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Abstract 

Subgrid-scale interactions between turbulence and radiation are potentially important 

for accurately simulating marine low clouds in climate models. To better understand the 

impact of these interactions, the Weather Research and Forecasting (WRF) model is 

configured for large eddy simulation (LES) to study the stratocumulus-to-trade cumulus (Sc-

to-Cu) transition. Using the GEWEX Atmospheric System Studies (GASS) composite 

Lagrangian transition case and the Atlantic Trade Wind Experiment (ATEX) case, it is shown 

that the lack of subgrid-scale turbulence-radiation interaction, as is the case in current 

generation climate models, accelerates the Sc-to-Cu transition. Our analysis suggests that 

subgrid-scale turbulence-radiation interactions in cloud-topped boundary layers contribute to 

stronger production of temperature variance, which in turn leads to stronger buoyancy 

production of turbulent kinetic energy and helps to maintain the Sc cover. 
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1. Introduction and motivation 

 The evolution of marine low clouds as they advect along the trade wind tracks from 

cold sea surfaces in the subtropical eastern ocean basins to warm surfaces in the tropical 

western basins, usually known as the “stratocumulus to trade cumulus transition” (the Sc-to-

Cu transition) [e.g., Wyant et al., 1997; Bretherton and Wyant, 1997], involves significant 

changes in the horizontal and vertical structure of the clouds. Most current-generation climate 

models, both global climate models (GCMs) with grid spacings of ~100 km horizontally, and 

regional climate models with grid sizes in the 10’s of km, are too coarse to fully characterize 

marine low cloud structures and require parameterizations for subgrid-scale turbulent, 

microphysical and radiative processes. Due to deficiencies in these parameterizations, it is 

common to find climate models that either produce insufficient cloud cover near the coast in 

the subtropical eastern oceans or produce an unrealistic transition from stratocumulus to 

cumulus away from the coast in terms of cloud cover, thickness, or height [e.g., Wyant et al., 

2010]. These low cloud biases contribute significantly towards uncertainties in climate 

projections [e.g., Soden and Vecchi, 2011]. 

A common flaw of physical parameterizations in current generation climate models is 

that they lack the representation of subgrid-scale interactions among different processes, e.g., 

radiation, microphysics and turbulence, because most parameterizations are designed as 

modules that only interact with dynamics and other parameterizations on the grid-scale [e.g., 

Randall et al., 2003; Cole et al., 2005]. For example, the turbulence parameterization only 

sees the grid-cell mean temperature and radiative heating. The adequacy of only predicting 

the grid-cell means while neglecting the subgrid-scale variability of radiative heating is 

questioned by Cole et al. [2005]. It is well known that accurate calculation of the mean 

radiative heating in a climate model grid box is not a simple task [e.g., Pincus et al. 2003, 

Calahan et al. 1994], and correctly representing the subgrid variability is even harder. 

However, climate modelers and parameterization developers realize more and more the need 

for parameterizing subgrid-scale interactions among different processes, especially in light of 

new findings from detailed process studies. As an example of subgrid-scale interaction 

between microphysics and turbulence, it has been shown with field campaign in-situ 

observations and large eddy simulations (LES) that in precipitating stratocumuli evaporation 

of drizzle in the subcloud layer can drive (1) cloud-scale circulations that enhance updrafts, 

leading to the formation of open-cell structures; and (2) mesoscale circulations that transport 

moisture and aerosol between regions with different drizzle intensity [Wood et al., 2011; 
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Wang and Feingold, 2009a, 2009b; Feingold et al., 2010]. We note that the neglect of such 

subgrid-scale interaction between microphysics and turbulence could lead to climate model 

biases in addition to those associated with the neglect of subgrid-scale variability in the 

formulations of various microphysical processes within a given microphysics 

parameterization. The latter kind of bias has been pointed out by, among others, Larson et al. 

[2001] and Pincus and Klein [2000]. 

In this study, we focus on the possible impact of subgrid-scale interactions between 

radiation and turbulence on the Sc-to-Cu transition in the marine boundary layer (MBL). We 

are motivated by two arguments: (1) climatologically speaking, if one tracks an air column in 

the MBL from an overcast stratocumulus condition to a broken shallow cumulus condition, 

they would find that the stratocumulus cover stays significant (i.e., higher than typical 

shallow cumulus cloud fraction of 0.1-0.2) for a considerable part of its journey, and cloud-

top radiative cooling is important for maintaining turbulent mixing in the cloud layer [e.g., 

Xiao et al., 2011; Lewellen and Lewellen, 2002]; and (2) along its Lagrangian track a 

stratocumulus-topped MBL usually gets more and more horizontally inhomogeneous [e.g., 

Wood and Hartmann, 2006]. It also becomes decoupled vertically [e.g., Wyant et al., 1997]. 

In previous LES and cloud resolving model studies it has been demonstrated that 

spatially averaging the radiative heating rates, or doing radiation calculations at longer time 

intervals than the time step for dynamics and/or other physical parameterizations—equivalent 

to spatial averaging in doubly-periodic domains—could lead to bias growth in deep 

convection regimes [e.g., Xu and Randall, 1995]. Such temporal or spatial smoothing 

decreases the horizontal variability of radiative heating seen by other parts of the model, thus 

reducing the interactions between turbulence and radiation on scales smaller than the 

averaging scale.  

By using a spatial averaging technique in an LES, we aim to examine the impact of 

turbulence-radiation interactions on scales unresolved in GCMs in the context of the Sc-to-Cu 

transition.  

2. The model and experiment design 

 We use the Advanced Research Weather Research and Forecasting (WRF) model 

(ARW) v3.3.1 configured for LES [Skamarock et al., 2008; Wang et al., 2009; Yamaguchi 

and Feingold, 2012]. We analyze simulations from the composite transition case 

(http://www.mpimet.mpg.de/en/mitarbeiter/irina-sandu/transition-cases.html, the reference 
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setup is used.) and the Atlantic Trade Wind Experiment (ATEX) case [Stevens et al., 2001] in 

the GEWEX Atmospheric System Studies (GASS) Boundary Layer Clouds Working Group 

inter-comparison projects.  

 The composite transition case is an idealized Lagrangian case for the Sc-to-Cu 

transition based on the observational study of the transitions in boundary layer cloudiness in 

the eastern subtropical oceans described in Sandu et al. [2010]. The initial condition, 

boundary conditions, and external forcing are supplied for a “typical” lower troposphere air 

column starting in the subtropical Northeastern Pacific (25°N, 125°W) that moves 

southwestward along the trade wind track. The simulation starts at 10 a.m. local time on 15 

July and lasts for 72 hours. The initial condition is a well-mixed MBL capped by an inversion 

with an ~11 K temperature jump at ~900 m. Sea surface temperature (SST) increases from 

20.6°C to 26.0°C while horizontal large-scale divergence is constant (1.86×10
-6

 s
-1

) in time. 

In the vertical, horizontal divergence is constant from the surface to 2000 m; from 2000 m to 

the model top (3000 m) subsidence itself is kept constant at 2000×1.86×10
-6

 m s
-1

. To have a 

domain representative of a GCM grid box, we use a domain with 192×192 grid points and a 

horizontal grid spacing of 300 m, resulting in a 57.6×57.6 km
2
 domain. The vertical grid 

spacing is ~30 m with 100 levels. For this case we use the CAM3 radiation [Collins et al., 

2006] and WDM6 microphysics [Lim and Hong, 2010] parameterizations in WRF. The 

sensitivity to model resolution and radiation parameterization for this case is discussed in 

Sec. 3.2. 

 The ATEX case is a quasi-steady case based on observations of trade-wind cumuli 

under a strong inversion. This case has substantial cloud cover (so cloud top radiative cooling 

is important) but greater spatial inhomogeneity than a typical well-mixed Sc-topped MBL 

case. It has been studied as a typical “cumulus-under-stratus” regime, an important phase 

during the Sc-to-Cu transition [Lock, 2009; Xiao et al., 2011]. We follow Stevens et al. 

[2001] in our setup. The simulation is 18 hours long with only longwave radiation (nighttime 

condition) and we analyze results after the first 8 hours, when the cloud layer evolution 

becomes approximately quasi-stationary. The horizontal grid spacing is 150×150 m
2
 and 

vertical grid spacing is ~30 m. The domain has 128×128 grid points in the horizontal and 100 

levels in the vertical. This domain (19.2×19.2 km
2
) is smaller than the composite transition 

case and more comparable to a contemporary regional climate model grid box. For this case 

we use the WDM6 microphysics as in the composite transition case, and we run two sets of 
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simulations to compare the impact of the radiation scheme selection, one with the CAM3 

radiation and the other with the RRTMG radiation [Iacono et al. 2008]. 

 In addition to the control simulations, we perform sensitivity experiments in which 

the horizontal inhomogeneity in radiative heating rates is removed. As shown schematically 

in Fig. 1, instead of passing the actual radiative heating rate (  ) at each grid point to the 

temperature prediction equation in the dynamics, we pass the horizontally averaged radiative 

heating rate (  
    ), thus removing the horizontal anomalies (   ) in the radiative heating rate 

seen by the dynamic equations. If we think of the LES as a Single Column Model (SCM) 

with almost perfect parameterizations for microphysics, radiation and boundary layer 

turbulence and the interactions among them, then this horizontal averaging procedure 

artificially prevents the “turbulence parameterization” (i.e., dynamics mostly resolved in a 

LES but parameterized in a SCM) from interacting with radiation on scales smaller than the 

LES domain size. In other words, our experiment design mimics what happens in a real GCM 

or SCM where subgrid-scale radiation-turbulence interactions are currently not considered. 

By comparing these experiments with the control simulations, we can assess the impact of 

subgrid-scale turbulence-radiation interaction in a typical climate model on the simulated Sc-

to-Cu transition. Similar techniques have been used in the study of cloud-radiation feedback 

in deep convection [e.g., Xu and Randall 1995; Bretherton et al. 2005]. 

3. The impact of radiative heating horizontal variability 

3.1 The composite transition case 

 First, we present the effects of horizontal radiative heating variability in the composite 

transition case. In this case, we turn on horizontal averaging of radiative heating six hours 

after the simulation starts so that the turbulence structure in the boundary layer gets 

established before removing horizontal radiative heating variability. Figure 2a-c shows the 

evolution of domain averaged total cloud fraction, liquid water path (LWP), and inversion 

height (defined as the level of maximum total water mixing ratio gradient) for the control and 

the experiment. For the control, we see (1) breakup of clouds during the day and recovery at 

night, and (2) a decreasing trend in cloud cover and LWP while the inversion height grows 

from ~950 to 1780 m. These features are in good agreement with preliminary results from the 

composite transition inter-comparison project (available from the model inter-comparison 

website of the Boundary Layer Cloud Working Group (BLCWG) of the GEWEX Cloud 

System Studies (GCSS) at http://www.knmi.nl/samenw/rico/RICO/). The mean cloud cover 
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in the horizontal-averaging experiment is 20-40% lower than in the control from the second 

day on; the decrease in mean LWP is also significant (the peak value is reduced by 40 g m
-2

 

in the first day); the inversion height at the end of the simulation is about 200 m lower than in 

the control. The difference in the vertical distribution of mean cloud cover between the 

control and the experiment, shown in Fig. 2d, is consistent with the differences in total cloud 

fraction and LWP. Note that the vertical coordinate in Fig. 2d is the height above sea level 

normalized by the domain averaged inversion height. During the first 2-3 hours of averaging, 

we see a small increase (5–10%) in cloud cover in the upper cloud layer but very soon a large 

decrease appears in the lower portion of the cloud. As time goes on, the negative response 

prevails in the stratus portion of the cloud layer (enclosed by the 5% cloud fraction contour) 

and a slight increase (less than 5%) in cloud fraction appears near cloud base from the middle 

of the second day on. The surface precipitation is negligible in both the control and the 

experiment. 

 Figure 3 shows domain averaged total water, liquid water, buoyancy production of 

TKE (resolved), and radiative heating rate (  
    ) and its horizontal standard deviation at three 

different times after horizontal averaging is applied. The upper row shows hourly averages 

during the first hour of horizontal averaging. There is a very slight increase (barely visible) in 

the mean liquid water mixing ratio (Fig. 3b) and radiative cooling rate (Fig. 3d) in the upper 

part of the cloud layer, consistent with the increase in cloud cover seen in Fig. 2d. The reason 

for this increase is discussed in more detail in connection with the ATEX case in the 

following subsection. In contrast to this slight increase in the mean cloud top radiative 

cooling, there is a sizable decrease (5-10%) in buoyancy production of TKE in the domain 

(Fig. 3c). Since mean radiative cooling near cloud top actually increases, this decrease has to 

be explained by the removal (averaging out) of horizontal variability in radiative cooling (see 

the standard deviation of radiative heating rates in Fig. 3d), which contributes nontrivially to 

buoyancy production in the domain. Six hours later (the middle row), we see clear decreases 

in mean cloud water amount (Fig. 3f), cloud top radiative cooling and cloud layer buoyancy 

production. There is also a change in the vertical structure of mean total water mixing ratio: 

the MBL is less well-mixed in the averaging experiment with increased total water in the 

subcloud layer and a decrease in the cloud layer (Fig. 3e). This increase in the subcloud layer 

moisture leads to a lower cloud base later in the simulation. These changes in the mean state 

indicate that the impact of the averaging procedure has been amplified by feedbacks through 

the mean state. A day later (the bottom row), we see in the averaging experiment (1) lowering 
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of cloud top by ~100 m (Figs. 3i-j); (2) less liquid water in the upper cloud layer but a slight 

increase near cloud base (Fig. 3j, ~700 m, see also Fig. 2d); and (3) more significant 

decoupling between the cloud and subcloud layers in terms of total water mixing ratio. Here, 

stronger decoupling, shallower cloud top (implying weaker cloud top entrainment), and more 

cumulus-like cloud structure can all be explained by a reduction in the buoyancy production 

in the cloud layer, which can be traced back to the first hour of averaging. The results shown 

in Figs. 2 and 3 suggest that removing the horizontal variability in the radiative heating 

accelerates the Sc-to-Cu transition. In other words, radiative heating horizontal 

inhomogeneity contributes to maintaining the Sc layer during the transition. 

At the surface, due to decreased cloud cover in the averaging experiment, there is an 

increase in the net shortwave radiation flux into the ocean of ~25 W m
-2 

averaged over the 3-

day period. This implies that ignoring the effect of radiative heating horizontal variability on 

turbulent mixing in cloud-topped MBLs could potentially contribute to SST biases in regions 

with significant marine low cloud cover in coupled climate models. 

3.2 Sensitivity experiments for the composite transition case 

 (1) Doubling the radiative heating horizontal variability 

In the first sensitivity test, instead of replacing    with   
     in the temperature 

tendency calculation, we replace it with   
         . So instead of removing the horizontal 

radiative heating anomaly, we double the horizontal variability of radiative heating while 

keeping the mean the same. Bretherton et al. [2005] used the same technique in their study of 

deep convective cloud-radiative feedback. The results from this experiment are shown in 

Fig.4. As expected, doubling the horizontal variability of    has the opposite impact on the 

Sc-to-Cu transition as removing it: total cloud fraction is always 100%; LWP is significantly 

larger than that in the control; and, the cloud top reaches higher due to more energetic cloud-

top entrainment. Again this proves the point that horizontal inhomogeneity in    contributes 

to maintaining the Sc layer during the transition.  

(2) Sensitivity to resolution 

 In the second test, we repeat the control and the horizontal-averaging experiment with 

a higher resolution (100 m in the horizontal and 15 m in the vertical) and a smaller horizontal 

domain size (19.2×19.2 km
2
). The model time step is also reduced from one to half a second. 

The high-resolution control (Fig. 5) shows similar evolution of cloud fraction, LWP, 

inversion height and cloud layer structure as the low-resolution control (Fig. 2). But there are 
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significant quantitative differences. Figure 5b shows that the high-resolution control produces 

smaller LWP than the low-resolution control (Fig. 2b). This sensitivity of LWP to spatial 

resolution warrants further investigation into the resolution dependent behavior of WRF LES, 

especially that of the microphysics schemes. The total cloud fraction in the high-resolution 

control (Fig. 5a) also shows larger fluctuations in the second and third day, partly due to the 

reduction in domain size. Despite these differences, the response to the horizontal averaging 

of radiative heating is very consistent between the low- and high-resolution setups in terms of 

total cloud fraction, LWP, and inversion height. More importantly, the response in the cloud 

vertical structure (Fig. 5d) is also very similar except that the increase in cumulus plumes 

below the Sc layer is slightly more prominent in the high-resolution setup.  

In a recent WRF LES study, Yamaguchi and Feingold (2012) found that LWP in their 

high-resolution stratocumulus simulations converges only with a small physical time step and 

a large number of acoustic wave sub-steps per physical time step. To test this sensitivity to 

temporal resolution, we performed shorter (one-day) high-resolution simulations using a 

smaller time step (0.2 s). We find that the LWP in the control simulation is slightly larger (by 

about 5 g m
-2

 on average) than that with 0.5 s time step and the response to horizontal 

averaging also slightly stronger (figures not shown).  

To summarize, even though cloud properties such as LWP and cloud fraction in our 

WRF LES simulations are quantitatively sensitive to the spatial and temporal resolutions, the 

response to horizontal averaging of radiative heating is very robust.  

 (3) Sensitivity to the choice of radiation parameterization 

 In the third test, we repeat the control and the horizontal-averaging experiment using 

the RRTMG radiation parameterization. As can be seen in Fig. 6, changing the radiation 

scheme makes relatively small difference in the response to the horizontal averaging of   . 

One noticeable difference is that with the RRTMG radiation scheme, the inversion height 

reduction due to the averaging is smaller than that with the CAM radiation scheme. We also 

see that the daytime breakup of cloud cover is stronger with the RRTMG radiation 

parameterization than with CAM3, probably because the default treatment of shortwave 

radiative transfer through the air column above the model top at 3 km is different between the 

two schemes.  
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3.3 The ATEX case 

 In the ATEX case, we focus on the initial transient response to horizontal averaging. 

Here, we turn on horizontal averaging eight hours after initialization. Figure 7 shows the 

changes in cloud cover vertical distribution for the two simulations using (a) CAM3 and (b) 

RRTMG longwave radiation schemes respectively. First, the control simulation with the 

CAM3 radiation produces slightly more cloud than that with the RRTMG radiation (28 

versus 27% in terms of total cloud fraction averaged over the last three hours; These values 

are smaller than the multi-model ensemble mean but within the bounds of inter-model 

variability found in Stevens et al. [2001]).  

The response to horizontal averaging also has a very similar pattern between the two 

radiation choices. In the first several hours, a thin layer with increased cloud cover develops 

near cloud top in the averaging experiment, consistent with what happens in the composite 

transition case (Fig. 2d). Several hours later this increase in cloud fraction becomes a 

decrease in the Sc layer. We offer a tentative explanation for this transient behavior based on 

the temporal evolution of the TKE response to horizontal averaging. As shown in Fig. 8, the 

initial response in TKE and turbulent mixing to the removal of radiative heating variability is 

a small decrease restricted to near the cloud top. This leads to local increases in total water 

mixing ratio (not shown) and cloud amount near cloud top, probably due to reduced mixing 

with dry air above. The TKE change can be seen to reach deeper in the cloud layer as larger 

eddies in the cloud layer. Even updrafts/downdrafts reaching into the subcloud layer get 

affected. Eddy transport of moisture in the cloud layer weakens, masking out the initial 

increase in cloud water near cloud top. After the first few hours we see increased cumulus 

activity in the lower part of the cloud layer in Fig. 7, which can be identified by the sporadic 

pulses of increased cloud cover, similar to Figs. 2d, 5d and 6d. 

In another set of simulations of marine stratocumulus with the DYCOMS-II RF01 

setup [Stevens et al. 2005], we find that the response to horizontal averaging of radiative 

heating rate is similar to that in the ATEX case, except the magnitude is relatively small 

(results not presented here). The stratocumulus layer does not really break up after 10 hours 

of radiation averaging—total cloud fraction drops from 98.5% to 95% and LWP from 72 to 

65 g m
-2

. This is likely due to the difference in the PBL structure between the DYCOMS-II 

RF01 case and the other two cases (ATEX and composite transition). The former is a quasi-

steady case, typical of the coastal stratocumulus regime with uniform cloud cover and a 

shallow, well-mixed PBL structure. Turbulent mixing driven by the mean radiative cooling 
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alone is strong enough to maintain the well-mixed PBL structure in the DYCOMS-II RF01 

case, without the contribution from subgrid-scale turbulence–radiation interaction. In the 

composite transition case the PBL is deeper and already decoupled during the first night (e.g., 

the negative buoyancy production near cloud base in Fig. 3c) The PBL is also decoupled in 

the ATEX case. For decoupled PBLs, weakened turbulence–radiation interaction leads to 

weaker mixing within the cloud layer and between the cloud and subcloud layers (i.e., 

stronger decoupling, see Fig. 3e), which leads to preferential drying of the Sc deck region at 

the top (not shown) because less moisture transport can reach it. This forms a feedback loop 

to break up the Sc deck. In contrast, in the DYCOM-II RF01 case the drying in response to 

weakened turbulence–radiation interaction is more evenly spread over the upper two thirds of 

the boundary layer (not shown) due to more efficient vertical mixing. Thus we expect the 

simulation of the Sc-to-Cu transition to be more sensitive to the details of subgrid-scale 

turbulence–radiation interaction than that of the well-mixed Sc-topped PBL. 

4. Implications for low cloud parameterizations 

 It is well known that cloud-top radiative cooling is an important process maintaining 

turbulent mixing in the Sc-topped MBL [e.g., Lilly 1968]. For climate models, the first-order 

problem is to reproduce the vertical profile of mean radiative heating (  
    ). But there are 

important features in the profile of   
     (see, e.g., the solid lines in Fig. 3d) that current-

generation climate models have difficulties in representing, e.g., (1) the sharp peak in cloud-

top radiative cooling, usually concentrated within a layer of 100 m or less, and (2) residual 

cooling above the main peak of cloud-top radiative cooling due to horizontal variability of the 

local cloud top (indicated by the black arrow in Fig. 3d). These difficulties arise in climate 

models mainly due to coarse vertical resolution and due to the fact that radiation schemes 

have only the grid-scale mean cloud fields as input. It is currently common practice in climate 

models to explicitly parameterize the enhancement of buoyancy generation of TKE, or even 

of cloud-top entrainment directly, due to the difference between the   
     profile in reality (or 

in LES) and that in climate models [e.g., Bretherton and Park, 2009; Moeng et al., 1999; 

Randall and Schubert, 2004]. Usually a simple assumption is made in the parameterization 

that this difference (denoted by    
    ) affects the buoyancy flux but not the grid-scale 

temperature, i.e., 

 
   

  
  

             

  
    

      ,  (1) 
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where θ is potential temperature and w is vertical velocity.            here can be seen as the 

buoyancy flux if we ignore the virtual temperature effect for simplicity.    
     is usually 

parameterized based on simple models of radiative transfer in cloudy columns [see, e.g., Park 

and Bretherton, 2009]. Then the equation is solved for            , which stands for the 

enhancement of the buoyancy flux due to    
    . The horizontal variability of radiative heating 

represented by     does not enter the picture at all.  

Theoretically speaking, the radiative heating inhomogeneity can affect the buoyancy 

flux directly as shown in the following tendency equation for the potential temperature eddy 

flux, 

            

  
    

 

  
                        

  
            

  
 

 

  
              

 

  
     

          
 

  
     

  

       
   

            , 

          (2) 

where p is pressure, ρ is air density and θv is virtual potential temperature. The assumptions 

that lead to the general form of Eq. (2) (without the last term) from the original Reynolds 

Stress equation can be found in books like Stull [1982, Eq. 4.4.3c]. Here we omitted terms 

due to LES subgrid-scale parameterization and due to molecular diffusion. The last term in 

Eq. (2) represents the correlation between radiative heating and vertical velocity perturbations 

[see also Stull, 1982, Eq. 4.4.3a]. For the composite transition case (both high- and low-

resolutions), we find that              is usually two to three orders of magnitude smaller than the 

other terms on the right-hand side even though its contribution to the budget is positive. Also, 

when comparing differences for the individual terms on the right-hand side of Eq. (2) 

between the control and horizontal-averaging experiment we find that the difference for 

            , which is zero by definition in the horizontal-averaging experiment, is much smaller 

than the differences for many of the other terms (e.g., 
 

  
     

         ). So it is more likely that 

horizontal inhomogeneity in radiative heating impacts buoyancy flux through its effect on 

other terms in Eq. (2) that involve   , e.g., 
 

  
     

         . 

This is in agreement with the work of André et al. [1978], who argued that for the 

nighttime clear boundary layer the temperature-radiation correlation term,             , is of the 

same order of magnitude as other terms in the tendency equation for potential temperature 

variance (       ) and more important than             . The tendency equation for         can be written 

as the following, 
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                            ,   (3) 

 where dissipation terms due to LES subgrid-scale mixing and due to molecular diffusion are 

not included. André et al.  included a simple parameterization for              in their third-order 

turbulence closure, where              is assumed to be a pure dissipation term with the form 

              (   is the mean water vapor mixing ratio) [see also Coantic and Simonin, 1984]. For 

the composite transition case, we find that              is also of the same order of magnitude as the 

other terms in the tendency equation for         in the high-resolution control (see Fig. 9 for a 

typical snapshot); but in our case              is positive. This is true throughout the simulation, 

which means for a cloud-topped boundary layer              cannot be treated as a simple damping 

term (like thermal conduction) for temperature variance. The same conclusion is reached 

when we use liquid water potential temperature instead of potential temperature for the 

budget analysis. We think the difference in the sign of              is because under clear 

conditions positive    always leads to stronger longwave radiative cooling (negative     from 

increased emissions relative to cooler nearby parcels) while for a cloud-topped boundary 

layer air parcels with positive    near the cloud top are likely to be cloud-free due to mixing 

with warmer and drier free-troposphere air, and thus have weaker longwave cooling (positive 

   ) than cloudy parcels. Positive              contributes to the production of        , which in turn 

leads to stronger buoyancy flux through 
 

  
     

          in Eq. (2).  

Potentially the radiative heating perturbation term (   ) can also affect other second-

order moments like the covariance between water vapor mixing ratio and potential 

temperature   
          or that between liquid water mixing ratio and potential temperature   

         , 

which can eventually affect the buoyancy flux (    
        ) budget. Our analysis shows that these 

effects are negligible in the composite transition case. 

In summary, the above budget analysis for various second-order moments suggests 

that the leading-order impact of radiative heating perturbations on turbulence is through its 

impact on the potential temperature variance. In the clear boundary layer simulation of André 

et al. [1978], radiation-turbulence interaction damps nighttime turbulent mixing. But in the 

composite transition case, we find that radiative heating horizontal inhomogeneity promotes 

turbulent mixing and is important for the maintenance of cloud during the Sc-to-Cu 

transition. We think it is worthwhile to explore the benefit of parameterizations for              

more suitable for cloudy boundary layers than that of André et al. in high-order turbulence 
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schemes. This is especially true since high-order schemes are now more widely implemented 

in climate models with the hope to improve the simulation of marine low clouds [e.g., Golaz 

et al. 2002; Cheng and Xu, 2006]. For lower-order turbulence schemes that do not calculate 

second-order moments like temperature variance, we may need to parameterize the impact of 

subgrid-scale turbulence-radiation interaction on buoyancy flux or even directly on TKE.  

5.  Conclusion 

To conclude, we have investigated the impact of horizontal variability of radiative 

heating in the context of the Sc-to-Cu transition. This was done with large eddy simulations 

with the WRF model configured for the GASS composite Lagrangian transition case with a 

large domain (~60×60 km
2
) comparable to a GCM grid box. We remove the horizontal 

variability in radiative heating rates by applying horizontal domain averages at each grid 

point to assess the impact of neglecting subgrid-scale turbulence-radiation interactions on the 

simulated Sc-to-Cu transition in climate models. Our results show that cloud cover and LWP 

are significantly reduced, allowing more shortwave radiation to reach the surface (~25 W m
-2

 

on average in the case considered); the inversion height drops by 200 m at the end of the 3-

day simulation; and the boundary layer structure also gets much less well-mixed. In short, 

removing subgrid-scale turbulence-radiation interactions “accelerates” the transition from Sc 

to shallow Cu. The qualitative pattern and relative magnitude of the response to the 

horizontal averaging of radiative heating rates are quite robust throughout the experiments we 

have done, even though there is quantitative dependence of the response on model resolution 

and the choice of radiation parameterizations. We expect to find similar quantitative 

dependence on the specific LES model used to conduct the experiments. For the ATEX case 

we also find a similar response albeit the magnitude of the response is smaller. For a well-

mixed Sc-topped PBL like that in the DYCOMS-II RF01 case, even though the structure of 

the response in the cloud layer is similar to the two cases above, the magnitude of the 

response is relatively smaller.  The Sc deck does not really break up in the DYCOMS-II case, 

probably because the mean radiative cooling alone is strong enough to maintain the well-

mixed PBL structure. 

 Given the importance of cloud-top radiative cooling in maintaining turbulent mixing 

in cloud-topped boundary layers, climate models nowadays parameterize the impact of 

underrepresented vertical structures in the mean radiative heating profile. Our results further 

suggest that unresolved horizontal structures, i.e., horizontal subgrid-scale variability in 

radiative heating, can contribute significantly to the maintenance of marine low clouds and 
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boundary layer turbulence during the Sc-to-Cu transition. We find that, radiative heating 

perturbations, rather than just damping temperature variance, like in clear boundary layers, 

actually contribute to the production of temperature variance in the cloudy composite 

transition case. This in turn contributes to the buoyancy production of TKE. In the third-order 

turbulence scheme of André et al. [1978] the effect of radiative heating perturbations is 

parameterized as a simple damping term in the temperature variance equation. We argue that 

for cloud-topped boundary layers a more complicated parameterization is necessary for high-

order turbulence schemes. Lower-order schemes would also benefit if the effect of radiative 

heating subgrid-scale variability were to be parameterized. We also note that if the effect of 

three-dimensional radiative transfer were to be considered in the simulations, the impact of 

the turbulence–radiation interaction is likely to be even stronger than what we have found. 
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