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Abstract: Pine Island Glacier (PIG) is one of the most dynamic ice streams in West 

Antarctica, with significant basal melting and ice shelf retreat profoundly influencing its 

behavior. In this study, through remote sensing imagery and ice flow velocity data, we 

identified two major retreats of the PIG ice shelf in 2015 and 2018, and notable fluctuations 

in the ice flow velocities of PIG ice flow from 2013 to 2018. Analysis of CryoSat-2 data 

revealed that the annual average basal melt rate of the ice shelf peaked at ~14±0.8 m yr–1 

in 2016. We conducted simulations using an ice flow model to assess the effects of ice shelf 

retreat and basal melting. The results showed that the significant acceleration of ice flow 

on PIG in 2018 was due to the removal of the compressive arch during the 2018 ice shelf 

retreat, causing large dynamic changes. The deceleration in 2016 was attributed to 

substantial basal melting, which reduced the longitudinal force and weakened the ice 

shelf’s buttressing force, leading to an acceleration in 2017. Furthermore, extensive basal 

melting promoted the development of surface fractures on the southern side of the main ice 

shelf, contributing to the significant retreat observed in 2018. Consequently, a “melting-



 

 

This article has been accepted for publication in a future issue of PPRes, but has not been fully edited. Content may change prior to final 
publication. 

2 

 

 

fracture-collapse-acceleration” process has been identified, which is supposed to occur in 

ice shelves with significant basal melting. A sudden decrease in the surface flow velocity 

of an ice shelf may serve as an early warning for an accelerated rate of mass loss in the ice 

shelf system. 

 

Keywords: Antarctic, basal melt rate, ice shelf retreat, fracture, ice flow model, ice flow 

velocity. 

 

Introduction 

Ice loss from the Amundsen Sea sector of the West Antarctic Ice Sheet (WAIS) 

contributes about 7% of the global sea-level rise (Stanton et al. 2013). Since at least the 1970s, 

the Amundsen Sea Embayment of the WAIS has experienced significant acceleration, thinning, 

and grounding line retreat (Joughin and Padman 2003; Konrad et al. 2018; Mouginot et al. 

2014; Rignot et al. 2014). These changes are correlated with the incursions of relative warm 

Southern Ocean-sourced Circumpolar Deep Water (CDW) onto the continental shelf (Jacobs et 

al. 2011). Approximately 75% of the WAIS is grounded below sea level, and the large-scale 

collapse could lead to about 3.3 m of global sea lever rise (Bamber et al. 2009, 2018). 

Pine Island Glacier (PIG) is one of the largest and most dynamic ice streams in West 

Antarctica (Shean et al. 2017). PIG has experienced more than 100 m of thinning since 1970s, 

a 70% increase in grounding line ice flux and almost doubled the surface velocity between 1974 

and 2013 (Mouginot et al. 2014). Its grounding line retreated around 30 km along its centerline 

between 1992 to 2011 (Rignot et al. 2014). Ocean-driven basal melting of the PIG ice shelf 

triggers its acceleration, thinning, and grounding line retreat (Liu et al. 2015), which can reduce 

ice shelf volume and thus the buttressing capability (De Rydt et al. 2021). 

From the perspective of the physics of glaciers, the acceleration of the PIG ice shelf is 

usually explored from the following aspects. The increased basal melt that has reduced its 

buttressing effect results in the potential dynamically instability of the PIG ice shelf, which will 

induce the speed up of PIG ice flow (Stanton et al. 2013). The retreat of the PIG ice shelf that 

removes the total “safety band” will yield important dynamic consequences, and that means the 

increase of ice flow (Fürst et al. 2016). Changes in the structural rigidity, i.e., ice damage, 

further significantly impacted ice flow (Sun and Gudmundsson 2023). 

Ice flow models can show the dynamic process of ice shelves and ice sheets in case of 

ice thickness change, ice shelves and grounding line retreat. Constrained by remotely sensed 
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data, they showed a strong sensitivity to small perturbations in the grounding line position 

(Joughin et al. 2009). A numerical ice flow model also revealed changes in ice shelf buttressing 

and grounding-line flux due to localized ice thickness perturbations (Zhang et al. 2020c). It also 

displayed diverse subglacial landscapes and had an impact on ice flow and projected global sea-

level rise from ice-sheet loss (Bingham et al. 2017). 

In this study, we extracted the ice flow velocities of PIG from 2013 to 2018 and 

identified their abnormal changes from 2015 to 2018, along with several significant ice shelf 

retreats during this period. To investigate the dynamic changes in the PIG ice shelf between 

2015 and 2018, and to explore the potential causes of the large-scale ice shelf retreat in 2018, 

we conducted a series of ice shelf basal melt experiments and two ice shelf retreat experiments, 

using an ice flow model. The simulation results revealed the potential causes of the notable 

acceleration of the PIG ice shelf in 2018 and we analyzed the effects of tensile resistive stress 

on dry surface fractures by integrating linear elastic fracture mechanics with the ice flow model. 

 

Study area 

The PIG is located on West Antarctica and its catchment covers ∼ 1.8–2.0 105 km2 (Fig. 

1), with annual surface mass balance (SMB) estimates of ∼ 68 ± 6 Gt yr–1 (Medley et al. 2014). 

The elevation of the PIG catchment ranges from ~ 500 to ~ 2500 m, while the PIG ice shelf is 

lower than ~ 500 m. Ice flow velocities within the PIG catchment are relatively slow, 

particularly in areas above 1500 m, where velocities are ~ 10 m yr–1. In contrast, the ice flow 

velocity on the PIG ice shelf exceeds 4300 m yr–1 (Fig. 1B). On the ice shelf, 2–4 km wide 

shear margins separate the main shelf from the northeast (“North shelf”) and southwest (“South 

shelf”) sectors of the PIG ice shelf. Total ice shelf area in recent decades varied from ∼ 5500 

to ∼ 6000 km2 (Shean et al. 2019).  

 

Methods 

The retreat of the PIG ice shelf may lead to its increased ice flow velocity (Fürst et al. 

2016), but following the retreat in 2015, the annual average velocities of the PIG ice shelf did not 

exhibit significant acceleration from 2016 to 2018. Therefore, we focused on the period from 

2015 to 2018, analyzing changes in ice shelf velocities, front positions, and ice thickness, while 

conducting sensitivity experiments using an ice flow model. Since no grounding line retreat > 30 
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km occurred after the major retreat event in 2011 (Rignot et al. 2014), changes in its position 

were not discussed in this study. 

Velocities and front positions. — Apart from remote sensing images, the annual ice 

flow velocity data was needed in this study. To track the front positions of the PIG ice shelf, 

we used Landsat-8 images from 2015 to 2018, 002row,113path. The Landsat 8 satellite payload 

consists of two science instruments: the Operational Land Imager (OLI) and the Thermal 

Infrared Sensor (TIRS). These two sensors provide seasonal coverage of the global landmass 

at a spatial resolution of 30 meters (visible, NIR, SWIR); 100 meters (thermal); and 15 meters 

(panchromatic).  

Apart from remote sensing images, the annual ice flow velocity data was needed in this 

study. We used velocity data from 2013 to 2018 generated with the used of auto-RIFT algorithm 

(https://its-live.jpl.nasa.gov/; Gardner et al. 2018), provided by the NASA MEaSUREs 

ITS_LIVE project (Gardner et al. 2019). The spatial resolution of the data is 240 m, and the 

temporal resolution of the data is one year. 

Ice shelf thickness and basal melt rate. — The changes in the ice shelf thickness and 

basal melt were important factors in the stability of PIG. In this study, ice shelf surface 

elevation, ice shelf thickness and basal melt rates were calculated from the latest released the 

CroySat-2 product (Zhang et al. 2023). This dataset is provided by the European Space Agency, 

and covers the period from July 2010 to December 2018. 

The Croysat-2 product was used to get the surface elevation of the PIG ice shelf (Zhang 

et al. 2017): 

𝐻𝑖𝑐𝑜𝑟𝑟 = 𝐻𝑖 − (𝑓(𝑥𝑖, 𝑦𝑖) + 𝑚Λ + 𝑛𝑏𝑠), 𝑖 = 1 … 𝑁 (1) 

where Hicorr is the corrected surface elevation value, i is the counter, N denotes the number of 

observations within each fitted bin, Hi denotes the surface elevation observation, Λ relates to 

the satellite heading (assigned a value of 0 or 1 depending upon whether it was acquired on an 

ascending or a descending pass), m denotes the ascending–descending offset, bs denotes 

backscatter, f (xi, yi) denotes the surface fitting of the topography:  

𝑓(𝑥𝑖, 𝑦𝑖) = 𝑎1𝑥𝑖 + 𝑎2𝑦𝑖 + 𝑎3𝑥𝑖𝑦𝑖 + 𝑎4𝑥𝑖
2 + 𝑎5𝑦𝑖

2 + 𝑎4𝑥𝑖𝑦𝑖
2 + 𝑎5𝑥𝑖𝑦𝑖

2 + 𝑎8𝑥𝑖𝑦𝑖
2 (2) 

where xi and yi denote the projection coordinated in each bin, a1–8 are coefficients of a 

biquadratic surface model accounting for topography. 

After the correction of surface elevation observation, the height above sea level can be 

calculated: 

𝑒 = 𝐻𝑖𝑐𝑜𝑟𝑟 − (𝐻𝑚𝑎𝑑𝑡 + 𝐻𝑔𝑒𝑜𝑖𝑑) (3) 

https://its-live.jpl.nasa.gov/
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where e is ice-shelf elevation above mean sea level (the freeboard), Hmadt is MADT-H (sea 

surface height above geoid) from Monthly mean and Climatology Maps of Sea Level 

Anomalies (https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-

products/global/gridded-sea-level-anomalies-mean-and-climatology.html#c10358), and Hgeoid 

is the geoidal is from EIGEN-6C4 (Foerste et al. 2014). 

Ice thickness was inferred from surface elevation using the principle of hydrostatic 

equilibrium. If ice is in hydrostatic equilibrium, its thickness can be determined as (Griggs and 

Bamber 2011): 

𝐻𝑖𝑐𝑒𝑖 =
(𝑒−𝛿)𝜌𝑤

𝜌𝑤−𝜌𝑖
 (4) 

where Hicei is the equivalent ice thickness, i.e., the thickness of the ice shelf would be if all the 

ice were at the meteoric ice density, ρi. ρw is the density of the water column under the ice shelf 

and δ is the firn density correction, from RACMO2.3 regional climate modelling (Lenaerts et 

al. 2012). 

Assuming incompressibility, constant ice density, and column-average velocity u, the 

Eulerian description of mass conservation for a column of ice with ice-equivalent thickness 

Hicei can be expressed as follows (Eq. 5): 

𝜕𝐻𝑖𝑐𝑒𝑖

𝜕𝑡
= −∇(𝐻𝑖𝑐𝑒𝑖𝒖) + 𝑎̇ − 𝑏̇ (5) 

where 𝑎̇ is surface mass balance (meters ice equivalent for time interval dt) and 𝑏̇ is basal melt 

rate (meters ice equivalent, defined as positive for melt). 

The flux divergence term, ∇(𝐻𝑖𝑐𝑒𝑖𝒖) , can be expanded as follows (Eq. 6): 

∇(𝐻𝑖𝑐𝑒𝑖𝒖) = 𝐻𝑖𝑐𝑒𝑖(∇𝒖) + 𝒖(∇𝐻𝑖𝑐𝑒𝑖) (6) 

where  ∇ 𝒖 is the velocity divergence (positive for extension) and ∇𝐻𝑖𝑐𝑒𝑖 is the thickness 

gradient (Shean et al. 2019).  

Validation was performed using airborne laser altimetry data from the IceBridge 

program (https://nsidc.org/icebridge/portal/map). The results indicated that the root mean 

square error (RMSE) for the surface elevation time series compared to airborne laser altimetry 

data was 5.79 m with an R-squared (R2) value of 0.97. For the ice shelf thickness time series 

compared to ice-penetrating radar observations, the RMSE was 58 m with an R2 value of 0.95. 

Overall, the precision of the dataset constructed using satellite altimetry in this study is reliable 

(Zhang et al. 2020a, 2020b, 2022, 2023). 

Model experiment. — Ice flow model is a necessary tool in revealing the dynamic 

mechanism of ice shelf changes. We use the Ice Sheet System Model (ISSM) to perform our 

https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/gridded-sea-level-anomalies-mean-and-climatology.html#c10358
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/gridded-sea-level-anomalies-mean-and-climatology.html#c10358
https://nsidc.org/icebridge/portal/map
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numerical experiments (Larour et al. 2012). The initialization of the model contained the PIG 

surface elevation data in 2015 (Zhang et al. 2021), the ice shelf thickness data in 2015 (Zhang 

et al. 2023) and the PIG bedrock elevation data from BedMachine Antarctica v2 (Morlighem 

2020; Morlighem, et al. 2020).  

After removing the areas with smaller ice flow speeds, the final selected region for our 

simulation is shown in the Fig. 2A (Morlighem et al. 2010; Seroussi et al. 2014). The mesh 

horizontal resolutions vary from 500 m on the ice shelf to 40 km in the mountainous regions 

because our target area in the sensitivity experiments is the ice shelf area and small region on 

the upstream of the grounding line (Fig. 2A). The central line is ~ 170 km in length, with about 

95 km upstream of the grounding line and 75 km in the ice shelf region. This ensures that in 

subsequent experiments, we can capture the flow velocity changes both in the ice shelf area and 

the catchment area. For the velocity on the central line, the average misfits between the observed 

velocity in 2015 and the initial simulation is 57 m yr–1, which represents 2% of the average 

speed on the central line (Fig. 2B), making it a reliable reference initial simulation for the 

subsequent sensitivity experiments. 

Ice flow models. — The most complete ice flow model is the full-Stokes set of 

equations, which includes the momentum balance and incompressibility equations. The 

acceleration being negligible, these equations are, respectively: 

∇𝜎 + 𝜌𝑖𝒈 = 0 (7) 

Tr(𝜀̇) = 0 (8) 

where ∇𝜎 is the divergence vector of the stress tensor, σ, Tr(𝜀̇) is the trace of the strain rate 

tensor, 𝜀̇, ρi is the ice density and g the acceleration due to gravity. Ice is treated as an isotropic 

and incompressible material. The pressures, P, is introduced as a Lagrange multiplier to ensure 

the incompressibility/continuity Eq. (9). The behavior law of ice is: 

𝜎′ = 2𝜂𝜀̇ (9) 

where 𝜎′ = 𝜎 + 𝑃𝑰 is the deviatoric stress tensor, I is the identity matrix and η is the effective 

ice viscosity, which follows a generalized Glen’s flow law in ISSM (Glen 1955): 

𝜂 =
𝐵

2𝜀̇𝑒

𝑛−1
𝑛

  (10) 

B is the ice hardness, n the Glen’s law coefficient (here chosen as n=3 (Cuffey and Paterson 

2010)), and e is the effective stress:  

𝜀𝑒̇ = √
1

2
∑ 𝜀𝑖̇𝑗

2
𝑖,𝑗   (11) 
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In the Shelf Approximation model (SSA) (MacAyeal 1989), the vertical shear is 

negligible: 

𝜀𝑥̇𝑧 = 0;     𝜀𝑦̇𝑧 = 0  (12) 

This assumption reduces the equations to a 2D model, as ux and vy do not depend on 

depth z. The vertical velocity is deduced from the horizontal velocities, ux and vy, using Eq. (8) 

in SSA. 

In this study, we did not investigate the changes in the grounding line, so using SSA is 

reasonable (Morlighem et al. 2010). 

Thermal model. — Ice hardness, B, is mainly temperature dependent, so we need a 

thermodynamic model of the ice sheet to calculate its value. The thermal equation is derived 

from the energy conservation equation. We assume that the ice sheet is in thermal steady state, 

which leads to: 

𝜕𝑇

𝜕𝑡
= 0;    𝒗 ∙ ∇𝑇 =

𝑘𝑡ℎ

𝜌𝑖𝑐
∆𝑇 + Φ (13) 

T is the ice temperature, t is time, ν is the velocity vector, kth is the ice thermal conductivity, c 

is the ice heat capacity, Φ is the deformational heating and Δ is the Laplace operator. This 

equation can be solved using ISSM. 

Boundary conditions. — The upper boundary condition of the ice flow model is a 

stress-free. A friction law is applied at the ice-bedrock interface. The basal drag is modeled 

following Paterson (1994): 

𝑣𝑏 ∝ 𝑁𝑒
−𝑞𝜏𝑏

𝑝
  (14) 

where vb is the basal velocity magnitude, τb is the basal stress magnitude, Ne is the effective 

pressure on the glacier base, here Ne=ρgh, where h is the height of the glacier above buoyancy. 

p and q are friction law exponents.  

In ISSM, this friction law is implemented in terms of basal stress, following Budd et al. 

(1979): 

𝜏𝑏 = 𝐶𝑏
2𝑁𝑒

𝑟𝑣𝑏
𝑠  (15) 

where Cb is the friction coefficient, r and s are friction law exponents, r = q/p, s=1/p and in the 

initialization of the model, q =1, p=1. 

As the basal friction coefficient is difficult to measure remotely and is critical control 

on ice dynamic, inversions were used in ISSM. It consists in inferring unknown parameters 

using additional observations. Here, we used surface velocities in 2015 (Gardner et al. 2018) to 

infer the basal friction coefficient. 
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In the thermal model, the surface temperature is the mean annual air temperature from 

ERA5 data set in 2015 (Hersbach et al. 2023). On grounded ice, we imposed a geothermal heat 

flux (Maule et al. 2005) and a frictional heat flux to τbvb. On the ice shelf, basal drag is zero, 

thermal modelling is unresolved due to the complexity of ice-ocean interaction, and the ice 

hardness B is inferred using an independent control method. The ice hardness on the ice shelf 

is based on the values provided in Cuffey and Paterson (2010) assuming thermal steady state, 

and is inferred using data assimilation surface velocity on floating ice in ISSM. Ice temperature 

and hardness are updated at each step during data assimilation of basal friction for consistency 

(Morlighem et al. 2010; Seroussi et al. 2014). 

 

Results 

Changes in surface ice flow velocities and front positions. — We collected remote 

sensing images from 2015 to 2018 and selected two time points each year to extract the ice shelf 

front line. When selecting remote sensing images, we aimed to select images of the PIG ice 

shelf region with cloud cover < 5%, ensuring that one image was taken near the end of summer 

each year and another near the beginning of summer. During this period, we identified two 

significant changes in the ice shelf front position (Fig. 3).  

The first occurs in 2015. By November, the ice shelf retreats substantially, compared to 

its front position in March, indicating a large-scale calving event and the ice shelf front retreat 

during the time. The second major change occurs in 2018. In February, the front line is roughly 

in the same position as in November 2015, but by November 2018, a noticeable retreat is 

observed, suggesting another significant calving event. In contrast, the ice shelf front 

experiences minor advances and retreats in 2016 and 2017, though these changes are much 

smaller compared to the events of 2015 and 2018. 

We extracted the ice flow velocity results along the central line from 2013 to 2018 (Fig. 

2A) and found that the changes in ice flow velocity differ significantly between the ice shelf 

region and the catchment area (Fig. 4B, C). On the PIG catchment (Fig. 4B), the ice flow 

velocity in 2018 is notably higher than in other years. Near the grounding line (~ 95 km), the 

ice flow velocity increases by approximately 70 m yr–1 in 2018 compared to 2017, whereas in 

other years, velocity fluctuations near the grounding line are around 10 m yr–1. At ~ 60 km, the 

ice flow velocity in 2018 reaches ~ 2500 m yr–1, slightly higher than the 2017 velocity (~ 2480 

m yr–1), while in the other years, velocities remain stable at ~ 2450 m yr–1 from 2013 to 2016. 
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On the ice shelf, the changes in velocity are more complex (Fig. 4C). From 2013 to 

2015, the ice flow velocities on the ice shelf increase steadily, with the maximum velocity rising 

by ~ 100 m each year. However, in 2016, the velocities along the central line between 110 and 

150 km drop significantly compared to 2015. In 2017, the velocities begin to recover. By 2018, 

the maximum ice flow velocity rises to ~ 4400 m yr–1. 

Changes in the ice shelf thickness and basal melt rate. — Based on ice thickness and 

basal melt data (Zhang et al. 2023), we calculated the monthly average equivalent thickness of 

the ice shelf. The error in the monthly average thickness during the period shown in Fig. 5 is ~ 

49 m, which accounts for about 13% of the average ice shelf equivalent thickness over the entire 

period. Additionally, we calculated the annual average basal melt rate of the ice shelf. The 

results show a clear correlation between the trend of monthly average thickness changes and 

the basal melt rates. 

As seen in Fig. 5, the 3-month smoothed curve reveals that before January 2016, the 

monthly average ice thickness fluctuates ~ 390 m. However, from 2016 to 2017, it decreases to 

~ 370 m. Although there is a slight increase in ice thickness after 2017, it remains fluctuating ~ 

370 m. The basal melt was stable ~ 10 m yr–1 till the end of 2013, but it started increasing in 

2014, reaching the peak of ~ 14 m yr–1 in the middle of 2016. Since then, it is slowly decreasing. 

The sustained high basal melt rates from 2015 to 2018 lead to the gradual thinning of the ice 

shelf, with the average thickness after 2017 being ~ 20 meters lower than the average before 

2016. 

Sensitivity experiment results. — To investigate the fluctuations of the surface 

velocity on the PIG ice shelf from 2015 to 2018, we conducted several sensitivity experiments 

to study the dynamic mechanisms driven by basal melt and ice shelf retreat (Table 1 and Fig. 

6). Our sensitivity experiments were based on the initial simulation, constrained by some 

boundary conditions derived from observed data in 2015, in Section Ice Flow Models.  

There are two steady state simulations in the retreat experiments. Based on the initial 

simulation, we changed the external forcing with the ice shelf front lines from the front line 1 

to the front line 2. In the “re_1”, the front line 1 is the front position (Fig. 6) referred to the front 

position in March 2016 (Fig. 3). In the “re_2”, the front line 2 is the front position (Fig. 6) 

referred to the front position in November 2018 (Fig. 3).  

The basal melt experiments include four transient experiments. The front line in the four 

transient experiments is front line 1. “1yr” simulation is the beginning of the four transient 

simulations, and the subsequent simulations from “2yr” to “4yr” are performed with the basal 
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melt rate. Due to the significant difference in basal melt rates between the main ice shelf and 

the two sides, we set the following conditions in the experiment: over the main ice shelf, the 

basal melt rate is 50 m yr–1, and along the two sides of the shelf, the basal melt rate is 5 m yr–1 

(Shean et al. 2019). 

By extracting the surface ice flow velocity along the central line of the PIG ice shelf 

retreat experiments in Fig. 7A, we find that the two cases of the ice shelf retreat lead to different 

changes in the ice flow velocity. In the re_1 experiment, the ice shelf retreats by ~ 15 km along 

the central line, but this does not result in a significant acceleration of the ice shelf flow. 

However, in the re_2 experiment, although the ice shelf retreats by ~ 20 km along the central 

line, just ~ 5 km longer than in the re_1 experiment, it causes an increase in the ice flow 

velocities across the entire central line. These experimental results are consistent with our 

observations in section “Changes in surface ice flow velocities and front positions”. 

In Fig. 7B, the results from the basal melt experiments indicate that high basal melt rate 

of the ice shelf leads to fluctuations in the ice flow velocity. In the transient simulations with 

substantial basal melting, the ice flow velocities along the central line beyond ~ 110 km are 

significantly lower in the 2yr experiment compared to the same region velocities in the 1yr 

experiment, while the velocities on the catchment (< 95 km) show little variation between these 

two experiments. Under continued basal melting, the 3yr and 4yr experiments show significant 

increases in ice flow velocities on both the ice shelf and the catchment.  

 

Discussion 

Ice shelf retreat and acceleration. — The retreat of the ice shelf front does not 

necessarily lead to a significant increase in ice flow speed. In ice dynamic studies, the maximum 

area that can be removed without causing a large increase in ice flow velocity can be estimated 

by calculating the “compressive arch” (Doake et al. 1998) or safety band (Fürst et al. 2016). 

Here, we use the “compressive arch” calculation to explain the changes in ice flow velocity 

observed in the different retreat experiments, as discussed in section “Sensitivity experiment 

results”. 

When calculating and showing the characteristic patterns of a “compressive arch”, the 

key is to invert the distribution of the least principal strain rates field from the surface velocity 

field of the ice shelf (Doake et al. 1998). The least principal strain rates represent the maximum 



 

 

This article has been accepted for publication in a future issue of PPRes, but has not been fully edited. Content may change prior to final 
publication. 

11 

 

 

compression and minimum tension on the ice shelf. The magnitudes of the minimum (
1 ) and 

the maximum (
2 ) tensile principal strain rates can be calculated as (Wang et al. 2021): 

𝜀1̇ =
1

2
(𝜀𝑥̇𝑥 + 𝜀𝑦̇𝑦) − √

1

4
(𝜀𝑥̇𝑥 − 𝜀𝑦̇𝑦)

2
+ 𝜀𝑥̇𝑦

2   

𝜀2̇ =
1

2
(𝜀𝑥̇𝑥 + 𝜀𝑦̇𝑦) + √

1

4
(𝜀𝑥̇𝑥 − 𝜀𝑦̇𝑦)

2
+ 𝜀𝑥̇𝑦

2   (16) 

                              𝜃 =
1

2
[𝑎𝑟𝑐𝑡𝑎𝑛 (

2𝜀̇𝑥𝑦

𝜀̇𝑥𝑥−𝜀̇𝑦𝑦
)] 

where θ is the angle between the y axis and the principal axis of 𝜀1̇ if 𝜀𝑥̇𝑥＞𝜀𝑦̇𝑦, or between the 

y axis and the principal axis of 𝜀2̇ if  𝜀𝑥̇𝑥＜𝜀𝑦̇𝑦. The principal axis of 𝜀1̇ is perpendicular to the 

principal axis of 𝜀2̇. The strain rates 𝜀𝑥̇𝑥, 𝜀𝑦̇𝑦, and 𝜀𝑥̇𝑦 are:  

𝜀𝑥̇𝑥 =
𝜕𝑣

𝜕𝑥
  

𝜀𝑦̇𝑦 =
𝜕𝑣

𝜕𝑦
  (17) 

𝜀𝑥̇𝑦 =
1

2
(

𝜕𝑣

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
)  

Based on equations (16) and (17), we calculated the least principal strain rates field for 

the initial simulation and used the field to plot the “compressive arch” for the initial simulation 

(Fig. 8). The red lines indicate that the region with 𝜀1̇ larger than zero is in the stretching region, 

while the blue lines indicate the region with 𝜀1̇ < 0 is in the compression region. Therefore, the 

“compressive arch” is found in the initial simulation. Once the “compressive arch” is removed, 

important dynamic consequences would appear. This is demonstrated in the sensitivity 

experiments as follows: in the re_2 experiment, a significant acceleration of PIG occurs, 

whereas such an acceleration does not occur in the re_1 experiment. 

Clearly, in the two retreat experiments, the differences in the ice flow velocity results 

are related to the positions of the ice shelf front. In the re_1 experiment, the removed portion of 

the ice shelf is primarily outside the “compressive arch”. Removing this part does not cause 

significant dynamic changes in the ice shelf, and thus, the increases in ice flow velocities in the 

re_1 experiment are minimal. Whereas, in the re_2 experiment, the removed portion extends 

beyond the “compressive arch”. This leads to substantial dynamic changes in the ice shelf, 

resulting in a marked acceleration of ice flow velocities along the central line of PIG, as 

observed in the experimental results. We believe this explanation also applies to the acceleration 

of the PIG in 2018, as analyzed in section “Changes in surface ice flow velocities and front 

positions”. 
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Changes in longitudinal force in basal melt experiments. — In the basal melt 

experiments described in section “Sensitivity experiment results”, following the basal melting 

of the ice shelf, the ice flow on PIG does not immediately accelerate. Instead, the ice flow on 

the PIG ice shelf ice shelf initially decelerates (Fig. 7B, 2yr), followed by an ice flow 

acceleration along the entire central line of the PIG (Fig. 7B, 3yr and 4yr). Therefore, the 

deceleration of the ice flow on the ice shelf is not caused by a slowdown in the catchment ice 

flow. We believe this is due to extensive basal melting of the ice shelf. To explain this 

phenomenon, we calculated the longitudinal force acting on the ice shelf. 

The longitudinal force (FL) on the ice shelf is obtained by subtracting the forces resisting 

ice flow, back force (FB, also called buttressing force), from the driving force (FD) (Cuffey and 

Paterson 2010; Zhang et al. 2020c). We follow Cuffey and Paterson (2010) and define back 

force, FB, as the difference between the driving force of an ice shelf, FD, and the net longitudinal 

force pulling the ice shelf outward is: 

                                                𝐹𝐵 = 𝐹𝐷 − 𝐹𝐿 

𝐹𝐷 =
1

2
𝜌𝑖𝑔(1 −

𝜌𝑖

𝜌𝑤
)𝐻2 (18) 

                                                𝐹𝐿 = 𝐻(2𝜏𝑥𝑥
𝑓

+ 𝜏𝑦𝑦
𝑓

) 

where H is the ice shelf thickness, 𝜏𝑥𝑥
𝑓

 and 𝜏𝑦𝑦
𝑓

 are the along-flow and across-flow deviatoric 

stresses, respectively. 

In Fig. 9, we show the changes in the FL of the ice shelf from the 1yr to the 4yr 

experiments in the transient simulations. The results indicate that in the 2yr experiment, most 

areas of the ice shelf experience negative FL, meaning the forces driving the outward flow of 

the ice shelf decreased, which causes the deceleration of the ice flow velocities. In the 3yr and 

4yr experiments, the FL in the ice shelf returns to positive values, with the forces generally 

larger than those in the 1yr experiment. This corresponds with the accelerations of the ice shelf 

velocities observed in the 3yr and 4yr experiments in section “Sensitivity experiment results”. 

Additionally, the acceleration of the ice flow on the PIG catchment in the 3yr and 4yr 

experiments (Fig. 7B) also reveals the reduction in FB, caused by significant thinning of the ice 

shelf, thus increasing ice flow velocities on the PIG catchment (Stanton et al. 2013; Zhang et 

al. 2020c). Accordingly, the hypothetical scenarios and analysis in these experiments can 

explain the sudden deceleration of the PIG ice shelf velocities in 2016, as described in section 

“Changes in surface ice flow velocities and front positions”. 
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Surface fracture depth from integrating linear elastic fracture mechanics. — 

Several stresses affect the depth of a surface fracture, and tensile resistive stress associated with 

large-scale ice-shelf flow acts to open the fracture (Lai et al. 2020). As the integrating linear 

elastic fracture mechanics (LEFM) is coupled with ice flow model in this research, Weertman’s 

solution (Weertman 1973) was used to calculate the theoretical depth of dry surface fractures 

in the basal melt experiments. 

Background tensile resistive stress (van der Veen and Whillans 1989), Rxx, associated 

with large-scale ice shelf flow acts to open the fracture. Here 

𝑅𝑥𝑥 = 4𝜂𝜀𝑥̇𝑥 (19) 

and we coupled LEFM with the ice flow model, using  

𝑑𝑠 =
𝜋𝑅𝑥𝑥

2𝜌𝑖𝑔
 (20) 

to determine the surface fracture depth ds (Weertman’s solution).  

Figure 10 shows the changes in dry surface fracture depths in the basal melt 

experiments. Since the retreat of the PIG ice shelf occurs at its front, we marked the main ice 

shelf front with a black rectangle for easier reference in subsequent discussions. On the left side 

of the rectangle, the fracture depths remain stable at ~ 40 meters from 1yr to 4yr experiments. 

In the center of the rectangle, the fractures are relatively shallow, ranging from 0 to 20 m. 

However, on the right side of the rectangle, corresponding to the southern front of the main ice 

shelf, significant changes in the fracture depth are observed. In the 1yr experiment, the fracture 

depths at the southern edge exceed 30 m. In the 2yr experiment, the area with fracture depths > 

30 m expands. In the 3yr and 4yr experiments, although the extent of the fracture zone > 30 m 

at the front decreases, the upstream region experiences an increase in fracture depths > 30 m, 

extending toward the southern front of the main ice shelf. 

The fluctuations in the theoretical depths of dry surface fractures induced instability at 

the southern front of the main ice shelf, which aligns with the findings of a fracture study by 

Liu et al. (2022). In the basal melt experiments, the extensive basal melting of the ice shelf 

leads to the formation of fractures at the southern front, and the subsequent increases in ice flow 

velocities further accelerate the fractures development in this region. As the observation (Liu et 

al. 2022), a significant fracture appeared at the southern front of the ice shelf in 2018, ultimately 

triggering a major retreat of the ice shelf. Clearly, this indicates that our experimental results 

are consistent with the observations as significant basal melting may lead to the development 

of fractures at the ice shelf front, which in turn contributes to the retreat of the ice shelf. 
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The ice shelf velocity and the stability of the ice shelf system. — The risk of 

accelerated mass loss from an ice shelf and its catchment, hereafter referred to as the ice shelf 

system, is a crucial factor in assessing the stability of an ice shelf system (Bell and Seroussi 

2020; Dawson et al. 2022). Since ice shelves serve as the primary outlets for mass loss from 

catchments and buttress the ice sheet, previous studies have focused on investigating the 

frequency of ice shelf calving, retreat of ice shelves, and changes in basal melt rates (Joughin 

and MacAyeal 2005; Depoorter et al. 2013; Liu et al. 2015). These factors have been key 

approaches for exploring the stability of the ice shelf system. However, evaluating the stability 

of an ice shelf and its catchment solely from an observational perspective is not compelling, as 

it only provides insight into the current changes and trends within an ice shelf system. 

Through sensitivity experiments on PIG in this study, we explain, from the physics of 

glaciers perspective, the potential changes in the ice shelf system caused by basal melting and 

the retreat of the ice shelf. In the retreat experiments, we discovered that there are regions at the 

ice shelf front where removal does not lead to an increase in the ice flow velocities. However, 

when the retreat of the ice shelf front exceeds the extent of the “compressive arch”, both the ice 

shelf and the upstream catchment experience a significant acceleration in ice flow, which in 

turn results in an increased rate of mass loss from the ice shelf system. This confirms that the 

stability of the ice shelf system is highly sensitive to the retreat of the ice shelf. 

In the basal melt experiments, we find that a decrease in ice shelf flow velocity does not 

necessarily indicate an increase in the stability of the ice shelf system. Moreover, significant 

melting at the ice shelf bottom may initially cause a slowdown in the ice flow speed. However, 

in the following years, both the ice shelf and the upstream catchment may experience a 

significant acceleration, resulting in ice flow velocities much higher than those prior to the 

melting. Furthermore, the dynamic processes induced by basal melting could lead to the 

formation of new surface fractures or the deepening of existing ones in certain areas at the ice 

shelf front, potentially triggering ice shelf calving event, or retreat. Once the ice shelf retreat 

exceeds the original extent of the “compressive arch”, it will further accelerate the ice flow in 

the ice shelf system. 

In summary, a “melting-fracture-collapse-acceleration” process has been demonstrated 

through our sensitivity experiments. This process is not unique to PIG but can also occur in 

other Antarctic ice shelves. Particularly in the Amundsen Sea, where basal melt rates are high 

(Zhang et al. 2020b, 2023), a sudden decrease in ice shelf surface velocities could serve as an 

early warning for subsequent acceleration in an ice shelf system mass loss. 
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Conclusions 

Using the remote sensing imagery, we extracted the PIG ice shelf front positions from 

2015 to 2018. Combined with ice flow velocity data, this study summarized the ice flow 

velocity variations of the PIG from 2013 to 2018. Between 2015 and 2018, two significant 

retreats of the PIG ice shelf were observed, one in 2015 and another in 2018. From 2013 to 

2016, the ice flow velocities on the PIG catchment remained stable, but in 2017, the velocities 

increased, and by 2018, a significant acceleration was observed. From 2013 to 2015, the ice 

flow velocities of the PIG ice shelf increased annually, but in 2016, they decreased compared 

to 2015. In 2017, the ice flow velocities recovered, culminating in a notable acceleration by 

2018. 

We analyzed the ice thickness and basal melt rates of the PIG ice shelf from 2010 to 

2018. The PIG ice shelf experienced a notable thinning trend between 2016 and 2017, with ice 

thickness fluctuating ~ 390 m before 2016 and stabilizing ~ 370 m after 2017. The basal melt 

rate mirrored the changes in ice thickness, peaking at 2016 at ~ 14±0.8 m yr–1.  

With an ice flow model combined with the “compressive arch” theory, longitudinal 

force analysis, and LEFM for the theoretical depth of dry surface fractures, we explained the 

fluctuations in the ice flow velocity from 2015 to 2018 and the significant retreat of the ice shelf 

in 2018. The decrease in ice flow velocities from 2015 to 2016 was caused by substantial basal 

melting, which reduced the longitudinal force (FL) in the ice shelf. The increase in ice flow 

velocities from 2016 to 2018 was related to the rapid replenishment to the ice shelf by ice from 

the PIG catchment, which restored the FL. The overall acceleration of PIG ice flow in 2018 was 

linked to the removal of the “compressive arch” during the 2018 ice shelf retreat, leading to 

significant dynamic changes in the ice shelf. Furthermore, the extensive basal melting in 2016, 

which accelerated the fracture development on the southern side of the main ice shelf, ultimately 

led to the collapse and large-scale retreat of the ice shelf in 2018. 

Through the analysis of PIG observational and sensitivity experiment results, we 

identified a “melting-fracture-collapse-acceleration” process, which is of significant relevance 

to ice shelves with intense basal melting. Particularly in the Amundsen Sea, where basal melting 

is severe, a decrease in ice shelf surface velocity may not necessarily indicate that the ice shelf 

system is stabilizing. On the contrary, this could serve as an early warning for an accelerated 

rate of mass loss in the future. 
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Data Statement. — The velocity data (https://its-live.jpl.nasa.gov/) were generated using 

auto-RIFTand provided by the NASA MEaSUREs ITS_LIVE project. The Pine Island Glacier surface 

elevation data were from https://doi.org/10.11888/Glacio.tpdc.271665. The ice shelf thickness data 

were from https://doi.org/10.11888/Cryos.tpdc.300850. MADT products were processed by 

SSALTO/DUACS and distributed by AVISO+ (https://www.aviso.altimetry.fr) with support from 

CNES. Sea surface height above geoid is the data from the Ssalto/Duacs altimeter products, produced 

and distributed by the Copernicus Marine and Environment Monitoring Service (CMEMS) 

(https://marine.copernicus.eu/). The Landsat 8 data can be down loaded via the link: 

https://earthexplorer.usgs.gov/, from Landsat Collection 2 Level-1 data set. The CroySat-2 dataset was 

provided by the European Space Agency (https://earth.esa.int/eogateway/catalog/cryosat-products). 
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Table 1.  

The sensitivity experiments conducted in the study. 

 

Experiment type Name Simulation type Changes in external forcing 

Retreat experiment 
re_1 

Steady 
Front line 1 

re_2 Front line 2 

Basal melt experiment 

1yr 

Transient 

Front line 1 

2yr Front line 1; Basal melt 50 m yr–1 on the main 

ice shelf; Basal melt 5 yr–1 on the two sides of 

the ice shelf 

3yr 

4yr 

 

 

Fig. 1. Geographic Setting of PIG. (A) PIG location on the West Antarctica. (B) The PIG ice shelf and 

its catchment. The velocity data is from Gardner et al. (2018). The surface elevation in 2015 and the 

grounding line data are referred to Zhang et al. (2020a, 2021). 
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Fig. 2. Initial Simulation. (A) Mesh lines and simulated surface velocity of PIG. Point P is the beginning 

of the central line; (B) The observed velocity in 2015 (Gardner et al. 2018) and the initial simulation 

velocity along the central line. 

 

 

Fig. 3. The ice shelf front positions of the PIG ice shelf from 08.03.2015 to 04.11.2018 according to the 

Lansat-8 images. The background is from Landsat-8, 2018.10.1, 002row,113path. 
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Fig. 4. PIG surface velocities from 2013 to 2018 on the central line according to Fig. 2A. (A) The surface 

velocities along the central line from point P, (B) the surface velocities on the PIG ice shelf on the 

catchment (upstream grounding line), along the central line, and (C) the surface velocities on the PIG 

ice shelf along the central line.  
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Fig. 5. The monthly average ice equivalent thickness of the PIG ice shelf and the annual ice shelf basal 

melt rate based on the CroySat-2 product. 

 

 

Fig. 6. The PIG ice shelf front positions in the initial simulation and the sensitivity experiments. The 

black line “2015” is the front position in the initial simulation. The front line 1 and front line 2 are 

referred to the front positions in Fig. 3 on 19.03.2016 and 04.11.2018, respectively. 
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Fig. 7. The velocities along the central line in different experiments: (A) Retreat experiments velocities 

(re_1, re_2), initial model velocities (2015) and (B) velocities along the central line in 4 basal melt 

experiments. 

 

 

Fig. 8. The strain-rate trajectories (𝜀1̇) for the ice-front configuration. The red lines indicate that the 

region with 𝜀1̇> 0 was in the stretching region, while the blue lines indicate that the region with 𝜀1̇ < 0 

was in the compression region. The green line, yellow line and black line indicate area the front positions 

in the two retreat experiments and the initial simulation respectively.  
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Fig. 9. Longitudinal force (FL) of the PIG ice shelf in the basal melt experiments. Panels A to D display 

the distribution of FL in the basal melt experiments from “1yr” to “4yr”. 

 

 

Fig. 10. Depth of dry surface fractures on the PIG ice shelf. Panels A to D display the distribution of 

dry surface fracture depth in the basal melt experiments. The black rectangle marks the ice shelf front 

of the main shelf. 


