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Key Points:7

• We develop an approach to inferring tide-induced ephemeral grounding of ice shelves8

from synthetic-aperture radar observations.9

• Ephemeral grounding plays a key role in the asymmetric response of ice-shelf flows10

to tidal forcing.11

• Ice flow rate will increase if the ice shelf thins such that the identified ephemeral12

grounding zones become permanently ungrounded.13
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Abstract14

Antarctic ice shelves play a key role in regulating the rate of flow in tributary ice streams.15

Temporal variations in the associated ice-shelf buttressing stress are observed to impact the16

flow in glaciers and ice streams. Ephemeral grounding induced by tides is considered as an17

important mechanism for modulating the buttressing stress. Here, we develop an approach18

to inferring variations in 3-D surface displacements at an ice-shelf-stream system that explic-19

itly accounts for ephemeral grounding. Using a temporally dense 9-month long SAR image20

acquisition campaign collected over Rutford Ice Stream by the COSMO-SkyMed 4-satellite21

constellation, we infer the ephemeral grounding zones and the spatial-temporal variation of22

the fortnightly flow variability. Expanding on previous results, we find ephemeral grounding23

zones along the western ice-shelf margin as well as a few prominent ephemeral grounding24

points in the central trunk and in the vicinity of the grounding zone. Our observations pro-25

vide evidence for tide-modulated buttressing stress and the temporally asymmetric response26

of ice-shelf flow to tidal forcing. Our study suggests that RIS will accelerate if the ice shelf27

thins sufficiently that the ephemeral grounding zones we have identified remain permanently28

ungrounded over the tidal cycle.29

Plain Language Summary30

Antarctic ice shelves, the floating extensions of Antarctic Ice Sheet, play a key role31

in ice-flow dynamics by providing buttressing forces that resist the seaward flow of ice.32

Temporal variations in buttressing forces have been observed at glaciers and ice streams to33

impact ice-flow speed. The grounding of ice shelves on the seafloor during low ocean tides,34

which is referred to as ephemeral grounding, causes temporal variations in buttressing forces35

but is not well understood due to a lack of suitable data. Here, we develop an approach36

to inferring the surface displacements at an ice-shelf-stream system that explicitly account37

ephemeral grounding from satellite radar observations. Using active, spaceborne radar data38

collected over Rutford Ice Stream, West Antarctica, we infer ephemeral grounding zones and39

the associated flow variability at fortnightly periods. Our study provides evidence for the40

temporal variation in buttressing forces and improves our understanding of the short-term41

response of ice-shelf flow to ocean tides. Our study suggests that in a warming climate,42

the long-term ice-flow speed will increase because ice-shelf thinning will reduce the resistive43

force arising from ephemeral grounding.44
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1 Introduction45

The Antarctic Ice Sheet is fringed with floating ice shelves which have contact with46

sub-shelf bathymetric highs that generate resistive back stress to tributary ice flows (e.g.,47

Thomas, 1979; Gudmundsson, 2013). This resistive stress, often referred to as buttressing48

stress, plays an important role in regulating Antarctic ice flows (e.g., Joughin et al., 2012;49

Pritchard et al., 2012). With ongoing and projected ice shelf thinning, the loss of buttress-50

ing stress will result in retreat, acceleration, and dynamic thinning of glaciers, and may51

eventually lead to catastrophic mass loss of the Antarctic Ice Sheet (e.g., Pritchard et al.,52

2009; Joughin et al., 2012; Alley et al., 2015). More detailed observation of the sub-shelf53

bathymetry, especially where ice shelves contact the seafloor, and better understanding of54

how the buttressing stress influences the ice-shelf-stream system are important for project-55

ing the future evolution Antarctic ice sheet in response to changes in climate. Here, we focus56

on how the ocean tides influence the ice flow rate by modulating the buttressing stress.57

Rutford Ice Stream (RIS), situated on the east of Ellsworth mountain range, is one of58

the major ice streams flowing into Filchner-Ronne Ice Shelf (FRIS) (Figure 1). RIS is about59

300-km-long and 30-km-wide with a typical ice thickness of order 2 km over its grounded60

portion and 1.5 km over its floating portion. The bed of RIS lies more than 1.5 km below61

sea level and has a sinuous grounding line associated with a bathymetric ridge (Rignot et62

al., 2011b; King et al., 2016). The peak-to-peak tidal amplitude on the downstream ice63

shelf exceeds 7m with the primary tidal constituents being semi-diurnal lunar and solar64

tides M2 (12.42 h) and S2(12.00 h), respectively (Table 1). The tidal forcing gives rise to a65

strong horizontal ice flow rate variation (∼20% of the mean flow speed) at the fortnightly66

period Msf (14.77 day), which corresponds to the beating of the two primary semi-diurnal67

constituents M2 and S2 (e.g., Gudmundsson, 2006; Murray et al., 2007).68

Using synthetic aperture radar (SAR) data collected by a 9-month COSMO-SkyMed69

(CSK) observation campaign over RIS, Minchew et al. (2017) inferred the spatial variability70

of the amplitude and phase of this fortnightly flow and found that it originated within the71

floating ice shelf and propagated upstream. This observation suggests that tidal forcing of72

the ice shelf processes is responsible for horizontal flow variability of the ice stream. Several73

models have been proposed to explain these observations including ephemeral grounding74

of the ice shelf, ice shelf margin widening, and grounding line migration (Minchew et al.,75

2017; Robel et al., 2017; Rosier & Gudmundsson, 2020; Warburton et al., 2020). All of76
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these models suggest that the ocean tide modulates the contact of the ice shelf with the77

seafloor, and hence influences the buttressing stress to generate flow variability thereby78

causing temporal variability in flow.79

Observation of the proposed tide-induced sub-shelf processes will improve our under-80

standing of sub-shelf bathymetry and ice-shelf buttressing. Here, we focus on the tide-81

induced sub-shelf ephemeral grounding (Figure 2a). At RIS, there is a previously docu-82

mented ephemeral grounding point 10 km downstream of the grounding line in the central83

trunk (Figure 1b, Goldstein et al., 1993; Rignot, 1998; Schmeltz et al., 2001). However, a84

modeling study on the buttressing effect of this single ephemeral grounding point, which is85

∼1.5m beneath the ice shelf central trunk, suggests that it has limited impact on modulat-86

ing the ice flow (Schmeltz et al., 2001). More zones of ephemeral grounding which have not87

yet been documented may exist at RIS.88

SAR images can be used to measure the displacement of ice over a given time interval in89

two orthogonal directions, one of which is purely horizontal along and parallel to the satellite90

orbit (azimuth) direction, and the other which is parallel to the radar line-of-sight (LOS)91

direction. The measurement in the LOS direction is sensitive to vertical motion. When SAR92

data has sufficiently high revisit rates and is collected from multiple viewing angles over the93

same point, one may infer the tide-induced time-dependent 3-D motions from a time series94

of displacements (Minchew et al., 2017). Minchew et al. (2017) parameterized the temporal95

behavior of the displacement as the sum of a small set of sinusoidal functions at known tidal96

periods and thus were by construction unable to observe any ephemeral grounding. In other97

words, ephemeral grounding produces temporal asymmetry that is not captured by such a98

simple parameterization.99

Here, we develop new methods to map the ephemeral grounding zone and estimate the100

level of ephemeral grounding at RIS. We model the vertical displacements considering all101

relevant major tidal constituents and introduce the level of ephemeral grounding level, or102

so called clipping, as an additional parameter. We demonstrate and validate our methods103

using realistic synthetic tests and then apply the methods to an improved displacement104

dataset. We present the inferred displacement including maps of ephemeral grounding as105

well as updated estimates of the fortnightly flow variability at RIS.106
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2 SAR Data and Displacement Fields107

As described in Minchew et al. (2017), the COSMO-SkyMed (CSK) SAR satellite con-108

stellation, which is operated by the Italian Space Agency (ASI), collected SAR data over109

RIS for approximately 9 months beginning in August 2013. The data acquisition plan covers110

all of the grounded ice and landward ∼100 km of the floating ice shelf from 32 unique tracks111

(Figure 1b). All four CSK satellites collected data, each repeating a given orbit track every112

16 days. CSK satellite orbits are offset from one another with timespan between subsequent113

SAR acquisitions of 1, 3, 4, and 8 days. All CSK satellites carry nearly identical X-band (3.1114

cm wavelength; 9.6 GHz) SAR systems. We use the Stripmap-HIMAGE products, which115

provide raw spatial resolution as fine as 3m.116

We processed the CSK data using the InSAR Scientific Computing Environment 2117

(ISCE2) (Rosen et al., 2012). We first focused the raw images to single-look complex (SLC)118

images and then used the stack processing tools in ISCE2 (Fattahi et al., 2017) to coregister119

all the same-track SLC images using Antarctica digital elevation model BedMachine Version120

2 (Morlighem et al., 2020). To calculate displacement fields from coregistered images, we121

prescribed the 2-D cross-correlation windows to be 480×240 pixels (range × azimuth) with122

a step size of 120 and 60 pixels in range and azimuth direction, respectively. The cross-123

correlation window takes into account that the ratio of the dimensions of a full resolution124

pixel is approximately 1:2. The cross-correlation window size is significantly larger than used125

in Minchew et al. (2017) (64×64 pixels). The use of a large cross-correlation window signif-126

icantly increases the number of quality displacement measurements. We post-filter/adjust127

the resulting displacement fields by (1) masking out the displacement values if they differ128

from the prior Antarctica ice velocity model (Mouginot et al., 2012) beyond a prescribed129

threshold, (2) applying a moving-window median filter, and (3) adjusting for reference frame130

issue caused by miscoregistration using tie points on stagnant ice. This approach keeps as131

many valid measurements as possible from noisy displacement fields. Using this scheme, we132

derived ∼2500 displacement fields along 32 tracks using pairs with no greater than 8-day133

intervals.134

Using dense cross-correlation on the SLC images to estimate displacement fields is135

computationally expensive, especially when using large cross-correlation windows. To re-136

duce computation time, we have developed a new tool employing GPUs for estimating the137

displacement fields. This GPU-enabled software accelerates this expensive computation by138
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factors of 10 to 100 and makes it viable to use large cross-correlation windows, such as139

480 × 240 pixels. This new tool has been included as part of the publicly released version140

of ISCE2 (Zhu et al., 2022).141

3 Methodology142

3.1 Ocean tides, Bathymetry and Ephemeral Grounding143

Ocean tides cause changes in instantaneous sea level from the mean sea level. By144

convention, positive tide height corresponds to a rise in sea level, and zero tide height145

corresponds to mean sea level. Ice shelves rise and fall synchronously with ocean tide. At any146

point on an ice shelf, the sub-shelf water column thickness (WCT) is the distance between147

the underlying seafloor and the bottom of ice shelf when tide height is zero. Ephemeral148

grounding occurs when the impact of tide on the instantaneous level of the bottom of ice149

shelf exceeds WCT such that the bottom of ice shelf contacts the seafloor. Figures 2a1 and150

2a2 is an example of ephemeral grounding on a sub-shelf bathymetric pinning point where151

the WCT is 1m.152

At any point, the vertical displacement at the surface of ice shelf is the same as the ver-153

tical displacement of the bottom of the ice shelf (assuming negligible vertical strain), if we154

define the zero displacement for both to be the their levels when tide height is zero, respec-155

tively. Hereafter, unless mentioned explicitly, vertical displacement refers to displacement156

at surface which SAR observations have direct sensitivity to. The vertical displacement157

is typically the same as the tide height due to hydrostatic balance between ice shelf and158

ocean (Figure 2a1), for example, in the central trunk of the ice shelf. In the vicinity of the159

grounding zone, the amplitude of surface vertical displacement gradually decreases to zero160

towards the grounded ice due to the flexure of the ice shelf (e.g., Vaughan, 1995).161

Ephemeral grounding on sub-shelf bathymetric highs induces clipping on the vertical162

displacement. We define the level of ephemeral grounding as the level of clipping (Figure163

2b1). In the example shown in Figure 2, the vertical displacement at the point indicated by164

the gray GPS station is clipped at −1m because the seafloor is 1m below the mean level165

of the bottom of ice shelf. The level of ephemeral grounding is typically negative and is166

equivalent to be negative of the WCT. A higher level of grounding corresponds to higher sub-167

shelf bathymetry and thinner WCT, and vice versa. If the range of vertical displacement168

is smaller than the WCT, ephemeral grounding does not occur. We note the difference169

between grounding zone and zones of ephemeral grounding. Grounding zone refers to the170
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transition region between the fully grounded ice to the free floating ice shelf (e.g., Fricker171

et al., 2009). While zones of ephemeral grounding are likely to exist in the vicinity of the172

grounding zone due to the shallow bathymetry, they can also exist far from the grounding173

zone, for example, an isolated localized bathymetric high point in the central trunk of the174

ice shelf.175

3.2 An Overview of Displacement Models and Workflow176

Our approach includes two displacement models: a linear 3-D displacement model177

for indirectly inferring ephemeral grounding and a nonlinear 3-D displacement model for178

quantifying the level of ephemeral grounding. The workflow starts from the linear model,179

then constructs the nonlinear model using the results derived from the linear model and an180

independent ocean tidal model, and finally solves for vertical displacements with ephemeral181

grounding and horizontal flow variability (Figure 3).182

The linear model uses the same framework as the model developed in Minchew et al.183

(2017), but is modified to improve the estimation of the vertical displacements on the ice184

shelf and to identify zones of ephemeral grounding. A key improvement is the inclusion185

of the vertical displacement at fortnightly period into the inference. In section 3.3, we186

show the connection between ephemeral grounding and the inferred vertical displacement187

at fortnightly period. The main limitation of the linear model is that only a subset of tidal188

periods can be inferred (e.g., M2, O1), in particular, those which are not aliased in the189

satellite observations, which occur at the same time of a day. As a consequence, this linear190

model is unable to constrain the level of ephemeral grounding (Figure 2a) which depends191

on knowledge of the total displacement field, not just selected tidal constituents.192

To quantify the level of ephemeral grounding, the displacement model needs to consider193

the absolute vertical displacement on the ice shelf, which is the superposition of vertical194

displacement at all tidal periods (Table 1). Our strategy is to combine inferred vertical195

displacements derived from the linear model and the vertical displacements extracted from196

the ocean tidal model. The former has high spatial resolution but misses key aliased tidal197

constituents. The latter is complete including all major tidal constituents but does not have198

sufficient spatial resolution for resolving ephemeral grounding (e.g., in the vicinity of the199

grounding zone) due to the lack of knowledge of the bathymetry beneath ice shelves. By200

combination of the two, we construct a nonlinear vertical displacement model accounting201

for ephemeral grounding.202
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The full workflow consists of two parts which include two models and four steps (Figure203

3). Part I is associated with the linear 3-D displacement model. We apply this model to real204

data and infer vertical displacements at the selected tidal periods (Step 1). Then, we obtain205

the theoretical bias in the estimated vertical displacements from a realistic synthetic test206

and correct for this bias in the inferred values (Step 2). Part II describes the nonlinear 3-D207

displacement model. We construct the nonlinear vertical displacement model accounting for208

ephemeral grounding using the bias-corrected inferred vertical displacements from the linear209

model and the ocean tidal model (Step 3). Using this new vertical displacement model and210

inheriting the horizontal displacement model from the linear 3-D displacement model, we211

arrive at the final nonlinear 3-D displacement model. Using this model, we infer the vertical212

displacements with ephemeral grounding and horizontal flow variability (Step 4).213

3.3 Identifying Zones of Ephemeral Grounding214

3.3.1 A Linear Model for Inferring 3-D Periodic Displacements215

We start with reviewing the methodology developed in Minchew et al. (2017) which216

forms the basic foundation for our methodological development. In this review, we include217

our modification to the original inverse problem formulation which makes the model more218

suitable for our use. We are interested in the tide-induced displacements of ice stream and219

ice shelf system. We consider the instantaneous 3-D displacement vector u on the ice surface220

at location r and at time t as the sum of a secular term and a tide-induced term in east (ê),221

north (n̂), and up component (û), such that222

u(r, t) = v(r)t+w(r, t) =


vê(r)

vn̂(r)

vû(r)

 t+


wê(r, t)

wn̂(r, t)

wû(r, t)

 (1)223

where v(r) is the secular velocity and w(r, t) is the tide-induced displacement vector.224

Assuming the tide-induced displacement to be sinusoidal for all periods of tidal forcing,225

we parameterize w(r, t) as the sum of a family of sinusoidal functions i = 1, 2, ..., k, such226

that227

wζ̂(r, t) =

k∑
i=1

aζ̂i sin(ωit+ ϕζ̂
i ) for ζ̂ = [ê, n̂, û] (2)228
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where sinusoid i has angular frequency ωi, amplitude aζ̂i (r), and phase ϕζ̂
i (r) correspond-229

ing to different tidal constituents. We can rewrite equation (2) as the linear displacement230

model231

wζ̂(r, t) =

k∑
i=1

cζ̂i cos(ωit) + sζ̂i sin(ωit) (3)232

where233

cζ̂i = aζ̂i sin(ϕ
ζ̂
i ) (4)234

sζ̂i = aζ̂i cos(ϕ
ζ̂
i ). (5)235

At any point r, the measured displacement dj(j = 1, 2, · · · , q) from q pairs of SAR236

scenes is237

dj (̂lj , r, t
a
j , t

b
j) = l̂j · (u(r, tbj))− u(r, taj )) (6)238

where l̂j is observational unit vector (in LOS or azimuth direction) and taj and tbj are the239

acquisition times of the primary and secondary scenes of the SAR pair.240

Equation (6) relates model parameters (v, cζ̂i , s
ζ̂
i ) to the observed displacements. To241

infer the model parameters, we cast it as a linear inverse problem for a given location r and242

arrive at the matrix form243

d = Gm (7)244

where d is the vector of observed displacement, m is the model vector, and G is the design245

matrix. Model vector m has the form246

m =

[
v c1 s1 c2 s2 ... ck sk

]T
(8)247

248

ci =

[
cêi cn̂i cûi

]
, i = 1, 2, .., k (9)249

250

si =

[
sêi sn̂i sûi

]
, i = 1, 2, .., k (10)251

and the corresponding design matrix has the form252

G =


l̂1∆t1 l̂1∆pcos11 l̂1∆psin11 . . . l̂1∆pcosk1

l̂1∆psink1

...
. . .

...

l̂q∆tq l̂q∆pcos1q l̂q∆psin1q . . . l̂q∆pcoskq
l̂q∆psinkq

 (11)253
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where254

∆tj = tbj − taj (12)255

256

∆pcosij = cos(ωit
b
j)− cos(ωit

a
j ) (13)257

258

∆psinij = sin(ωit
b
j)− sin(ωit

a
j ). (14)259

To solve the inverse problem, we adopt Bayesian formulation assuming Gaussian dis-260

tributions for all uncertainties, so the optimal (maximum a posteriori) model estimation is261

(e.g., Tarantola, 2005)262

m̃ = (GTC−1
χ G+C−1

m )−1(C−1
χ GTd+C−1

m m0) (15)263

where m0 is the prior model vector, Cm is the prior model covariance matrix, and Cχ is the264

error covariance matrix, also referred to as the misfit covariance. In the original formulation,265

the error covariance matrix is denoted as Cd, because only the measurement error in data is266

considered. Here, we consider both measurement error and modeling (or prediction) error,267

Cp, such that Cχ = Cd +Cp. Details of Cχ are discussed in section 3.5.268

We design Cm to be diagonal and structured as follows:269

C−1
m = diag[Ωv Ωc1 Ωs1 · · · Ωck

Ωsk ] (16)270

Ωv = [Ωvê Ωvn̂ Ωvû ] (17)271

Ωci = [Ωcêi
Ωcn̂i

Ωcûi
], (18)272

273

Ωsi = [Ωsêi
Ωsn̂i

Ωsûi
] (19)274

275

Ωρ =


1
ϵ2 ρ is constrained to be close to the prior value

0 ρ is unconstrained

(ρ = vξ̂, cξ̂i , s
ξ̂
i ) (20)276

where ϵ is a pre-defined value of small variation in parameters. Constraining the variations277

of certain components to be small helps stabilize the inversion when the unconstrained278

inversion shows strong trade-offs between certain components (Minchew et al., 2017).279

In the original design of the model prior, Cm is a diagonal matrix with the diagonal280

values constraining the amplitude of the corresponding variation. Two reference frequen-281

cies were chosen for the horizontal and vertical variation, respectively, and diagonal values282
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scaled inversely with the difference between the corresponding frequency and the reference283

frequency. This approach was motivated by the fact the vertical and horizontal motion284

at RIS are primarily at short-period (semi-diurnal and diurnal) and at long-period (fort-285

nightly), respectively. Here, we remove the dependence on reference frequency and generalize286

the model so that both the short-period and long-period variation can be modeled.287

The posterior model covariance matrix288

C̃m = (GTC−1
χ G+C−1

m )−1 (21)289

provides the estimates of formal errors in m̃. The estimates of formal errors in amplitude aζ̂i290

and phase ϕζ̂
i can be calculated from the formal errors of cζ̂i and sζ̂i by applying the following291

relations derived in Minchew et al. (2017):292

σ2

aζ̂
i

=
σ2

cζ̂i
sin2(ϕζ̂

i )− σ2

sζ̂i
cos2(ϕζ̂

i )

sin4(ϕζ̂
i )− cos4(ϕζ̂

i )
(22)293

σ2

ϕζ̂
i

=
−σ2

cζ̂i
cos2(ϕζ̂

i ) + σ2

sζ̂i
sin2(ϕζ̂

i )

(aζ̂i )
2(sin4(ϕζ̂

i )− cos4(ϕζ̂
i ))

(23)294

3.3.2 An Approach to Infer the Presence of Ephemeral Grounding295

3.3.2.1 Candidate Tidal Constituents296

We choose the family of sinusoids in the model according to our prior knowledge of the tide-297

induced displacement variations at RIS. The vertical motion on the ice shelf is dominated298

by semi-diurnal and diurnal constituents (Table 1). However, the time interval of the SAR299

acquisitions is always within seconds of being integer days, which prevents any sensitivity300

to constituents S2, K2, K1, and P1 whose periods are or very close to 12 h or 24 h. Thus,301

we are left with M2(12.42 h period), N2(12.66 h period), O1(25.82 h period), and Q1(26.87 h302

period).303

3.3.2.2 Ephemeral Grounding and the Vertical Msf Sinusoid304

When the ice shelf ephemerally grounds on the seafloor (Figure 2a), the vertical displace-305

ment is the time series of the tide height clipped at the grounding level (Figure 2b1-2b2).306

Compared with the original time series, such clipping introduces power at fortnightly pe-307

riods, as can be seen in the amplitude spectrum (Figure 2b3- 2b4). Therefore, we include308

the vertical Msf period into the model and consider it as a proxy for detecting ephemeral309

grounding. If the inferred amplitude of the vertical Msf sinusoid is significantly larger than310
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the expected amplitude (less than 1 cm at RIS), the vertical displacement can be assumed311

to be ephemerally grounded. Later, in section 3.4, we will explicitly include the clipping312

effect in the model parameterization, but doing so renders the model nonlinear.313

3.3.3 Tests with Synthetic Data314

We use synthetic tests to explore how to best identify ephemeral grounding and to315

assess any bias in the linear approach. Within the context of linear model, we construct our316

synthetic model as follows:317

1. Secular velocity: We prescribe the east and north components of the secular velocity,318

vê, and, vn̂, using the latest Antarctic Ice Velocity Model (Rignot et al., 2011b;319

Mouginot et al., 2012). We prescribe the up component, vû, to be zero everywhere.320

2. Vertical tidal displacement: We prescribe the vertical motion on the ice shelf with321

ephemeral grounding as:322

wû(r, t) = max(S(r)href(t),K(r)) (24)323

where href(t) is tide height time series extracted at a reference point in the ice shelf324

trunk (Figure 1b) from the CATS2008 ocean tidal model (Padman et al., 2002), S(r) is325

a linear amplitude scaling factor, andK(r) is the level of ephemeral grounding. S(r) is326

1 in the ice shelf central trunk, gradually decreasing in the vicinity of the grounding327

zone and is 0 over the grounded ice. We adopt this parameterized form using a328

reference point because the tidal model does not have data available everywhere in329

our observational domain and it does not have sufficient resolution near grounding330

zones. This form for the synthetic model assumes negligible variation in phase over331

the ice shelf, a reasonable approximation according to both the tidal model and our332

eventual inferred values from real data.333

3. Horizontal tidal displacements: We prescribe the temporal variation in horizontal flow334

rate, ∆vhoriz(r, t), to be only in the same direction as the secular velocity (“along-335

flow”) and to scale with the horizontal secular speed as336

∆vhoriz(r, t) = [∆vê(r, t),∆vn̂(r, t)]

=


(vhoriz(r)/v0)

∑
ξ aξ sin(ωξt+ ϕξ) along-flow

0 cross-flow

(25)337
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where the aξ and ϕξ are the reported amplitude and phase of the flow rate variation338

at the period of tidal constituent ξ by GPS measurements at RIS (Murray et al.,339

2007), vhoriz(r) =

√
vê

2
(r) + vn̂

2
(r) is the prescribed horizontal secular speed, and v0340

is the reference horizontal secular speed in the central trunk of RIS, which we choose341

to be 1m/d.342

4. Synthetic displacement data: We create synthetic displacements which have the same343

temporal and spatial sampling as our actual observations (see section 2). We add344

uncorrelated Gaussian noise with standard deviation 10 cm to both the LOS and345

azimuth synthetic displacements.346

We conduct synthetic tests exploring models with different families of sinusoids, differ-347

ent settings of model priors, and both sub-shelf grounding and no-grounding scenarios. In348

the no-grounding case, K(r) is prescribed as lower than lowest tide height (e.g., −0.5m).349

In the ephemeral grounding case, we prescribe K(r) to −1.5m everywhere. We conclude350

that the optimal model contains sinusoids M2, N2, O1, and Msf , adopts a prior model with351

m0 = 0, and prior model covariance matrix constraining the horizontal variations at short352

periods (M2, N2, O1) to be small (ϵ = 1mm in equation 20). The result and discussion353

of synthetic tests are provided in the supporting information Text S1. These demonstrate354

that the inferred amplitude of vertical Msf can be used as a proxy for detecting, but not355

quantifying ephemeral grounding. By comparing the inferred values with the prescribed356

values, the synthetic tests also provide estimates of the bias in the inferred values. The bias357

estimates are important for interpreting and using the results inferred with real data.358

3.4 Quantifying of Level of Ephemeral Grounding359

3.4.1 A Vertical Displacement Model with Ephemeral Grounding360

In order to identify zones of ephemeral grounding, as well as to constrain the level of361

ephemeral grounding, we need to develop a new vertical displacement model for wû(r, t) in362

equation (1). Compared with the linear model, the new model needs to consider the absolute363

ocean tide height i.e., the superposition of all major constituents (Table 1). However, as364

previously noted, we are not able to directly infer a few major constituents (e.g., S2, K1)365

with periods at or close to 12h and 24h, since they are aliased in the CSK observations.366

(Repeating periods of CSK observations are integer multiples of 24 h.) To overcome this367

limitation, we refer to the existing ocean tidal models which can provide a starting point368

from which we can infer the aliased constituents. The ocean tidal models provide the tie369
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between the constituents we can observe and those we cannot. The major limitation of tidal370

models at RIS is that they do not have sufficient spatial resolution in the vicinity of the371

grounding zone where we expect amplitudes to gradually decrease towards the grounded ice372

due to ice-shelf flexure as well as possible variations in phase as observed in Minchew et al.373

(2017).374

The new vertical displacement model we develop combines the completeness of the375

ocean tidal model with the high spatial resolution of inferred displacement variation at376

M2, N2, and O1 periods from our CSK data using the linear model (section 3.3). We use377

the CATS2008 tidal model (Padman et al., 2002), which is shown to agree well with local378

GPS measurements (Padman et al., 2018). We separately construct the spatial phase and379

amplitude maps for the 10 major tidal constituents listed in Table 1 over the ice shelf, from380

which we have the absolute tidal displacement. Then, we introduce ephemeral grounding381

level as an additional parameter which clips the absolute tidal displacement to arrive at our382

final vertical displacement model. We present this model in three parts as follows:383

1. Spatial phase variation384

We denote the spatial phase variation for a given constituent ξ, as ϕξ(r) and define385

its relative spatial phase variations as:386

∆ϕξ(r) = ϕξ(r)− ϕξ(r0) (26)387

where r0 is a chosen reference point in the central trunk of the ice shelf (Figure 1b).388

Using the inferred spatial phase variation ofM2, N2, and O1 from the linear model, we389

have an estimate of the relative spatial phase variation, which we denote as ∆ϕ̃M2
(r),390

∆ϕ̃N2
(r), and ∆ϕ̃O1

(r), where the tilde symbol on top signifies an estimated value.391

We assume that constituents with similar periods have a similar physical response,392

so that they share the same relative phase variation. This assumption leads us to the393

following assumptions on the other 5 semi-diurnal and diurnal constituents:394

∆ϕ̃û
S2
(r) = ∆ϕ̃û

K2
(r) = ∆ϕ̃û

M2
(r)

∆ϕ̃û
K1

(r) = ∆ϕ̃û
P1
(r) = ∆ϕ̃û

Q1
(r) = ∆ϕ̃û

O1
(r)

. (27)395

Our choice of pairing S2 and K2 with M2 is because the phase of M2 is better con-396

strained than N2 due to its larger amplitude. As will be shown when using the actual397

data, ∆ϕ̃M2
(r) and ∆ϕ̃N2

(r) are similar. The linear inversion does not provide access398
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to the phase of Mf and Mm. Because their amplitudes are significantly smaller than399

other constituents (Table 1), there is little impact if we ignore their phase variations.400

We estimate the spatial variations in phase for all tidal constituents by combining the401

phase at the reference point with the estimated relative phase variation:402

ϕξ(r) = ϕξ(r0) + ∆ϕ̃ξ(r) (28)403

where ϕξ(r0) is the phase of constituent ξ at the reference point and is set by the404

value extracted from the tide model.405

2. Spatial amplitude variation406

The inferred amplitude maps in both Minchew et al. (2017) and our new results407

(section 4.1) suggest that the spatial variations of amplitude in the vicinity of the408

grounding zone due to ice-shelf flexure are very similar for M2, N2, O1. Therefore,409

we empirically assume the same normalized spatial amplitude variation for all tidal410

periods and adopt the following form for the spatial amplitude variation:411

aξ(r) = A(r)aξ(r0). (29)412

Here, aξ(r0) is the amplitude of constituent ξ at the reference point and is set by413

the value from the tide model. A(r), a new parameter, is the linear scaling of the414

amplitude at r to account for the decreasing amplitude in the vicinity of the ground-415

ing zone. We present a more detailed discussion on using A(r) in the supporting416

information Text S6.417

3. Ephemeral grounding level418

A new parameter,K(r), denotes the ephemeral grounding level (section 3.1 and Figure419

2b). Given the formulated spatial variations of the phase and the amplitude for all420

constituents, we arrive at the final vertical displacement model including ephemeral421

grounding:422

wû(r, t) = max(
∑
ξ

A(r)aξ(r0) sin(ωξt+ ϕξ(r)),K(r)) (30)423

where aξ(r) and ϕξ(r) are given by equations (28) and (29). The parameters charac-424

terizing the vertical displacement are A(r) and K(r). The inclusion of K(r) causes425

this new displacement model to be nonlinear.426
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3.4.2 Model for Inferring Ephemeral Grounding Level427

Applying the new vertical displacement model to the vertical component of tide-induced428

displacement (equation 2), we arrive at the new model for simultaneously inferring the 3-D429

surface displacement variation with ephemeral grounding level explicitly taken into account.430

At any point r, given q displacement observations dj (j = 1, 2, · · · , q) with the corresponding431

observational unit vector l̂j , and the acquisition time of primary scene taj and secondary scene432

tbj , we denote this nonlinear model as433

d = g(v,mê,mn̂, A,K) (31)434

where d is the vector of observed displacement, g represents the forward function435

relating the model parameters to the observations, and the model parameters consist of436

secular velocity v =

[
vê vn̂ vû

]T
, parameters for the tide-induced sinusoidal horizontal437

displacement variation in east and north component mê =

[
cê1 sê1 ... cêk sêk

]T
, mn̂ =438 [

cn̂1 sn̂1 ... cn̂k sn̂k

]T
, and the amplitude scaling A and ephemeral grounding level K for439

the vertical displacement. Given the point r, the forward function g(m) is formulated as440

follows:441

The observed displacement dj is the 3-D displacement over [taj , t
b
j ] projected onto l̂j ,442

such that443

d = g(v,mê,mn̂, A,K) =



l̂T1 ·∆u1

l̂T2 ·∆u2

...

l̂Tq ·∆uq


(32)444

where ∆uj is the 3-D displacement vector over the corresponding time interval. We stack445

the transpose of these vectors by row and form a matrix446 

∆uT
1

∆uT
2

...

∆uT
q


=



∆uê
1 ∆un̂

1 ∆uû
1

∆uê
2 ∆un̂

2 ∆uû
2

...
...

...

∆uê
q ∆un̂

q ∆uû
q


(33)447

where the three columns are the east, north, and up component of the displacement vectors.448
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For the east and north component, the relationship with parameters is linear:449 

∆uη̂
1

∆uη̂
2

...

∆uη̂
q


=



uη̂(tb1)− uη̂(ta1)

uη̂(tb2)− uη̂(ta2)

...

uη̂(tbq)− uη̂(taq )


=



∆t1

∆t2
...

∆tq


vη̂ +


∆t1 ∆pcos11 ∆psin11 . . . ∆pcosk1

∆psink1

...
. . .

...

∆tq ∆pcos1q ∆psin1q . . . ∆pcoskq
∆psinkq

mη̂

(34)450

where η̂ = [ê, n̂], mη̂ is the corresponding model parameter vector, ∆tj , ∆pcosij
, ∆psinij

(i =451

1, 2, .., k, j = 1, 2, ..., q) are defined in equation (12) to (14).452

For the up component, the secular term remains the same, but the tide-induced term453

is set by the new nonlinear vertical displacement model:454 

∆uû
1

∆uû
2

...

∆uû
q


=



∆t1

∆t2
...

∆tq


vû +



wû(tb1)− wû(ta1)

wû(tb2)− wû(ta2)

...

wû(tbq)− wû(taq )


(35)455

where wû(t), a function of A and K, is defined in equation (30).456

3.4.3 A Necessary Condition for Constraining Ephemeral Grounding Level457

Ephemeral grounding occurs at lower tides when the total low tide height exceeds458

the sub-shelf water column thickness. To constrain the ephemeral grounding level, we459

need satellite data acquired during the period of grounding. Considering that SAR data is460

temporally sparse (i.e., time interval of a few days), it is possible that little or no data is461

acquired during periods of ephemeral grounding, especially when the grounding level is low.462

For any location, a necessary condition for constraining the level of ephemeral grounding is463

that at least one SAR scene is acquired during ephemeral grounding.464

This necessary condition is also reflected in the formulation of the displacement model.465

Equation (35) indicates that the vertical displacement model is constructed by discrete466

vertical displacement values at the acquisition times of the SAR scenes wû(t), where t =467

ta1 , t
b
1, t

a
2 , t

b
2, · · · , taq , tbq. At any location r, according to equation (30), for the ephemeral468

grounding level Ktrue to take effect in constructing the model, we need to assume that469

There exists t∗ in {ta1 , tb1, ta2 , tb2, · · · , taq , tbq} such that Ktrue >
∑
ξ

Aaξ sin(ωξt
∗ + ϕξ).

(36)470
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Equation (36) implies that the lowest ephemeral grounding level that the data can471

constrain in theory is472

Kmin = min(
∑
ξ

Aaûξ sin(ωξt
∗ + ϕû

ξ ) | t∗ ∈ {ta1 , tb1, ta2 , tb2, · · · , taq , tbq}) (37)473

and the necessary condition to constrain ephemeral grounding level Ktrue is474

Ktrue > Kmin. (38)475

At locations, where the vertical displacement without clipping is the same as tide height476

(e.g., the central trunk of ice shelf), A = 1 in equation (36), and the necessary condition477

can be described as the level of ephemeral grounding being higher than the minimum of478

all sampled tide heights. At locations, where the vertical displacement is damped to be479

smaller than the tide height (e.g., the vicinity of the grounding zone), we can still use the480

sampled tide heights at this location to assess the ability of SAR data in detecting ephemeral481

grounding, because a lower sampled tide height always corresponds to a lower sampled level482

of vertical displacement, unless already being clipped at a higher level.483

If the ephemeral grounding level cannot be constrained, there are two possibilities: (1)484

there is no ephemeral grounding, or (2) there is ephemeral grounding, but the grounding level485

Ktrue is so low that the necessary condition is not satisfied. The second possibility implies486

that any region of ephemeral grounding zone we infer is a lower bound on the actual extent487

of ephemeral grounding. In section 5.3, we present further discussion on the implication of488

this necessary condition.489

3.4.4 Formulating and Solving the Inverse Problem490

We adopt a Bayesian formulation of the inverse problem assuming Gaussian distribu-491

tions for all uncertainties. The posterior probability distribution of the model parameters492

is (Tarantola, 2005):493

P (m|d) ∝ P (d|m)P (m) (39)494

495

P (d|m) ∝ exp(−1

2
(d− g(m))TC−1

χ (d− g(m))) (40)496

where P (m) is model prior, P (d|m) is the data likelihood, and Cχ is the error covariance497

matrix discussed in section 3.5. The model prior for secular velocity and horizontal dis-498

placement variations is the same as those in the linear model. We adopt a uniform prior for499

amplitude scaling A in the range of [0, 2] and a uniform prior for the ephemeral grounding500

K in the range of minimal and maximal tide height at RIS.501
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We consider each location to be independent of other locations. The total number502

of grid points are 105∼106 depending on the chosen resolution. For nonlinear Bayesian503

inverse problems, Markov Chain Monte Carlo (MCMC) sampling methods are commonly504

used for parameter estimations, but performing this method repeatedly at all the grid points505

is computationally expensive. To address this computational difficulty, we use an alternative506

and equivalent form of the vertical displacement model507

wû(r, t) = A(r)max(
∑
ξ

ãi sin(ωξt+ ϕξ),K
′(r)) (41)508

509

K(r) = A(r)K ′(r) (42)510

In the original form (equation 41), there are two parameters A(r) and K(r) in the max511

operator. In this alternative form, A(r) is moved outside of the max operator leaving K ′(r)512

to be the only nonlinear parameter. Once K ′(r) is fixed, we can solve for the remaining513

parameters efficiently using the closed-form solutions for linear problem. Thus, we take the514

following approach to solve the nonlinear inverse problem:515

1. Discretize K ′ with a sampling interval significantly smaller than its intrinsic uncer-516

tainty (e.g., 1 cm). We denote the n enumerated values as K ′(i), where i = 1, 2, ..., n.517

2. For every K ′(i), solve for remaining parameters and obtain the corresponding model518

likelihood P (i)(K ′|d).519

3. The index of the optimal model is s = argmax(P (i)(K ′|d), i = 1, 2, · · · , n) and the520

corresponding optimal enumerated ephemeral grounding level is K ′(s). Using the521

equation (42), we get the optimal grounding level K.522

4. We obtain the approximate posterior marginal probability distribution of K ′ from523

P (i)(K ′|d), where i = 1, 2, · · · , n. The marginal distribution quantifies the uncer-524

tainty in estimated K ′ and informs whether the ephemeral grounding level is well525

constrained.526

The revision in the formulation of the inverse problem after introducing K ′ can be527

arrived at naturally by plugging equation (41) into equation (35). We describe the revised528

formulation in the supporting information Text S2.529

Besides the computational efficiency, introducing K ′ has the advantage that it normal-530

izes the ephemeral grounding level in the problem with respect to the amplitude. Clipping531
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on the tidal displacement without amplitude scaling A(r), K ′ is the normalized version of532

K, such that it is not sensitive to the amplitude of tidal displacement. The distribution533

of K ′ is advantageous over K in evaluating the existence and uncertainty in ephemeral534

grounding, because a consistent criterion, for example, the threshold of determining the535

existence of grounding, can be used in both large and small tidal amplitude scenarios. This536

advantage can also be viewed as K ′ automatically scaling the range and sampling interval537

in the enumeration of grounding level with the amplitude of tidal displacement. Hereafter,538

unless mentioned explicitly, the distribution and statistics related to ephemeral grounding539

are all referred to K ′.540

The linearization of the original nonlinear inverse problem guarantees the solution to be541

optimal and enables efficiently solving the problem accelerating the computation by many542

orders of magnitude compared with applying MCMC sampling methods. Although there is543

the disadvantage that the solution is approximate due to the discretization of K ′, we can544

reduce this approximation error to be significantly smaller than the intrinsic uncertainty in545

the parameters by refining the discretization around the optimum.546

3.4.5 Tests with Synthetic Data547

We test the developed model with the same synthetic RIS model in section 3.3.3. For548

the inference, we use the new vertical displacement model (equation 41) and follow the549

approach in section 3.4.4 to solve the inverse problem by enumerating K ′. In the synthetic550

tests, we explore different strategies for enumerating K ′, quantifying the uncertainty, and551

determining the whether the ephemeral grounding exists. Our optimization strategy is as552

follows:553

1. Discretize K ′ in the tidal range [−4.0m, 4.0m] starting with the spacing at 10 cm and554

iteratively refine the spacing around the optimum down to 1 cm. Resolution of 1 cm555

is significantly smaller than the intrinsic uncertainty in K ′ which is typically tens of556

centimeters.557

2. Calculate the approximate marginal posterior probability distribution of K ′ from558

enumerated P (K ′|d) and find the 68% (approximately one standard deviation of the559

mean) credible interval around the optimum (supporting information Text S3).560

3. Jointly use the necessary condition (section 3.4.3) and adopting a threshold δK′ (e.g.,561

δK′=60 cm, which corresponds to one standard deviation σK′ ≈ 30 cm) as the upper562
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bound of the 68% credible interval size of K ′ to define the constrained ephemeral563

grounding zones.564

The choice of the threshold is subjective and reflects the allowed uncertainty in results.565

Therefore, it is difficult to justify that a specific value of δK′ is optimal. In real data applica-566

tion, we combine results from different choices of δK′ and adopt probabilistic interpretation567

of the results.568

Figure 4 shows the result from applying the nonlinear model to synthetic data. For the569

vertical displacement, both the linear amplitude scaling A(r) and grounding level K(r) are570

in good agreement with the prescribed values. Comparing with the result of the linear model571

(Figure S3), the bias in the estimated amplitude and phase of horizontal Msf displacement572

variation is greatly reduced.573

3.5 Error Model574

In both the linear model (section 3.3) and nonlinear model (section 3.4), we consider575

both the measurement error and modeling error. Under the assumption of Gaussian dis-576

tributions for all uncertainties, we have the following relationship (e.g., Tarantola, 2005;577

Duputel et al., 2012)578

Cχ = Cd +Cp (43)579

where Cd is the data measurement covariance matrix and Cp is the covariance matrix for580

modeling error, which is also referred to as prediction error.581

We use cross-correlation methods to calculate displacement from SAR scenes (see sec-582

tion 2). The variance of the measured displacement Cd is estimated from the curvature of583

the correlation surface (Joughin, 2002) denoted as Ĉd. The modeling error Cp can come584

from multiple sources including but not limited to (1) error in amplitude and phase values585

of the tidal constituents used to model vertical displacement, (2) error in our assumption of586

the relative phase variation (equation 27), (3) error from not modeling Mf and short-period587

horizontal flow variability. We do not have a good prior model for Cp.588

A χ2 residual analysis provides an empirical way to estimate Cχ. More specifically, the589

normalized misfit ri, ri = (di − (Gm)i)/σi, should be roughly normally distributed with590

standard deviation one, where i is the i-th data point and σi is its standard deviation in591

the error model (e.g., Aster et al., 2018). Thus, the square of residual di − (Gm)i should592

be on the same scale as Cχ.593
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We denote the estimated Cχ as Ĉχ and assume the error to be independent (i.e., Ĉχ594

is diagonal) and employ the following approach for inversion:595

1. Assuming 10 cm error for all displacement data, conduct a first inversion and find the596

residual of each data point.597

2. For the data on the same grid point, group the data points according to the observa-598

tional unit, which is determined by track and range/azimuth measurement. Assuming599

data in the same group share the error model, calculate the error for each group using600

the residual from the initial inversion. The diagonal entries of Ĉχ are the variances601

of the residual in the corresponding groups.602

3. Conduct a second inversion using the empirically estimated error model Ĉχ.603

We use 10 cm as the starting error model because the residual of the plain least-square604

solution is typically at tens of centimeters. We note that using a different value (e.g., 20 cm)605

will not change the inferred error model because all the data points are still equally weighted606

and the approach to deriving the residual remains the same.607

Using this empirical approach, we have found that modeling error dominates the mea-608

surement error (Ĉd ≪ Ĉχ) in the inversion with real data. Our experiences with exploring609

Ĉχ shows that inclusion of modeling error and adopting the empirically estimated Ĉχ is610

important for reducing artifacts in the results and for realistic estimate of uncertainty. The611

consideration of modeling error is one of the key improvements from the methods in Minchew612

et al. (2017) where Cp was not considered.613

4 Results614

We apply both the linear model (section 3.3) and nonlinear model (section 3.4) to the615

∼2500 displacement fields we produced. The two models both infer the secular velocity616

and horizontal displacement variation at Msf period, but differ in the inference of vertical617

displacement. We note that in all figures, phase values are centered at the mean phase in618

the observational domain and converted to the unit of minutes or days based on the period619

of the tidal constituent. The fortnightly flow variation is shown in displacement domain.620

4.1 Application of the Linear Model621

We describe the inferred vertical displacements including short-period M2, N2, and622

O1 and the key diagnostic long-period Msf that reveals ephemeral grounding. We leave623
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discussions of the inferred secular velocity and horizontal Msf displacement variation in624

the supporting information Text S5. Note that in Minchew et al. (2017), M2 and O1625

displacement were inferred and reported, but N2 was not. Based on the inferred amplitude626

at M2 period, we also derive an updated grounding line which has better accuracy than the627

existing grounding line data (Rignot et al., 2011a; Fretwell et al., 2013). We compare the628

updated grounding line with the existing grounding line data and demonstrate the improved629

accuracy in the supporting information Text S8. The coordinates of the updated grounding630

line is in the supporting information Dataset S1. We use this new grounding line in all the631

figures.632

4.1.1 Semidiurnal and Diurnal Component633

The spatial variability in M2, N2, and O1 components are similar in terms of amplitude634

(Figure 5a1-c1), but the spatial variability of the phase differ from component to compo-635

nent (Figure 5a2-c2). The displacement amplitude of the three components in the central636

trunk is about 1.6m, 0.3m and 0.4m, respectively. These values are consistent with the637

CATS2008 tidal model (Table 1). The inferred amplitude is uniform in the central trunk638

and decreases in the vicinity of the grounding zone sharing similar spatial patterns sup-639

porting the assumption we use in the nonlinear model that all tidal constituents share the640

normalized spatial variability of amplitude. The strongest feature is the circular zone about641

10 km in diameter in the middle on the west margin where the amplitude is only 20% of its642

central trunk amplitude. The phase estimates for M2 and N2 lag (ϕ < 0) by approximately643

20min within 10 km of grounding zone. The phase lag is more pronounced in the two horns644

of the grounding line than the ice shelf margins. O1 does not exhibit lagging phases in the645

grounding zone, but has prevalent and uniform leading phase by approximately 20min over646

the upstream half of the ice shelf in our observational domain. This variation of O1 phase is647

likely to be spurious because it is similar in both the value and the shape to the theoretical648

bias in O1 phase estimation found in our synthetic test (Figure S1). There is a zone of649

M2 leading phase in the central trunk 20 km downstream of the grounding line, which is650

consistent with the previously reported ephemeral grounding point (Schmeltz et al., 2001).651

The leading phase at this known ephemeral grounding zone is consistent with our synthetic652

test which shows that the linear model can produce spurious leading/lagging phase because653

ephemeral grounding is not explicitly accounted for (Figure S3). Phase estimates at all654

three tidal periods show significant leading and lagging phase (leading or lagging more than655
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50min) within the low-amplitude circular zone on the west margin, suggesting that this is656

a pronounced ephemeral grounding zone.657

4.1.2 Msf Component and Ephemeral Grounding658

Inference of a large-amplitude verticalMsf component suggests the existence of ephemeral659

grounding (Figure 5d1-5d2). Because this fortnightly component does not correspond to any660

existing tidal forcing, its phase variation does not have immediate physical meaning. Here661

we only focus on the amplitude map which reveals three primary ephemeral grounding zones:662

A. An isolated circular zone in the central trunk 20 km downstream of the grounding663

line. This zone was previously reported in Schmeltz et al. (2001).664

B. An approximately 5-km-wide zone along the west margin of the ice shelf, extending665

to the southern end of our observational domain. There is a pronounced circular zone666

with relatively large Msf amplitude in the middle.667

C. An approximately 5-km-wide and 20-km-long zone within the eastern horn of the668

grounding line in the vicinity of the eastern half of the U-shaped bend of the grounding669

line. The southern end of this zone connects to the bathymetric ridge at the corner670

of the grounding line that pins the grounded ice.671

The detection and quantification of ephemeral grounding confirms the prior suggestion672

of such zones at RIS. However, we also recognize that some of the observed strong variations673

in the phase of vertical displacement are artifacts caused by not accounting for ephemeral674

grounding in the model.675

4.1.3 Comparison of Tidal Model and Inference from the Linear Model676

We compare our inferred amplitude and phase values of vertical displacement at M2,677

N2, and O1 periods with the CATS2008 tidal model (Padman et al., 2002) at a reference678

point (82.0◦W, 78.8◦S) chosen to be away from the vicinity of any grounding (Figure 1b).679

Given the theoretical bias in our estimation from the synthetic test (section 3.3.3), we also680

compare the bias-corrected amplitude and phase values to the tidal model (Table 2 and 3).681

Although the comparison is made at one point, it is representative of the ice shelf central682

trunk in our observational domain because the tidal displacement is spatially uniform.683

We find that the estimated amplitude and phase at all three tidal periods agree well684

with the tidal model. We also find that the theoretical bias in the estimation explains the685
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relatively large difference between the estimation and the tidal model, such as the amplitude686

of O1 and the phase of N2. This comparison validates our inferred values and shows that687

the inferred bias in the synthetic test is realistic and can be used to adjust inferred values688

from the linear model.689

4.2 Application of the Nonlinear Model690

We now describe the inference of amplitude scaling and ephemeral grounding level691

using the nonlinear model. In terms of the horizontal secular velocity, our updated results692

agree well with Minchew et al. (2017) albeit with fewer artifacts in the vertical component.693

Details can be found in the supporting information Text S9. The final spatial resolution of694

the reported fields is determined by the processed displacement fields and is approximately695

500m. Animations showing the vertical motion (Movie S1), horizontal ice flow (Movie S2)696

and the centerline flow rate (Movie S3) are provided in the supporting information.697

4.2.1 Construction of the Vertical Displacement Model698

To apply the nonlinear model, we construct the vertical displacement model (equation699

30) by jointly using the CATS2008 tidal model and the inferred vertical displacement at700

M2, N2, and O1 periods from the linear model (section 3.4). We set the reference point r0701

at (82.0◦W, 78.8◦S) (Figure 1b) where we have shown that the tidal model agrees with the702

bias-corrected estimation of M2, N2, and O1 in both amplitude and phase (section 4.1.3).703

To use the results from the linear model, we correct for the bias in all inferred values using704

the bias inferred from the synthetic tests (supporting information Text S1). We construct705

the vertical displacement model following the methodology in section 3.4.1. For details, see706

supporting information Text S7.707

4.2.2 Vertical Displacement with Ephemeral Grounding708

The inferred amplitude scaling, A(r), representing the amplitude of vertical displace-709

ment at all tidal periods, is uniform in the central trunk, gradually decreases in the vicinity710

of the grounding zone and is zero on the grounded ice (Figure 6a). The amplitude scaling711

typically decreases from 1 to 0 over distances of approximately 5 km on both the western712

and eastern ice shelf margins. The circular zone in the middle of ice shelf western margin has713

an amplitude approximately 20% the amplitude in the central trunk. Near the grounding714

line horns, the amplitude starts to decrease towards the U-shaped bend of grounding line715

and gradually decrease to zero within in the two horns (Figure 6a).716
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The ephemeral grounding zones are consistent with the inferred amplitude of the vertical717

Msf component from the linear model (section 4.1.2). Here, we discuss the three primary718

ephemeral grounding zones (Figure 6b-c):719

A. For the isolated ephemeral grounding zone in the central trunk (A), the ground-720

ing level is approximately −1.7m at its center and gradually decreases towards the721

periphery. The lowest grounding level detected is approximately −2.5m at on the722

northern end. As described in section 3.4.3, the inferred ephemeral grounding zone723

is the minimum spatial extent of the actual ephemeral grounding zone.724

B. The grounding level on the western margin is relatively high, ranging from −1m725

to 0m. The northern portion (B1) is approximately 5-km-wide with the grounding726

level increasing towards the grounding line. The width of this zone decreases towards727

the south. The low-amplitude circular-zone (B2) has a relatively high grounding level728

near 0m. We find no ephemeral grounding to the north and less ephemeral grounding729

to the south of this zone. The southern portion (B3) has a similar grounding level as730

the northern portion.731

C. The grounding level of the ephemeral grounding zone in the eastern horn of the732

grounding line (C1) ranges from −0.5m to 0m, increasing as one approaches the733

grounding line. This whole zone is slightly wider than the zone on the western margin734

and exhibits a smaller gradient in the change of grounding level. Within the western735

horn of the grounding line, a small ephemeral grounding zone (C2) exists at the736

northern end with the level of ephemeral grounding close to 0m.737

We find the zones of ephemeral grounding primarily exist in the vicinity of the ground-738

ing zone along the western margin of RIS. The spatial distribution of zones of ephemeral739

grounding should reflect the current bathymetry, which we have very limited knowledge of,740

beneath RIS (Smith & Doake, 1994; Johnson & Smith, 1997). On the western side, the sea-741

ward slopes of the bed should be relatively small which introduce relatively wider grounding742

zone and more abundant existence of ephemeral grounding. On the eastern side, the bed743

should be steep which makes the grounding zone to be narrow and limits the existence of744

ephemeral grounding.745

Considering the total area and the grounding level, the main ephemeral grounding zone746

is on the western margin (B1-B3). This zone should contribute most to the tide-modulated747
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buttressing stress compared with other zones. That the southern portion of this zone extends748

to the southern end of our observational domain suggests that zones of ephemeral grounding749

extend further the downstream. Observations have shown that the grounded portion of the750

RIS upstream of the grounding line is deeper on its western margin (Fretwell et al., 2013;751

Morlighem et al., 2020), so the thickness of the ice shelf downstream should also be thicker752

on the western side. Whether the ephemeral grounding on the western margin downstream753

of the grounding line is caused by the increased ice-shelf thickness or variations in sub-shelf754

bathymetry remains an open question.755

4.2.3 Horizontal Fortnightly Flow Variability756

Here, we present the inferred variations in flow and the derived strain rates. In the757

2-D horizontal plane, we define along-flow and cross-flow as the directions along (parallel758

to) and across (perpendicular to) the inferred direction of secular velocity. The cross-flow759

direction is 90◦ counter-clockwise from the along-flow direction.760

This updated version of fortnightly flow is consistent with the results in Minchew et761

al. (2017) in terms of the major features, but has three improvement: (1) There were762

artifacts in Minchew et al. (2017) associated with SAR image boundaries and some extreme763

values caused by the instability in the inversion due to lack of data. This new version764

has less artifacts and thus enables deriving variations in strain rates. (2) The inferred765

heterogeneity of the fortnightly flow in Minchew et al. (2017) may be overestimated due766

to the aforementioned artifacts. Our improved version shows that the fortnightly flow has767

smoother spatial variation. (3) This version also better resolves the cross-flow component768

and shows the periodic divergence and convergence of the flow in that direction.769

4.2.3.1 Variation in the Along-Flow Component770

The along-flow variation is highest over the ice shelf with a peak-to-peak amplitude of771

approximately 80 cm and varies smoothly in space (Figure 7a). The trend of increasing772

amplitude downstream suggests that this variation is not limited to the observed portion of773

the ice shelf. The low amplitudes along the western margin should be primarily due to the774

low mean flow speed.775

Leading phase values are present over the ice shelf (Figure 7b) and are relatively uni-776

form. The prominent circular ephemeral grounding zone in the middle along the western777

margin (B2) has the most leading phase values. The isolated ephemeral grounding zone in778

the central trunk of the ice shelf (A) also exhibits leading phases. In addition, phase at the779
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ice-shelf margins, where ephemeral grounding is likely to exist, generally leads the phase in780

the ice-shelf central trunk. All these observations suggest that ephemeral grounding plays781

an important role in the generation of fortnightly flow variation.782

4.2.3.2 Variation in the Cross-Flow Component783

The amplitude of the cross-flow variation on the ice shelf ranges from 5 cm in the central784

trunk to 15 cm located along the western and eastern ice shelf margins and near the U-shaped785

bend of the grounding line (Figure 7c). The phase of this variation is anti-symmetric with786

the maximum difference of phase values on the western and eastern sides at half of the787

fortnightly period (approximately 7.4 days). We find that the large amplitudes near the788

margin and anti-symmetry in phase together lead the periodic divergence and convergence789

of the ice flow during acceleration and deceleration (Movie RIS-H).790

4.2.3.3 Variations in Strain Rate791

The variation in longitudinal strain rate (ϵ̇xx(t) = ∂(vx(t)− v̄x)/∂x, where x is in the along-792

flow direction) calculated from the fortnightly flow rate shows extension (positive value)793

and compression (negative value) of the ice in the along-flow direction during acceleration794

and deceleration (Movie RIS-H). At the centerline of RIS, the amplitude of variation is795

approximately 5µ/day (µ = 10−6). The localized high strain-rates are present at the central796

bathymetric ridge that pins the grounding line at the downstream extent of the U-shaped797

bend and near the circular zone of pronounced ephemeral grounding on the western ice-798

shelf margin (Figure 8 and 9). Large negative strain rates (compression) with amplitude799

larger than 10µ/day are present when the ice is accelerating suggesting that the ephemeral800

grounding provides resisting stress to ice flow.801

The variation in transverse strain rate (ϵ̇yy(t) = ∂(vy(t)− v̄y)/∂y where y is in the cross-802

flow direction) shows the extension and compression of ice in the cross-flow direction during803

acceleration and deceleration which corresponds to the ice-flow divergence and convergence804

(Movie RIS-H). The strain rates with amplitudes of approximately 10µ/day are present in805

two-bands along ice-shelf flow with less variation in the center (Figure 8 and 9). Near the806

circular zone on the western margin where the pronounced ephemeral grounding is located,807

there is compression during acceleration which is presumably driven by basal pinning (Movie808

RIS-H).809

The variation in shear strain rate (ϵ̇xy(t) = 1
2 (∂(vx(t)− v̄x)/∂y + ∂(vy(t)− v̄y)/∂x)810

where x is in the along-flow direction and y is in the cross-flow direction) shows the dominant811
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shear strain rate in the western and eastern margins. The strain rate along the western812

margin is more dispersed and has more spatial variations due to the more complicated813

margin geometry, ephemeral grounding, and the inflow of the Minnesota Glacier (MG) that814

intersects RIS (Figure 1b). The eastern grounding line horn where the more ephemeral815

grounding exists experiences a higher magnitude of strain rate than the western horn.816

5 Discussion817

5.1 Asymmetric Response to Tidal Forcing818

Previous studies have suggested that the Msf signal over the ice-shelf-stream at RIS is819

driven by the asymmetric response of ice shelf flow to the high and low tide. By studying the820

variation of the lateral shear strain rate, Minchew et al. (2017) proposed that the ephemeral821

(periodic) grounding of the ice shelf during low tide along the ice shelf margin leads to the822

tide-modulated contact area of the ice shelf with the bed changing the effective ice shelf823

width, with the resulting temporal evolution of the basal shear traction and the buttressing824

stress giving rise to the observed variations flow rate. Motivated by the theoretical model825

on the tide-modulated asymmetric grounding line migration (Tsai & Gudmundsson, 2015)826

and the observations of the ephemeral grounding at RIS (Schmeltz et al., 2001; Minchew827

et al., 2017), Robel et al. (2017) proposed that the ice shelf buttressing stress to be an828

asymmetric function of the tide height with the high tide corresponds more significant829

buttressing stress decrease than the equivalent low tide corresponds to the buttressing stress830

increase. Employing this buttressing stress model, they were able to reproduce the amplitude831

and phase of the observed fortnightly flow rate variation in a 1-D model using Maxwell832

viscoelastic rheology. Using extensive GPS records, S. H. R. Rosier et al. (2017) showed833

that this fortnightly flow rate variation is prevalent over the entire Filchner-Ronne Ice Shelf834

(FRIS) and all the adjoining ice streams including RIS. The amplitude of this variation835

increases downstream to the ice shelf front suggesting that the underlying mechanism is not836

particular to a certain ice stream. Using the realistic geometry of FRIS and a 3-D full Stokes837

viscoelastic model, Rosier and Gudmundsson (2020) were able to reproduce the amplitude838

of this fortnightly flow rate variation by modeling the asymmetric grounding line migration839

(Tsai & Gudmundsson, 2015; Minchew et al., 2017) and the nonlinear dependence of the840

flow rate on the ice shelf width. Warburton et al. (2020) developed a mathematical model841

showing that grounding line migration is dependent on the permeability and drainage speed842

of the subglacial hydrological system. The effective grounding line can be pinned at the843
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point of the high tide for low-permeability system resulting in asymmetric widening and844

shrinking of grounding zone and leading to the fortnightly flow variability.845

While all the aforementioned mechanisms point to the asymmetric response of the ice846

shelf flow to the tidal forcing, the observational evidence has been limited. Our study847

here focuses on observing the ephemeral grounding of the ice shelf, a potentially important848

mechanism for generating the tide-modulated buttressing (Minchew et al., 2017; Robel et849

al., 2017), and shows that the ephemeral grounding at RIS is not limited to the pinning point850

detected by Schmeltz et al. (2001), but is also present in significantly larger zones including851

the western ice shelf margin and the eastern grounding line horn. This observation provides852

direct evidence for the tide-modulated grounding of the ice shelf and provides support for853

mechanisms dependent on the evolution in basal shear traction. The ephemeral grounding on854

the western margin also suggests the existence of more ephemeral grounding downstream of855

our observational domain and the potential for explaining the fortnightly flow rate variation856

outside RIS.857

5.2 Long-Term Response to Ice Shelf Thinning858

The Western Antarctic Ice Sheet (WAIS) is thought to be unstable in response to the859

ongoing oceanic warming and ice-shelf melting (e.g., Joughin et al., 2012; Alley et al., 2015).860

Buttressing stress from the ice shelves plays an important role in regulating the ice-sheet861

discharge (e.g, Thomas, 1979; Dupont & Alley, 2005; Gudmundsson, 2013) and generating862

tidal variability in ice flows (e.g, Padman et al., 2018). However, with ice-shelf thinning and863

grounding line retreat, the resulting reduction in basal traction allows the ice flow to speed864

up and thin, and the grounding line to retreat, especially where the bed is prone to to a865

buoyancy-driven dynamical feedback known as the marine ice-sheet instability (Weertman,866

1974; Schoof, 2007; Cuffey & Paterson, 2010). Such dynamic response of the ice flow to867

ice shelf thinning has been observed at multiple glaciers, such as Pine Island Glacier and868

Thwaites Glacier, along the Amundsen coast where the flow acceleration currently accounts869

for most of the ice discharge increase from the western Antarctica (e.g, Joughin et al., 2014;870

Sutterley et al., 2014; Gardner et al., 2018). Unlike the ice shelves in Amundson Sea Sector,871

FRIS currently has a net mass loss close to zero, resulting in almost constant ice thickness872

and no increase in ice discharge (e.g., Pritchard et al., 2012; Paolo et al., 2015). However,873

studies have shown that sub-shelf ocean currents below FRIS could transition from cold874

to warm by the end of the century increasing the basal melting by more than a order of875
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magnitude (Hellmer et al., 2012). Such change can lead to decrease of the buttressing876

stress and increase outflows from the adjoining ice streams, and potentially removing large877

portions of WAIS.878

The tide-induced ephemeral grounding is the intermediate state between persistently879

grounded and persistently ungrounded states. Compared with persistent pinning points, the880

buttressing effect of the ephemeral grounding zones is more sensitive to ice-shelf thinning881

which causes immediate shrinkage of the grounding zone area and the further transition into882

an ungrounded state. Thus, quantifying the buttressing effect of the ephemeral grounding883

zone and the loss of the buttressing due to ice-shelf thinning is important for predicting the884

future response of Antarctic glaciers to oceanic warming and ice shelf thinning.885

The secular loss of this buttressing should in turn be compensated for by increased drag886

upstream. Given a decrease in buttressing stress (an increase in longitudinal stress ∆τxx),887

we develop an simple model to quantify the increase in ice flow rate (see Appendix A):888

∆u =
2nuc

ρgαL
∆τxx. (44)889

where ∆τxx is the change in longitudinal strain rate (stress in taken to be positive in890

extension), L is a characteristic length scale for RIS, uc is the centerline velocity, α is891

the surface slope for the ice-shelf portion of RIS, n is the exponent in Glen’s flow law, ρ is892

the mass density of ice, g is the gravitational acceleration.893

We can estimate current variations in longitudinal stress using the measured flow vari-894

ability. Using a laterally confined ice stream model, we developed a theoretical model895

characterizing the relationship between the variation in longitudinal stress and the varia-896

tion in velocity (see supporting information Text S10). Using this relationship, we estimate897

the variation in longitudinal stress to be approximately 75 kPa. Assuming that the current898

tide-induced buttressing stress variation is mainly associated with the sub-shelf bathymetry899

and can be largely reduced by the future ice-shelf thinning, the current variation in longi-900

tudinal stress is the lower bound of the decrease in longitudinal stress. Thus, we can use901

75 kPa in equation (44) and the obtain an estimate of the increase in ice flow rate to be902

approximately 1m/d at RIS, in other words, a doubling speed of the the present-day 1m/d903

characteristic flow speed (see Appendix B).904
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5.3 Mapping Ephemeral Grounding Zone with SAR Observations905

We demonstrate a methodology for identifying uncharted ephemeral grounding zones906

and quantifing the grounding level using temporally dense SAR observations. The identifi-907

cation of sub-shelf pinning points has previously relied on the detection of surface elevation908

changes, including ice rises and ice rumples, using satellite imagery (e.g., Scambos et al.,909

2007; Matsuoka et al., 2015). Feature tracking on synthetic aperture radar and optical910

images can reveal modulated ice flow by the pinning points (e.g., Rignot, 2002). Because911

ephemeral grounding does not introduce significant surface expression or modulated ice912

flow that traditional approaches rely on, there has not been comprehensive documentation913

of ephemeral grounding zones. The few observations of ephemeral grounding are limited to914

the ephemeral grounding points in the ice shelf central trunk which can be are revealed by915

the localized “bull’s eye” patterns in the interferograms (e.g., Schmeltz et al., 2001; Milillo916

et al., 2019). However, this approach does not work well for detecting ephemeral grounding917

in the vicinity of the grounding zone or large regions devoid of localized patterns in the918

radar data.919

The key characteristic that determines the capability of SAR observations on constrain-920

ing the ephemeral grounding is how much and how well we sample low tide. The sampling is921

determined by the SAR acquisition times and the corresponding tidal displacement. Anal-922

ysis of the suite of observations at RIS reveals the lowest sampled tide at any spatial point923

and shows that different tracks have different sensitivity to low tides (Figure 10). Because924

of the periodic nature of tides, the efficacy of any future the future observation campaign925

for study ephemeral grounding can be easily evaluated and optimized in the planning stage.926

6 Conclusions927

Building upon the linear geodetic model for inferring 3-D surface velocity variations928

from temporally dense SAR observations (Minchew et al., 2017), we fuse information from929

a tidal model and satellite observations to develop a new nonlinear geodetic model which930

simultaneously infers variations in the 3-D displacement field and tide-induced ephemeral931

grounding. With the increasing availability of temporally dense satellite observation (e.g.,932

the Sentinel-1 mission, the NASA-ISRO SAR mission), the developed geodetic model for933

constraining the ephemeral grounding demonstrates the possibility of studying more complex934

(e.g., nonlinear) temporally-dependent displacement variations. The special case of tidal935

phenomenon also reveals the limitations of integer-day repeating times, as widely employed936
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by space-borne SAR missions and motivates planning more observations with flexibility in937

choosing repeat-pass time intervals.938

Our study at RIS improves on the previous result in Minchew et al. (2017) and explicitly939

identifies ephemeral grounding zones. The inferred ephemeral grounding zones provide new940

observational evidence for the asymmetric response of the ice-shelf flow to the high and low941

tides, which is a key component in all proposed mechanisms for generating the observed942

fortnightly flow variability. With continued oceanic warming and ice-shelf thinning, the loss943

of this ephemeral grounding will decrease buttressing stress. For RIS, we estimate that944

just the loss of the presently identified ephemeral grounding zones will result in at least a945

doubling of ice flux. Actual increases would presumably be larger as some fully grounded946

regions will become ephemeral as the ice thins.947
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Figure 1: (a) Shaded relief map of RIS and surrounding area. Red box indicates the region

shown in Figures 1b–1e. (b) Horizontal velocity from Mouginot et al. (2012). Purple outline

indicates the extent of the CSK observations used in this study. The black star and triangle

in the ice shelf central trunk indicate the reference point used in our study and the ephemeral

grounding point reported in Schmeltz et al. (2001), respectively. MG indicates Minnesota

Glacier flowing into RIS. (c and d) Surface and basal elevation relative to mean sea level. (e)

Ice thickness. Red contour lines in Figures 1c–1e indicate horizontal surface velocity from

Figure 1b in 0.2 m/d increments. In all panels, irregular black lines indicate the grounding

line. All the elevation data is from BedMachine V2 (Morlighem et al., 2020). In all panels,

irregular black lines indicate grounding line from Bedmap2 (Fretwell et al., 2013). This

figure is adapted from Figure 1 in Minchew et al. (2017) with updates of elevation data

from Bedmap2 to BedMachine V2.
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Figure 2: (a1) Schematic view of tide-induced ephemeral grounding on a sub-shelf pinning

point. The red dashed line indicates the location of the ice shelf in hydrostatic balance

with the ocean during at the level of ephemeral grounding. The brown arrow indicates the

basal traction induced by the ephemeral grounding. The green arrow indicates the ice shelf

buttressing stress. (a2) The level of the bottom of ice shelf when tide height is at mean sea

level (solid blue) and at the level of ephemeral grounding (dashed red). (b1) Tidal height

at RIS from the CATS2008 tidal model at a reference point in the central trunk (Figure

1b). (b2) Vertical displacement at the point indicated by the gray GPS station which is

at the surface point of the shown sub-shelf pinning point. The level of clipping induced by

ephemeral grounding is −1m, which is defined as the level of ephemeral grounding. (b3-b4)

Amplitude spectrum of the time series of displacement in b1 and b2 respectively.
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Inferred zones of ephemeral 
grounding

Bias in the inferred vertical displacements 
of selected tidal constituents

Vertical displacements of the unselected 
tidal constituents from ocean tide model

Linear horizontal displacement model

1

Bias-corrected vertical displacements 
of selected tidal constituents

Nonlinear vertical displacement model 
accounting for ephemeral grounding

Inferred vertical displacements 
with ephemeral grounding

Nonlinear 3-D displacement model

Inferred vertical tidal displacements 
of selected tidal constituents

Linear 3-D displacement model

Inferred horizontal flow variability

Step 2: Bias correction by synthetic test 
(theory: 3.3.3; result: 4.1.3)

Step 1: Application to real data 
(result: 4.1.1 - 4.1.2)

Step 4: Application to real data 
(result:  4.2.2 - 4.2.3)

Step 3: Construction of the nonlinear vertical displacement model
(theory: 3.4.1; result: 4.2.1)

Model for identifying zones of ephemeral grounding 
(theory: 3.3.1 - 3.3.2)

Model for quantifying the 
level of ephemeral grounding
(theory: 3.4.2 - 3.4.4)

Part I

Part II

Linear vertical and horizontal displacement model

Figure 3: Outline of the workflow described herein. The workflow has two parts which are

associated with a linear 3-D displacement model in the upper panel and the a nonlinear

3-D displacement model in the lower panel, respectively. The full workflow consists of the

two models and four steps. For each model and step, we direct the corresponding section

numbers in this paper.
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a1 b1 c1 d1 e1 f1 g1

a2 b2 c2 d2 e2 f2 g2

f3 g3d3 e3

Figure 4: Results of synthetic tests. Input and bias of estimated secular velocity and tide-

induced displacement using the nonlinear model assuming the seafloor is 1.5m beneath the

mean level of ice-shelf base. (a1-c1) Input horizontal and vertical secular velocity. (d1) Input

vertical amplitude scaling. (e1) Input ephemeral grounding level. (f1-g1) Input horizontal

sinusoidal displacement at Msf period. (a2-c2) Bias of estimated secular velocity. (d2) Bias

of estimated vertical amplitude scaling. (e2) Bias of estimated ephemeral grounding level.

Grounding level values with the credible interval size smaller than 50 cm is shown. (d3)

Formal error (1-σ) of vertical amplitude scaling. (e3) Credible interval (68%) size of the

posterior probability distribution of grounding level. (f2-g2) Bias of estimated amplitude

of horizontal displacement. (f3) Bias of estimated phase of horizontal sinusoidal displace-

ment. (g3) Bias in estimated phase for cross-flow Msf is not available because the input

phase is undefined due to zero amplitude. The background is shaded surface elevation from

Morlighem et al. (2020).
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Figure 5: The tide-induced vertical displacement variation at M2, N2, O1, and Msf periods.

(a1-d1) Amplitude variations of the vertical displacement. (a2-d2) Phase variations of the

vertical displacement centered at the mean phase. Phase estimates with small amplitude

(< 10 cm) are not shown. Grounding lines are derived from the amplitude of M2 using

the 5 cm amplitude contour. Black star and triangle indicate the reference point and the

ephemeral grounding point reported in Schmeltz et al. (2001). Black contour lines are

inferred horizontal speed in 0.2m/d increments. The background is shaded surface elevation

from Morlighem et al. (2020).
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Figure 6: Vertical displacement inferred from the nonlinear model. (a) Amplitude scaling

A(r) for all constituents. (b) Ephemeral grounding level K(r). Estimated values with

credible interval size < 80 cm are shown. The inferred ephemeral grounding from using a

different upper bound of credible interval size are shown in Figure S13. (c) The credible

interval size of the normalized ephemeral grounding level. Black contour lines are inferred

horizontal speed in 0.2m/d increments. The background is shaded surface elevation from

Morlighem et al. (2020).
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a b c d

Figure 7: Along-flow and cross-flow horizontal displacements at Msf (14.77 day) period.

(a) Amplitude of the along-flow displacement. (b) Phase of the along-flow displacement. (c)

Amplitude of the cross-flow displacement. (d) Phase of the cross-flow displacement. Black

contour lines are inferred horizontal speed in 0.2m/d increments. The background is shaded

surface elevation from Morlighem et al. (2020).
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Figure 8: A snapshot of tide-induced velocity and strain rate variation (according to the

definition in the main text) during flow acceleration (secular velocity removed). (a) Tidal

displacement at the reference point in the central trunk where the red line indicates time

of the snapshot. (b-d) Variation in ice flow velocity. (e-g) Variations in strain rate (secular

component is removed). (b) Total velocity variation. Color indicates the flow speed. Arrows

indicate direction and scale with speed. (c) Along-flow velocity. Arrows indicate the along-

flow direction whose sizes scale with the speed. The big arrow indicates the direction of

secular flow. (d) Cross-flow velocity. Arrows indicate the cross-flow variation whose sizes

scale with the speed. (e) Variation in longitudinal strain rate. (f) Variation in transverse

strain rate. (g) Variation in shear strain rate. The background is shaded surface elevation

from Morlighem et al. (2020).
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Figure 9: A snapshot during flow deceleration. The layout of panels is the same as in

Figure 8.
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Figure 10: Tidal displacement time series (CATS2008 tidal model) and the temporal sam-

pling of the SAR observations, sampled at the ephemeral grounding point in the central

trunk where the inferred level of ephemeral grounding is approximately −1.7m (A in Figure

6b). Each SAR acquisition is shown at its timing and corresponding tide height. Colors in-

dicate observations from different satellite ground tracks. The dashed orange line indicates

the inferred level of ephemeral grounding. The two blue lines indicate the approximate start

and end of the observation campaign.
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Constituent Period (days)

Reference

Amplitude (m)

Reference

Phase (◦)

Inferred

Amplitude (m)

Inferred

Phase (◦)

M2 0.5175 1.647 120.69 1.666 119.63

S2 0.5000 1.087 -10.82 - -

N2 0.5274 0.277 24.60 0.278 25.00

K2 0.4986 0.238 -162.11 - -

K1 0.9973 0.374 36.99 - -

O1 1.0758 0.352 113.82 0.368 112.65

P1 1.0027 0.140 12.92 - -

Q1 1.1195 0.079 10.72 - -

Mf 13.6608 0.020 5.32 - -

Mm 27.5546 0.017 11.99 - -

Table 1: Reference amplitude and phase values from the CATS2008 tidal model at the

reference point in the central trunk of RIS. Inferred amplitude and phase values with bias-

correction at the reference point are from the linear model.
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Amplitude (m)

Constituent ξ â(ξ) ∆ã(ξ) ã(ξ) - â(ξ) ã(ξ) - ∆ã(ξ) - â(ξ)

M2 1.647 -0.003 0.016 0.019

N2 0.277 0.005 0.006 0.001

O1 0.352 0.020 0.036 0.016

Table 2: Comparison of the inferred amplitude and the reference amplitude at the reference

point. â(ξ): reference amplitude from the CATS2008 tidal model. ∆ã(ξ): estimated bias

in the inferred amplitude. ã(ξ)− â(ξ): difference between inferred amplitude and reference

amplitude. ã(ξ) −∆ã(ξ) − â(ξ): difference between bias-corrected inferred amplitude and

reference amplitude.
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Phase (◦)

Constituent ξ ϕ̂(ξ) ∆ϕ̃(ξ) ϕ̃(ξ) - ϕ̂(ξ) ϕ̃(ξ) - ∆ϕ̃(ξ) - ϕ̂(ξ)

M2 120.69 0.29 -0.77 -1.06

N2 24.60 7.27 7.66 0.40

O1 113.82 1.95 0.77 -1.17

Table 3: Comparison of the inferred phase and the reference phase at the reference point.

ϕ̂(ξ): reference phase from the CATS2008 tidal model. ∆ϕ̃(ξ) estimated bias in inferred

phase. ϕ̃(ξ)− ϕ̂(ξ): difference between inferred phase and reference phase. ϕ̃(ξ)−∆ϕ̃(ξ)−

ϕ̂(ξ): difference between bias-corrected inferred phase and reference phase.

Appendices948

Appendix A Response of an idealized floating ice stream to changes in949

longitudinal stress950

We derive a simple model to characterize the change in ice-shelf flow rate to change in951

longitudinal stress for RIS. We adopt depth- and width-averaged momentum equations for952

ice shelves (free slip at the base such that basal drag τb = 0), assuming ice thickness h varies953

only in the along-flow (x) direction (∂h/∂y ≈ 0, where y is the cross-flow direction) (Pegler,954

2018)955

−2
∂

∂x
(hτxx)−

h

w
τxy = τd (A1)956

where w the local half-width of the glacier, τd = ρghα the gravitational driving stress957

(ρ: mass density of ice; g: standard gravity acceleration; α: the surface slope). The sign958

convention is defined such that stresses are positive in tension.959

The constitutive relation is given by Glen’s Flow Law as960

2ηε̇ij = τij η =
1

2A1/n
ε̇

1−n
n

e (A2)961

where ε̇2e = ε̇ij ε̇ij/2 is the effective strain rate, ε̇ij = (∂ui/∂xj + ∂uj/∂xi)/2 is the strain962

rate tensor where ui is the velocity vector, A is the creep parameter, and n is the exponent.963

Denoting the centerline velocity by uc, rearranging and approximate Equation (A1) and964

Equation (A2) using965

ϵ̇xy ≈ − uc

2w
(A3)966

967

ϵ̇e ≈
uc

2w
(A4)968
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gives969

−2
∂

∂x
(hτxx) = τd −

h

2w2
ηu

= τd −Wu1/n
c

(A5)970

where W = (2w)
−1−n

n hA−1/n.971

Assume that we can approximate the along flow gradient such that Equation A5 becomes972

−2
hτxx
L

= τd −Wu1/n
c (A6)973

where L is the length scale for RIS.974

Then we have975

uc =

[
τd + 2 h

Lτxx

W

]n

= A(2w)1+n

(
ρgα+

2

L
τxx

)n

= A(2w)1+n(ρgα)n
(
1 +

2

ρgαL
τxx

)n

≈ A(2w)1+n(ρgα)n
[
1 +

2n

ρgαL
τxx

]
(A7)976

where the approximation comes from the binomial approximation, given that τd ≫ 2 h
Lτxx.977

Under this condition, the gradient in longitudinal stress is negligible ( 2nτxx

ρgαL ≪ 1), which978

leads to the centerline velocity979

uc = A(2w)n+1(ρgα)n. (A8)980

Substituting Equation (A8) into the last equation in Equation (A7), we have981

∆u =
2nuc

ρgαL
∆τxx. (A9)982

which relates the increase in ice flow rate to the reduction in longitudinal stress.983

Appendix B The increase in ice flow rate in response to ice shelf thinning984

at RIS985

We adopt the simple model developed in Appendix Appendix A to estimate the increase986

in flow rate in response to the reduction in buttressing stress due to ice shelf thinning.987

The estimated reduction in buttressing stress at RIS is 75KPa (τxx = 75KPa) (supporting988
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information S10). The parameters we use for the estimation at RIS are as follows:989

n = 4

α =
∆h

L
=

70m

100 km
= 7× 10−4

L = 100 km

uc = 1m/d

ρ = 0.9× 103 kg/m3

g = 9.8m/s2.

(B1)990

Here, n = 4 refers to (Millstein et al., 2022), α is derived from BedMachine V2 (Morlighem et991

al., 2020) and L corresponds to the length of the floating portion of RIS in our observational992

domain. The estimation gives the increase in flow rate ∆u ≈ 1.0m/d. Note that the993

estimation is not dependent on n, because ∆τxx is inversely proportional to n.994

Open Research995

The velocity and displacement field components (Zhong et al., 2022) are archived at996

https://zenodo.org/record/6615587#.Yp1DbGDMLao.997

Software used to perform feature tracking on SAR images (Zhu et al., 2022) is freely available998

at https://github.com/lijun99/cuAmpcor.999

Software used to infer ephemeral grounding (Zhong & Simons, 2022) is freely available at1000

https://github.com/mzzhong/fourDvel2.1001
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