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Executive Summary

Some of the most vexing biases and limitations of Earth System Models (ESM) in the tropics result from the interaction between moist physics and other components of the models such as the land surfaces and atmospheric dynamics. For example, ESMs tend to simulate convection too early during the day over the continents (Slingo et al. 1992
;). They also simulate too-weak a Madden-Julian Oscillation as a result of a poor representation of the different types of clouds and dynamics (Hung et al. 2013). Task 1.2 of the EMBRACE project uses idealized frameworks to evaluate the parameterizations (in the CMIP5 version and the latest versions including developments made in EMBRACE).

Some on the continental RCE here?

Subtask 1.2.2 tackles the problem of the interaction between dynamics and moist physics in a simplified setting based on parameterizing the large-scale circulation in single-column models (SCM) and comparing the results to cloud-resolving model (CRM) simulations using the same parameterization of the large-scale circulation. In 2011, the WCRP Global Atmosphere System Study (GASS) program launched a very similar initiative aiming to intercompare models and methodologies. The EMBRACE participants decided to join forces with the GASS initiative and participated actively to the definition of the specifications of the GASS experiments. Two methodologies were chosen to represent the large-scale vertical motion in SCMs and CRMs. One is based on the empirical approximation that horizontal gradients of temperature can be neglected in the tropical free troposphere (the Weak Temperature Gradient or WTG approximation); the other is based on a simplified equation of momentum (the Damped Gravity Wave or DGW approximations).

A first series of experiment evaluates how the condensation and mixing processes are represented in SCMs with fixed radiation (see specifications in the appendix) for different underlying sea-surface temperature (SST), and a second series will evaluate the complete parameterization packages (including interactive radiation). Both series of simulations are long enough to reach equilibrium. By varying the underlying SST, the series of simulations can reproduce different regimes observed in the tropical atmosphere: subsiding for low SSTs, close-to-neutral, and ascending for warm SSTs. By using different initial conditions, the series of experiments also investigate the possibility of multiple equilibria. The contribution of EMBRACE participants includes performing the experiments with one CRM (MesoNH), and the CMIP5-version and a more recent version of the EC-Earth, IPSL, and CNRM SCMs, as well as the coordination of the interactive-radiation series of experiments.  

The first series of simulations has been completed with most of the models and the analysis is still under way. Preliminary results show that the framework permits to reveal some of the model biases. Both methodologies (WTG and DGW) yield similar results except that the WTG approximation yields vertical profiles of vertical motion with smaller-scale features, and this suggest that the approach is fairly robust to the choices of parameterization for the large-scale dynamics. Some of the models such as the LMDz-B model (from the IPSL-B ESM) yield an equilibria that are similar to the equilibrium reached by the CRM, others differ very significantly (e.g., CNRM-v5, that simulated an intermediary regime with low-level ascent and high-altitude descent for all SSTs instead of a transition from subsiding to ascending regime). In general the more recent versions of models behave more similarly to the CRM than previous versions, which indicates a progress in the parameterizations.

Even in the most recent versions of the SCMs, there are still very significant biases in terms of parameterized vertical motion (Figure 2), humidity stratification (Figure 3) and cloudiness (Figure 4) for all models. Biases in the vertical profiles of vertical motion results from biases in the diabatic terms (convective heating in the case of the convective regimes, radiative cooling in the case of the subsiding regime), and in the thermal stratification. Biases in the cloudiness reveal biases in the cloud schemes; in particular, high-altitude cirrus clouds in the case of subsiding regimes in some SCMs (LMDz-A and B) suggest a poor representation of the large-scale condensation.

The existence of very distinct multiple equilibria reveals some strong moisture-convection feedbacks in one models (CNRM-v6) and some cloud radiative feedbacks in the subsiding regime in another (LMDz-B), while the CRM does not appear to produce very different multiple equilibria (it does produce two equilibria in the close-to-neutral regime, but they are fairly similar).

The results of Subtask 1.2.2 already show that the proposed approach provides insights in the biases of the physical parameterizations of the ESMs. The two parameterizations of the large-scale circulation provide consistent results and point to biases that might be small in a fixed-dynamics case study (such as the case studies in Task 1.1 of EMBRACE) but that are likely to be enhanced in the model by the interaction between the physical parameterizations and dynamics. This subtask clearly established the parameterized-circulation framework as a complementary tool in the development and validation of new parameterizations

.

1 Continental Radiative-Convective Equilibrium

   Simulating moist processes over land requires the coupling of the atmospheric model with a Land Surface Model (LSM). The complexity of such a coupled model makes it difficult to tackle the problem of the various biases observed in climate models over land (such as the too early maximum of convective precipitation during the day or the warm bias over mid-latitude continents (ref ?)). The purpose of this subtask is to provide a simplified framework where the interaction between surface conditions and moist processes may be analysed more easily.

1.1 Motivation

   The specificity of the atmospheric processes over land lies in the high value of the surface roughness (about an order of magnitude larger than over ocean), in the large range of possible surface moisture values and in the important role of the diurnal cycle of surface conditions. These three features make the boundary layers over land very different from the oceanic ones. Especially they exhibit a large range of nature and depth, from stable layers few hundred metres deep (at night) to convective layers three to five kilometres deep (over dry areas, during daytime). Many of these specific features can be explained by local conditions and processes: they are more or less independent from synoptic or continental scale processes. For instance, the boundary layers over Sahel can be mainly described as a boundary layer over a semi-arid area, even though the monsoon flux and the AEJ are important features of the Sahel climate. Consequently one may expect numerous features of moist processes over land to be independent from synoptic or continental scale processes. In order to focus on such features, the present case is devoted to the study to Radiative-Convective Equilibrium over land.

    Instead of attempting to deal with the full physics of land surface – convection coupling, the present subtask defines a simplified framework in which only a part of the problem is addressed: we assume that the main cause for the diurnal cycle of moist processes is the thermal response of the ground to the SW forcing; thus we replace the surface hydrology by a prescribed aridity coefficient b (defined as the ratio of the actual evaporation to the potential evaporation) and reduce the LSM to a mere heat diffusion model. Hopefully, such a device should keep the main features of the diurnal cycle of moist convection while removing the complexity of LSMs. The first results presented in subsection (1.3) show that many features of moist processes over land are indeed simulated.

1.2 Experiment specifications

  In this land-RCE case, the atmospheric model is isolated from all external interaction except the sun and the soil. The land surface model is devoid of any hydrology. Instead, the ratio b of evaporation to potential evaporation is fixed. Then some temperature has to be fixed: we nudge the soil temperature at a depth such that the diurnal cycle is present.

  Even with such a drastic simplification there remain a large family of possible cases. First, of course, the aridity coefficient b and the target soil temperature may vary over a large range of values. Second, the inertia (I = \sqrt{\lambda \rho C}, where $\lambda$ is the thermal conductivity, $\rho$ the density and C the specific heat capacity) ( I is also called the effusivity) may vary depending on the soil properties and on the soil moisture. Obviously, on a given soil, b and I are strongly correlated; however, we shall keep the inertia I = 2000 KW-1 constant in the present case-study.  Then, the astronomical conditions may be varied: the case depends on the latitude, the day of the year and whether one keeps the seasonal cycle or simulates a fixed day of the year. The large scale wind may be chosen arbitrarily, thus providing a range of surface fluxes and of vertical shear. Finally, the domain size may play a role if scale aware parametrizations are used: it may be similar to a climate model grid cell (say 100x100 km2) or to the whole inter-tropical band (ca 1014 m2).

  Since our purpose is to study the workings of parametrizations, we restrict ourselves to a very limited set of cases: the day of the year is fixed to march 21 (although it may be interesting to study the role of the length of the night); the wind is held uniform at 10 ms-1; the latitude is set to 10N and the domain size to 1014 m2.Finally, the RCE case represents a 2-parameter family of cases. The two parameters are:

· Aridity coefficient b (between 0 and 1).

· Target temperature in the ground.

  In order to implement the case a Fortran subroutine (named "surf_land_x") is provided which simulates the soil evolution and its coupling with the atmosphere. This subroutine should be called in lieu of the standard module coupling the atmospheric model with the land surface. Subroutine "surf_land_x" simulates the dry soil evolution and its coupling with the atmosphere. It calls subroutines "soil_x" and "fluxs_x" which compute the soil temperatures and the surface fluxes respectively. The heat conduction equations in the ground are discretized on an 11 level grid, with thickness growing geometrically. An implicit time scheme is used.

The arguments necessary for this coupling are the net radiative fluxes $\Phiswn$ and $\Philwn$, the temperature T1 and humidity q1 at first model level and the coefficients relating, in the boundary layer model, T1 and q1 to the surface fluxes. These coefficients (AT, BT, Aq, and Bq) are assumed such that:

 Cp T1 = AT + BT \Phis \delta t 

 Lv q1 = Lv Aq + Bq \Phil \delta t 

where $\Phis$ and $\Phil$ are the sensible and latent heat fluxes respectively. It is worth noting that, if time steps are small enough, the surface feedback on the first model level variables may be neglected. Then BT = 0, AT = Cp T1, Bq = 0, and Aq = q1 is a good set of coefficients.

The output arguments of surf_land_x are the surface fluxes $\Phis$ and $\Phil$, the surface temperature Ts and the specific humidity at the surface qs.

Since this case is quite new and in a very preliminary stage, we propose a limited set of simulations. Simulations should be long enough that the precipitable water reaches a nearly constant value: generally this takes a few months. The soil temperature should be nudged towards 300K at the third level of the soil grid with a relaxation time of 3600s. The aridity coefficient b may take the following values:

   1., 0.75, 0.5, 0.25, 0.1, 0.05, 0.01

  In order to characterize the workings of parametrizations, some plots are especially relevant:

· Vertical profiles of tendencies averaged over ten days.

· Time series of diabatic heating and drying and of precipitation during two or three days.

· time series of precipitation during a few days.

1.3 Some Results

1.3.1  A modelling experiment on the link between soil moisture and ice cloud frequency of occurence

  In this experiment the LMDZ5B SCM coupled with the beta model was used to interpret some unexpected results of an observational analysis.

  Using satellite observations, Prigent et al. (2011) analysed the impact of the inundation occurrence on the deep convection at continental scale. They focused especially on regions where the inundation is not generated by local precipitation, i.e. on regions where the inundation appears as an external forcing for the local climate. They used ice concentrations in clouds as a measure of deep convection intensity. Their main finding was that stronger convection happens in these regions during the minimum of the inundation, with a marked diurnal cycle of the deep convective activity.

   In order to further this analysis, they performed a sensitivity analysis of deep convection to soil wetness in SCM simulations of Radiative Convective Equilibrium over land. Using the beta model they compared two situations associated with two values of the aridity coefficient: b = 0.7 for the wet case and b = 0.25 for the dry case. The SCM simulated a convection stronger in terms of ice concentration and with a larger diurnal cycle amplitude in the dry than in the wet case, in agreement with observations.

1.3.2 Behaviour of the physical package LMDZ5B for various values of the aridity coefficient

   Various simulations of the land-RCE case were performed with the LMDZ SCM using LMDZ5B physics (ref ??). We present some results of three simulations corresponding to b = 1., 0.1, 0.01.

  Fig. (1) displays the time series of the precipitable water from the three simulations. It takes four to six months for the system to reach a quasi-steady regime. The values obtained for b = 1. And 0.1 (about 75 kg m-2) are reasonable for a wet maritime case, while those obtained for b = 0.01 (about 45 kg m-2) are reasonable for rainy conditions of semi-arid regions.   The diurnal cycle of surface fluxes and their variability is presented in Fig. (2). The day to day variability is due to the variability of the surface SW flux, i.e. to the variability of cloud cover. In the b = ;0.01 case, clouds disappear completely at night so that days are almost identical. The evaporative fraction ranges from 8% in the driest case to 30% in the b = 0.1 case and to 80% in the wettest case.

   The time-averaged temperature tendencies associated with the various physical parametrizations are displayed in Fig. (3). Over the whole free troposphere the radiative cooling is mostly compensated by the deep convection warming. Shallow convection does play a significant role up to 650 hPa; especially above the boundary layer the evaporation of  cumulus clouds induces a cooling of the order of 1K/d, but weaker in the driest case. The boundary layer thickens with the dryness of the soil from less than 1~km in the wettest case to more than 2~km in the driest one.

  The apparent heat source due to deep convection is displayed for two days in Fig. (4). The maximum heating occurs between 600 hPa and 300 hPa for the two wet cases and between 750hPa and 500 hPa in the driest case. These features need some confirmation. The below cloud cooling is thin and weak in the wet case and grows stronger and thicker when dryness increases.

1.3.3 Comparison of three physical packages of LMDZ5: LMDZ5A, LMDZ5B, LMDZ5 with Tiedtke convective scheme

  Some simulation results obtained with the LMDZ SCM using three physical packages are displayed in Fig. (5).

  As concerns the vertical profiles, the LMDZ5A physics looks peculiar. This is due to the homogenization of convective tendencies below cloud base. However, one should note that the cloud base is at similar levels for LMDZ5A and LMDZ5B, showing that the boundary layer humidity is very close in the two

radiative-convective equilibrium reached by the two models. In the b = 0.05 case the LMDZ5-Tiedtke version yields a weaker convection than the two other versions, a feature which will need further analysis.

  The diurnal cycles of precipitations appear well shifted relative to one another. The LMDZ5-Tiedtke yields both the earliest initiation and maximum of precipitation. The LMDZ5A version comes an hour later, but with strong precipitation that stops earlier than the LMDZ5-Tiedtke one. The LMDZ5B version yields an initiation of precipitation an hour later and a maximum of precipitation delayed by five hours relative LMDZ5A.

2 Parameterized large-scale circulation

2.1 Motivation

2.1.1 Representing the large-scale circulation in single-column models

Some of the biases in the tropical climate simulated by ESMs are the results of the feedbacks of the atmospheric circulation on the parameterized physics in the atmospheric model. For example, most ESMs underestimate the intraseasonal variability and in particular the Madden-Julian Oscillation that is characterized by eastward propagation of large-scale convective disturbances along the equator from the Indian Ocean to the Central Pacific (Hung et al. 2013). Another example is the overestimation of precipitation south of the equator over the Pacific Ocean (and in some models over the Atlantic as well), a long-standing bias known as “double intertropical convergence zone”  that is influenced by extratropical factors (Hwang and Frierson 2014), but also results from the interaction between convection and dynamics (Oueslati and Bellon 2014). 

The need to evaluate physical parameterizations in a framework that includes the main large-scale circulation feedbacks was first expressed by Raymond (2007). In that study, the author used the weak-temperature-gradient (WTG) approximation that is based on the empirical observation that horizontal temperature gradients are small in the tropical free troposphere. This approximation provides a way to compute the vertical motion in an atmospheric column if a tropical mean temperature profile is known using the energy budget (Sobel and Bretherton 2000).  Since then, other approximations based on simplified momentum equations have been proposed (Kuang 2008, Romps 2012a,b) , and in particular the damped-gravity-wave (DGW) approximation that represents the dynamical response of the atmosphere to a perturbation of the temperature profile from the mean tropical profile as a damped gravity wave in a non-rotating atmosphere (Kuang 2008). EMBRACE subtask 1.2.2 joined a GASS initiative initiated in 2011 to use both the WTG and DGW in SCMs using the same parameterizations as EMBRACE ESMs and compare the results to CRM simulations using the same representation (or “parameterization”) of the large-scale circulation. The CRM simulations are thought of as reference experiments that the SCMs results are expected to approach. Note that the uniqueness of the reference experiment using a particular CRM is an open question, addressed within the GASS initiative. Results may depend on the subgrid physics, the size of domain as well as the horizontal resolution of the CRM. 

EMBRACE contribution to the GASS program includes performing the experiments with one CRM (MesoNH), and the CMIP5-version and a more recent version of the EC-Earth, IPSL, and CNRM SCMs, as well as the coordination of the interactive-radiation series of experiments.  Here, we present a subset of the first series of experiments with MesoNH, IPSL (LMDz) and CNRM models. The EC-Earth experiments are still under way at the time of this writing.

2.2 Experiment specifications

The compete specifications for the first series of experiments (fixed radiation) of the GASS program, including the exact formulations of the WTG and DGW approximations, can be found in the appendix. Here, we present a subset of these DGW and WTG experiments. First, the models were run to radiative-convective equilibrium (RCE) for an SST of 300 K. The equilibrium profiles of temperature and humidity were used as reference profiles for the WTG and DGW experiments with underlying SSTs of 298 K, 300 K, and 302 K.  A first set of experiments (with SST = 298, 300, and 302 K) was performed with initial conditions set to the reference profiles. To investigate the existence of multiple equilibria, two other sets were performed with the initial temperature profiles set to the reference profile, and the initial humidity profiles set to a relative humidity of 0% for the second set and of 90% for the third set. With MesoNH, these experiments investigating the sensitivity of the models to the initial conditions were performed only for SST = 300 K. We therefore present the results of 19 experiments (1 RCE, 3x3 WTG experiments with 3 different SSTs and 3 different initial conditions, and as many DGW experiments), except for MesoNH for which we only have 15 experiments so far). 

2.3 Results

2.3.1 CRM results

Figure 1 shows the precipitation in RCE, WTG equilibrium, and DGW equilibrium for all these simulations. With reference initial conditions (black markers), the MesoNH CRM exhibits a classic transition from a non-convective regime for cool SST (298 K) to a strongly convective regime for warm SST (302 K). This is a classical result for the WTG approximation (Sobel and Bretherton 2000, Raymond and Zeng 2005). What is new is to compare the WTG and DGW equilibria, which are very similar for all SSTs, and similar to the RCE for SST = 300 K. The largest deviation is in the convective regime (SST = 302 K), with a DGW equilibrium that is precipitating almost 2 mm/day (or about 15%) more than the WTG equilibrium. 

Figure 2 shows the WTG and DGW equilibrium profiles of vertical motion. For the MesoNH CRM, the transition from dry to convective is accompanied by a transition from subsidence to ascent through a neutral or near-neutral regime at the SST used to compute the reference profiles (the RCE for SST=300 K is an equilibrium solution of the WTG and DGW simulations with SST = 300 K and the reference profiles of the RCE; our results show that it is essentially a stable equilibrium). 

Figure 3 and 4 show the corresponding humidity and cloudiness profiles. In the subsiding regime, the humidity is essentially confined to the boundary layer that is ventilated by the subsidence, with little free-tropospheric humidity except in the lower levels, and the cloudiness is typical of a shallow convective regime with a cloud fraction of about 10% in the upper-part of the boundary layer. 

[image: image2.emf]
Figure 1: Precipitation in RCE (open circles), WTG equilibrium (squares) and DGW equilibrium (diamonds), with initial conditions set to reference profiles (black markers), dry profiles (RH = 0%, orange markers), and wet profiles (RH = 90%, blue markers) for varying SSTs.

In the neutral regime, the humidity profiles is moister, especially in the free troposphere, and the cloud fraction has two maxima around 20%: one in the boundary layer and one at the top of the troposphere where the outflow from convective towers occurs. In the ascending regime, the humidity and cloudiness profiles are similar to the neutral regime (which shows the control of deep convection over the cloudiness), but the atmospheric column is moister in the free troposphere and drier in the boundary layer as a result of the vertical advection and increased deep convection. The cloudiness increases in the upper troposphere, thanks to the increased deep convection and the large-scale condensation associated with the vertical transport of humidity. 

For SST = 300 K, the sensitivity experiment using dry initial conditions leads to a different DGW and WTG equilibrium, while the one using moist initial conditions leads to the same equilibrium as the reference experiment. The new equilibrium precipitates less than the reference one (3 v.s. 4 mm/day, see Fig. 1), with weak subsidence in the free troposphere (see Fig. 2) and reduced cloudiness in the upper troposphere (see Fig. 4), but hardly any difference in the humidity profile (see Fig. 3). Multiple equilibria have been documented in other CRMs (Sessions et al. 2009), as well as SCMs (Sobel at al. 2007), but these equilibria were much more different from each other (one precipitating, the other non-precipitating) than the multiple equilibria found here. These differences are difficult to explain so far but one might suspect them to be the result of the different set-up, domain sizes and horizontal resolutions.  

2.3.2 SCMs intercomparison

Figures 1 to 4 also show the results for four SCMs corresponding to two versions of the CNRM and IPSL ESMs.  A striking result is that the inter-model differences are much larger than the differences between the WTG and DGW equilibria for a given model. Some aspects of the variation of one model response with SST are smaller than the inter-model differences as well.

The CNRM model in its CMIP5 version (CNRM-v5) has the most exotic response to the WTG and DGW approximation, with the largest difference in terms of precipitation. Nevertheless, both approximations yield the same regime for all SSTs, that is a combination of ascent in the lower troposphere and descent in the upper troposphere, because the deep convective parameterization produces essentially mid-level convection (Fig. 2). The difference between WTG and DGW arises from the much smoother profile of vertical motion produced by the DGW approximation, a feature that is visible in all models but particularly so for CNRM-v5. The humidity profiles (Fig. 3) are moister up to mid-levels and differ strongly from CRM ones, with very weak sensitivity to the underlying SST. The cloudiness is over estimated with a strong dispersion between experiments but a remaining thick layer of cloud in the lower part of the free troposphere, which again is far from the CRM profile (Fig. 4). 
The CNRM model in its last version (CNRM-v6) does reproduce the transition from non-precipitating subsidence regime to precipitating, ascending regime, but the increase of precipitation with SST is close to linear, unlike in the CRM simulation (see Fig. 1). Also, both WTG and DGW equilibrium at SST = 300 K are moister than the RCE (more so with the WTG approximation), and there is multiple equilibria, with an additional non-precipitating equilibrium with the WTG approximation.  Figure 2 shows that, for  SST = 298 K, the vertical structure of subsidence is similar to the CRM results, but subsidence is too strong in the upper troposphere; since the cooling is essentially radiative and therefore fixed, this points to too-weak a vertical gradient of potential temperature at these levels. For SST = 302 K, the vertical of ascent has complex vertical structures in both approximations; in WTG, there is subsidence at the bottom of the free troposphere, and the ascent is too strong in the upper troposphere (presumably as a result of the too-weak vertical gradient of potential temperature). For SST = 300 K, while the DGW approximation yields a near-neutral ascending equilibrium, the non-precipitating WTG equilibrium has a subsidence profile similar to the equilibrium with SST =298 K, and the precipitating WTG equilibrium is similar to the equilibrium with SST = 302 K. This similarity is expressed in the profiles of humidity (see Fig. 3) and cloudiness (see Fig. 4). The humidity profiles for SST = 298 K and 302 K are fairly close to the CRM results (see Fig. 3), except at low level with more humidity in the PBL for SST at 300 and 302 K. The cloudiness profiles differ significantly from the CRM results in the ascending regime, with large cirrus cloud fraction (90%-100%) at the top of the troposphere (see Fig. 4).
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Figure 2: Profiles of pressure velocity in WTG equilibrium (dashed lines) and DGW equilibrium (dashed-dotted lines), for SST =298 K (blue lines), SST = 300 K (black lines), and SST = 302 K (red lines). The RCE zero velocity profiles for SST = 300 K is plotted by a black solid line. In case of multiple equilibria, the second equilibrium is plotted in a lighter color.

The SCM from the atmospheric component of the IPSL-A ESM (LMDz-A) exhibits a transition between a weakly precipitating equilibrium for SST = 298 K and a strongly precipitating equilibrium for SST = 302 K (see Fig. 1), with unique and almost identical equilibria with the WTG and DGW approximation, and in RCE. The sensitivity of precipitation to SST is slightly underestimated, compared to the CRM results. For SST = 298 K, the convective scheme is active and moistens the lower free troposphere so efficiently that these levels are moister in this case than in the case with warmer SSTs in which precipitation associated with convection dries the free troposphere, particularly in the DGW equilibrium (see Fig. 3). Presumably, this results from the deep-convection scheme operating in a shallow mode. The cloudiness produced by this model is limited to large cirrus fractions at the top of the troposphere (see Fig. 4), even in the WTG subsiding case. This large cloud fraction at the top of the troposphere appears in the LMDz-B simulations as well. Since both models use the same high-cloud scheme, this behaviour might arise from it.

The more recent version of the model (LMDz-B) exhibits a transition from shallow to deep convection, with very similar results in DGW and WTG approximations, similarly to the CRM results (see Fig. 1). For SST = 302 K, the precipitation is slightly larger than for the CRM. For SST = 300 K, the WTG and DGW equilibria are slightly moister than the RCE. And for SST = 298 K, the model exhibits multiple equilibria. If started from dry initial conditions, it reaches an equilibrium very similar to the CRM equilibrium, with no precipitation, moderate descent with maxima in the upper troposphere and at the top of the boundary layer (see Fig. 2), and little humidity above the boundary layer (see Fig. 3). If started from moister conditions, it reaches a moister equilibrium with weak precipitation and weak subsidence. The main difference between these equilibria is the activation of the shallow convection scheme in the latter equilibrium. Over warmer SSTs, the pressure velocity and humidity profiles are quite similar to the CRM results (see Fig. 3), except that the ascending motions is larger at the top of the boundary layer, which explains that larger rain rate because of vertical advection. For all SSTs, the cirrus cover is larger than in the CRM results, as pointed above (see Fig. 4). Compared to the LMDz-A version, the LMDz-B is now able to produce clouds in the low clouds with a various degrees of success compared to the CRM. In the subsiding case, the LMDz-B yields  a reasonable low-cloud cover. But in the ascending regime, the model yields a large lower-tropospheric peak quite unlike the CRM. 

It appears that all the model biases are strongly model dependent.  They also appear to improve from one generation to the next. The CNRM-v5 shows a linear sensitivity of precipitation to SST without  dry equilibrium for the subsiding regime and exotic profiles of vertical velocity. The CNRM-v6 shows a better agreement with the CRM regarding the vertical velocities and the transition from dry to convective regime. The LMDz-B version is also in better agreement with the CRM than the LMDz-A version even if too precipitating in the convective case. Both LMD-z and CNRM have a large overestimation of the cloud fraction in the upper troposphere and too less extent in the lower troposphere for the convective regime. The bias is reduced in the newest version but still far from the CRM profiles.  Further analysis is necessary to better understand the mechanisms, and in particular an analysis of the diabatic contribution.
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Figure 3: Profiles of specific humidity in WTG equilibrium (dashed lines) and DGW equilibrium (dashed-dotted lines), for SST =298 K (blue lines), SST = 300 K (black lines), and SST = 302 K (red lines). In case of multiple equilibria, the second equilibrium is plotted in a lighter color.
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Figure 3: Profiles of cloud fraction in WTG equilibrium (dashed lines) and DGW equilibrium (dashed-dotted lines), for SST =298 K (blue lines), SST = 300 K (black lines), and SST = 302 K (red lines). In case of multiple equilibria, the second equilibrium is plotted in a lighter color.
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