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Abstract. On Dotson Ice Shelf, Antarctica, ice velocities derived from satellite image pairs and in-situ GPS measurements

reveal an oscillating flow pattern that is correlated with tide height. The tidally-affected flow pattern is of limited extent, in an

area near the Wunneberger Rock nunatak in the outflow of Kohler Glacier. Comparing variations in the region’s flow velocity

derived from a series of 16-day repeat-pass Landsat 8 image pairs spanning 2014-2020, and a 64-hour GPS record in 2022

with the CATS2008 and TPXO9 tide-height models, indicates a significant correlation between tidal uplift and the direction5

of ice-flow. During high-tide periods the ice-shelf flows in a true north direction, while at low-tide periods flow direction

shifts towards the northeast, marking an approximately 40˚ change in flow direction. GPS measurements describe a continuous

corkscrew-like motion of the ice-shelf surface, confirming the link between tide height and ice-flow direction. We attribute the

observed pattern to tidally controlled changes of buttressing along the ice-shelf margins and the fin-like shape of Wunneberger

Rock. This leads to a dual pattern: (i) fast flow across the grounding line of the tributary Kohler Glacier during high tides10

aligning with Wunneberger Rock’s summit ridge; and (ii) slow flow during low tide height facing its flanks. We suggest that

the link between tides and ice dynamics is related to the rapid ice-shelf thinning in the area. In light of the continued thinning

of ice shelves surrounding Antarctica, we anticipate similar variations in flow direction and speed arising from changes in tidal

influence on buttressing from pinning points and grounding zones.

1 Introduction15

Ice shelves are key components of glacier outlet systems, providing a resisting stress on glacier flow through interaction with

ice rises, ice rumples and their lateral shear margins (Thomas, 2004; Dupont and Alley, 2005; Matsuoka et al., 2015; Still et al.,

2019). Therefore, ice shelves play a crucial role in governing ice-sheet discharge. Destabilization of ice shelves, or their entire

collapse, frequently leads to significant glacier acceleration and greater ice-mass discharge, thereby affecting rates of sea-level

rise (Scambos et al., 2004; Rignot et al., 2005; Dupont and Alley, 2005; Scambos et al., 2014; Johannes J. Fürst, 2016).20
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Dotson Ice Shelf is located on the western side of Antarctica’s Amundsen Sea Embayment (Fig. 1). Known for having one

of the highest rates of ice thinning due to basal melt and grounding-line retreat around Antarctica, the Dotson Ice Shelf, along

with its neighboring Crosson Ice Shelf and their tributary glaciers, has been a focus of research (Lilien et al., 2018; Milillo

et al., 2022; Wild et al., 2022b). Originally mapped as two separate ice shelves in the 1960s with ‘Bear Peninsula’ acting as

a divide (USGS map reference 1968), it was later discovered, at least as early as the 1990s, that Bear ‘Peninsula’ was indeed25

an island. . This revelation united the Dotson and Crosson ice shelves into a single contiguous floating ice plate (Rignot et al.,

2011; Scheuchl et al., 2016), Fig.1. The Dotson-Crosson system is influenced by numerous ice rises and rumples, including a

fin-like nunatak protruding through the central Dotson Ice Shelf named Wunneberger Rock (Lilien et al., 2018).

High basal melt rates observed beneath Dotson Ice Shelf arise from the presence of modified Circumpolar Deep Water

(mCDW) near the glacier grounding lines (Shepherd et al., 2004; Pritchard et al., 2012). Recent changes in the flux of mCDW30

into the near-coastal regions of the Amundsen Sea are thought to stem from changes in regional wind patterns and their impact

on isopycnal depth at the continental shelf break (Steig et al., 2012; Holland et al., 2019; Dotto et al., 2020; Holland et al.,

2020).

The rapid basal melt has driven dramatic changes in the Dotson-Crosson ice-shelf system over recent decades. For example,

as the ice-shelf has undergone thinning, the grounding lines of Pope and Smith Glaciers have retreated by tens of kilometers,35

as observed by InSAR mapping spanning 1992 through 2020 (Milillo et al., 2022). The grounding line of Kohler Glacier

retreated between 1996 and 2011, followed by re-advancement until 2014 (Scheuchl et al., 2016; Khazendar et al., 2016;

Lilien et al., 2018). Within the former ’Bear Peninsula’ boundary, which historically delineated the Dotson-Crosson system

into two separate ice shelves, the areal extent of several ice rumples has shrunk and several of them have disappeared since

the 1990s (Scheuchl et al., 2016), Fig.1. These changes have led to significant glacier acceleration and reorganization of flow40

(Wild et al., 2022b). Ice-flow speeds in the Crosson section of the ice-shelf system remain high, up to 1 km a−1. In the Dotson

sector, ice-flow speed is generally below 400 m a−1, with the exception of the Kohler Glacier grounding zone, where ice flows

around 500 m a−1 in the main trunk. Two important pinning points, Wunneberger Rock (WR; see Fig. 1) and an ice rumple

referred to as D6 (Scheuchl et al., 2016), upstream of WR, limit nearby ice-flow to between 200-300 m a−1. Along the flow

paths from Smith East and Smith West glacier outlets, the ice significantly accelerated between 1996 and 2014 (Lilien et al.,45

2018) and then decelerated thereafter. Kohler Glacier experienced a similar acceleration (1994-2000) followed by deceleration

since 2009 (Wild et al., 2022b).

In addition to driving high basal melt and changes in ice dynamics, the ocean influences the Dotson-Crosson system through

tides. Ocean tides can modulate flow speeds of ice streams and glaciers through several mechanisms: changes in basal shear

stress underneath the grounded ice (Gudmundsson, 2006), subglacial pressure variations (Walker et al., 2013), changing ice-50

shelf buttressing (Rosier and Gudmundsson, 2018), changes in pinning point buttressing (Robel et al., 2017), and periodic

(un)grounding of some parts of the ice-shelf (Minchew et al., 2017). Unexpected tidal responses can emerge in grounded

systems with low basal shear stress (Winberry et al., 2014). In a few cases, high tides can lift floating ice completely off lightly

grounded ice rumples, temporarily eliminating the basal resistance to flow (Brunt et al., 2011; Scheuchl et al., 2016; Robel
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et al., 2017). Despite being inadequately constrained by in-situ observations, these mechanisms provide a crucial test case for55

understanding the large-scale drivers of ice discharge into the ocean (Padman et al., 2018).

This study presents insights into the influence of tides on the ice-flow dynamics of Dotson Ice Shelf and its interaction

with the WR nunatak (Fig. 1). To investigate the relation between tidal heights and ice velocity changes we examine both

regional multi-year velocity fields from satellites and local short-term measurements from in-situ GPS data. To identify the

mechanisms behind the correlation between tides and ice-flow changes, we analyze the surface and basal geometry surrounding60

Wunneberger Rock using airborne radar data. We calculate regional strain-rate variability and determine the effective resistance

imposed by Wunneberger Rock. We then discuss the potential implications for further thinning of Dotson Ice Shelf.

2 Data and Methods

2.1 Multiyear spatially distributed satellite-based ice velocity data

We analyzed ice-shelf flow speed and direction using repeat ice-flow mappings from the GoLIVE dataset (Fahnestock et al.,65

2015; Scambos and Klinger., 2016) to identify changes in ice dynamics at a 16-day to multiyear scale (Figs. 3 and 4). GoLIVE

ice velocity maps are generated through feature correlation tracking in Landsat 8 image pairs, with images separated by 16

to 400 days. Ice-flow vectors are determined on a 300 x 300 m grid with an estimated ice motion error equal to ±0.1 m

d−1 for image pairs separated by 16 days (assuming displacement errors of 0.1 pixels of the 15 m ground-equivalent size

of Landsat 8 panchromatic band pixels) sourced from https://www.nsidc.org. For assessing longer-term flow speed trends of70

Dotson Ice Shelf, we used the ITS_LIVE web tool, also accessible through nsidc.org (see also Gardner et al., 2018). Ice-flow

speeds showed no trend in the downstream area of Dotson Ice Shelf over the Landsat 8-9 record in ITS_LIVE (November

2013 - January 2020, 377 ± 36 m a−1, at 74.35◦S, 112.5◦W, 155 image pairs), nor any significant difference between the

Landsat 8-9 velocity mappings and earlier point velocity assessments from the Coastal Change Map series (Swithinbank et al.,

2003). In our flow analysis of Dotson Ice Shelf, we focus on the Kohler Glacier inflow region, where we observed significant75

changes in the ice-flow direction pattern. This analysis used 23 pairs of 16-day-span velocity data from GoLIVE during the

seven-year period 2014-2020, resolving more than 75% of the area. We classify the dataset into times when the 16-day period

covers predominantly high or low tidal heights. The 25% quartile (q25) represents faster flow speed of the ice-shelf (and it is

associated with high tide, as shown later) and the 75% quartile (q75) to represent slow flow (and low tide period). The quartiles

are based on ice-flow direction and we used the same quantiles for direction and speed.80

2.2 Tidal cycle from models and comparison with Landsat image pair intervals

We modeled tidal heights for Dotson Ice Shelf with the CATS2008 Circum-Antarctic Inverse Tidal Model (Howat et al., 2019),

an updated version of the model by (Padman et al., 2002) and TPXO9 model (Egbert and Erofeeva, 2002). Additionally, we

derived an estimate of tidal loading on the Earth’s crust from TPXO9 and the Inverse Barometric Effect (IBE) from ERA-5

pressure data (Hersbach et al., 2020).85

3

https://doi.org/10.5194/egusphere-2024-1895
Preprint. Discussion started: 19 July 2024
c© Author(s) 2024. CC BY 4.0 License.

Reviewer
Highlight
quartile of what? The distribution of which physical quantity are you using to divide up the data?

Reviewer
Highlight
Do you mean you just used CATS output? Or did you add new data into CATS and you ran a new inversion?

Reviewer
Highlight
From the previous sentece I would have concluded that is the flow speed, not direction that decides the quartiles



2.3 Local short-term ice-flow variability from GPS

To further investigate the dynamic interaction between ice-flow velocity, Wunneberger Rock, and tides, as well as to validate

tidal heights from models, we installed a GPS (GNSS receiver, NetR9 Trimble) on Dotson Ice Shelf. The station was located 8

km from Wunneberger Rock (74.74◦S, 113.47◦W; Fig. 2b), outside of its narrow tidal flexure zone, and operated continuously

over a 64-hour period from 8th to 11th January, 2022 as part of the International-Thwaites-Glacier-Collaboaration’s TARSAN90

2021-2022 field campaign (see www.thwaitesglacier.org). Dual-frequency phase data measurements from the receiver were

recorded at 1 Hz and processed using the Canadian Spatial Reference System Precise Point Positioning (CSRS-PPP) ser-

vice (https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php). The positions were converted from WGS84 lati-

tude and longitude to Antarctic Polar Stereographic easting and northing (epsg:3031) using the pyproj library. Obvious outliers

(deviating more than 3 m from the vertical mean) were removed from the dataset. The resulting precision, based on the standard95

deviation of the high-pass filtered positions, is better than 0.01 m in both the horizontal and vertical directions. Subsequently,

the data were rotated into a coordinate system with x pointing along the mean flow direction and y in the transverse direction.

Finally, we smoothed the rotated coordinates with a temporal low-pass filter with a cutoff frequency of 5 minutes.

2.4 Radar Profiles

We use Multichannel Coherent Radar Depth Sounder (MCoRDS) profiles from IceBridge acquired in October 2018 (Paden100

et al., 2010, updated 2021) to depict the surface and subsurface geometry of Wunneberger Rock and the surrounding ice.

The IRMCR1B 20181031_01_032 profile correspond to P1 in Fig.2c and profiles a and b in Fig. 9, and the IRMCR1B

20181031_01_033 profile corresponds to P2 in Fig. 2c and profiles c and d in Fig.9.

2.5 Strain rate estimation

We estimate strain rates using the logarithmic strain-rate code developed by Alley et al (2018). This method computes shear,105

longitudinal and transverse strain rates relative to the flow direction. The method is applied at the 300 m spatial resolution

from GoLive ice velocities and thickness from BedMachine Antarctica Version 2 (Morlighem, 2020). To capture strain rates

at small scales near rumples, Wunneberger Rock, and lateral ice-shelf margins, we employ length scale roughly equal to the

ice thickness. The propagated strain rate errors in the Alley et al. (2018) logarithmic strain rate products are shown to be very

small (<1%) in shear margins, such as the area around Wunneberger Rock. Considering that the absolute error in the individual110

velocity pairs used in this study are typically an order of magnitude higher than the velocities in the stacked products used by

Alley et al. (2018), we expect the propagated strain-rate error to also be an order of magnitude higher (<10%).

2.6 Effective resistance calculation

To study the impact of Wunneberger Rock on ice-shelf flow in terms of ice-flow direction and speed, we assess its effective

resistance using the methodology outlined by Still et al. (2019). The equation development can be found in Macayeal et al.115

(1987). The methodology separates the force (F) acting on a parcel of ice into two components: (i) the form drag (Ff), which
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represents the depth integrated glaciostatic pressure in the absence of motion, and (ii) the dynamic drag (Fd), corresponding to

the viscous stresses associated with motion. The objective is to estimate the contribution of glaciostatic stresses to backpressure.

We use this distinction to analyze separately the resistance stemming from Wunneberger Rock and from the different ice-

flow directions and speeds. We estimate effective resistance following the formulation of Still et al. (2019), integrating the form120

drag, Ff from Eq.(1) to obtain Eq.(3), and dynamic drag, Fd in Eq.(3), by integrating stresses along the circumference of an

elliptical vertical cylinder surrounding the Wunneberger Rock.

−→
Ff =

∮

Γ

{ zs∫

zb

zs∫

z

ρ(z) g dsdz

}
n̂dλ (1)

Then, using the exponential density depth relation from Cuffey and Paterson 2010 (Eq.(2))

ρ(z) = ρi−α exp(β(zs− z)) (2)125

They obtained the following equation.

−→
Ff =

∮

Γ

{
1
2
ρigH2 +

α

β
gH +

α

β2
(1− exp(βH)g)

}
n̂dλ (3)

where ρi is the ice density = 910 kg m−3, and the last two terms account for the firn density using the exponential density depth

relation from Cuffey and Paterson 2010, Eq.(8). These and values are adjusted to match a density profile derived from seismic

velocity measured in the upper Dotson area (Muto et al., in prep), = 600 kg m−3 and =-0.0364 m−1 assuming a regionally130

constant density profile. We use the ice thickness (H) from BedMachine Version 2 from Morlighem (2020). Our form drag

estimates are sensitive to spatially variable density profiles and uncertainties in H, however they are a good approximation

given the available data.

−→
Fd =

∮

Γ

2νzH

{
˙ϵij • n̂ + ( ˙ϵxx + ˙ϵyy)n̂

}
dλ (4)

We use B=1.8*108 (Pa s−1)1/n from Wild et al. (2022a), which was estimated with an inverse method for the neighboring135

Thwaites Eastern Ice Shelf.

3 Results

3.1 Ice-flow velocity changes from spatially distributed data

Our multiyear analysis of ice-flow shows discernible changes in ice-flow direction and speed across a large area of Dotson Ice

Shelf. Figure 3 presents the mean, along with the 25% and 75% quartiles of flow directions and speed derived from 23 pairs140
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of 16-day-span velocity data from GoLIVE, covering the seven-year period 2014-2020. The measured mean direction over

the Kohler Glacier outflow area (depicted by the red delimited area in Figure 3a), shows flow direction changes of about 40◦

between the 25% and 75% quartiles in the area where the flow from Kohler Glacier merges with the central ice-shelf. This

highlights two different behavioral patterns. . Speed also varies between the quartiles, with higher speeds observed in the 25%

quartile (q25) compared to the 75% quartile (q75). The largest variation, of about 0.3 m d-1 higher, occurs around and south145

of Wunneberger Rock, coinciding with the region of the largest directional changes and the grounding zone of Kohler Glacier.

There is also some change in velocity flow from the small southeast tributary, however, it is mainly upstream of the grounding

line (Fig. 3 e and f).

Looking closer at the affected area (Fig. 4), we can observe that the velocity vector is closely aligned with the orientation of

the Wunneberger Rock summit ridge when the flow is near 270◦ (Fig. 4b, q25). Conversely, when the flow is around 315◦ the150

ice is flowing in a partially transverse direction to the ridge and other ice rumple areas of Wunneberger Rock (Fig. 4c, q75).

To investigate whether changes in ice-flow are related to ocean tides, we look for correlations between flow direction, speed

and the tidal cycle. However, we have to take into account that we are analyzing ice-flow direction and speed in a time span

of 16 days. To correlate these variables effectively, we average the tidal height from the tide models over the 16-day time span

between Landsat images. An example of the method is shown in Figure 5. with a 4-month subset of the seven-year data. The155

horizontal magenta lines represent flow directions for each 16-day image pair, while average tidal heights for the corresponding

time periods are shown as horizontal blue lines. The black line is the tidal height from CATS2008.

This analysis over the entire set revealed no significant correlation between ice speed and tide heights, with correlation

coefficients R of -0.07 (pv=0.78) and -0.05 (pv=0.84), using CATS2008 and TPOX9 respectively. However, we identified a

low but statistically significant inverse correlation between the average ice-flow direction over the Kohler Glacier outflow area160

and time-averaged tidal heights, including IBE and tidal load. Using the TPOX9 model, the correlation coefficient was -0.43

(pv=0.04), while the CATS2008 model showed an R of -0.42 with a pv=0.048. Figure 5 shows that most of the flow directions

are inversely correlated with time-averaged tidal heights, exemplified by pairs 1,2,3,4 and 5. However, pairs 6 and 7 show a

more complex relation. In addition, note that these correlations are based on time-averaged values (16-day averages), which

attenuate the tidal signal and the more subtle motions revealed by the continuous GPS record, discussed next.165

3.2 Analysis of GPS point ice-flow near Wunneberger Rock

We gain more insight into the relation between the flow direction changes and tides by analyzing the relationship between the

horizontal direction of displacement and the height measured with the 64 hours of GPS data acquired from the ice-shelf surface.

These measurements were taken during a period when the tidal amplitude was rising after a neap tide, with a pronounced

semi-diurnal component that only becomes noticeable at neap tides (Fig. 6). Despite this atypical measurement period, the170

observed horizontal flow direction and tide height demonstrate an anti-correlation (R=-0.36, pv <0.01), corroborating the

low but significant relationship identified in the 16-day multi-year satellite data. However, the measured ice displacement is

complex as can be seen in Figure 7. This visualization presents the 3D motion captured by the GPS, with colors indicating

the height during the primary/dominant diurnal component. As in Figure 8, where the displacement is separated into vertical
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motion, horizontal motion, and speed. Here, we focus our analysis on the diurnal component due to its predominant occurrence175

over time.

During the main diurnal component (depicted in colored periods in Figure 8a), horizontal flow directions follow a pattern

consistent with the 16-day analysis, with a bearing of 270° at high tidal height (green colors) and a bearing ranging from around

315◦ at low tidal height (pink colors, Fig. 8b). However, during the semidiurnal periods, the ice displacement is even more

complex, occasionally opposing the mean flow direction (see Figure 7 during grey-line periods). Speed shows no correlation180

with tidal height, which is consistent with previous findings suggesting a nonlinear relationship between speed and tides (Robel

et al., 2017). Analysis of the measured horizontal speed reveals ice-flow acceleration during three peaks coinciding with rising

tides, except for the last one (black arrows, Fig. 8c). A three-dimensional video of the GPS motion is provided in Supplemental

Movie SX.

Validation of the modeled tidal height using GPS data provided a root-mean-square-errors (RMSE) of 0.08 m and 0.09 m for185

CATS2008 and TPXO9, respectively. Those errors are negligible in comparison to the tidal amplitudes, with maximum values

reaching about 1.5 m and an average amplitude of around 0.5 m, indicating that either tide model accurately captures the tidal

oscillation. However, the GPS measurement duration is insufficient to validate the IBE. Nevertheless, the RMSE of TPOX9

+ IBE is 0.17 m, consistent with the RMSE value obtained for the nearby Thwaites Eastern Ice Shelf (Wild et al., 2022a),

representing the nearest available data.190

3.3 Ice and rock geometry

Wunneberger Rock nunatak has a shark-fin shape that protrudes through the ice-shelf surface in a NE-SW orientation, aligning

closely with the mean flow direction. Its summit ridgeline is roughly aligned with bearing 270◦ (see Figures 3 and 4). Satellite

imagery reveals several distinct crevassed regions, each with a unique morphology (Figure 2c). Towards the upstream end,

there are transverse-extensional rifts associated with re-grounding of the ice shelf, flow-divergence, and uplift of the ice plate195

against the ice rise, termed “inflow crevasses”. Trailing the shark-fin outcrop, rifts indicative of extensional flow, referred to

as ‘scar crevasses’, are observed. A smaller area of chaotic crevasses northeast of Wunneberger Rock appears to represent

a second sub-parallel grounded ice rumple area, labelled as “ice rumple crevasses”. For a comprehensive understanding of

the rock shape below the ice-shelf surface, we analyze airborne radar profiles from Operation IceBridge (Paden et al. (2010,

updated 2021); https://nsidc.org).200

The radar profiles confirm the remarkably steep flanks of the Wunneberger Rock nunatak (Fig. 9). Using the IceBridge data

and our own interpretation of the internal stratigraphy we determined rock face angles of about 57◦ and 23◦ in profile a, and

41◦ and 23◦ in profile b. Due to the narrow configuration along its elongated axis and the particularly steep southeast face, the

nunatak’s impact on the ice-shelf is anticipated to vary significantly based on the direction of ice-flow. It tends to impede flow

in the transverse direction (that is, across the long axis of the shark-fin, when flow is more to the west) but has a much smaller205

effect on flow in the longitudinal direction (more easterly flow). The radar profiles show thicker ice on the southeast side of the

rock ridge, where the ice-flow is generally incoming toward the ridge. In contrast, the ice thickness is noticeably thinner to the

north and west of the nunatak.
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3.4 Strain rate analysis

We distinguish two configurations of longitudinal and shear strain around Wunneberger Rock corresponding to the flow con-210

ditions of the 25% and the 75% quartiles (Fig. 10). For the q25 representing a flow direction of 270◦ and fast flow speed,

correlated with high tidal height (Fig. 3b and e); therefore the longitudinal, shear and transverse strain rate at the pinning point

are larger due to the higher speed (Fig. 10 a-c). For the q75, representing flow direction around 315◦ and slower flow, corre-

lated with low tide (Fig. 10 d-f); the strain rates are smaller around the pinning point. Another difference between the two flow

patterns is the change of sign on longitudinal strain rate at the northern border of the Kohler Glacier area (Fig. 10 a and d).215

These results underscore the impact of tidal height changes on the stresses exerted on the ice surrounding the rock.

Strain rates along the ice-shelf sides and within the grounding zone exhibit no discernible change between the two quartiles.

To gain (further) insight into the observed dynamics, we investigated both a along-flow profile along the flow and a across-flow

transect across the grounding zone (Fig 11). The longitudinal profile shows a flow acceleration from upstream to the grounding

line, followed by a deceleration upon entering the floating ice. These findings are consistent in both quartiles, but the q25 shows220

higher flow speeds. This aligns with the extensional zone upstream of the grounding line and the downstream compression,

evident in the longitudinal strain-rate transect.

The compression at the entrance into the floating ice highlights the ice-shelf’s buttressing role on the tributary glacier. Fol-

lowing the deceleration, the speed is similar for both quartiles from 42 km to 48 km. Subsequently, the q75 pattern decelerates

while q25 pattern maintains constant speed. The difference in speed beyond thirty kilometers downstream of the grounding225

line shows that the two ice-flow patterns arise both from differences in the grounding zone and buttressing effects along the

lateral shear margins and pinning points of the ice shelf.

The across-flow profile in the grounding zone shows a similar longitudinal strain rate shape for both quartiles, 0.74 a−1 and

0.68 a−1 for q75 and q25, respectively. Since the acceleration and peak velocity are higher for q25, we assume that the basal

shear stress is affected by tidal height and is higher for the lower tidal height configuration represented by q75, with lower230

velocities.

At the small south-east tributary a along-flow profile shows a speed flow change between the two quartiles only upstream of

the grounding zone and when entering the common trunk at about 10 km after, with very small longitudinal stresses changes

between the grounding zone and the common trunk (Fig. A1, in appendix), indicating no-significant influence on the regional

flow.235

3.5 Wunneberger Rock effective resistance

To study the impact of the Wunneberger Rock nunatak on the ice-shelf dynamics from the two different ice-flow patterns we

estimated the resistive force of the rock for both the q25 and q75 quartiles (representing high and low tide behavior). The

form drag is the same for both flow patterns, because it does not depend on the motion, it is only shape-dependent. Since the

averaged tide height changed by only a few centimeters, we assume that the amount of rock surface in contact with the ice did240

not change significantly, yielding a consistent form drag. From Figure 12a we can observe that the components of the form
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drag are larger at two sides of the ellipse, corresponding to two zones of ice thickening. The direction of the summed form drag

is opposite to the flow direction from the 75% quartile shown by the higher impact on the rock restricting the flow from that

direction, Figure 10b.

Figure 12c shows the dynamical drag elements from the q25 pointing mainly in a uniform direction while dynamical drag245

elements from the q75, in Figure 12e, show a more variable direction, due to a more complex velocity pattern. The summed

dynamical drag is one order of magnitude larger for the q25 (1.15 x 1012 N) mainly because there is a larger shear strain

than for the dynamical drag of the q75 (0.19 X 1012 N). They point in opposite directions, showing the contrasting resistance

imposed by the rock from the different flow patterns. Because of the q25 dynamical drag vector direction, Figure 12d and g,

the total drag is smaller than the total drag from the q75.250

4 Discussion

4.1 Ice-flow changes

Our analysis indicates the existence of two alternating flow patterns in the Kohler glacier zone of Dotson Ice Shelf, with

changes in the basal shear of the grounding zone, in the buttressing at ice-margin shear and pinning points on this zone. In

particular, resistive force imposed by Wunneberger Rock at the center of the Kohler Glacier ice outflow changes with tidal255

height, leading to the observed change of flow direction.

We find a significant correlation between the flow direction changes and the tidal cycle, (R=0.42 or 0.43 for CATS2008 and

TPOX9 models, respectively) that implies a dependence of flow direction on tidal stage of 18-19%. This is corroborated by the

correlation we obtain with the GPS field measurement (R=0.36), which implies a dependency of 13% during the short period

(and small tide amplitude) the GPS was collecting data.260

The Wunneberger Rock effective resistance result shows that the drag vector direction is opposite to the 75% quartile of

flow directions (q75, low tide periods), related to low tide height velocity pattern showing that the rock resistance mainly acts

in that direction. Also, the total drag magnitude is higher for the 75% quartile of flow vectors, representing a larger resistance

when the ice-flow shows this behavior.

When we look to speed, the image-pair velocity tracking indicates faster flow for the q25 (related to high tide heights) than265

for the q75 (related to low tides). This is particularly true at the grounding zone, indicating probably a reduction of basal shear

stress at high tide.

Details of the GPS motion show a complex but highly repetitive relationship between tide height and flow speed, particularly

in the last two tidal cycles in our record (Fig. 8). Subtle, brief increases and decreases in flow speed are matched in the tide

cycle, periods of faster flow are mainly at rising tide height with the exception of the last high speed peak. This implies a270

far more detailed and complex interaction with the feature, but a full explanation would require a dataset over a much longer

period of time. We also note that much greater amplitude of tide interaction occurs in a full tidal cycle that was not captured

during the GPS data collection period.
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As shown in Figure 13, the Wunneberger Rock feature comprises the shark-fin nunatak (highlighted in yellow in Figure 13)

and two ice rumple areas, one just in front of the fin feature to the southwest, and one downstream of the fin to the northeast.275

Radar profiles of the shark-fin feature (Fig. 6) show that it is very steep, and satellite images show that it is nearly aligned with

the fast flow (q25 pattern), and related to high tide height. During high tide periods, faster flow coming from the grounding

zone of Kohler Glacier aligns with the shark-fin-like nunatak and ice rumples areas. The resistance to flow across the feature

overall is reduced because the flow orientation is more aligned (as we estimated with the resistive force analysis) and probably

also due a weaker contact with the ice rumple areas, related to a higher ice bottom elevation. During low tide, ice-flow is slower280

and flow direction around the pinning point is less consistent, with more resistance from the Wunneberger rock and, especially

evident in the GPS data, a far more complex ice motion behavior.

4.1.1 Tide impact and ice-shelf thinning

Our satellite-derived ice velocity record is not long enough (not at the precision required) to analyze when the tide-related flow

variations began. Other satellites data sources (that extend earlier than 2013, with Landsat 8’s launch) do not have the necessary285

temporal resolution (16-days) to be able to capture this short-term flow change. However, we infer that, due to the rapid pace of

ice-shelf thinning (e.g., Khazendar et al. (2016)), and the frequent changes in contact with ice rumples, tides are having a large

impact on the buttressing in ice-shelf borders and pinning points on the Dotson Ice Shelf. In particular, on the Kohler Glacier

outflow area, the “Kohler Rumple” (Fig. 1) lost contact with the ice-shelf in 2011 (it disappeared from visible-band imagery).

We suspect that after that time, the Wunneberger Rock nunatak interaction with the ice-shelf dynamics changed and the two290

alternate patterns that we find today began.

5 Conclusions

Our results show a relation between tides and flow direction that result from changes in the ice margins and around a nunatak/ice

rumple region, Wunneberger Rock. There is also grounding-zone acceleration from tidally-driven changes in stresses at the ice

margins and the nunatak. Estimated shear-strain rates and resistive forces confirm these changes in ice-rock contact stress295

induced by tides.

We hypothesize that as a result of rapid thinning of the Dotson Ice Shelf and the disappearance of the D6 pinning point, tidal

effects on the resistive forces around Wunneberger Rock became more significant, and the periodic changes in ice-flow began.

Here we found new evidence of how tides can influence ice-shelf dynamics, not only in speed but also in horizontal direction.

This link between tides and ice dynamics around ice rumples or ice rises may occur in more areas with further, widespread300

ice-shelf thinning.

Data availability. The satellite ice velocity data use in this study is freely available at https://www.nsidc.org. The computed strain-rate maps

and the GPS record will be accessible through the USAP-DC upon acceptance of this article (https://www.usap-dc.org/view/project/p0010162).
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Video supplement. A video showing the GPS displacement will available upon acceptance of this article:

(https://www.usap-dc.org/view/project/p0010162).305
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Figure 1. Ice-flow speeds for the Dotson-Crosson region from the ITS_LIVE 2018 mosaic (Gardner et al., 2018). Radar interferometry

-derived grounding lines are from Rignot et al., 2014. Wunneberger Rock is shown as ‘WR’.
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Figure 2. (a) Aerial photo of Wunneberger Rock looking northeast along the ‘shark-fin’ nunatak (photo courtesy: Jesse Norquay); (b) GPS

installation on the Dotson Ice Shelf near Wunneberger Rock in January 2022. The nunatak can be seen in the distance next to the GPS

antenna pole; (c) DigitalGlobe Worldview-2 image from November 2021 of Wunneberger Rock and surroundings showing crevassed areas,

velocity vectors, and IceBridge MCoRDS L2 radar profiles location.
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Figure 3. Dotson Ice Shelf ice direction and speed. (a), (b) and (c) show the flow direction, with colors representing different directions in

polar coordinates (using the positive y direction in the EPSG 3031 projection as zero) for the mean, and 25% (q25) and 75% (q75) quartiles.

d), e) and f) show the ice speed for the mean, 75%, and 25% quartile. Black lines correspond grounding lines from Rignot et al., 2014 and

the red line outlines the area used to estimate the mean ice-flow direction.
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Figure 4. Detail mapping of the Dotson Ice Shelf flow direction around Wunneberger Rock, where colors represent the flow direction in

polar coordinates (using the positive y direction in the EPSG 3031 projection as zero) for the mean, and 75% (q25) and 75% (q75) quartiles;

(a), (b) and (c), respectively. The grounding line for 2014 is from Rignot et al. (2014).
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Figure 5. Tidal heights from the CATS2008 model (black line), 16-day flow direction average for correlation and 16-days average (magenta

dot-line) and tide height for correlation (blue dot-line).
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Figure 6. Tidal height from CATS2008 model and measured with the GPS during January 2022; inset, the GPS and tide model data for the

64-hour period of GPS observations.
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Figure 7. Three-dimensional ice motion measured using GPS, with the local flow direction coordinates aligned such that the x-axis points

along the mean flow direction as determined from the GPS measurements. Colors correspond to height during the main diurnal tide com-

ponent, while grey portions of the ice motion correspond to the less-pronounced semi-diurnal tide component. Note that the axes are scaled

differently, particularly in the cross-flow (y) direction.

21

https://doi.org/10.5194/egusphere-2024-1895
Preprint. Discussion started: 19 July 2024
c© Author(s) 2024. CC BY 4.0 License.

Reviewer
Sticky Note
This is not how it works that a segment in time space is diurnal only and another segment semidiurnal only, both frequencies are present at all times. If you want to analyze them separately, which is a good idea, then do tidal analysis.

Reviewer
Sticky Note
Colors should probably indicate time



Figure 8. Tidal height and horizontal position from in-situ GPS data. Colors correspond to tidal height during the main diurnal component.

Grey sections correspond to the semi-diurnal tidal component. (a) shows the measured vertical movement. (b) shows the horizontal movement

on local flow direction coordinates (the colorbar corresponds to Fig.3’s colorbar with EPSG 3031 projection as zero). (c) shows the measured

speed and black arrows correspond to acceleration periods associated with rising tides.
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Figure 9. Radargrams from IceBridge airborne radar survey on 31 October 2018. Location is shown in Figure 2. The solid blue line cor-

responds to the ice surface and the dashed blue line is the interpreted ice bottom. The grey dashed lines are the approximate shape of

Wunneberger Rock; magenta line is sea level from the EIGEN6c4 geoid model (Förste et al., 2014); the cyan line is the hydrostatic equiv-

alent level assuming the ice thickness in the BedMachine data set (Morlighem, 2020); and the dotted cyan line is the hydrostatic equivalent

level above the approximate shape of Wunneberger Rock.
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Figure 10. Longitudinal and shear strain rates for the two different tidal states and flow direction configurations. Panels a, b and c correspond

to the 25% quartile representing the high tide strain patterns, with mean flow in the 290◦ direction. Panels d, e and f correspond to 75%

quartile with mean flow in the 315◦ direction and low tide. The two dashed lines in panel f indicate the location of the profiles shown in

Figure 11. Black line correspond to 2014 grounding line from Rignot et al., 2014 and blue line correpond to 2020 grounding line from Wild

et al. (2022a).
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Figure 11. Speed and longitudinal strain rate in the profiles along-flow and across-flow presented in Figure 10.
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Figure 12. Wunneberger Rock force budget components as determined from the end-member ice velocity image pairs for 25% quartile

(corresponding to high tide) and 75% quartile (low tide; see Figure 3): (a) form drag; (b) net form drag; (c) dynamic drag at 25% quartile;

(d) net dynamic drag at 25% quartile; (e) dynamic drag at 75% quartile; (f) total dynamic drag at 75% quartile; (g) net form drag in red, net

dynamical drag in blue, and total resistive force in black at 25% quartile; and (h) net form drag in red, net dynamic drag in blue, and total

resistive force in black at 75% quartile (all these are closely overlapping). Grey arrows correspond to flow vectors for the ice-shelf at the

respective tidal stage. Note the different scales.
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Figure 13. Scheme of the Wunneberger Rock influence on ice-flow. Ice elevation from the Reference Elevation Model of Antarctica (REMA;

Howat et al. (2019)). Blue corresponds to the ice rumple zones and yellow corresponds to the shark-fin steep zone of the Wunneberger Rock

pinning point.
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Table 1. Table 1. Effective resistance of Wunneberger Rock

Form drag mag. Dynamical drag mag. Total drag sum mag.

Ff (N) Fd (N) Ft (N)

25% quartile 2.30*1012 2.00*1012 2.00*1012

75% quartile 2.30*1012 0.19*1012 2.46*1012
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Figure A1. Profile along flow of tributary glacier close to Kohler Glacier. (a) Map showing profile, (b) Speed along the profile and (c)

longitudinal strain rate along the profile.
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