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Abstract

The interannual variability of the Antarctic Circumpolar Current (ACC) transport in the Drake Passage is studied on the basis of simulations performed using the Argo-based model for Investigation of the Global Ocean (AMIGO), which consists of a block for variational interpolation of the Argo floats data to a regular grid and a block for model hydrodynamic adjustment of variationally interpolated fields. Such a technique allows us to obtain a complete set of oceanographic characteristics from irregularly located Argo measurements: temperature, salinity, density, and current velocity. The calculation results are presented as monthly, seasonal, and annual means and climatological fields. The mean ACC transport through the Drake Passage in 2005–2014 was estimated at  162±5 Sv (1 Sv  =106 m 3 s −1). Two additional numerical experiments were carried out in order to study the contribution of the wind forcing to the interannual variability of the ACC transport: the real thermohaline fields corresponding to the particular time period were replaced by climatic ones (Experiment 1); the real wind forcing data were replaced by the climatic ones (Experiment 2). Analysis of the results of numerical experiments has shown that variable wind stress forcing is the key factor controlling the interannual variability of the ACC transport through the Drake Passage. 
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 Abstract

The interannual variability of the Antarctic Circumpolar Current (ACC) transport in the Drake Passage is studied on the basis of simulations performed using the Argo-based model for Investigation of the Global Ocean (AMIGO), which consists of a block for variational interpolation of the Argo floats data to a regular grid and a block for model hydrodynamic adjustment of variationally interpolated fields. Such a technique allows us to obtain a complete set of oceanographic characteristics from irregularly located Argo measurements: temperature, salinity, density, and current velocity. The calculation results are presented as monthly, seasonal, and annual means and climatological fields. The mean ACC transport through the Drake Passage in 2005–2014 was estimated at  162±5 Sv (1 Sv  =106 m 3 s −1). Two additional numerical experiments were carried out in order to study the contribution of the wind forcing to the interannual variability of the ACC transport: the real thermohaline fields corresponding to the particular time period were replaced by climatic ones (Experiment 1); the real wind forcing data were replaced by the climatic ones (Experiment 2). Analysis of the results of numerical experiments has shown that variable wind stress forcing is the key factor controlling the interannual variability of the ACC transport through the Drake Passage. 
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  The most powerful current in the World Ocean is the Antarctic Circumpolar Current (ACC), which encircles Antarctica from west to east. The Drake Passage is the only area of the Antarctic where the ACC extends from one continental slope to another (Figure 1). This fact determines the applicability of this region to obtain reliable estimates of the ACC transport. According to the classical concepts, the ACC geostrophic flow extends from the sea surface almost to the bottom. However, the analysis of hydrographic data shows that in the Drake Passage the current is limited to the depths of 2000–2500 m in its axial part (near the Polar Front) and up to the depths of 1000–1500 m at the northern and southern peripheries of the current [Tarakanov, 2012]. At depths below the ACC a very intense (but with a near-zero total transport) abyssal circulation is formed, which is controlled by strongly-dissected bottom topography [Koshlyakov et al., 2013; Tarakanov, 2012]. The near-zero balance of the bottom circulation in the Drake Passage means that any total cross-section transport corresponds to the total ACC transport through the passage.

The available quasi-simultaneous estimates of the Drake Passage transport are made using geostrophic calculations based on hydrographic section data and a barotropic correction calculated using either the direct Acoustic Doppler Current Profiler measurements (lowered or shipboard) of the current velocities [Cunningham et al., 2003; Gladyshev et al., 2008; Koshlyakov et al., 2010, 2011, 2012, 2013; Renault et al., 2011], or Absolute Dynamic Topography (ADT) derived from the satellite altimetry data [Koshlyakov et al., 2007]. These transport estimates widely range from 100 to 185 Sv (1 Sv  =106 m 3 s −1).

The first estimates of the total transport through the Drake Passage dated back to the early 1980s were based on a year-long moored time series of currents accompanied by the hydrographic data sections [Whitworth, 1983; Whitworth and Peterson, 1985]. According to these studies, the total transport through the passage is  134±11 Sv. However, even these authors note that this value is underestimated because of the insufficient data coverage in the regions of submarine slopes of the passage. Recently, a total transport of  173±11 Sv was estimated on the basis of measurements in 2007–2011 on an array of more than 20 moorings across the Drake Passage [Donohue et al., 2016]. The long-term (1993–2012) variability of the three flow components across the passage (total, barotropic, and baroclinic) with a reference level of 3000 m was analyzed from satellite altimetry observations along one of the tracks in the Drake Passage [Koenig et al., 2016]; the corresponding transports were estimated at  140±10,  28±13, and  112±7 Sv. It should be noted that all of the above estimates of the total transport through the Drake Passage are based on relatively short-term (up to a few years) or even episodic direct current observations.

 The development of a global array of free-drifting profiling floats in the beginning of the 21st century (known as the international Argo Program) provides oceanographic community with the unique opportunity to continuously monitor the Southern Ocean and the ACC transport. Starting from 2005, measurements with the Argo floats have been performed over the major part of the World Ocean: today up to 3800 active floats autonomously profile the upper 2000-m of the ocean with a 10-day interval. The Argo-based model for Investigation of the Global Ocean (AMIGO), developed at the Shirshov Institute of Oceanology of the Russian Academy of Sciences (SIO RAS), makes it possible to obtain a complete set of oceanographic characteristics: temperature, salinity, density and current velocity from irregularly located Argo measurements [Lebedev, 2016].

This work continues the authors' studies of the role of wind stress in the formation of the large-scale oceanic circulation [Ivanov and Lebedev, 2003] and its variability [Ivanov and Lebedev, 1996, 2003]. As it was shown in the previous studies [Ivanov and Lebedev, 1996, 2003], the variability of currents and, correspondingly, their transports are generally determined by non-stationary wind forcing at the ocean surface. The main goal of this research is to estimate the seasonal and interannual variability of the ACC transport on the basis of the AMIGO simulation results, and to study the role that wind forcing might play in the variability of the ACC transport.

 Data and Methods

The study of the ACC transport variability is performed using the AMIGO simulations [Lebedev, 2016], based on Argo floats data [Argo, 2000] and ECMWF ERA-Interim reanalysis wind stress [Dee et al., 2011]. The model consists of a block for variational interpolation to a regular grid of irregularly distributed Argo data [Kurnosova and Lebedev, 2014; Lebedev et al., 2010] and a block for model hydrodynamic adjustment of variationally interpolated fields [Ivanov et al., 1997; Lebedev, 1999]. The maps of ADT data (http://www.aviso.altimetry.fr/duacs/) derived from the Aviso satellite altimetry [Ducet et al., 2000] averaged over the corresponding time interval were used to control and verify the solution when selecting the model parameters. The calculations cover the 10-year period from 2005 to 2014; the data are represented as 120 monthly, 40 seasonal, and 10 annual means with the one degree spatial resolution. The 10-year Argo climatology includes 12 months, 4 seasons, and climatic year. The comparison of model simulations with the drifter data revealed that temperature and salinity fields calculated using the Argo data and the variational interpolation on a regular grid restore realistic currents fields [Lebedev et al., 2016; Sarkisyan et al., 2016]. The use of sea surface salinity (SSS) data, derived from the Argo measurements using the described above variational technique, improves the interannual variability of the mixed layer depth in the ocean general circulation models, also so-called "barrier layers" are reproduced when the Argo SSS is used [Furue et al., 2018]. The AMIGO database is freely available in the Internet at the official SIO RAS server at http://argo.ocean.ru/.

Two additional numerical experiments were carried out in order to study the contribution of the wind forcing to the variability of the ACC transport. In Experiment 1, the temperature and salinity fields, used in the AMIGO calculations, were replaced by the climatic ones (the simulation for January 2005 was performed using January 2005–2014 AMIGO climatology and January 2005 wind stress data, and so forth). This allowed us to estimate the impact of the wind stress forcing on the ACC transport variability.

In Experiment 2, the wind stress data, used in the AMIGO simulations, were replaced by the 2005–2014 climatic ones (the simulation for January 2005 was performed using January 2005 AMIGO temperature and salinity data and averaged over 2005–2014 January wind, and so forth). These calculations were aimed at estimating the contribution of the interannual thermohaline variability to the total ACC transport variability.

 Results
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  A map of the AMIGO-based mean salinity and currents of the Atlantic sector of the Southern Ocean is shown in Figure 2. The West Wind Drift, Benguela, Brazil, and Falkland currents are well pronounced in the velocity field, as well as the northern and southern ACC branches. The ACC position can be reliably traced along the salinity minimum: the Subantarctic Front (SAAF), which is the northern boundary of the ACC, is clearly seen in the salinity field. North of the Falkland Islands, the SAAF forms a sharp loop-like meander as a result of the separation of the northward Falkland Current from the ACC in that region. The southern ACC boundary is also clearly seen: the salinity at this depth is minimal in the ACC area, and increases when approaching Antarctica due to the Circumpolar Deep Water upwelling in the Weddell Gyre.

The mean ACC transport over the period of 2005–2014 trough the Drake Passage based on the AMIGO monthly mean data was diagnosed as  162±5 Sv. The maximum transport value equal to 173 Sv occurred in May 2006, the minimum value of 149 Sv was recorded in July 2007. The value of the mean ACC transport trough the Drake Passage is in a good agreement with the recent estimates of  173±11 Sv based on a large number of current observations in the passage [Donohue et al., 2016].
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  Intradecadal variability of the ACC transport through the Drake Passage is presented in Figure 3. The results of the AMIGO numerical simulations are shown by the blue solid line. The results of numerical Experiment 1 with replacement of the real temperature and salinity fields by the corresponding 2005–2014 climatic ones are represented by the green dash-dotted line. The thin red dashed line corresponds to the results of numerical Experiment 2, in which the wind stress data for the corresponding seasons averaged over 2005–2014 were used instead of the real ones.

Analysis of the ACC transport variability in the Drake Passage based on the AMIGO data (blue solid line) shows that the transport variations do not exhibit notable seasonality, especially in the monthly mean data (not drawn): significant deviations occurred in 2007, 2009, 2011, and 2013. The maximum variability of the ACC seasonal mean transport was recorded in 2005, when the transport decreased from 169 Sv in austral winter to 158 Sv in spring. The interannual variability reaches 9 Sv in austral fall and winter and 6 Sv in austral spring and summer seasons. Low absolute values accompanied by the weak intraannual transport variability were recorded during the whole year in 2007. In the following years, the maximum values of transport through the Drake Passage were observed in austral winter, while the minima occurred in austral spring and summer seasons.

The ACC transport variations in Experiment 1, in which the real seasonal wind was used with the climatic seasonal temperature and salinity data (green dash-dotted line), are very similar to the transport variations in the AMIGO simulations (blue solid line). The interannual variability values in this case are also very close to the AMIGO ones.

The transport variations in Experiment 2, in which the climatic wind for the corresponding season was used with the real seasonal temperature and salinity fields (red dashed line), remarkably differs from previous simulations, exhibiting well pronounced seasonality with an austral winter maximum and spring-summer minimum. Note, that the difference between the winter and summer transports in this case does not exceed 6 Sv. The interannual variability is very weak and does not exceed 3 Sv: the minimum and maximum values of transports are 163 and 166 Sv in the austral winter and 159 and 162 Sv in the austral spring, respectively.

 Conclusions

The following conclusions can be drawn from the results presented in the paper.

 

	 The AMIGO simulations based on the Argo data for the period of 2005–2014 allowed us to estimate the ACC transport and its variability in the Drake Passage. The ACC transport is diagnosed at  162±5 Sv. The variations of ACC transport through the Drake Passage do not exhibit notable seasonality. The maximum value of the monthly mean transport was estimated at 173 Sv in May 2006, the minimum value of 149 Sv occurred in July 2007. The diagnosed mean ACC transport is in a good agreement with the recent estimates based on the current observations in the Drake Passage. 
	 A numerical experiment with the replacement of the real seasonal wind stress data in the AMIGO simulations by the corresponding values averaged over the period of 2005–2014 showed that in this case the variability of the ACC transport in the Drake Passage exhibits strong seasonality, but the difference between the values of austral winter and summer transports noticeably decreases, and the interannual variability becomes weak. This result makes it possible to conclude that the Southern Ocean thermohaline interannual variability has only a slight effect on the variability of the total ACC transport through the Drake Passage.
	 A numerical experiment with the replacement of the real temperature and salinity fields in the AMIGO simulations by the corresponding climatic ones showed that in this case the variability of the ACC transport in the Drake Passage is very similar to the ACC transport variability observed in the original AMIGO simulations. Thus, we conclude that variable wind stress forcing is the key factor responsible for the interannual variability of the total ACC transport through the Drake Passage. 
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Figure 1. Mean dynamic topography CNES-CLS09 [Rio et al., 2011]. The region of closed streamlines of the geostrophic current corresponding to the Antarctic Circumpolar Current is shown with the green color.
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Figure 2. Maps of the annual mean velocities and salinity in the Atlantic sector of the Southern Ocean at 250 m. Velocity scale is shown with an arrow. Salinity color scale is shown on the right.
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Figure 3. ACC transport (Sv) through the Drake Passage calculated using AMIGO data (blue solid line), using Experiment 1 (green dash-dotted line), and Experiment 2 data (red dashed line). All the data are represented as seasonal values over the period of 2005–2014.
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