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 Abstract

Antarctic Bottom Water (AABW) occupies the lowest ocean layer in the major part of the Atlantic. Despite the fact that this water has the same origin from the Weddell Sea, thermohaline properties of bottom layers vary strongly in different deep basins. Temperature and salinity increase along the pathways of bottom water propagation is caused by mixing of AABW with the warmer and more saline water in the overlying layers. This mixing strongly intensifies over underwater ridges; in addition, these ridges determine the pathways of bottom water spreading. Thus, the ocean topography plays the most important role in the formation of thermohaline structure of deep basins. In particular, the properties of AABW in the western and eastern parts of the South Atlantic significantly differ from each other. In this paper we compare temperature and salinity structure of the abyssal waters of the Southeast and Southwest Atlantic. We used the results of high spatial resolution modeling and hydrographic measurements for this study. We also simulated the velocity field in the bottom layer of the South Atlantic. 

 Introduction

The Mid-Atlantic Ridge divides the Atlantic Ocean into two parts and causes significant differences between the deep and bottom waters of the West and East Atlantic. These waters originate in the Polar Regions; generally, colder and denser Antarctic waters occupy the bottom layer while warmer and lighter North Atlantic waters are located above them [Johnson, 2008]. The bottom water density difference in the basins of the South and North Atlantic is caused by the relatively shallow submarine ridges between Greenland, Iceland, the Faeroe Islands, and Scotland, which prevent the free propagation of cold bottom Arctic waters to the south [Dickson and Brown, 1994]. Despite the fact that North Atlantic Deep Water (NADW) overlies the ocean bottom in some parts of the North Atlantic [Mantyla and Reid, 1983; Orsi et al., 2001] almost all bottom layers of the Atlantic Ocean are occupied by AABW [Johnson, 2008]. The classical definition of the boundary between these water masses is the isotherm of potential temperature  θ=2° C [Wüst, 1936].

The formation of bottom waters occurs at a few locations on the Antarctic shelf of the Weddell Sea [Orsi et al., 1999; Warren, 1981]. After sinking to the abyssal depths, these waters mix with the Southern Ocean waters and form a northward flow of AABW in the South Atlantic [Ganachaud and Wunsch, 2000; Hogg et al., 1999; Lumpkin and Speer, 2007; Zenk and Hogg, 1996]. The properties of AABW change during its northward propagation. There are only two causes of these temperature and salinity variations: mixing with warmer and more saline layer of NADW and geothermal heating [Banyte et al., 2018; de Lavergne et al., 2016]. The flow patterns of AABW strongly depend on the local topography. In particular, the coldest part of AABW propagates to the equator in the Southwest Atlantic because of the topographic obstacles in its southeastern part [Morozov et al., 2008, 2010]. Thereby, thermohaline properties of bottom waters in different deep-water basins are quite different.

The goal of this work is to study the properties of temperature and salinity distributions in the abyssal basins of the South Atlantic. We used a three-dimensional ocean circulation model with high spatial resolution in the bottom layers for better description of the AABW structure. Two hydrographic sections were used for verification of the model and for studying the evolution of bottom water properties along the pathways of AABW propagation. Some integral characteristics of the waters in deep-water basins were also calculated.

 

 The Data and Methods

Sparse direct observations in the abyssal ocean layer make investigations of bottom waters structure difficult. Simulations with modern numerical models focus on the calculation in the upper part of the ocean; usually, vertical resolution of these models in the deep layers is not sufficient for describing abyssal processes. In this work, we combined two approaches: first of all, we simulated the deep-water circulation using a regional model with a high resolution in the deep layers; in addition, we used direct hydrographic measurements for verification of the model and for detailed analysis of AABW evolution along the pathways of its spreading. 
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	Figure 1

  The Institute of Numerical Mathematics Ocean Model (INMOM) [Zalesny et al., 2010] was used for the simulations. The INMOM is a  σ-coordinate numerical model based on the primitive equations of hydrothermodynamics with the Boussinesq and hydrostatic approximations [Diansky et al., 2002; Frey et al., 2017a, 2017b; Morozov et al., 2019; Zalesny et al., 2012]. The model domain covered the part of the Atlantic Ocean from the equator to 50° S, and from 60° W to 20° E (the domain is shown with thick black lines in Figure 1). The horizontal resolution was  0.05° by latitude and longitude, which gives  1600×1000 model points in the horizontal plane. The domain covers the deep basins of the West and East Atlantic: Angola, Cape, Argentine, and Brazil basins are the regions, which we want to investigate and compare in this study.

The bottom relief was interpolated to the model domain from the GEBCO 2014 digital database [Weatherall et al., 2015]. The climatological data from the World Ocean Atlas 2013 [Locarnini et al., 2013; Zweng et al., 2013] were used as the initial temperature and salinity fields. These data were also specified in a buffer zone with a width of 10 grid points at the liquid boundaries [Klinck, 1995]. The atmosphere-ocean interaction was prescribed by specifying the fluxes of heat, freshwater, and momentum at the boundary. The atmospheric characteristics included air temperature, humidity, and wind velocity at a height of 10 m, atmospheric pressure, longwave and shortwave irradiance, and monthly mean precipitation. They were taken from the CORE database [Large and Yeager, 2009]. The numerical experiment was performed in two stages: at first, the model was spun up using "frozen" temperature and salinity fields; then, the simulation included adjustment of thermohaline properties. This method was suggested in [Sarkisyan, 1991] for computing the velocity field based on known temperature and salinity data.

Prognostic variables of the model are three-dimensional fields of potential temperature, salinity, and components of horizontal velocity. Here, we analyzed temperature and salinity fields on the last day of the calculation. We used the data from two quasi-meridional hydrographic sections (the locations of stations over these sections are indicated with white dots in Figure 1). We chose these two sections because they follow the deep part of the basins in the West and East Atlantic and represent transformation of AABW properties. The first section across the Argentine and Brazil basins was occupied during cruise 17 of the R/V "Akademik Sergei Vavilov" in 2003 [Morozov, 2005]. The route of this cruise covered the main pathway of Antarctic Bottom Water spreading. The data acquisition system consisted of a General Oceanics Rosette multi-bottle array system and Neil Brown CTD profiler. The second section across the eastern basins was carried out during the cruise of the R/V "Ronald H. Brown" along line A13.5 [Bullister et al., 2010]. The data were collected using Sea-Bird Electronics (SBE) 9plus CTD profiler mounted in a SBE 32 aluminum frame.



 Model Verification and Meridional Evolution of AABW Properties

The results of numerical modeling were compared with the direct measurements over two sections in the West and East Atlantic (Figure 1) because bottom water structures in these two regions differ significantly. Quasi-meridional direction of these sections allows us to verify how the model reproduces the evolution of AABW properties. Moreover, the locations of stations in cruise 17 of the R/V "Akademik Sergei Vavilov" were especially chosen along the main pathway of AABW spreading. These stations include the Vema Channel with the most intense flow of AABW in the Atlantic. In the channel, CTD casts were performed near its eastern wall [Morozov, 2005], because the Ekman friction moves the coldest waters to the right relatively to the main northward flow (in the Southern Hemisphere). This effect was investigated in the Vema Channel numerically [Jungclaus and Vanicek, 1999] and observed many times in different expeditions [Morozov et al., 2008, 2010]. The flow of AABW from the Vema Channel was studied in [Morozov et al., 2018].
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  The data used for verification are shown in Figure 2. We compared two properties of AABW: the depth of its upper boundary (Figure 2a), and potential temperature at the ocean bottom (Figure 2b). The stations occupied in cruise 17 of the R/V "Akademik Sergei Vavilov are shown with blue color, and stations from the A13.5 section occupied in the cruise of the R/V "Ronald H. Brown" are shown with green. Solid lines in Figure 2 correspond to the results of our numerical modeling. Bottom temperatures were determined as the temperature of the closest to the bottom sample; usually the CTD cast was stopped at 3–5 meters above the sea floor. As for numerical modeling, potential temperature from the lowest sigma-level was used for comparison with the measured value. The location of the 2° C isotherm at the station was determined by linear interpolation of the temperature profile between samples; the same approach was used for simulated data.

The simulated data presented in Figure 2 were interpolated to the points of measurements for model verification. Parameters of data comparison are shown in Table 1. Standard deviation of the difference between simulated and measured values is about 100 meters over both sections. Simulated bottom potential temperatures over the A13.5 section agree well with the measurements (the mean difference is 0.018° C and standard deviation is 0.11° C). As can be seen from Figure 2b, the temperatures in the West Atlantic at latitudes of 32°–15° S differ significantly. One of the causes of this discrepancy is the narrowness of the Vema Channel located at this part of the section. The resolution of the model does not allow one to restore the AABW flow adequately; thus, simulated values do not agree with the correctly measured ones. The correct simulation is presented in [Frey et al., 2017a] using the same model with much higher horizontal resolution.

 AABW Structure and Velocities in the Bottom Layer of the Atlantic
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	Figure 3

  The results of numerical modeling allow us to study the spatial structure of bottom waters in the South Atlantic. For this analysis, we interpolated three-dimensional temperature and salinity fields from vertical sigma-levels to regular  z-levels with high resolution. Using interpolated data, we calculated horizontal velocities in the AABW layer in the entire South Atlantic (Figure 3). Here we present the velocities at a depth of 4300 m, which corresponds to a depth of the main flow in the Vema Channel. Generally, these velocities do not exceed 5 cm/s; more intense flows are observed in the western part of the Argentine Basin and in the Vema Channel. Correct modeling of these flows requires higher resolution. The main feature of the bottom circulation in the western part of the South Atlantic is the bottom flow of the Deep Western Boundary Current directed to the north. This current is clearly pronounced south of the Rio Grande Rise (south of 30° S). Strong intensification of the bottom current occurs in the Vema Channel (27°–33° S). Based on the numerical modeling, the northerly current becomes less intense north of 27° S and almost disappears in the northern part of the Brazil Basin. However, direct measurements in the ocean reveal that the northerly bottom flow continues further to the equator and north of the equator [Sandoval and Weatherly, 2001].



 

 

 

In the East Atlantic, the inflow of AABW to the Angola Basin based on numerical simulations is revealed in the southern part of the Angola Basin. This conclusion was also made in [Morozov et al., 2010]. The circulation in the bottom layer of the Angola Basin is generally very weak.

	[image: Fig 4]
	Figure 4

  Some aspects of deep-water circulation in this region are discussed in [Frey et al., 2017b]. Distribution of bottom potential temperature (Figure 4) is helpful for determining the main pathways of AABW spreading. The values of potential temperature were taken from the bottom  σ-level of our model.

 	[image: Table 2]
	Table 2

  We calculated some integral parameters of AABW in the main basins of the South Atlantic. The parameters include minimum potential temperature and salinity, maximum potential density referenced to 4000 db ( σ4), and total volume of Antarctic waters below the 2° C potential temperature isotherm (Table 2). The calculation was made for the Argentine, Brazil, Cape, and Angola basins separately. Minimum temperatures were determined from the deepest sigma-level of the model. Usually, the waters with the minimum temperatures are located in the deep part of the basins near the channel with inflow of bottom waters. The minimum salinity in Table 2 was determined as salinity at the points with minimum temperature. Then, maximum potential density referenced to 4000 db was derived using the EOS80 equations [Lewis and Perkin, 1981]. Three-dimensional temperature field interpolated to the  z-levels was used for the calculation of the AABW volume. Horizontal resolution of the field was  0.05° (the same as the model resolution), the vertical resolution was 20 meters. Then, we made the following check for each point of the grid: if potential temperature  θ was lower than 2° C and location of the node was above the bottom, then this volume was added to the corresponding ocean basin. We can see that the AABW volume in the West Atlantic is two times larger than in the East Atlantic; in addition, the waters west of the Mid-Atlantic Ridge are colder and less saline, which makes their density higher (Table 2). 

 Summary and Conclusions

Temperature and salinity structure of bottom waters in deep basins of the South Atlantic were studied on the basis of two hydrographic quasi-meridional sections and simulations using a numerical model with a high resolution in the abyssal ocean layer. The model was verified using the CTD data from these sections. In this study, we focused on the transformation of bottom waters over the pathway of their propagation and on the zonal differences of AABW in the western and eastern parts of the South Atlantic Ocean. Some integral characteristics of bottom waters were calculated for the individual ocean basins, including the Argentine, Brazil, Cape, and Angola basins. The main results of our research related to the numerical simulations and model adjustment are as follows:

	 An adjusted version of the ocean circulation model was applied for investigations of the abyssal ocean layer, including the main pathways of bottom waters and influence of underwater ridges and other features of bottom topography on the spatial structure of deep waters. Narrow abyssal channels are key points of AABW propagation and require sufficient horizontal resolution of the model as well as additional verification. 
	 Significant increase in the bottom temperature is observed over underwater ridges along the pathway of AABW propagation. In addition, its upper boundary becomes much deeper. For example, after crossing the ridge at 30° S in the Southeast Atlantic, the bottom potential temperature increases from 0.7° C up to 1.9° C, while the 2° C isotherm descends by almost 1 km. 
	 Strong differences are observed in the abyssal waters in the Southwest and Southeast Atlantic due to the local peculiarities of the bottom topography. Thus, the total volume of AABW in the West Atlantic is two times greater than in the East Atlantic; the bottom temperature variations between them reach 2° C over the same zonal section. 
	 The flow of AABW to the north is generally concentrated in the abyssal Deep Western Boundary Current. It is well pronounced in the Argentine Basin but becomes weaker in the Brazil Basin. 
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Figure 1. Bottom topography of the South Atlantic based on the GEBCO 2014 data [Weatherall et al., 2015]. The model domain is shown with thick black lines. White dots show the two CTD sections occupied in cruise 17 of the R/V "Akademik Sergey Vavilov" [Morozov, 2005] and A13.5 section in the expedition of the R/V "Ronald H. Brown" [Bullister et al., 2010].
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Figure 2. The data used for verification of the model: depth of 2° C potential temperature isotherm (a) and potential temperature at the ocean bottom (b) along the hydrographic sections in the West (shown with blue colors) and East (green colors) Atlantic. Circles indicate the values at the CTD-stations; solid lines are the data of numerical modeling interpolated to the trajectory of the sections. Some statistical parameters of these data are given in Table 1.
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Figure 3. Vectors of horizontal velocities at a depth of a 4300 m in the South Atlantic based on the results of numerical modeling.
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Figure 4. Bottom potential temperature in the bottom layer of the Atlantic. The data were taken from the deepest  σ-level of the model. The ocean basins with bottom potential temperature greater than 2° C are shown with gray color.
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Table 1. Verification of the Model on the Basis of Two CTD-Sections.  Xmodel and  Xmeas are Modeled and Measured Values, Respectively. These Values Include Calculated Upper Boundary of AABW and Potential Temperature at the Ocean Bottom

		 Maximum 	 Minimum 	 Mean 	 Standard 

		 	 	 	 deviation 

		( Xmodel−Xmeas) 	 ( Xmodel−Xmeas) 	 ( Xmodel−Xmeas) 	 ( Xmodel−Xmeas) 

	AABW level (East), m 	 103 	  −402 	  −117 	 109 

	AABW level (West), m 	 217 	  −303 	  −159 	 101 

	Bottom pot. temp. (East), ° C 	 0.55 	  −0.20 	 0.018 	 0.110 

	Bottom pot. temp. (West), ° C 	 0.66 	  −0.85 	 0.092 	 0.401 
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Table 2. AABW Properties in Deep Basins of the South Atlantic Based on the Numerical Simulation

	Basin 	 Minimum pot. 	 Minimum 	 Maximum density 	 Total AABW 

		 temperature, ° C	 salinity, psu 	  σ4, kg/m 3 	 volume, 10 6 km 3 

	Argentine 	  −0.25 	 34.67 	 46.09 	 10.8 

	Brazil 	 0.15 	 34.69 	 46.05 	 9.2 

	Cape 	 0.6 	 34.71 	 45.99 	 5.6 

	Angola 	 1.9 	 34.88 	 45.88 	 3.5 
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