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ABSTRACT

We propose a new approach for analyzing multi-scale properties of the at-

mospheric flow that employs the recently introduced isentropic streamfunc-

tion and relies on its scale decomposition with Haar wavelets. We applied

this method to a cloud resolving simulation of a planetary Walker Cell char-

acterized by pronounced multi-scale flow. The resulting set of isentropic

streamfunctions – obtained at the convective, mesoscale, synoptic, and plan-

etary scales – captured many important features of the Walker Circulation.

The convective scale was associated with the shallow, congestus, and deep

clouds, which jointly dominate the upward mass flux in the lower troposphere.

The synoptic and planetary scales played important roles in extending mass

transport to the upper troposphere where the corresponding streamfunctions

mainly captured the first baroclinic mode associated with large-scale over-

turning circulation. The intermediate scale features of the flow, such as anvil

clouds associated with organized convective systems, were extracted with the

mesoscale and synoptic scale isentropic streamfunctions. Multi-scale isen-

tropic streamfunctions were also used to extract salient mechanisms that un-

derlie the low-frequency variability of Walker Cell. In particular, the lag of

a few days of the planetary behind the convective scale indicated the impor-

tance of the convective scale in moistening the atmosphere and strengthening

the planetary-scale overturning circulation. Furthermore, the mesoscale and

synoptic lags behind the planetary scale reflected the strong dependence of

convective organization on shear.
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1. Introduction36

Convection is omnipresent throughout the Earth’s atmosphere. Convective motions act to re-37

distribute water and energy throughout the atmospheric column as warm, moist air rises within38

clouds, whereas drier and colder air subsides in the unsaturated environment. Convection itself39

occurs on relatively short and small scales, on the order of a few tens of kilometers and a few40

hours at most, but it interacts strongly with atmospheric flows on larger scales, such as synoptic41

waves and planetary circulations. The organization of convection over many scales is widely rec-42

ognized (Mapes 1993). Mesoscale convective systems and synoptic scale convectively coupled43

equatorial waves are common examples of this type of organization. Other important phenomena44

include the Madden–Julien oscillation (Madden and Julian 1972), monsoonal flow, and the Hadley45

and Walker circulations.46

These interactions across multiple scales remain challenging when modeling atmospheric flows.47

For example, relatively little is known about how convectively coupled waves are generated and48

maintained (Wheeler and Kiladis 1999, Yang et al. 2007, Khouider and Ham 2013, Roundy49

and Frank 2004, Stechmann et al. 2013, Dunkerton and Crum 1995). Large-scale conditions50

can strongly influence convective organization (Moncrieff 1981, 1992), which can have important51

implications for feedback at larger scales (Tung and Yanai 2002a, b; Wu and Yanai 1994, Houze52

et al. 2000). Numerical studies, such as Grabowski et al. (1996) and Wu et al. (1998), in which53

large-scale conditions were prescribed in given field experiments, showed that several convective54

systems (cloud clusters, squall lines, and scattered convection) emerged in a similar fashion to the55

actual observations. Mahoney and Lackmann (2011) showed that mesoscale convective systems56

are highly sensitive to environmental moisture. In their study, a drier atmosphere was associated57

with systems that are smaller, move faster, and that are more often associated with severe surface58
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winds triggered by enhanced convective momentum transport. Del Genio el al. (2012) analyzed a59

cloud resolving model of convection with variable environmental humidity, which appears to play60

a major role in the time evolution of convective systems. Recently, Slawinska et al. (2014, SPMG61

hereafter) reported the strong dependence of convection, particularly its organization and feedback62

to other scales, on the idealized Walker Circulation, which exhibits low-frequency variability. The63

organization of convection at mesoscale and synoptic scales affects many other aspects of tropical64

weather and climate, e.g., approximately half of the precipitation in the tropics occurs within them65

(Del Genio and Kovari 2002, Schumacher and Houze 2003).66

Thus, the appropriate parameterizations of convection and convective organization are urgently67

required in Global Climate Models (GCMs) (Moncrieff et al. 2012, del Genio el al. 2012). Numer-68

ous cumulus parameterizations have been developed and applied for decades. By contrast, accord-69

ing to our knowledge, only one cumulus parameterization with a representation of the mesoscale70

flow has been implemented in GCMs (Donner 1993, 2001). Despite significant improvements71

in capturing various aspects of global dynamics, there are still many flaws associated with these72

parameterizations. For example, most GCMs maximize precipitation over land at noon (Trenberth73

et al. 2003, Dai 2006) instead of late afternoon as indicated by observations. Remarkably, con-74

vective parameterizations have been argued to be the main culprit (Guichard et al. 2004, Rio et75

al. 2009; Del Genio and Wu 2010), where the entrainment coefficient is one of the main factors.76

Interestingly, Sanderson et al. (2010) showed that the entrainment coefficient caused the great-77

est climate sensitivity (based on an ensemble of one thousand simulations), mainly through water78

vapor feedback (Del Genio 2012). Another hypothesis, which is extremely challenging to verify,79

suggests that the absence of organization in convective parameterization does not allow convection80

to persist for a sufficiently long period.81
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It is hoped that high resolution simulations can help to address the convection problem. Nowa-82

days, increase in computational resources allows convective motions to be resolved over a83

planetary-scale domain, however for a period of time insufficient to perform long-term climate84

simulations. Still, simulated period of time long is long enough to establish strong limitations85

associated with parameterization of convection in climate simulations.86

To fully exploit new capabilities, we must first address the question of how to assess convec-87

tive motions in high-resolution simulations. Moist convection is an extremely complex flow that88

involves motions at many scales, including subcloud layer turbulence, updrafts and downdrafts,89

anvil clouds, and convective overshoot. As with any turbulent flow, any ’mean’ property depends90

on the averaging method employed. Recently, Pauluis and Mrowiec (2013, PM hereafter) pro-91

posed the use of isentropic analysis to systematically study convective motions in high-resolution92

climate models. Isentropic analysis dates back to the early development of synoptic meteorology93

(Bjerknes 1938) and its core idea assumes that entropy is approximately conserved in an atmo-94

spheric flow over a time scale of a few days. This means that it is possible to track the motions of95

air parcels over long distances on isentropic surfaces, even when the number of observations might96

be low. Averaging the flow on isentropic surfaces has also been used to capture mass transport by97

midlatitude eddies (e.g., Held and Schneider, 1999, and Pauluis et al. 2008, 2010). PM proposed98

the application of isentropic analysis to convective motions based on conditional averaging of the99

vertical mass transport in terms of the equivalent potential temperature of the air parcels. They100

used this procedure to study convective mass transport in high resolution simulations of radiative-101

convective equilibrium.102

In PM, convective overturning is quantified in terms of an isentropic streamfunction, which is103

obtained as a domain integral, and thus it includes all scales of motion. The primary aim of the104

present study is to extend PMs framework to separate the contributions of individual atmospheric105
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scales. This extended framework is then used to analyze the cloud resolving simulation of the106

planetary Walker Cell from SPMG. This idealized simulation exhibits a complex multi-scale flow,107

which resembles the tropical circulation in many respects. In particular, many organized convec-108

tive systems are embedded within a large-scale flow with low-frequency variability, which shares109

many similarities with the intraseasonal oscillation that dominates tropical variability. We also110

illustrate how isentropic analysis can be used systematically to determine the contribution of var-111

ious scales of motion to the global overturning circulation. In particular, we use it to quantify112

convective mass transport in high resolution global models.113

The remainder of this paper is organized as follows. Section 2 presents a numerical simulation114

of the Walker Cell and its general features. Section 3 reviews the use of isentropic analysis to115

study moist convection, which was introduced by PM. PMs method is then extended to include a116

multi-scale decomposition of the flow, and used subsequently to analyze the overturning flow in117

the simulation. In Section 4, we discuss the low-frequency variability in the Walker circulation118

based on the isentropic analysis. Our conclusions are given in section 5.119

2. Setup and main features of the simulated Walker Cell120

SPMG use a two-dimensional version of the cloud resolving model EULAG (Grabowski 1998,121

Smolarkiewicz 2006, Prusa et al. 2008, Malinowski et al. 2011) to simulate an idealized Walker122

circulation. An atmospheric layer with a depth of 24 km is resolved over a horizontal domain123

of 40,000 km with horizontal and vertical resolution levels of 2 km and 500 m, respectively.124

The simulation is run over 320 days, where the last 270 days are analyzed based on statistics125

gathered at every time step (i.e., 15 s). The planetary-scale circulation is driven by the radiative126

tendency and surface fluxes. In particular, the prescribed radiative cooling tendency is the average127

NCAR CAM3 tendency in the radiative-convective equilibrium simulation performed with the128
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System for Atmospheric Modeling (Khairoutdinov and Randall 2003). Thus, radiative forcing129

(shown in Figure 1 in SPMG) results in 1.2 K day−1 cooling of the troposphere and slight warming130

of the troposphere. An additional 20 days of relaxation of the potential temperature toward its131

environmental profile leads to additional cooling of the troposphere. Surface fluxes (see Equation132

2 in SPMG) depend on the SST which varies between 303.15 and 299.15 K, where the warmest133

water is at the center of the domain, thereby mimicking the temperature contrast between the warm134

pool and colder equatorial upwelling region. A more detailed description of the setup is given in135

SPMG.136

The simulated circulation shares many similarities with the Walker Cell in the tropics. The large-137

scale overturning flow comprises a deep-tropospheric ascent over the warm pool and subsidence138

over colder water, where the time-mean vertical velocities reach averages of up to 1.5 and 1 cm139

s−1, respectively. The horizontal flow is characterized by low-level convergence in the ascent140

region, with an average velocity of 10 m s−1. This is balanced by an outflow of about 20 m141

s−1 in the upper troposphere. This planetary-scale overturning circulation can be captured by a142

Eulerian-mean streamfunction ΨE , which is defined as:143

ΨE(x,z) =
1

L

∫ L

0
ρw(x,z′)dz′, (1)

where L is the horizontal extent of the domain, ρ(z) is the density of the air (which is only a144

function of height in the anelastic model that we employ), and w is the time-mean vertical velocity.145

To make a further comparison with mass transport at different scales, the Eulerian streamfunction146

is normalized by the domain size, and thus it is expressed in units of kg s−1 m−2. The Eulerian147

mean streamfunction is shown in Figure 1. The inflow below 6 km and outflow above 8 km peak148

at about 8000 km from the center of the domain. We also note a gradual lowering of the inflow as149

air moves toward the warm pool.150
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In addition to the Walker Cell, there is significant variability at the convective, meso-, and syn-151

optic scales. For example, convection alternates between shallow, congestus, and deep convective152

regimes that occur over the convergence region, which is characterized by a high precipitable water153

content, although this is limited to the boundary layer over the colder ocean. Regions of intense154

convective activity are usually associated with strong meso- and synoptic scale systems, which155

frequently organize convection, as illustrated by the Hovmoller diagram of the cloud top tempera-156

ture shown in Figure 2. A detailed discussion of these multi-scale interactions is given in SPMG,157

which demonstrates the strong coupling of two individual convective systems with planetary-scale158

properties. In particular, convective, mesoscale, and synoptic scale flows are highly intermittent159

in time and space, and they are mostly filtered by the spatial and temporal averaging used in the160

definition of the Eulerian streamfunction (see Equation 1 and Figure 1).161

3. Isentropic analysis162

a. Isentropic streamfunction163

A central motivation of the isentropic streamfunction defined by PM is capturing the contribution164

of the convective scales to vertical overturning in the atmosphere. This is achieved by conditionally165

averaging the vertical velocity in terms of the equivalent potential temperature θe. The isentropic166

streamfunction is obtained by integrating the mass flux in the equivalent potential temperature over167

time period T and area L:168

Ψθe(z,θe0) =
1

T
1

L

∫ T

0

∫ L

0
ρ(z)w(z,x, t)H(θe0 −θe(x′,z, t))dx′dt, (2)

where w is the vertical velocity and H is the Heaviside function. In this equation, θe0 corresponds169

to the value of the equivalent potential temperature in the conditional average, while θe(x′,z, t) is170

the equivalent potential temperature at a specific location and time. The conditional averaging in171
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(2) replaces the horizontal coordinates with the equivalent potential temperature. This approach172

discriminates warm and moist updrafts from colder, drier downdrafts of convective parcels. From173

a physical perspective, the streamfunction is equal to the net upward mass flux per unit area of all174

the air parcels with an equivalent potential temperature that is less than or equal to θe0.175

The isentropic streamfunction in Figure 3 exhibits many similarities to that presented in PM for176

radiative convective equilibrium. The streamfunction is negative, which indicates a descending177

motion for air with a low θe and an ascending motion for air with a higher θe, where the flow178

transports energy upward. The isentropic streamfunction peaks near the surface, thereby indicating179

the preponderance of shallow convection. The mass transport decreases with height, which implies180

a significant detrainment. A very useful feature of the isentropic streamfunction is that its isolines181

correspond to the mean trajectories in the θe − z phase space, which means that it can be used182

to determine whether air parcels gain or lose energy (or more precisely, the equivalent potential183

temperature). In the lower troposphere, the equivalent potential temperature of rising air parcels184

decreases gradually with height due to entrainment and mixing of dry air in the updraft. Above185

the freezing level, rising air parcels exhibit a slight increase in θe due to the freezing of condensed186

water. Descending motions are typically linked to a reduction in θe due to radiative cooling. In187

a few areas, the equivalent potential temperature of the subsiding air increases, particularly for188

2 km < z < 3 km and 315 K < θe < 335 K, and for 4 km < z < 6 km and 335 K < θe < 340 K,189

because these air parcels gain water vapor from diffusion. The reader should refer to PM for a190

more extensive discussion of isentropic analysis and the streamfunction.191

In the present study, we are interested in comparing the isentropic streamfunction shown in192

Figure 3 and the Eulerian streamfunction in Figure 1. Therefore, in Figure 4, we also show the193

time-averaged equivalent potential temperature. The straight isolines stretching in θe − z phase194

space in Figure 3 between {z,θe}= {9 km,345−355 K} and {z,θe}= {2 km,320−335 K} cor-195
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respond to the subsidence of dry air from the upper troposphere to the top of the boundary layer.196

A closer inspection of Figure 4 shows that the very low values of θe < 335 K are associated with197

isentropic downward motion, which is a characteristic of air subsiding over the cold ocean. The198

ascending branch of the isentropic streamfunction occurs for large values of θe, with θe > 355 K.199

These values of the equivalent potential temperature are significantly larger than the time-averaged200

values θe. Figure 4 shows that there is a mid-tropospheric minimum of about 345K, which is much201

less than the value for the ascending air shown in Figure 3. In fact, Figure 3 captures that the air202

parcels with θe ≈ 345 K and z = 4 km move downward to a height of 3–5 km on average. This203

indicates that even in regions of mean ascent, the bulk of the air parcels, i.e., those where θe is204

close to its mean value, are moving down rather than up. Instead, the ascent occurs within narrow205

convective cores, the thermodynamic properties of which are not captured by the eulerian mean206

circulation207

A major difference between the isentropic streamfunction and its Eulerian counterpart is the208

magnitude of mass transport. Indeed, the difference between the maximum and minimum value of209

the Eulerian streamfunction is about 1.4× 10−3 kg m−2 s−1. By contrast, the isentropic stream-210

function indicates a mass transport of 7.5× 10−3 kg m−2 s−1. In addition, the peak of the mass211

transport for the Eulerian circulation is in the upper troposphere, whereas the isentropic stream-212

function has its maximum near the surface. These differences occur mainly because the Eulerian213

streamfunction primarily captures the planetary scale flow, whereas the isentropic streamfunction214

aggregates the contributions at multiple scales.215

b. Multi-scale decomposition of the isentropic circulation216

In this study, we analyze the contribution of various scales to the isentropic streamfunction as217

follows. First, the vertical velocity is decomposed into components associated with the spatial218
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scales of interest. Second, isentropic averaging is performed and the corresponding isentropic219

streamfunction is constructed by integrating over the appropriate spatial and temporal boundaries220

for the given scale. We focus on four significant scales: convective, mesoscale, synoptic, and221

planetary, constrained as follows:222

• 10,000 km < planetary scale223

• 1,250 km < synoptic scale < 10,000 km224

• 156 km < mesoscale < 1,250 km225

• 2 km < convective scale < 156 km.226

The choice of these scales is somewhat arbitrary, but they were motivated by the previous analysis227

in SPMG. The vertical velocity is decomposed into the contributions of these scales as:228

w = wplanetary +wsynoptic +wmesoscale +wconvective. (3)

In principle, this decomposition corresponds to band filtering with Haar wavelets, which is ap-229

plied as follows:230

wplanetary = a0,0 +
i=i2

∑
i=i1

j=2i−1

∑
j=0

ai, jϕi, j (4)

wsynoptic =
i=i3

∑
i=i2

j=2i−1

∑
j=0

ai, jϕi, j (5)

wmesoscale =
i=i4

∑
i=i3

j=2i−1

∑
j=0

ai, jϕi, j, (6)

where a0,0 = 0 is the horizontal mean vertical velocity. The Haar functions ϕi, j are defined as231

follows:232

ϕi, j(x) = ϕ(2ix− j) (7)
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233

ϕ(x) = 1 for 0 < x < 20000
234

ϕ(x) =−1 for 20000 < x < 40000.

The Haar wavelets act as a local filter, where its shape is described by the mother wavelet, its235

wavenumber band is determined by the parameter i, and the location where the given filter is236

applied is given by the parameter j. The convective velocity, wconvective, is defined as the difference237

between the instantaneous value of the vertical velocity and sum of the drafts associated with other238

scales.239

Using the vertical velocities decomposed as described above, the streamfunction for a given240

scale is determined by Equation 2, where the vertical velocity is limited to the contribution of the241

corresponding scale. Thus, the isentropic streamfunction is decomposed into:242

Ψ = Ψplanetary +Ψsynoptic +Ψmesoscale +Ψconvective, (8)

where every streamfunction is closed when the vertical velocity decomposition is applied as de-243

scribed above. Figure 5 shows the multi-scale isentropic streamfunctions collected every time step244

over 152 km, which were subsequently averaged over 273 days and 40,000 km.245

The streamfunction associated with the convective scale, as shown in Figure 5a, captures the246

mass transport associated with shallow and deep convection. In particular, deep convective drafts247

leave clear imprints in the convective streamfunction in the form of isolines that connect the sur-248

face and the upper troposphere. If the equivalent potential temperature is 365 K or more, the249

isolines are almost vertical, particularly above the boundary layer, thereby reflecting the fact that250

the deep convective updrafts in a saturated environment (e.g., in a cloud core) can transport mass251

upward without significant dilution. For regions with an equivalent potential temperature around252

360 K at the top of the boundary layer, the isolines starts to shift slightly in height toward the253
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lower equivalent potential temperature and they reach lower altitudes. This is an indication of the254

entrainment of dry air into the clouds (see PM for more details) and detrainment. By contrast, the255

downdrafts associated with deep convection are also captured by the isolines stretching throughout256

the whole troposphere, but the average equivalent potential temperature is lower than 355 K. This257

decrease in the equivalent potential temperature is caused mainly by evaporative cooling due to258

rain falling from clouds or cloudy air detrained into environmental air at the edges of the clouds.259

Shallow convection is quite prominent in Figure 5a. Significant mass transport below 2 km can260

be observed over a wide range of equivalent potential temperatures, thereby reflecting the fact261

that shallow convection occurs over both warm pool and cold ocean. The maximum convective262

streamfunction at an altitude of 1 km indicates that shallow convection is much more active than263

deep convection in moving the air around the atmosphere. The streamfunction is positive for264

2 km < z < 3 km and 315 K < θe < 335 K. This is a signature of the entrainment of warm free265

tropospheric air at the top of the planetary boundary layer in the subsidence region. As noted266

earlier, the mass transport associated with the convective scale is omitted completely from the267

Eulerian streamfunction.268

Figure 5b shows the contribution of the mesoscale to mass transport, which corresponds pri-269

marily to organized convection, such as squall lines. Although the global mean in Figure 5 does270

not allow us to distinguish the mass transport associated with individual systems, their collective271

impact is reflected in the mesoscale streamfunction. There is a pronounced peak in the upper tro-272

posphere between 4 and 9 km, which reflects the distinctive overturning circulation that is often273

found in moist and warm regions that stretch for hundreds of kilometers at the rear of the organized274

systems referred to as anvil clouds. In these regions, the mesoscale updrafts are associated with275

stratiform clouds that often precipitate. Latent heat release within anvil clouds and evaporative276

cooling in the sub-cloud layer are often represented by the second baroclinic mode. This is indi-277
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cated clearly by the numerous quasi-vertical isolines that join the middle and upper troposphere278

regions to the peak of the equivalent potential temperature at 350 K. In the lower troposphere,279

descent is associated with numerous isolines that connect the middle troposphere with the top280

of the boundary layer, which have roughly the same equivalent potential temperature within the281

range of 330–345 K. Interestingly, the secondary peak of the mesoscale streamfunction occurs at282

{θe,z} = {350 K,1 km}, which indicates that shallow convection within boundary layer causes283

some organization at the mesoscale.284

The synoptic scales capture the mass transport associated with organized convection as well285

as planetary-scale overturning circulation. In particular, the straight isolines stretching between286

{θe,z} = {350 − 355 K,9 km} and {θe,z} = {330 − 340 K,5 km} may be related to the slow287

subsidence of dry air over cold ocean, which results in a θe decrease of 20 K due to radiative288

cooling. Subsequent moistening due to entrainment and mixing in the lower troposphere results in289

an θe increase of 20 K. The synoptic-scale isentropic streamfunction also captures the circulation290

associated with organized convective systems, i.e., convectively coupled equatorial waves. These291

systems often comprise the envelope of numerous mesoscale systems. Subsequently, the features292

of stratiform anvil clouds contribute to the maximum isentropic streamfunction at {θe,z}= {345−293

350 K,5−7 km}.294

The planetary scale streamfunction mostly reflects a deep large-scale overturning circulation.295

In particular, deep tropospheric subsidence is captured by the straight isolines that connect the296

upper troposphere with the top of the boundary layer at an altitude of 2 km. Dry air with an initial297

equivalent potential temperature of 345–350 K slowly cools radiatively by more than 30 degrees298

by the time it reaches the lower troposphere. The circulation of mass is particularly strengthened299

between 6 and 9 km, which agrees with the circulation captured by the traditional approach (see300

Figure 1 and its discussion). Traditionally, large-scale subsidence is thought to be balanced by301
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large-scale ascent over high θe, e.g., as depicted by the Eulerian streamfunction (see the discussion302

above). However, a detailed comparison of the isentropic streamfunctions shows that the upward303

transport of high θe air is dominated by the convective scale. Thus, large-scale ascent is recognized304

as an artifact of the specific averaging method employed, which is an otherwise overlooked feature305

of the multi-scale flow of interest.306

To compare the contributions of the individual scales more directly, we can define an isentropic307

mass transport as308

M(z) = max
θe

(Ψ(z,θe))−min
θe

(Ψ(z,θe)). (9)

Figure 6 shows the mean mass fluxes calculated from the multi-scale isentropic streamfunctions309

shown in Figure 5 and discussed above. Although the decomposition of isentropic streamfunctions310

requires that the overall streamfunction is the sum of the contributions of all scales, the same does311

not apply to the mean mass fluxes:312

M(z,Ψ)≤ M(z,Ψplanetary)+M(z,Ψsynoptic)+M(z,Ψmesoscale)+M(z,Ψconvective). (10)

From a mathematical point of view, this is simply a consequence of the nonlinearity of the max/min313

function. From a physical point of view, this reflects the fact that the ascending and descending314

motions at different scales may occur at various values of θe. For example, as discussed earlier,315

large-scale ascent occurs for θe ≈ 345K, but ascent at the convective scale occurs at much larger316

θe ≈ 355K. In these cases, the interactions at different scales result in a shift of θe for the rising317

air parcels toward higher values, rather than an increase in the mass transport.318

Figure 6 shows unambiguously that the convective scale dominates the upward mass transport319

throughout the whole troposphere. This effect is especially pronounced in the lower troposphere320

because shallow and deep convection act intensively there, whereas the contributions from the321

other scales are negligible. In the upper troposphere, on the other hand, the contributions from322
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the other scales are significant compared with the convective scale. In particular, the transport323

associated with synoptic and planetary scale is of a similar magnitude, where the maximum in324

the upper troposphere and the transporting mass flux are comparable to those at the convective325

scale. By contrast, the mesoscale accounts for only a small fraction of total mass transport. Thus,326

the convective scale accounts for most of the mass transport throughout the lower and middle327

troposphere, whereas the synoptic and planetary scales have significant impacts in extending this328

mass transport to the upper troposphere.329

To compare the results obtained using different approaches, the mean mass flux obtained from330

the Eulerian streamfunction is also shown in Figure 6. It is larger than the mass transport esti-331

mated by the planetary scale isentropic streamfunction which indicates that the Walker Circulation332

includes contributions from both the planetary and synoptic scales.333

c. Spatial variability334

So far, we described multi-scale properties of the circulation from a global point of view, as335

mass flux profiles have been obtained by averaging over the whole domain and simulated period.336

However, many of these characteristics can be retrieved and studied for as high spatial resolution337

as 152 km, 1250 km, and 10,000 km for convective, meso-, and synoptic scales, respectively. The338

isentropic mass transport from each scale can then be computed based on Equation 9, as shown in339

Figure 7.340

The convective scale captures the tropospheric transport associated with both shallow and deep341

convection. The deep tropospheric transport of mass associated with deep convection occurs over342

10,000 km of warm pool. Interestingly, although the horizontal distribution over this region is343

approximately uniform, regions located approximately 5000 km distant from the warmest SST are344

slightly more efficient in convective transport. This agrees with the finding reported in SPMG that345
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the most intense convection occurs over regions with the strongest surface winds at the sides of the346

warm pool. The convective mass transport also shows the gradual strengthening and deepening of347

shallow convection when moving from the subsidence region to the warm pool.348

The distribution of the mesoscale mass flux resembles that associated with the convective scale,349

although it is much weaker. As noted earlier, there is a significant contribution of the meso-scale350

mass transport in the boundary layer in the subsidence regions. This indicates that there is some351

organization of the shallow convection in these regions. The mesoscale mass transport exhibits352

a well-defined maximum at the edges of the warm pool, where the wind shear is the strongest.353

This local maximum is strongly pronounced in the upper troposphere. Moreover, in these regions,354

the mesoscale mass flux is of a similar magnitude to the corresponding one associated with the355

convective or synoptic scales. Although the mesoscale does not contribute greatly to the domain356

averaged mass transport, as shown in Figure 6, it can be locally significant.357

The synoptic scale fluxes are significant over warm pool and very weak over subsidence regions,358

which agree with the fact that they are associated mainly with the synoptic scale in organized359

convective systems that propagate through the convergence region confined to the warm pool.360

4. Low-frequency variability361

As reported in SPMG, the Walker circulation in our simulation exhibits low frequency variabil-362

ity on an intraseasonal time scale. In SPMGS, this low-frequency variability is captured by the first363

EOF of the surface wind anomaly, which accounts for 36.3 % of the variance. Its spatial pattern364

and principal component (see Figure 7 in SPMG) correspond to the strengthening and weakening365

of the flow with a time period of approximately 20 days. Subsequently, we apply principal com-366

ponent to the first EOF and calculate lag-regression to the other variables, thereby reconstructing367

their temporal evolution. Following SPMG, we perform a lag regression of the isentropic stream-368
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function on the EOF index. The evolution of the low-frequency variability is then decomposed369

into four phases: a suppressed phase for lag τ ≤−8 days and τ ≥ 7 days, an amplifying phase for370

τ ∈{−8;−3} days, an active phase for τ ∈ {−3;2} days, and a decaying phase for τ ∈{2;7} days.371

Their discussion in SPMG indicates that they are the dominant mechanisms that drive the cycle,372

which highlights the importance of their multi-scale nature. In the present study, we analyze the373

multi-scale properties of this low-frequency variability based on reconstructed fields using the374

multi-scale analyses introduced in the previous section.375

Figure 8 shows the lag-regressed profiles of the globally-averaged mass fluxes associated with376

the convective, mesoscale, synoptic and planetary scales. The planetary scale circulation peaks at377

day zero consistently with the index of low-frequency variability, which is defined as the first EOF378

of the zonal wind. By contrast, the convective mass transport peaks before the maximum intensity379

between lag −3 and −1 day. This confirms that the convective precondition and moistening play380

important roles in strengthening the circulation. Conversely, the synoptic and meso-scale transport381

peaks occur later, with a lag of about 1 or 2 days. This suggests that these scales are intensifying,382

partly because of the more intense wind shear.383

Figure 9 shows the streamfunctions at various scales, which were evaluated with a lag of −1384

days, i.e., close to the peak intensity for both the convective and planetary scale. The convective385

mass flux is strengthened throughout the whole troposphere by as much as 25 percent above the386

average, thereby indicating significant invigoration from the shallow to congestus to deep con-387

vection, particularly in the regions associated with high θe. This convective preconditioning of388

the large-scale environment leads to prominent strengthening of the planetary scale circulation by389

up to 45 percent at τ = −1 day and it peaks one day later. There are also slight (10–20 percent)390

negative anomalies at high θe throughout the whole troposphere for the mesoscale and synoptic391
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contributions, which may be associated with emergence of organized convective systems over the392

convergence region.393

Figure 10 shows the anomalies associated with day τ = 4, which correspond to the decaying394

phase of the large-scale circulation. Clearly, there is a shift in the circulation toward larger θe395

for all of the scales, which can be identified based on the dipole structure of the streamfunction396

anomaly. This reflects the fact that the whole atmosphere is anomalously warm after a period397

of prolonged heating due to enhanced latent heat release and heavy rain. The isentropic stream-398

functions associated with the convective and planetary scale have a similar intensity to their time399

averages, but they are clearly shifted toward high values of θe. The mesoscale and synoptic scales400

exhibit strengthening of their circulation with peaks at about day τ = 3. This may be related to401

circulation within the organized convective systems that emerge during the active phase, which are402

reinforced by the large-scale wind shear.403

Figure 11 shows the isentropic streamfunctions during the suppressed phase of the low-404

frequency variability at lag τ = 9 day. The planetary circulation is at its weakest, where the405

corresponding transport declines to 45 percent below its time-averaged value. The weaker circula-406

tion is associated with weakening of the convective activity by about 20 percent, which indicates407

an abundance of convective activity even during the suppressed phase. Moreover, the weakened408

large-scale circulation disfavors convection organized over the mesoscale and synoptic scales,409

thereby resulting in positive and negligible anomalies in the corresponding streamfunctions. At410

the same time, there is a slight enhancement in the mesoscale and convective streamfunctions at411

low altitude and θe. This strengthening of the boundary layer circulation may be associated with412

the invigoration of shallow convection due to weakening of the large-scale subsidence over the413

cold ocean.414
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Figure 12 corresponds to day τ =−6 of the low-frequency oscillation in the strengthening phase.415

At this time, the upper troposphere is dry and cold after many days of suppressed convection,416

which is reflected by the positive anomalies over high θe in all the isentropic streamfunctions417

and by the subsequent overall shifts in the multi-scale streamfunctions toward lower θe. At the418

same time, a negative anomaly in the convective streamfunction with lower θe occurs over the419

whole depth of the troposphere. The enhancement of the upward mass flux (see Figure 8) is420

associated with the ongoing intensification of deep convection, which is triggered by the large-421

scale zonal advection of anomalously moist air from the lower troposphere in subsidence regions.422

This moist air originates from the ongoing intensification of shallow convection, as shown by the423

increased mesoscale mass flux in the lower troposphere. The planetary scale circulation also starts424

to strengthen, especially in the upper troposphere. The synoptic and mesoscale streamfunctions425

are anomalously negative, where the mass fluxes that correspond to these scales are at their lowest,426

particularly in the upper troposphere. This corresponds to the scarcity of convective organization,427

which contrasts with the periods characterized by more favorable (e.g., strong shear) large-scale428

conditions.429

5. Conclusions430

In this study, we proposed a new method for analyzing the contributions of individual scales to431

atmospheric overturning. Thus, we performed a scale separation of the isentropic streamfunction432

introduced by PM. The isentropic streamfunction is defined as the net upward mass flux of all the433

air parcels at a given height with an equivalent potential less than a given threshold. PM used this434

technique to study convective motions in an atmosphere in radiative convective equilibrium, and435

showed that isentropic analysis can be used to determine many aspects of the circulation, such as436

mass transport, entrainment, and diabatic tendencies.437

20



One of the limitations of the original formulation proposed by PM is that the streamfunction is438

defined as a global integral, and thus it includes the contributions of all scales. To address this439

issue, we used a set of Haar wavelets to perform a scale decomposition of the vertical velocity440

where we determined the isentropic streamfuction associated with each individual scale. This441

approach was applied to a high-resolution simulation of an idealized planetary-scale Walker Cell442

with the cloud-resolving model EULAG. This simulation exhibits a planetary scale overturning443

circulation, which is strongly coupled to convection. There is also significant organization of444

convection at the meso- and synoptic scales, and the overall circulation exhibits a low frequency445

variability with a period of about 20 days. These simulations were documented previously in446

SPMG and they provide a good test case for the scale interactions in the tropical atmosphere.447

Our analysis emphasizes the difference between the Eulerian circulation obtained from the time-448

averaged velocity field in Eulerian (x− z) coordinates and the isentropic streamfunction. In partic-449

ular, the mass transport associated with the Eulerian circulation is one order of magnitude smaller450

than that obtained from the isentropic streamfunction. In addition, the isentropic analysis showed451

that the equivalent potential temperature of the ascending air is much larger than the time-averaged452

value of the equivalent potential temperature anywhere within the troposphere. We argue that these453

differences can be explained by the fact that the Eulerian averaging convective motions are filtered454

by Eulerian averaging whereas they are captured by the conditional averaging isentropic analysis.455

This interpretation was also confirmed by the scale decomposition of the isentropic streamfunc-456

tions, where most of the isentropic streamfunctions could be attributed directly to the convective457

scales (less than 156 km). The convective scale was associated with shallow, congestus, and deep458

mass transport of high θe, which jointly dominates the global mass flux upward throughout the459

lower troposphere. The mass transport at the convective scale peaked in the boundary layer and460

decreased gradually with height. The isentropic mass transport associated with meso-scale mo-461
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tions (between 156km and 1250km) was much weaker than any of the other scales, but it exhibited462

a peak in the upper troposphere, which is associated with rising motions in anvil clouds. The mass463

transports at the synoptic (between 1250 and 10,000 km) and planetary scales (larger than 10,000464

km) were of comparable magnitude with a maximum in the upper troposphere, and they were also465

of comparable magnitude to transport by the convective scale. The overall picture that emerges466

from our analysis is that the convective scale dominates the overturning circulation, whereas the467

planetary and synoptic scales play significant roles in deepening the depth of the overturning flow.468

Our approach also allowed us to define a local isentropic streamfunction and to quantify the mass469

transport by convective motions in high resolution simulations. In our idealized Walker simulation,470

we observed a gradual deepening of shallow convection to the edge of the warm pool, followed by471

a sharp transition toward deep and intense convection. Similarly, our analysis of the low frequency472

variability showed that convective activity preceded the strongest overturning circulation by a473

couple of days, which was associated with a gradual preconditioning and moistening of the free474

troposphere before the strongest large scale winds could be established. By contrast, the mass475

transport at the meso- and synoptic scales peaked a few days after the maximum of the planetary476

scale circulation, which indicates that convective organization on these scales is primarily driven477

by vertical wind shear. While these results are specific to our simulation, they demonstrate the478

potential use of isentropic analysis to study convective motions and their interactions with the479

other atmospheric scales in high resolution simulations.480

The isentropic framework developed by PM analyzes atmospheric overturning by conditionally481

averaging vertical motions in terms of the equivalent potential temperature. This approach is par-482

ticularly well suited to studying the interactions between convection and larger scales. In addition483

to PM, several studies (Zika et al. 2012, Kjelsson et al. 2014, Laliberté et al. 2015) have used sim-484

ilar conditional averaging based on different thermodynamic variables (temperature, entropy, and485
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salinity) to study the atmospheric circulation, thereby obtaining novel insights into the atmospheric486

flow. In contrast to more traditional studies of the meridional circulation in various coordinates487

(Townsend and Johnson, 1985, McIntosh and McDougall 1996, Held and Schneider, 1998, Pauluis488

et al., 2008, 2010), which rely solely on the meridional wind, these studies require detailed infor-489

mation about the vertical velocity field. However, these studies were typically based on large-scale490

atmospheric or oceanic datasets that do not resolve the convective scale. Therefore, these studies491

are limited by the fact that these datasets can only provide information about overturning at larger492

scales whereas they ignore the contribution of the convective scale. As demonstrated in the present493

study, the mass transport by convection is typically much larger than the transport due to the flow494

at larger scales and it accounts for the bulk of atmospheric overturning.495
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FIG. 1. Eulerian streamfunction [kg m−2 s−1]. X axis: horizontal dimension (km). Y axis: height (km).
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FIG. 2. Hovmoller diagram of the cloud top temperature (K). X axis: horizontal dimension (km). Y axis: time

(days).

644

645

31



[kg m-2 s-1]

FIG. 3. Mean isentropic streamfunction [kg m−2 s−1] averaged over 273 days and 40,000 km. X axis:

equivalent potential temperature (K). Y axis: height (km).
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FIG. 4. Mean distribution of the equivalent potential temperature (K). X axis: horizontal dimension (km). Y

axis: height (km).
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FIG. 5. Isentropic streamfunction [kg m−2 s−1] associated with the convective (upper left), mesoscale (upper

right), synoptic (lower left), and planetary (lower right) scales averaged over 273 days and 40,000 km. X axis:

equivalent potential temperature (K). Y axis: height (km).
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FIG. 6. Vertical mass fluxes [kg m−2 s−1] associated with the convective (blue line), mesoscale (red line),

synoptic (green line), and planetary (black line) scales averaged over 273 days and 40,000 km. Y axis: height

(km).
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FIG. 7. Time-averaged spatial distribution of the convective (top), mesoscale (middle), and synoptic scale

(bottom) mass fluxes. X axis: horizontal dimension (km). Y axis: height (km).
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FIG. 8. Lag regression of the domain-averaged vertical mass fluxes associated with the convective (upper

left), mesoscale (upper right), synoptic (lower left), and planetary (lower right) scales. X axis: time (days). Y

axis: height (km).
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FIG. 9. Means (first and third columns) and anomalies (second and fourth columns) in the isentropic stream-

functions associated with the convective (upper left), mesoscale (upper right), synoptic (lower left), and planetary

(lower right) scale averaged over the whole domain and day -1 of the low-frequency cycle.
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FIG. 10. Means (first and third columns) and anomalies (second and fourth columns) in the isentropic stream-

functions associated with the convective (upper left), mesoscale (upper right), synoptic (lower left), and planetary

(lower right) scales averaged over the whole domain and day 4 of the low-frequency cycle.
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FIG. 11. Means (first and third columns) and anomalies (second and fourth columns) in the isentropic stream-

functions associated with the convective (upper left), mesoscale (upper right), synoptic (lower left), and planetary

(lower right) scales averaged over the whole domain and day 9 of the low-frequency cycle.
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FIG. 12. Means (first and third columns) and anomalies (second and fourth columns) in the isentropic stream-

functions associated with the convective (upper left), mesoscale (upper right), synoptic (lower left), and planetary

(lower right) scales averaged over the whole domain and day -6 of the low-frequency cycle
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