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1. Early development in climate modeling and prospect for the future
In 1958, J. Smagorinsky of US Weather Bureau invited me to join his group, which later became the Geophysical Fluid Dynamics Laboratory of NOAA. Having almost completed the PhD thesis at University of Tokyo, I accepted the invitation, and joined his group. Immediately, I participated in the development of a general circulation model of atmosphere, which eventually became a coupled atmosphere-ocean-land model of climate. I will describe my personal involvement in the early development of a hierarchy of climate models with various complexities. In particular, I will identify some of the challenging problems we encountered and discuss how they were solved. Finally, I would like to propose a strategy for the future development of Earth System Model.  
2. Simulation of Younger Dryas event and its implication for future climate change.
Using a coupled ocean-atmosphere model, this study explores the physical mechanism responsible for so-called abrupt climate change such as Younger Dryas events. In response to massive fresh water discharge into northern North Atlantic over 500 years, the simulated thermohaline circulation (THC) weakens in the Atlantic Ocean, reducing surface temperature over the northern North Atlantic and surrounding regions. Upon the termination of fresh water discharge on the 500th year, the THC begins to intensify, regaining its original intensity in a few hundred years. The sudden onset and termination of fresh water induce an irregular, multi-decadal fluctuation in the THC intensity, yielding almost abrupt climate changes.
A similar, but much weaker fluctuation of the THC is also evident in the control integration of the coupled model without freshwater forcing. It is often accompanied by the multi-decadal fluctuation of the subarctic gyre, which yields surface salinity anomaly similar to “Great Salinity Anomaly”.

Finally, the role of the THC in future climate change is discussed. 

Reference
Manabe, S. and R.J. Stouffer, 1999: The role of thermohaline circulation in climate, Tellus, 51 A-B, 91-109. (#15 of my bibliography at http://www.gfdl.noaa.gov/reference/bibliography/authors/manabe.html).
3. Oceanic response to large changes in atmospheric carbon dioxide: Why was CO2 concentration of air so low at the last glacial maximum? 

Using a coupled ocean-atmosphere model, this study evaluates the equilibrium response of ocean to the doubling, quadrupling and halving of CO2 concentration in the atmosphere. Special emphasis of the study is placed upon the CO2-induced changes in thermohaline circulation (THC) and the structure of water masses. The paleoclimatic implications of the result are discussed.

When the atmospheric concentration of CO2 is halved, the climate of the coupled model becomes substantially colder than the last glacial maximum, yielding the Atlantic THC, which is very weak and shallow. In the Circumpolar Ocean of the Southern Hemisphere, thick perennial sea ice extends beyond the Antarctic polar fronts, covering the region of deepwater upwelling not only in winter but also in summer. One can speculate that, during the last glacial maximum, such a thick sea ice could have prevented the ventilation of CO2-rich water in the Circumpolar Ocean and is responsible for maintaining low CO2 concentration in the atmosphere. As the thick sea ice diverges due to the Ekman drift of surface water, it is replaced by newly formed sea ice. Because of brine rejection resulting from the rapid freezing of sea ice, very saline surface water is generated, thereby enhancing the formation of Antarctic Bottom Water. Thus, a very thick layer of saline and cold bottom water develops, thereby making the THC very shallow and weak in the Atlantic Ocean.

On the other hand, the Atlantic THC is active and has the intensity, which is comparable among the quasi-equilibrium states with the standard, twice the standard, and four times the standard CO2 concentrations in the atmosphere. For these CO2 concentrations at least, there is another distinctly different, stable mode of the THC, which is characterized by the very weak, reverse overturning circulation with no ventilation of subsurface water in the North Atlantic Ocean.

*Stouffer, R.J., and S. Manabe, 2003, Equilibrium response of thermohaline circulation to large changes in atmospheric CO2 concentration, Climate Dynamics, 20, 759-773.

(#4 of  Manabe_Bibliography at http://www.gfdl.noaa.gov/reference/bibliography/authors/manabe.html).
4. Southern Oscillation in a coupled ocean-atmosphere model: Amplitude modulation and CO2 sensitivity

An analysis is presented of simulated ENSO phenomena occurring in three 1000-yr experiments with a low resolution global coupled atmosphere ocean GCM. Although the model ENSO is much weaker than the observed one, its life cycle is qualitatively similar to the observed. Several observational studies have shown that the amplitude of ENSO has varied substantially between different multidecadal periods during the past century. A wavelet analysis of a multicentury record of eastern tropical Pacific SST inferred from δ18O measurements suggests that such a multi-decadal amplitude modulation of ENSO has occurred for at least the past three centuries. A similar multidecadal modulation occurs for the model ENSO (2-7-yr band), which suggests that much of the past amplitude modulation of the observed ENSO could be attributable to internal variability of the coupled atmosphere-ocean system. 

In two 1000-yr CO2 sensitivity experiments, the amplitude of model ENSO decreases slightly and the period of oscillation increases relative to the control run in response to either doubling or quadrupling of CO2. This decreases variability is due in part to CO2-induced change in the model’s time-mean basic state, including a reduced zonal SST gradient and increased depth of thermocline. In contrast to the weaker overall amplitude, the multidecadal amplitude modulations become more pronounced with increased CO2. Since the multidecadal fluctuations in the amplitude of the model ENSO’s amplitude are comparable in magnitude to the reduction in variability due to a quadrupling of CO2, the result suggest that the impact of increased CO2 on ENSO is unlikely to be clearly distinguishable from the climate system noise in near future.  
Reference

Knutson, T.R., and S. Manabe, 1997: Simulated ENSO in a coupled ocean- atmosphere model: Multidecadal amplitude modulation and CO2 sensitivity. Journal of Climate, 10(1), 138-161.

Knutson, T.R., and S. Manabe, 1998: Model assessment of decadal variability and trends in the Tropical Pacific Ocean. Journal of climate, 11(9), 2273-2296. 
#26 and #18 of my bibliography at

http://www.gfdl.noaa.gov/reference/bibliography/authors/manabe.html
5. Projected change in water availability due to global warming
Using a coupled ocean-atmosphere-land model with improved computational resolution, this study explores the changes of the water availability (i.e., river discharge and soil moisture), which could occur by the middle of the 21st century in response to combined increases of greenhouse gases and sulfate aerosols based upon an IS92a scenario. In addition, it presents the simulated change in water availability, which may be realized in a few centuries in response to the quadrupling of CO2 concentration in the atmosphere.

For river discharge, our results indicate general increase. The discharge from Arctic rivers such as Mackenzie and Ob’ increases by a few tenths by the middle of the 21st century and in several tenths in a few centuries. In the tropics, the discharges from the Amazonas and Ganga-Brahmaputra also increase substantially, increasing the frequency of flood. However, the percentage changes in runoff from other tropical and many mid-latitude rivers are smaller with both positive and negative signs.
For soil moisture, our results indicate reductions during much of a year in many semi-arid regions of the world such as southwestern region of North America, the northeastern region of China, the Mediterranean coast of Europe, and the grasslands of Australia and Africa. The percentage of the reduction is relatively large and the frequency of drought increases particularly during the dry season. The drying in semi-arid regions induces the outward expansion of deserts to the surrounding semi-arid regions.
In high and middle latitudes, soil moisture decreases in summer but increases in winter over very extensive regions of both Eurasian and North American continents.
Our results suggest that water is going to be more plentiful in those regions of the world that are already “water-rich”. However, water stresses will increase significantly in regions and seasons that are already relatively dry. This could pose a very challenging problem for water resource management around the world.
Reference
Manabe, S., P.C.D. Milly, and R.T.Wetherald, 2004: Simulated long-term changes in river discharge and soil moisture due to global warming. Hydrology Science Journal, 49 (4), 625-642. (#2 of Manabe’s bibliography at http://www.gfdl.noaa.gov/reference/bibliography/authors/manabe.html.

