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Lagrangian pathways under the Filchner-Ronne Ice Shelf
and in the Weddell Sea

Abstract. The study’s objective is to construct Lagrangian pathways under the Filchner-Ronne Ice Shelf (FRIS) and in the Weddell
Sea using the data of numerical simulation of currents and Lagrangian numerical methods. The results of modeling the
circulation, temperature, and salinity in the Weddell Sea and the FRIS cavity from the Whole Antarctica Ocean Model were
used to run the particle-tracking model (Parcels) for computing Lagrangian particle trajectories. The basic version of the Parcels
model does not have an option for particle reflection from the solid boundaries, including the ice shelf. Therefore, the corre-
sponding kernel was used in the study. To avoid errors in interpolation near the solid boundary when the model algorithm cannot
find enough grid nodes around the particle, the function of particle recovery was implemented. To analyze the movement vari-
ations of the water masses under the FRIS, a set of particles was released in the Ronne Depression near the ice shelf front.
Simulation continued for 20 years of particle movement. Particles were released at two depths: 350 m and 500 m, every 4 hr
within the first 365 days. To characterize the redistribution of water masses, we calculated the ‘visitation frequency’, i.e., the
percentage of the particles that visited each 2 x 2 km grid column at least once in a modeling period. The mean age of visits was
also calculated to characterize the age of water masses. The results of this analysis generally agreed with schemes based on water
mass analysis. The released particles first move southward along the Ronne Trough. The flow then turns to the east, reaching the
passage between Berkner Island and Henry Ice Rise after three years. After ten years, the released particles reach the Filchner
Trough, through which water flows out to the shelf of the southern part of the Weddell Sea. Over time, the particles penetrate all
parts of the cavity. The particles also cross the Ronne Shelf front and are carried away by currents on the Weddell Sea shelf. In
20 years, almost the same number of particles left the cavity through the Ronne ice front (43%) and the Filchner ice front (37%),
whereas the rest of the particles (20%) remained under FRIS.

Keywords: Filchner-Ronne Ice Shelf, High Salinity Shelf Water, Parcels model, particle trajectories, Weddell Sea, Whole
Antarctica Ocean Model

1 Introduction

The Weddell Sea is an important component of the
global climatic system (Vernet et al., 2019), playing an
important role in forming and transporting deep waters
in the Southern Ocean. A large part of the southern
Weddell Sea is occupied by a huge Filchner-Ronne
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Ice Shelf (FRIS). The complex circulation in the ca-
vity under the FRIS is determined by many factors.
Two main mechanisms are responsible for the forma-
tion of water masses on the Weddell Sea shelf (High
Salinity Shelf Water, HSSW) and in the cavity under
the FRIS (Ice Shelf Water, ISW): shelf convection
and “ice pump” mechanisms (Vernet et al., 2019),
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Figure 1. Map and the bathymetry of the southern Weddell Sea
sector of Antarctica, showing ice shelves (white line). The sites of
moorings discussed in the text (yellow labeled solid circles) and
inferred from Nicholls et al. (2001; 2009), Vatikova & Nicholls
(2022) water mass analysis paths of the HSSW water mass
entered in Ronne Depression (orange arrow) and over Berkner
Bank (light purple arrow). Blue arrows show ISW outflow

respectively. The interaction of shelf water and cavity
water plays a crucial role in circulation patterns un-
der the FRIS. However, only a few long-term measure-
ments of currents were carried out over the last 40
years due to the difficulties of carrying out measure-
ments under the ice shelf and its near-frontal zone.
Near-ice front moorings (Foldvik et al., 2001) at two
levels of the water column at site R2 on the western
slope of Berkner Bank (Fig. 1) show that water can en-
ter the cavity at a depth of about 400 m. Other moorings
(FR 5 in Fig. 1) recorded currents parallel to or
away from the ice front (Nicholls et al., 2003). Only
mooring FR 6, on the western side of the Ronne
Depression (Fig. 1), demonstrates the clear presence
of the inflow of water at all depths at all times of
measurements. The inflow velocity in FR 6 showed
pronounced seasonal variability (Jenkins et al., 2004).
The velocity into the cavity peaked in the austral
summer (February), whereas in the austral winter
(August), it weakened.

Two pathways for water masses entering the FRIS
were identified by Nicholls et al. (2009) based on wa-
ter mass analysis (Fig. 1). The inflowing HSSW through
the Ronne Depression (Ronne HSSW) splits into two
branches. One travels around Berkner Island, arriving
as ISW at the Filchner Ice Front. The second branch
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flows to the south around the Korff Ice Rise. The in-
flow of HSSW (Berkner HSSW) can also occur from
the Berkner Bank (Foldvik et al., 2001), as suggested
by the measurements in mooring R2. As seen in Figu-
re 1, this HSSW branch flows around Berkner Island,
being able to leave the Filchner Depression as ISW
via the Filchner Sill (Nicholls et al., 2001). It was
found (Janout et al., 2021) that the water masses in
the Filchner Trough can occur in two distinct modes:
Ronne HSSW-derived ISW (Ronne-mode) or more
Berkner bank HSSW-derived ISW (Berkner-mode).
These paths were built based on indirect data on the
distribution and transformation of water masses. There-
fore, it would be important to distinguish paths of the
propagation of water masses using the numerical
simulation data of currents and Lagrangian methods
(see the review of Lagrangian ocean model analysis
by van Sebille et al. (2018)). This study aims to iden-
tify the main paths using circulation model output.
To perform the Lagrangian analysis, we used the si-
mulation data on circulation in the Weddell Sea and
the FRIS cavity from the Whole Antarctica Ocean
Model (WAOM) described by Richter et al. (2022).
The particle trajectories were computed using the
modified community model Parcels (Delandmeter &
van Sebille, 2019). Further analysis was carried out
using the concepts of ‘visitation frequency’ (Czanady,
1983) and ‘mean age of visitation’.

2 Data and methods
2.1 Parcels model

Parcels (“Probably A Really Computationally Efficient
Lagrangian Simulator”) is a framework for compu-
ting Lagrangian particle trajectories (Delandmeter &
van Sebille, 2019). It is designed to process the large
amount of data generated by different ocean general
circulation models (OGCMs). This means that the
Parcels model can work with different formats of the
input fields that can be organized in large files with
external data produced by OGCMs. The model inclu-
des two main components to simulate particle trans-
port: (1) a set of interpolation schemes, and (2) spe-
cial functions (kernels) to define the particle dyna-
mics. The interpolation schemes are necessary to ob-
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tain field values such as water velocities, temperature,
salinity, etc., at the particle location. The movement
of each particle over a certain time is calculated using
3 components of velocity at the particle location in
the actual moment. External data sets from OGCM
are provided to Parcels as a set of fields. Each field is
discretized on a structured grid that provides the node
locations and times of the recordings. A detailed de-
scription of interpolation schemes for different types
of OGCM model grids is given by Delandmeter and
van Sebille (2019).

In the Parcels model, some basic kernels are avail-
able, and others could be developed by the user. For
example, three options are available for the simula-
tion of the advection. They are the fourth-order Runge—
Kutta, Runge—Kutta—Fehlberg, and explicit Euler
integration schemes. Kernels for constant and spa-
tially varying horizontal diffusion are also available.
In addition, particle data can save values of different
fields (e.g., traveled distance, temperature, salinity)
along the particle trajectory. The model’s source code
is licensed under an open-source MIT license and can
be downloaded from github.com/OceanParcels/parcels
to be installed via anaconda.org/conda-forge/parcels.
The detailed instruction for the installation is on the
website: http://www.oceanparcels.org.

The basic version of the Parcels model does not
have an option for particle reflection from the solid
boundaries, including the ice shelf. The correspon-
ding kernel was implemented in the study to reflect the
particle from the solid boundary. However, such re-
flections near boundaries of a complicated form can
lead to a situation when the particle becomes “out of
boundary”. Usually, it can happen on the ice shelf boun-
dary where the vertical position of neighboring grid
nodes may differ by tens of meters due to the sigma
system of coordinates used in the circulation model.
This causes the particle to disappear as a result of the
interpolation error when the model algorithm cannot
find enough grid nodes around the particle.

Particle loss is a known problem of Lagrangian mo-
dels: e.g., about 30% of released particles were lost to
advection into topography (Tamsitt et al., 2017). There-
fore, a kernel preventing the loss of particles was de-
veloped and applied. This kernel recovers the particle

in the location of its last valid coordinate before it
disappears with a small random variation in three di-
mensions: d\ (longitude), do (latitude), and dz (depth).
If the particle disappeared again, the kernel was also
applied again until the particle continued its move-
ment in the field of currents. Such an algorithm slight-
ly slows down the calculations but it provides conser-
vation of the number of particles.

Small random deviations of particle location al-
lowed the particle to find a position where the vector
of currents was slightly different to go around the
curved boundary. The amplitudes of random devia-
tions were chosen as 1/2 of the grid size in the hori-
zontal direction and 1 m in the vertical direction.
Deviations in three dimensions were used because
the geometry of the ice shelf boundary changes in
three dimensions: the ice boundary can propagate
from the surface to some depth, whereas the water
column is placed between the ice shelf and the bot-
tom. The applied algorithm was tested to check how
much the trajectory can change due to random devi-
ations. For this aim, a number of particles were re-
leased from the same point simultaneously, and their
trajectories were analyzed. The developed algorithm
could change the trajectory of the individual particle
but not impact the statistical characteristics such as
visitation frequency when a large number of particles
are released. Standard Parcels functions for calculat-
ing particle distance traveled and field sampling along
the particle trajectories (Delandmeter & van Sebille,
2019) were also applied in the study.

2.2 Model setup

Output from the WAOM simulation includes three
components of velocity (U, V, W), potential tempe-
rature (7), water salinity (5), bathymetry (H), sea
elevation (n), ice shelf draft (z, ), horizontal coordi-
nates for nodes of computation grid (A, @), and verti-
cal sigma-coordinates at computation levels (c). The
spatial resolution of provided data is in the range of 2 to
10 km. The model domain covers the circum-Antarctica
region. The temporal resolution of fields of U, V, W,
n, T, and S'is five days. We used one year (365 days)
of output. The Parcels model requires z coordinates in
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the vertical direction. Therefore sigma-coordinates
were converted to z-coordinates using data of H, n,
and z . All data sets from the WAOM model were cy-
cled (i.e., the yearly data were repeated).

To analyze the variations of movement of the water
masses under the FRIS, a set of particles was released
in the Ronne Depression near the ice shelf front. The
geographical coordinates of the release point were
75.15°S and 61.4°W. This release location (inverted
white triangle in Fig. 2a) was chosen because only in
the region of the Ronne Depression is a clear ob-
served flux of water directed further under the ice
shelf (Jenkins et al., 2004). Particles were released at
350 m and 500 m under the sea surface. Both release
depths were placed under the ice shelf front. Particles
were released each 4 hr within 365 days. In total, 2190
particles were released at each depth. Below we
present only simulation results for a release depth of
350 m because using a release depth of 500 m results in
a similar distribution of particles. Simulation continued
for 20 years of particle movement. The Runge-Kutta
fourth-order method was used. The time step of the
simulation was 3 min. Such a small step was chosen
to take into account the relatively high resolution of
the WAOM grid under the ice shelf and to reduce the
number of cases where particles can escape from the
computational domain solid boundary.

3 Results

The individual particle trajectories are complicated
and provide only an illustration of the pattern of
transport processes. To characterize the redistribu-
tion of Lagrangian particles by currents in the simu-
lation domain, we calculated ‘visitation frequency’
(Csanady, 1983) which is the percentage of the parti-
cles P that visit each 2 x 2 km grid column at least
once in a period of modeling (20 y). If all particles
visited the given area bin then P = 1 whereas in case
there are no visits, P = 0. To quantitatively describe
the transport by particles, it is necessary to apply a
different approach (e.g., Drake et al., 2018; van Sebille
et al., 2018) which is beyond the scope of this article.
The results of the calculation of P are given in Figure 2a.
As seen in Figure 2a, the released particles first move
southward along the Ronne Trough. The flow then
turns to the northeast and east reaching the passage
between Berkner Island and Henry Ice Rise. Then
the flow reaches the Filchner Trough through which
water flows out to the shelf of the southern part of the
Weddell Sea. Besides, particles penetrate all parts of
the cavity (Fig. 2a). Unexpectedly, a strong flow
across the Ronne Shelf front and further across the
Weddell Sea shelf was visible in the visitation fre-
quency map. Its presence, however, is consistent with

SN W ALK

Figure 2. Visitation frequency defined as the percentage of the particles Pvisited each 2 x 2 km grid column at least once (a). The
release point in Figure 2a is indicated by an inverted white triangle. The mean age of particles that visited each 2 x 2 km grid
column at least once (b). The ice shelf fronts are shown by the white line
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Figure 3. Visitation frequency for particles released in December-February (a), March-May (b), June-August (c), and Septem-
ber-November (d). Examples of individual trajectories for winter (a) and summer (c) are shown in purple lines

the measurements at st. FR5 (Nicholls et al., 2003)
and scheme of water mass transport (Vankova &
Nicholls, 2022). Then particles are carried away by
currents on the Weddell Sea shelf. Further particle
flow splits into two at the tip of the Antarctic Peninsula.
In one case, particles move eastward into the Scotia
Sea, and the second much weaker flow (P < 0.5%)
turns westward into the Bellingshausen Sea moving
along the coast of the Western Antarctic Peninsula.
In 20 years, almost the same number of particles left
the cavity through the Ronne ice front (43%) and the
Filchner ice front (37%), whereas the rest of the particles

(20%) remained under the FRIS. Changes in particle
distribution with time resulting in visitation frequency in
Figure 2a generally correspond to the scheme of water
mass movement under the FRIS in Figure 1. The HSSW
water mass moves to the southeast and leaves the FRIS
through the Filchner Trough as ISW. The difference
from the scheme in Figure 1 is that there is no source of
lighter HSSW water on the Berkner Rise. The simula-
tion results correspond to the Ronne HSSW-derived
ISW (Ronne-mode, according to Janout et al. (2021)).
Another useful statistical information is the mean
age of particles that visited each 2 x 2 km grid column
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Figure 4. (a) Vertical section of the water column between the ice shelf (cyan) and the bottom (grey) along the trajectory (red
line) of a particle released in February at a depth of 350 m; (b) vertical section of the water column between the ice shelf and the
bottom along the trajectory (red line) of a particle released in August at a depth of 350 m; (¢) variations of potential temperature
(red line) and salinity (blue line) along the path of particle released in February at a depth of 350 m; (d) variations of potential

temperature (red line) and salinity (blue line) along the path of particle released in August at a depth of 350 m

at least once. As seen in Figure 2b, in the northern
part of the Ronne Ice Shelf, the average age of the
waters is relatively small (less than 6—7 years). Note
the presence of a stagnant deep-water pool of older
water (age about 11—12 years) between the Korff Ice
Rise and the mainland in the west (about 12 years
old). It is also observed as a local maximum visitation
frequency in Figure 2a. The mean age of visitation
frequency increases in the Filchner Depression to
7—10 years. On the shelf opposite Berkner Island, a
large pool of waters aged from several years to 15—16
years is formed due to a complex pattern of currents
in this area. It is necessary to note the inflow of rela-
tively young waters to the shelf from under the Ronne
Ice Shelf, which is visible in Figure 2a.

Figure 3 shows visitation frequency maps built for
particles released in the same location (see Fig. 2a) in
austral summer (December, January, February), au-
tumn (March, April, May), winter (June, July, Au-
gust), and spring (September, October, November) at
a depth of 350 m. In general, these maps are similar
to Figure 2a. However, some important differences
between Figure 2a and Figure 3 demonstrate season-
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al effects. In January-August, water outflows occur-
red through both the Ronne and Filchner ice fronts,
as suggested by visitation frequency maps. In Octo-
ber-December, water outflow through the Ronne ice
front essentially exceeded the water flow through the
Filchner Depression.

Vertical sections of the water column between the
ice shelf base and the bottom along the trajectory of a
particle released in austral summer (15 February
12.00 a.m.) and winter (15 August 12.00 a.m.) at a
depth of 350 m are shown in Figures 4a and 4b. These
trajectories are shown in Figure 3a and 3c by pink
lines. The corresponding variations of potential tem-
perature and salinity along the path of the particle are
given in Figures 4c and 4d. The particle paths follow
the topography of the bottom and lower surface of
the ice shelf. As seen in Figures 4c and 4d, variations
of the potential temperature in particles moving un-
der the ice shelf were essentially compensated by va-
riations of salinity. At the same time, as seen in Figu-
re 4, outside the FRIS cavity, temperature and salini-
ty can vary significantly due to interaction with the
atmosphere on the shelf of the Weddell Sea.
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4 Conclusions

The Lagrangian pathways under the FRIS and in the
Weddell Sea were studied using the data of numerical
simulation of currents from the Whole Antarctica Ocean
Model (WAOM) model and the particle-tracking
Parcels model. The new kernels were added to the
Parcels to improve the numerical realization of the
boundary conditions on solid boundaries of the com-
putational domain, including the ice shelf. A set of
particles was released in the Ronne Depression near
the ice front to track water mass movement over 20
years. This location was chosen because a clear flux
of HSSW directed to the Ronne Ice Shelf was observed
only here. The corresponding flux of Berkner HSSW
was not identified in the simulations. The visitation fre-
quency, defined as the percentage of particles that visi-
ted each 2 x 2 km grid column at least once in a period of
modeling, was calculated for the first time to character-
ize the redistribution of water masses under the FRIS
and in the Weddell Sea. The results of this analysis gene-
rally agreed with schemes based on water mass analysis
(Nicholls et al., 2009; Vaiikova & Nicholls, 2022). The
results of simulations show that the particles released in
the Ronne Depression near the ice shelf front first move
southward along the Ronne Trough.

The flow then turns to the east, reaching the pas-
sage between Berkner Island and Henry Ice Rise af-
ter three years. After ten years, the water reaches the
Filchner Trough and flows out to the shelf of the
southern part of the Weddell Sea. Over time, the par-
ticles penetrate all parts of the cavity. The strong flow
across the Ronne Shelf front and further across the
Weddell Sea shelf was visible in the visitation fre-
quency map. This is consistent with measurements at
st. FR5 and scheme of water mass transport under
the Ronne Ice Shelf (Vatikova & Nicholls, 2022). The
difference from the scheme in Figure 1 is that there is
no source of lighter HSSW water on the Ice Rise on
Berkner Island that corresponds to Ronne-mode cir-
culation (Janout et al., 2021). In 20 years, almost the
same number of particles left the cavity through the
Ronne ice front (43%) and the Filchner ice front
(37%), whereas the rest of the particles (20%) re-
mained under FRIS.

Passing through the Weddell Sea shelf, particle flow
splits in two at the end of the Antarctic Peninsula. In
one case, particles move eastward into the Scotia Sea.
The second, much weaker flow (P < 0.5%) turns
westward into the Bellingshausen Sea, moving along
the coast of the Western Antarctic Peninsula. The
mean age of particles that visited each 2 x 2 km grid
column was calculated at least once. The visitation
age increased for values less than 6—7 to 15—16 years
on the shelf opposite Berkner Island. The seasonal
effects were also found. They are visible in visitation
frequency maps in Figure 3, drawn for particles re-
leased in the same location at four seasons. In Janua-
ry-August, outflows took place through both the
Ronne and Filchner ice fronts, as suggested by visita-
tion frequency maps. In October-December, outflow
through the Ronne ice front exceeded the flow
through the Filchner Depression.
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! THCTUTYT TIpOGIIeM MaTeMaTUIHUX MaiH i cucteM HAH Ykpainu,

M. Kuis, 03187, Ykpaina
2 [HCTUTYT DOCTiIKEHh aTMOC(EPHUX i 3eMHUX CHCTEM,
yHiBepcuTeT XeNbCiHKi, M. Xenbcinki, 00100, Dinmgumisa

* ABTOp /19 KopecnonaeHuii: vliadmad@gmail.com

JlarpanxeBi muisaxu min meabgoBuM Jb010BHKOM DinbxHepa-Ponne

Ta B MOpi Bexnenna

Pedepar. MeTor0 moCmimKeHHS € TO0YI0Ba JJarpaHKeBMX IUISIXiB PyXy BOIHUX Mac TIi meab@oBuM JTh010BUKOM DinbxHepa-
Ponne (FRIS) i B Mopi Bennenna 3 BUKOpUCTaHHSIM JaHUX YMCEIbHOTO MOJICTIOBAHHS TeUill i UMCeIbHUX JIarpaHXXEeBUX Me-
ToAdiB. Pesynbraté MoJeIOBaHHS LIMPKYJISLT, TeMIIepaTypy Ta COJIOHOCTI B Mopi Bennena ta mig ibogoBukom FRIS, otpu-
MaHi 3a gornomMoroto mozesi Whole Antarctica Ocean Model (WAOM), Oy BUKOPUCTaHi /151 3aITyCKY MOJIEJi BiICTEXKEHHS
TpaekTopiii yactuHok Parcels. OpuriHaiibHa Bepcis Mojeii Parcels He Mae omilii BiIOUTTS YaCTUHOK Bil TBEPAUX MEX, BKITIO-
Yyalo4u 1eabGOBUii THOIOBUK. ToMy B JaHOMY IOCTIIKEHHI OYyJI0 po3po0iieHo BinmoBigHy dyHKLi0. Moxenb Parcels nae
MOMWJIKY B iHTEPIIOJISALIT, KOJIU HE MOXE 3HAlTH 10CTaTHBO BY3J1iB CITKM HAaBKOJIO YaCTUHKU. L1100 YHUKHYTH 11i€1 TOMUWIKH,
0yJ10 po3po0sieHO (hYHKIIIIO BiTHOBJICHHS YaCTUHOK B MiCLli 3HUKHEHHS 3 HEBEJIMKOIO BUITaJIKOBOIO Bapialli€lo B TPhOX BU-
mipax. [Ilo6 npoaHamizyBatu Bapiailii pyxy BogHux Mac mig FRIS, HaGip yacTuHOK OyB BUMYyLIEeHUI y 3anaauHi PoHHe 1o-
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0113y OPOHTY 11eIb(POBOTO THOIOBKUKA. BUmyck yacTmHOK BinOyBaBcst Ha ABoX mrorHax: 350 mi 500 M. YacTUHKM 3’ IBISLINCS
B OJIHii TOYILIi KOXHi 4 roqMHU IpoTAroM 365 nHiB. MoaemoBaHHsS TpuBaio MpoTsaroM 20 pokiB pyxy YacTHHOK. Pe3ynsratn
JlTarpaHXeBOro aHaJli3y 3arajJoM y3Tro/KyBaJlucs 3i CXeMaMM, 3aCHOBAaHUMM Ha aHali3i BOZHUX Mac. BumynieHi yacTuHKY cro-
YaTKy pyXaloTbCs Ha MiBIEHb y3MOBX koyso0a PoHHe. [ToTiM MOTIK MoBepTae Ha CXill, 1OCATAOYU MTPOXOAY MiXX OCTPOBOM
Bepknepa i mimusatTsim [enpi uepes 3 poku. Yepes 10 pokiB moTik TpaHchopMoBaHOI Boau gocsrae xonoba PinbxHepa, uepes
SIKUY BOJIa BUTiKA€ Ha IIeTbd MiBAeHHOI YacTUHU MopsT Bennesna. 3 4acoM YacTUHKY MPOHUKAIOTH Y BCi YaCTUHY TTOPOXHU -
HU I Tb0J0BUKOM. YacTrHA YaCTMHOK IepeTuHae MpoHT meabdy PoHHe, a TOTiIM BUHOCUTBCS TEUisIMU Ha HIETbd MOpS
Bennemra. 3a 20 pokiB Maiixke 0MHAKOBA KiJIbKiCTh YaCTUHOK 3aJIMIIIIIA TTOPOXHUHY Yepe3 JbonoBuil hpoHT Ponue (43%) i
nponoBuit ppoHt DinbxHepa (37%), Toni sik petnra (20%) 3amuimnucs mix FRIS.

Kumouosi ciioBa: Whole Antarctica Ocean Model, mbonoBuk ®DinbxHepa-Ponne, Mmonens Parcels, mope Bennmenna, Tpaekropist
YaCTUHOK, I11eTh(hoBa BO/Ia BUCOKOI COTOHOCTI
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