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Abstract13

Previous work has established that warming is associated with an increase in dry static14

stability, a weakening of the tropical circulation, and a decrease in the lower-tropospheric15

convective mass flux. Using both idealized and realistic global warming simulations with16

super-parameterized convection, we find that the weakening of the tropical circulation17

can occur at the same time as a strengthening of the middle- and upper-tropospheric con-18

vective mass flux. Our analysis shows that this strengthening results from changes in the19

stratiform heating and “environmental” vertical motion that occur in the spaces between20

the convective clouds.21

Plain Language Summary22

The circulation of the atmosphere is expected to weaken in a future warmer cli-23

mate. Despite an expected increase in precipitation, it is thought that near the surface24

the average strength of stormy updrafts (as measured by the average speed of the up-25

drafts multiplied by the area of the updrafts) will also decrease. We use simulations with26

realistic representations of storms to test these ideas. Our results show that while the27

circulation does weaken, the stormy updrafts can actually strengthen aloft. This is made28

possible by changes in the clouds and vertical motion that occur between the storms.29

1 Introduction30

The mean tropical circulation is strongly coupled to convection. Mean rising mo-31

tion occurs over relatively warm and moist regions, in association with active deep cu-32

mulus convection. This upward motion is balanced by slow, radiatively driven subsidence33

that occurs in drier regions, where cumulus convection is suppressed.34

For reasons discussed below, both the tropical mean circulation and convective mass35

flux are expected to weaken in a future, warmer climate (Betts & Ridgway, 1989; Chou36

& Chen, 2010; Knutson & Manabe, 1995; Held & Soden, 2006; Schneider et al., 2010;37

Seager et al., 2010; Vecchi & Soden, 2007). The mean circulation is the net vertical mass38

flux over an area large enough to contain multiple convective updrafts, and is the sum39

of the convective mass flux of updrafts and downdrafts and the vertical mass flux of the40

non-convecting environment.41
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Betts and Ridgway (1989) were the first to suggest a weakening of the tropical mean42

circulation with warming. Using a simple model of the tropical boundary layer, they found43

that the subsidence required for thermodynamic equilibrium weakened as sea surface tem-44

peratures warmed. Their conclusions were supported by the results of Knutson and Man-45

abe (1995), who found that a global circulation model (GCM) simulated a weakening46

of the circulation with warming.47

This result can be understood in terms of the area-averaged dry static energy bud-48

get:49

∂s

∂t
= −vh · ∇s− ω

∂s

∂p
+ QR + Qc. (1)50

Here s is dry static energy, vh is the horizontal wind vector, ω is the vertical pressure51

velocity, QR is the radiative heating rate, Qc is the non-radiative heating rate due to cloud52

processes and turbulence, and an overbar represents an average over an area compara-53

ble to that of a GCM’s grid cell. In a dry-statically stable atmosphere, ∂s/∂p < 0. In54

the tropics and for time scales longer than a few hours or a day at most, equation (1)55

can be approximated by the “weak temperature gradient” (WTG) balance (Charney,56

1963; Sobel & Bretherton, 2000; Sobel et al., 2001):57

ω
∂s

∂p
= QR + Qc. (2)58

In the absence of non-radiative heating (i.e., for Qc = 0), (2) reduces to a balance be-59

tween radiative cooling (QR < 0) and the warming due to downward advection of dry60

static energy (i.e., ω > 0). Many studies have shown that in a warming climate the trop-61

ical static stability increases to match the more stable moist adiabat associated with warmer62

surface temperatures. The fractional change in the static stability is larger than the frac-63

tional change in the radiative cooling rate, so that (2) implies a weakening of the sub-64

sidence. Mass conservation then ensures that the mean upward mass flux in convectively65

active regions also weakens.66

Held and Soden (2006) proposed that the globally averaged convective mass flux67

will also decrease with warming. This is the mass flux associated with convective updrafts68

(and downdrafts). Their argument is based on consideration of the globally averaged mois-69

ture budget in the form70
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P = MBqB . (3)71

Here a double overbar denotes a global average, P is the surface precipitation rate, MB72

is the convective mass flux at the top of the boundary layer associated with precipitat-73

ing convection, and qB is the water vapor mixing ratio in the boundary layer. The glob-74

ally averaged latent heat release associated with precipitation is mainly balanced by changes75

in atmospheric radiative cooling (e.g., Riehl & Malkus, 1958). Allen and Ingram (2002)76

argued that as the climate warms, the fractional increase in P will be much smaller than77

the fractional change of qB , which increases following Clausius-Clapeyron scaling. Based78

on this idea, Held and Soden (2006) concluded from (3) that MB must decrease with warm-79

ing. Vecchi and Soden (2007) provided support for this conclusion, based on an anal-80

ysis of results from a suite of GCMs.81

In summary, energy balance suggests that the mean circulation will weaken with82

warming, and moisture balance suggests that the near-surface convective mass flux will83

weaken with warming. Caution is needed, however. There are important differences be-84

tween the mean vertical motion and the convective mass flux (Arakawa & Schubert, 1974;85

Betts, 1998), because the former includes partially cancelling contributions from much86

stronger local convective updrafts and downdrafts, as well as vertical motions in the broad87

environment between the convective drafts. For example, Schneider et al. (2010) esti-88

mated that the rate at which mass ascends in convective updrafts may be up to 5 times89

larger than the mean upward motion, simply because of compensating downward mo-90

tions in the same region.91

The current paradigm of warming-induced weakening of both the tropical convec-92

tive mass flux and the tropical mean circulation deserves further study, in part because93

a weakening of the tropical circulation and/or convective mass flux may contribute to94

a weakening of teleconnections to middle latitudes (Bui & Maloney, 2018, 2019; Wold-95

ing et al., 2017). We show in this paper that the free-tropospheric convective mass flux96

can intensify even as the mean tropical circulation weakens. We offer an explanation of97

this result based on an energy-balance analysis.98
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2 Methods99

Simulations of the future climate are sensitive to convective parameterizations (e.g.,100

Maher et al., 2018). This problem can be avoided by using convection-resolving mod-101

els (CRMs; e.g., Stevens et al., 2019). Unfortunately, the high computational cost of such102

models limits their use in global climate change simulations, for now. Superparameter-103

ization offers an intermediate option, in which conventional parameterizations of cloud104

and boundary-layer processes are replaced with a CRM embedded within each GCM grid105

cell (Grabowski, 2001; Khairoutdinov & Randall, 2001; Randall et al., 2003). Superpa-106

rameterization has been shown to enable more realistic simulations of a number of con-107

vectively coupled global processes (reviewed by Randall et al., 2016). Key for the present108

study is that super-parameterization makes it possible to directly diagnose changes in109

the convective mass flux, which is explicitly simulated by the CRM, rather than param-110

eterized.111

We have used superparameterized versions of the Community Atmosphere Model112

(CAM) and Community Earth System Model (CESM) to explore changes to the con-113

vective mass flux and circulation with warming. We will show results from both ideal-114

ized and realistic simulations to assess the robustness and limitations of the theoretical115

ideas outlined in Section 1, in connection with equations (2) and (3). The simulations116

are described further in the remainder of this section. We present our results in section117

3, and conclusions in section 4.118

2.1 Radiative-Convective Equilibrium119

We used a super-parameterized version of CAM4, with the finite-volume dynam-120

ical core and a 0.9◦ × 1.25◦ horizontal grid. Each GCM grid column hosts an embed-121

ded two-dimensional CRM. The embedded CRMs have a horizontal grid spacing of 4 km122

and use 32 columns. They share the bottom 24 of CAM4’s 26 layers. We use a single-123

moment microphysics scheme. For more details see Khairoutdinov et al. (2005).124

Following the experimental design of the radiative-convective equilibrium model125

intercomparison project (RCEMIP; Wing et al., 2018), we simulated radiative-convective126

equilibrium using uniform solar insolation and uniform sea surface temperatures (SSTs)127

on a non-rotating planet. Using SSTs of 295 K, 300 K, and 305 K, we ran the model for128

three simulated years. Our results are based on analysis of monthly mean output for year129
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3, and daily mean output from a 30-day extension at the end of year 3. Data were saved130

on the native CAM4 0.9◦ × 1.25◦ horizontal grid, and for 26 hybrid-sigma model lev-131

els. We linearly interpolated to 26 pressure levels for analysis.132

2.2 Earth simulations with 4×CO2 warming133

We have also analyzed simulations with a more realistic version of the model. We134

will refer to these as the “earth” simulations. They are based on SP-CESM1, which is135

a coupled atmosphere-ocean-land-sea ice earth system model with super-parameterization136

in the CAM5 atmosphere model, again with the finite-volume dynamical core. We com-137

pare a simulation with pre-industrial (PI) concentrations of atmospheric CO2 (PI-control)138

to a simulation with 4 times the CO2 of the PI-control simulation (4×CO2). Both sim-139

ulations are ten-year SP-CESM1 branches from much longer CESM1 simulations. A more140

detailed description of the earth simulations is given by Burt (2016).141

Unless otherwise stated, we present results for the last 5 years of each simulation,142

based on monthly mean model output. Data were saved onto the CAM5 1.9◦×2.5◦ hor-143

izontal grid, and onto 30 hybrid-sigma model levels in the vertical. We linearly interpo-144

lated the vertical grid to 30 constant pressure levels. For the earth simulations, we limit145

our analysis to the tropics between 20◦S-20◦N, including both ocean and land points.146

We note that the earth simulation with 4×CO2 is influenced by the direct radia-147

tive forcing from the increased concentration of CO2, which by itself tends to weaken the148

large-scale circulation relative to the pre-industrial simulation (Merlis, 2015). This is in149

contrast to the warming of the RCE simulations, which is due only to the specified in-150

crease in the globally uniform SST.151

2.3 Diagnostics152

For both the RCE and earth simulations, we make use of diagnostic variables com-153

puted by the CRM and saved on the GCM grid. These are the non-radiative temper-154

ature tendency due to the embedded CRM (model variable name “SPDT”), and the up-155

draft and downdraft convective mass fluxes. Four categories of convective mass fluxes156

are calculated for each layer of the CRM: cloudy updrafts (“SPMCUP”), unsaturated157

updrafts (“SPMCUUP”), cloudy downdrafts (“SPMCDN”), and unsaturated downdrafts158

(“SPMCUDN”). The convective mass fluxes receive contributions from only those CRM159
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Figure 1. Mean static stability profiles for RCE (solid) and Earth (dashed) simulations.

grid cells for which the sum of the vertical velocities at the layer top and bottom is greater160

than 4 m s−1 (updrafts) or less than −4 m s−1 (downdrafts). “Cloudy” mass fluxes are161

saved when the sum of the cloud water and cloud ice mixing ratios exceeds 1 g kg−1. Oth-162

erwise the mass flux is categorized as unsaturated. We refer to the sum of the four con-163

vective updraft and downdraft mass fluxes as the net convective mass flux.164

3 Results165

3.1 Analysis of the RCE simulations166

The global-mean precipitation rate increases from 2.6 mm day−1 in the 295 K RCE167

simulation to 3.2 mm day−1 (a 3.9 % K−1 increase) and 3.7 mm day−1 (3.2 % K−1) in168

the 300 K and 305 simulations, respectively. As expected for a boundary layer that is169

warming but maintaining roughly constant relative humidity, the simulated increase in170

low-level water vapor mixing ratio is between 6.5-7 % K−1.171

The solid lines in Figure 1 show the domain-mean static stability profiles for these172

simulations. The static stability increases with warming, particularly at upper-levels, as173

expected for a tropical lapse rate adjusting to a warmer moist adiabat.174
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Figure 2. Probability distributions of ω in the RCE simulations, based on monthly mean

data, in percent of global area covered. a, the distribution for the 295 K simulation. b, the dif-

ference between the 300 K and 295 K simulations. c, the difference between the 305K and 295K

simulations.

As mentioned earlier, a weakening of the mean circulation is an expected response175

to warming. Figure 2 shows the vertically resolved distribution of grid-scale vertical ve-176

locities (ω) for the 295 K simulation, and the differences between the warmer simulations177

and the 295 K simulation. The shading represents the average monthly mean percent178

of global area covered in a ω bin. In panel a, darker colors indicate that a large percent-179

age of the globe has a value of ω in that bin. In panels b and c, the shading represents180

the same quantity, except that it now shows changes between two simulations. Panel a181

shows that the mean circulation includes broad regions of weak sinking motion and nar-182

row regions of more vigorous rising motion. Panels b and c show the expected weaken-183

ing of the monthly mean ω. This is seen as a narrowing of the ω distribution, which means184

that strong grid-scale rising and sinking motions become less common, while weak val-185

ues become more common. The exception is above about 300 hPa, where an increase in186

stronger vertical motion at the expense of weaker values reflects the deepening of the con-187

vective layer (and the troposphere) with warming. We find the same pattern of grid-scale188

circulation weakening in distributions of the daily-mean ω (not shown).189

We will use the pressure velocity, ω, to quantify the various vertical mass fluxes.190

For a GCM grid cell, the mass flux of the mean circulation, ω, can be written as the sum191
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Figure 3. Global mean profiles of ωc (thick solid) for the RCE simulations, the global mean

updraft (dashed) and downdraft ωc (thin solid).

of the net convective mass flux ωc and the “environmental” mass flux ω̃ (Arakawa & Schu-192

bert, 1974):193

ω = ωc + ω̃. (4)194

Area weighting is included in the definitions of ωc and ω̃. The environmental mass flux195

is associated with weak vertical motions in the broad regions between the convective up-196

drafts and downdrafts. It is typically but not always downward. Eq. (4) shows that when197

convection is not active the mean mass flux is equal to the environmental mass flux.198

Figure 3 shows global-mean profiles of the convective mass fluxes for the 295 K,199

300 K, and 305 K RCE simulations. Consistent with previous work suggesting a weak-200

ening of the low-level convective mass flux with warming (Held & Soden, 2006; Emanuel,201

2019), we find a weakening of both the net ωc and the updraft ωc between the 295 K and202

warmer simulations below about 700 hPa (800 hPa for the updraft ωc). Between about203

900 and 800 hPa, this weakening of then net mass flux is mainly due to a weakening of204

the updrafts. Above 800 hPa, the updrafts strengthen between the 295 K and warmer205

simulations. The weakening of the net ωc between 800 and 700 hPa is due to a strength-206
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Figure 4. a, Probability distributions of daily mean column relative humidity values for bins

0.02 wide, in average daily percent of global area covered. b-m, daily mean convective mass flux,

environmental mass flux, stratiform heating, and radiative heating binned by column relative

humidity for the 295K simulation, and the difference between the 295 K and warmer simulations.

Solid black contours in h-j reference the zero line.
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ening of the downdrafts at these levels. Below about 900 hPa, the updraft and down-207

draft convective mass fluxes are insensitive to the surface temperature.208

Figure 3 shows that despite the weakening of the mean circulation throughout the209

troposphere, there is a strengthening of the global mean ωc above 700 hPa. Some insight210

into this result can be gained from Figs. 4b-d, which show ωc binned by column rela-211

tive humidity for the 295 K simulation and the differences between the warmer simula-212

tions and the 295 K simulation. Column relative humidity is the column precipitable wa-213

ter divided by the column precipitable water for a saturated column with the same tem-214

perature profile. The figures show that the invigoration of convective mass fluxes is oc-215

curring in columns with column relative humidities greater than 80%. This invigoration216

is accompanied by a broadening of the column relative humidity distribution to include217

more extreme values (Figure 4a) which may be indicative of more organized convection218

(e.g., Chou & Neelin, 2004). These results show that there is a strengthening of intense219

convection in the warmer climate.220

Figures 4c and d also show that the weakening of the low-level convective mass fluxes221

seen in the global mean profiles (Figure 3) is not occurring in the same columns for which222

there is an invigoration of upper-level convective mass fluxes. The strengthening of the223

mean free-tropospheric ωc with warming shown in Figure 3 occurs almost entirely in very224

humid columns. In these very humid grid cells, ωc strengthens throughout the troposphere.225

The weakening of low-level (below 800 hPa) ωc in the global mean profiles occurs in rel-226

atively dry columns.227

Given the relationship between ωc and ω, as expressed in equation (4), a strength-228

ening of ωc can occur despite a weakening of ω if there is a change in ω̃ such that the229

sum ωc+ω̃ decreases with warming. Figure 4e-g shows ω̃ binned by column relative hu-230

midity for the 295 K simulation and the differences between the warmer simulations and231

the 295 K simulation. For columns with column relative humidities less than about 70%,232

which include most of the domain in the 295 K simulation, ω̃ is downwards, while the233

convective mass flux is upwards. In contrast, ω̃ is strongly upwards for the most humid234

columns. Figure 4 shows that the strengthening of the convective mass flux is accom-235

panied by a weakening of the upward environmental mass flux.236

Next, we will show how a simultaneous strengthening of convective mass fluxes and237

weakening of the mean circulation is consistent with the WTG framework. For averages238
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over areas (such as a GCM grid cell) large enough so that the fractional area occupied239

by convective updrafts is � 1 (Arakawa & Schubert, 1974), Qc may be written as240

Qc = ωc
∂s

∂p
+ LC̃ + D(sc − s) + Qturb, (5)241

where ωc∂s/∂p is the warming due to the net convective mass flux, L is the latent heat242

of condensation, C̃ is the environmental condensation rate, D is the detrainment mass243

flux, and Qturb is the dry static energy transport due to turbulence. Equations (4) and244

(5) allow us to rewrite (2) as245

ω̃
∂s

∂p
= QR + Q̂c, (6)246

where we define247

Q̂c ≡ LC̃ + D(sc − s) + Qturb (7)

as the (non-radiative) cloud and turbulent heating apart from (i.e., not including) the248

contribution from ωc
∂s

∂p
. Contributions to Q̂c come from environmental (non-convective)249

condensation LC̃, convective detrainment of dry static energy D(sc−s), and turbulent250

transport of dry static energy, but for simplicity we refer to Q̂c as the “stratiform heat-251

ing.” Houze (1977) emphasized that condensation in stratiform anvil clouds is a major252

component of the heating in tropical convective systems. We expect LC̃ > 0 where there253

is environmental rising motion in stratiform anvil clouds, and LC̃ < 0 where rain is evap-254

orating (or snow is melting) as it falls through an unsaturated portion of the environ-255

ment. Using equations (5) and (7), we can compute Q̂c for each grid cell in our simu-256

lations as Q̂c = Qc − ωc(∂s/∂p).257

Writing WTG balance in terms of ω̃, as in equation (6), allows us to diagnose the258

relevant terms in the heating balance important for the environmental mass flux of a large259

area, regardless of whether or not the area contains convection (Arakawa & Schubert,260

1974; Chikira, 2014). For grid cells containing active convection, equation (6) says that261

the dry static energy advection by the environmental mass flux, ω̃(∂s/∂p) = (ω−ωc)(∂s/∂p),262

balances the combination of stratiform heating and radiative cooling. For grid cells that263

don’t contain active convection, ωc = 0, ω̃ = ω, Q̂c is typically negligible, and equa-264
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tion (6) reduces to a balance between radiative cooling and advection of dry static en-265

ergy by the mean vertical motion.266

As mentioned previously, a weakening of ω is possible despite a strengthening of267

ωc if there is a compensating change in ω̃. The two possibilities are: 1) a strengthening268

of ω̃ where ω̃ is downward (which occurs in drier grid columns), and 2) a weakening of269

ω̃ where ω̃ is upwards (which occurs in the wettest grid columns). In both of these sce-270

narios, the change in ω̃ is positive.271

We can estimate the fractional change in ω̃ in equation (6) as the difference between272

the fractional changes in QR + Q̂c and ∂s/∂p:273

∆ω̃

ω̃
≈ ∆(QR + Q̂c)

QR + Q̂c

−
∆ ∂s

∂p

∂s
∂p

. (8)

We now identify the conditions required for ∆ω̃ > 0 by considering four cases, two of274

which can be discarded because they do not obey equation (6).275

Cases 1 and 2 (ω̃ > 0): Where the environmental mass flux is downward, the left-276

hand side of equation (8) must be positive. It follows that the combination of the two277

terms on the right-hand side must also be positive. This can happen if the fractional change278

in QR+Q̂c is greater than the fractional change in dry static stability. We can distin-279

guish two cases, one where QR + Q̂c > 0 (case 1) and the other with QR + Q̂c < 0280

(case 2). Case 1 can be discarded because it does not obey (6). In Case 2, the only way281

for the fractional change in QR+Q̂c to be greater than the fractional change in dry static282

stability is if QR+Q̂c < 0. Panels h-j of Figure 4 show QR conditioned by column rel-283

ative humidity for the 295 K simulation and the difference in QR between the 295 K and284

warmer simulations. The black lines reference the zero contour. Over most of the region285

where ω̃ > 0, ∆QR > 0, i.e., we have either more radiative warming or less radiative286

cooling. The only way for ∆ω̃ to be positive in these regions is for ∆Q̂c to shift towards287

negative values by more than the increase in QR, for example due to a strengthening of288

the evaporation of falling rain. This seems unlikely.289

Cases 3 and 4 (ω̃ < 0): Where the environmental mass flux is upward, the left-hand290

side of equation (8) must be negative. This is possible if the fractional change in QR+291

Q̂c is less than the fractional change in dry static stability. We can distinguish two cases,292

one in which QR + Q̂c > 0 (case 3) and the other with QR + Q̂c < 0 (case 4). Case 4293
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can be discarded because it does not obey (6). In Case 3, because of increases in dry static294

stability, ∆(QR+Q̂c) can be zero! It can also be less than zero, but only to the extent295

that QR + Q̂c remains positive.296

In summary, we conclude that Case 3, with ω̃ < 0 and QR+Q̂c > 0, is the most plau-297

sible scenario that is consistent with ∆ω̃ > 0. Figure 4 shows that this is indeed what298

we find. The largest increases in ωc (panels c,d) occur where ω̃ < 0 (panel e) and QR+299

Q̂c > 0 (panels h,k).300

In places where ω̃ is upwards, and neglecting the small contributions from detrain-301

ment and turbulence, we can approximate Q̂c in terms of the advection of environmen-302

tal moisture by ω̃ as,303

Q̂c ≈ −ω̃L
∂q̃

∂p
, (ω̃ < 0), (9)

where q̃ is the water vapor mixing ratio of the environment. Combining equations (6)304

and (9), we then can write305

ω̃
∂h̃

∂p
≈ QR, (10)

where h̃ = s + Lq̃ is the environmental moist static energy, using the approximation306

that s̃ ≈ s (Arakawa & Schubert, 1974). Equation (10) states that over a large area307

the vertical advection of h̃ by ω̃ approximately balances the area-mean radiative heat-308

ing rate. Again, equation (10) applies only where ω̃ < 0.309

The bottom row of Figure 4 shows Q̂c for the 295K simulation and its differences310

in the warmer simulations. For humid columns, the cooling due to upward ω̃ is balanced311

by a net heating, most of which is due to positive values of Q̂c (Figure 4h). As shown312

in (9), upward environmental motion in the most humid columns transports water va-313

por upwards, driving condensation and latent heat release. A weakening of the upward314

ω̃ in the very humid columns, due in part to increases in static stability, is self-reinforcing315

due to a weakening of the heating from environmental condensation. We conclude that316

increases in static stability reinforce a weakening of ω̃ where ω̃ > 0.317
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Figure 4 also shows a modest weakening of negative Q̂c at very low levels, which318

could be due to decreases in rain evaporation and increases in precipitation efficiency (e.g.,319

Lutsko & Cronin, 2018).320

In summary, we find that in super-parameterized global simulations of radiative-321

convective equilibrium the free-tropospheric convective mass flux strengthens at the same322

time that the mean vertical motion weakens. The strengthening of the convective mass323

flux occurs where column relative humidities exceed 80% and the environmental mass324

flux is upward. For these humid columns, increases in dry static stability, which favor325

a weakening of the mean circulation, may actually favor a strengthening of the convec-326

tive mass flux through a self-reinforcing weakening of the environmental mass flux in-327

volving stratiform heating.328

3.2 Analysis of the earth simulations329

The RCE aquaplanet simulations are extreme idealizations of the tropics. We now330

analyze the results obtained with the “earth” configuration of the model, limiting our331

attention to the tropical zone between 20◦S-20◦N, including both ocean and land points.332

Do the earth simulations behave like the RCE simulations?333

The global mean surface temperature increases from 289 K to 293 K between the334

PI-control and 4×CO2 simulations. The global mean surface precipitation rate increases335

from 2.9 mm day−1 to 3.1 mm day−1, which is about 1.2 % K−1. As in the RCE sim-336

ulations, the global mean low-level water vapor mixing ratio increases more rapidly, at337

about 5.5-6 % K−1. The dashed lines in Figure 1 show the tropical mean static stabil-338

ity profiles for the earth simulations. As in the RCE simulations, the static stability in-339

creases with warming, especially in the upper troposphere.340

Figure 5 shows the change in the distribution of monthly mean ω for all tropical341

columns between 20◦S and 20◦S, including land points. The weakening of grid-scale ver-342

tical motions seen in the RCE simulations is also apparent in the earth simulations. As343

expected, strong mean rising and sinking motions become less frequent. The same pat-344

tern of weakening is also seen in daily means of ω (not shown).345

Figure 6a shows changes to the tropical mean ωc. In contrast with the RCE results,346

there is no change in the peak tropical mean value of ωc, and the low-level convective347
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Figure 5. a, Distribution of monthly mean ω, in average monthly mean percent of tropical

area covered, in the PI-control simulation and b, difference from the 4×CO2 simulation

Figure 6. a, Tropical mean (20◦S-20◦N), net ωc (thick solid), updraft ωc (dashed), and down-

draft ωc (thin solid) for the earth simulations. b-c, zonal mean ωc (contours) and precipitation

rate (green curves) for the PI-control simulation (center column) and difference between the

4×CO2 and PI-control simulations (right column). The zonal means do not include contributions

from grid cells where the pressure levels are “underground.”
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mass flux does not weaken. The slight increase in ωc between the PI-control and 4×CO2348

simulations above 600 hPa appears to be consistent with the deepening of the troposphere349

with warming. Also shown in Figure 6a are tropical mean profiles of the convective up-350

draft and downdraft mass fluxes. These both strengthen weakly with warming, through-351

out the column. The tropical mean pattern of change is not representative of individ-352

ual regions, however. For example, Figure 6b-c show the annual mean zonal mean ωc and353

precipitation rate across the tropics for the PI-control simulation and its difference from354

the 4×CO2 simulation. The top-heavy strengthening of ωc between about 15◦S–5◦N is355

consistent with previous work suggesting a preferential increase in upper-tropospheric356

updraft speeds with warming (Muller et al., 2011; Singh & O’Gorman, 2015). The pat-357

tern of near-equatorial convective strengthening and subtropical weakening reflects the358

narrowing of the intertropical convergence zone with warming (reviewed in Byrne et al.,359

2018), which is also seen in the change of the zonal mean annual mean precipitation rate360

(green curves in Figure 6b,c). Figure 6 is for annual mean values of ωc. The near-zero361

change in the tropical mean ωc between 20◦S-20◦N, the enhanced upper-level strength-362

ening of ωc over deep convective latitudes, and the narrowing of the deep convective re-363

gion is also seen in the individual solstice seasons (i.e., means over December-February364

and over June-August).365

Figure 7 shows ωc, ω̃, QR, and Q̂c binned by column relative humidity for the earth366

simulations. Here, we have used 40 days of daily mean data starting at the beginning367

of January. As in the RCE simulations, we see an intensification of ωc only for the most368

humid columns, in addition to a slight shift of the distribution towards more humid columns.369

This strengthening is coincident with a weakening of upwards ω̃ in the most humid columns.370

We also see a weakening of Q̂c, except at the upper levels, for the most humid columns.371

Although there is no change in the tropical mean ωc in the earth simulations, we see the372

same column relative humidity-conditioned change that appears in the RCE simulations.373

This indicates that the mechanisms permitting a simultaneous strengthening of ωc and374

weakening of the circulation are not sensitive to the experimental design. However, the375

net change in the tropical mean convective mass flux is sensitive to changes in the spa-376

tial distribution of moisture and convection, which is sensitive to the pattern of SST change377

(Ma & Xie, 2013) and clouds (e.g., Ceppi & Hartmann, 2016; Merlis, 2015; Voigt & Shaw,378

2015; Su et al., 2014; Feldl et al., 2014) with warming. Profiles of the tropical mean ωc379

subset between 10◦S-10◦N, instead of the 20◦S-20◦N shown in Figure 6a, show the same380

–17–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 7. As in Figure 4, but for the tropics (20◦S-20◦N) in the earth simulations.
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strengthening of ωc observed in the RCE simulations (not shown). The near net zero change381

in ωc observed between 20◦S-20◦N is supported by both a strengthening of free tropo-382

spheric ωc in the deep tropics, and a weakening in the subtropics. Again, this is consis-383

tent with the previously mentioned narrowing of the intertropical convergence zone. The384

tropical mean ωc strengthens with surface warming in our simulations of global radiative-385

convective equilibrium, but does not change in our earth simulations, despite a weak-386

ening of the mean circulation in both experiments. This shows again that changes in the387

tropical mean ωc with warming may not be predicted by changes to the mean circula-388

tion.389

4 Discussion and Conclusions390

The weakening of the tropical circulation can be understood by considering the trop-391

ical clear-sky energy balance. The atmosphere is continuously losing energy radiatively,392

and this energy sink is balanced by adiabatic sinking and warming. For a given radia-393

tive cooling rate, the strength of the sinking motion is dictated by the mean tropical static394

stability profile, which is nearly constant throughout the tropics due to the inability of395

the tropical atmosphere to support strong pressure gradients. The tropical static sta-396

bility profile roughly follows a moist adiabat, and will likely become more stable with397

surface warming in addition to becoming more stable in direct response to increased CO2398

(Merlis, 2015). Increased static stability makes sinking motions over clear-sky regions399

more efficient, so that for a given amount of radiative cooling less sinking is required to400

maintain energy balance.401

Our results support previous work suggesting a weakening of tropical mean circu-402

lations with warming. Consistent with Held and Soden (2006), we find decreases in the403

convective mass flux near the top of the atmospheric boundary layer in our radiative-404

convective equilibrium (RCE) simulation. However, we find that the mean convective405

mass flux strengthens above the boundary layer in the RCE simulations, and does not406

change in the earth simulations.407

When we condition quantities by their column relative humidity, we find that in408

both our RCE and earth simulations there is a preferential strengthening of convective409

mass fluxes occurring in very humid columns where environmental mass fluxes, or the410

vertical motion in the spaces between convective up and downdrafts, are upwards. In these411
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columns, perturbations in dry static stability with warming may enable a strengthen-412

ing of convective mass fluxes, through a self-reinforcing weakening of the environmen-413

tal mass flux. Upward environmental mass fluxes in very humid columns warm the en-414

vironment through stratiform condensation. Increases in dry static stability make it pos-415

sible for a weaker upward environmental mass flux to balance stratiform heating of the416

environment. At the same time, a weakening of the environmental mass flux decreases417

the rate of stratiform heating, which lessens the total diabatic heating which the envi-418

ronmental mass flux balances.419

Differences in the change of the convective mass flux between our simulations ap-420

pear to be related to differences in the pattern of tropical humidity change. In radiative-421

convective equilibrium we find a shift in the distribution of column relative humidities422

towards more extreme values. The preferential strengthening of convective mass fluxes423

in only very humid columns combined with the increase in the number of columns that424

are very humid is reflected in the increase of the mean tropical convective mass flux. How-425

ever, in our earth simulations, despite the same humidity-conditioned pattern of convec-426

tive mass flux change, the narrowing of the intertropical convergence zone results in a427

net-zero change in the tropical mean convective mass flux. That is, convective mass fluxes428

strengthen over the deep tropics, but weaken in the subtropics. In summary, our results429

show that that the tropical mean convective mass flux can change independently of the430

weakening of the circulation predicted by WTG balance.431
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