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Abstract Strong acceleration of abyssal flows in narrow deep-water channels and fracture zones is a key
feature of bottom circulation in the Atlantic Ocean. In the Equatorial Atlantic, these bottom currents transport
Antarctic Bottom Water (AABW) over the Mid-Atlantic Ridge from west to east. The main pathway for
Antarctic waters in this region is the Romanche Fracture Zone. The deepest point of this fracture zone is the
Vema Deep; its maximum depth based on the published data is 7,856 m. This deep basin is filled by waters

of Antarctic origin overflowing a sill in a narrow channel. During the expedition on the R/V Akademik loffe
(August 2022), we revealed a strong flow in the middle part of the Romanche Fracture Zone and collected
new data on thermohaline and kinematic structures of this gravity current. Our survey is the first observational
evidence of the intense flow into the Vema Deep. At the sill, the flow splits into branches flowing through
three distinct channels of intricate configuration located in the southern transform valley of the fracture zone.
The northern channel is proved to be the main pathway of the coldest and densest bottom waters to the Vema
Deep. We also found that vertical structure of the flow is presented by two individual jets, namely the deep and
bottom jets. The total transport of AABW through the Romanche Fracture Zone at this location was estimated
at 1.40 Sv; the velocities exceeding 10 cm/s were found at depths greater than 5,000 m.

Plain Language Summary Abyssal basins of the Atlantic Ocean are filled with cold and dense
Antarctic waters. Propagation of these waters plays an important role in the heat transport of the ocean and
influences the Earth's climate. The most intense bottom currents of Antarctic waters are formed in the narrow
abyssal channels connecting deep ocean basins. In particular, fracture zones of the Mid-Atlantic Ridge connect
deep basins of the western and eastern Atlantic. The equatorial Romanche Fracture Zone is the deepest fracture
zone in the tropical Atlantic and provides transport of the coldest bottom waters from the Brazil to the Guinea
and Sierra Leone basins. Direct measurements from ships remain the main source of information about the
structure of currents in the abyssal fracture zones. In this work, we present new field observations at the
entrance to the Vema Deep, which is the deepest point of the Romanche Fracture Zone. New measurements
revealed several jets of the Antarctic Bottom Water flow guided by distinct channels in the bottom topography.
It was also shown that the location of the abyssal pycnocline affects the vertical structure of the abyssal currents
in this region. Comparison with historical measurements shows an increase in bottom temperatures exceeding
0.06°C.

1. Introduction

The deepest layers of abyssal basins, trenches, and fracture zones (FZ) in the Atlantic Ocean are filled with the
Antarctic Bottom Water (AABW) (Baines & Condie, 1998; Foster & Carmack, 1976). This water mass origi-
nates over shallow areas in the Southern Ocean during austral winter period (Orsi et al., 1999). Its formation
process includes strong cooling and water salinification caused by low winter temperatures and intense ice forma-
tion. In the Atlantic sector of the Southern Ocean, these dense waters are produced mainly in the Weddell Sea.
The main northward flow of AABW in the Atlantic is concentrated in its western part (Hogg, 2001; Morozov
et al., 2021). After reaching the northern periphery of the Brazil Basin, this flow divides into two branches
(Tarakanov et al., 2018). One branch crosses the Mid-Atlantic Ridge through the equatorial and tropical FZ
(Heezen et al., 1964; Mantyla & Reid, 1983; Mercier & Speer, 1998; Messias et al., 1999; Morozov et al., 2018),
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Figure 1. Mean bottom circulation schematic in the region of the Mid-Atlantic Ridge in the Equatorial Atlantic (panel a)
and the region of our survey at the entrance to the Vema Deep (panel b). The main pathways of the Antarctic Bottom Water
spreading are shown by red arrows. Our stations with Conductivity-Temperature-Depth and Lowered Acoustic Doppler
Current Profiler measurements are indicated by yellow dots. The bottom topography is shown according to the General
Bathymetric Chart of the Oceans 2022 database (a) and multibeam data (Bonatti et al., 1991; Efimov et al., 1996; Gasperini
et al., 1997; Ligi et al., 2002) (b). The limits of the test site (b) are shown by red rectangle in panel (a).

and the other branch continues its northward propagation into the western Atlantic (Hall et al., 1997; Heezen
et al., 1964; Limeburner et al., 2005; Mantyla & Reid, 1983; McCartney et al., 1991). The deepest FZ provid-
ing eastward transport of AABW in the tropical Atlantic are the Chain (1-2°S), Romanche (0-1°S), and Vema
(11°N) FZ (Mantyla & Reid, 1983; Mercier & Speer, 1998; Morozov et al., 2018). In this work, we focus on the
Romanche FZ which includes the deepest depression in the bottom topography of the Central Atlantic, namely,
the Vema Deep (Figure 1).

The Romanche FZ is one of the longest (~950 km) transform of the mid-ocean ridge system located between
24°W and 13°W in the equatorial region (e.g., Bonatti et al., 1991). The transform represents a long-term stable
feature and intrinsic element of the spreading process which transfers spreading from one segment of the ridge
to the next (Gerya, 2010). The width of the Romanche FZ varies between 10 and 40 km. The fracture zone plays
a leading role in a deep-water exchange between the Brazil and Guinea basins. A synthesis of available bathym-
etric data from the Romanche region revealed two narrow lens-shaped transform valleys: northern and southern
(Ligi et al., 2002). The latter is namely a major valley with two depressions (western and eastern) with maximal
depths of ~7,000 and ~7,800 m. The depressions are separated by a sill. Previously, the eastern one was named
the Vema Deep after the R/V Vema (Heezen et al., 1964). The western one remains unnamed so far. Here, we
suggest to name this depression “Vavilov Deep” in honor of the R/V Akademik Sergey Vavilov, onboard of which
series of oceanographic measurements were carried out by the scientists of the Shirshov Institute of Oceanology
in 2005-2016 (e.g., Tarakanov et al., 2013, 2018; Morozov et al., 2021).

The bottom topography is a baseline for designing the oceanographic survey. Thus, improving the accuracy
and coverage of measured depths of the ocean floor is of a great importance. The bottom topography of the
Romanche FZ has been repeatedly studied from the end of the 19th century, when the R/V Romanche made
a 7,370 m sounding in the center of the Mid-Atlantic Ridge at 0.18°S, 18.25°W (0°11’S, 18°15’W) in 1883
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(Heezen et al., 1964). Previously, Thomson (1878) postulated the existence of a central ridge dividing the Atlan-
tic into two parallel troughs based on the few bottom temperature measurements performed during the H.M.S.
Challenger (1872-1873) expedition. More detailed studies carried out during a Meteor expedition (1925-1926)
indicated that the maximum sill depth across the Mid-Atlantic Ridge somewhat exceeds 4,000 m (Wiist, 1936).
Subsequent measurements showed slightly different maximum depths in the Vema Deep region: 7,230 m from the
vessel Gauss in 1901 (Drygalski, 1926), 7,600 m from the submarine K-XVIII in 1935 (Vening Meinesz, 1948),
7,728 m from the R/V Albatross in 1948 (Koczy, 1956), 7,856 from the R/V Vema in 1957 (Metcalf et al., 1964)
and several other early estimates (see the review in Heezen et al. (1964)). In 1978 and 1983, GLORIA surveys
of the Romanche transform and neighboring areas of the Equatorial Atlantic Ocean were carried out on the RRS
Discovery and a new bathymetry chart was compiled (Searle et al., 1994). During the cruise of the R/V Jean
Charcot in 1988, a ~100-km long section of the Romanche FZ was surveyed at about 17°W and the SeaBeam
bathymetric map was generated (Honnorez et al., 1991). The first detailed multibeam survey performed during
the Romanche I expedition on the R/V L'Atalante in 1991 (Mercier et al., 1994; Monti & Mercier, 1991) covered
a significant part of the Romanche FZ and allowed detailed studies of this fracture zone as a pathway for AABW
spreading. A synthesis of previously mentioned bathymetric data was presented by Bonatti et al. (1991) and
later compiled by Ligi et al. (2002) with multibeam coverage obtained during cruises of the R/V Gelendzhik in
1996 (Gasperini et al., 1997) and R/V Akademik Nikolaj Strakhov (1991-1992, 1993) (Efimov et al., 1996). As a
result, a high-resolution digital terrain model (DTM) for the entire Romanche FZ has been developed. A detailed
DTM for the western part of the Romanche FZ was generated based on data from the cruise of the R/V Akademik
Nikolaj Strakhov (Kapustina et al., 2021). According to the DTM, the sill located at 1.1°S, 22.5°W (Tarakanov
et al., 2013) serves as the AABW entrance from the Brazil Basin to the fracture zone and further east, into the
Vavilov and Vema deeps. The maximum depth of the sill is 4,575 m (Kapustina et al., 2021). The Main Sill in
the Romanche FZ is located at 13.68°W (13°41’W) with a minimum depth of 4,350 m (Mercier et al., 1994). It
appears to be an exit of AABW flows from the fracture zone. According to Mercier and Morin (1997), the flow
splits at 13.2°W (13°12'W) and circulates to the northeast filling the Sierra Leone Basin. Another part follows the
Romanche transform valley toward the Guinea Basin (Figure 1).

Thermohaline structure of deep and bottom waters within the Romanche FZ is formed by two water masses:
AABW below approximately 4,000 m depth and North Atlantic Deep Water (NADW) above this level (Mercier &
Morin, 1997; Messias et al., 1999). These two water masses are divided by an abyssal pycnocline, which is more
pronounced in the western part of the fracture zone. The upper limit of AABW in the equatorial zone is deter-
mined based on potential temperature isotherms of 1.8°C (Friedrichs & Hall, 1993; Macdonald, 1998), 1.9°C
(McCartney & Curry, 1993; Whitehead & Worthington, 1982), and 2.0°C (Morozov et al., 2018; Wright, 1970).
This limit is also determined in other publications by potential density isoline o, = 45.90 kg/m? or neutral density
isolines of 28.11 kg/m? (Ganachaud, 2003) or 28.141 kg/m? (Hernéandez-Guerra et al., 2014). In the Romanche
FZ, isotherm 2°C of potential temperature approximately corresponds to salinity S = 34.88 psu, potential density
6, = 45.86 kg/m? or neutral density " = 28.106 kg/m> (Morozov et al., 2021). Generally, the abyssal waters in
the eastern Atlantic are more homogeneous and less dense than those of the western Atlantic; the difference
in the bottom potential temperature between these basins can be as high as 1.5°C (Morozov et al., 2021). This
change is caused by topographic blocking and intense mixing in the Romanche FZ (Ferron et al., 1998; Morozov
et al., 2012; Tarakanov et al., 2018; van Haren et al., 2014). Note that both spatial and long-term temperature
variations of AABW (Campos et al., 2021) should be taken into account while studying thermohaline properties
of abyssal waters in the Atlantic. Conductivity-Temperature-Depth (CTD) measurements carried out in 1991
(Mercier & Morin, 1997), 2005 (Demidov et al., 2006), and 2009 (Morozov et al., 2010) allowed studies of the
long-term potential temperature changes of bottom waters in the eastern part of the Romanche FZ. Thus, the
minimum potential temperature at the bottom in 2009 (0.752°C) was higher by 0.057°C than in 1991 (0.695°C)
and by 0.022°C higher than in 2005 (0.730°C) (Morozov et al., 2021). However, these measurements are located
farther east of the Vema Deep. Meanwhile, at the entrance to the Vema Deep, there is an additional sill at 19.5°W,
which was not studied earlier in terms of the intensification of AABW flow over the sill. Furthermore, by now,
no CTD measurements were performed in the Vema Deep since French expeditions within the Romanche-I,
Romanche-II, and Romanche-III projects in 1991-1994.

Kinematic structure of the AABW flows in the Romanche FZ was measured at several sills along the fracture
zone; at such narrows, the bottom currents significantly accelerate (Whitehead, 1989, 1998). At the main sill at
13.68°W (13°41°W), four moorings were deployed for a period of two years from November 1992 to November
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1994. Based on these measurements, the maximum time-averaged velocity and transports were estimated at
21 cm/s and 0.66 Sv, respectively (Mercier & Speer, 1998). Other estimates were up to 2 Sv (Polzin et al., 1996;
Schlitzer, 1987; Warren & Speer, 1991). Direct Lowered Acoustic Doppler Current Profiler (LADCP) measure-
ments carried out in 2005 and 2009 across the sills in the eastern part of the Romanche FZ revealed the AABW
transports of 0.45 and 0.88 Sv, respectively (Demidov et al., 2006). At the western entrance to the fracture zone,
the currents were measured using ADCPs both in profiling (Tarakanov et al., 2013) and moored (Tarakanov
et al., 2018) modes. The maximum AABW velocities and transports were estimated at 48 cm/s and 0.35 Sv,
respectively. Similar estimates of the AABW transports in the Romanche FZ were obtained using numerical
model of abyssal flows (Frey et al., 2019); the model is described in detail in (Frey et al., 2017). Although numer-
ous studies have been focused on the kinematic structure in the western and eastern parts of the Romanche FZ,
there are no direct measurements along the flow between 22.5°W (the western entrance) and 16°W (one of the
eastern sills), which is one of the main motivations of our expedition to the sill near the Vema Deep (19.5°W)
carried out in August 2022.

The main goal of this paper is to study the horizontal and vertical structure of AABW in the Romanche FZ
and intensity of its flow into the Vema Deep based on the new CTD and velocity data. A high-resolution DTM
presenting a compilation of multibeam data collected during several scientific cruises served as the base for
choosing the stations at the deepest points along the fracture zone. A detailed CTD and LADCP survey on trans-
versal (across the Romanche transform system) and longitudinal (along the narrow parts of the southern trans-
form valley) transects allowed quantifying the AABW transport into the Vema Deep and estimating the bottom
temperature and salinity distributions at this part of the Romanche FZ.

2. Data and Methods

A detailed CTD/LADCP survey at the entrance to the Vema Deep was carried out during the 62nd cruise of
the R/V Akademik loffe in August 2022. A high-resolution bottom topography generated from the multi-source
bathymetric data (Bonatti et al., 1991; Efimov et al., 1996; Gasperini et al., 1997; Ligi et al., 2002) described
in Section 2.1 was used as the basis for planning the oceanographic survey in the Romanche FZ. Section 2.2 is
dedicated to our approach to CTD measurements and the equipment used in this survey; the LADCP data and
data processing are presented in Section 2.3. The long-term variations of the thermohaline properties of AABW
in the Vema Deep are analyzed in Section 2.4.

2.1. Bottom Topography Data

Bottom topography data of the Romanche FZ are available from the General Bathymetric Chart of the Oceans
(GEBCO) data set which is a mixture of single-beam, multibeam, and satellite altimetry-derived bathymetry.
From the first release of the GEBCO One Minute Grid in 2003, the quality of the data set has been signifi-
cantly improved. Figure 2 illustrates the data set development through the GEBCO versions of the Romanche FZ
bathymetry in 2014, 2021, and 2022 providing a global coverage with a grid resolution of 30 arcsec (~1 km) and
15 arcsec (~450 m), respectively. The main bathymetry source for the study site is presented by low-resolution
indirect measurements (mostly predicted depths based on satellite-derived altimetry). Moreover, the percent-
age of the indirect measurements as a grid cell source is decreasing from 84.90% for the GEBCO 2014 grid to
68.07% and 66.99% for the GEBCO 2021 and GEBCO 2022 grids, respectively. However, the percentage of the
cells based on more precise and detailed direct measurements has been steadily increasing from 15.10% for the
GEBCO 2014 grid (5.36% multibeam echo sounding, 9.74% other methods) to 31.93% for the GEBCO 2021
grid (26.70% multibeam echo sounding, 5.23% other methods) and 33.01% for the GEBCO 2022 grid (28.31%
multibeam echo sounding, 4.71% other methods). A comparison of the GEBCO bottom relief versions 2014
and 2022 shows that not a single passage, but two narrow channels are responsible for the deep-water exchange
between the Vavilov and Vema deeps. A new detailed DTM of the entire Romanche FZ (Bonatti et al., 1991;
Efimov et al., 1996; Gasperini et al., 1997; Ligi et al., 2002) with a spatial resolution of 10 arcsec (~200 m),
allows distinguishing the third (southern) narrow channel (hereinafter, northern, central, and southern channels),
as indicated by red lines in Figure 1b. The channels are located within the lens-shaped southern transform valley.
They connect the Vavilov and Vema deeps appearing to be the passages for the eastward AABW flows.

An automatic classification and analysis of the DTM of the Romanche FZ were used to isolate the main thalweg
(the line of the maximum depths) and the top lines of the walls (northern and southern) (Xiong et al., 2021). In
this work, a digital terrain analysis was carried out using the GIS SAGA (Conrad et al., 2015) and GRASS GIS
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Figure 2. Comparison between the General Bathymetric Chart of the Oceans (GEBCO) databases (GEBCO, 2021, 2022)
and the multibeam data (modified from Bonatti et al., 1991; Efimov et al., 1996; Gasperini et al., 1997; Ligi et al., 2002)
covering the Romanche Fracture Zone region. The new multibeam data shows three distinct channels in the southern valley
which are pathways of Antarctic Bottom Water inflow into the Vema Deep. One can see that the southern channel was not
revealed by the GEBCO bathymetry data.

(Neteler & Mitasova, 2013) tools. At the first stage, the Basic Terrain Analysis module from the GIS SAGA was
applied. The Channel Network parameter was chosen to distinguish the channel thalweg. The dominant water-
flows were selected. The tops of the southern and northern walls of the fracture zone were defined using the
Drainage Basins parameter, which limits the basins along the watersheds. At the second stage, a geomorpholog-
ical classification of landforms was performed using the Geomorphons tool (Jasiewicz & Stepinski, 2013) from
the GRASS GIS package. The results of the two previously mentioned approaches were compared to verify the
close match of the Basic Terrain Analysis and the terrain morphology. Previously, the northern and southern walls,
as well as the main thalweg, were allocated (Tarakanov et al., 2013) according to Smith and Sandwell (1997).
Here, we present a detailed topographic profile along the southern and northern walls, and the main thalweg of
the Romanche FZ based on the new multibeam data compilation. Different features (the maximum and minimum
depths, width, basin area, length) of the main landforms were described to provide better understanding of the
AABW pathways in the Romanche FZ (Figure 3).

2.2. CTD Measurements

In total, 23 full water depth stations (down to 5,865 m) were carried out in three channels of the sill between the
Vavilov and Vema deeps; the entire data set is available at Frey et al. (2022). The rosette system General Oceanics
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Figure 3. Bottom topography of the Romanche Fracture Zone based on the multibeam data (modified from Bonatti

et al., 1991; Efimov et al., 1996; Gasperini et al., 1997; Ligi et al., 2002) (a), thalweg of the fracture together with depths of
the northern (b) and southern (c) walls (modified from Tarakanov et al. (2013) based on the new bottom topography data).
The region of the Conductivity-Temperature-Depth/Lowered Acoustic Doppler Current Profiler survey is shown by red
rectangle in panel (a) and red band in panels (b,c).

GO1018 included Idronaut Ocean Seven 320 plus CTD probe and LADCP (300 kHz Teledyne RD Instruments
WorkHorse Monitor with an external battery package), and 18 sampling Niskin bottles from 5 to 10-L capacity.
We stopped the casts at a distance of 5 m above the bottom using the altimeter (model Valeport VA500) and
pinger of the Benthos Co. Another pinger of our own construction was mounted on the rosette system for quick
battery replacement. The combined use of pingers and an altimeter allowed us to safely approach the bottom even
in conditions of rough bottom topography. A 6,000 m long sea cable allowed measurements at any point of the
sill. It should be noted that it was not possible to measure currents in the bottom layer of the Vema Deep as its
maximum depth exceeds 7,500 m; however, the intensification of AABW flows occurs at the narrow entrance to
this depression and our study focuses on these relatively fast gravity currents. During profiling at the stations, the
ship maintained its position with an accuracy of no less than 100 m.
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Table 1

Locations of CTD Profiles at the Entrance to the Vema Deep of the
Romanche Fracture Zone on 13—18 August 2022

Station
number

Date/time (UTC)

Coordinates

CTD depth, m/
Ocean depth, m

Al162023
AT62024
AI62025
AlI62026
AI62027
AI62028
AlI62029
AI62030
AI62031
AlI62032
AI62033
AI62034
Al62035
AI62036
AI62037
AlI62038
AI62039
AI62040
Al162041
AT62042
AI62043
AlI62044
AI62045

13.08.2022 15:05
13.08.2022 21:45
14.08.2022 03:04
14.08.2022 07:06
14.08.2022 11:05
14.08.2022 14:45
14.08.2022 18:37
14.08.2022 22:20
15.08.2022 02:01
15.08.2022 05:32
15.08.2022 09:01
15.08.2022 13:03
15.08.2022 17:26
15.08.2022 21:57
16.08.2022 02:22
16.08.2022 07:01
16.08.2022 11:10
16.08.2022 07:06
16.08.2022 20:27
17.08.2022 00:33
17.08.2022 08:21
17.08.2022 15:00
17.08.2022 20:20

20.029°W, 0.532°S
19.763°W, 0.378°S
19.607°W, 0.302°S
19.602°W, 0.325°S
19.596°W, 0.355°S
19.589°W, 0.384°S
19.585°W, 0.407°S
19.579°W, 0.434°S
19.572°W, 0.472°S
19.566°W, 0.496°S
19.532°W, 0.472°S
19.476°W, 0.468°S
19.399°W, 0.460°S
19.299°W, 0.472°S
19.308°W, 0.430°S
19.318°W, 0.375°S
19.337°W, 0.286°S
19.434°W, 0.308°S
19.529°W, 0.403°S
19.463°W, 0.399°S
19.398°W, 0.381°S
19.146°W, 0.294°S
19.000°W, 0.351°S

5,666/5,673
5,439/5,444
4,967/4,974
5,373/5,383
4,994/4,999
4,714/4,721
4,963/4,970
4,430/4,438
4,799/4,806
4,351/4,358
4,917/4,924
5,351/5,358
5,622/5,632
4,880/4,887
5,865/5,872
5,541/5,551
4,936/4,943
5,073/5,080
4,999/5,006
5,266/5,272
5,372/5,380
4,911/4,918
5,750/5,757

Note. All measurements were performed from the surface to the bottom;
the exact depths are presented in the Table. Locations were selected based
on the multibeam data (Bonatti et al., 1991; Efimov et al., 1996; Gasperini
etal., 1997; Ligi et al., 2002). All CTD profiles were accompanied by LADCP
measurements. The UTC time corresponds to the moment when the CTD and
LADCP were near the bottom. Ocean depths are presented based on the CTD
data combined with the altimeter records. CTD, Conductivity-Temperature-
Depth; LADCP; Lowered Acoustic Doppler Current Profiler.

The exact locations, times and depths of stations are presented in Table 1.
The locations were selected based on the multibeam topography data; in
particular, the major part of the stations was located along the thalweg of
each channel of the sill. The main section across the fracture zone included
eight stations (62025-62032) at a distance of 2.5-4.3 km from each other.
Two stations 62023 and 62045 were located to the west and east of the study
site in the adjacent Vavilov and Vema deeps. Date and time are indicated for
the moment when the CTD was near the bottom; the ocean depth was deter-
mined based on the CTD pressure and altimeter records. Each station took
approximately 4 hr (the descent and ascent rates of the CTD and LADCP
profilers were 1 m/s); the entire survey took 4.5 days.

The raw CTD data were collected and processed using standard Idronaut
REDASS software version 5.78. The CTD data were transferred to conserv-
ative temperature (C;) and absolute salinity (S,) units using TEOS10 equa-
tions (Feistel, 2012) in Ocean Data View software version 5.2.0. We also used
the data of several stations from the World Ocean Database 2018 (WOD-18)
collected in the early 1990s in the Romanche FZ. The data from these stations
were also recalculated using TEOS10 equations.

2.3. LADCP Measurements, Calibration, and Data Processing

The velocity profiles were measured by the LADCP RDI WorkHorse Moni-
tor 300 kHz. The profiler was set in the narrowband mode, which increases
the profiling range in comparison with the broadband mode and allows
more reliable processing of the raw data. We set 30 vertical bins of 8§ m each
with 1.76 m blank distance immediately below the transducer. The LADCP
compass was calibrated on land before the cruise in the down-looking mode
according to the standard procedure. The raw data were processed using the
LDEO Software version IX_14 (Visbeck, 2002). The magnetic declination
was calculated in the frame of the processing package using the modern Inter-
national Geomagnetic Reference Field I1GRF) model (Alken et al., 2021); the
averaged declination in the survey area was estimated at —12.5°. The velocity
error is also a result of processing the data using the specified software. In
the bottom layer up to 150 m from the bottom, where the RDI BottomTrack
operates, the error of the baroclinic velocity component is 1-2 cm/s. The
results of processing were corrected by subtracting the tidal velocities using
the TPXO9 model (Egbert & Erofeeva, 2002); the moment when the LADCP
was near the bottom was used for these calculations. Usually, the velocities
of the bottom currents exceed the tidal velocities by one order of magnitude;
the typical tidal magnitudes of velocities are 1-2 cm/s. Note that the TPXO
is a barotropic model and actual tidal velocities in a narrow abyssal channel

can significantly differ from these estimated values. However, as the measured velocities are much higher than
the tidal velocity, we can assume that the processed LADCP data reproduce mean currents in the fracture zone
with sufficient accuracy.

3. Results

We analyzed abyssal bottom flows at the entrance to the Vema Deep based on the latest multi-source bathy-

metric data and new CTD and LADCP measurements performed in this region in August, 2022. The results

are presented as follows. First, we provide information about the main features of the bottom topography and

our approach to the selection of the positions of our CTD/LADCP casts (Section 3.1). Then, we analyze the

transversal structure of the studied inflow (Section 3.2). In Section 3.3, we describe longitudinal variations of the

inflow and evolution of the AABW properties along the studied region. Section 3.4 is dedicated to the long-term

temperature and salinity variations of the bottom waters in the Vema Deep.

FREY ET AL.

7 of 20



~ 1
AGU

ADVANCING EARTH
AND SPACE SCIEMCE

Journal of Geophysical Research: Oceans 10.1029/2022JC019434

peRannel

snnel
Depth (m)
2000 3000 4000 5000 6000 TOO0  BOOO
20.2°W 20°W 19.8°W 19.6°W 19.4°W 19.2°W 19°W 18.8°W 18.6°W
rthern Channel
E
s
{9
v
(=)
w004 € 4719m Fentrhl Chinnel
5000 L L=
E 5500
= 6000 AR
& 65007
7000
75004
4000
Southern Channel
mu-ﬂ 47‘?’9}13
5000 Y s T 2
E 5500 7 i \
":'i. 6000 ﬁ"f” 2 | o 0 |
U 0o | | Ve
& 6500 -g_, -
70000 | | | | | | N
7500 ! f | ! | ! [ -

8000 T

T
20.3W 20.1°W

T T T T T
19.9°W 19.7°W 19.5°W 19.3°W 19.1°wW 18.9°W 18.7°W

Figure 4. Comparison of the bottom topography profiles over the sill between the Vavilov and Vema deeps (a) and thalwegs
of the northern (b), central (c), and southern (d) channels of this sill (each indicated by different colors). The northern channel
is the deepest passage for the waters spreading into the Vema Deep.

3.1. Bottom Topography Data Analysis

The AABW pathways along the Romanche FZ were studied based on the precise data on bottom topography
described in Section 2.1 in detail. Along the main thalweg, the following landforms were distinguished: the
western sill, the Vavilov and Vema deeps, and the main sill with the revised maximum depths of 4,430, 7,062,
7,863, and 4,321 m, respectively. The Vavilov Deep is an elongated depression 345 km long and 27 km wide. An
estimated total basin area covers ~5,900 km?. The Vema Deep is 391 km long and 30 km wide with a total basin
area of ~7,700 km?. Between the Vavilov and Vema deeps there is a sill with three quasi-zonal channels deeper
than 4,700 m (Figure 4). The northern channel is the deepest passage (4,958 m) for the waters spreading into the
Vema Deep; its length is ~96 km. The central (~86 km long) and southern (~82 km long) channels do not exceed
depths of 4,719 and 4,779 m at the sill, respectively.

3.2. Transversal Structure of the Flow Into the Vema Deep

The transversal structure of the flow along the Romanche FZ was studied based on two sections, namely the main
and eastern sections, covering the entire fracture zone between its northern and southern walls (see Figure 1 for
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to the orientation of the transform valley; the exact deviation of the section
2 lines from the meridional direction was 13° counterclockwise. The main
section included eight stations at the narrowest place of the sill between the
Vavilov and Vema deeps; the distance between stations varied between 2.5
15 and 4.3 km. This section crossed all three channels which provide AABW
transports. Their maximum depths at the sill are 5,383 m (northern channel,
station 62026), 4,970 m (central channel, station 62029), and 4,806 m (south-
ern channel, station 62031). Note that the shallowest point of the northern
0.75 channel is located 30 km downstream; its depth is 4,943 m (see Figure 4 for

Conservative Temperature (°C)

detailed thalwegs along each channel). Station 62,039 was located at this

shallowest point; the eastern section crossed it strictly parallel to the main
I i3 section. This eastern section consisted of four stations (62036-62039) and

repeated the French section in August 1991, which allowed us to compare
the long-term changes in thermohaline properties of bottom waters on the
(3508 decadal time scale. Another station 62045 was carried out at a depth of
5,757 m in the Vema Deep at the section in 1994 allowing additional compar-
ison with the historical CTD data set.

{3502 Conservative temperature and absolute salinity distributions showed similar

Absolute Salinity (g/kg)
[
"

patterns at the main section (Figure 5). The coldest (0.695°C), least saline
(34.984 g/kg), and densest (46.056 kg/m3) waters are transported through
- oiiee . the northern channel. In the other two channels, the corresponding extremum
values are 0.748°C, 34.988 g/kg, 46.050 kg/m? in the central channel, and

Figure 5. Conservative temperature (a) and absolute salinity (b) distributions 0.735°C, 34.986 g/kg, 46.050 kg/m3 in the southern channel. Interestingly,

at the main section across the Romanche Fracture Zone. The locations of the
Conductivity-Temperature-Depth/Lowered Acoustic Doppler Current Profiler
casts are shown in the inset of the bottom panel. Station numbers are indicated

the shallowest southern channel provides transport of colder (by 0.013°C)
AABW than the central channel, which is 164 m deeper. Hence, more intense

along the upper axis in panel (a). The ocean bottom is shown by gray color AABW currents exist in the southern channel, which will be discussed below

based on the multibeam data.

based on the LADCP data. Above 4,500 m, the conservative temperature and

absolute salinity isolines were relatively horizontal, which is typical for the

abyssal currents near the Equator (Frey et al., 2019) as the Coriolis force and
influence of bottom Ekman layer (Ekman, 1905) are insignificant. At higher latitudes, inclinations of isotherms
in the bottom layer are essential in the case of intense abyssal flows (Jungclaus & Vanicek, 1999). An abyssal
thermocline (pycnocline) between AADW and NADW was revealed at 3,700—4,200 m depths; no significant
changes in its thickness and depth were observed from station to station. According to the published data, this
pycnocline becomes less prominent in the eastern part of the Romanche FZ due to mixing over the eastern sills
(Mercier & Morin, 1997). As for the region of our survey, the upper limit of the pycnocline is located at 3,700 m
and corresponds to 1.9°C-2.0°C potential temperature isotherms, the lower limit is located at 4,200 m and corre-
sponds to 1.1°C-1.2°C isotherms.

The kinematic structure of the flow was studied based on the LADCP profiles at the main section across the
Romanche FZ (Figure 6). The velocities were projected to the direction along the fracture zone. The main peculi-
arity of the transversal kinematic structure is the presence of two individual branches of the AABW flow, namely
the deep and bottom jets. The bottom jets are located in the deepest layer of the central and southern channels.
The velocities of these jets increase toward the bottom and reach 7 cm/s in the central and 13 cm/s in the south-
ern channel. As for the northern channel, a local maximum of 8 cm/s is located at a depth of 4,512 m, which
corresponds to the shallowest sill of this channel located farther downstream. Thus, all three channels provide the
AABW transports to the Vema Deep in the bottom layer.

Above the mentioned bottom jets, a layer of very low (less than 5 cm/s) or even opposite (up to 6 cm/s to the
west) velocities are observed over the entire section. Above this low-velocity layer, the main deep jet of AABW
is observed. This jet is located at depths between 3,700 and 4,300 m, which coincide very well with the 2°C
conservative temperature isotherm and the depth of the main sill of the Romanche FZ, respectively. This main sill
is located farther east at 13.68°W (13°41°W) and prevents free eastward spreading of deeper layers of Antarctic
waters. This sill explains the existence of the no motion level deeper than 4,300 m. Deeper than this level, the
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Figure 6. Distributions of along-channel velocity component at the main section across the Romanche Fracture Zone.
Positive velocities correspond to the east-northeast direction (the exact value is 77° relative to the north). Locations of the
Conductivity-Temperature-Depth/Lowered Acoustic Doppler Current Profiler casts are shown by thin solid lines; the station
numbers are indicated along the upper axis. The ocean bottom is shown by gray color based on the multibeam data.

bottom jets correspond to local water exchange between the Vavilov and Vema deeps; the main sill located father
to the east does not prevent this local intensification of currents between neighboring depressions.

Transports of deep and bottom jets at the main section were estimated based on the LADCP data. The transport
of the deep jet between the 2°C potential temperature isotherm and the main sill level (4,321 m) is 0.98 Sv. The
transports of the bottom jets calculated as the along-channels transports below the 4,321 m level are 0.28, 0.10,
and 0.04 Sv through the northern, central, and southern channels, respectively. In total, 1.40 Sv of AABW with
potential temperatures less than 2°C are transported into the Vema Deep.

CTD and LADCP data measured at the eastern section showed significantly different conservative temperature
and velocity distributions (Figure 7) compared to the main section. First of all, the bottom topography signifi-
cantly differs between two sections; the central and southern channels deepen to 5,551 and 6,090 m, respectively.
On the contrary, the northern channel with a depth of 4,943 m is the shallowest sill at the eastern section; this sill
is also the shallowest point along the entire northern channel between the Vavilov and Vema deeps. One can see
that the AABW flow concentrates at the shallow northern channel; a sharp gradient in temperature is observed in
the 200-m bottom layer, while the velocities in this layer are directed along the channel and reach 11 cm/s. The
minimum conservative temperatures were 0.737°C and 0.736°C in the main and southern channels, respectively;
in the northern channel, AABW was 0.039°C colder (Figure 7a). Velocities in bottom layers of the central and
southern channels were low, less than 3 cm/s. However, significant eastward-directed jets exceeding 10 cm/s
were observed above the seafloor at a depth of 4,700-5,000 m. These jets are formed at the sills over the main
section and propagate to the east at a constant depth. At depths of 3,700-4,300 m, a continuation of the deep jet
was observed. Similar to the main section, its maximum was displaced to the north and exceeded 10 cm/s. Note
that the velocities of the deep jet in the eastern section were much lower than in the main sections. Two possible
reasons of these low velocity are the displacement of the flow north of station 62039 or deceleration of the flow
caused by widening of the fracture zone after the sill.

3.3. Longitudinal Structure of the Flow Into the Vema Deep

The longitudinal variations of the ABBW flow over the sill between the Vavilov and Vema deeps were studied
based on three sections along each channel. Two background stations (62023 and 62045) were carried out in the
deepest parts of the neighboring basins. In total, seven stations were performed along the thalweg of the north-
ern channel; sections along the central and southern channels consist of five stations each. Bottom conservative
temperature and velocities at all stations are presented in Figure 8. The total increase in bottom conservative
temperature over the entire sill between the Vavilov and Vema deeps is 0.046°C or 0.40 mK/km (0.040°C per
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Figure 7. Conservative temperature (a) and along-channel (b) velocity distributions at the eastern section across the
Romanche Fracture Zone. Locations of the Conductivity-Temperature-Depth/Lowered Acoustic Doppler Current Profiler
casts are shown in the inset of the bottom panel. Station numbers are indicated along the upper axis in panel (a). The ocean
bottom based on the multibeam data is shown by gray color.

100 km distance), indicating quite low rate of abyssal mixing. For comparison, the increase in bottom potential
temperature between the entrance and exit of the Romanche FZ exceeds 1°C (more than 1.0 mK/km on aver-
age) (Morozov et al., 2021); the increase in the eastern part of the strait is 0.5°C/250 km (2.0 mK/km) (Ferron
et al., 1998); the increase along the spillway in the western part of the fracture zone reaches 0.15°C (3.4 mK/km)
(Tarakanov et al., 2018). However, even a value of 0.39 mK/km is quite high in comparison with other abyssal
channels and especially abyssal basins; for instance, the horizontal gradient of potential temperature in the Vema
Channel is less than 0.1 mK/km (Frey et al., 2018). It should be noted that the observed increase in bottom
temperatures occurs east of 19.3°W after the main sill of the northern channel. Before the sill, the conservative
temperature increases by no more than 0.005°C, while after the sill, the increase reaches 0.037°C.

Cross-channel changes in the bottom conservative temperature are much more significant than the changes in
the longitudinal direction. Thus, the difference in minimum conservative temperatures between the northern and
southern channels is 0.040°C at the main sill and 0.038°C at the eastern sill. As the Coriolis force is negligible,
the observed differences are caused by the asymmetry of the bottom topography.

As for the velocity structure (Figure 8b), the eastward currents are clearly seen almost at all stations; the maxi-
mum speeds are 19 cm/s in the northern, 21 cm/s in the central, and 15 cm/s in the southern channel, indicating
the importance of all channels to the bottom water exchange between the Vavilov and Vema deeps. Currents
within the basins are slower; the velocities at the background stations 62023 and 62045 do not exceed 11 cm/s.
Along the southern wall of the Romanche FZ, an opposite flow was observed at station 62036; the current speed
reached 13 cm/s. However, as this westward flow is not observed in the narrowest part of the southern channel,
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Figure 8. Bottom conservative temperature Cy. (a) and maximum velocities in the Antarctic Bottom Water layer (b) in the
study region based on our Conductivity-Temperature-Depth and Lowered Acoustic Doppler Current Profiler measurements.
Conservative temperatures are presented from the deepest measurement at each station (5—7 m above the seafloor). The
velocity was determined based on the maximum magnitude in the layer below the abyssal pycnocline and above the bottom.
The area shallower than 4,600 m is shown by gray color based on the multibeam survey. The short variants of station numbers
without the first three digits are indicated in panel (a).

we can conclude that this is a local current within the Vema Deep. Most likely, this flow does not contribute to
the water exchange between neighboring deeps of the Romanche FZ.

Conservative temperature evolution along the northern (Figure 9), central and southern (Figure 10) channels
were studied together with the longitudinal component of velocity. One can see that the conservative temperature
does not change along the northern channel up to the shallowest sill at 19.337°W (station 62039). Exact values
of the bottom conservative temperature are 0.689°C (station 62023), 0.693°C (station 62024), 0.695°C (station
62026), 0.700°C (station 62040), 0.698°C (station 62039). After the main sill, a fast bottom current is formed
and intense mixing leads to a significant increase in conservative temperature, from 0.698°C (station 62039) to
0.718°C (station 62044) and 0.735°C (station 62045). Note that station 62045 is located in the wides part of the
Vema Deep; thus, no significant changes in bottom temperature should be expected east of this station. This fact
was confirmed by French measurements in the early 1990s, when several measurements were performed along
the Romanche FZ (Mercier & Morin, 1997). As for the bottom velocities, they are quite low before the main sill
(2 cm/s at station 62023, 5 cm/s at station 62024, and 5 cm/s at station 62026), become high nearly the shallowest
sill (11 cm/s at station 62040, 12 cm/s at station 62039, 8 cm/s at station 62044), and finally, the bottom flow
slows down and the velocity at station 62045 is 3 cm/s. The structure of the deep jet at 3,700-4,300 m is totally
different. This current can be seen at all stations independently of the local sills of the northern channel; thus,
its maximum velocity is 9 cm/s before the sill (station 62023), 15 cm/s in the middle part (station 62026), and
11 cm/s after the sill (station 62045). Some low velocities of the deep jet measured at some stations are probably
caused by the meandering of the flow relative to the thalweg of the channel rather than actual slowdowns of the
deep jet.

Sections along the thalwegs of the central and southern channels were made with much higher resolution
(Figure 10); the distance between the neighboring stations varied between 4.1 and 10.7 km. In the central and
southern channels, relatively slow spillway flows were found; a similar but much faster spillway was previously
found at the entrance to the Romanche FZ (Tarakanov et al., 2018). In the central channel, the flow accelerates
after overflowing the sill (the maximum velocity is 21 cm/s at station 62041) and then splits into three jets located
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Figure 9. Conservative temperature distribution (shown in shades of gray) along the flow in the northern channel of the sill.
Station numbers are indicated along the upper axis. Profiles of Lowered Acoustic Doppler Current Profiler along-channel
velocity components are shown at each station by red (positive velocities are directed to the Vema Deep along the thalweg)
and blue (negative velocities in the opposite direction) shading. The velocity scale is the same for all profiles and presented in
the lower right corner. The ocean bottom is shown by deep yellow based on the multibeam data. Location of the stations over
the section is shown in the bottom panel by red points.

at 4,510 (12 cm/s), 4,830 (6 cm/s) and 5,250 m (10 cm/s) observed at station 62042. Farther downstream, high
velocities are observed in layer 4,500-5,000 m, but there are no significant currents below the 4,500 m level. The
structure of currents along the southern channel is quite similar. The flow accelerates in the bottom layer up to
12 cm/s at station 62033 and then is observed at some distance above the bottom. Near the bottom, an opposite
current with the maximum velocities up to 6 cm/s was found.

As for temperature changes, the minimum bottom conservative temperature changes from 0.740°C at station
62034 to 0.737°C at station 62035 and 0.736°C at station 62037, indicating that the deepest layer is occupied
by the waters propagating from the east after passing the northern channel. Similar variations of thermohaline
properties are observed in the central channel. The main conclusion here is that the central and southern channels
provide eastward transport of relatively warm AABW, while the coldest AABW propagates both eastward and
westward after passing through the northern channel; Figure 8a also clearly demonstrates this circulation pattern.

3.4. Long-Term Variations of Thermohaline Water Properties in the Vema Deep

The long-term temperature variations in the AABW layer are a subject of numerous works. However, direct
repeated measurements are extremely rare in the Romanche FZ, which was the motivation for our measurements
in the Vema Deep. The eastern section consisted of four stations (36-39) repeated the French section carried out
on 15-16 August 1991 from the R/V L'Atalante, allowing studies of long-term variations in the properties of
abyssal waters in the Vema Deep. Occasionally, our stations in 2022 were performed on the same dates, on 15-16
August. In total, four stations were carried out in 2022 instead of five stations in 1991 along the same line between
the northern and southern walls of the Romanche FZ. Three stations (62036, 62038, 62039) were performed at
the same points as the previous measurements; station 62037 was displaced 1.6 km north along the section to a
shallower point due to technical reasons. All stations were used for the analysis of temperature distributions in
1991 and 2022 (Figure 11).

As was pointed out in Section 3.3, the coldest waters propagate through the northern channel. Waters in this chan-
nel are 0.04°C colder than in the continuation of the southern channel, which is more than 1,000 m deeper. This
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Figure 10. Conservative temperature distribution (shown in shades of gray) along the flow in the central (a) and southern

(b) channels of the sill. Station numbers are indicated along the upper axes of (a) and (b) panels. Location of the stations over
the section is shown in panel (c) by yellow (central section) and green (southern section) dots. Profiles of Lowered Acoustic
Doppler Current Profiler along-channel velocity components are shown at each station by red (positive velocities are directed
to the Vema Deep along the thalweg) and blue (negative velocities in the opposite direction) shading. The velocity scale is the
same for all profiles and presented in the lower left corner of panel (a). The ocean bottom in panels (a) and (b) is shown by
deep yellow color based on the multibeam data.

is a very uncommon temperature distribution caused by peculiarities of the bottom topography of the sill between
the Vavilov and Vema deeps. This fact was confirmed by both surveys; a difference of 0.04°C is the same in 1991
and 2022. Conservative temperatures in the central and southern channels are the same; the 0.001°C difference is
on the edge of the instrument accuracy. As can be seen from Figure 11c, the entire AABW layer below 4,000 m
has become warmer; the average difference with the previous measurements is 0.06°C—0.07°C. Only a small area
at the lower level of the abyssal pycnocline at a depth of 4,000 m became warmer by more than 0.1°C. It should
be noted that temperatures near the bottom have increased by almost the same value in all three channels. Thus,
the observed increase was 0.066°C in the central and northern channels and 0.065°C in the southern channel.
This homogenous structure of bottom waters confirms the fact that the deepest layers of the central and southern
channels are filled from the east by the waters from the northern channel. This circulation pattern leads to the
observed identical warming of all bottom waters.

On the contrary, the NADW layer has generally become colder by the same value. Given that the relatively warm
NADW layer has become colder, and the cold AADW layer has become warmer, we can assume that abyssal
mixing between these two water masses intensified leading to the observed changes.

Another survey in the western part of the Vema Deep was carried out on 18 April 1994 from the R/V Knorr. In
August 2022, we repeated one station from their section at a depth of 5,757 m. A comparison between two pairs
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Figure 11. Conservative temperature (C;) distributions measured in December 1991 (a) and August 2022 (b) at the section
in the eastern part of the sill. Distribution of conservative temperature anomalies is shown in panel (c). The ocean bottom
is shown based on the multibeam data. Exact values of the bottom conservative temperature are indicated by blue color at
the bottom of each station; the 31-year differences between these values are indicated in panel (c) by red color. Locations
of stations are shown by solid gray (stations in 1991) and white (stations in 2022) lines. The color scale for conservative
temperature distributions is the same in (a) and (b) panels.

of stations is presented in Figure 12. Conservative temperature variations between profiles at 0.38°S, 19.32°W
performed in 1991 and 2022 are shown in Figure 12a; the same comparison for stations at 0.35°S, 19.00°W
performed in 1994 and 2022 is shown in Figure 12b. The results confirm previous conclusions about warming
of the entire AABW layer from the abyssal pycnocline to the bottom. The bottom temperature at 19.32°W has
become higher at 0.066°C; the increase at 19.00°W was 0.070°C. In contrast with stations at 19.32°W, no signif-
icant cooling of the NADW layers was observed at 19.00°W; instead, the depth of the pycnocline has decreased
by approximately 155 m. Thus, it does not seem possible to determine the causes of the observed warming based
on such scanty data; possible reasons are warming of the AABW waters, increased mixing, or changes in the
intensity of bottom flows in the region.

4. Discussion

This study presents a new data set of direct measurements performed at one of the key points of the AABW
spreading in the Romanche FZ. The survey covered the narrow sill between the Vavilov and Vema deeps. It is
well known that acceleration of bottom flows occurs at such abyssal sills; the dynamics of these flows was studied
theoretically (Whitehead, 1998; Whitehead et al., 1974) as well as by numerical simulations (Frey et al., 2019;
Wadley & Bigg, 1995), laboratory experiments (Cossu et al., 2010; Davarpanah Jazi et al., 2020; Morozov
et al., 2012), and field observations (see e.g., a review in Morozov et al. (2021)). Despite numerous works dedi-
cated to the direct current observations of the AABW flows in the Romanche FZ, they were concentrated in the
western (Tarakanov et al., 2013; van Haren et al., 2014) or eastern (Mercier & Speer, 1998) part of the fracture
zone. The middle part of the fracture zone, including the sill west of the deepest depression of the Romanche
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Figure 12. Comparison between conservative temperature (C;) profiles measured in 1991 and 2022 at 0.38°S, 19.32°W
and between profiles measured in 1994 and 2022 at 0.35°S, 19.00°W (a). Vertical distributions of conservative temperature
anomalies are presented for both locations: at 19.32°W (b) and at 19.00°W (c).

FZ, was not covered by measurements, and our survey is the first observational evidence of intense currents in
this region. These data allowed us to get new results of the AABW flow through the Romanche FZ, which are
discussed below in the context of previous studies.

First of all, the analysis of a high-resolution DTM compilation based on a series of multibeam surveys revealed
the intricate structure of the sill between two deepest basins of the Romanche FZ, namely the Vavilov and Vema
deeps. Previously, a series of studies pointed out the importance of complex bathymetry in the Romanche FZ
(Kapustina et al., 2021; Mercier and Speer, 1998; Tarakanov et al., 2018; van Haren et al., 2014). As for the
studied sill at 19.5°W, no reliable information is available in the global bathymetry databases; even the modern
GEBCO 2022 version (GEBCO, 2022) does not resolve all three passages for AABW jets over the sill. In addi-
tion, the detailed analysis of the new DTM compilation (Bonatti et al., 1991; Efimov et al., 1996; Gasperini
et al., 1997; Ligi et al., 2002) allowed us to suppose that the northern channel is the pathway for the coldest and
most intense AABW flow; later we confirmed this result by direct observations.

As was shown in Section 3.2, the abyssal flow into the Vema Deep splits into several distinct jets. Previous
studies based on direct velocity measurements suggested a single core of the AABW flow in the Romanche FZ.
In particular, a moored array deployed at 14.767°W (14°46°W) across the flow clearly shows the only velocity
maximum at the center of the section between the walls of the fracture zone (Mercier & Speer, 1998). Similar
structure is observed in the western part of the Romanche FZ based on LADCP measurements at five stations
across the flow (Tarakanov et al., 2013). It should be noted that splitting of the AABW flow was observed in
the spillway of the Romanche FZ (Morozov et al., 2012); however, this is a local effect and this peculiarity is
not observed 30 km downstream based on the LADCP data mentioned above. Thus, the spatial structure of the
current in the region between the Vavilov and Vema deeps significantly differs from previous measurements in
the other parts of the fracture zone. Due to the greater depths and complex topography, the flow splits into three
relatively slow bottom jets and one intense deep jet. This deep jet is limited by abyssal pycnocline from above and
the main sill of the Romanche FZ from below (Figure 13). This main sill is located 650 km downstream.

As for the velocity magnitudes, a maximum value of 19.2 cm/s is observed in the deep jet at a depth of 4,150 m
near the entrance to the Vema Deep at 19.5°W. This value agrees with the moored velocity measurements at
14.767°W (14°46’W), which yielded a maximum velocity of 21.7 cm/s in average, the depth of this maximum
is 4,180 m (Mercier & Speer, 1998). Moreover, the LADCP measurements performed in the western part of the
fracture zone at 22°10.5’ W show a maximum magnitude of 16.1 cm/s at 4,040 m depth (Tarakanov et al., 2013).
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Figure 13. Schematic of the bottom and deep jets of the Antarctic Bottom
Water flow over deep basins of the Romanche Fracture Zone.

Given that the velocities and depths of the deep jet are approximately the
same in different parts of the Romanche FZ, we can suggest that this jet
exists all over the pathway between the Brazil and Guinea basins, as indi-
cated in Figure 13. The bottom jets at 19.5°W are local and provide trans-
port only between the neighboring Vavilov and Vema deeps. It should be
noted that much higher velocities were observed in the deep spillway at the

o motion [, Main 5ill entrance to the Romanche FZ at 22°30'W; the magnitudes reached 58 cm/s

som
oo,

based on moored measurements and 48 cm/s by the LADCP data (Tarakanov
et al., 2018). However, these values were obtained in a very narrow passage.
After passing the spillway, the flow slows down to 16.1 cm/s, as was noted
earlier.

Another important question is the observed warming of the bottom waters in
the Vema Deep. As was shown in Section 3.4, the AABW layer has become
warmer by 0.06°C-0.07°C between the early 1990s and 2022. By now, such
measurements are extremely rare in this region and it is difficult to evalu-
ate any trends in temperatures or causes of the observed warming. The only
relevant data are the measurements carried out over the eastern sill of the
Romanche FZ in 2005 and 2009 (Demidov et al., 2006; Morozov et al., 2010). These measurements repeated the
French measurements performed in the early 1990s and resulted in almost the same values of the temperature
increase (0.05°C-0.07°C). Almost the same potential temperature trend was observed in the Vema Channel at
31°S; the temperature increase during the last 30 years is approximately 0.06°C (Campos et al., 2021). However,
the Antarctic waters propagate to the Equator during much longer time than 30 years and it is unlikely that
this signal reached the Romanche FZ. While the age of the bottom waters in the northern Argentine Basin is
approximately 30 years (Smythe-Wright & Boswell, 1998), the existing estimates for the age of bottom waters
in the Northern Atlantic are approximately 275 (Stuiver et al., 1983) or 288 (Matsumoto, 2007) years. Thus, the
temperature increase in the abyssal waters within the Romanche FZ is probably related to some local changes in
the regime of abyssal circulation or increased mixing. Anyway, further measurements are important for studies of
the variability of thermohaline and kinematic properties in the deepest layers of the Romanche FZ.

5. Summary and Conclusions

In this paper, we analyzed a set of recent CTD and LADCP measurements performed by the Shirshov Institute of
Oceanology in the Romanche FZ in August, 2022. We focused on the overflow between the Vavilov and Vema
deeps at 19-20°W. Based on these new data, we obtained the first observational evidence of the intense abyssal
currents in this region and compared our results with the previous in situ measurements organized in different
parts of the Romanche FZ. The results of this work are listed below:

1. The new DTM compiled from several multibeam surveys showed complex bathymetry of the sill between
the Vavilov and Vema deeps not revealed by other topography databases. Three quasi-zonal channels deeper
than 4,700 m were found at the sill; their topography and thalwegs were analyzed in the context of the AABW
spreading along the Romanche FZ.

2. The detailed LADCP survey has shown the multi-jet structure of the AABW flow into the Vema Deep over
the studied sill. Three bottom jets flow in each channel; one additional and most intense deep jet is observed
at depths of the abyssal pycnocline. The comparison of our data with the historical ADCP and moored meas-
urements suggest that this deep jet is observed along the entire Romanche FZ. This fact emphasizes the impor-
tance of the shallowest sill in the Romanche FZ at 13.68°W (13°41°W) as the main topographic barrier for the
AABW flow between the Brazil and Guinea basins.

3. The measured maximum velocities of the bottom jets were 12 cm/s (northern channel), 21 cm/s (central
channel), and 13 cm/s (southern channel); the maximum observed velocity of the deep jet was 19 cm/s. The
comparison of our measurements with the historical data has shown that the velocity of the deep jet remains
almost constant over the entire fracture zone. The AABW transports into the Vema Deep were estimated at
0.28 Sv (northern channel), 0.10 Sv (central channel), and 0.04 Sv (southern channel); the transport of the
deep jet is 0.98 Sv. The total observed transport of AABW into the Vema Deep is 1.40 Sv.

4. The northern channel was proved to be the main source of bottom waters in the Vema Deep; it provides the
transport of the coldest AABW flow. The spatial distribution of conservative temperature indicate that the
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bottom water can spread westward (instead of general eastward direction) in a thin bottom layer after passing
the northern channel. Local spillways were found in the central and southern channels similar to the previ-
ously observed deep spillway in the western part of the Romanche FZ.

5. The comparison with historical CTD data has shown an increase in the bottom temperatures of the entire
AABW layer in the Vema Deep. An increase of 0.06°C—0.07°C over the last 30 years is almost constant for
the layer deeper than the abyssal pycnocline. On the contrary, the deep layers of NADW have become colder,
which may be an indication of changes in the flow regime and corresponding mixing in the deepest parts of
the Romanche FZ.
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