Statement of Work

1. Introduction

The tropical Pacific hosts the largest climate signal of El Niño–Southern Oscillation (ENSO), which affects weather, extreme events and climate globally through atmospheric teleconnections. Therefore, it is important to accurately simulate and predict the tropical Pacific atmosphere-ocean processes in coupled atmosphere-ocean general circulation models (AOGCMs). However, almost all of current climate models suffer from a significant and coherent pattern of sea surface temperature (SST) biases in the tropical Pacific. To better illustrate this point, the tropical Pacific SST bias (simulated - observed) of CMIP5 (Coupled Model Intercomparison Project phase 5) models are shown in Fig. 1. Shown in the upper panel is the ensemble average of 43 CMIP5 models and the lower panel is the NCAR Community Climate System Model version 4 (CCSM4) - all CMIP5 model data (including CCSM4) are obtained from “historical” scenario. The CMIP5 models tend to show warm SST bias in the tropical southeastern and northeastern Pacific and cold SST bias in the central equatorial and tropical southwestern and northwestern Pacific, with the amplitude of SST bias along the west coast of South America exceeding 2(C. It is clear that CCSM4 exhibits similar characteristics of systematic SST biases as in other CMIP5 models, although the cold SST biases in the central equatorial and tropical southwestern and northwestern Pacific are smaller compared to those in the multi-model ensemble means of CMIP5 models. 
These tropical Pacific SST biases shown in Fig. 1 have been attributed to misrepresentations of local processes and/or ocean-atmosphere interactions. The warm SST bias in the tropical southeastern Pacific, for example, have been linked to excessive heat flux into the ocean under the stratocumulus clouds combined with insufficient cooling by ocean transients from the upwelling regions along the eastern coasts (Ma et al. 1996; Philander et al. 1996; Yu and Mechoso 1999; Gordon et al. 2000; Gudgel et al. 2001; Xie et al. 2007). The cold SST bias in the equatorial Pacific has been attributed to an excessive westward extension of the cold tongue from the eastern equatorial Pacific in association with difficulties in the representation of ocean mixing processes and spurious double ITCZ (e.g., Mechoso et al. 1995). Another group of thought involves remote influences of systematic model biases that originate from the higher latitudes (e.g., Wang et al. 2013; Hwang and Frierson 2013) or from the tropical Atlantic Ocean (e.g., Xie et al. 2007; Wang et al. 2010). 

One important question is whether the systematic tropical Pacific errors in CMIP5 models affect the models’ ability to simulate and predict ENSO. Earlier studies have reported that ENSO cycle simulated by AOGCMs is more regular (i.e., less chaotic) and tends to occur more frequently than the observed ENSO cycle, and that the equatorial Pacific SST anomalies associated with ENSO tend to extend too far westward (e.g., Latif et al. 2001; AchutaRao and Sperber 2002; Davey et al. 2002; Joseph and Nigam 2006; Annamalai et al. 2007; Leloup et al. 2008). Some studies showed that when the atmosphere-ocean mean states in the tropical Pacific are artificially corrected, ENSO frequency and ENSO phase lock with the seasonal cycle are indeed improved (e.g., Li and Hogan 1999; Manganello and Huang 2009; Pan et al. 2010), suggesting that reducing the tropical Pacific SST bias in AOGCMs is vital for improving our seasonal climate prediction skill.
The primary aim of this proposal is to identify processes in fully coupled climate models that are responsible for generating and maintaining the systematic SST bias in the tropical Pacific region. We will use CCSM4 as the main modeling tool because CCSM4 suffers from the same systematic SST biases in the tropical Pacific as in other CMIP5 models (see Fig 1.); thus, it is a good proxy model for investigating the sources of tropical Pacific SST bias in CMIP5 models. One of the main objectives of this proposal is to identify and quantify inherent errors in the atmosphere-land model and ocean-sea ice model components of CCMS4, and if and how they are amplified (or dissipated) when the two model components are fully coupled. Our first target is to diagnose the mixed layer heat budget of CCSM4 to identify the heat budget terms that contribute significantly to the tropical Pacific SST bias. Based on what we will learn from the mixed layer heat budget diagnosis, we will focus on the likely hypotheses regarding the sources of the tropical Pacific SST bias, and then further test them by carefully designing numerical model experiments. 
2. Background

2.1 Atmosphere-land model bias 

The main cause of large systematic errors in the tropical Pacific SSTs and inter-tropical convergence zone are not entirely clear. Some studies indicate that a likely source is the deficiency of climate models in reproducing low-level stratus cloud deck over the southeastern (and northeastern) tropical Pacific Ocean (Ma et al. 1996; Philander et al. 1996; Yu and Mechoso 1999; Gordon et al. 2000; Gudgel et al. 2001; Xie et al. 2007). For example, Gordon et al. (2000) performed two sets of GFDL coupled model experiments with and without prescribing the low-level stratus cloud deck in the open ocean to show that much of the GFDL model systematic errors in the tropical Pacific are caused by excessive regional shortwave radiative flux, which is in turn caused by the model’s inability to reproduce the observed amount of low-level cloud in the region. 

CCSM4 also contains the positive shortwave radiative flux bias in the southeastern tropical Pacific (see Fig. 2a). As shown in Fig. 2b, the shortwave radiative flux bias in the southeastern tropical Pacific is almost unaltered when the Community Atmosphere Model version 4 (CAM4), which is the atmosphere-land model component of CCSM4, is forced with observed SST data suggesting that the model’s low-level cloud and shortwave radiation errors are inherent to its atmospheric-land model component, consistent with earlier assessment of other AOGCMs. Evidently, an important question is if the patch of positive shortwave radiative flux bias in the southeastern tropical Pacific is responsible for the warm SST bias in the region. As suggested by Philander et al. (1996), it is likely that the low-level cloud-SST positive feedback mechanism is at work to cause the warm SST bias in the region - the warm SST bias in the southeastern tropical Pacific tends to reduce the low-level cloud cover near the region and thus to increase the local shortwave radiative flux, a positive feedback. 

However, it is important to note that the low-level cloud and positive shortwave radiative flux errors are significantly south of the equator, thus it has no direct impact on the warm SST bias in the eastern equatorial Pacific and near the coast off Peru north of 7(S (see Fig 1b). Additional studies are needed to find the mechanism by which the warm SST bias of the southeastern tropical Pacific affects the eastern equatorial Pacific, if there is any. One possibility is that the warm SST bias and associated decrease in sea level pressure over the southeastern tropical Pacific may weaken the South Pacific anticyclone and the southeast trade winds. The latter then reduces the equatorial entrainment cooling. Another possibility is that the Humboldt Current (i.e., Peru Current) that flows along the west coast of South America carries the warm bias of the southeastern tropical Atlantic toward the eastern equatorial Pacific Ocean (Yu and Philander 1999). A comprehensive mixed layer heat budget analysis is required to test such hypotheses. 

2.2 Ocean-sea ice model bias
Earlier studies have also suggested that the warm SST bias in the southeastern tropical Pacific may be reduced by improving the simulation of coastal upwelling off the coasts of South America (e.g., Large and Danabasoglu 2006). Indeed, as shown in Fig. 3, when the ocean-sea ice model component of CCSM4 is forced by observed surface fluxes, the model shows significant amplitude of warm SST bias in the southeastern tropical Pacific especially near the coast off Peru and Chile, suggesting that inherent errors in the ocean-sea ice model component can significantly contribute to the warm SST bias in CCSM4. 
However, it is important to note that in the OGCM simulation, the ocean-sea ice model is forced with prescribed atmospheric conditions. Flux forms of atmospheric forcing, namely short and longwave radiative heat fluxes, precipitation rate and wind stress are directly used to force the ocean-sea ice model. For latent and sensible heat fluxes, however, bulk equations are used to compute them interactively using wind speed, air humidity and air temperature at 10 m along with the model SSTs. Such a treatment of the turbulent heat fluxes ultimately relaxes the model SSTs toward the prescribed surface air temperature as discussed in earlier studies (e.g., Lee et al. 2007; Liu et al. 2012). Therefore, the SST bias in the surface-forced ocean-sea ice model experiment is not a good measure of inherent errors in the ocean-sea ice model. To better quantify the inherent errors in the ocean-sea ice model component of CCSM4, we need to derive and quantify implicit SST bias linked to the inherent errors in the ocean dynamics processes. A detailed methodology to objectively quantify inherent errors in the ocean-sea ice model is proposed and discussed in section 5.1.

2.3 Remote influence and other hypotheses
Some recent studies have suggested that the systematic tropical Pacific errors in AOGCMs originate from remote regions (Wang et al. 2013; Hwang and Frierson 2013; Xie et al. 2007; Wang et al. 2010). Wang et al. (2013), for instance, argued that the tropical portion of the global SST bias (see Fig. 4a) may be tied to the SST bias in the higher-latitude North Atlantic. They also argued that a realistic simulation of the Atlantic meridional overturning circulation (AMOC) is very important because the AMOC largely determines the northward ocean heat transport in the North Atlantic and thus critically affect the SST bias in the high-latitude North Atlantic (see Fig. 4b). Similarly, Hwang and Frierson (2013) proposed that the tropical Pacific double ITCZ problem in AOGCMs may be associated with models’ errors in the Southern Ocean. Note that these studies mainly argue that cold SST bias in the high-latitude North Atlantic may affect the subtropical atmospheric jet in the Northern Hemisphere to reduce the poleward eddy energy transport and thus warm the tropics in the Northern Hemisphere. Similarly, the cold SST bias in the Southern Ocean can warm the tropics on the Southern Hemisphere through the same mechanism. This mechanism of high-latitude influence on tropics is fully discussed in Kang et al. (2013). 

Xie et al. (2007) and Wang et al. (2010; 013) argued that the cold SST bias in the tropical North Atlantic may be linked to the cold SST bias the equatorial Pacific as well as the warm SST bias in the southeastern tropical Pacific (see Fig 4a). Wang et al. (2010; 2013) suggested that the cold SST bias in the tropical North Atlantic reduces tropical convection over the Western Hemispheric warm pool and reduce adiabatic subsidence over the southeastern tropical Pacific and thus contribute to the low-level cloud and SST bias in the southeastern tropical Pacific. Xie et al. (2007) used a regional atmosphere-ocean coupled model to show that 2(C of cold SST bias in the tropical North Atlantic may result in up to 3(C of cooling in the equatorial Pacific in January-April and a weakened seasonal cycle of the equatorial Pacific SSTs. 

An important lesson to learn from these studies is that improving the simulation of regional processes in the tropical Pacific may not suffice for an overall better model performance as effects of remote biases may override them. There are additional interesting hypotheses regarding the source of the tropical SST bias in climate models. For example, Seo et al. (2006) argue that properly representing equatorial instability waves in climate models may reduce the equatorial warm bias by enhancing the equatorial upwelling. 

3. Research objectives 

The overall goal of our proposed study is to identify processes and/or parameterizations in the state-of-the-art climate models that are responsible for generating and maintaining the tropical Pacific SST bias. CCSM4 is used here as the main modeling tool because it is a good proxy model for investigating the sources of tropical Pacific SST bias in CMIP5 models. Our first target is to analyze the mixed layer heat budget of CCSM4 to (1) identify the heat budget terms that contribute significantly to the SST bias in the tropical Pacific. Once we have some understating about the atmosphere and ocean processes that contribute to the tropical Pacific SST biases, we want to (2) identify and quantify inherent errors in the atmosphere-land model and ocean-sea ice model components of CCMS4, and to (3) understand if and how they are amplified (or dissipated) when the two model components are fully coupled. We are particularly interested in the possible role of local ocean dynamic processes on the SST bias in different key regions. Along the same lines, we also want to (4) determine and quantify the remote influences and to (5) understand if and how local atmosphere-ocean feedback processes amplify (or damp) the error signals.
4. Models and data
4.1 Three primary CCSM4 runs
Our proposed research will be addressed by carefully designing numerical model experiments using CCSM4, which will be run in several different setups including (1) dynamic atmosphere-land with fixed SSTs (EXP_ATM); (2) dynamic ocean-sea ice with fixed surface fluxes (EXP_OCN); (3) fully coupled CCSM4 run (EXP_CPL). Comparisons among these primary model runs along with observation estimates will help us understand the inherent biases in the ocean-sea ice and atmospheric-land components of CCSM4, and how such biases are transmitted from remote regions and/or locally amplified through coupling processes. We will use the standard f19_g16 resolution model – 1.9o resolution (26 hybrid vertical levels, 144 longitudes, 96 latitudes) for the atmosphere-land and variable (0.3 ~ 1() resolution (60 vertical levels, 320 longitudes, 384 latitudes) for the ocean-sea ice. The three primary runs (EXP_ATM, EXP_OCN and EXP_CPL) in the standard resolution (f19_g16) are fully supported in the latest version of CCSM4. 

4.2 Data
To quantify the absolute surface flux bias in the CCSM4 runs, we will use the Coordinated Ocean-sea ice Reference Experiment phase 2 (CORE2) surface flux dataset (Large and Yeager 2009), COADS-based constrained Southampton heat flux data (Grist and Josey, 2003), and the monthly OAFlux data (Yu and Weller 2007). Additionally required data include World Ocean Atlas (Conkright et al. 2002), the climate prediction center merged analysis of precipitation (CMAP, Xie and Arkin 1997) and unconstrained Southampton surface heat flux data (Josey et al. 1998). The historical runs from available CMIP5 models will be also selectively used to assess biases in other climate models and to make some comparisons with CCSM4. 
5. Proposed tasks

5.1. Comprehensive diagnosis of the biases in mixed layer heat budget
As briefly reviewed in section 2, previous studies have proposed some hypotheses regarding the potential sources of the tropical Pacific SST bias in CCSM4 and other AOGCMs. Although such studies provide useful insights, it is important to note that all such studies are speculative until we clearly understand and quantify the roles of different processes that contribute to the bias. Therefore, it is important that we study the mixed layer heat budgets of the coupled model runs in their entirety by analyzing every term including surface heat fluxes, horizontal advections, turbulent mixing at the mixed layer base, oceanic eddy induced mixing as well as numerical diffusion. 

As fully discussed in Lee et al. (2007), a slab mixed layer (i.e., constant mixed layer depth) heat budget analysis is often used if temporal and spatial variations in mixed layer depth are not significant. This assumption fails during the period of winter convection when the mixed layer depth is usually much deeper. To overcome this restriction and to assess the impact of mixed layer variations on mixed layer heat budget, we can diagnose variable mixed layer depth and associated mixed layer heat budget terms using a bulk mixed layer heat budget equation (Lee et al. 2007). However, in the ocean model component of CCSM4, the mixed layer depth is not a prognostic variable, thus interpolation is required to diagnose mixed layer depth and associated mixed layer heat budget terms. Since the two methods have pros and cons, and are complementary to each other, our strategy is to use both the slab mixed layer budget and the bulk mixed layer budget. 

We would like to stress that typical flux biases of CCSM4 over the tropical Pacific region are much larger than the error estimates of observation-based surface flux products. For instance, the estimated surface latent heat flux error in OAFlux data (Yu et al. 2008) is on the order of 10 W m-2 in the tropical Pacific, whereas the corresponding bias in CCSM4 (measured by QLHF [CCSM4] – QLHF [OAFlux]) is as large as 50 W m-2 in the tropical North Pacific (not shown). This suggests that the proposed mixed layer heat budget analysis is a valid method to accurately isolate the terms responsible for the tropical Pacific SST biases in CCSM4. 

In order to understand and quantify the roles of the atmosphere-land model (EXP_ATM) in the generation of the tropical Pacific SST bias, the net surface heat flux bias in EXP_ATM is integrated in time:
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where (w is sea water density, Cpw is specific heat of sea water, D is mixed layer depth from EXP_OCN, QNET[EXP_ATM] and QNET[OBS] are the net surface heat flux from EXP_ATM and the observed surface flux dataset of Large and Yeager (2008), respectively. Note that (TEXP_ATM represents SST bias, which could be potentially caused by the net surface heat flux bias for the duration of t, with assumptions that the atmosphere-land model is coupled with a perfect ocean (i.e., all oceanic heat flux terms are error-free) and there is no air-sea feedback to amplify or damp out the net surface heat flux bias. Obviously, the net heat flux bias in this case (EXP_ATM) does not change the model SSTs because the model SSTs are fixed. Therefore, it is referred to as implicit SST bias in EXP_ATM, hereafter. 

In the surface-forced ocean-sea ice model simulation of (EXP_OCN), the tropical Pacific SSTs are much better simulated than in the fully coupled atmosphere-ocean model (Danabasoglu et al. 2012). However, it is important to note that in such simulations, ocean-sea ice models are forced by prescribed atmospheric conditions. Flux forms of atmospheric forcing, namely short and longwave radiative heat fluxes, precipitation rate and wind stress are directly used to force the ocean-sea ice model. For latent and sensible heat fluxes, however, bulk equations are used to compute them interactively using wind speed, air humidity and air temperature at 10 m along with the model SSTs. Such a treatment of the turbulent heat fluxes ultimately relaxes the model SSTs toward the prescribed surface air temperature as discussed in earlier studies (e.g., Lee et al. 2007; Liu et al. 2012). Therefore, the SST bias in EXP_OCN is not a good measure of inherent errors in the ocean-sea ice model. 

To better quantify the inherent errors in EXP_OCN linked to ocean dynamic processes, we attempt to compute implicit SST bias in EXP_OCN due to the inherent errors in the ocean dynamics processes. The equation for the surface mixed layer temperature bias in EXP_OCN can be written as 
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where (Tm is the ocean mixed layer temperature in EXP_OCN minus the observed mixed layer temperature, um and vm are the ocean mixed layer currents in x- and y-directions, QNET [EXP_OCN] is the net surface heat flux in EXP_OCN (see Lee et al. 2007 for the derivation of bulk mixed layer temperature equation), we is entrainment rate, Te is the ocean temperature at the base of mixed layer. The first three terms on the right side of equation (2) can be regarded as the errors in ocean dynamic processes. Integrating equation (2) in time, after a minor manipulation, we get
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(TEXP_OCN represents implicit SST bias in EXP_OCN due to the inherent errors in the ocean dynamics processes, including horizontal advection and turbulent mixing, for the duration of t with assumptions that there is no air-sea feedback to amplify or damp out the net surface heat flux bias. 

The linear combination of the implicit SST bias in EXP_ATM due to net surface heat flux bias (1) and in EXP_OCN due to spurious ocean dynamic processes (3) can be written as 
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This SST bias is what’s expected when the atmosphere-land model is joined together with the ocean-sea ice model but without allowing air-sea feedback. It is important to note that the implicit SST bias in EXP_ATM + EXP_OCN is independent from the observed surface heat flux product used in the analysis, at least in linear sense, and thus not subject to uncertainty in the observed surface flux product used. 

Evaluating implicit SST bias of EXP_ATM, EXP_OCN and EXP_ATM+EXP_OCN appearing in (1)-(3) and comparing them with the SST bias in the fully coupled CCSM4 run (EXP_CPL) will help us gain some insights on the origins of the tropical Pacific SST bias in EXP_CPL beyond our current understanding. Additionally, in order to generalize our findings for other AOGCMs, we will also perform similar mixed layer heat budget analyses using available CMIP5 model data. The methodology proposed here was successfully tested and used to identify the origins of the tropical Atlantic SST bias in CCSM4 (Song et al. 2013).

5.2 Proposed model experiments 

Once we gain some insights from the diagnosis of mixed layer heat budgets about the processes directly responsible for the tropical Pacific SST bias in CCSM4, we would like to test some of the hypotheses described in section 2 by carrying out the following experiments using CCSM4. The priority and detailed setup of the following experiments can be reorganized based on what we will learn from the mixed layer heat budget analysis. In all the experiments we will be alert to the possibilities for indirect or remote impacts of the changes. For example, an experiment that decreases the shortwave radiative heat flux in the southeast tropical Pacific region could result in SST cooling locally, but also in increased the regional SLP, a strengthened South Atlantic subtropical high and a cooling in the equatorial region due to stronger southeast trades there. A detailed technical plan for the first three experiments is described below. 

Experiment-1: role of southeastern tropical Pacific low-level cloud

In the first experiment, we want to test the hypothesis that the tropical Pacific SST bias in CCSM4 is caused by the model’s inability to reproduce the observed amount of low-level cloud in the southeastern tropical Pacific (Ma et al. 1996; Philander et al. 1996; Yu and Mechoso 1999; Gordon et al. 2000; Gudgel et al. 2001; Xie et al. 2007). For this, we will perform a coupled CCSM4 run nudging the shortwave radiative flux in the southeastern tropical Atlantic region toward the observation. The shortwave radiative flux correction is simply the difference of the shortwave radiative flux between EXP_ATM and observations. This flux correction is added to the surface downward shortwave radiation only in the southeastern tropical Pacific region, but the overlying atmosphere will be also subsequently affected through the changes in the regional SSTs. The mixed layer heat budget analysis described in the earlier section will be carried out using this and the fully coupled model run to understand if and how the regional correction of the shortwave radiative flux reduces the systematic tropical Pacific SST bias in EXP_CPL. We are particularly interested in the role of oceanic advection as a carrier of the warm SST bias from southeastern tropical Pacific to the eastern equatorial region. 

Experiment-2: remote influence from Atlantic Ocean

Wang et al. (2013) analyzed 22 CMIP5 models and suggested that the tropical portion of the global SST bias is tied to the SST bias in the higher-latitude North Atlantic, which is in turn critically determined by the AMOC and the associated northward ocean heat transport. Wang et al. (2010; 2013) also pointed out that the cold SST bias in the tropical North Atlantic reduces tropical convection over the Western Hemispheric warm pool and reduces adiabatic subsidence over the southeastern tropical Pacific and thus contributes to the low-level cloud and SST bias in the southeastern tropical Pacific. In order to test these hypotheses, we will perform a series of CCSM4 sensitivity experiments by removing freshwater in the subpolar North Atlantic. A sustained removal of freshwater in the subpolar North Atlantic will increase the AMOC and thus also increases the associated northward ocean heat transport, ultimately reducing the cold SSTs in the high-latitude North Atlantic. 

We will perform additional experiments to explore the remote influences from the equatorial and tropical North Atlantic SST biases. In these experiments, the model SSTs over the equatorial and/or tropical North Atlantic will be relaxed toward the observed SSTs.

Experiment-3: parameterzing the impact of tropical instability waves 
Seo et al. (2006) suggested that properly representing the equatorial instability waves in climate models greatly reduces the equatorial SST bias. However, it is widely known that tropical instability waves are underestimated in the state-of-the-art climate models due to coarse horizontal resolution of the ocean model component. In this experiment, we will attempt to parameterize the impact of tropical instability waves in CCSM4 without increasing the horizontal resolution of the ocean model component.  In specific, we will estimate the observed global eddy statistics of SST and surface flux fluctuations (band-pass filtered at 5-120days) and explicitly consider them as random noise forcing in the model. Preliminary atmospheric model experiments using this parameterization scheme show some promising results (not shown). 

6. Work plan

S.-K. Lee and a research associate (to be hired) will mainly perform the proposed CCSM4 runs and mixed layer heat budget analysis. C. Wang and S.-K. Lee will work together to design the model experiments and interpret the model results. All CCSM4 experiments will be performed using NOAA high performance computing system (HPCS). If this proposal is granted, we will apply for 184,320 CPU hours per month and 5 TB of scratch disk space. 

We are requesting three years for completing the proposed works. In the first year, we will focus on the three primary CCSM4 runs (EXP_ATM, EXP_OCN and EXP_CPL). A comprehensive mixed layer heat budget analysis will be carried out using the three runs and observation datasets. The proposed CCSM4 experiments described in section 5.2 will be performed in the second and third years. Our general idea is that technically difficult experiments are pushed toward the third year because we will gain more experience in CCSM4 as we progress with the proposed works. Based on what we will learn from the heat budget diagnosis of the first year, the priority of the proposed experiments may be revised. 

References

Conkright, M. E., and collaborators, 2002: World Ocean Database 2001, CD-ROM Data Set Documentation. Silver Spring, MD, National Oceanographic Data Center, 137 pp.

Danabasoglu, Gokhan, Susan C. Bates, Bruce P. Briegleb, Steven R. Jayne, Markus Jochum, William G. Large, Synte Peacock, Steve G. Yeager (2012), The CCSM4 Ocean Component. J. Climate, 25, 1361–1389.

Davey, M. K., et al. (2002), STOIC: A study of coupled model climatology and variability in tropical ocean regions, Clim. Dyn., 18, 403–420, doi:10.1007/s00382-001-0188-6.

de Szoeke, S. P., and S. P. Xie (2008), The tropical eastern Pacific seasonal cycle: Assessment of errors and mechanisms in IPCC AR4 coupled ocean-atmosphere general circulation models, J. Clim., 21, 2573–2590, doi:10.1175/2007JCLI1975.1.

Grist, J. P. and S. A. Josey (2003), Inverse analysis adjustment of the SOC air-sea flux climatology using ocean heat transport constraints. J. Climate, 16, 3274-3295.

Gordon, C. T., A. Rosati, and R. Gudgel (2000), Tropical sensitivity of a coupled model to specified ISCCP low clouds, J. Climate, 13, 2239– 2260.

Gudgel, R. G., A. Rosati, and C. T. Gordon (2001), The sensitivity of a coupled atmospheric-oceanic GCM to prescribed low-level clouds over the ocean and tropical landmasses, Mon. Weather Rev., 129, 2103– 2115.

Hwang, Y.-T. and D. M. W. Frierson (2013), Link between the double-Intertropical Convergence Zone problem and cloud bias over Southern Ocean. Proc. Nat. Acad. Sci., 110, 4935-4940, doi: 10.1073/pnas.1213302110.

Kang, S. M., Held, I. M. & Xie, S.-P. (2013), Contrasting the tropical response to zonally asymmetric extratropical and tropical thermal forcing.  Clim. Dyn, in press, doi: 10.1007/s00382-013-1863-0.

Large, W. G. and G. Danabasoglu (2006), Attribution and impacts of upper-ocean biases in CCSM3, J. Climate, 19, 2325-2346.

Large, W. G., and S. G. Yeager (2009), The global climatology of an interannually varying air–sea flux data set. Clim. Dyn., 33, 341-364, doi:10.1007/s00382-008-0441-3.

Leloup J, Lengaigne M, Boulanger J (2008), Twentieth century ENSO characteristics in the IPCC database. Clim. Dyn. 30(2–3), 277-291. 

Li T, T. F. Hogan (1999), The role of the annual-mean climate on seasonal and interannual variability of the tropical pacific in a coupled GCM. J. Climate, 12, 780–792.

Lin, J. L. (2007), The double-ITCZ problem in IPCC AR4 coupled GCMs: Ocean-atmosphere feedback analysis, J. Climate, 20, 4497–4525, doi:10.1175/JCLI4272.1.

Ma, C.-C., C. R. B. Mechoso, A. W. Robertson, and A. Arakawa (1996), Peruvian stratus clouds and the tropical Pacific circulation: A coupled ocean-atmosphere GCM study, J. Climate, 9, 1625–1645.

Manganello J, B., Huang (2009), The influence of systematic errors in the Southeast Pacific on ENSO variability and prediction in a coupled GCM. Clim. Dyn. 32(7–8):1015–1034

Pan, X.,  B. Huang, and J. Shukla (2011), Sensitivity of the tropical Pacific seasonal cycle and ENSO to changes in mean state induced by a surface heat flux adjustment in CCSM3, Clim. Dyn., 37, 325-341.

Philander, S. G. H., D. Gu, G. Lambert, T. Li, D. Halpern, N.-C. Lau, and R. C. Pacanowski (1996), Why the ITCZ is mostly north of the equator, J. Climate, 9, 2958– 2972.

Song, Z., S.-K. Lee, C. Wang, and F. Qiao (2013), Seeding and growth of the tropical Atlantic SST bias in CESM1. Clim. Dyn., Submitted. 

Yu, J.-Y., and C. R. Mechoso (1999), Links between annual variations of Peruvian stratus clouds and of SST in the eastern equatorial Pacific, J. Climate, 12, 3305– 3318.

Yu, L., and R. A. Weller (2007), Objectively Analyzed air-sea heat Fluxes (OAFlux) for the global oceans. Bull. Ameri. Meteor. Soc., 88, 527-539.
Wang, C., S.-K. Lee and C. R. Mechoso (2010), Inter-hemispheric influence of the Atlantic warm pool on the southeastern Pacific. J. Climate, 23, 404-418.

Wang, C., L. Zhang, S.-K. Lee, C. R. Mechoso, L. Wu (2013), A global perspective on climate model biases. Nature Clim. Change, In-revision.

Xie, P., and P.A. Arkin (1997), Global precipitation: A 17-year monthly analysis based on gauge observations, satellite estimates, and numerical model outputs.  Bull. Am. Meteorol. Soc., 78, 2539-2558.
Xie, S.-P., T. Miyama, Y. Wang, H. Xu, S. P. de Szoeke, R. Justin, O. Small, K. J. Richards, T. Mochizuki, and T. Awaji (2007), A regional ocean–atmosphere model for eastern Pacific climate: toward reducing tropical biases, J. Climate., 20, 1504-1522. 

[image: image5.wmf]
Figure 1. The tropical Pacific SST bias (simulated - observed) of CMIP5 models. The left column is from the ensemble average of CMIP5 models and the right column is from CCSM4. The total of 43 CMIP5 models are used to construct the ensemble mean. All CMIP5 model data are obtained from “the historical” scenario. ERSST3 for the same period (1971-2000) is used for the observation.
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Figure 2. The tropical Pacific shortwave radiative flux bias of the two CCSM4 runs, the fully coupled run and CAM4 run forced by observed SSTs are shown in the first and second panel, respectively. CORE2 dataset is used for the observation. Positive (negative) values indicate a heating (cooling) at the sea surface. The unit is W m-2.
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Figure 3. The tropical Pacific SST bias (simulated - observed) of the surface-forced ocean-sea ice model of CCSM4 (CCSM4_POP2). ERSST3 for the same period (1971-2000) is used for the observation
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Figure 4.  Global SST bias and the AMOC (from Wang et al. 2013).  (a) The annual-mean SST (°C) bias averaged in 22 CMIP5 models.  The SST bias is calculated by the SST difference between the model SSTs and ERSST3.  The dots denote where at least 18 of 22 models (82%) have the same sign in the SST bias. The boxes represent the focused regions.  (b, c) Spatial maps of SST (°C) bias and the AMOC (Sv), and (d) their coefficients for the first inter-model SVD mode (accounting for 45% of the total covariance).  The x-axis in (d) represents different models. The coefficients have been normalized by their own standard deviations. The correlation R between the SST and AMOC coefficients is 0.70. 
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