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Abstract

The Walker circulation connects the regions with deep atmospheric convection in the western tropical Pacific to the shallow-
convection, tropospheric subsidence, and stratocumulus cloud decks of the eastern Pacific. Although important to many
elements of the Earth system such as tropical precipitation, and cloud feedback processes, interactions between large-scale
tropical circulations and these cloud systems are still not well understood. The purpose of this study is to better understand
the multi-scale interactions between the Walker circulation, cloud systems, and interactive radiation.

To do this we simulate a mock-Walker Circulation with a full-physics General Circulation Model (GCM) using idealized boundary

conditions. Our experiments use a doubly-periodic domain with grid-spacing of 1, 2, 25, and 100km. We thus span the range from

General Circulation Models (GCMs) to Cloud-system Resolving Models (CRMs). Our model is derived from the Geophysical

Fluid Dynamics Laboratory (GFDL) atmospheric GCM (AM4.0). Our GCM-like experiments have a large low-level cloud

fraction while the CRM-like experiments have more upper-level clouds. This difference leads to opposite atmospheric responses

to changes in the longwave cloud radiative effect (LWCRE). Active LWCRE lead to increased precipitation for our GCMs,

but decreased precipitation for our CRMs. The LWCRE leads to a narrower rising branch of the circulation and substantially

increases the fraction of precipitation from the large-scale cloud parameterization. Decreasing the grid-spacing to 1km and

2km results in stronger overturning circulations, more condensate aloft, and less precipitation. This work demonstrates that a

mock-Walker circulation is a useful generalization of RCE that includes a large-scale circulation.
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Key Points:7

• Cloud resolving simulations result in more upper-level clouds, relative to lower res-8

olution simulations which have more low-level clouds.9

• High and low clouds interact differently with longwave radiation to increase or de-10

crease precipitation, depending on dominant cloud type.11

• Interactions between clouds and radiation combined with parameterized convec-12

tion shift the precipitation maximum away from the SST maximum.13
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Abstract14

The Walker circulation connects the regions with deep atmospheric convection in15

the western tropical Pacific to the shallow-convection, tropospheric subsidence, and stra-16

tocumulus cloud decks of the eastern Pacific. Although important to many elements of17

the Earth system such as tropical precipitation, and cloud feedback processes, interac-18

tions between large-scale tropical circulations and these cloud systems are still not well19

understood. The purpose of this study is to better understand the multi-scale interac-20

tions between the Walker circulation, cloud systems, and interactive radiation. To do21

this we simulate a mock-Walker Circulation with a full-physics General Circulation Model22

(GCM) using idealized boundary conditions. Our experiments use a doubly-periodic do-23

main with grid-spacing of 1, 2, 25, and 100km. We thus span the range from General24

Circulation Models (GCMs) to Cloud-system Resolving Models (CRMs). Our model is25

derived from the Geophysical Fluid Dynamics Laboratory (GFDL) atmospheric GCM26

(AM4.0). Our GCM-like experiments have a large low-level cloud fraction while the CRM-27

like experiments have more upper-level clouds. This difference leads to opposite atmo-28

spheric responses to changes in the longwave cloud radiative effect (LWCRE). Active LWCRE29

lead to increased precipitation for our GCMs, but decreased precipitation for our CRMs.30

The LWCRE leads to a narrower rising branch of the circulation and substantially in-31

creases the fraction of precipitation from the large-scale cloud parameterization. Decreas-32

ing the grid-spacing to 1km and 2km results in stronger overturning circulations, more33

condensate aloft, and less precipitation. This work demonstrates that a mock-Walker cir-34

culation is a useful generalization of RCE that includes a large-scale circulation.35

Plain Language Summary36

Interactions between clouds, radiation, and dynamics all contribute to the large-37

scale tropical motions and are fundamental to the Walker circulation. The Walker cir-38

culation is the name of the loop consisting of surface winds towards the western trop-39

ical Pacific, strong upward motion and deep convection in that region, and the return40

eastward winds aloft that eventually sink towards the surface in the eastern Pacific basin.41

We focus on an idealization of the Walker circulation (a mock-Walker circulation) in which42

the strong rising motion and deep convection is driven by a patch of warm sea surface43

temperature (SST). Our results show that the response of the atmosphere to the radia-44

tive flux of energy depends strongly on the relative amount of clouds at different heights.45

It is further shown that our GCM-like models are dominated by low-clouds while our CRM-46

like models are dominated by high-clouds. This work also argues that an idealized Walker47

circulation is an excellent configuration with which to better understand the interactions48

between clouds, radiation and circulation and to push the development of models for-49

ward. Models of mock-Walker circulations represents an intermediate tier in a hierar-50

chy of models between Earth-like models and the models of radiative convective equi-51

librium (RCE).52

1 Introduction53

The tropical Pacific is an ideal location to study interactions between clouds and54

the circulation because it combines strong overturning circulations, abundant shallow55

cumulus, congestus, and cumulonimbus clouds (Johnson et al., 1999) as well as stratocu-56

mulus cloud decks along the eastern extremities of the basin. These overturning circu-57

lations encompass dynamical motions at scales ranging from meters to thousands of km’s58

all of which interact with each of the different cloud types. The circulation first noted59

by Sir Gilbert Walker, and described by Bjerknes (1969) connects the western Pacific60

region with warm SST and strong deep convection to the eastern Pacific region which61

tends to be populated more by shallow cumulus and, in the subtropics, stratocumulus62

clouds. This circulation, now known as the Walker Circulation, is a response to the lon-63
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gitudinal asymmetries in the tropical atmospheric heating and is tightly coupled with64

the El Nino Southern Oscillation. The Walker Circulation is a compelling example of65

both thermodynamic and dynamic interactions between moisture and the large-scale cir-66

culation. It is also a framework that can be compared to observations and tested with67

a variety of model configurations.68

It is also clear that the tropical Pacific plays an important role in the response of69

the climate to radiative perturbations. Recent work has shown that the interactions be-70

tween clouds, patterns of Sea Surface Temperature (SST), and the circulation in the trop-71

ical Pacific play an important role in determining the cloud feedback and the decadal72

variability of the climate feedback (e.g., Andrews & Webb, 2018; Zhou et al., 2016; Sil-73

vers et al., 2018; Fueglistaler, 2019). While the Hadley circulation connects the tropics74

with the midlatitudes, the Walker circulation is one of the primary mechanisms by which75

the clouds, SST and circulations are coupled to each other in the tropics. We propose76

that focusing on the Walker Circulation can lead to new insights into several questions77

that are critical to a better understanding of the tropical climate and cloud processes.78

These questions include:79

• How do clouds influence the overturning circulation?80

• To what extent are the deep convective clouds and the low-level clouds coupled81

through the overturning circulation?82

• When simulating tropical overturning circulations, how well does a GCM compare83

to a CRM?84

In global and Earth-like GCM simulations, the interplay between the overturning cir-85

culation and clouds is difficult to disentangle from other processes such as the Hadley86

cell and convectively coupled tropical waves. Many of the studies with CRMs that have87

focused on the tropical overturning circulation in a more idealized context have been re-88

stricted to relatively small domain sizes and highly simplified physics parameterizations.89

The result is a gap in the types of simulation for this region that is so important to our90

understanding of clouds in the Earth’s climate system.91

This work uses the framework of a mock-Walker circulation to simulate an over-92

turning tropical circulation with both a GCM-like model and a CRM-like model. Ide-93

alized models of the Walker circulation were first called ‘mock-Walker circulations’ by94

Raymond (1994). Raymond (1994) envisioned an idealized Walker circulation as,“a pos-95

sible venue for testing ideas about the interaction of dynamics, moist convection, and96

sea-air transfers that is simple enough to be understandable, but rich enough to be in-97

teresting.” Using the mock-Walker circulation as a tool to help distill the processes in98

complex climate models into concrete understanding was also proposed by Jeevanjee et99

al. (2017). There have been many notable studies of the Walker Circulation (e.g., Geisler,100

1981; Raymond, 1994; Grabowski et al., 2000; Tompkins, 2001; Bretherton & Sobel, 2002;101

Bretherton et al., 2006; Wofsy & Kuang, 2012; Schwendike et al., 2014). Previous stud-102

ies have focused on observations (Bjerknes, 1969; Schwendike et al., 2014), theory (Gill,103

1980; Geisler, 1981; Raymond, 1994; Bretherton & Sobel, 2002), or a combination of mod-104

eling and simple theory (Grabowski et al., 2000; Sobel et al., 2004; Peters & Brether-105

ton, 2005; Bretherton et al., 2006; Wofsy & Kuang, 2012; Kuang, 2012). The modeling106

studies have primarily used models we refer to as Cloud-system Resolving Models (CRMs;107

grid-spacing of less than 5km, no convective parameterization). Multiple studies have108

presented elegant conceptual and theoretical models of the overturning tropical circu-109

lation (Raymond, 1994; Pierrehumbert, 1995; Larson et al., 1999; Bretherton & Sobel,110

2002). However, these simplified theoretical models of the circulation differ from each111

other in important details and have different parameter dependencies. Their simplicity112

helps to provide insight into those models, but is difficult to translate to the tropical cli-113

mates produced by GCMs. Most of these previous studies greatly simplify both the ra-114

diation and the representation of clouds. They point to the importance of the interac-115
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tions between clouds, radiation and the large-scale circulation while avoiding much of116

the complexity of those processes.117

Current climate models continue to be developed with an increasingly fine resolu-118

tion and the domain size used with CRMs continues to grow. As a result the line between119

these two types of models has become blurred and there is a need to systematically com-120

pare the clouds and their influence on the climate produced by each type of model (Schneider121

et al., 2017). By simulating a mock-Walker Circulation in the context of both a GCM122

and a CRM we illustrate how inextricable the interactions between clouds and radiation123

are to the coupling of moisture with the large-scale circulation. The model used here is124

based on GFDL’s AM4.0 GCM that participated in CMIP6, having a full suite of physics125

parameterizations. Rather than a full global domain all of our experiments use a doubly-126

periodic domain. This is conceptually similar to Held et al., (2007), which used an ear-127

lier generation GFDL climate model on a doubly-periodic domain to study RCE. The128

combination of a doubly periodic domain and a current generation climate model allow129

us to analyze the interactions of the circulation and clouds in simulations with grid-spacing130

that ranges from 1km to 100km. We thus study a full-physics GCM in an idealized con-131

text that is relevant to observed tropical systems, to theoretical models of the tropical132

circulation, and to many of the recent studies of radiative convective equilibrium (RCE).133

The broad goal of this paper is to clarify the two-way interactions between the Walker134

circulation and the various cloud types that are prevalent in the tropical Pacific. Our135

specific goal is to compare the Walker circulation and clouds simulated with a GCM-like136

model to analogous simulations from a CRM-like model using one modeling framework137

based on a single code base. This serves as the framework with which we naively attempt138

to transition a GCM towards a CRM. Our initial motivation for using the GFDL AM4.0139

model on a doubly-periodic domain was to simulate a tropical Pacific-like region in the140

context of both a GCM and a CRM in the hopes that resolving more of the turbulent141

motions and circulations would help us to better understand the physics and the mech-142

anisms which are at work in the cloud-circulation interactions of the tropical Pacific and143

improve our ability to model this region in a GCM. We perform a series of sensitivity144

experiments that highlight the different ways in which these experiments can equilibrate.145

The climatology of the precipitation, both the amount and location, is particularly sen-146

sitive to changes in the configuration. We demonstrate the impact to the mean state of147

convective parameterization, LW radiative interactions with clouds, domain size, and the148

resolution, or grid-spacing.149

The paper is organized as follows. Details of the model and the particular exper-150

iments used are described in the next section. Section three gives a broad description151

of the mock-Walker circulation in our simulations and describes the tendency of exper-152

iments with parameterized convection to settle into states which do not mirror the sym-153

metry of the prescribed sea surface temperature. Then, section four shows how the dis-154

tribution of precipitation changes as a function of domain size. Section five will describe155

and contrast the Walker circulation in a GCM-like and a CRM-like configuration and156

section 6 includes a brief discussion and lists some of the impacts of the LWCRE and157

changing resolution. Conclusions are given in the last section.158

2 Experimental Details and Methods159

All simulations use a nonhydrostatic dynamical core, with prescribed SSTs and a160

doubly periodic domain which is elongated in the zonal direction allowing for three di-161

mensional simulations but with a reduced computational cost relative to the default global162

domain. The domain is flat, non rotating, and has uniform and constant insolation. The163

lower boundary is a water covered surface with the SST prescribed as a time invariant164

Gaussian function which is 4K warmer in the center (301K/27.85C) of the domain then165

at the edges (297K/23.85C). To develop the model configuration used for these exper-166
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Table 1. Specifications of the experiments used most heavily in this study. The length of

computational time step is represented by ‘dt’. In the Convection column, ‘prm’ indicates that

convection is parameterized and ‘expl’ indicates explicit convection. All of the experiments listed

here were also run with the LWCRE turned off and are referred to with a LWCRE-off suffix in

the text. For example, P100L LWCRE-off, etc.

Name Grid Spacing (km) dt (s) Domain (km2) Length (months) Convection

P100L 100 600 800 × 16000 60 prm

P100 100 600 800 × 4000 60 prm

P25L 25 600 200 × 16000 60 prm

P25 25 600 200 × 4000 60 prm

E25 25 600 200 × 4000 60 expl

E2 2 20 100 × 4000 6 expl

E1 1 5 10 × 4000 6 expl

iments we started with the same code base as that of the recently developed atmospheric167

global climate model AM4.0 (Zhao et al., 2018a, 2018b) (Z18a and Z18b hereafter). AM4.0168

uses the GFDL finite-volume cubed-sphere dynamical core FV3 (Harris & Lin, 2013) which169

can solve either the hydrostatic primitive equations or the nonhydrostatic fully compress-170

ible Euler equations over a wide range of resolutions. Current generation global GFDL171

models use a cubed-sphere grid composed of six tiles. We use the model on a single doubly-172

periodic tile. This allows the grid-spacing and domain size to be easily changed to min-173

imize the cost of computations. This study focuses on experiments with grid-spacing of174

1km, 2km, 25km, and 100km on several different sizes of domain. Additional details are175

given in Table 1.176

The default AM4.0 physics we use includes interactive radiation, parameterized deep-177

and shallow-convection, a large-scale cloud scheme, and a boundary layer scheme as de-178

scribed in Z18a,b, and the references therein. The prognostic moisture variables are the179

specific humidity (q), liquid (ql) and frozen water (qi), and cloud fraction. The top of180

the model domain is at 1 hPa, with 33 vertical levels and a sponge layer extending down-181

ward to 8 hPa. The kilometer of atmosphere just above the surface is resolved by 8 model182

levels. Changes made to the default AM4.0 physics in this study are as follows. The cloud-183

aerosol interactions were turned off to focus on the interaction between clouds, radia-184

tion, and the circulation. The gravity wave drag parameterization was turned off in or-185

der to reduce large oscillations which developed in the horizontal wind field near the top186

of the model domain. The convection, radiation, large-scale cloud, microphysics, and tur-187

bulence parameterizations all remain the same as in AM4.0. Thus for the experiments188

with the convection parameterized (grid-spacing of 25km and 100km), the physics are189

very similar to those of AM4.0. This configuration of AM4.0 physics was initially used190

by Popp and Silvers (2017) and more recently for the aquaplanet model used as part of191

GFDL’s contribution to the CFMIP component of CMIP6.192
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One technique that has been commonly used to infer the influence of clouds on the193

atmosphere is to make the clouds invisible to the radiation. The usual two-way inter-194

action between clouds and radiation is thus broken and a useful diagnostic tool is cre-195

ated. This method was originally pioneered by Slingo and Slingo (1988) and Randall et196

al. (1989). More recently, it has been implemented as part of the CFMIP series of ex-197

periments (Stevens et al., 2012; Webb et al., 2017). In the AM4 code, this is done sep-198

arately for the longwave (LW) and shortwave radiation. In this study we compare con-199

trol experiments, in which clouds and radiation are fully interactive with experiments200

in which clouds are invisible to the LW radiation. These experiments are referred to as201

Longwave Cloud Radiative Effect Off (LWCRE-off). For the LWCRE-off experiments,202

both the LW and shortwave radiation are present and interact with the atmospheric state,203

the clouds still precipitate and interact with the shortwave radiation. Turning off the LWCRE204

would have a large impact on the surface budget of a coupled model. However, because205

there is no land in our simulations and the SST is held fixed, the energetics of our ex-206

periments are not as strongly effected as might be expected. Experiments with only a207

water surface at the lower boundary and fixed SST are an ideal configuration to utilize208

the LWCRE-off configuration.209

The experiments with 100km and 25km grid-spacing have been run for 5 years while210

the 1km and 2km experiments were run for 6 months. Experiments with parameterized211

convection are labelled with a P prefix, followed by a number indicating the grid-spacing212

in kilometers while the experiments with explicit convection (no parameterized convec-213

tion) will be labelled with an E prefix, followed by the appropriate number. Thus P25214

refers to an experiment with parameterized convection using a grid-spacing of 25km. The215

naming convention for each of the experiments is shown in Table 1. Throughout this pa-216

per the P100 and P25 experiments, with and without the LWCRE are referred to as ‘GCM-217

like’ and ‘CRM-like’. The GCM-like experiments only differ from traditional GCMs in218

the non-global domain and lack of rotation. The CRM-like terminology acknowledges219

that this configuration has a vertical resolution that is coarser than many CRMs, and220

uses the large-scale cloud scheme from the AM4.0/CM4.0 GCM.221

To examine the dependence of our results on domain size, as well as the fundamen-222

tal role that the LW CRE plays in GCMs we run the fully parameterized experiments223

(P25 and P100) on a ‘small’ and ‘large’ domain. The long dimension of the small do-224

mains is 4000 km and the long dimension of the large domain is 16000 km. To explore225

the mock-Walker circulation in the context of both a GCM and a CRM we utilize com-226

parisons of the experiments with grid-spacings of 25km (P25 and E25), 2km (E2), and227

1km (E1) all on a domain with the same long dimension of 4000 km. The experiments228

with a grid-spacing of 25km (P25 and E25) serve as a link between the GCM-like con-229

figuration and the CRM-like configuration. The only difference between these two ex-230

periments is that E25 has both the shallow and deep convective parameterizations turned231

off so that all of the convection in that experiment is explicit, as it is in E2 and E1. Do-232

mains with dimensions of 16000 km were judged too costly for the 1km and 2km exper-233

iments.234

The E1 and E2 simulations are in many ways similar to the configuration of so-called235

cloud resolving models. In particular all convection is explicitly resolved, and the thresh-236

old of grid-cell mean relative humidity which triggers new clouds is changed from the de-237

fault value of 0.8 to 1.0. While a grid spacing of 1 or 2km is clearly not small enough238

to resolve all clouds, it is small enough to resolve many clouds and cloud-systems. The239

large-scale cloud scheme is based on the Tiedtke (1993) parameterization. This was orig-240

inally designed to be used with GCMs having a coarse grid-spacing and includes prog-241

nostic equations for both cloud liquid water and cloud fraction. However, we are not aware242

of a fundamental problem in using the Tiedtke scheme for large-scale clouds in a model243

with 1km grid-spacing. The advantage of using the Tiedtke scheme is retaining the iden-244
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Table 2. Domain mean precipitation (P), outgoing longwave radiation (OLR), precipitable

water (PW), and subsidence fraction (SF) or fraction of domain that is subsiding at the 532 hPa

level. Values in parenthesis correspond to LWCRE-off experiments.

Name P(mm d−1) OLR(W m−2) PW(mm) SF

P100L 4.1 (3.5) 283.1 (286.9) 36.6 (31.3) 0.89 (0.61)

P100 3.9 (3.7) 283.2 (296.4) 28.0 (26.8) 0.74 (0.73)

P25L 4.0 (3.8) 281.2 (290.7) 35.0 (32.9) 0.78 (0.70)

P25 3.8 (3.7) 282.9 (293.6) 27.4 (26.4) 0.80 (0.74)

E25 3.7 (3.5) 271.9 (286.8) 28.7 (27.3) 0.72 (0.75)

E2 3.1 (3.4) 266.2 (285.5) 27.0 (25.2) 0.82 (0.75)

E1 3.3 (3.7) 269.3 (289.2) 27.3 (26.5) 0.80 (0.80)

tical cloud scheme as is used in the parent GCM; the disadvantage is the greatly increased245

complexity of the cloud computations relative to many other cloud resolving models.246

3 Cloud Radiative Interactions and the Organization of a mock-Walker247

Circulation248

The mock-Walker Circulation that emerges from these simulations is shown in Fig-249

ures 1 and 2 to be characterized by a strong overturning circulation with precipitation250

focused over the warmer SSTs and a humid boundary layer across the full length of the251

domain. Superposing the circulation and relative humidity (Figure 1) clearly shows the252

result of subsidence driven drying over regions with cooler SST (at the edges of the do-253

main) and the tropospheric moistening from ascending parcels which originate in the bound-254

ary layer over the region of high SST (in the center of the domain). To illustrate some255

of the sensitivities to convective parameterization and the interaction between clouds,256

radiation, and the large-scale circulation we compare the P25 experiment with analo-257

gous experiments in which the longwave CRE is turned off (P25 LWCRE-off, middle pan-258

els of Figure 1) and in which the convection is made explicit by turning off the convec-259

tive parameterization (E25, right panels of Figure 1). The circulation is illustrated by260

the combination of the mass streamfunction in Figure 1 and the vertical velocity in Fig-261

ure 2. The lower panels of Figure 1 show high concentrations of condensate in the mid-262

troposphere over the warmer SSTs, while the regions with subsiding circulations are dry263

(< 20%RH) above about 900 hPa. Two distinct circulation cells are present with one264

below, and one above 500 hPa. This state of deep overturning circulation with convec-265

tion and precipitation concentrated in the region of ascent and a dry troposphere in the266

regions of descent is common to the Walker circulation, tropical two-box models (e.g.,267

Pierrehumbert, 1995; Larson et al., 1999; Bretherton et al., 2006), and experiments of268

radiative convective equilibrium which equilibrate to a state with deep-overturning cir-269

culations and convective aggregation (e.g., Bretherton et al., 2005).270
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Figure 1. The equilibrated state of the Walker cell for three configurations with a grid-

spacing of 25km on a domain of 200 × 4000 km2. Shown in the top panels is the relative humid-

ity (shading) and mass streamfunction (black contours). The same contour interval for the mass

streamfunction (6 × 109 kg/s) is used in all panels. The lower panels show the total (liquid + ice)

condensate (g/kg). Deep and shallow convection are fully parameterized (P25) in the panels on

the left, the center panels show P25 LWCRE-off, and the experiment with LWCRE on, but the

convective parameterization turned off is on the right (E25).

When the coupling between the circulation and clouds is broken by making the clouds271

invisible to the LW radiation, the atmospheric state is more symmetric about the max-272

imum SST and the weaker circulation is more spread out horizontally. The mass stream-273

function and vertical velocity both show the P25 (Figure 1, left panels; Figure 2) exper-274

iment to have a stronger, more concentrated overturning circulation than either E25 (right275

panels) or P25 LWCRE-off (center panels). The control GCM experiment (P25) also has276

higher RH and more condensate in the convective region and a dryer subsidence region,277

relative to the P25 LWCRE-off and E25 experiments. Averaged over the full domain,278

the P25 case with parameterized convection results in a dryer atmosphere with less con-279

densate (both liquid and ice). This default configuration in which the clouds interact with280

the LW radiation results in a stronger, spatially concentrated circulation and will be dis-281

cussed further in later sections (also seen Figures 4, 5, 9 and 10). Active LWCRE leads282

to lower values of domain mean OLR and higher domain mean precipitable water (PW)283

in all cases (Table 2).284

Interactions between clouds and radiation play a dominant role in determining the285

fundamental characteristics of our system. The domain mean precipitation (P) provides286

one example of this. Because of the tight constraints that connect P, atmospheric con-287

densational heating, and the total radiative cooling, the time evolution of the precipi-288

tation is a useful measure of whether a model has reached a state of stationarity, or sta-289

tistical balance. Figure 3 demonstrates that this balance is reached after about 30 days290

for the E2, and E1 simulations, and after roughly 100 days for the P25 and P100 sim-291

ulations. Although the variability of P is fairly large (1-2 mm/d), after the initial ad-292

justment period of a few months, the experiments are steady in time. This is demonstrated293

in Figure 3 with the colored circles which show the mean values of P over the last 4 years294

(5 months) of the experiments for the GCM-like (CRM-like) experiments. After the ini-295
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Figure 2. Precipitation (top) and vertical velocity (bottom) at approximately 530 hPa for

P100, P25, E2, and E1 experiments. The data have been averaged over the short horizontal di-

mension of the channel and over the equilibrated part of the experiments. Control configurations

with default model physics are on the left. On the right are the corresponding experiments with

the longwave cloud radiative effect turned off (LWCRE-off).

tial adjustments the simulations all oscillate about mean precipitation values which tend296

to increase with the grid-spacing (Table 2). Despite the same boundary conditions and297

model base, these experiments have a large range of domain mean precipitation (Table298

2) that varies by as much as 0.6 mm/d (3.5-4.1 in parameterized experiments; 3.1-3.7299

in explicit experiments). Note that the GCM-like experiments have a larger P than the300

CRM-like experiments, and that the LWCRE leads to larger P in the GCM-like exper-301

iments but smaller P in the CRM experiments. This will be discussed further in section302

5. The large oscillations in P shown in Figure 3 are similar to those noted in previous303

studies (Silvers et al., 2016; Patrizio & Randall, 2019). Differences in P can be under-304

stood as a consequence of the differences in upper level cloud fraction and the surface305

energy budget and will be discussed further in section 5.306

One of the most prominent features of our GCM-like simulations is an asymme-307

try (relative to the symmetric SST distribution) in both the time-dependent and steady-308

state solutions. This asymmetry is particularly apparent in the P25 experiment on the309

small domain but is also present on larger domains and with a grid-spacing of 100 km310

(Figures 2, 4 and 7). The steady-state precipitation maximum is located not over the311

warmest SST but is shifted to slightly cooler temperatures. This asymmetry is present312

in the vertical velocity, mass circulation, relative humidity, specific humidity, and radia-313

tive heating. In the Hovmöller diagrams (Figures 4 and 5), the precipitation appears to314

be averse to residing over the SST maximum. For the P25 case shown in Figure 1 a strong315

(1 m s−1) domain mean shear develops above about 500 m which shifts the precipitation316

and circulation off center for years at a time. When the convective parameterization is317

turned off (E25), the overturning circulation becomes weaker and broader (seen in ver-318

tical velocity, and the mass streamfunction, Figures 1 and 2), and the precipitation, cloud319

fields, and circulation reside over the SST maximum (but only for about 1 year before320

the variability increases). While the parameterized convection plays a large role in driv-321

ing this asymmetry, it is not purely a result of the convective parameterization, but also322

due to an interaction between the convective parameterization and the LWCRE. The de-323

gree to which this asymmetry influences the comparison with other experiments is un-324

clear.325
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Figure 3. Domain mean precipitation as a function of time. All data have been smoothed

twice with a 9-day running mean filter. Solid lines are the control experiments, dashed lines show

the LWCRE-off experiments. All data is shown for the E1 and E2 experiments while for P25 and

P100 only the first two out of five years is shown. The dots at far right show the time mean val-

ues for the last 4 years (P25, P100) and last 5 months (E1, E2). Filled (hollow) dots show values

from control (LWCRE-off) experiments.

One of the simplest measures of convective aggregation and the large-scale circu-326

lation is the subsidence fraction (SF), the fraction of the domain in which the mid-tropospheric327

air is subsiding (Coppin & Bony, 2015). As convection becomes more organized, or ag-328

gregated, the SF will increase. For an overturning circulation a contraction of the con-329

vective region should result in a larger subsidence fraction. This is precisely what we see330

in Table 2. For each of our experiments with LWCRE-on the SF is larger than or equal331

to the case with LWCRE-off (with the exception of E25). While our mock-Walker cir-332

culation is distinct from radiative convective equilibrium (RCE) and the resulting spon-333

taneous self-aggregation, our region of persistent deep convection clearly corresponds to334

a state of aggregation. Using a mock-Walker circulation allows one to study controlled335

convective aggregation rather then spontaneous convective self-aggregation. Previous stud-336

ies have shown a dependence of aggregation on temperature (Khairoutdinov & Emanuel,337

2010; Wing & Emanuel, 2014; Cronin & Wing, 2017), Table 2 illustrates how much the338

aggregated state can vary among experiments with identical SST. Having a prescribed339

SST warm patch ensures that the simulations will be ‘aggregated’ to some degree. Given340

identical SSTs, the range of different SFs provide a measure of variability that is driven341

entirely by the interactions between convection, radiation, and the large-scale circula-342

tion.343

4 The Influence of Domain Size on Low-level Clouds and the Large-344

scale Precipitation345

The evolution in time of the precipitation field illustrates how much the spatial dis-346

tribution can vary as a function of domain size, parameterization of convection, and the347

effect of the LW radiation due to clouds. Shown in Figures 4 and 5 are Hovmöller plots348

of precipitation after averaging along the short horizontal dimension. The four panels349

show simulations with two grid-spacings (25 km and 100 km) using two different domain350

sizes (long edge length of 4, 000 km and 16, 000 km). Figure 4 shows the control GCM-351

like experiments and Figure 5 shows the equivalent simulations with LWCRE-off. Pre-352

vious studies of RCE (Bretherton et al., 2005, 2006; Muller & Held, 2012; Jeevanjee &353

Romps, 2013; Silvers et al., 2016; Dixit et al., 2018; Patrizio & Randall, 2019) have doc-354

umented sensitivities of the equilibrated state to domain size. We have in most cases cho-355
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sen to keep the long edge length fixed at 4, 000 km. The analysis of the previous, and of356

the next section focuses on results from experiments using a domain with a long edge357

length of 4, 000 km. However, when comparing those results to experiments with a long358

edge length of 16, 000 km, we find interesting sensitivities to the domain size that are de-359

scribed in this section.360

At all resolutions the Hovmöller plots show that the LWCRE acts to concentrate361

the precipitation over a smaller geographic extent. The structure of the precipitation changes362

more as a function of domain size than it does as a function of resolution. On the large363

domains, the difference between experiments with and without LWCRE is extreme (com-364

pare Figure 4a,b to Figure 5a,b). In contrast to the control experiments in Figure 4 which365

all show a narrow region of strong precipitation meandering within about 500 km of the366

SST maximum at the center of the domain, the large domain experiments without the367

LWCRE have an 8000 km wide region in which the precipitation consistently develops368

(Figure 5). Smaller cells and lines of precipitation develop within this large area with369

no apparent preference to settle over the center of the domain where the SST is a max-370

imum. There is also a dramatic change in the distribution of precipitation on the 4, 000 km371

domain simulations after almost 2 years. The domain mean precipitation does not sig-372

nificantly change in these cases, only the spatial structure.373

An additional unexpected change that results from increasing the domain size is374

an upward shift of the cloud fields. The low-level condensate has a cloud base that de-375

creases in magnitude and shifts from near 900 hPa in the small domain (thin lines, Fig-376

ure 6) to between 700-800 hPa in the large domain (thick lines) simulations. There is377

also a vertical shift in the upper-level ice condensate, but it is less pronounced. As the378

domain size increases, so too does the domain mean precipitable water (PW) which varies379

by as much as 30% among the experiments (Table 2). Smaller domains (1,024 km com-380

pared to 4,096 km wide) were found to have a more focused ascent region, larger pre-381

cipitation rates, and less low-level clouds in the CRM simulations of Bretherton et al.382

(2006). In contrast, here smaller domains have more low-level clouds and slightly less383

precipitation rates(Table 2, Figure 6).384

The domain mean total precipitation is constrained by the radiative cooling of the385

atmosphere. However, in models with the convection parameterized, the total precip-386

itation is composed of precipitation from the convection scheme and the large-scale cloud387

scheme. The relative contribution of each component is not well constrained and Held388

et al. (2007) have shown that the fraction of the precipitation that is due to the large-389

scale cloud scheme is closely linked to low-cloud cover and total condensate. The dis-390

tribution of convective and large-scale precipitation indicates how the condensational heat-391

ing in a GCM is being distributed among the parameterizations, and what is triggering392

the precipitation. Precipitation from each of these two components is shown in Figure393

7 as a function of resolution and domain size. In the regions of large-scale ascent, most394

of the precipitation derives from the large-scale cloud scheme. Following the terminol-395

ogy of Held et al. (2007) we could say that most of the precipitation is coming from ‘grid-396

point storms’ in which the upper level moisture is being supplied not by the convective397

parameterization but from the boundary layer as a result of large-scale upwelling. We398

also see that the LWCRE (solid lines) dramatically increases the large-scale precipita-399

tion. The LWCRE has a much smaller effect on the magnitude of the convective precip-400

itation but does act to spatially concentrate it. With the exception of the P100L LWCRE-401

off experiment, the convective precipitation produces relatively little of the total precip-402

itation. The dramatic dependence on domain size of the precipitation field that is seen403

in Figure 5 corresponds to a decrease in the large-scale precipitation of about 65% in the404

P25L case and an almost complete elimination of the large-scale precipitation in the P100L405

case. The fraction of precipitation that is due to the large-scale cloud scheme was linked406

to the low-level cloud radiative effect in Held et al. (2007). Our results show that this407

fraction is indeed tied to the low-level cloud fraction and demonstrate that it is through408
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Figure 4. Evolution of precipitation through the first 3 years of simulation for experiments

with a grid spacing of 25km and 100km. Panel A shows the 100km experiment on the large do-

main (P100L); B, 25km on large domain (P25L); C, 100km on small domain (P100); and D,

25km on small domain (P25). For each resolution, the only difference between the experiments

shown is a long edge length of 16,000 km or 4,000 km. All cases have an SST of 301 K at the

center and 297K at the edges. The plotted contour values are: 1,5,10,15,20,30,40,50,60,70,80,90.

Data have been averaged over the short horizontal dimension.
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Figure 5. Identical to previous figure, except that the clouds do not interact with the long-

wave radiation; the LWCRE is off.
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Figure 6. Domain mean total condensate (liquid + ice; grams/kilogram) for P100 (red) and

P25 (yellow) on the domain with a long dimension of 16,000km (thick) and 4,000 (thin). Solid

lines show experiments with LWCRE on and dashed lines the LWCRE-off experiments.
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Figure 7. Precipitation due to the large-scale (blue) cloud scheme and to the convective pa-

rameterization (black). Panels on the left show large domains with a long edge width of 16,000

km and panels on the right show domains with a long edge width of 4,000 km. LWCRE-off ex-

periments are shown with dashed lines.

the LW cloud radiative effect that this connection is enabled. The fact that the parti-409

tioning of precipitation by the convective and large-scale parameterizations depends on410

both the size of the domain and the LW CRE could imply that the changes of the low-411

level clouds are being driven by sensitivities of the parameterized physics. The low-level412

clouds are strongly influenced by both the size of the domain and by the LW CRE.413

5 From a General Circulation to Cloud Resolving Model: Dependence414

on Resolution415

We now use the mock-Walker circulation to compare GCM-like simulations to CRM-416

like simulations. This section focuses on simulations with grid-spacing of 1km, 2km, and417

25km all on a domain with the width of 4,000 km for the long edge. The models agree418

on the basic circulation pattern and the spatial distribution of mid-tropospheric conden-419

sate. However, the E25/P25 simulations produce 4 to 5 times as much low-level cloud420

and condensate as E2/E1 in the subsiding regions. As a result the models have a dif-421

ferent response to the LWCRE. In the atmospheric boundary layer the differences among422

the models of the wind, enthalpy flux, and temperature result in different spatial distri-423

butions and amounts of precipitation in the equilibrated state.424

Notable differences in the structure of the precipitation that result from the over-425

turning circulation at different resolutions are shown in Figure 8. Shown are 180 days426

of precipitation from the P25 (left to right), E25, E2, and E1 simulations. As the res-427

olution increases the distribution of precipitation becomes broader, more consistently cen-428

tered over the SST maxima, and has lower maximum precipitation rates. Both the P25429

and E25 simulations show more variability at later times compared to these first 180 days430

(similar to what is seen in Figures 4 and 5 for the P25 and P100 LWCRE-off). The sim-431

ulations with explicit convection at resolutions typical of cloud-resolving models (E2, E1)432

show little aversion to the precipitation maximum occurring over the maximum in SST.433

Relative to the P100, P25 and E25 simulations, the cloud resolving simulations are able434
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Figure 8. Evolution of precipitation through the first 6 months of simulation for (a) the 25km

control case (P25), (b) 25km case with no parameterized convection (E25), (c) 2km control (E2),

and (d) 1km control (E1). All panels have a long edge width of 4,000 km with the center of the

domain having a prescribed SST of 301 K and the edges 297 K. Data have been averaged over

the short horizontal dimension.

to maintain a smoother distribution of precipitation over a broader range of SST val-435

ues. Complex patterns of precipitation over a fixed sinusoidal or Gaussian SST distri-436

bution have been noted many times in previous literature (Grabowski et al., 2000; Brether-437

ton et al., 2006; Wofsy & Kuang, 2012; Jeevanjee et al., 2017). The irregularities have438

tended to be symmetric about the SST maximum. This is broadly consistent with our439

simulations when the convection is entirely explicit (E25, E2, and E1), but is strikingly440

different than for the P25 and P100 experiments.441

The influence of resolution on the atmospheric state can be clearly seen in the two-442

dimensional structure of circulation and humidity (Figures 9 and 10). Perhaps the most443

obvious similarity is the double celled structure in the mass streamfunction and the most444

obvious difference being the humidity in the center of the domains where the RH differs445

by as much as 40%. All experiments show a mid-tropospheric relative humidity mini-446

mum over the cooler SSTs where subsidence dominates. The E25 experiment has a fairly447

symmetric double celled structure in stark contrast to the irregular circulation that is448

present in the P25 experiment (Figure 1). A small third cell has developed in the bound-449

ary layer of the 1km experiment. The high resolution experiments also have higher amounts450

of condensate throughout the troposphere, and much higher relative humidity above 200451

hPa.452

Compared to E25, the E1 and E2 experiments have stronger deep overturning cir-453

culations and substantially more condensate aloft above the warm patch. It is also ap-454

parent in Figures 9 and 10 that the condensate below 800 hPa decreases with increas-455

ing resolution. This is consistent with an overturning circulation that strengthens as the456

resolution increases and transports more moisture from the low-levels to the mid-troposphere.457

It is also consistent with weaker mixing from shallow clouds with decreased resolution458

as discussed in Pauluis and Garner (2006). Figure 10, with LWCRE-off, shows greater459

asymmetries and generally weaker circulations below about 500 hPa. When the clouds460

and radiation directly interact with each other the experiments have a better organized461

and stronger circulation below 500 hPa. Figures 9 and 10 also show that the E2 and E1462

simulations are more similar when the clouds and radiation interact than they are with463

LWCRE-off. The subsidence region drying and condensate aloft in the upwelling region464
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Figure 9. The equilibrated state of the Walker cell as a function of resolution. Experiments

shown are E25 (left), E2(center), and E1(right). Top panels show the steady state relative hu-

midity (shading) and mass streamfunction (black contours) while bottom panels show the total

condensation (liquid + ice). All panels use the same contour interval for the mass streamfunction

(kg/s).

Figure 10. Same as previous figure except with the longwave CRE turned off.
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Figure 11. Domain mean total condensate (liquid + ice; grams/kilogram) for P25 (thin yel-

low), E25 (yellow), E2 (blue), and E1 (green). Solid lines show experiments with LWCRE on,

dashed lines show the LWCRE-off experiments. All experiments have explicit convection.

have a clearer dependence on resolution for the LWCRE-off experiments. This suggests465

that the interactions between clouds and radiation help the atmosphere to converge to-466

wards a particular state that is less dependent on resolution.467

The domain mean condensate is closely related to the distribution of clouds and468

the flow of energy through the atmosphere. It provides clues about the strength of con-469

vection and the vertical mass transport. Figure 11 shows the domain mean condensate470

for E25, E2, and E1 (solid lines) and the corresponding experiments with the LWCRE-471

off (dashed lines). Similar profiles for the experiments with parameterized convection were472

discussed in the previous section (Figure 6). The GCM-like P100, P25, and E25 exper-473

iments have much higher values of low-level liquid condensate while the CRM-like E2474

and E1 experiments have much higher values of upper level ice condensate. Although475

our experiments differ from RCE, the results are consistent with Pauluis and Garner (2006)476

who showed that for decreasing resolution an RCE model had a moist bias in the sub-477

cloud layer and a dry bias in the troposphere above.478

The LWCRE plays a major role in determining the equilibrium RH, total conden-479

sate, and LW radiative heating of the troposphere. This is highlighted by comparing ex-480

periments with and without the LWCRE. The upper panels of Figures 9 and 10 show481

that the interactions between LW radiation and clouds lead to an enhanced drying of482

the troposphere in regions of subsidence (relative to LWCRE-off). This is especially true483

for the E1 and E2 simulations. Interactive LWCRE leads to less upper level ice-condensate484

for our CRM experiments with the effect increasing as the resolution increases (Figure485

11). The opposite occurs with GCM-like experiments (Figure 6) for which interactive486

LWCRE increase the amount of upper level ice-condensate. Below about 700 hPa turn-487

ing off the LWCRE leads to a strong decrease in condensate in the GCM experiments,488

but a negligible decrease in the condensate of the CRMs. The profiles of diabatic cool-489

ing are similar among all LWCRE-off experiments (Figure 13). But when the LWCRE490

is on, the GCM-like experiments have up to twice as much diabatic cooling as the CRM-491

like experiments below 850 hPa. The manifestation of interactions between clouds and492

radiation as indicated by these characteristics differ dramatically between the GCM and493

CRM experiments.494

Despite a fairly regular distribution of precipitation around the SST maximum for495

experiments with increasing resolution, the surface enthalpy flux (latent plus sensible heat496

fluxes) reveals large differences in the symmetry of the near surface energetics. Figure497

12 shows the surface enthalpy flux, the equivalent potential temperature, and the u-component498
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Figure 12. Low-level structure and domain mean wind shear for simulations with explicit

convection. The surface enthalpy flux (a) is the latent plus sensible heat flux. Panels b and c

show the equivalent potential temperature (b) and zonal wind (c) at the lowest model level in the

atmosphere. Panel d shows the domain mean zonal wind throughout the depth of the domain.

wind field for E1,E2, and E25. Over the SST maximum, E25 has a surface enthalpy flux499

that is 60 W/m2 larger than that of the E1 experiment, and the E1 experiment has an500

irregular pattern of enthalpy flux in the middle half of the domain. These differences in501

magnitude and regularity are apparently due to differences in the low-level wind speeds502

among the experiments. For the LWCRE-off experiments, the difference in the enthalpy503

flux between E25 and E2/E1 over the warmest SSTs is reduced from 60 W/m2 to about504

20 W/m2 and the enthalpy flux for E1 and E2 are very similar. Thus even for the case505

of prescribed SSTs and no land surface the interactions between clouds and the LW ra-506

diation have a massive influence on the surface energy budget.507

It is also interesting to note that despite stronger low-level winds, E25, E2, and E1508

all have a weaker surface enthalpy flux when the clouds and radiation are allowed to in-509

teract. As represented by bulk parameterizations, both the sensible heat flux and the510

latent heat flux are directly proportional to the magnitude of a measure of the low-level511

wind. However, the sensible and latent heat fluxes are also proportional to the gradient512

of moisture and temperature between the surface and lowest atmospheric level. E25, E2,513

and E1 all show an increased amount of specific humidity (not shown) in the lowest at-514

mospheric model level that is reflected in the equivalent potential temperature (Figure515

12b). This implies that the vertical gradient of moisture and temperature is smaller when516

the LWCRE is active and thus accounts for the lower surface enthalpy flux relative to517

the LWCRE-off experiments. It is also worth noting that in contrast to the P25 case which518

has strong domain mean shear, E25 has less domain mean wind shear then E1.519

We now turn our attention to the clouds in the regions of subsidence over the cooler520

SSTs. Figure 13 shows E2 to have the largest (about 17%) upper level mean cloud frac-521

tion in the subsidence region, with the E1 experiment having the next largest cloud frac-522

tion (10%), followed by P100, E25, and P25 (3-5%). As noted in the discussion of the523

total condensate, the CRM-like models produce large values of upper-level cloud with524

minimal low-level clouds while the GCM-like models do the opposite with large amounts525

of low-level clouds and 5% or less of upper level-couds. The right panel of Figure 13 shows526

that the differences among the upper-level clouds only slightly shifts the radiative cool-527
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Figure 13. Cloud fraction (CF) and temperature tendency due to longwave radiation (tdtlw).

Profiles were computed in the subsidence regions and are shown for the control (LWCRE-on) and

LWCRE-off experiments.

ing in the upper troposphere, but the differences in low-level clouds correspond to a strong528

change of the radiative cooling around 900 hPa.529

An interesting point that emerges from the domain mean values of precipitation530

(P, see Table 2) is that the sign of the response to LWCRE is not the same between CRM531

and GCM experiments. When clouds are not allowed to interact with the LW radiation,532

the atmosphere emits more radiation to space, as evidenced by larger values of OLR for533

all LWCRE-off experiments. Atmospheric radiative cooling can be thought of as a proxy534

for the mean precipitation because the cooling is usually balanced primarily by conden-535

sational heating. Larger values of OLR would then correspond to larger values of P. This536

is clearly not the case for the E25, P25, and P100 experiments. The domain mean pre-537

cipitation rates decrease despite an increased amount of atmospheric cooling. The im-538

plication is that the requisite atmospheric heating must come from a process other than539

condensation.540

Examining the energy budget of the surface and the role played by the low-level541

clouds reveals the source of the extra atmospheric heating for the E25, P25, and P100542

experiments. Prescribed SST generates a constant upward flux of LW radiation. The up-543

ward flux of sensible heat flux will be mostly fixed (barring variations in surface wind)544

because changes in the downward flux of solar radiation will not warm the surface. Low-545

level clouds serve as a significant source of LW radiative cooling for the atmosphere (Fig-546

ure 13). Making these clouds invisible to radiation creates a source of effective atmospheric547

warming by removing a source of atmospheric energy loss. Invisible low-level clouds also548

allow the upwelling LW flux of radiation to play a larger role in warming the atmosphere.549

These two factors more than compensate for the increased OLR at the TOA of the LWCRE-550

off experiments. There is an increase in atmospheric warming on the order of 20 W m−2
551

for the LWCRE-off experiments and thus additional condensational heating is not needed552

to balance the increase of OLR. Thus P actually decreases (Table 2). These results for553

E25, P25, and P100 are consistent with Popp and Silvers (2017) who showed less con-554

densate in the atmosphere and much less precipitation (at the equator) for LWCRE-off555

experiments (see their Figure 1). The large decrease of low-level clouds also leads to an556

increase of downward shortwave radiation at the surface. Because of the low albedo of557

water this only slightly increases the fluxes of reflected shortwave radiation (about 2 W m−2)558

and contributes minimally to heating the atmosphere. With an interactive surface, the559

surface temperature would be influenced by the downward flux of both LW and short-560

wave radiation that a change of cloud fraction would lead to.561

In contrast to the E25, P25, and P100 experiments just discussed, E1 and E2 have562

larger P for the LWCRE-off experiments. This can be explained as follows. One of the563
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primary methods by which the LWCRE influences the atmosphere is by heating the at-564

mosphere in the region between the clouds and the surface. Larger values of ice conden-565

sate and upper-level cloud fraction as seen in the E2 and E1 experiment (Figure 11) there-566

fore imply a larger atmospheric heating due to the CRE relative to the E25, P25, and567

P100 experiments in which there are fewer clouds aloft (Figures 11, 6, and 13). When568

the warming effect of the upper level clouds in the E1 and E2 experiments is removed569

in the LWCRE-off experiments the energy balance of the atmosphere is maintained through570

an increase of latent heating and subsequent increase of precipitation (Table 2).571

These experiments provide insight into the different mechanisms by which the clouds572

in GCMs and CRMs interact with LW radiation in the atmosphere. Because there are573

so many more low-level clouds in the GCM-like experiments there is a strong response574

to upwelling radiation from the surface. In contrast, the abundance of upper-level ice575

condensate, and lack of low-level condensate in the CRM-like experiments results in the576

primary interaction between clouds and radiation being in the atmosphere below the up-577

per level clouds.578

6 Summary and Discussion579

In summary, this section lists some of the main ways in which the LWCRE and the580

grid spacing influence the clouds, the circulation, and the energetics of the mock-Walker581

circulation. The impacts (relative to the LWCRE-off experiments) of the interaction be-582

tween clouds and the longwave radiation (LWCRE) include the following:583

• An increase of P for the P100,P25 and E25 experiments.584

• A decrease of P for the E1 and E2 experiments.585

• The horizontally oriented low-level circulations strengthen, and the regions of high586

precipitation are more concentrated in geographic space (Figures 1, 9 and 10).587

• The surface enthalpy flux decreases by tens of Wm−2 and is much more variable588

among the models over the warm patch (Figure 12 a).589

• The spatial gradients of θe (Figure 12 b), the specific humidity, temperature, and590

virtual temperature (not shown) increases on the lowest atmospheric level.591

• When convection is parameterized the total domain mean condensate increases592

at all heights (Figure 6), in contrast to when the convection is explicit and the con-593

densate aloft decreases (Figure 11).594

Relative to simulations with a grid-spacing of 100km and 25km, the 1km and 2km595

experiments have the following characteristics:596

• Overturning circulations (as measured by vertical velocity) are stronger and more597

consistently centered over the maximum of SST (Figure 2).598

• Between 300-800 hPa in the upwelling regions the E1 and E2 models have a rel-599

ative humidity as much as 50% larger than the lower resolution simulations (Fig-600

ures 1 and 9).601

• Above about 600 hPa there is two to four times more ice condensate, but less than602

half as much liquid condensate below 700 hPa (Figure 11).603

• There is less P in the E1 and E2 experiments (Table 2). Values for 1 and 2 km604

simulations are in the 3.1-3.7 mm/d range, while those for the 100km and 25km605

experiments are about 10-25% higher (3.5-4.1 mm/d).606

It is remarkable that despite having the same prescribed SST and incoming radi-607

ation the control simulations (LWCRE on) have a precipitation rate that can vary by608

as much as 25%, wildly different precipitation structures, and surface enthalpy fluxes that609

vary by as much as 60 W/m2 (Table 2, Figures 4, 8, and 12). All simulations use the same610

dynamical core, radiation, turbulence, large-scale cloud and microphysics parameteri-611
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zations. Results from these experiments demonstrate that the cloud type plays a fun-612

damental role in determining how the radiative fluxes couple the large-scale circulation613

to the moisture. The large differences in the surface enthalpy flux appear to be due to614

differences in the winds near the surface (Figure 12). The large influence of the low-level615

wind and enthalpy flux on the structure of precipitation, low-level moisture and clouds,616

and mid-tropospheric humidity in the convective regions is consistent with previous stud-617

ies showing the importance of the low-level wind fields for precipitation (Wofsy & Kuang,618

2012; Fermepin & Bony, 2014), boundary layer properties (Raymond, 1994), and even619

the climate sensitivity (Silvers et al., 2016).620

Many of the previous studies of mock-Walker circulations or simplified models of621

tropical dynamics (e.g., Raymond, 1994; Pierrehumbert, 1995; Larson et al., 1999; Neelin622

& Zeng, 2000; Bretherton & Sobel, 2002; Sobel et al., 2004; Peters & Bretherton, 2005)623

have focused on simplifying the physics parameterizations as much as possible while still624

maintaining the interactions between convection and radiation. These have proven use-625

ful but have remained complex enough to make comparisons with other models difficult,626

and the degree to which the simplifying assumptions influence the conclusions is unclear.627

The approach of this paper is different. We study an idealized configuration with the full628

complexity of a GCM. Pierrehumbert (1995) argued that cloud processes are not the lead-629

ing cause of the stable tropical climate but that it is, ‘the ability of the atmospheric cir-630

culation to create dry air pools in regions of large-scale subsidence’ -these are the ‘Ra-631

diator Fins’-, that serve as a cooling (thus stabilizing) mechanism for Earth’s tropical632

climate. Our results demonstrate how strongly the cloud radiative effects influence the633

circulations that set up the Radiator Fins. Experiments with prescribed SST preclude634

the possibility of studying feedbacks between the circulation, and the relative area of warm635

and cold SST regions as Pierrehumbert (1995) did. However, our study shows how the636

interactions between clouds, radiation, and the circulation lead to changes in the area637

of the dry regions above the boundary layer. These dry regions allow the tropics to ef-638

ficiently cool to space and maintain an energetic balance.639

Using mock-Walker simulations to benchmark a GCM with a CRM was proposed640

by Jeevanjee et al. (2017). This was part of our initial motivation but is predicated on641

physics parameterizations that are simple enough to allow for a clean comparison. Uti-642

lizing something like Kessler microphysics, fixed radiative cooling, and a binary large-643

scale cloud scheme would provide an elegant comparison between models. However, mak-644

ing such changes to the GCM used in this paper would result in a model so different from645

AM4.0 that the CRM would no longer serve as a benchmark for AM4.0. We have cho-646

sen to keep the GCM as close as possible to AM4.0. More intermediate steps are nec-647

essary to create a clean link between CRMs and GCMs. The complexity of our results648

highlight the need for continued work with simple theoretical models such as the Quasiequi-649

librium Tropical Circulation Model (QTCM; Neelin & Zeng, 2000) and the Simplified650

QTCM, or SQTCM (Sobel et al., 2004; Peters & Bretherton, 2005; Bretherton et al., 2006).651

Our results also show that the mock-Walker circulation is an ideal configuration with652

which to test developments in large-scale cloud or microphysics parameterization schemes.653

This is an important step in the ongoing process of merging GCMs and CRMs into a global654

CRM.655

There is a rich literature on tropical overturning circulations. While this study has656

interpreted the experiments in the context of the Walker Circulation, our results are also657

relevant to the overturning circulations and meridional SST gradients that define the In-658

tertropical Convergence Zone (ITCZ) and the Hadley Circulation. In that context, our659

results are consistent with those of several recent studies (e.g., Fermepin & Bony, 2014;660

Harrop & Hartmann, 2016; Popp & Silvers, 2017; Dixit et al., 2018; Fläschner et al., 2018;661

Albern et al., 2018). Those studies, as well as the present one, show that the LWCRE662

acts to constrain, or tighten, the deep convective region. This results from an increased663

atmospheric energy uptake and strengthening of the overturning circulation where the664
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deep convective clouds occur (Popp & Silvers, 2017). Also consistent with this previous665

work, the present paper shows that the LWCRE has a strong influence on the low-level666

circulation. When the LWCRE is turned off, the low-level circulations shift upward and667

are not as well organized (Figures 9 and 10). There is a corresponding change in the low-668

level cloud fields, LW radiative cooling, and the domain mean precipitation. For the ex-669

periments with a GCM-like configuration, the LWCRE strongly influences the precip-670

itation from the large-scale cloud scheme while leaving the precipitation from the con-671

vective parameterization scheme largely unchanged. This contributes to a much stronger672

response of the GCM-like experiments to the LWCRE, especially in the low-levels of the673

troposphere. Albern et al. (2018) showed that there is a large spread in the CRE response674

to warming among GCMs. Our expectation is that the fraction of precipitation that is675

due to the convective parameterization will be particular to individual GCMs. The dis-676

parate influence of the LWCRE on the large-scale precipitation could explain some of677

the model spread in the CRE response to warming.678

7 Conclusions679

We have used the framework of the tropical overturning circulation, specifically the680

Walker Circulation, to compare the multi-scale interactions between large-scale circu-681

lations, cloud systems, and interactive radiation across experiments with grid-spacing682

ranging from 1km to 100km. To better isolate the role that clouds and humidity play683

in driving and responding to the circulation, experiments have been performed with and684

without the radiative effect of clouds, with and without the convective parameterization,685

and with multiple domain sizes. Our results show that the convective parameterization686

and the longwave cloud radiative effect (LWCRE) strongly interact with each other and687

often lead to asymmetric results and large differences in the equilibrated atmospheric688

state.689

Perhaps the most interesting result is that the GCM-like experiments have a rel-690

atively large low-level cloud fraction while the CRM-like experiments have a large upper-691

level cloud fraction. This difference in the dominant cloud type leads to opposite atmo-692

spheric responses to changes of the LWCRE. The LWCRE increases the domain mean693

precipitation (P) for the GCMs but decreases it for the CRMs (Table 2). Over the re-694

gions with cooler SSTs the large low-level cloud fraction of the GCMs acts as a source695

of radiative cooling that is balanced by condensational heating in the control case. A strong696

decrease of low-level clouds in the GCMs for the LWCRE-off experiments removes this697

cooling and condensational heating. The increase of precipitation that is expected in the698

LWCRE-off case as a result of increased LW cooling to space is not enough to overcome699

the decreased condensational heating at low-levels, with a net effect of less P. Over the700

regions with cooler SSTs, the CRMs have very few (less than %5) low-level clouds and701

as a result the change of P is driven by the increased LW cooling to space in the LWCRE-702

off case. Watanabe et al. (2018) found a similar relationship between low-clouds and pre-703

cipitation in the context climate change experiments. This highlights how sensitive the704

energetics of the tropical atmosphere are to the distribution of clouds and their inter-705

action with the radiation.706

Decreasing the grid-spacing from 100km to 1km allowed for the parameterization707

of both deep and shallow convection to be turned off, resulting in a more direct simu-708

lation of the dynamics that are fundamental to the overturning tropical circulation. The709

resulting atmospheric state has a stronger overturning circulation, a much more humid710

(up to 50% higher RH) deep convective region, and less P . Relative to the GCM-like711

simulations the 1 and 2km simulations have two to four times as much condensate aloft712

but only about half as much below 700 hPa. The increase of vertical moisture transport713

with increasing resolution is particularly apparent in the LWCRE-off experiments (Fig-714

ure 10, lower panels).715
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Three striking changes occur as a result of a four-fold increase in domain width.716

The low-level clouds shift upward by more than 100 hPa (Figure 6), there is a dramatic717

widening of the precipitation distribution in the LWCRE-off experiments (compare Fig-718

ures 4 and Figure 5), and the LWCRE mediates the precipitation from the large-scale719

cloud parameterization but not the convective precipitation (Figure 7). This impact on720

the large-scale precipitation occurs for the GCM-like experiments on smaller domains721

as well, but is pronounced in the large domain experiments. This dependence on domain722

size could imply that 4000 km is not large enough to contain the largest scales that are723

important for the overturning circulation. Another reason for the domain size dependence724

could be the changing scale of the warm and cold regions of SST.725

The flexible modeling system at GFDL has allowed us to use a single code base in726

a GCM-like configuration with physics parameterizations that are very close to the AM4.0/CM4.0727

models as well as in a CRM-like configuration with explicit convection. While there are728

significant differences between the CRM presented in this paper and more conventional729

CRMs (e.g. vertical grid spacing and a threshold based ‘binary’ cloud scheme), the prospect730

of so easily converting a GCM into something like a CRM provides an enticing testbed731

for seeking process level understanding and future model development. This can be thought732

of as a top-down approach to developing a global CRM which should complement efforts733

that start with a regional large-eddy simulation (LES) model or CRM model and work734

towards a global model (e.g., Schneider et al., 2017, 2019; Satoh et al., 2019). The com-735

parisons presented in this paper have highlighted some of the unexpected behaviors of736

a GCM-like configuration when used with idealized boundary conditions. Two examples737

include the consistent asymmetry of the circulation and precipitation relative to the fixed738

SST pattern, and the dominance of the large-scale precipitation over the convective pre-739

cipitation. The comparisons have also illustrated some of the challenges that arise when740

dramatically increasing the resolution of a GCM. These include the lack of shallow clouds741

in our CRM (both convective and stratocumulus) and the difficulty of comparing clouds742

in this CRM to other CRMs due to the prognostic large-scale cloud scheme. These are743

not fundamental challenges and motivate future work.744

Mock -Walker cell configurations are an important step between models of RCE745

and models which simulate a wider range of Earth like conditions. The only difference746

between our simulations and radiative convective equilibrium (RCE) is the gradient of747

SST at the lower boundary. This simple difference from pure RCE creates a concrete link748

with the observed tropical atmosphere. The goal in developing idealized models is to cap-749

italize on their simplicity in such a way that key elements of the process in question be-750

come clear. In this case the processes of interest are the couplings between clouds, ra-751

diation, and the large-scale circulation. Studies using RCE have been fruitful but insuf-752

ficient to fully illuminate these processes while typical GCM studies can be prohibitively753

complex. Many of the characteristics from RCE experiments with convective aggrega-754

tion are present in mock-Walker simulations. Deep convection is anchored to a single lo-755

cation with high humidity and is surrounded by dry subsiding regions. It would be in-756

teresting to see how consistent the degree of aggregation and drying is among different757

models, as well as the response to warming SSTs. The configuration of a mock-Walker758

circulation is ideal for studying the effects of aggregation in a system that is more con-759

strained than pure RCE. Prescribing a warm region of SST does not fully determine the760

large-scale circulation. This paper clearly shows how much variability there still is be-761

tween the large-scale circulation, clouds, and fluxes of energy (radiative and surface en-762

thalpy). The initial results from the RCE Model Intercomparison Project (RCEMIP; Wing763

et al., 2020) show a wide range of variability in the temperature, humidity, and clouds764

among the models. Adding the extra constraint of an overturning circulation forced by765

a prescribed gradient of SST, similar to the recent work of Shamekh et al. (n.d.) and Müller766

and Hohenegger (2020) would provide a context within which the wide range of results767

from RCEMIP could be reexamined and expanded upon.768
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Increasing computing resources will continue to blur the line that distinguishes GCMs769

from CRMs. As the grid-spacing of models decreases so too does the necessity of rep-770

resenting convection with parameterizations. As a result, the details of the large-scale771

cloud scheme will be increasingly important in the development of GCMs. For high res-772

olution models with explicit convection, the upper-level clouds dominate the impact of773

interactions between clouds and radiation, but for GCM-like simulations the low-level774

clouds dominate this impact. Determining the respective roles of high and low clouds775

as mediators between radiative effects and the large-scale overturning circulations in the776

observable atmosphere should be a high priority in future research.777
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