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Abstract
The Atlantic Multidecadal Oscillation (AMO) is known to have significant influences on climate and extreme weather. Here, we show for the first time that the AMO is also linked to the North Atlantic Ocean gyre variability. We used both observations and model simulations to show that the inter-hemispheric winds play the main role to produce a robust wind stress curl influence over the tropical and subtropical North Atlantic, and thus influence the subtropical North Atlantic gyre variability. Around 26oN, for instance, the AMO can explain up to 25% of the total variance in the wind-driven gyre variability. We use 30 years of Florida Straight volume transport measurement to confirm the important role played by the AMO. We also find that, for the Yucatan Channel transport, the wind-driven gyre variability linked to the AMO explains about 20% of the variance, while the 20% of the residual (non wind-driven component) can be explained by the Atlantic Meridional Overturning Circulation variability at 30oN. 

1. Introduction

    The North Atlantic Sea surface temperature (SST) shows a low frequency multidecadel variability, which is defined as Atlantic Multidecadal Oscillation [AMO, Kerr, 2000; Enfield et al., 2001; Delworth and Mann 2000]. The AMO is known to have significant influences on climate and extreme weather variability over the North Atlantic Ocean and the surrounding continents. It has been linked to the multidecadal variations in Sahel and India summer rainfall [Folland et al., 1986; Rowell et al., 1995], North American and European summer climate [Zhang and Delworth 2006; Sutton and Hodson 2005] and Atlantic Hurricane activity [Goldenberg et al., 2001]. During a positive phase of the AMO, there are warmer temperatures in Europe, less rainfall over the central United States, more rainfall in Florida and the Sahel, stronger and more frequent hurricanes in the North Atlantic [Sutton and Hodson 2005; Enfield et al., 2001; Ting et al., 2011]. The AMO is considered to be an internal oscillation of the ocean–atmosphere climate system [e.g., Schlesinger and Ramankutty, 1994], as argued by DelSole et al. [2011] argues that the internal multidecadal variability, separable from the anthropogenic signal and centered in the Atlantic, contributes significantly to the global warming trend of the recent decades (1977–2008). The future SST increase in the North Atlantic can be also amplified or negated due to the internal multidecadal variability. Therefore, the long-term variation in Atlantic Ocean Circulation at multi-decadal scales is important in understanding future anthropogenic climate change in the Atlantic Ocean and can also be considered as the uncertainty for future climate predictions. 
Previous work have indicated that there are two dominant modes of low-frequency SST variability in the North Atlantic in the twentieth century: the decadal time scale tripole mode and the multidecadal time scale monopole mode. Most previous work about the North Atlantic Ocean gyre is related to the SST anomaly tripole mode associated with the North Atlantic Oscillation (NAO) and the NAO is widely recognized as the most significant pattern of climate variability in the North Atlantic and a strong competitor to ENSO in terms of global significance [e.g. Visbeck et al. 2001; Marshall et al. 2001b; Hurrell et al. 2001]. The NAO can also affect the subtropical and subpolar circulations and water mass formation rates and properties [Curry et al., 1998]. Marshall et al. [2001] further inspected the observed patterns of wind stress curl and air-sea heat ﬂux associated with the NAO and use them to discuss the dynamical response of ocean gyres to NAO-induced forcing. They introduced the idea of “intergyre”, a gyre anomaly that straddles the climatological conﬂuence of the subtropical and sub-polar gyres and is driven by meridional shifts in the wind pattern. Lee and Wang [2008] also discussed the relationship between inter-hemispheric wind and gyre variability. Their modeling work showed that inter-hemispheric wind associated with warmer than normal SST anomalies in the TNA may leads to co-variability of the cross equatorial gyre circulation and subtropical gyre circulation. Since the importance of the surface wind stress, the variability of North Atlantic gyre has been linked to the main mode of wind stress variability, the NAO [Curry et al., 1998; Boning et al., 2006] and the AMO [Hakkinen et al., 2011]. However, most of the previous study focuses on the relationship between NAO and North Atlantic Ocean gyre; only few work discuss the relationship between the AMO and the North Atlantic Ocean gyre. Thus, in this study we will mainly focus on understand the mechanism that is responsible for the multidecadal time scale mode. Visbeck et al. [2003] reviewed the observational and modeling evidence of the roles of atmospheric forcing and ocean dynamics in NAO-related climate variability and also pointed out the increasing importance of ocean dynamics at much longer time scales. Hkkinen et al. [2011] argue that the strength of Atlantic subpolar gyre is related to the Atlantic Multi-decadal Variability (AMV) and the AMV can have a weak influence on the atmospheric circulation and may contribute to the low-frequency variability of atmospheric blocking in the subpolar gyre. Because of the importance of long-term variation in Atlantic Ocean Circulation at multi-decadal scales, in this paper we mainly focus on how the AMO affect the variability of North Atlantic gyre using the model output from a 138-yr long CCSM3_POP model simulation, with a particular focus on the tropical and subtropical gyre. 

    Since the North Atlantic western boundary currents system, including the Yucatan Current (YC) and Florida Current (FC), is an important component of the subtropical gyre circulation, it is hypothesized that the strength of subtropical gyre is related to the variation of the volume transport across the Yucatan Channel and Florida Straits. The Florida Current transport, defined as the transport between Florida and Grand Bahama, is one of the best known and most frequently integral quantities measured in the world's ocean. Previous work has documented the mean strength of FC transport and shown that there is some relationship between FC transport and interannual and longer-period atmospheric signals. For example, Baringer and Larsen [2001] analyzed the 16-yr time series of the FC transport and found the 2-yr running mean of FC transport variability appears to anti-correlate with the atmospheric NAO over the period of 1982-1998. DiNezio et al. [2009] proposed a mechanism to explain this anti-correlation relationship based on the fast propagation of first baroclinic mode Rossby waves forced by basin interior WSC variability. However, in most recent few years, the anti-correlation relationship is less certain [Meinen et al. 2010; Beal et al. 2008]. Therefore, the relationship between western boundary current transport and low-frequency forcing (i.e. NAO and AMO) is still unclear. Therefore, in this work we will further examine the relationship between the western boundary current transport and the low-frequency forcing using both observations and model simulations.

    The paper is organized as follows. Section 2 first describes the model output and dataset used. Section 3 shows the wind stress and wind stress curl (WSC) forcing associated with AMO variability. Section 4 investigates the relationship between AMO and YC transport based on the CCSM3_POP model output. Section 5 further confirms the importance of AMO on the North Atlantic Ocean gyre variability the using the new SODA dataset. Finally, the results are summarized and discussed.

2. Description of Model Output and Observational Dataset 

    In this work we use the model output from the global ocean-ice coupled model of the NCAR Community Climate System Model version 3 (CCSM3) forced with the 20th Century Reanalysis (20CR) surface flux fields for 1871-2008, as described in Lee et al. [2011]. The 20CR [Compo et al., 2011] is the first estimate of global surface fluxes spanning the late 19th century and the entire 20th century (1871– 2008) at daily temporal and 2° spatial resolutions. The ocean model is divided into 40 vertical levels. Both the ocean and ice models have 320 longitudes and 384 latitudes on a displaced pole grid with a longitudinal resolution of about 1.0 degrees and a variable latitudinal resolution of approximately 0.3 degree near the equator. For the model spin-up process, a fully coupled (atmosphere-land-ocean-ice) CCSM3 control experiment is performed for 700 years with the pre-industrial climate condition of the 1870s. The 700th year output of the CCSM3 spin-up run is used to initialize the CCSM3_POP, which is further integrated for 200 more years using the daily 20CR surface flux fields for the period of 1871-1900. After the total of 900 years of spin-up run, the CCSM3_POP is integrated for 1871-2008 using the real-time daily 20CR surface flux fields. 
    To further confirm the CCSM3_POP model results, we also use the new Simple Ocean Data Assimilation (SODA 2.2.6) product [Giese and Ray, 2011], which is similar to previous SODA reanalysis, except that it uses the 20CR surface boundary conditions for moment fluxes. The ocean model of SODA is based on the Parallel Ocean Program (POP) ocean model with a horizontal resolution that is on average 0.4° (longitude) × 0.25° (latitude) and with 40 levels in the vertical. The ocean model surface boundary conditions are provided from eight ensemble members from atmospheric reanalysis 20CR. Surface wind stress from 20CR is used in the ocean model for the surface momentum fluxes. Solar radiation, specific humidity, cloud cover, 2m air temperature, precipitation and 10m wind speed from 20CR are used for computing heat and freshwater fluxes. SST observations from ICOADS 2.5 are assimilated using the SODA software package. The model output, such as temperature, salinity, and velocity, is averaged by month and is mapped onto a uniform global 0.5° (longitude) × 0.5° (latitude) in the horizontal grid spherical coordinate with 40 levels in the vertical [Jones 1999].
     This study also uses approximately 30 year of daily estimates of FC volume transport derived from voltages recorded on several telephone cables near 27oN, which is available online at (www.aoml.noaa.gov/phod/ﬂoridacurrent/index.php). The cable time series contain several gaps due to the instrument failures and the funding vagaries; here we just use the simple linear interpolation technique to fill all the gaps of the monthly FC transport.
3.  Results
3.1. Wind Stress and WSC forcing associated with AMO variability 
     Figure 1a and 1b show the monthly wind stress curl (WSC) and wind stress regressed onto the AMO index for the 1871–2008, obtained from the CCSM3_POP model simulation. Figure 1c show the zonal averaged wind stress and wind stress curl regressed onto the AMO index for the 1871–2008. As clearly shown in Figure 1a, the spatial pattern of AMO-WSC co-variability leads to a positive WSC anomaly in the subtropical North Atlantic (between about 15oN and 50oN) and a negative WSC anomaly in the tropical Atlantic region (between about 10oS and 15oN) during a positive phase of the AMO. During a positive phase of the AMO, both the westerly winds in the subtropical region and the northeasterly trade winds in the tropical North Atlantic are weakened (shown in Figure 1b and c). This, in turn, causes a positive WSC anomaly and anomalous Ekman divergence over the subtropical North Atlantic, and thus leads to a weakening of the subtropical North Atlantic gyre circulation. 

    Figure 2 shows the monthly barotropic streamfunction (BSF) regressed onto the AMO index from 1871 to 2008, obtained from the CCSM3_POP simulation. As shown in Figure 2, the positive phase of AMO is associated with the anomalous cyclonic subtropical gyre circulation (between about 15oN and 50oN) and anomalous anti-cyclonic tropical gyre circulation (between about 10oS and 15oN). As shown by Figure 1b, the inter-hemispheric winds play the main role to produce a robust wind stress curl influence over the tropical and subtropical North Atlantic, and thus influence the subtropical North Atlantic gyre variability. During the positive phase of AMO, SSTs become warmer than normal in the tropical North Atlantic and there are weakening the northeasterly trade winds in the North Atlantic and strengthening southeasterly trade winds in the South Atlantic. The surface wind anomalies thus lead to the meridional SST gradient near the equator, which may associate with the positive phase of Atlantic Meridional Mode (AMM). The AMM is the dominant source of coupled ocean-atmosphere variability in the tropical Atlantic and is characterized by an anomalous meridional gradient of SST between the tropical North and South Atlantic [Nobre and Shukla 1996, Wang 2002], thus here we define the SST anomaly difference between the tropical North Atlantic (TNA) and tropical South Atlantic (TSA) regions is thus defined to measure the meridional gradient mode (referring to Wang 2002). Figure 3 show the time series of the AMO and AMM for the period of 1871-2008, obtained from the CCSM3_POP simulation. As clearly shown by Figure 3, the positive phase of AMO is consistent with the positive phase of the AMM and the correlation coefficient between the AMO and AMM arrived at 0.52. The AMM exhibits strong variability on interannual to decadal timescales [Vimont and Kossin 2007]. During a positive phase of the AMM, the Atlantic intertropical convergence zone (ITCZ) is displaced northward, causing drought in Northeast Brazil. Warmer than normal sea surface temperatures and weaker than normal vertical wind shear during positive phases of the AMM tend to enhance tropical cyclone development in the Atlantic. The conditions are opposite for the negative phase of the AMM.
3.2. Observed Florida Current transport variability 

   Because Atlantic western boundary currents system (including the Yucatan Current and Florida Current) plays an important role in the North Atlantic gyre circulation and the transport between Florida and Grand Bahama is one of the best known integral quantities measured in the world's ocean, in this section we use the observed FC transport to compare with the above CCSM3_POP model results and further test the relationship between the FC transport and interannual and longer-period signals. Previous work has documented the mean strength of the FC transport and suggested that there is some relationship between the FC transport and interannual and longer-period atmospheric signals. For example, Baringer and Larsen [2001] compared the 2-yr running mean of FC transport variability and found that the FC transport appears to anti-correlate with the atmospheric NAO index over the period of 1982-1998.  DiNezio et al [2009] suggested that a substantial part of FC transport variability at 3-12 yr periods can be explained by low-frequency WSC variations and the wind-driven circulation plays an important role. Schmitz et al. [1992] have shown that the subtropical gyre wind-driven circulation accounts for about 17 Sv of the total transport of the Florida Current at 25oN, with a remaining 13 Sv identified as the contribution of thermohaline-driven ocean circulation. Base on the Sverdrup theory, we divided the total FC transport into two parts: the wind-driven component and the residual component. In the classical theories of the wind-driven ocean circulation (Stommel 1948; Munk 1950), this is balanced by an opposite flowing, the frictional western boundary current. Here, we estimate ocean circulation changes in response to changes of the large-scale wind stress curl using linear flat-bottomed Sverdrup dynamics.
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where Ψw specifies the transport across a given latitude due to the curl of wind stress, β is the meridional gradient of the Coriolis parameter, k is a unit vector pointing in the vertically upward direction, and τ is the wind stress. The integral is evaluated from the eastern boundary to the outside of the western boundary. Changes of the interior Sverdrup transport predicted by (1) are expected to be balanced by changes of the western boundary current transport, forming anomalous horizontal gyre circulations. A positive zonal wind stress curl at 26oN would force a southward Sverdrup transport in the interior along the same latitude. Figure 4a shows the 1-yr running mean monthly time series of the telephone cable derived and CCSM3_POP model simulated total FC transport between April 1982 and December 2011. 
    Figure 4b and 4c shows the time series of observed wind-driven component and residual (total minus wind-driven component) component of FC transport compared with the FC volume transport obtained from the CCSM3_POP model output. The correlation coefficient between the model simulated total FC transport and the wind-driven component is 0.53. The correlation coefficient between observed total FC transport and wind-driven FC transport is 0.34. Although 30 years observational data is not long enough for multi-decadal time scale analyses, we can still confirm the important role played by the AMO. The observed wind-driven FC transport is highly correlated with AMO and FC wind-driven transport explains a significant portion of the observed FC transport variability. Around 26oN, for instance, the AMO can explain up to 25% of the total variance in the wind-driven gyre variability.  
4. Relationship between AMO and YC transport

    Since the North Atlantic western boundary currents system, including the Yucatan Current (YC) is an important component of the subtropical gyre circulation, in this section we focus on the YC transport variability during the 20th century. Figure 5a shows the time series of the total volume transport across the Yucatan Channel during the 1871–2008 period obtained from the CCSM3_POP. As shown by Figure 5a, the mean strength for the YC volume transport is about 21 Sv, which is slightly smaller the observation estimate probably due to the coarse resolution of the CCSM3_POP model. However, what is interesting is that the YC volume transport shows a multi-decadal oscillation. If we detrend the total YC volume transport and compare with the AMO index, we found that the total volume transport is highly anti-correlated with the AMO index (shown in Figure 4b). The correlation coefficient between the YC transport and the AMO index is -0.48, which is quite unexpected. To investigate the reason why the positive phase of AMO is associated with the reduction of the YC transport, the total YC volume transport are also divided into two components: the wind-driven component and the residual component. According to Sverdrup theory, changes of the interior Sverdrup transport predicted by (1) are expected to be balanced by changes of the western boundary current transport. The wind-driven component of the YC volume transport is calculated by integrating the wind-stress curl from the eastern boundary, along the latitude of Yucatan Channel (21oN) to the western boundary, with an opposite sign. Figure 5c shows the time series of the wind-driven component and the residual component of the YC transport, along with the total YC transport. The wind-driven component accounts for 53% of the total variance of the YC transport. The correlation coefficient between the total YC transport and  the wind-driven component and residual component is 0.52 and 0.09, respectively. This means that the YC transport is wind-driven, as well as thermohaline driven, with the variation of wind-driven component is more related to the variation of the total volume transport, and thus the wind-driven component is dominant. If we compare the wind-driven YC volume transport with the AMO index, we found that the wind-driven YC transport variability is highly anti-correlated with the variability of AMO (shown in Figure 6a) and the correlation coefficient between the wind-driven YC transport and the AMO index is -0.43. This indicates during the positive phase of AMO there is a positive WSC anomaly in the subtropical region, causing the Ekman divergence and anomalous cyclonic circulation, leading to the reduction of the YC transport, and vice versa. Figure 6b show the time series of the residual (total minus wind-driven component)  YC transport compared with the AMOC index. Here, we use the the maximum overturning stream function at 30°N as the AMOC index. As clearly shown by Figure 6b, the residual YC transport is highly correlated with the AMOC variability, and thus mainly thermocline-driven. Therefore, for the YC transport, the wind-driven gyre variability linked to the AMO explains about 20% of the variance, while the 20% of the residual (non wind-driven component) can be explained by the AMOC variability at 30oN.

5. Comparison with the new SODA dataset 
    In this section, we use the new SODA dataset to further confirm the importance of AMO on the North Atlantic Ocean gyre variability. Figure 7a shows the monthly wind stress curl (WSC) and wind stress regressed onto the AMO index for the 1871–2008 using the SODA 2.2.6 dataset. Consistent with Figure 1, during the positive phase of AMO, the spatial pattern of AMO-WSC co-variability leads to a positive WSC anomaly in the subtropical North Atlantic and the anomalous Ekman divergence over the subtropical North Atlantic, and thus results in a weakening of the subtropical North Atlantic gyre circulation. 
     As indicated by Figure 8a, the YC transport derived from the SODA dataset clearly show a multi-decadal variability and the correlation coefficient between the YC transport obtain from the SODA dataset and the YC transport from the CCSM3_POP model output arrives at 0.61. The wind-driven YC component from SODA dataset is weaker compared with that from CCSMP_POP model output and accounts for 36% of the total YC transport. As shown by Figure 8b, the correlation coefficient between the total YC transport and wind-driven component is 0.37, while the correlation coefficient between the total YC transport and residual component is 0.08. Therefore, the wind-driven component is dominant and reflects the variability of the total YC transport. By using the SODA dataset, we found that the wind-driven component is highly anti-correlated with the AMO index (Figure 9), the correlation coefficient between the wind-driven YC transport and AMO index is -0.352, the residual YC transport is mainly thermohaline-driven with the correlation coefficient between the residual YC transport and AMOC index is 0.52). 

6. Summary and Discussions
    Here, we mainly examine the North Atlantic gyre variability using a coarse-resolution climate model simulation and our model results show that the AMO is linked to the North Atlantic Ocean gyre variability. Both observations and the ocean reanalysis simulation to show that the inter-hemispheric winds, associated with the AMO, play the main role to produce a robust wind stress curl influence over the tropical and subtropical North Atlantic, and thus influence the subtropical North Atlantic gyre variability. Around 26oN, for instance, the AMO-induced gyre variability explains up to 25% of the total variance in the wind-driven gyre variability. The spatial pattern of AMO-WSC co-variability leads to a positive WSC anomaly in the subtropical North Atlantic and a negative WSC anomaly in the tropical Atlantic region during a positive phase of the AMO. During a positive phase of the AMO, both the westerly winds in the subtropical region the northeasterly trade winds in the tropical North Atlantic are weakened. This, in turn, causes a positive WSC anomaly and anomalous Ekman divergence over the subtropical North Atlantic, and thus leads to a weakening of the subtropical North Atlantic gyre circulation and reduction of Yucatan Channel transport. We use 30 years of Florida Straight volume transport measurement to confirm the important role played by the AMO. We also find that, for the YC transport, the wind-driven gyre variability linked to the AMO explains about 20% of the variance, while the 20% of the residual (non-wind-driven component) can be explained by the AMOC variability at 30oN.
    In this paper, we use the simple Sverdrup theory to examine the variability of the horizontal gyre-wide transport. Model results show that the changes in the large-scale wind forcing and associated changes in the tropical and subtropical gyre circulation are found to be the main cause of the changes of the volume transport across the Yucatan Channel and Florida Straits. However, the results presented here are mainly based on the CCSM3_POP model simulation and SODA dataset, which has the typical spatial resolution of 1o (0.5 o for SODA dataset), which may have a limited ability to resolve the regional western boundary current system (i.e. Yucatan Current, Loop Current and Florida Current). The downscaled high-resolution model simulation is required to understand the North Atlantic gyre variability and the relationship between AMO and the western boundary current transport. Future studies are needed for the decadal and multidecadal air–sea interactions in the North Atlantic and further heat content analysis are also required to study how the natural climate variability (i.e. AMO) affects the North Atlantic gyre during the 20th century. Future longer term (multidecadal scale) observations of FC volume transport will also help to monitor and predict the variability of the North Atlantic gyre circulation.
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