 4,587 N = 5,747 N = 2,960 .
between the near-surface ocean layers (dependent on layer thickness),
Month R*=10.62 R*=084 R*=0.52 the short and longer term flux of latent and sensible heat through the
Jan 0.04 + 0.04 —0.02 + 0.03 —0.07 + 0.05 air-sea interface (dependent on air temperature, ocean temperature,
Feb 54 M < R wind speed, and }.1u'rnld1ty), short- and' long-wave rafilatlon through the
ocean surface, salinity effects, and horizontal advection (Denman, 1973;
+ = + - . ;
Rl R = AL 7 e LD £ Frankignoul & Hasselmann, 1977; Kraus & Turner, 1967). Previous cli-
Apr 0.10 + 0.06 0.00 + 0.02 —0.16 +0.14 mate modeling work has estimated the linkage between air temperature
May 0.06 + 0.06 0.21 + 0.02 —0.13 + 0.09 and SST, sometimes using a simple bias correction (Schulz et al., 1997)
Jun 0.47 + 0.04 0.42 + 0.01 0.19 + 0.04 or through more complex relationships that include humidity and wind
Jul 0.60 + 0.02 0.52 + 0.01 0.42 + 0.02 speed (Gautier et al., 1998; Jones et al., 1999; Konda et al., 1996; Singh
et al., 2006). The relationship between air temperatures and SST is com-
Aug 0.56 + 0.02 0.52 + 0.01 0.46 + 0.02 ) i . ;
plex but, as we show in Section 4.2 and below, it can be approximated
e L) B A i 5 L LR SR Y in our study regions as a simple statistical linear relationship. We use
Oct 0.50 £ 0.04 0.39 £ 0.01 0.15+0.04  monthly coefficients, which is common for SST corrections, especially
Nov 0.28 + 0.05 0.24 + 0.02 —0.07 % 0.05 those tied to solar radiation and seasonality (e.g., Kilpatrick et al., 2015).
Dec 0.00 + 0.04 0.09 + 0.02 —0.13 + 0.04 For each region (R), we further define an adjusted SST (SSTqgq):

Standard error is given for each parameter. Number of measurements (IV)
and R? provided for each model. Intercept and insignificant parameters

not used for corrections.
Abbreviations: EGCC, East Greenland Coastal Current; IC, Irminger where A,,T,;(¢) is subtracted to remove the SST variability tied to the at-
Current; ShTr, Shelf Trough.

Bold indicates parameters significantly different than zero (p < 0.05). OLS regression model with a monthly interaction term that finds the

SST,4;(R,1) = SST(R,1) — A, (R)T; (R, 1) (2)

mosphere. We calculate A, for each region, and each month, using an

seasonally varying slope relationships between daily SST and air temper-
atures (Table 1). For months with statistically insignificant slope relation-
ships (p > 0.05), we apply A = 0; therefore, SST,q; is equivalent to SST for
some winter and spring months.

The SST,q for the three regions have a wide range of seasonal and interannual variability that represents
the upper ocean temperature variability (Figure S1). We confirm that the SST,; represent the upper ocean
waters using the OOI mooring record for comparison to the IC (Figure 4). Despite a distance of 445 km
between the center of the IC box and the OOI mooring, the IC SST,y; significantly correlates (r = 0.32,
p = 0.02) with the temperature record from 180 m deep. This agrees with previous work showing that the
water in the IC is relatively homogeneous throughout the surface water column and often has a mixed layer
deeper than 180 m (de Jong et al., 2018). While we do not have a surface mooring record from within the
EGCC, the EGCC and IC monthly and interannual SST,; variability (Figure 4) is consistent with ranges in
the upper ocean mooring temperatures described by Harden et al. (2014). We describe ShTr SST,g; linkages
to subsurface waters below. When we compare the three upper ocean records, we find that, unlike the ab-
solute SST, the ShTr SST,q; exhibit a larger seasonal range (1.7°C) than the EGCC and IC (0.6° and 0.4°C,
respectively). This is consistent with synoptic and seasonal upper ocean temperature swings associated with
seasonal heating cycles, cold meltwater influx, and variable AW inflow inshore (Harden et al., 2014; Straneo
etal., 2010). SST,4 temperature ranges are ~2°-5°C smaller than those of the absolute SST (Figure 2), which
is consistent with differences between upper ocean temperatures and bulk SST (see Figure S1; Chang, 1993).

Using a second-order low-pass digital Butterworth Filter (Virtanen et al., 2019), with a 24-month cutoff
frequency, we further examine the longer term SST,q; records for the three different regions. While we find
that the smoothed upper ocean records were warmest in the early 2000s in all three regions, the records
diverged in subsequent years. Specifically, the IC remained warm from 2005 to 2008, while the ShTr and
EGCC experienced cooling that was more pronounced for the ShTr than the EGCC. Furthermore, the ShTr
box also continuously warmed after 2012, whereas the IC exhibited long-term cooling, consistent with the
deepening of convection in the Irminger Sea and generalized cooling of the subpolar gyre during this period
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Figure 4. Monthly adjusted sea surface temperature (SST,q;) records for 2000-2018 for the Irminger Current (IC;
green), Shelf Trough (ShTr; orange), and East Greenland Coastal Current (EGCC; purple). Thin lines are monthly SST
while thick lines represent 24- month low-pass Butterworth filtered records for each. The fjord mouth (290 m: Black)
and Ocean Observatories Initiative (OOI) mooring temperatures (180 m; blue) are shown for comparison. The ShTr
SST,q; record is a proxy for the fjord mouth mooring temperatures.

(de Jong & Steur, 2016; de Jong et al., 2018). Over the 19-year record, warmer years in the ShTr record were
consistent with IC temperatures, while they more closely resembled EGCC temperatures in the coldest
years. Although the upper ocean temperature records for the three regions differed substantially, ShTr SST-
adgj correlated more with the EGCC (r = 0.34, p < 0.001) than the IC (r = 0.16, p = 0.01). We further explain
reasons for these relationships in Sections 3.5 and 4.2.

3.4. SST on the Shelf and a Fjord Mouth Subsurface Water Temperature Proxy

We investigate the connection between ShTr SST and the fjord mouth subsurface mooring temperatures
using the OLS regression model. The ShTr box is a region where AW inflow can extend all the way to
the surface (Sutherland et al., 2013). In the regression, we use daily, weekly, and monthly averages to test
the most appropriate timescale for comparisons between SST and mooring temperatures (Figure 5). We
find that ShTr SST relates linearly with subsurface water temperatures for all three averaging windows in
wintertime only, and the monthly data yield the strongest and most significant regressions. Specifically,
monthly fjord mouth mooring temperatures (290 m) have a significant linear relationship with ShTr SST in
winter (slope = 1.18 + 0.35, ¥ = 0.79, p < 0.001), but not in summer months (slope = 0.18 + 0.29, * = 0.10,
p = 0.206; Figure 5c). Markedly, the strong relationship between ShTr SST and subsurface waters occurs in
the months when SST shows little linkage to air temperature and the region receives little solar insolation.

We attribute this relationship to linkage between the upper ocean water masses in the ShTr box and those
found subsurface at the fjord mouth mooring location further downstream. This relationship is consistent
with the results of Sutherland et al. (2013), who showed that full-depth AW intrusions occur in the ShTr
region and that AW are found subsurface at the mooring. Conversely, surface waters at the mooring location
are indicative of PW properties, consistent with the stratification described by Harden et al. (2014). Based
on observed along-trough velocities of 0.0-0.6 ms™ (Harden et al., 2014; Sutherland & Pickart, 2008) and
wind-driven velocity shifts on synoptic timescales (Jackson et al., 2014), we expect a temperature lag for
water transport between the middle of the ShTr box and the mooring site (~80 km) that may range from a
day to more than a week — supporting our choice to focus on monthly variability. The stronger wintertime
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Figure 5. Seasonal correspondence between fjord mouth mooring temperatures and Shelf Trough sea surface
temperature (SST) before and after air temperature correction using (a, d) daily, (b, e) weekly, and (c, f) monthly mean
temperatures. (a, b, and c) Linear relationships between daily mooring temperatures from 290 m near the mouth of
Sermilik Fjord and Shelf Trough SST for winter (purple), summer (teal), and spring and fall (gray). Equations with r*
and p-values are given for winter (top of each panel) and summer (bottom). (d, e, and f) Mooring temperatures versus
the new SST adjusted by air temperatures (SST,q;). The trend line (orange) and equation for all seasons is shown.

mooring/SST relationship is consistent with deepening of the IC wintertime mixed layer as a result of air-
sea forcing (de Jong et al., 2018; Vége et al., 2011).

We also test the extent to which the new ShTr SST,; resembles the subsurface water temperatures at depth
at the mooring location near Sermilik Fjord mouth and find good agreement between the records. The
ocean mooring temperatures have a positive linear relationship with ShTr SST,4 (slope = 0.94 + 0.26,
* = 0.53, p < 0.001; Figure 5) that is similar to the wintertime relationship (slope = 1.18 + 0.35) found using
the bulk SST. Further, we find a strong correlation (r = 0.73, p < 0.001) between ShTr SST,4; and mooring
temperatures that is also stronger for wintertime measurements (Figure 3; winter RMSE = 0.57°C, summer
RMSE = 0.67°C, total RMSE = 0.66°C).

In addition to the correspondence between the mooring data and the SST,q; in the ShTr region, the fact that
the ShTr SST,q is warmest in November and December and coolest from March to May (Figure S7) is con-
sistent with subsurface temperatures observed on the shelf between 2004 and 2010 using tagged seals (Stra-
neo et al., 2010). We also find good relative agreement between ShTr SST,,; measurements and shipboard
hydrographic surveys within the trough taken each August from 2009 to 2013 (Harden et al., 2014). This
indicates that the monthly ShTr SST,; derived here is a useful proxy for the subsurface ocean temperatures
at the fjord mouth and hence of the waters that feed Sermilik Fjord at depth and reach the base of Helheim
Glacier (Straneo et al., 2010).
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Figure 6. Variability in the trough anomaly along the trough leading to Sermilik Fjord in comparison to Helheim Glacier discharge rates. (a) Map of the 19-
year climatological anomaly of adjusted sea surface temperature (SST,q;) overlain by the thirteen — 14 X 14 km sampling boxes representing a transect from the
fjord (1) out to the continental slope (13). Bathymetry contours from BedMachine v3 (Morlighem et al., 2017). (b) Monthly record for the trough anomaly from
2000 to 2018. The transect from box (1) on the top to (13) at the bottom spans the y-axis, and time is along the x-axis. The annual means for the —1.5°C trough
anomaly (white; spatial indicator of a temperature contour on the shelf) and Shelf Trough (ShTr) SST,q; (orange; a temperature indicator from the fixed ShTr
box) are shown with standard error (shading). (c) Monthly Helheim Glacier ice discharge rates and their standard error from King et al. (2020) to provide a
comparison between Helheim Glacier changes and ocean records from (b).

3.5. AW Encroachment Onto the Shelf

Temperature changes in the ShTr region, which is a mixing region between AW and PW at the surface
(Harden et al., 2014; Sutherland et al., 2013), reflect the combined influence of IC and EGCC temperature
variability and transport between them. Here, we investigate changes in the AW intrusions onto the conti-
nental shelf by examining the occurrence of warm temperatures along the trough that supplies AW to the
ShTr region and eventually, at depth, to Sermilik Fjord (Figure 6). Specifically, we consider a transect of
thirteen 14 x 14 km boxes along the trough crossing the continental shelf and leading to Sermilik Fjord.
Within each of the boxes we subtract the daily IC SST,q; temperature from the SST,g4 in the box to create a
“trough anomaly” (Figure 6a). The trough anomaly thus indicates how different the box SST,g; is from that
of the IC. By doing this, we remove any interannual variability in magnitude that results from changes in
the IC temperature itself as opposed to more or less AW intruding onto the shelf. A less negative anomaly
means that trough waters are almost as warm as those offshore (IC region) while a more negative anomaly
means that the trough is considerably colder than the IC. Any box covered in sea ice is assumed to be at the
freezing temperature of seawater (—1.8°C). To determine thresholds for quantifying when AW temperatures
are present at the surface within the trough, we compare anomalies found for all of the pixels within the IC
and EGCC boxes, which represent AW and PW end members, respectively. More than 99% of IC pixels have
anomalies above —1.5°C, while anomalies within the EGCC tend to be more negative (Figure S8). Using this

SNOW ET AL.

11 of 18



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016509

distinction, we consider a box to have AW at the surface when monthly trough anomalies are greater than
—1.5°C (Figure 6b). We determine an annual mean for the location of the —1.5°C contour along the transect
after removing the months where cloud cover obscures part of the transect and makes identification of the
—1.5°C contour uncertain. Our results are not sensitive to slight variations in threshold choices.

Instances of small amplitude anomalies in the trough temperatures are associated with AW inflow onto the
shelf (Sutherland et al., 2013) and we find that AW spread furthest inshore in 2003 and 2014-2018, while
it was most consistently offshore in 2006-2008 and 2011-2012 (Figure 6b). In 2003 and 2018, AW extended
along the entire trough (inshore of box 3) nearly year-round. Conversely, PW extended up to the continental
shelf break for more than half of the year in 2007 and 2008 with little to no AW on the shelf during that time.
The cross-shelf extent of AW intrusion has a strong negative correlation with the ShTr SST,q; (r = —0.76,
p < 0.001; i.e., warm water farther inshore corresponds to a warmer SST,q;), although AW intrudes furthest
inshore after 2014, which does not coincide with similarly extreme ShTr temperatures. The earlier periods
of farthest intrusion, 2003 and 2010, are consistent with times of anomalously warm IC, however, the later
period is not (Figure 4). Explicitly, this means that the temperature variability of the upper Irminger Sea
region (IC box) is not always indicative of the extent of AW intrusions onto the shelf. Even as the Irminger
Sea has been cooling, since 2010, the AW is intruding deeper onto the shelf and - presumably - influencing
the waters flowing into Sermilik Fjord at depth.

4. Discussion
4.1. Reliable Application of Sea Surface Temperatures

While the MODIS record provides a high-temporal, long-duration time series of SSTs, significant challenges
have slowed widespread application of this data set to quantify ocean water properties in the vicinity of
glaciers. Frequent cloud and sea ice cover lead to few measurements of the ocean surface despite the, on
average, 15 scans acquired per day, and weaknesses in the built-in SST masking protocols mean that the
boxed SST products can often have cloud or ice contamination and tendency toward cold biases around
Greenland (Jia & Minnett, 2020; Szczodrak et al., 2014). Regionally, SSTs are influenced by the relatively
fresh PW and meltwater found near the coast and in some locations provide little information on the deeper
AW temperatures on the continental shelf (Sutherland et al., 2013). Our work, however, shows that with
adjustments for diurnal and seasonal variability, SSTs in certain regions can provide a reliable measure of
upper ocean temperatures, and in the case of Sermilik Fjord, provide a measure of the AW temperatures
entering a glacial fjord at depth.

In order to use MODIS skin SSTs in the polar regions as a measure of upper ocean temperatures, additional
processing and consideration needs to be given to the Level 3 V2014 SST products provided by the NASA
Ocean Biology Processing Group (Jia & Minnett, 2020). Sea ice must be directly masked (Figure S2a), sea-
sonal skewing of the daytime and nighttime products in polar regions must be accounted for (Figure S1b),
and diurnal biases between day- and nighttime products corrected (Figure S4; Kilpatrick et al., 2015; Min-
nett, 2003). We find that differences between the daytime and nighttime products can be large here (as much
as 0.9°C between monthly averages) and daytime products skew observations toward the summer season
when air temperature changes more strongly influence the SST signal. We also show that SST variability
driven by air-sea interactions in non-winter months can be removed to obtain an SST,; that is more closely
linked with upper ocean temperature (Figure 3). This daytime/summertime bias is important because most
previous research using MODIS SSTs around Greenland use daytime products (Howat et al., 2008, 2010;
Sutherland et al., 2013), and any research using summertime SSTs (e.g., Andresen et al., 2012; Murray
et al., 2010) may be measuring an SST signal strongly tied to atmospheric temperature, rather than the
upper ocean.

For the ShTr region, the resultant SST,g; is also found to be representative (¥ = 0.53) of temperatures ob-
served at 290 m at a mooring near the mouth of Sermilik Fjord, year-round. We attribute this link to the fact
that the AW flowing into the trough is the same water that enters the fjord at depth, 80 km downstream, be-
neath the EGCC, consistent with earlier studies. Absolute SST observations (Figure 5c) are consistent with
the findings of Sutherland et al. (2013) who find that “uncorrected” summertime SST in the ShTr region
do not significantly correlate with deeper trough water temperatures — below 200 m where AW is primarily
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found - making uncorrected SST unreliable for monitoring them. Once the higher frequency imprinted
atmospheric variability in non-winter months has been removed, as we have done in this study, however,
the relationship between these SST,q; values and subsurface water temperatures becomes significant, albeit
with more uncertainty than the respective wintertime relationship (winter RMSE = 0.57°C, non-winter
RMSE = 0.70°C; Figures 3 and 5). For this reason, non-wintertime ShTr SST,4; can serve as a useful proxy for
tracking subsurface water temperatures flowing into the fjord as long as the higher uncertainty associated
with them does not exceed the variability in the ocean temperature signal. This may make the non-win-
tertime subsurface AW estimates inadequate for locations that experience less than a few degrees of water
temperature variability.

While ShTr SST,4; serves as an estimate for the AW temperatures flowing into the fjord, the connection to
deeper waters varies across the region based on differences in stratification, mixing patterns, and water
masses present, therefore it is unclear to what extent SST,4; can serve as a proxy for subsurface waters in oth-
er locations. Many studies have shown large horizontal changes in the properties of the water column be-
tween the coast and offshore of the continental break near Sermilik Fjord (e.g., Harden et al., 2014; Rudels
et al., 2002; Sutherland & Pickart, 2008). The upper water column within the IC is made up entirely of AW
and we show that the SST,4; has a significant correlation (r = 0.32, p = 0.02) with the offshore OOI mooring
temperature record from 180 m. The depth over which this correlation holds, presumably, varies seasonally
and interannual with the depth of the mixed layer (near-surface to >1,500 m; de Jong et al., 2018). With
a strong pycnocline between PW and AW serving as a barrier between the surface and subsurface waters
along the coast (Harden et al., 2014; Straneo et al., 2010), SST,q; over the EGCC are indicative of surface
PW, and have a much weaker or insignificant connection to the AW flowing below. This holds for the EGCC
except when intrusions of water from the IC mix horizontally into it, which is not uncommon (Sutherland
& Pickart, 2008). Seasonal changes in the stratification and mixing that stem from changes in freshwater
input (e.g., sea ice or glacial runoff and melt; Stroh et al., 2015), wind speeds, and solar heating (Donlon
et al., 2002; Minnett, 2003) will also impact the correlation between SST,4 and subsurface waters. Therefore,
the choice of SST sampling location heavily impacts what information can be ascertained and the oceanog-
raphy of each location must be well understood to use SSTs reliably.

Averaging windows used in the analyses also impact the relationships that can be found between SST, at-
mosphere, and water temperatures, and caveats exist for those we have chosen herein. In the sensitivity test
for air temperature/SST linear relationships, we found that daily temperatures provided the most consistent
and physically explainable seasonal A,, values for all three regions (Figure S6). While using daily tempera-
tures for this correction accounts for diurnal solar heating and turbulence processes that occur on the order
of a few hours, they do not capture processes that occur on timescales of a few days, such as inertial mixed
layer currents (Donlon et al., 2002; Garwood, 1979). Therefore, some SST,; variability may still be attribut-
able to the atmosphere. Conversely, any sub-daily diurnal air-temperature/SST,q; co-variability (ascertained
from single-scan MODIS Level 2 SSTs) may provide valuable information about diurnal relationships, but
this variability is averaged out in the making of the Level 3 SST product. In examining the SST/subsurface
mooring temperature relationship, we found that monthly averages provided the strongest and most robust
linear relationships (Figure 5), which makes sense based on the previously measured shelf water velocities
(Sutherland & Pickart, 2008) and the expected 1 to >10 days lag time between waters reaching the ShTr box
and fjord mouth mooring 80 km inshore. These velocities and therefore, ocean temperatures likely fluctu-
ate substantially with wind forcing and current transport (Le Bras et al., 2018; Sutherland & Pickart, 2008).
Averaging to monthly windows means that upper ocean variability on shorter timescales, which may play
an important role in glacier-ocean interactions, will go undetected. While outside the scope of this work,
studies that incorporate mooring water velocities or co-located SST/mooring locations could better quantify
sub-monthly upper ocean variability.

4.2. Historical Subsurface Water Temperatures and Implications

Our 