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ABSTRACT

The vertical profile of clear-sky radiative cooling places important con-

straints on the vertical structure of convection and associated clouds.

Radiative-convective equilibrium computations with a global general circu-

lation model (GCM) and a convection-resolving model (CRM) in a limited

domain both show increasing radiative cooling rates in the upper troposphere

with surface warming. In the GCM the cooling rates in the lower troposphere

are insensitive to surface warming, while in the upper troposphere they in-

crease significantly with warming. In the CRM the cooling rate increases are

more similar in the upper and lower troposphere above the boundary layer.

The difference can be traced to the vertical profiles of temperature in the two

modeling frameworks. In the GCM the temperature profile follows a moist

adiabat in the free-troposphere, whereas in the CRM the lapse rate is greater

than moist adiabatic in the lower troposphere and less in the upper tropo-

sphere. A one-dimensional model with a moist adiabatic lapse rate assump-

tion produces a top-heavy cooling rate change with warming, whereas if the

lapse rate is modified by using an entraining plume model, then the cooling

rate does not show the same top-heaviness with warming. The different re-

sponses of the cooling rate profiles to surface warming can be explained by

using the cooling-to-space approximation. The differences could be impor-

tant for the changes in cloud ice with warming and for the deep and shallow

circulations in the tropics.
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Significance Statement29

Basic processes act to make the radiative cooling rate in the upper tropical troposphere increase30

as the climate warms.31

1. Introduction32

The global and tropical-mean atmosphere are in an approximate balance equilibrium where the33

radiative cooling of the atmosphere is balanced by the convergence of the upward flux of energy34

by atmospheric motions. This radiative-convective equilibrium (RCE) is thus a useful approxi-35

mate model of the tropical and even the global climate (Manabe and Wetherald 1967; Wing et al.36

2018). RCE can be studied with one-dimensional models (Koll and Cronin 2018; Beucler et al.37

2018; Kluft et al. 2019), with limited-domain convection-resolving models(Bretherton et al. 2005;38

Cronin and Wing 2017; Held et al. 1993; Tompkins 2001) and with three-dimensional models in39

which convection is parameterized (Held et al. 2007; Larson and Hartmann 2003a,b; Bony et al.40

2015). Investigating RCE in climate models with parameterized convection is done with several41

goals in mind (e.g. Wing et al. (2018, 2020)). One goal is to better understand how the pa-42

rameterizations within the models perform in such simulations. In addition, more fundamental43

understanding of how the climate system works might be gained if it can be shown that the be-44

haviors of interest result from fundamental physical constraints that are not too dependent on the45

details of the parameterizations used in the models.46

The vertical structure of the radiative cooling profile is important, as it determines the vertical47

structure of the convective heating profile that must exist to balance it. If ice and water cloud48

amounts are related to the rate of convective heating, then the abundance of cloud water and ice49

are also dependent on the vertical profile of radiative cooling. The large-scale circulations that50

develop are also affected by the vertical structure of radiative and convective heating. In the real51
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tropical atmosphere the clear areas are generally larger than the cloudy areas with which they are52

coupled, and the radiative cooling rate is to first order controlled by the clear-sky cooling rate.53

Hereafter when we say radiative cooling rate, we are referring to the clear-sky value. Shortwave54

heating is included in the calculations, but discussion will focus on the effect of longwave radiative55

transfer.56

In this paper we will investigate the vertical structure of temperature and radiative cooling rate57

in an aquaplanet GCM and a small-domain convection-resolving model. The surface temperature58

is fixed and uniform, rotation is not present and insolation is uniform. In each case an equilibrium59

temperature profile is obtained in which net radiative cooling is balanced by the upward flux of60

energy by resolved or parameterized motions. The surface temperature under the models is varied61

from 295K to 310K in 5K increments. We find that in the GCM, the temperature profile closely62

follows a moist adiabat above the boundary layer, and the radiative cooling rate becomes more63

top-heavy with surface warming. The radiative cooling rate increases substantially in the upper64

troposphere, but remains relatively unchanged in the lower troposphere as the surface is warmed.65

Similar increasing top-heaviness of the cooling profile is shown in the earlier work of Knutson and66

Manabe (1995), their Fig. 7. The cooling rate extends upward with warming, but also increases in67

magnitude in the upper troposphere.68

For the convection-resolving model (CRM) in a small domain, the radiative cooling rate in-69

creases both in the upper and lower troposphere above the boundary layer, but less so in the70

middle troposphere. These differences can be traced to the vertical profile of temperature, which71

in the GCM follows a moist adiabat above the boundary layer, but in the CRM the temperature72

profile at first decreases more rapidly with height, then rejoins the moist adiabat at upper levels.73

Zhou and Xie (2019) have noted this difference between GCM’s and CRM’s and have proposed a74

’Spectral Plume Model’ to account for the cooling of temperature profiles below the moist adiabat75
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by entrainment of dry air. This gives a more realistic temperature profile than the ’Zero Buoyancy’76

approximation (Singh and O’Gorman 2013), since in observations the temperature profile rejoins77

the moist adiabat in the upper troposphere (e.g. Folkins (2002)).78

To show that the difference between the GCM and the CRM radiative cooling rates can be ex-79

plained by the temperature profile, we compare one-dimensional computations of radiative cooling80

rates for the CRM atmospheric temperature and humidity profiles with calculations in which the81

temperature profile is replaced by a moist adiabat above the boundary layer. These calculations82

show the key role of the lapse rate in controlling the cooling rate profile. We further show 1-D83

RCE calculations in which we use alternatively a moist adiabat or the spectral plume model to84

predict the vertical temperature profile. These calculations produce a top-heavy cooling profile for85

the moist adiabat with warming, but a top- and bottom-heavy cooling rate profile with warming86

for the CRM/spectral plume temperature distribution. These simple calculations reproduce the87

differences found between the GCM and the CRM. We are able to understand the cooling rate88

dependence on the vertical structure of temperature by using the cooling-to-space approximation.89

Top-heavy cooling profiles are associated with the emission temperatures moving to lower pres-90

sures, where the emission is more readily transmitted to space, thereby increasing the cooling rate.91

When the temperature profile is modified by entrainment, the emission temperatures remain more92

closely at the same pressure, so that enhanced cooling rates near the top of the troposphere do not93

increase as much.94

Models and experimental setups are described in Section 2, the basic results are described in95

Section 3, the cooling-to-space interpretation of the results is given in section 4, and summary and96

conclusions are presented in Section 5.97
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2. Models and Experiments98

We use three models in this investigation; a global GCM with parameterized convection, a CRM99

in a small domain, and a one-dimensional radiative transfer model with convective adjustment100

to either a moist-adiabatic or a detrainment-modified lapse rate. In each case four radiative-101

convective equilibrium simulations are performed with sea surface temperatures (SST) specified102

to be 295, 300, 305 and 310K.103

The global climate model used is GFDL’s CM2.1 Global Coupled Climate Model (Anderson104

et al. 2004; Delworth et al. 2006). The rotation rate is set to zero and the insolation is globally105

uniform with a value of 434 Wm−2. CO2 is set to 324 ppm and CH4 to 1650 ppb. Ozone is fixed106

to its tropical mean value. A horizontal spatial resolution of 2◦latitude by 2.5◦longitude, and 32107

vertical levels are employed.108

The CRM is the System for Atmospheric Modeling (SAM) model (Khairoutdinov and Randall109

2003) with the fifth order ULTIMATE-MACHO advection scheme (Yamaguchi et al. 2011) and110

RRTMG radiative transfer code (Iacono et al. 2000; Mlawer et al. 1997). The Predicted Particle111

Properties (P3) bulk microphysics scheme is used for cloud microphysics (Morrison and Milbrandt112

2015). The P3 scheme has one ice-phase category and prognoses four ice variables: total ice mass,113

total ice number, rime mass, and rime volume. The horizontal domain is 96x96 km with 2-km114

resolution and periodic lateral boundary conditions. The vertical grid has 128 levels and variable115

spacing that increases from 50 m near the surface to 300 m at 6 km, then increases from 300 m116

at 25 km to 1 km at the model top. Gravity waves are dampened by a sponge layer extending117

from 27-39 km. Sea surface temperatures (SSTs) are fixed and uniform, there is no rotation, and118

insolation follows a fixed diurnal cycle corresponding to January 1 at the equator.119
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The one-dimensional model uses the RRTMG radiation code, as in the CRM described above.120

The surface temperature is fixed and the lapse rate is adjusted to a moist adiabat, or to a moist121

adiabat with the adjustment for entrainment obtained by using the spectral plume model of Zhou122

and Xie (2019). We use exactly the same formulation as Zhou and Xie (2019), except that we123

fix the base of the entrainment layer at about 850hPa and we set the top of the entrainment layer124

where the radiative cooling rate is smaller than 0.4 Kday−1, which defines the altitude at the top125

of the convecting layer. In the results shown here the entrainment parameter is varied from ε0 =126

0.0 km−1 to 0.5 km−1, with the larger values of 0.4 and 0.5 km−1 providing a reasonable fit to the127

CRM over the range of SST we consider.128

The relative humidity can be specified as a dynamic function of pressure, temperature and cool-129

ing rate. In the simplest case shown here the relative humidity is 80% between the surface and130

the level where the cooling rate declines to 0.4 Kday−1, which tends to occur at a fixed tempera-131

ture. Above that the relative humidity declines to a low stratospheric value in a pressure interval132

of half the pressure at that level. A prognostic top of the convecting layer is important, but the133

exact specifications of the convective layer top and the change in relative humidity above that have134

only modest effects on the cooling rate profile and do not change the general conclusions offered135

in this paper. We do calculations in which the saturation vapor pressure is that over liquid at all136

temperatures, and in which the saturation vapor pressure transitions linearly from that over liquid137

at 273K to that over ice at 253K. These two calculations illustrate the importance of lowered va-138

por pressure over ice and latent heat of fusion, which affect both the emission of radiation and the139

lapse rate in the upper troposphere.140
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3. Results141

Figure 1 shows the net radiative cooling rate as a function of pressure and air temperature for four142

values of the SST in the GCM and CRM RCE simulations. Radiative cooling rates for the tropical143

western Pacific region based on observations are discussed by McFarlane et al. (2007). They show144

a profile similar to what the GCM shows for the 300K case, with cooling rates near 1.5 Kday−1
145

in the upper and lower troposphere, and smaller values of about 1 Kday−1 between the lower and146

upper troposphere near 700 hPa. In the GCM the cooling rate doubles in the upper troposphere147

as the surface is warmed from 295K to 310K, but the cooling rate in the lower troposphere is148

insensitive to SST (Fig. 1a). Tropospheric radiative cooling strengthens and shifts upward to lower149

pressures as the sea surface temperature is raised. In the CRM the cooling rate also increases in the150

upper troposphere with warming, but at a slower rate, and the cooling rate in the lower troposphere151

above the boundary layer also increases, in contrast to the GCM (Fig. 1c). The main cooling rate152

maximum in the upper troposphere occurs in a fixed temperature range because the emissivity153

of an atmosphere dominated by water vapor is almost entirely a function of temperature through154

the Clausius-Clapeyron dependence of water vapor on temperature and because of the dominance155

of the strong rotational emission lines of water vapor in the upper troposphere (e.g. Hartmann156

and Larson (2002), Jeevanjee and Fueglistaler (2020b)). The width of the strong cooling region157

in temperature space is greater in the case of the GCM than the CRM, however, with the GCM158

cooling maximum extending from 280 K to 230 K, while the CRM maximum cooling extends159

from 265 K to 240 K. Note however that the cooling rate in the CRM is significantly affected by160

clouds (not shown), while we here consider only the clear-sky cooling rate.161

To help in understanding these differences we show the temperature and relative humidity pro-162

files for the GCM and CRM in Figure 2. The GCM has a boundary layer inversion in the global163
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average that increases in strength with SST, and above this the temperature profile follows a moist164

adiabat very closely (not shown). The CRM temperature has no inversion and temperature falls165

off more rapidly than a moist adiabat above the boundary layer, which will be shown later. In166

both models the relative humidity is a function of temperature that does not vary much above the167

boundary layer when the SST is changed. In Figure 2 relative humidity transitions linearly from168

that over liquid to that over ice between the temperatures of 273 K and 253 K. An argument for169

why relative humidity is a function of air temperature that does not change with surface tempera-170

ture has been given by Romps (2014) based on an entraining plume model. Large-scale advection171

can also be employed to explain the spatial distribution of relative humidity (Soden and Bretherton172

1994; Salathe and Hartmann 2000). Since the GCM has well-defined regions of mean upward and173

downward motion, the average relative humidity in the middle troposphere dips to much lower174

values than in the CRM, since the domain of the CRM is too small to allow aggregation. For the175

same reason the relative humidity at the top of the convecting layer is much higher for the CRM176

than for the GCM. Relative humidity has a significant effect on cooling rates, but most of the re-177

sponses we describe here result from the much faster variation of saturation vapor pressure with178

temperature, so we will use a simple relative humidity distribution in the 1-D model to focus on179

the key physical effects that dominate the response.180

To show the role of the temperature profile in explaining the difference in the cooling rates181

between the GCM and the CRM we perform offline calculations of clear-sky radiative cooling182

rates with the 1-D model. We perform two sets of computations, one with the relative humidity183

and the temperature profiles from the CRM and a second set in which the CRM temperature profile184

is modified to follow a moist adiabat above 850hPa. The CRM relative humidity profile is used for185

both sets of simulations, with the relative humidity specified as a function of temperature. These186

results are shown in Figure 3. Changing the temperature profile from that produced by the CRM187
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to one that is moist adiabatic above the boundary layer causes the heating rate profile to become188

more top-heavy, with increased cooling rates in the upper troposphere and decreased cooling rates189

in the lower troposphere compared to those calculated for the CRM temperature profile.190

4. Discussion191

a. The Cool-To-Space Approximation192

We can interpret the results described above by using the cool-to-space approximation (Rodgers193

and Walshaw 1966; Petty 2006), which is an excellent approximation for the cooling from water194

vapor (Jeevanjee and Fueglistaler 2020a). We will use this approximation to explain why the195

changes in temperature profile produce the observed changes in cooling rate, which is dominated196

by the longwave emission from water vapor.197

Begin with the cooling-to-space approximation for the water vapor radiative heating rate at a198

particular wavelength, λ .199

dT
dt

)
λ
=−π kλ ρH2O

ρAir cp µ̄
Bλ (T ) e

−τ
λ

µ̄ (1)

Here µ̄ = 1.66−1 is the average over a hemisphere of µ = cosθ , kλ is the mass absorption coeffi-200

cient and τλ is the normal optical depth from the given height to the top of the atmosphere. Next201

use the following identity202

ρH2O

ρAir
= 0.622 RH

es

p
. (2)

Here RH represents relative humidity and es is the saturation vapor pressure. From the work of203

Chou et al. (1993) we assume a linear dependence of the mass absorption coefficient on pressure.204

kλ = kλ0
p
p0

(3)

So we find that,205

dT
dt

)
λ
=−0.622 π

cp p0 µ̄
es(T )RH kλ0 Bλ (T ) e

−τ
λ

µ̄ . (4)
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We write the optical depth using the hydrostatic approximation as,206

τλ =
∫

∞

z
kλ ρH2O dz =

∫ p

0
kλ0

p
p0

0.622
es

p
RH ρAir

d p
g ρAir

=
kλ0 0.622

g p0

∫ p

0
RH es(T )d p' kλ0 0.622

g p0
RH es(T ) p

(5)

So the final form that we can write is,207

dT
dt

)
λ
=−

{
π g
cp

C kλ0 Bλ (T ) es(T )RH
}

e(−C kλ0 es(T )RH p). (6)

Where C is a constant.208

C =
0.622
p0 g µ̄

(7)

The term in equation (6) in curly brackets is the emission term and depends only on temperature209

and relative humidity, since both the saturation vapor pressure and the Planck function depend210

only on temperature for a fixed wavelength of radiation. The exponential term in (6) represents211

the transmission of this emission to space and is the only term with a pressure dependence, if we212

assume that the relative humidity is a function of temperature. The exponential term includes the213

absorber amount above the level of emission, which varies strongly with the temperature in the214

layer above if the relative humidity is fixed. The exponential term in equation (6) is likely to get215

larger as the surface warms and the cooling rate moves upward to lower pressure while maintaining216

a constant temperature. In the experiments shown in Figure 1 the pressure at the top of the layer of217

maximum cooling changes by nearly a factor of 2 between the 295 K and 310 K experiments, so218

the exponent in the transmission term in equation (6) varies by a factor of nearly 2. This pressure219

dependence of the transmission term causes the cooling rate in the upper troposphere to increase220

with warming.221

Although (6) only applies to a single wavelength of radiation, Jeevanjee and Fueglistaler (2020b)222

have shown that the cooling at a particular atmospheric level is primarily in wavelengths of radia-223
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tion whose optical depth approaches 1 at that level, so that the cooling from each level is associated224

with absorption lines of water vapor at particular wavelengths. Weak lines do the cooling in the225

lower troposphere and strong lines do the cooling in the upper troposphere, up to a pressure where226

no lines can produce significant emission at the low vapor pressures associated with the low tem-227

peratures in the upper troposphere (see also Harries (1997)). Assuming that one has in mind the228

wavelengths that account for the cooling at a particular level when using (6), it is appropriate to229

use it in reasoning how and why changes in temperature, pressure and relative humidity influence230

atmospheric radiative cooling.231

The cooling rate results are less sensitive to relative humidity than to temperature for a couple of232

reasons. First, the vapor pressure changes are more strongly affected by temperature through the233

Clausius-Clapeyron relation. Second, the effects of relative humidity on emission and transmission234

tend to offset each other. An increase in relative humidity increases the emission term in (6), but235

it decreases the transmission term, if the vertical scale of the relative humidity variations is large236

compared to the e-folding depth of saturation vapor pressure. A discontinuity in relative humidity237

can have a significant effect, however, such as at the top of the boundary layer in the GCM.238

b. Dependence of the Cooling Rate Profile on Entrainment239

To provide the simplest case for interpretation, we assume that the relative humidity is a constant240

80% in the troposphere, up to the top of the convecting layer. The top of the convecting layer is de-241

fined to be the level where the cooling rate falls below 0.4 Kday−1. The top of the convecting layer242

and its higher humidity are thus allowed to move to lower pressure with warming in a somewhat243

natural way. The relative humidity declines to a small stratospheric value above the convecting244

layer in a pressure interval that is set to half the value at the top of the convecting layer. The surface245

temperature is set to a specified value and the lapse rate is limited to either a moist adiabatic value,246
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or the value specified by the spectral plume model of Zhou and Xie (2019). The altitude at the247

top of the entraining layer in the spectral plume model is set equal to the height at the top of the248

convecting layer defined above. The spectral plume model, the moist adiabatic lapse rate and the249

radiative transfer model are all somewhat sensitive to the assumption of how the saturation vapor250

pressure transitions from that of liquid to that of ice. To further simplify the interpretation of these251

computations, we first assume that the saturation vapor pressure is that over liquid everywhere.252

The impact of this assumption can be judged by considering an alternative formulation in which253

the saturation vapor pressure transitions from that of vapor to that of ice between 273 K to 253 K,254

which we will discuss later.255

The temperature deviations from a moist adiabat in the CRM simulation and in the 1-D model256

with an entrainment parameter of 0.5 km−1 are shown in Figure 4 as functions of air temperature.257

The 1-D model with the spectral plume model does a reasonable job of simulating the deviation258

from a moist adiabat that is produced by the CRM simulation, as has been shown by Zhou and259

Xie (2019). The particular case shown here is for the blended liquid/ice saturation vapor pressure,260

which matches the temperature at the top of the convective layer slightly better than the case with261

vapor pressure above liquid at all temperatures. A single entrainment parameter does not match262

the CRM results well across all SST values, and the temperature depression for the 310K case263

is overestimated by the spectral plume model. The 310K case is better fit with an entrainment264

parameter of 0.4 km−1 (not shown), but that value leads to a worse fit for the lowest SST values.265

Figure 5 shows the temperature profiles and radiative cooling rates for the 1-D model with a266

surface temperature of 305K and different values of the entrainment parameter in the spectral267

plume model of Zhou and Xie (2019). The relative humidity profile is the one described in section268

2 with constant 80% humidity over liquid in the troposphere up to the top of the convecting layer.269

As the entrainment parameter is increased the lapse rate increases in the lower troposphere and270
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the cooling rate changes. It becomes stronger in the lower troposphere, shows little change in271

the middle troposphere and weakens in the upper troposphere. In the troposphere the largest272

cooling rates occur between the freezing level and 220 K. Above the 220K level, cooling rates273

decline rapidly because the temperatures become colder and water vapor emission becomes an274

inefficient mechanism for cooling (Hartmann and Larson 2002; Jeevanjee and Fueglistaler 2020b).275

The cooling rate profile is most top-heavy for a moist adiabatic temperature profile, and the vertical276

gradient of the heating rate weakens with increasing entrainment.277

Panel d) in Figure 5 shows the cooling rates in the case where the saturation vapor pressure278

transitions linearly from that over liquid to that over ice between 273 K and 253 K. The cool-279

ing rates are slightly stronger and decline to zero at a slightly warmer temperature than the case280

with saturation vapor pressure over liquid at all temperatures. For the cases with large entrain-281

ment parameters, a secondary peak in the cooling rate profile develops slightly above the freezing282

level. This secondary peak in cooling occurs because the transmission through the layer above the283

freezing level is a bit easier with the smaller vapor pressures above ice.284

c. Cool-To-Space Interpretation of Cooling Rate Changes285

Let us now use the cooling-to-space approximation (6) to explain the differences in cooling rate286

between the moist adiabatic profile and the entrainment-modifed temperature profiles in Figure 5.287

Figure 6 illustrates the explanation offered here. It describes the differences in cooling rate to be288

expected in going from the moist adiabatic lapse rate to the entrainment-modified lapse rate. A289

fixed pressure coordinate system is used in the figure to coordinate with Figures 5a and b, and the290

discussion will be phrased in a pressure coordinate system. In the lower troposphere at point A, as291

the entrainment parameter is increased the temperature does not change very much at that level,292

but the layer of air above it becomes cooler and therefore drier. So the emission term in 6 does not293
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change, but the transmission term becomes larger, since the total moisture above that level declines294

with increasing entrainment. The cooling rate therefore increases in the lower troposphere, since295

the emission is unchanged, but the transmission to space is easier.296

As one moves upward from point A to point B the temperature at a fixed pressure decreases, but297

because the layer above is also colder the water vapor in the layer above declines. The lowered298

temperature at the emission level reduces the emission, but the lowered humidity above that level299

increases the transmission to space so that the emission and transmission effects cancel and the300

cooling rate remains unchanged. At point C near 250 hPa the atmosphere emission is reduced301

because the atmosphere is cooler, but the transmission is not reduced as much in the layer above,302

so the cooling rate declines.303

One can also make these arguments in a reference frame of air temperature, in which only the304

transmission term varies if the relative humidity is fixed. This is the more natural reference frame305

to use, since cooling rates tend to be a function of temperature through the strong control of water306

vapor. To aid in this interpretation we can consider the integral of vapor pressure over air pressure307

that appears in the equation for the optical depth 5. This term represents the effect of the water308

vapor path above the level of interest, but takes into account the effect of pressure broadening,309

which the water vapor path does not. We integrate from the top of the atmosphere to a temperature310

T in the lower troposphere where the pressure is p(T ) to compute the vapor pressure path (VPP).311

V PP =
∫ p(T )

0
RH es(T )d p (8)

Where es is the saturation vapor pressure. We can linearize about the moist adiabatic temperature312

profile, Tma, and add the effect of the temperature anomaly associated with entrainment, T ′. Using313
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the Clausius-Clapeyron relationship we obtain the following expression.314

V PP≈
∫ p(T )

0
RH es(T0)

(
1+

L
Rv T 2

ma
T ′
)

d p (9)

A negative T ′ will cause the term within parentheses in 9 to be smaller and decrease the water315

vapor path above. On the other hand, the limit on the integral, p(T ) will become larger if the layer316

above is cooler, as can be seen in Figure 6. The effect of the cooling of the layer above and the317

increasing pressure of fixed temperatures can offset each other in the lower troposphere. Figure 7a318

shows the values of VPP in the lower troposphere from the 1-D model for entrainment parameters319

of zero (moist adiabatic lapse rate) and 0.5 km−1. The VPP increases by about a factor of 10 for320

every 20K of temperature increase, so the VPP depends on the vapor only a few kilometers above321

the level of interest. One can also see that at the warmest temperatures in the lower troposphere322

the VPP value is less with detrainment, but is greater with detrainment at temperatures colder323

than about 280K. The variation of the sign of the difference of VPP with temperature is shown324

more clearly in Figure 7b, which shows the normalized difference between the cases with and325

without entrainment. The normalized difference is obtained by dividing the difference between326

the two cases by their mean value. In the warmest, lowest part of the troposphere the VPP is327

smaller with entrainment, but higher up where the temperatures are less than about 280K the VPP328

with entrainment is greater. These differences explain the change in cooling rate as a function329

of temperature, with entrainment producing more cooling in the lowest troposphere, no change330

around 280K and less cooling in the upper troposphere at temperatures colder than about 280K.331

Near 295 K the pressure is unchanged between the moist adiabat and the detrainment-modifed332

temperature profile (Figure 6), but the amount of water vapor above it is decreased because the333

lapse rate of temperature is greater, so the cooling rate increases. Near 280 K, the pressure is334

increased so transmission is reduced, but the lapse rate above is greater, so that the pressure and335
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humidity effects on transmission can cancel exactly near 280K. Near 240 K the pressure at a336

fixed temperature is increased, reducing the transmission, but the lapse rate above is less than in337

the moist adiabatic case so that vapor changes cannot offset pressure effects. Also the fractional338

change of pressure is greater in the upper troposphere, so it is harder for humidity changes to339

offset pressure changes. Thus the increased lapse rate of the entrainment-modified temperature340

profile causes the same temperature to occur at a higher pressure in the upper troposphere, so341

that at a fixed temperature the transmission term is smaller and reduces the cooling rate. Using342

the change in the temperature profile and an assumption of fixed relative humidity, one can thus343

reason out why the cooling rate profile responds to entrainment modifications by increasing in344

the lower troposphere, decreasing in the upper troposphere, and changing very little in the middle345

troposphere.346

Figure 5d shows the cooling rates for the case in which the saturation vapor pressure transitions347

from that of liquid to that of ice between 273K and 253K. This has the effect of increasing the348

cooling rates in the upper troposphere and warming the temperature where the cooling rate declines349

at the top, but the general character of the plot is unchanged. No significant changes are observed350

in the lower troposphere, because the small changes in water vapor above have no effect on the351

weak emission lines that cool the lower troposphere. One can understand this result using the352

same cooling-to-space logic. The temperature profile warms slightly because of the reduced moist353

adiabatic lapse rate associated with the latent heat of fusion, which is now included. In the upper354

troposphere the increased transmission due to the reduced vapor above is more important than the355

reduction in emission due to the lowered saturation vapor pressure, which is somewhat offset by356

the warmer temperatures at fixed pressure. The rapid reduction of cooling rate near the top of the357

convecting layer moves to a warmer temperature because the reduced saturation vapor pressure358
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over ice means that water vapor loses its ability to efficiently cool the atmosphere at a warmer359

temperature.360

The transition of vapor pressure over liquid to vapor pressure over ice can cause a local increase361

in cooling rate associated with the more rapid decline in vapor pressure immediately above the362

freezing level. This can lead to enhanced cooling rates at temperatures near the freezing level,363

which only becomes apparent at warm temperatures or large entrainment rates, and can be seen in364

Figure 5d for an entrainment parameter of 0.5 km−1 and in Figure 8b for a surface temperature of365

310 K.366

d. Entrainment Impacts on Warming-Induced Changes in Cooling Rate367

We next show results of warming experiments in the one-dimensional model in radiative con-368

vective equilibrium with different surface temperatures and a single entrainment parameter. Figure369

8 shows results of radiative-convective equilibrium above fixed SST for both the moist adiabatic370

and spectral plume model profiles for a fixed relative humidity of 80% within the convecting layer.371

The saturation specific humidity is determined by a linear interpolation from liquid to ice between372

273 K and 253 K. The entrainment parameter is 0.4 km−1, since that best fits the CRM result for373

the warmest temperature of 310K. For the moist adiabatic profile, the cooling rate becomes much374

stronger near 240 K as the surface temperature is increased. This is because the maximum cooling375

level near 240 K moves to a lower pressure as the surface warms, meaning that the transmission to376

space is easier and the cooling rate increases by more than a factor of 2. In the lowest part of the377

troposphere the cooling rate decreases for the warmest temperatures. The decreased cooling rate378

near the surface is because the strong absorption, especially the continuum absorption by water379

vapor, increases the optical depth of the lower atmosphere and makes it difficult for the lowest tro-380

posphere to cool to space. This reduction in lower tropospheric cooling marks the beginning of a381
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decoupling that leads to a runaway greenhouse effect. The near-surface cooling rate decrease with382

warming is reduced but still present for the entrainment-modified temperature profile. Around at-383

mospheric temperatures of 280K the cooling rate is less sensitive to both surface temperature and384

to the effects of entrainment, for reasons that were outlined in Figure 6 and related discussion.385

In the upper troposphere, the increase in radiative cooling with surface temperature is greatly386

reduced by the effect of entrainment. Entrainment causes the temperature of maximum emission387

around 240 K to occur at a higher pressure than for the moist adiabatic profile, so that the transmis-388

sion term is reduced by the greater opacity of the atmosphere above the 240 K level. This causes389

the cooling rate in the upper troposphere to be greatly reduced by the temperature modifications390

of the spectral plume model. These changes are even more substantial than the changes shown in391

Figure 3b for the CRM model.392

5. Summary and Conclusion393

We have shown that the vertical structure of radiative cooling becomes more top-heavy with394

warming in a GCM, but less so in a CRM in which the lapse rate is heavily modified by entrain-395

ment. The increasing top-heaviness of cooling is explained by the fact that the temperatures from396

which the cooling emerges move to lower pressures with warming, which eases the transmission397

of the emitted radiation to space and enhances the cooling rate from a fixed emission tempera-398

ture. The cooling-to-space approximation can also be used to explain the response of the vertical399

structure of the atmospheric cooling rate to atmospheric lapse rate variations associated with en-400

trainment of dry air into ascending plumes of convection. The decreased temperatures in the mid401

troposphere, when coupled with an assumption of fixed relative humidity, cause the cooling rate402

to increase in the lower troposphere and decrease in the upper troposphere, so that the cooling rate403

remains more uniform with altitude as the surface warms.404
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The manner in which the radiative cooling rate of the atmosphere responds to warming can405

have important effects on the responses of convection and clouds to warming. Enhanced upper-406

tropospheric radiative cooling implies enhanced convective heating, which may alter the ice clouds407

that dominate the cloud radiative effects in the tropics. The effects of more top-heavy radiative408

cooling rates on ice cloud properties as climate warms are investigated by Sokol and Hartmann409

(2021) using CRM simulations similar to those described here.410

An important remaining question is to what extent the entrainment cooling will constrain the411

actual atmospheric temperature profile in the tropics as the climate warms. Entrainment cools412

the middle troposphere in the vicinity of convection, but active convection occupies a small frac-413

tion of the tropical atmosphere. Large-scale effects may act to reduce the impact of entrainment414

cooling in the mid troposphere implied by small-domain CRM simulations. Further experimen-415

tation with high-resolution models in larger domains or experiments with global models in which416

parameterisations of entrainment cooling are modified may help to clarify these issues.417
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FIG. 1. Comparison of clear-sky radiative cooling rates from AM2.1 GCM as functions of pressure (a) and

Temperature (b) and for the SAM CRM (c,d) in radiative-convective equilibrium with the SST values given in

Kelvins.

556

557

558

27



FIG. 2. Comparison of temperatures as functions of pressure (a) and relative humidities as functions of

temperature (b) for the GCM and CRM simulations.
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FIG. 3. a) Temperatures as a function of pressure for the CRM solution and for the solution merged to a moist

adiabat at 850hPa, b) Radiative cooling rates for the temperature profiles in a). The notation malr indicates a

moist adiabatic lapse rate has been assumed above 850hPa.
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FIG. 4. Depression of the temperature profile from a moist adiabat starting at 850hPa for the CRM simulations

and the 1-D model with an entrainment parameter of 0.5 km−1 with an assumption of 80% relative humidity over

liquid and ice in the troposphere.

564

565

566

30



FIG. 5. One dimensional model results for a surface temperature of 305K and a constant relative humidity of

80% over liquid for entrainment parameters from 0. to 0.5 km−1 denoted by 1 to 5. a) Temperatures as a function

of pressure, b) radiative cooling rates as a function of pressure, c) radiative cooling as a function of temperature,

d) same as panel c), except for the case in which saturation vapor pressure transitions from liquid to ice between

273K and 253K.
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FIG. 6. One dimensional model results for a surface temperature of 305K and with entrainment parameters of

0 (blue line) and 0.5 km−1 (red line) as in Figure 5. Point A indicates the lower troposphere where the cooling

rate increases as the entrainment parameter is increased, point B indicates the middle troposphere where the

cooling rate remains unchanged, and point C indicates the upper troposphere where the cooling rate declines

with entrainment parameter. The annotations describe how the cooling-to-space explains the changed cooling

rates at these levels.
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FIG. 7. a) VPP from 8 for the moist adiabatic and Spectral Plume model with an entrainment parameter of 0.5

km−1 with an assumption of 80% relative humidity over liquid and ice in the troposphere. a) log10 of VPP for

8 cases in the lower troposphere. b) difference between VPP with and without detrainment at each temperature,

normalized by the mean of the two values at each temperature.
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FIG. 8. One-dimensional model results for warming experiments comparing a moist adiabatic temperature

profile with a temperature profile that is modified using the spectral plume model with an entrainment param-

eter of 0.4 km−1. Dashed lines indicate the moist adiabatic profiles and solid lines the entrainment-modifed

temperature profiles. a) Temperature versus pressure and b) radiative cooling rate versus air temperature.
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