
manuscript submitted to JGR: Atmospheres

Riehl and Malkus Revisited: The Role of1

Cloud-Radiative Effects2

Michael R. Needham1, David A. Randall13

1Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA4

Key Points:5

• Cloud-longwave feedbacks discussed in previous studies appear to be examples of6

a more general cloud feedback driven by the ACRE7

• Warm, humid regions export energy and import moisture in a way similar to the8

ITCZ9

• The ACRE as a function of CRH is nearly independent of the SST10

Corresponding author: Michael R. Needham, m.needham@colostate.edu

–1–



manuscript submitted to JGR: Atmospheres

Abstract11

The intertropical convergence zone (ITCZ) exports energy and imports moisture12

in a way that has been well-understood for decades. By analyzing a set of uniform, non-13

rotating aquaplanet simulations we show that energy export and moisture convergence14

are general characteristics of warm humid regions, and not just of the ITCZ. Using an15

analysis method based on the column relative humidity, we find that the absorption of16

longwave radiation by clouds provides the necessary energy source to balance the hor-17

izontal energy export out of humid regions. The longwave absorption also induces a ther-18

mally direct circulation which lifts water vapor and leads to low-level moisture conver-19

gence into regions that are already quite humid. This feedback is similar to other cloud-20

longwave feedbacks which have been previously studied.21

1 Introduction22

The top of atmosphere radiation balance indicates that the tropics are a source of23

energy for the rest of the atmosphere. Our understanding of the resulting tropical en-24

ergy export is due largely to the germinal work of Riehl and Malkus (1958, hereafter RM58).25

They performed an energy and moisture budget analysis of the Intertropical Convergence26

Zone (ITCZ, which they called the equatorial trough zone), a narrow belt of moisture27

convergence and enhanced precipitation that sits a few degrees north of the equator on28

average (Byrne et al., 2018). Using radiosonde observations from a few dozen sites around29

the tropics, as well as estimates of the zonal-mean radiative imbalance of the northern30

hemisphere as a function of the seasons, RM58 showed a net outflow of energy out of the31

ITCZ, and a net convergence of moisture into the ITCZ. The net energy outflow implies32

an energy within the ITCZ. The energy transport is accomplished through the upper-33

level export of dry static energy (s, the combination of potential energy and enthalpy),34

while the moisture transport is accomplished by the low-level import of water vapor.35

In addition, RM58 understood that the low-level moisture import and upper-level36

energy export implies an upward flux of energy within the ITCZ. There were several pos-37

sible mechanisms that could accomplish this; diffusion, ascent within synoptic disturbances,38

or ascent within protected convective updrafts. RM58 observed the now familiar trop-39

ical profile of moist static energy (h, the combination of s and latent energy) which is40

uniform with height through the boundary layer, decreases with height above the bound-41
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ary layer and then increases with height above a mid-tropospheric minimum due to the42

increase of potential energy. The existence of the minimum led RM58 to eliminate the43

first two mechanisms: diffusion would be unable to transport energy upward above the44

minimum because that would go against the energy gradient, and large-scale ascent would45

eliminate the minimum itself because h is conserved following an air parcel. Instead, RM5846

hypothesized that protected convective updrafts could travel through the mid-tropospheric47

minimum to transport energy from the moist boundary layer to upper levels, where it48

could be transported poleward by the Hadley cells. In short, RM58 concluded first that49

the ITCZ is a source of energy and a sink for moisture due to the export of energy and50

the import of water vapor, and second that convective-scale ascent is key to the neces-51

sary vertical transport.52

Neelin and Held (1987) studied the ITCZ in a manner similar to RM58. They de-53

scribed how low-level mass convergence in the tropics must, on-average, occur in loca-54

tions where the atmosphere is gaining energy. That is, a net convergence of energy in55

the atmosphere drives low-level moisture convergence into the ITCZ, as discussed by RM58.56

The atmospheric energy convergence emphasized by Neelin and Held (1987) could plau-57

sibly come from one or more of several sources. These include fluxes of latent and sen-58

sible energy from the surface (together, the surface flux of moist static energy), as well59

as the flux convergence of longwave and shortwave radiation.60

A large body of work has explored the particular importance of the absorption of61

radiation by clouds on the atmosphere. Termed the atmospheric cloud radiative effect62

(ACRE), this has been shown to greatly impact large-scale phenomena such as the ITCZ63

and the Hadley cells (Slingo & Slingo, 1988; Randall et al., 1989). Sherwood et al. (1994)64

investigated the influence of the ACRE on tropical circulations in an atmospheric global65

circulation model. They found that removing the ACRE above 600 hPa led to a reduc-66

tion in the strength of the hadley and walker circulations. Similar results have been found67

in more recent studies utilizing updated GCMs, which have also noted the role of ACRE68

in determining the width of the ITCZ, reducing the double-ITCZ bias, and strengthen-69

ing the precipitation associated with various tropical phenomena (Li et al., 2015; Har-70

rop & Hartmann, 2016; Popp & Silvers, 2017; Albern et al., 2018; Voigt & Albern, 2019;71

Benedict et al., 2020; Medeiros et al., 2021).72
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Sherwood et al. (1994) also described a positive feedback between ACRE and cloudi-73

ness, in which cloud radiative heating drives rising motion which favors cloud formation74

that in turn leads to further cloud radiative heating. This type of tropical cloud-longwave75

feedback has recently received a lot of attention in the several different contexts. Wing76

and Emanuel (2014) introduced a new method for investigating the feedbacks that gov-77

ern convective self-aggregation using the spatial variance of the frozen moist static en-78

ergy. Among other mechanisms discussed, they found that the longwave flux convergence79

was strongly positive in extremely humid regions of a cloud resolving model without ro-80

tation, and represents a strong positive feedback for maintaining an aggregated state.81

In rotating simulations of radiative-convective equilibrium (Arnold & Randall, 2015; Khairout-82

dinov & Emanuel, 2018), a similar variance analysis shows the important role of cloud-83

longwave feedbacks in maintaining a disturbance that behaved much like the Madden-84

Julien Oscillation (MJO). Recently, Benedict et al. (2020) used cloud-locking simulations85

to show that removing the ACRE weakened the MJO, highlighting the importance of86

the interactions between clouds and longwave radiation. Using the same cloud locking87

simulations as well as a set of COOKIE experiments (Stevens et al., 2012) that made88

clouds invisible to radiation, Medeiros et al. (2021) found that removing cloud-radiative89

feedbacks weakened tropical precipitation by reducing the frequency of extreme precip-90

itation events. Work by Ruppert et al. (2020) has also shown that this type of feedback91

is important for regulating the intensification of tropical cyclones.92

These and other tropical convective phenomena are strongly coupled to precipita-93

tion, which in turn is strongly coupled to humidity (Raymond, 2000). Bretherton et al.94

(2004) showed that the mean tropical precipitation rate can be described as a simple ex-95

ponential function of the column relative humidity (CRH, the ratio of the actual to the96

observed water vapor path, alternatively known as the saturation fraction). This has been97

well supported by later studies (Raymond & Zeng, 2005; Raymond et al., 2009; Rush-98

ley et al., 2018; Powell, 2019; Wolding et al., 2020). Analysis suggests that this relation-99

ship may be better understood by considering the concurrent evolution of precipitation100

and humidity, in which grid cells slowly build up water vapor up to some critical value,101

at which point they quickly lose water vapor to precipitation (Peters & Neelin, 2006; Neelin102

et al., 2009; Wolding et al., 2020). In a recent paper, Needham and Randall (2021) demon-103

strated a nonlinear relationship between the mean ACRE and the CRH that is similar104

to the well-documented relationship between precipitation and CRH. They further sug-105
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gested a connection between the two relationships in the form of a cloud-longwave feed-106

back driven by the longwave ACRE.107

In this study, we emulate the budget analysis of RM58 using a set of idealized aqua-108

planet simulations performed in the absence of rotation with uniform sea surface tem-109

peratures (SSTs). We find that the main conclusions of RM58 hold in our idealized sim-110

ulations even though they do not contain an ITCZ or any other regions with a time-mean111

convergence of moisture. This suggests that all humid regions of the tropics may func-112

tion like the ITCZ, in that they export energy and import moisture. Furthermore, we113

observe a cloud-longwave feedback that is driven by the ACRE in humid regions. This114

feedback strongly resembles those emphasized in previous studies, as discussed above.115

Section 2 provides an overview of the model simulations used in this study, and in-116

cludes a discussion of an analysis method utilizing the CRH that will be used extensively117

to separate dry and humid regions. In section 3 we show that the ACRE becomes large118

in humid regions, and find support for the main conclusions of Needham and Randall119

(2021). The moisture and energy budgets of the simulations are analyzed using the CRH120

method in section 4. The budget analyses demonstrate that the simulated humid regions121

export energy and import moisture, like the ITCZ. Section 5 shows that the character-122

istic minimum in the vertical profile of moist static energy is weakened in the most hu-123

mid regions. Further analysis shows that dry regions of the simulations are character-124

ized by weak large-scale subsidence, while humid regions are characterized by strong con-125

vection as well as environmental ascent. This ascent appears to be responsible for weak-126

ening the vertical gradient of moist static energy, and the source of the rising motion is127

determined to be ACRE. This leads to the identification of a radiatively driven mois-128

ture feedback, in which strong ACRE in humid regions drives low level moisture conver-129

gence and large-scale ascent which lifts water vapor, leading to the formation of more130

clouds. Conclusions are presented in section 6.131

2 Data and Methods132

2.1 Model simulations133

The model output used in this study come from a set of simulations performed with134

a super-parameterized version of the Community Atmosphere Model 4 (CAM4), and are135

the same simulations analyzed in a recent paper by Jenney et al. (2020), where they are136
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described in detail. The model uses a 0.9◦ × 1.25◦ horizontal grid with 26 levels and cov-137

ers the entire globe. The three simulations were configured following the protocol of the138

Radiative-Convective Equilibrium Model Intercomparison Project (Wing et al., 2018, here-139

after RCEMIP), and were included in the preliminary analysis of that project (Wing et140

al., 2020). The RCEMIP simulations were performed without rotation and without land.141

Insolation was held uniform in time and space, and each of the three simulations had a142

uniform sea surface temperature (SST) of 295 K, 300 K, or 305 K. Our results are based143

on an analysis of 30 days of hourly mean data from the fourth simulated year in each144

simulation. We focus on the 300 K simulation, but nearly identical conclusions were reached145

when the analysis was repeated for the other two simulations.146

The super-parameterized version of CAM4 replaces the traditional convective pa-147

rameterization with a two dimensional cloud resolving model (the System for Atmospheric148

Modeling, described in Khairoutdinov and Randall (2003)) embedded within each GCM149

grid cell. The CRM uses a 4 km horizontal grid spacing with 32 columns and its 24 model150

levels are aligned with the bottom 24 levels of the GCM. The CRM allows for the ex-151

plicit simulation of convective-scale dynamics, and more accurately represents small-scale152

processes by parameterizing cloud microphysics, radiation, and other processes on the153

finer CRM grid. Heating and drying rates are averaged across the CRM and are passed154

back to the GCM. A more detailed discussion of super-parameterization is provided by155

Randall et al. (2016).156

2.2 Analysis using the Column Relative Humidity157

The RCEMIP simulations lack the coriolis effect and meridional temperature gra-158

dient which give rise to an ITCZ in the real tropics and in more realistic simulations. These159

uniform conditions indicate that there should be no regions characterized by a time mean160

convergence of moisture. However this does not indicate that water vapor is uniform in161

these simulations. Instead, at any given moment the RCEMIP simulations contain a few162

large, heavily precipitating regions which slowly migrate within a broader dry environ-163

ment. Snapshots showing the OLR, precipitable water, and 500 hPa vertical velocity at164

a given moment for the 300 K simulation are shown in Fig. 1, and a movie showing the165

evolution of the precipitable water is included as a supplemental file.166
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Figure 1. Outgoing longwave radiation (top left) precipitable water (top right), and verti-

cal velocity across the 500 hPa surface (bottom), at the same arbitrary timestep for the 300 K

simulation.

To investigate the various ways that the dry and humid regions interact, we will167

analyze the three RCEMIP simulations using the column relative humidity,168

CRH = 100%×
∫ ps

pt
qdp∫ ps

pt
q∗(T )dp

. (1)

Model diagnostics are analyzed by taking the area weighted average value of a field us-169

ing only those grid cells with CRH within a bin of width 2%, and then repeating for all170

bins between 0% and 100% CRH. Similar analyses using the CRH have been used pre-171

viously (e.g., Bretherton et al. (2005); Wing and Emanuel (2014); Jenney et al. (2020)),172

and the method used here is identical to that of Needham and Randall (2021).173

The curves in Fig. 2 show the probability density function (PDF) of the CRH for174

each of the three RCEMIP simulations, with the curve for the 300 K emphasized using175
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Figure 2. Probability density function of CRH for each of the three RCEMIP simulations.
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Table 1. Summary statistics of the CRH for each of the simulations, as well as domain-average

values of the top of atmosphere CRE and the ACRE.

Mean (%) σ (%) Skewness Kurtosis Mode (%) CRE (Wm−2) ACRE (Wm−2)

295 K 60.753 11.947 -0.489 -0.176 64.875 -14.142 22.641

300 K 59.910 15.075 -0.446 -0.703 69.375 -18.858 23.766

305 K 59.381 15.127 -0.258 -0.776 70.875 -16.979 26.121

a heavy black line. The PDFs show that each of the simulations has a peak in the dis-176

tribution of CRH between 60% and 75%. As the SST increases, the PDFs become wider177

and shorter, which indicates more extremely dry and extremely humid grid cells in the178

305 K simulation compared to the 295 K simulation. Each of the PDFs goes to zero near179

20% on the low end and near 90% on the high end. Summary statistics for the CRH are180

included in Tbl. 1.181

3 Cloud Radiative Effect Versus Column Relative Humidity182

The CRH binning method was used to calculate the mean vertically-integrated full-183

sky and clear-sky radiative heating rates for each of the three RCEMIP simulations, which184

are shown in the top row of Fig. 3. The full-sky rate (thick lines) is the total heating185

rate due to radiation, while the clear-sky rate (thin lines) is the heating rate that would186

occur if clouds were made invisible to radiation, but leaving only the radiative effects of187

temperature, humidity, aerosols, and any radiatively active gases. Panel a illustrates that188

the longwave heating rates are negative in both dry and humid regions. As the CRH in-189

creases, the increase in water vapor leads to more radiative cooling up to about 60%, at190

which point the cooling rate begins to strongly decrease with increasing CRH. This de-191

crease in magnitude does not occur in the same way for the clear-sky rate so that the192

ACRE, calculated as the difference between the full-sky and clear sky rates (and shown193

in panel d) begins to increase dramatically in humid regions. As the SST increases from194

295 K to 300 K and 305 K, both the full-sky and clear-sky cooling increase in magni-195

tude. However this increase appears to occur at roughly the same rate, so that the ACRE196

remains unchanged.197

The shortwave heating rates are shown in panel b, and increase only slightly as the198

CRH increases, compared to the longwave. The full-sky and clear-sky rates are very close199
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Figure 3. Top Left: Integrated full-sky (thick lines) and clear sky (thin lines) longwave heat-

ing rates for each of the RCEMIP simulations as a function of the column relative humidity. Top

Middle and Top Right: Same as Top Left, but for shortwave and net radiative heating rates.

Bottom Row: Same as Top Row, but for the ACRE.
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together, indicating that clouds don’t account for a large amount of shortwave absorp-200

tion. Consequently, the shortwave ACRE (panel e) is nearly zero in dry regions, and is201

small in humid regions compared to the longwave effect. Together, the net ACRE is largely202

determined by the longwave effect, consistent with previous work (Slingo & Slingo, 1988;203

Allan, 2011). This is in contrast to the CRE at the top of the atmosphere, which includes204

a strong shortwave effect (Ramanathan et al., 1989; Harrison et al., 1990; Hartmann &205

Berry, 2017). The mean longwave ACRE is small in dry regions and begins to increase206

rapidly as the CRH exceeds a threshold near 70%. A key conclusion of Needham and207

Randall (2021) was that the mean ACRE for a particular CRH was nearly identical in208

different regions of the tropics. The same conclusion is reached here in the context of these209

idealized simulations: as the SST increases, the ACRE at a given CRH appears to re-210

main nearly unchanged. Changes to the ACRE in a warmer climate may then be due211

only to changes in the CRH, although this hypothesis needs further study. Another im-212

portant conclusion from Fig. 3 is that the net radiative heating rate changes sign to be-213

come positive in extremely humid regions (panel c). This point is discussed further in214

section 5215

Fig. 4 shows the CRE binned by the CRH for the 300 K simulation (similar plots216

were generated for the other two simulations). The panels in Fig. 4 include the median217

(solid line) as well as the mean (dotted line), and the shading represents the range be-218

tween the 25th and 75th percentiles within each CRH bin. The top row of the figure shows219

the longwave, shortwave, and net cloud radiative effects at the top of atmosphere as func-220

tions of the CRH. The middle row shows the CRE at the surface, while the bottom row221

shows the ACRE, calculated as the difference between the two. Note that the bottom222

row uses a different scale on the y-axis than the scale used with the top and middle rows.223

The longwave CRE at the top of atmosphere (panel a) is small in dry regions but224

begins to increase as the CRH exceeds a threshold of about 70%. The shortwave CRE225

(panel b) behaves qualitatively the same as the longwave effect, but is of larger magni-226

tude and of opposite sign. As the negative shortwave effect is larger than the positive227

longwave effect, the net CRE at the top of atmosphere is negative in all regions, and reaches228

its largest magnitude in humid regions, as expected. At the surface the longwave effect229

(panel d) is small and positive, capturing the enhanced longwave emission to the sur-230

face from the cloud bases. The shortwave effect in panel e behaves almost identically to231

the shortwave effect in panel b, which shows that the effect of clouds on shortwave ra-232
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Figure 4. a: Longwave cloud radiative effect at the top of the atmosphere, binned by the

CRH. The dotted line shows the area-weighted average CRE in each CRH bin, the solid line

shows the 50th percentile, and the shading shows the range between the 25th and 75th per-

centiles. b and c: Same as a, but for the shortwave and net CRE. d-f: Same as a-c, but for the

surface CRE. g-i: Same as a-c, but for the ACRE.
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diation is felt mostly at the surface, rather than in the atmosphere itself, and is due to233

the enhanced cloud albedo. The net CRE at the surface is, like the top of atmosphere234

effect, largely determined by the shortwave (panel f).235

In panel g of Fig. 4, the longwave ACRE is skewed in dry regions, with the me-236

dian value near zero while the mean value exceeds the 75th percentile. This indicates that237

in dry regions clouds usually have little to no effect, with the exception of a few clouds238

which absorb a large amount of longwave radiation. This may be the effect of high cir-239

rus clouds which are advected away from humid regions and into dry regions, and trap240

longwave emission from the surface and lower levels of the atmosphere. In humid regions241

the distribution becomes much less skewed as the mean and median are nearly on top242

of one another. The shortwave ACRE (panel h) reaches its largest magnitude in humid243

regions, but is still very small compared to the surface shortwave CRE, which again shows244

that clouds reflect much more sunlight than they absorb. Because the shortwave effect245

is so small, the net ACRE (panel i) is dominated by the longwave component, and is char-246

acterized by the same skewed distribution in dry regions and rapid strengthening in hu-247

mid regions. However, the net ACRE is slightly larger than the longwave ACRE due to248

the positive shortwave contribution.249

Fig. 4 shows that in extremely humid regions the net CRE at the top of atmosphere250

is dominated by the shortwave effect. At first glance this may appear to conflict with251

previous studies that have found that the net top of atmosphere CRE nearly cancels in252

the tropics (Ramanathan et al., 1989; Hartmann & Berry, 2017). We emphasize that the253

shortwave dominance occurs only in extremely humid regions where the CRE becomes254

large. In most of the domain the CRH does not exceed 80%, so these humid grid cells255

do not factor into the domain-average CRE with too much weight: this can be seen in256

Tbl. 1 where the CRE does not exceed 20 Wm−2 for any of the three simulations. When257

the CRE is decomposed into surface and atmospheric components, the shortwave effect258

acts primarily at the surface, while the longwave effect determines the ACRE. Panel i259

shows that the net ACRE can be a large heat source for the atmosphere, on the order260

of 100 W m−2 in very humid regions. To see the impact of this atmospheric energy con-261

vergence, in the next section we perform an analysis of the energy and moisture budgets,262

following the lead of Riehl and Malkus (1958).263
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4 Budgets of Energy and Moisture264

To interpret the budget analyses, it is important to keep in mind the differences265

between the RCEMIP simulations and the real earth, which were mentioned above in266

Section 2. The RCEMIP simulations are performed without rotation and without merid-267

ional SST gradients, and they are forced with spatially uniform insolation. This means268

that while the temperature and lack of Coriolis acceleration lead to “tropical” conditions,269

the simulations do not have a true“tropics” in the sense that there are no regions char-270

acterized by a time-mean surplus of radiative energy that must be exported to higher271

latitudes. The absence of rotation also means that a structure like the ITCZ does not272

exist in the RCEMIP simulations. More generally, there are no regions in these simu-273

lations that are characterized by a time-mean convergence or divergence of moisture or274

energy. A skeptical reader may ask whether these differences complicate drawing infer-275

ences of the real atmosphere, especially on the interplay between humid and dry regions276

given the convectively-aggregated state. As part of a M.S. thesis, Needham (2021) found277

that these results are replicated when the analysis is repeated for a set of aquaplanet sim-278

ulations with rotation, a meridional SST gradient, and a diurnal cycle.279

We now turn to an analysis of the budgets of energy and moisture in the RCEMIP280

simulations, beginning with energy. The time-mean energy balance of an atmospheric281

column can be understood in terms of the convergence of energy into that column (Neelin282

& Held, 1987), written as283

−
∫ ∞
0

∇H · (ρVh)dz = ∇ · (R + Fh). (2)

Here, R and Fh represent the flux of radiation and moist static energy into the column,284

from the surface and the top of the atmosphere. As we are currently unconcerned with285

the vertical structure, Eq. 2 can be rewritten as286

Q = (LW + SW )toa + (LW + SW )sfc + SH + LE. (3)

In words, the atmospheric energy flux convergence Q depends on the fluxes of longwave287

and shortwave radiation across the top of the atmosphere, the fluxes of longwave and288
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shortwave radiation across the surface, and the surface flux of moist static energy (MSE,289

the combination of sensible heat and latent energy).290

The terms comprising the energy balance for the 300 K simulation are shown in291

Fig. 5, where they have been binned by the CRH similar to Figs. 3 and 4. Panel a shows292

longwave flux across the top of atmosphere and surface as well as the net convergence293

of longwave radiation into the atmosphere. Both of the fluxes decrease in magnitude as294

the CRH increases, but the magnitude of the top of atmosphere flux begins to drop pre-295

cipitously when the CRH exceeds about 70%. As discussed in reference to Figs. 3 and296

4, the change in the longwave convergence is due to the ACRE. The shortwave fluxes are297

shown in panel b. Both the top of atmosphere and surface terms show a decrease in mag-298

nitude in humid regions. In contrast to the longwave, this does not represent a strong299

convergence of shortwave radiation, but rather represents the enhanced cloud albedo ef-300

fect which reflects solar radiation back to space. The atmospheric shortwave convergence301

shows little dependence on the CRH. Similarly, the surface flux of moist static energy,302

shown in panel c, does not change much as the CRH increases.303

The sum of the longwave, shortwave, and MSE terms is shown as the thick orange304

line in panel d, which represents the net convergence of energy into the atmosphere as305

a function of the CRH (Q in Eq. 3). In dry regions Q is near zero or slightly negative,306

as shortwave heating and surface fluxes are balanced by longwave cooling. In humid re-307

gions the longwave term becomes small while the shortwave and MSE terms do not de-308

pend much on the CRH. This leads to an increase in Q which corresponds to a strong309

vertical convergence of energy into the atmosphere. As discussed previously (Fig. 3) the310

full-sky longwave heating becomes weak in humid regions while the clear-sky heating does311

not. This indicates that the increase in Q is due to a strong longwave ACRE.312

Because the energy budget was computed over the entire sphere, positive Q in hu-313

mid regions and negative Q in dry regions implies an export of energy out of humid re-314

gions and into dry regions. Positive Q also implies low-level horizontal mass convergence315

into humid regions (Neelin & Held, 1987), which has a strong impact on the moisture316

balance. The time-mean integrated moisture convergence of the atmosphere is given by317

−
∫ ∞
0

∇H · (ρVq)dz = P − E, (4)
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Figure 5. Atmospheric energy budget binned by the column relative humidity, decomposed

into contributions from a: longwave radiation, b: shortwave radiation, and c: surface fluxes of

moist static energy. The contributions from each of these terms to the total budget are shown in

panel d.
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where P and E represent the rates of precipitation and evaporation. In Eq. 4 we have318

assumed no long-term storage of moisture in the atmosphere. This leads to a simple wa-319

ter cycle in which moisture enters the atmosphere through evaporation, is transported320

through dynamic processes, and then exits the atmosphere, likely in another location,321

as precipitation.322

The moisture budget for the 300 K simulation is shown in Fig. 6. Panel a shows323

the mean and median precipitation rate binned by the CRH, as well as the range between324

the 25th and 75th percentiles. As expected, the precipitation rate depends exponentially325

on the CRH (Bretherton et al., 2004), and begins to increase rapidly beyond 70% to 80%.326

The separation between the mean (dotted line) and median (dashed line) precipitation327

shows that the distribution is skewed, with a large number events with little or no pre-328

cipitation and a few downpour events. In contrast to the precipitation rate, the evap-329

oration rate (panel b), shows little dependence on the CRH. The mean evaporation rate330

ranges between 2 to 6 mm day−1 while the precipitation rate can exceed 50 mm day−1331

in extremely humid regions. This shows that the moisture convergence calculated from332

Eq. 4 is primarily associated with the precipitation rate.333

The budgets of energy and moisture allow us to draw two general conclusions about334

humid tropical regions. First, humid regions are characterized by a strong longwave ACRE335

which leads to a net vertical convergence of energy into the atmosphere. This then im-336

plies a horizontal export of energy out of the humid regions. Second, humid regions are337

characterized by moisture convergence against the moisture gradient which then leads338

to enhanced precipitation. We emphasize again that the energy export and moisture im-339

port in humid regions are not the result of rotation or SST gradients, which are not in-340

cluded in the RCEMIP simulations. Instead they are a general characteristic of warm341

humid regions. It is interesting to note that these conclusions mirror those of RM58, who342

found that the ITCZ is a region of intense energy export as well as up-gradient moisture343

transport. RM58 presented their work in a time when the importance of radiative heat-344

ing was not fully appreciated. They speculated that the energy export out of the ITCZ345

might be fueled by surface energy fluxes. Our results (Fig. 5) suggest that instead the346

ACRE is the primary heat source. It appears that all humid regions of the tropics be-347

have like the ITCZ in these ways.348
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Figure 6. As in Fig. 5, but for the terms in the atmospheric moisture budget.
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In addition to demonstrating that the ITCZ is a sink of moisture and a source of349

energy for the rest of the atmosphere, RM58 also realized this implied vertical transport350

within the ITCZ to balance the energy export. They noted that the mid-tropospheric351

minimum in moist static energy is not consistent with large-scale vertical energy trans-352

port. They instead proposed that convection provided the necessary transport because353

deep convective updrafts could lift energy to the upper levels of the atmosphere and by-354

pass the moist static energy minimum. Recent work by Jenney et al. (2020) used a CRH355

analysis method similar to the one used in this study to show a shift to large-scale as-356

cent, including environmental ascent, in extremely humid regions of these same RCEMIP357

simulations. In the following section, we explore the implications of large-scale ascent,358

in humid regions, and its effects on the vertical transports of moisture and energy359

5 Moistening of the Troposphere Through Large-Scale Ascent360

5.1 The Vertical Distribution of Static Energies361

The transports of energy in the atmosphere can be understood using the dry static362

energy,363

s = gz + cpT, (5)

and the moist static energy,364

h = s+ Lvq, (6)

both of which are approximately conserved under adiabatic processes. In addition, the365

moist static energy is approximately conserved under condensation or evaporation.366

The top row of Fig. 7 shows contours of the moist static energy as a function of367

altitude and CRH, with similar contours for the dry static energy and latent energy. The368

contours were constructed by calculating the area-weighted profile for each of the CRH369

bins of width 2%, which allows for the comparison of the vertical structure of each of the370

terms in Eq. 6 between dry and humid regions. The contours in panel a show the typ-371

ical distribution of h in the tropics, in particular the mid-tropospheric minimum (marked372

by the black contour) as emphasized by RM58. The altitude where the minimum occurs373
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Figure 7. a: Profiles of moist static energy binned by the column relative humidity. b-f and

h: Same as a, but for the dry static energy, the latent energy, the vertical moist static energy

gradient, the convective-scale mass flux, the large-scale mass flux, and the Chikira parameter (α),

respectively. In all panels except for g, the thick black line shows the level of the moist static

energy minimum. In panel h the black contour also represents the level where α=1, and the red

contour marks the level where α = 0. Panel g: Domain-average profile of α.
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depends on the CRH; it is near 2 km in dry regions, rises to near 5 km at 70% CRH, and374

then drops back to 2 km in extremely humid regions. In addition, the magnitude of the375

minimum depends on the CRH. This is illustrated in panel d, which shows contours of376

the vertical gradient of h. In dry regions the minimum is distinct, with relatively large377

values of the gradient above and below the minimum. However in humid regions the ver-378

tical gradient becomes weaker, especially above the minimum. As will be discussed later,379

this has important implications for the vertical transport for h.380

The dry static energy (panel b) is largely independent of the CRH. This is unsur-381

prising as the lack of rotation means that horizontal gradients of temperature are swiftly382

removed (Charney, 1963; Sobel et al., 2001). In contrast, panel c shows that the distri-383

bution of latent energy is strongly tied to the CRH. In dry regions water vapor is largely384

relegated to lower levels, but in humid regions water vapor extends through a much deeper385

layer of the troposphere. Comparison of panels b and c illustrates that the change in both386

the magnitude and altitude of the minimum are due to changes in latent energy rather387

than dry static energy. In fact, the weakening of in the minimum in h appears to be the388

result of a large quantity of water vapor above the altitude of the minimum, which also389

acts to reduce the vertical gradient.390

The lifting of water vapor is a natural consequence of the shift to large-scale as-391

cent in humid regions, as discussed by Jenney et al. (2020), and illustrated in panels e392

and f, which show the mass flux on convective and large scales. In panel e, “intense” refers393

to the mass flux calculated only when the CRM vertical velocity exceeds 2 ms−1, follow-394

ing Jenney et al. (2020), while “large-scale” in panel f refers to the mass flux computed395

using the GCM vertical velocity. The intense convective mass flux maximizes near 80%396

CRH, but rapidly decreases in magnitude as the CRH continues to increase. In contrast,397

the large-scale mass flux shows weak descent through much of the domain and only be-398

comes positive in the middle troposphere when the CRH exceeds 75%. As the CRH con-399

tinues to increase the large-scale mass flux also increases in magnitude, reaching its largest400

value near 90%, the highest CRH value observed in the simulation.401

5.2 Large-scale Ascent in Humid Regions402

What causes this large-scale ascent that lifts water vapor in the troposphere? As-403

cent on convective sales is a buoyancy-driven process while large-scale ascent is driven404
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by large-scale heating. Evidently there is some heating in humid regions that drives this405

ascent. Chikira (2014) used the weak temperature gradient approximation (WTG, Charney406

(1963); Sobel et al. (2001)) to derive a form of the specific humidity equation,407

∂q

∂t
' (α− 1)

(
C − E

)
+

α

Lv

(
Qr +Qi +Qdf

)
+Dq + Sdf + Shf . (7)

In Eq. 7, C − E refers to the net rate of condensation minus re-evaporation. Qr, Qi,408

and Qdf represent the adiabatic heating due to radiation, liquid-ice phase changes, and409

vertical diffusion. Dq is the moisture tendency due to detrainment, while Sdf and Shf410

are moisture source terms representing sub-grid scale vertical diffusion and high-frequency411

waves. The condensation and heating terms in Eq. 7 are each multiplied by a param-412

eter α, which is defined equivalently as413

α ≡ − Lv

cpπ

(∂q
∂z

)(∂θ
∂z

)−1
= −Lv

(∂q
∂z

)(∂s
∂z

)−1
= 1−

(∂h
∂z

)(∂s
∂z

)−1
, (8)

and determines the moisture tendency due to a particular source of heating. The mech-414

anism for this moistening is straightforward: a localized heating induces large-scale ris-415

ing motion, which can lift water vapor if the vertical moisture gradient (included in the416

definition of α) is large enough. In the case of the Q terms, any positive heating will tend417

to moisten the environment if α is positive. C −E can moisten the environment, but418

only if α exceeds one. That is, ascent due to condensation heating can moisten the en-419

vironment, but only if the vertical gradient of q is sharp enough to overcome the loss of420

water vapor to condensation.421

In Eq. 7, WTG is used to diagnose the ascent (subsidence) associated with a par-422

ticular heating (cooling). If the environmental conditions (specifically the vertical mois-423

ture gradient) are known, Eq. 7 quantifies the vertical moisture advection and by exten-424

sion the moisture tendency of each heat source. This gives a method for decomposing425

the total moisture advection/tendency associated with different processes. Eq. 7 and re-426

lated forms have been used in recent studies to investigate how different sources of heat-427

ing contribute to the total vertical advection of moisture within the MJO (Chikira, 2014;428

Wolding & Maloney, 2015; Wolding et al., 2016; Janiga & Zhang, 2016; Wolding et al.,429

2017).430
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The domain average profile of α is shown in panel g of Fig. 7. Consistent with the431

profile of α presented by Chikira (2014), α is greater than unity in the lower troposphere.432

This means that any net heating will tend to moisten the atmosphere by inducing ris-433

ing motion; including heating from condensation. Above the level where α passes through434

one, heating from condensation can no longer moisten as the conversion to condensed435

water dominates over any heating due to rising motion. However, moistening above this436

level can occur due to other types of heating, including radiative heating.437

The contours in panel h of Fig. 7 show the vertical structure of α in dry and hu-438

mid regions. As with the domain average profile, α is greater than unity in the lower tro-439

posphere in all regions. However there are several differences in the distribution of α be-440

tween dry and humid regions. First, the α = 1 contour does not occur at a fixed alti-441

tude, but varies between 2 to 5 km because it corresponds exactly to the altitude of the442

minimum of h, as can be inferred from Eq. 8. This indicates that heating due to con-443

densation can account for some of the vertical motion in extremely humid regions, but444

cannot account for the vertical moisture transport above the minimum of h that is im-445

plied from the distribution of water vapor in panel c of Fig. 7. Above the minimum, some446

heat source other than condensation is required, with radiation as the obvious possibil-447

ity. Typically, radiation does not heat the troposphere, as the longwave emission from448

water vapor is a strong net cooling. However as seen in panel c of Fig. 3, the integrated449

net heating rate becomes positive in humid regions, due to a strong longwave ACRE.450

In short, the ACRE can drive rising motion that lifts water vapor.451

The radiative tendency profiles binned by the CRH are shown in the top row of452

Fig. 8. In dry regions the longwave tendency (panel a) is concentrated below 2 km, where453

the moist boundary layer favors radiative cooling from water vapor. As the CRH increases454

the distribution of water vapor becomes deeper (as shown above in Fig. 7.c) and the max-455

imum in the longwave temperature tendency correspondingly shifts to higher altitudes.456

This culminates with a top-heavy longwave profile in humid regions, characterized by457

emission from the tops of clouds. This profile is accompanied by weaker longwave cool-458

ing in the lower troposphere, and also leads to a net heating in extremely humid regions.459

The shortwave profile (panel b) is everywhere positive and mimics the longwave460

profile, shifting from a lower-level maximum in dry regions to an upper-level maximum461

in humid regions. When the longwave and shortwave tendencies are combined (panel c),462
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Figure 8. a: Vertically resolved longwave radiation tendency, binned by CRH. b and c: Same

as a, but for the shortwave and net radiation tendencies. d-f: Same as a-c, but for the ACRE.

In a-f the solid black line shows the zero contour. g: Moisture tendency due to longwave radia-

tion, defined in the text. h and i: Same as ga, but for the moistening due to shortwave and net

radiation. Note the logarithmic color scale for panels g-i.
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the net profile is largely determined by the stronger longwave component and tends to463

cool the atmosphere. The exception is in humid regions, where the weak longwave heat-464

ing below combined with shortwave heating aloft leads to a deep layer with a net pos-465

itive radiation tendency.466

The vertically integrated heating rates shown in Fig. 3 suggest that this heating467

is due to the ACRE rather than to clear-sky effects (e.g., not the result of changes to the468

distribution of water vapor), which is confirmed by looking the vertically resolved ACRE,469

shown in the middle row of Fig. 8. The longwave ACRE in panel d shows a strong heat-470

ing through most of the troposphere in humid regions up to the level of cloud-top cool-471

ing. The shortwave ACRE (panel e) is strongly positive aloft in humid regions due to472

enhanced absorption of solar radiation by clouds, which leads to a slightly negative short-473

wave ACRE in lower levels of humid regions. The sum of the longwave and shortwave474

ACRE is positive through most of the troposphere in humid regions, and its structure475

is determined largely by the longwave contribution, as seen by comparing panels d and476

f. This positive ACRE is strong enough to change the sign of the radiation tendency and477

leads to a net radiative heating in humid regions, as seen in panel c.478

To see how this net heating impacts the vertical advection of water vapor, the moist-479

ening of the troposphere due to radiation can be written using Eq. 7 as480

(
∂q

∂t

)
r

=
α

Lv

(
Qrl +Qrs

)
, (9)

where the subscript r refers to the moisture tendency due to radiation. Qrl and Qrs rep-481

resent the longwave and shortwave heating rates (i.e., not the radiative tendencies). The482

bottom row of Fig. 8 shows the longwave, shortwave, and net moistening of the tropo-483

sphere due to radiation, calculated using Eq. 9 and then binned by the CRH to give con-484

tours. As α is almost universally positive, the sign of the moisture tendency is determined485

entirely by the sign of the radiation terms. Because of this, radiation largely dries the486

atmosphere due to cooling-induced subsidence, but in humid regions the net radiative487

heating-induced ascent in moistens a deep layer of the troposphere in regions that are488

already quite humid.489
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Figure 9. Diagram showing the cloud-longwave feedback described in the text

5.3 A Longwave-Cloud Feedback in the Tropics490

Taken together our results suggest a cloud-longwave feedback that appears to be491

a fundamental characteristic of very humid regions in the tropics. First, clouds prefer-492

entially form in humid regions, where they absorb radiation, especially in the longwave.493

If the ACRE is large enough, it can lead to a net radiative heating throughout the depth494

of the troposphere. This heating then drives rising motion which lifts water vapor and495

homogenizes the moist static energy, making convective-scale ascent unnecessary for ver-496

tical energy transport. The rising motion also drives low-level moisture convergence (Neelin497

& Held, 1987), which transports water vapor from dry regions into humid regions, against498

the moisture gradient, in a way analogous to the description of the ITCZ from Riehl and499

Malkus (1958). This provides a steady source of moisture for regions that are already500

humid, supporting further cloud formation and completing a feedback loop. The steps501

of this feedback are summarized in Fig. 9.502

6 Conclusion503

We have performed an energy and moisture budget analysis of a set of GCM sim-504

ulations configured in radiative convective equilibrium over a non-rotating ocean with505

uniform fixed SSTs and insolation. The results show that humid regions in these sim-506
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ulations export energy and import moisture in a way that is analogous to the ITCZ as507

first analyzed by Riehl and Malkus (1958), even though the simulations omit the ingre-508

dients necessary to form an ITCZ. We then analyzed the vertical structure of moist static509

energy, and found that the characteristic mid-tropospheric minimum becomes weak in510

humid regions, likely due to environmental-scale ascent (Jenney et al., 2020) which tends511

to make the moist static energy uniform in the vertical. Our analysis emphasizes the im-512

portance of the ACRE, especially its longwave component, in humid regions of the trop-513

ics. We find that the ACRE is strong enough to change the sign of the net radiation ten-514

dency in humid regions, and it is this heating which likely drives the large-scale ascent.515

Our analysis describes a general tropical cloud-longwave feedback that exists even516

in this extremely idealized modeling framework. The feedback is similar to feedbacks that517

have been described elsewhere in the literature in a variety of contexts (as discussed in518

Section 1). Similar analysis performed on two sets of rotating aquaplanet experiments519

(one with super-parameterization, and one without) that include a meridional SST gra-520

dient and diurnal cycle yielded essentially identical results to those presented here (Needham,521

2021).522

Our study also supports the main conclusion of Needham and Randall (2021), namely523

that the ACRE depends on the CRH in a nonlinear way that is similar to the well-known524

behavior of precipitation, and that the ACRE as a function of the CRH is largely inde-525

pendent of the SST. This suggests that the longwave effect of tropical clouds is de-coupled526

from the SST, consistent with the fixed anvil temperature hypothesis (Hartmann & Lar-527

son, 2002; Zelinka & Hartmann, 2010)). The behavior of longwave cloud radiative effects528

in a warmer climate may instead be governed by changes in humidity. The PDFs of CRH529

in Fig. 2 show an increase in the probability of both extremely dry and extremely hu-530

mid regions as the SST increases, with little change in the mean CRH (Tbl. 1). The in-531

creased frequency of humid regions would suggest an increase in grid cells with a large532

ACRE, while the increased frequency of dry regions would suggest the opposite. These533

competing effects complicate drawing simple conclusions about the mean behavior of long-534

wave cloud radiative effects in a warmer climate, and may help to explain the non-monotonic535

relationship between SST and the top of atmosphere CRE as presented in Tbl. 1. These536

possibilities are left for future work.537
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