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Abstract

In recent years, there has been a significant acceleration in the thinning, calving and retreat of the Pine Island Ice
Shelf (PIIS). The basal channels, results of enhanced basal melting, have the potential to significantly impact the
stability of the PIIS. In this study, we used a variety of remote sensing data, including Landsat, REMA DEM,
ICESat-1 and ICESat-2 satellite altimetry observations, and IceBridge airborne measurements, to study the
spatiotemporal changes in the basal channels from 2003 to 2020 and basal melt rate from 2010 to 2017 of the PIIS
under the Eulerian framework. We found that the basal channels are highly developed in the PIIS, with a total
length exceeding 450 km. Most of the basal channels are ocean-sourced or groundingline-sourced basal channels,
caused by the rapid melting under the ice shelf or near the groundingline. A raised seabed prevented warm water
intrusion into the eastern branch of the PIIS, resulting in a lower basal melt rate in that area. In contrast, a deep-
sea trough facilitates warm seawater into the mainstream and the western branch of the PIIS, resulting in a higher
basal melt rate in the main-stream, and the surface elevation changes above the basal channels of the mainstream
and western branch are more significant. The El Nifio event in 2015-2016 possibly slowed down the basal melting
of the PIIS by modulating wind field, surface sea temperature and depth seawater temperature. Ocean and
atmospheric changes were driven by El Nifio, which can further explain and confirm the changes in the basal
melting of the PIIS.
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1 Introduction

An ice shelf is the floating extension of the ice sheet over the
sea, supporting the stability of the ice sheet. Thinning of an ice
shelf will weaken its support, leading to accelerated mass loss of
ice sheet and contributing the rise of sea level (Alley et al., 2005;
Paolo et al., 2015; Rignot et al., 2019). Currently, basal melting is
the main pathway for mass loss of the Antarctic ice shelf and the
primary driving factor for mass loss of the Antarctic ice sheet
(Pritchard et al., 2012; Shepherd et al., 2018; Liu et al., 2015). Bas-
al channels located at the bottom of floating ice shelves can cause
uneven basal melting (Shepherd et al., 2003; Fricker and Pad-
man, 2012; Rignot and Steffen, 2008; Bindschadler et al., 2011;
McGrath et al., 2012; Logan et al., 2013; Chartrand and Howat,
2020), thereby affecting the stability of the ice shelves structure
(Jacobs et al., 1996; Bintanja et al., 2013; Vaughan et al., 2012; Al-
ley et al., 2016; Wang et al., 2020). Basal channels can be formed
by various mechanisms, such as the intrusion of circumpolar
deep water (CDW) and surface seawater, drainage at the base of
ice sheets, undulating bedrock topography upstream of
groundingline. Alley et al. (2016) classified the basal channels in-

to three categories based on whether they originate from the
groundingline and correspond to modeled subglacial outflow: (1)
ocean-sourced basal channels neither originate from the
groundingline nor correspond to modeled subglacial outflow; (2)
subglacial-sourced basal channels originate from the
groundingline and corresponding to modelled subglacial out-
flow; (3) groundingline-sourced basal channels originate from
the groundingline but do not correspond to modelled subglacial
outflow. This provides an important reference for future research
on the development of basal channels.

Currently, ice-penetrating radar technology and underwater
ice cavity detection technology cannot achieve long-term obser-
vation of the basal channels (Vaughan et al., 2012). However,
during the formation of the basal channels, the ice shelf itself un-
dergoes creep under hydrostatic, resulting in a depression on
surface of the ice shelves corresponding to the location of the
basal channels (Bindschadler et al., 2011; Alley et al., 2016; Wang
et al., 2020). Therefore, most of studies depicted the changes of
the basal channels mostly depends on the inversion of remote
sensing or satellite altimetry data (Alley et al., 2016; Chartrand
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and Howat, 2020; Wang et al., 2020). Further research is required
to thoroughly describe the thinning and melting of ice shelves by
studying the long-term temporal and spatial changes of the basal
channels.

The Amundsen Sea coastal ice shelves in the West Antarctic
had experienced significant acceleration and thinning, and mak-
ing a significant contribution to sea level rise (Paolo et al., 2015;
Pritchard et al., 2012; Shepherd et al., 2018). The Pine Island Ice
Shelf (PIIS) is one of the major ice shelves in the West Antarctic.
The stability of the PIIS continues to weaken, reducing its sup-
port for upstream glaciers and further accelerating glacial over-
flow, making it the region with the most significant mass loss for
the Antarctic ice sheet (Paolo et al., 2015; Pritchard et al., 2012;
Liu et al., 2015). The basal melting of the PIIS was mainly driven
by the modified circumpolar deep water (mCDW) from the
Amundsen Sea (Wéhlin et al., 2010; Walker et al., 2013; De Rydt et
al., 2014; Dutrieux et al., 2014). Several simulation studies shown
that the accelerated melt of the PIIS is due to the basal melting
concentrated near the groundingline and the loss of bottom trac-
tion caused by groundingline retreat (Payne et al., 2004; Joughin
etal., 2010, 2019; Favier et al., 2014). Accelerated basal melting
near the groundingline has affected the evolution of the
groundingline and leads to sea-level rise in the future (Favier et
al., 2014; Cornford et al., 2015; Joughin et al., 2014; Nias et al.,
2016; Seroussi et al., 2017).

PIIS’s groundingline was probably engaged in an unstable
40 km retreat (Favier et al., 2014), and the mass loss will exceed
100 Gt/a equivalent to 3.5-10 mm eustatic sea-level rise over the
next 20 a (Favier et al., 2014). Mean basal melt rates of the PIIS
were 82-93 Gt/a from 2008 to 2015, with basal melt rates of
200-250 m/a within large channels near the groundingline,
10-30 m/a over the main shelf, and 0-10 m/a over the northeast
shelf and southwest shelf, with the notable exception of a small
area with rates of 50-100 m/a near the groundingline of a fast-
flowing tributary on the southwest shelf (Shean et al., 2019). En-
hanced basal melting along narrow basal channels play an im-
portant role in the formation of some basal and surface crevasses,
greatly weakening the structural stability of the PIIS (Vaughan et
al., 2012). The melt rate at the basal channel apex of the PIIS was
0.06 m/d, while melt rate along the basal channel flanks was al-
most zero (Stanton et al., 2013).

The factors influencing ice shelf-ocean interaction and their
physical mechanisms involved are very complex. In addition to
the mCDW, local wind and the El Nifio-Southern Oscillation (EN-
SO) also have an important impact on the basal melting and the
development of basal channels of the PIIS. On timescales ran-
ging from weeks to months, the primary factor regulating the bas-
al melt rate of the PIIS was the response of the upper thermo-
cline to local wind-forced changes in vertical Ekman velocity
(Davis et al., 2018). The basal melt rates of the PIIS in 2012 de-
creased by over 50% compared to 2010, mainly due to the strong
La Nina event (Dutrieux et al., 2014). 3D high-order model simu-
lations have shown that enhancing ice shelf melting is the most
important way in which climate change will affect ice shelf dy-
namics in the next 50 years, and it will rapidly accelerate the
movement of glacier upstream of the groundingline by several
hundred kilometers (Seroussi et al., 2014). In the future, the Pine
Island Glacier will continue to accelerate, and even if ocean-in-
duced basal melting reduces, it will remain a major contributor
to sea level rise (Seroussi et al., 2014). Nevertheless, the role of
the basal channels in the interaction between ice shelf and ocean
requires further research. Owing to the limitations of the polar
field environment, it is currently difficult to collect large-scale
directly measured data on the basal channels of ice shelf, thus
making it a challenge to comprehensively describe their develop-

ment and evolution processes (Tang et al., 2008).

In the context of continuous global warming, the PIIS
provides an ideal laboratory for studying the development and
evolution of a basal channel and the driving factors of basal melt-
ing, and for exploring ocean-ice shelf interaction mechanism.
Therefore, this study used the existing remote sensing to obtain
the long-term time series of the basal channels and the surround-
ing basal melting of the PIIS, and to investigate their spatiotem-
poral changes and corresponding driving factors. We hope this
work can further strengthen the understanding of the impact of
the basal channels on the ice shelf stability.

2 Data and methods

2.1 Landsat optical satellite remote sensing data

The Landsat 7 satellite was launched in 1999. The satellite
carries the Enhanced Thematic Mapper (ETM+) sensor, which
passively senses the solar radiation reflected by the surface and
the thermal radiation emitted by the surface. There are 8-band
sensors that cover visible light ranging from infrared to different
wavelength (Goward et al., 2001; Suga et al., 2003). The Landsat 8
satellite was launched in 2013. The satellite carries both a land
imager and a thermal infrared sensor, which are used for data ac-
quisition and monitoring in the visible light band and thermal in-
frared band respectively (Roy et al., 2014; Vermote et al., 2016).
The 8-band panchromatic image data from the two satellites has
the highest resolution of 15 m. This study used the resolution of
15 m panchromatic image data to identify the surface depression
features corresponding to the basal channels.

2.2 ICESat satellite altimetry data

ICESat-1 and ICESat-2 were launched in 2003 and 2018 re-
spectively. Their main tasks are to monitor elevation changes in
the Antarctic and Greenland ice sheets, and to provide scientific
data for studying the impact of polar ice sheet mass changes on
sea level rise (Liu et al., 2020; Wang et al., 2013; Borsa et al., 2014;
Fricker and Padman, 2006). The laser pulses from ICESat-1 that
reach the ground form a spot with a diameter of about 70 m, with
a distance of approximately 172 m between spots. The vertical
resolution of the ground can reach 10 cm and the observation
period is repeated every 91 d (Liu et al., 2020; Wang et al., 2013;
Borsa et al., 2014; Fricker and Padman, 2006). The laser pulses
from ICESat-2 that reach the ground form a spot with a diameter
of about 17 m, with a distance of approximately 90 m between
spots. The along-track resolution is about 0.7 m, and the observa-
tion period is repeated every 91 d, with the measurement accur-
acy of the annual ice sheet elevation change rates are better than
or equal to 0.4 cm/a (Liu et al., 2020; Wang et al., 2013; Borsa
et al., 2014; Fricker and Padman, 2006; Markus et al., 2017). This
study used ICESat-1 (GLAH12, Version 34) and ICESat-2 (ATLO6,
Version 4) data to analyze the spatiotemporal changes of surface
elevation above the basal channels from 2003 to 2009 and from
2018 to 2020.

2.3 Reference Elevation Model of Antarctica (REMA) and digital
elevation models (DEMs)

The REMA is the first high-precision topographic map of the
entire Antarctic (Howat et al., 2019). The images used to con-
struct REMA are from four satellites, namely WorldView1, World-
View-2, WorldView-3, and GeoEye-1 (Howat et al., 2019). DEM is
generated by the opensource and fully automated SETSM soft-
ware package on the Blue Waters supercomputer at the National
Center for Supercomputing Applications processing scene pairs
(Noh and Howat, 2017). This product provides DEM of Antarc-
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tica with spatial resolutions of 2 m, 8 m, 100 m, 200 m and 1 km
(Noh and Howat, 2017). This study used REMA DEMs with spa-
tial resolution of 2 m to analyze the temporal and spatial changes
in the basal channels and the basal melt rates around the basal
channels from 2010 to 2017. The systematic bias of REMA DEMs
was corrected utilizing CryoSat-2 satellite altimetry data. The sys-
tematic bias was obtained by the difference between the DEM
and the mean elevation in the same observation period inferred
from CryoSat-2, and removed from the DEM. The detailed cor-
rected process is divided into three steps: firstly, based on the
month of collection of REMA DEM, the CryoSat-2 satellite alti-
metry data covering a small range of REMA DEM for a total of
three months before and after each month were selected; then,
the mean elevation of the area is calculated using CryoSat-2
satellite altimetry data, and the difference between the REMA
DEM and the mean elevation is the deviation that exists in the
REMA DEM,; finally, subtract the deviation from REMA DEM to
complete REMA DEM deviation correction.

2.4 IceBridge

IceBridge data was implemented by the US IceBridge (Opera-
tion IceBridge, OIB) program, using a variety of airborne equip-
ment to measure Arctic and Antarctic ice shelves surface topo-
graphy, bedrock topography, groundingline location, ice thick-
ness, sea ice distribution and various other collected data (Kurtz
and Farrell, 2011; Farrell et al., 2012). This study used IceBridge
data to determine the presence and location of the basal chan-
nels in the PIIS.

2.5 Assisted with data analysis

In this study, we combined atmospheric and oceanic data to
analyze the driving factors behind basal melting and develop-
ment of basal channels of the PIIS, such as sea surface temperat-
ure (SST), wind, ENSO index, geopotential height, etc. We ob-
tained the corresponding data from different institutions by re-
ferring to previous relevant research (Wang et al., 2020; Paolo et
al., 2018). SST used data with a spatial resolution of 1° provided
by the Met Office Hadley Center, version 3.1. The wind field data
used monthly analyzed 10 m wind field data with a resolution of
0.25° from the European Center for Medium-Range Weather
Forecasts (ECMWF) ERA5 (Hersbach et al., 2019). The ENSO in-
dex used the three-month moving mean data provided by the
Climate Prediction Center. The geopotential height data used
ERAS5 reanalysis data provided by ECMWE with a resolution of
0.25° (Hersbach et al., 2019). groundingline used the MODIS Mo-
saic of Antarctica (MOA) 2009 groundingline products. The spe-
cific addresses for obtaining the above data will be added in the
Data Availability Statement.

2.6 Estimating basal melt rate

We used 2-m high-resolution REMA DEMs to calculate the basal
melt rate on an annual scale in the 10 km x 10 km area marked in
Fig. 1 under the Eulerian framework from 2010 to 2017. The basal
melt rate W}, can be derived from the equation Eulerian (1) sur-
face elevation change 9h/0¢ (Shepherd et al., 2003; Moholdt et
al., 2014; Adusumilli et al., 2018; Liang et al., 2021) as
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Fig. 1. The basal channels of the PIIS. Image is the REMA mosa-
ic hillshade with a resolution of 100 m. The distribution of differ-
ent types of the basal channels: blue represents ocean-sourced
basal channel, green represents groundingline-sourced basal
channel, and light blue represents subglacial-sourced basal
channel. Black lines A-F mark the the basal channels where
ICESat-1 and ICESat-2 pass through (named as channels A-F).
The black square boxes A-F represent the 10 km x 10 km area
around the basal channel (named as locations A-F). The range of
SST acquisition is 75°S to 74°S, 102°W to 103°W.

(Ligtenberg et al., 2014), which is defined as the variation in
thickness if the firn column is compressed to the density of glaci-
erice; H; is the ice equivalent thickness (m) with 500 m horizont-
al spacing (the thickness of an ice shelf assuming the whole
column has the mean ice density) (Morlighem et al., 2018); p;
and p,, are the densities of ice [(917 + 5) kg/m3] and seawater
[(1 028 + 1) kg/m3]; M is the surface mass balance [SMB; kg/(m?-a)]
with 27 km horizontal spacing (van Wessem et al., 2018); v is the
ice surface velocity with 240 m horizontal spacing (m/a) (Gard-
ner et al., 2019); W, is the basal melt rate (m/a); V - (vH;) is the
sum of ice advection v- VH; and divergence H; - Vv (m/a);
VH; is the thickness gradient; and Vv is the velocity divergence
(positive for extension). v- VH; is used to correct the error
caused by advection.

As ice shelves freely float on the ocean, changes in sea level
height (4, ) and ocean density (p, ) can cause variations in the
surface elevation of ice shelves. It has been reported that sea level
has risen at mean rate of (3.6 £ 0.4) mm/a from 2005 to 2016
(WCRP Global Sea Level Budget Group, 2018). Changes in seawa-
ter density, which are affected by both salinity and temperature,
result in a variation in elevation of ice shelves of about 2 mm/a
(rising or falling) (Moholdt et al., 2014). Therefore, the influence
of hy, and p,, can be ignored and Eq. (1) can be simplified as

M Pw 0h 8Ha
() (%) v o

Wy =

3 Basal channel change

3.1 Basal channel identification

In this study, the basal channels were identified by combin-
ing surface texture extracted from the remotely sensed data with
IceBridge ice radar data, as the corresponding surface of the bas-
al channel present depressions. First, this study used Landsat-7
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and Landsat-8 optical remote sense images and REMA DEM to
identify the surface depressions on the PIIS. Second, we used
IceBridge ice radar data intersecting that intersect with these de-
pressions to filter out the basal channels from these depressions.
If there are also depressions on the bottom of the ice shelf corres-
ponding to the locations of surface depressions, they are identi-
fied as the basal channels (Wang et al., 2020). Finally, the basal
channels were divided into ocean-sourced basal channels,
subglacial-sourced basal channels and groundingline-sourced
basal channels. The geometric schematic diagram of the forma-
tion process of each type of the basal channel can refer to Fig. S5
of Alley et al. (2016). Note that the extracted basal channels were
all verified by the IceBridge ice radar measurements. Some basal
channels may not have been extracted due to the lack of Ice-
Bridge ice radar observations for validation.

We identified the distribution of the basal channels in the PIIS
through visual interpretation based on the basal channel extrac-
tion method. Figure 1 shown the detailed distribution positions
of the extracted basal channels in this study. The east branch of
the PIIS only has groundingline-sourced basal channels, while
the mainstream has three types of the basal channels, and the
west branch only has ocean-sourced basal channels. The total
length of the basal channels was about 455 km, of which the
length of subglacial-sourced basal channels was about 44 km, the
length of ocean-sourced basal channels was about 260 km, and
the length of groundingline sourced basal channels was 151 km.
In addition, there are some basal channels intersecting with the
direction of ice velocity in the edge area of basal channel E. It is
may be basal channels underneath the shelves cause ice thin-
ning, resulting in the formation of the basal channels in the direc-
tion of intersecting ice velocity. Similar surface depression fea-
tures were also observed in the edge area of the basal channels C
and D, and they were not extracted due to the lack of data valida-
tion of IceBridge measured data.

In order to analyze the spatiotemporal changes of the basal
channels in detail, we selected A-F six main sites of the basal
channels as the main analysis objects according to the location
and type of basal channels, the satellite altimetry data track and
the coverage of 2 m resolution REMA DEM long time series. They
were located in the east branch, west branch and mainstream of
the PIIS, covering three types of the basal channels. Six specific
locations (A-F in Fig. 1) were selected to study the spatial and
temporal changes in the basal channels, for they had enough ob-
servations to form a time series. The locations A and B were loc-
ated in the east branch of the PIIS, C, D, and E were located in the
mainstream of the PIIS, and F was located on the west branch of
the PIIS.

3.2 Temporal and spatial variation in surface elevations above
basal channel

Due to the lack of measured data on the bottom of the Antarc-
tic and Arctic ice shelves, it is impossible to monitor the actual
shape changes of the basal channels for a long time. Analyzing
the changes in surface elevation above the basal channels was a
common way for studying the changes of the basal channels, as
depressions are formed on the surface corresponding to the loca-
tion of the basal channels (Chartrand and Howat, 2020; Alley
etal., 2016; Wang et al., 2020).

Figure 2 showed the surface elevation changes above differ-
ent the basal channels, according to the labeling order in Fig. 1.
In order to display the results more clearly and intuitively, the
data from different periods had been normalized. The altitude
peaks on both sides of the depression area were selected as
matching points, as the peak points were easier to match.

As shown in Fig. 2, the surface elevations above the basal

channels A and B did not show significant changes from 2003 to
2020, indicating the basal channels at A and B were stable. The
surface elevation above the basal channel C was relatively stable
from 2007 to 2008, reached to the lowest in 2010, and there was a
decrease in 2012 and 2015, with the most significant increase oc-
curring in 2016. The surface elevation above the basal channel D
was relatively stable from 2004 to 2007, and then decreased from
2010 to 2013 and increased from 2014 to 2015, and was at the
lowest in 2016. The surface elevation above the basal channel E
decreased from 2007 to 2015, and increased in 2016 and 2018.
The surface elevation above the basal channel F reached its low-
est point in 2007 and 2016, showed a large increase in 2014 and
2015, and was relatively stable in the remaining years.

4 Basal melt rate from high-resolution REMA DEMs

The location F is located at the front end of the west branch of
the PIIS, where ice shelf calving occurred more frequently. The
calving has a significant impact on the ice velocity and therefore
has a very significant effect on the calculation of the basal melt
rate (Bradley et al., 2022). Therefore, the basal melt rate around
the location F was not calculated. Figure 3 showed the annual-
scale maps of the basal melt rates for small areas A-E. Some
maps might only cover a part of the 10 km x 10 km area in some
periods because of the limited coverage of the corresponding
2-m resolution REMA DEMs.

As shown in Fig. 3, the basal melt rate in the east branch was
significantly lower than in the mainstream. The basal melt rates
of most areas around the locations A and B in the PIIS east
branch were higher than 10 m/a, and its overall basal melt rate
was 0~10 m/a, and the mean basal melt rate around the loca-
tions A and B was (3.89 + 1.69) m/a which was consistent with
results of Shean et al. (2019). The basal melt rates in PIIS main-
stream were relatively larger, and the mean basal melt rate
around the locations C, D, and E was (22.45 + 15.45) m/a, and the
basal melt rates of some areas were higher than 100 m/a. The
basal melt rates in the basal channels were higher than other re-
gions. Schmidt et al. (2023) observed the same phenomenon at
Thwaites Glacier (Schmidt et al., 2023). They speculated that the
higher lateral turbulent mixing and destabilizing rising glacial
meltwater allowed warm water entering the sloped surfaces of
the basal channels, thus promoting the basal melting (Gregg,
1987; Rosevear et al., 2022; Kerr and McConnochie, 2015).

In order to analyze temporal variation of basal melting, we
compared the mean basal melt rate around the locations A, B, D
and E from 2010 to 2017. In addition, the changes in ENSO,
monthly mean speed of local wind and deep seawater temperat-
ure at 880-1 000 m depth during from 2010 to 2020, showed in
Fig. 4. The mean annual basal melt rate of around the location E
was discontinuous. In order to ensure a more intuitive presenta-
tion of the results, the missing annual mean basal melt rates were
given the two-year mean basal melt rate.

As shown in Fig. 4a, the basal melt rate in the east branch was
significantly lower than in the mainstream. The mean basal melt
rates around the locations A and B were 0-6 m/a, around the loc-
ation D was 0-60 m/a, and around the location E was 15-50 m/a.
The mean basal melt rates around the locations A, B, D, and E
first increased and then decreased from 2010/2011 to 2015/2016,
and it was found that the ENSO index was relatively high in
2015/2016, indicating that an El Nifio event occurred during this
period. In addition, the monthly average wind speed and deep
seawater temperature were significantly lower compared to oth-
er periods, which suppressed basal melting of the PIIS. In addi-
tion, we found that the ENSO index remained stable during other
periods, while the monthly average wind speed exhibited a stable
cyclic variation and the higher temperature of deep seawater
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Fig. 2. The surface elevations along cross-section A-F from ICESat-1 (I1), ICESat-2 (I2) and REMA DEM above different basal chan-
nels of the PIIS. The tagging of each subplot is the same as the marks of the six specific locations A-F in Fig. 1.

contributed to a more severe basal melting of the PIIS compared
to 2015-2016, and this higher melting rate has remained relat-
ively stable. Therefore, it can be inferred that the abrupt change
in the ENSO index (resulting from special natural events such as
El Nifio) will have an impact on the basal melting of the PIIS. Due
to the lack of REMA DEMs in 2013 and 2014, the change in the
annual basal melt rate around the location C from 2012-2013 to
2014-2015 cannot been estimated. But it was not difficult to spec-
ulate that it may have the same trend around the locations D and
E, as the locations C, D and E are all located in the mainstream of
PIIS and share similar environments.

5 Discussion

5.1 East branch basal channels changes

The refined seabed topography data shows that there is a
raised continental shelf in the front of the east branch of the PIIS
(Fig. 5). This raised seabed topography prevented the mCDW
from entering the ice cavity of the PIIS east branch, resulting in a
lower basal melt rate. Observations and simulations by Dutrieux
et al. (2014) confirmed that the influence of ocean circulation on
basal melting in the east branch of the PIIS was limited. This is
why the changes in the basal channels at locations A and B were
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Fig. 3. The basal melt rate of 10 km x 10 km areas around the locations A-E. The irregular white areas were caused by missing data.
The tagging of each subplot is the same as the marks of the five specific locations A-E in Fig. 1.

far less than the changes in the basal channels of the mainstream
and the west branch of the PIIS.

5.2 Mainstream basal channels changes

Unlike the east branch, a sea trough in the front of main-
stream and west branch of the PIIS (Fig. 5) provides convenience
for the invasion of the mCDW. The mCDW carries a large amount
of heat into the ice cavity of the mainstream and west branch of
the PIIS, causing serious basal melting. This is why ocean circula-
tion mainly affects the mainstream and west branch of the PIIS

(Dutrieux et al., 2014). The intrusion of mCDW promoted basal
melting, resulting in a higher basal melt rate in mainstream of the
PIIS. Local winds are an important factor in regulating the input
of Amundsen Sea mCDW into the bottom of the PIIS (Dutrieux et
al., 2014; Thoma et al., 2008; Steig et al., 2012). Changes in local
winds can increase or decrease the volume transport of mCDW,
thus affecting the heat exchange between ice shelf and ocean,
promoting or inhibiting the basal melting. Additionally, local
winds can drive the warm surface seawater into the bottom of the
ice shelf to enhance heat exchange and thus promoting the basal
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melting of the ice shelf (Wang et al., 2020; Silvano et al., 2016).

The changes in the basal channels at locations C, D and E Tr
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significant increase, and the abnormal wind field (Fig. 7) alsoin-  channels C, D and E, and reduce the surface elevations above
creased the CDW entering the bottom of the PIIS. Wind field and  basal channels C, D and E from 2007 to 2010. From 2010 to 2013,
deep seawater temperature promoted the development of basal  the temperature of deep seawater continued to rise (Fig. 6b), and
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the wind speed was stable (Fig. 6a). Although there was a slight
increase in both deep seawater temperature (Fig. 6b) and wind
speed (Fig. 6a) between 2015 and 2018, the decreasing trend was
still evident. The cooling CDW entering the bottom of the PIIS,
which inhibited the development of the basal channels and in-
creased the surface elevations above basal channels C, D and E.
The change of wind field and deep seawater temperature were
consistent with the changes of the surface elevations above basal
channels C, D and E (Figs 2c-e). However, surface melting day
(SMD) (Fig. 8) and SST (Fig. 9) did not show consistency with the
surface elevations changes above basal channels C, D and E.
Because the basal channels C and E are close to the groundingline,
the basal channel D is far from the front edge of the PIIS, and the
distance of interaction between the surface seawater and the bot-
tom of the PIIS is not sufficient. Therefore, wind field and deep
seawater temperature were the main factors affecting the surface
elevation changes above basal channels C, D and E.

5.3 West branch basal channel change

The surface elevation changes above the basal channel F were
similar to that of the basal channel D. The sustained cooling of
CDW inhibited basal melting of the PIIS in 2014 and 2015.
However, surface melting day on the PIIS only occurred for 8 d
in 2014 (Fig. 8), and the lower atmospheric temperature on the
surface can also cause surface freezing of the basal channel F sur-
face. The cooling CDW and lower surface atmospheric temperat-
ure inhibited the development of the basal channel, resulting in
the maximum surface elevation above the basal channel F. The
number of surface melting days in both 2007 and 2016 was sever-
al tens of days (Fig. 8). The higher surface atmospheric temperat-
ure can also cause surface melting of the PIIS, and the higher SST
in the same year (Fig. 9) can promote the development of the
basal channel. Therefore, the surface elevation changes above
the basal channel F was minimized due to the rise of surface at-
mospheric temperature and SST.

5.4 ENSO regulates basal melt rate

The basal melt rates of the east branch of the PIIS were 0-
6 m/a. The maximum mean basal melt rate of the mainstream of
the PIIS was about 50 m/a, which was consistent with the simula-
tion results of Bradley et al. (2022), seriously weakening the sta-
bility of the PIIS. The seabed topography at the front of the PIIS is
the main factor causing regional differences in basal melting. The
mean basal melt rate first increased and then decreased from
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Fig. 8. Surface melting days of the PIIS.

2010-2011 to 2015-2016 with the mean reduction was 34%, and
shown an obvious law of time change. Especially in 2015-2016,
the basal melt rate reached its lowest value. The westerly wind in
the surface of Amundsen Sea increased the transport of mCDW/
CDW and surface seawater into the bottom of the PIIS, and the
temperature increased and accelerated the basal melting (Silvano
et al., 2016; Dotto et al., 2019). The SST around the PIIS (Fig. 9)
and the deep seawater temperature (Fig. 4d) shown a trend of
first increased and then decreased, which was consistent with the
change trend of the mean basal melt rate. Therefore, SST and
deep seawater temperature affected basal melting of the PIIS.

SST, wind field and deep seawater temperature can affect the
basal melting of the ice shelf, while SST, wind field and deep sea-
water temperature are affected by El Nifio/Southern Oscillation
(ENSO). ENSO can cause most of the observed variability in the
atmosphere, ocean and sea ice in the Amundsen-Bellingshausen
seas sector (Kerr and McConnochie, 2015; Good et al., 2013). Re-
gional responses to ENSO surface air temperature and upwelling
of CDW near the front of Pine Island Glacier’s ice shelf have been
observed (Dutrieux et al., 2014; Paolo et al., 2018). To investigate
the climate drivers of the reduction of basal melt rate in
2015-2016, we analyzed the geopotential height anomalies of
500 hPa over Antarctica and annual-mean wind at front of PIIS
using ERAS5 reanalysis data. Figure 10a and b showed the mean
geopotential height anomalies at 500 hPa and mean wind speed
vectors for three periods. They are also corresponding to La Nifa,
normal climate, and El Nifio. Especially the 2015-2016 period
corresponds to the 2015 extreme El Nifo event (Figs 4b and 10a).
Changes in the pressure of the Pacific sector and the Antarctic
continental shelf can lead to significant changes in the wind field,
and unusual mean easterly winds occur during this period
(Fig. 10b). Therefore, unusual mean westerly winds occur during
this period (Fig. 10b). El Nifo (La Nifia) can change the pressure
and wind field in the Amundsen Sea, thereby affecting the
changes in its surrounding ice shelves (Dutrieux et al., 2014;
Paolo et al., 2018).

Although the westerly winds promoted CDW into the bottom
of the PIIS during the El Nifio period (2015-2016) compared to
normal and La Nina (Fig. 10b), while wind speed (Fig. 4c) and
deep seawater temperature (Fig. 4d) showed a decreasing trend.
This restrained basal melting of the PIIS, causing the basal melt
rate reached its lowest value in 2015-2016. Paolo at el. (2018) also
confirmed this point that there was no significant increase in the
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720 I I I I I I I I I
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
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Fig. 9. SST at the front end of the PIIS. Annual mean from 2000
to 2020.
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basal melting of the PIIS between 2015 and 2016. However, the
mean basal melt rates at the basal channels were relatively large
and changes steadily during periods when there is no El Nifio
event influence (Fig. 4a). On the contrary, La Nifia event oc-
curred in 2010-2011 (Fig. 4b), and the atmospheric environment
was opposite to El Niflo. According to the current calculation res-
ults, it was also found that the basal melt rate was higher in
2010-2011. However, the current observation data was limited,
we need to further increase the long-term calculation to support
the impact of La Nifia event on the basal melting.

6 Conclusions

Our results provided more about the coupling relationship
between Pine Island Ice Shelf (PIIS) and atmosphere or ocean.
The fusion of surface elevation data from multiple sources allow
us to examine the surface elevation changes above the basal
channels over large areas with high spatial detail basal melt rate
in Eulerian frameworks. Our results have shown that the basal
channels network system of the PIIS is well-developed, with three
types of channels present and a total length of over 450 km. Our
long time series of observations have shown that the surface elev-
ation changes above east branch the basal channels were relat-
ively stable, the surface elevation changes above mainstream and
west branch were significant, and were respectively affected by
deep seawater temperature, wind field, SST and surface melting.
The basal melt rate of east branch was relatively small, and the
mean basal melt rate was 0-6 m/a. Mainstream basal melt rate
was relatively large, and the highest mean basal melt rate was
close to 50 m/a. The mean basal melt rate first increased and
then decreased between 2010-2011 and 2015-2016, which was
mainly due to the combined effect of SST, deep seawater temper-
ature, and wind field. However, these factors were affected by the

ENSO, the biennial mean geopotential height at 500 hPa also sug-
gested that ENSO was the main driver of the observed changes in
the basal melting of the PIIS. Therefore, the seabed topography
has led to difference in basal melting of different areas of the PIIS.
ENSO affected basal melting of the PIIS in the time scale.
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