Methods

20th Century Reanalysis (20CR). It is virtually impossible to properly initialize a global ocean model at the mid-20th century due to the paucity of observational hydrographic data for the globe during that period. An alternative approach is to start an ocean model simulation sufficiently earlier than the mid-20th century with an arbitrary set of initial conditions. However, none of the surface-forced ocean model studies so far has been simulated with the surface forcing prior to the mid-20th century because the surface forcing data, which are typically derived from atmospheric reanalysis products such as NCEP-NCAR reanalysis, are limited to the last 50 - 60 years. Recently, the newly developed NOAA-CIRES 20th Century Reanalysis (20CR) has been completed4. The 20CR provides the first estimate of global surface momentum, heat and freshwater fluxes spanning the late 19th century and the entire 20th century (1871-2008) at daily temporal and 2o spatial resolutions. 

CCSM3_POP. The global ocean-ice coupled model of the NCAR Community Climate System Model version 3 (CCSM3) forced with the 20CR is used as the primary tool in this study. The ocean model is a level-coordinate model based on the Parallel Ocean Program (POP). It solves the three-dimensional primitive equations under hydrostatic and Boussinesq approximations. The ice model, the NCAR Community Sea Ice Model version 5, is a dynamic-thermodynamic ice model that computes local growth rates of sea ice due to vertical conductive, radiative and turbulent fluxes. The ocean model is divided into 25 vertical levels. Both the ocean and ice models have 100 longitudes and 116 latitudes on a displaced pole grid with a longitudinal resolution of 3.6 degrees and a variable latitudinal resolution of approximately 0.9 degrees near the equator17. 

CCSM3_POP Spin-up. To spin up the model, the fully coupled (atmosphere-land-ocean-ice) CCSM3 control experiment is performed for 700 years with pre-industrial climate condition of the 1870s. The 700th year output of the CCSM3 spin-up run is then used to initialize the CCSM3 ocean-ice model (CCSM3_POP hereafter), which is further integrated for 200 more years using the daily 20CR surface flux fields for the period of 1871-1900. To incorporate the impact of atmospheric noise, which plays a crucial role in the thermohaline convection and deep-water formation in the North Atlantic sinking regions, during the spin-up, the surface forcing fields in each model year are alternated with those of a randomly selected year from 1871 to 1900. In the 200 years of the CCSM3_POP spin-up run, the simulated AMOC and associated heat transport show no sign of drift after about 150 years. Nevertheless, the 900 years of spin-up may not be long enough for deep oceans to reach a quasi-equilibrium state, if there is any. Therefore, the CCSM3 spin-up run is continued for additional 138 years, which is referred to as the reference run, then subtracted from the real-time runs, which are described below, for each model year to cancel out any potential long-term model drift. 

CCSM3_POP experiments. After the total of 900 years of spin up runs, three model experiments are performed. In the control experiment (EXP_CTR), the CCSM3_POP is integrated for 1871-2008 using the real-time daily 20CR surface flux fields. The next two experiments are idealized experiments designed to understand the Atlantic Ocean heat content change with and without the influence of the northward heat transport change at 30oS. The remote ocean warming experiment (EXP_REM) is identical to EXP_CTR except that the surface forcing fields north of 30oS are from the daily 20CR surface flux fields for the period of 1871-1900 exactly like the spin-up experiment, whereas those south of 30oS are real time as in EXP_CTR. The Atlantic Ocean warming experiment (EXP_ATL) is also identical to EXP_CTR except that the surface forcing fields south of 30oS are from the daily 20CR surface flux fields for the period of 1871-1900 as in the spin-up experiment, whereas those north of 30oS are real time as in EXP_CTR. Note that the Atlantic Ocean warms only through anomalous surface warming in EXP_ATL, and only through anomalous northward ocean heat transport at 30oS in EXP_REM, respectively. 

Acknowledgments. This study was motivated and benefited from the AMOC discussion group of the research community at UM/RSMAS and NOAA/AOML. We acknowledge helpful suggestions from Ping Chang. This work was supported by grants from the NOAA and NSF. 

References

1. Biastoch, A., Boening, C. W. & Lutjeharms, J. R. E. Agulhas leakage dynamics affects decadal variability in Atlantic overturning circulation, Nature, 456, 489–492 (2008).

2. Biastoch, A., Böning, C. W. Schwarzkopf, F. U.  & Lutjeharms, J. R. E. Increase in Agulhas leakage due to poleward shift in the southern hemisphere westerlies, Nature, 462, doi:10.1038/nature08519, 495-498 (2009).

3. Broecker, W. S. The biggest chill, Natural History, 96, 74-82 (1987)  .

4. Compo, G.P., et al. The twentieth century reanalysis project. Quarterly J. Roy. Meteorol. Soc., 137, 1-28. doi: 10.1002/qj.776 (2011).

5. Lee, S.-K., Enfield, D. B. & Wang, C. Future impact of differential inter-basin ocean warming on Atlantic hurricanes. J. Climate, 24, 1264-1275 (2011).

6. Levitus, S., Antonov, J. I. Boyer, T. P. & Stephens, C. Warming of the world ocean. Science 287, 2225-2229, doi:10.1126/science.287.5461.2225 (2000).

7. Levitus, S., Antonov, J. I. Wang, J. Delworth, T. L. Dixon, K. W. & Broccoli, A. J. Anthropogenic warming of earth's climate system, Science 287, 2225-2229, doi:10.1126/science.287.5461.2225 (2001).

8. Levitus, S., Antonov, J. I. Boyer, T. P. Locarnini, R. A. Garcia, H. E. & Mishonov, A. V. Global ocean heat content 1955–2008 in light of recently revealed instrumentation problems, Geophys. Res. Lett., 36, L07608, doi:10.1029/2008GL037155 (2009)  .

9. Lozier, M. S., Roussenov, V. Mark, S. Reed, C. & Williams, R. G. Opposing decadal changes for the North Atlantic meridional overturning circulation.  Nature Geosci. 3, 728-734 (2010).

10. Lumpkin, R. & Speer, K. Global ocean meridional overturning. J. Phys. Oceanogr., 37, 2550-2562  (2007).

11. Rouault, M., Penven, P. & Pohl, B. Warming in the Agulhas Current system since the 1980’s, Geophys. Res. Lett., 36, L12, 602 (2009).
12. Sijp, W. P., & England, M. H. Southern hemisphere westerly wind control over the ocean’s thermohaline circulation. J. Climate, 22, 1277-1286 (2009).

13. Thompson, D. W. & Solomon, S. Interpretation of recent southern hemisphere climate change, 296, 895-899, doi:10.1126/science.1069270 (2002).

14. Van Sebille, E., & Van Leeuwen, P. J. Fast northward energy transfer in the Atlantic due to Agulhas rings, J. Phys. Oceanogr., 37, 2305–2315 (2007).

15. Van Sebille, E., Beal, L. M. & Johns, W. E. Advective time scales of Agulhas leakage to the North Atlantic in surface drifter observations and the 3D OFES model, J. Phys. Oceanogr., in press (2011).

16. Xie, S.-P., Deser, C. Vecchi, G. A., Ma, J. Teng, H. & Wittenberg, A. T. Global warming pattern formation: Sea surface temperature and rainfall. J. Climate, 23, 966-986 (2010).
17. Yeager, S. G., Shields, C. A. Large, W. G. & Hack, J. J. The low-resolution CCSM3. J. Climate, 19, 2545-2566 (2006).

Figure 1. (a) Simulated Atlantic Ocean heat content changes in the upper 3000m and (b) northward ocean heat transports in the South Atlantic at 30oS in reference to 1871-1900 obtained from the three model experiments. The thick black line in (a) is the observed trend of the Atlantic Ocean heat content increase6. 

Figure 2. (a) Time-averaged AMOC during 1979-2008 and (b) time series of the AMOC index (maximum overturning stream function) at 30oS obtained from EXP_CTR. 

Figure 3. (a) Simulated pathways of the northward heat transport (contours) and heat transport vector (vectors) averaged in the upper 3000m for 1979-2008, obtained from EXP_CTR. The unit is K(cm/sec. (b) The difference in the simulated northward heat transport (contours) and heat transport vector (vectors) between 1979-2008 and 1871-1900 periods, obtained from EXP_CTR. (c) Globally averaged zonal wind stress for 1871-1900 and for 1979-2008 periods, obtained from the 20CR.
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