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1. Introduction

In order to understand the diversity of exoplanet climates, we have investigated aquaplanet climates with atmospheric gener
circulation models (AGCMs). For example, Ishiwatari et al. (2007) (hereafter, referred to as INTHO7) explored the solar constant
dependency of aquaplanet climates in which the limit of longwave radiation of planet and atmospheric general circulation are
considered, as an extension of previous studies (e.g., Budyko, 1969) with one-dimensional energy balance models (EBMSs). The
found a globally ice-covered state, a partially ice-covered state and a runaway greenhouse state, and showed the multiplici
of solutions, even in an AGCM with many degrees of freedom. But they excluded the ocean general circulation. However,
the development of computational science enables the studies of exoplanet climates, considered the ocean general circulati
(e.g., Marshall et al., 2007). In particular, Rose (2015) (hereatfter, referred to as R15) investigated the solar constant dependen
of aquaplanet climates with a coupled atmosphere-ocean-sea ice model, and indicated the ocean heat transport produced a r
stable equilibrium state (waterbelt state). However, he used a simplified AGCM, and did not focus on cases of large solar consta
where the runaway greenhouse state may exist. In this study, as an extension of INTHO7, we explore solar constant depender
of a coupled atmosphere-ocean-sea ice system on an aquaplanet. We also investigate the change of climatic regimes with 1
ocean general circulation, and consider the role of ocean on aquaplanet climates.

2. Model and Experimental setup

We use our developing coupled atmosphere-ocean-sea ice model. The atmospheric model is an AGCM, DCPAM, in whict
three-dimensional primitive equations are solved. Based on INTHO7, a gray atmosphere radiation scheme (Nakajima et al
1992), moist convective adjustment scheme and large condensation scheme (Manabe et al., 1965), and Mellor and Yama
level 2 scheme are applied. The ocean model is a zonally averaged two-dimensional ocean general circulation model in whic
hydrostatic Boussinesq equations are solved. The mixing due to meso-scale eddies and convection is parametrized (Gent &
McWilliams, 1990; Marotzke, 1991). The sea ice model is a thermodynamics model based on Winton (2000). The surface albed
is set to 0.5 where surface temperature is below 263 K, otherwise set to 0. In order to evaluate the influence of ocean gener
circulation clearly, three configurations are considered: swamp, slab, and dynamic ocean. The value of solar constant, S,
specified every 50 W/fin the range between 900-1600 W/nThe number of atmosphere model grid is 64x32x32 fo1850
W/m?, otherwise 64x32x16. The number of grid points on ocean and sea ice models is 64x60 and 64, respectively. For mos
of cases, the initial condition is a rest atmosphere and ocean with 280 K, while some other conditions are also used to examir
the multiplicity. The time integration for swamp/slab ocean experiments is basically performed over about 300 years, and, for
dynamic ocean experiment, over about 30,000 years with periodically synchronous coupling.

3. Results

The statistically equilibrium state of coupled system in a control case (S=1388)W¢produces the atmospheric and oceanic
fields qualitatively, obtained from INTHO7 and R15. In the dynamic ocean experiment, three climatic regimes appear with
multiplicity, as in INTHO7. The regime diagrams for dynamic ocean experiment is qualitatively similar to ones for swamp/slab
ocean experiments, and the ocean general circulation seems to have a dramatic impact on the climates. The significant differer
from R15 is that the runaway greenhouse state is contained, and the disconnection of branch of partially ice-covered state is n
found. In order to examine the detailed branch structure, we perform further numerical experiments gradually varying the sola
constant.
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