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Abstract14

Convective momentum transport (CMT) is the process of vertical redistribution of hori-15

zontal momentum by small-scale turbulent flows from moist convection. Traditional gen-16

eral circulation models (GCMs) and their multiscale modeling framework (MMF) versions17

poorly represent CMT due to insufficient information of subgrid-scale flows at each GCM18

grid. Here the explicit scalar momentum transport (ESMT) scheme for representing CMT is19

implemented in the Energy Exascale Earth System Model-Multiscale Modeling Framework20

(E3SM-MMF) with embedded 2-D cloud-resolving models (CRMs), and verified against21

E3SM-MMF simulations with 3-D CRMs and observations. The results show that repre-22

senting CMT by ESMT helps reduce climatological mean precipitation model bias over the23

western Pacific and the ITCZ regions, which is attributed to the weakened mean easterlies24

over the Pacific. Also, CMT from simulations with 2-D and 3-D CRMs impose a similar25

impact on Kelvin waves by reducing their variability and slowing down their phase speed,26

but opposite impacts on the MJO variability. The ESMT scheme readily captures the cli-27

matological mean spatial patterns of the zonal and meridional components of CMT and28

their variability across multiple time scales, but shows some differences in estimating its29

magnitude. CMT mainly affects the Madden-Julian Oscillation (MJO) by decelerating its30

winds in the free troposphere, but accelerates its near-surface winds. This study serves as a31

prototype for implementing CMT scheme in the MMF simulations, highlighting its crucial32

role in reducing model bias in mean state and spatiotemporal variability.33

Plain Language Summary34

Small-scale turbulent flows from moist convection typically lead to the vertical redistri-35

bution of large-scale winds (referred to as CMT). Due to the coarse grids that are too large36

to resolve small-scale flows, traditional earth system models poorly represent the CMT, and37

thus rely on parameterizations that empirically describe the magnitude and vertical profiles38

of the CMT. In contrast, the default E3SM-MMF is an earth system model with a 2-D (one39

horizontal dimension and one vertical dimension) cloud-resolving model embedded within40

each coarse grid so as to better resolve small-scale flows, although it still lacks the neces-41

sary information to fully calculate CMT due to the lack of the third dimension. Here we42

implemented the ESMT scheme to represent CMT in the E3SM-MMF associated with 2-D43

small-scale flows at each coarse grid. The results show that in general CMT helps reduce44

model biases in predicting time-mean precipitation and winds as well as the spatiotemporal45
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variability of tropical convection. The ESMT scheme reproduces the spatial patterns of46

CMT as simulated by the E3SM-MMF model with 3-D small-scale flows. Lastly, we fo-47

cused on the MJO, the dominant intraseasonal variability in the tropics, as an example to48

investigate the impact of CMT.49

1 Introduction50

CMT refers to vertical redistribution of horizontal momentum of environmental flow by51

convective updrafts and downdrafts. Early observational studies on the effects of CMT date52

back to 1980s. For example, LeMone (1983) found that the vertical transport of horizon-53

tal momentum normal to a line of cumulonimbus observed during GARP Atlantic Tropical54

Experiment (GATE) was against the vertical momentum gradient, contrary to the predic-55

tions of mixing-length theory. Based on an idealized dynamical model and instrumented56

aircraft data, LeMone and Moncrieff (1994) investigated the effects of quasi-two-dimensional57

convective bands on environmental flow through the vertical transport of horizontal momen-58

tum. Tung and Yanai (2002a) studied the effects of CMT over the western Pacific warm59

pool during the Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Re-60

sponse Experiment (TOGA COARE) through momentum budget analysis and concluded61

that the momentum transport generally induces frictional deceleration and downgradient62

energy transfer, converting kinetic energy from the large-scale motion to convection and63

turbulence. By focusing on organized tropical convection such as the Madden-Julian oscil-64

lation (MJO), tropical waves, squall and nonsquall mesoscale convective systems, and the65

diurnal cycle, Tung and Yanai (2002b) found countergradient momentum transport and66

upscale energy transfer associated with squall lines and westerly wind bursts.67

Meanwhile, the development of numerical models and computing resources has allowed68

detailed analysis of the effects of CMT on environmental flows. For example, Oh, Jiang,69

Waliser, Moncrieff, and Johnson (2015) analyzed the CMT associated with the MJO based70

on the NOAA Climate Forecast System Reanalysis and confirmed that it tends to damp the71

MJO circulation in the free troposphere, while enhancing MJO winds near the surface. By72

examining the data from a global model with a 7km horizontal mesh, Cheedela and Mapes73

(2019) concluded that CMT on average exerts a damping effect on vertical wind shear over74

warm tropical oceans, but countergradient effects do occur locally due to organized con-75

vection. Woelfle et al. (2018) compared simulations of the superparameterized Community76

Earth System Model version 1 (CESM1) with/without momentum transport and concluded77
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that convective momentum fluxes may be an underappreciated mechanism for controlling78

the strength of the equatorial cold tongue.79

Coarse-resolution GCMs cannot explicitly resolve subgrid-scale momentum fluxes and80

thus rely on parameterizations to incorporate the effects of CMT. In general, CMT is pa-81

rameterized as an added drag on the mean flow by adding the resulting tendency into the82

zonal and meridional momentum equations, providing cumulus friction effects in each GCM83

grid cell containing convection (Richter & Rasch, 2008). The largest uncertainty in such a84

parameterization lies in estimation of the in-cloud horizontal velocity, which was assumed85

to depend only on lateral entrainment and detrainment rate in early studies (e.g., Schnei-86

der & Lindzen, 1976) and also influenced by in-cloud pressure gradients in later studies87

(G. J. Zhang & Cho, 1991b, 1991a; Wu & Yanai, 1994; Kershaw & Gregory, 1997; Gregory88

et al., 1997). Recent studies concluded that GCMs including CMT parameterizations do89

show some improvements in simulating large-scale circulation and convective organization.90

For example, Wu et al. (2003) found that a 20-year GCM simulation with the CMT parame-91

terization successfully reproduces the observed seasonal migration of the ITCZ precipitation92

across the equator, while those without the CMT parameterization typically fail to capture93

this feature.94

Unlike traditional GCMs, the MMF models with embedded CRMs in each GCM grid95

cell explicitly resolve subgrid-scale flows, providing a more accurate way to estimate CMT.96

However, the MMF models with 2-D CRMs cannot represent CMT fully due to the lack97

of the third dimension, while those with 3-D CRMs are computationally too expensive in98

practice. There exist several attempts in the literature to address the representation of99

CMT in the MMF models with 2-D CRMs. For example, Cheng and Xu (2014) proposed100

an explicit representation of CMT by convective cloud systems including MCSs, where the101

embedded CRM provides CMT in one horizontal direction and that in the other direction is102

assumed to be proportional to the vertical mass flux in addition to the effects of entrainment103

and detrainment. The addition of CMT in an MMF was found to significantly improve the104

spatial distribution, amplitude, and intraseasonal variability of the surface precipitation in105

the tropics, and the large-scale circulation patterns. Instead of distinguishing the CMT in106

one horizontal direction from the other, Tulich (2015) developed a general method, ESMT,107

for the treatment of CMT in the exact same formalism based on the information provided108

by the 2-D CRM. The results using a new superparameterized Weather Research and Fore-109

casting model (SP-WRF) showed that the net effect of the formulation is to modestly reduce110
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the overall strength of the large-scale circulation via cumulus friction effect, and improve111

the depiction of key synoptic modes of tropical wave variability and time-mean climate. In112

this study, we adopt the method of Tulich (2015) to introduce CMT in the E3SM-MMF113

with embedded 2-D CRMs.114

The damping effects introduced in the above CMT parameterization mimic the down-115

gradient momentum transport due to unorganized convection. In contrast, organized convec-116

tion such as mesoscale convective systems (MCSs) can induce counter-gradient momentum117

transport, further increasing the complexity of formulating a unified CMT parameterization.118

Moncrieff (1992) established an archetypal dynamical model for understanding the struc-119

ture and transport properties of organized convection and expediting its parameterization.120

Moncrieff (2004) provided an analytic representation of the large-scale organization of trop-121

ical convection, highlighting the key role of zonal momentum transport in maintaining the122

large-scale circulation. Recently, Moncrieff et al. (2017) developed the multiscale coherent123

structure parameterization (MCSP) to introduce physical and dynamical effects of organized124

convection that are missing from contemporary parameterizations, which improves the MJO125

and convectively coupled waves as well as the observed large-scale precipitation patterns in126

the GCM (Moncrieff, 2019). As inspired by the self-similarity of tropical organized convec-127

tion (Mapes et al., 2006), Majda (2007) derived a set of multiscale asymptotic models and128

demonstrated theoretically the key role of CMT in inducing multiscale interactions across129

mesoscale, synoptic and planetary scales. The central role of CMT in interactions across130

multiple space and time scales was further studied in a simple dynamical model (Majda &131

Stechmann, 2009) and an idealized multicloud model (Majda & Stechmann, 2008). Recently,132

Brenowitz et al. (2018); Yang, Majda, and Brenowitz (2019) used a two-dimensional (2-D)133

global cloud-resolving model (CRM) to simulate multiscale organization of convection and134

concluded that CMT from MCSs is the dominant kinetic energy source for planetary-scale135

zonal winds, promoting planetary-scale organization of convection in the tropics. From a136

theoretical perspective, Yang and Majda (2017) used a multiscale model to study the up-137

scale impact of MCSs on synoptic-scale equatorial waves in 2-D flows, and extended the138

results for modeling convectively coupled Kelvin waves (Yang & Majda, 2018) and two-day139

waves (Yang & Majda, 2019).140

In general, vertical shear of horizontal winds affects large-scale organization of con-141

vection in several ways, such as the vertical shear-cold pool interaction mechanism for the142

squall line (the RKW theory, Rotunno et al., 1988), the moisture-stratiform instability for143
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convectively coupled waves (Majda & Shefter, 2001; Kuang, 2008), and the shear-induced144

eddy modulation effects for the MJO (Tulich & Kiladis, 2021). By inducing the vertical145

redistribution of horizontal momentum to enhance/reduce the vertical shear, CMT is found146

to play a crucial role in affecting large-scale organization of convection such as the MJO.147

For example, Tung and Yanai (2002b) examined the momentum budget by using the TOGA148

COARE observations and found that CMT is typically upgradient during the initial west-149

erly wind phase of the MJO but becomes downgradient at the later stage. Kim and Zhang150

(2021) used a simple analytical approach to interpret the MJO as a new mode of variability,151

which is forced by Rayleigh damping that is possibly from the CMT. Yang, Majda, and152

Moncrieff (2019) developed a basic parameterization to mimic the CMT induced by the153

upshear-moving MCSs embedded in the MJO, and concluded that this parameterization154

improves key features of the MJO analog in the idealized GCM.155

The overall goals of this study are to: 1) investigate the impact of CMT on the simulated156

climatological mean state and spatiotemporal variability of the large-scale circulation and157

tropical convection in comparison with observations, 2) assess the skill of the ESMT scheme158

in representing CMT by comparing E3SM-MMF simulations with 2-D and 3-D CRMs, in159

which CMT is parameterized by ESMT and explicitly simulated, respectively, 3) document160

the impact of CMT on the simulated MJO’s propagation and vertical structure. The results161

of this study may serve as a prototype for implementing CMT scheme in the MMF simula-162

tions. To achieve these goals, we ran four 10-year E3SM-MMF simulations with embedded163

2-D/3-D CRMs and with/without momentum feedback. By comparing these four simula-164

tions, we identify the effect of CMT that is parameterized by the ESMT scheme in the 2-D165

CRM case vs. CMT that is explicitly resolved in the 3-D CRM case, and the effect of the166

third CRM dimension in influencing large-scale circulation and convective organization. We167

also verify the skill of the ESMT scheme in representing CMT itself by comparing the 2-D168

case with the 3-D case in the presence of momentum feedback. Lastly, we focus specifi-169

cally on the simulated MJO’s eastward propagation and vertical structure, and highlight170

the similarity and discrepancies of CMT effects between the 2-D and 3-D cases.171

The rest of the paper is organized as follows. Section 2a summarizes the details of172

the model setup, while Section 2b outlines the observational and reanalysis data used for173

comparison. Section 3 discusses the impact of CMT on the simulated large-scale circulation174

and convective organization, including the climatological mean state and spatiotemporal175

variability of winds and tropical convection. Section 4 investigates the representation of176
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CMT by the ESMT scheme by comparing directly its magnitude and vertical structure with177

the simulations with embedded 3-D CRMs. Section 5 further discusses the impact of CMT178

on characteristic features of MJO eastward propagation and its vertical structures in both179

2-D and 3-D cases. The paper concludes with a discussion in Section 6.180

2 Methodology181

In this section, we first introduce the E3SM-MMF and then summarize all model setup182

details for the four simulations. We also outline the observational and reanalysis data used183

for comparison.184

2.1 Model descriptions for E3SM-MMF185

E3SM is a state-of-the-science Earth system model that aims at investigating energy-186

relevant science using code optimized for advanced computers (Golaz et al., 2019). In187

particular, the atmospheric component of the E3SMv1 is based on the spectral-element at-188

mospheric dynamical core (Dennis et al., 2012) with 72 vertical levels, while its ocean and189

sea ice components are based on the Model for Prediction Across Scales (MPAS; Ringler et190

al., 2013; Petersen et al., 2019). GCMs like E3SM parameterize CMT by allowing the pa-191

rameterized convective updrafts and downdrafts redistribute momentum vertically (Richter192

& Rasch, 2008). The MMF approach replaces traditional cumulus parameterization by em-193

bedding a CRM in each GCM grid, typically providing a better way to represent convection194

and turbulence. Compared with other MMF models, E3SM-MMF is unique due to its abil-195

ity to utilize hardware acceleration from GPUs, algorithmic CRM mean-state acceleration,196

and a reduction in the workload of radiative heating calculations (W. M. Hannah et al.,197

2020), allowing decadal experiments at 100-km GCM resolution.198

The embedded CRM in E3SM-MMF is adapted from the System for Atmospheric Mod-199

eling (SAM; Khairoutdinov & Randall, 2003) with a single moment scheme for microphysical200

processes , a diagnostic Smagorinsky-type closure for subgrid-scale turbulent fluxes, and pre-201

scribed aerosol concentrations. The embedded CRM uses a 2-km grid spacing and 10-second202

time step and either a 32× 1 2-D domain in a north-south orientation, or a 32× 32 3-D do-203

main. The global cubed-sphere GCM grid is set at ne45pg2 (45× 45 elements per cube face204

and 2× 2 physics columns per element), which corresponds to an approximate grid spacing205

of 100 km. After switching to the new finite volume physics grid E3SM-MMF was found to206
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Table 1. Summary of four E3SM-MMF simulations conducted in this study. Here “CRM do-

main” describes the computational domain for CRM simulations at each GCM grid cell, and “Mo-

mentum feedback” denotes the tendency of horizontal momentum feedback (MF) from CRM to

GCM.

# Simulation CRM domain Momentum feedback

1 MMF2D 32× 1 2-D north-south orientated domain No

2 MMF2DMF 32× 1 2-D north-south orientated domain ESMT

3 MMF3D 32× 32 3-D domain No

4 MMF3DMF 32× 32 3-D domain calculated from CRM flows

produce an unphysical checkerboard pattern on multiple time scales (W. M. Hannah et al.,207

2022). The checkerboard issue has since been ameliorated by a scheme to transport CRM208

variance on the GCM grid (W. Hannah & Pressel, 2022). The model is forced by prescribed209

monthly climatological SST that is representative of Year 2010 and temporally interpolated210

to give a smooth evolution (Taylor et al., 2000).211

In this study, we run four 10-year E3SM-MMF simulations with only differences in212

the CRM dimension (2-D or 3-D) and momentum feedback (with or without), as shown213

in Table 1. In all cases, the CRM always feels a momentum feedback tendency from the214

GCM, which keeps the CRM momentum fields consistent with the parent GCM column.215

It is worth noting that the momentum feedback in MMF2DMF is represented through the216

ESMT scheme (Tulich, 2015), while that in MMF3DMF is directly calculated by using the217

resolved flows from the embedded 3-D CRMs. The ESMT scheme treats both zonal and218

meridional large-scale momentum as nonconserved scalars, which are advected by resolved219

fine-scale flows from CRM simulations. Due to the lack of the third dimension in the 2-220

D CRM, the ESMT scheme implicitly assumes that the spatial structure of the advecting221

flow field is the same in both horizontal directions. After calculating cloud-scale pressure222

gradient force at each CRM time step, the momentum feedback is evaluated for both large-223

scale wind components and implemented at each GCM grid in E3SM. It is worth mentioning224

that the momentum feedback from the ESMT scheme is calculated diagnostically based on225

the CRM flows without directly affecting the vertical structure of convective heating. The226

momentum feedback only affects GCM flows directly through the momentum tendency in227
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MMF2DMF and MMF3DMF, and vanishes when the momentum feedback option is switched228

off in MMF2D and MMF3D The implementation is similar to how ESMT was implemented229

in SP-WRF (Tulich, 2015), except that the CRM orientation in SP-WRF is allowed to230

vary depending on large-scale horizontal flow. For convenience, all output fields are further231

remapped onto a 1deg-by-1deg regular grid in pressure coordinates. Global 2-D fields (e.g.,232

precipitation rate) are outputted every 3 hours, while global 3-D fields (e.g., zonal wind)233

are outputted daily.234

2.2 Observational and reanalysis data for comparison235

Three observational and reanalysis datasets spanning a 19-year period (2001–2019) are236

used in this study to compare with model results. The first dataset is the monthly mean237

and hourly zonal wind in the 0.25◦ × 0.25◦ horizontal resolution from the fifth-generation238

ECMWF reanalysis (ERA5) data product. We further coarse-grain it onto the 1◦×1◦ grids239

to match the horizontal resolution of the simulation output. The ERA5 monthly mean240

zonal wind is used as a reference for observed climatological mean zonal winds in Fig. 2241

and 3, while the ERA5 hourly 850hPa zonal wind is used to calculate its observed power242

spectral density in Fig. 4 and wavenumber-frequency power spectrum in Fig. 6. The second243

dataset is the monthly mean precipitation rate at 0.1◦ × 0.1◦ horizontal resolution from244

the Integrated Multi-satellitE Retrivals for GPM (IMERG) data product. We also coarse-245

grain it onto the 1◦ × 1◦ grids to match the horizontal resolution of the simulation output.246

The long-term mean of this IMERG precipitation is used as a reference for the observed247

climatological mean precipitation rate in Fig. 1. The third dataset is the daily outgoing248

longwave radiation (OLR) at 2.5◦ × 2.5◦ horizontal resolution from the NOAA Interpolated249

OLR data product. This OLR data is used to calculate the observed wavenumber-frequency250

power spectrum in Fig. 5.251

To extract flow fields associated with the MJO, an MJO reference time series is fur-252

ther obtained by taking the average of OLR over the eastern Indian ocean (80◦E–100◦E,253

10◦S–10◦N) and using a band-pass filter between 30 and 90 days. All other MJO compos-254

ite fields are obtained by conducting a lag regression about those fields against the MJO255

reference time series at each GCM grid.256
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Figure 1. Climatological mean precipitation rate (unit: mm/day) based on (a) 19-year

(2001–2019) monthly IMERG data. The remaining panels show the differences of climatologi-

cal mean precipitation between (b) MMF2D and observation, (c) MMF3D and observation, (d)

MMF3D and MMF2D, (e) MMF2DMF and MMF2D, (f) MMF3DMF and MMF3D. Panel (a) uses

the top colorbar, while remaining panels use the bottom colorbar. Here MMF2DMF (MMF3DMF)

refers to the E3SM-MMF simulations with 2-D (3-D) CRMs and momentum feedback.

3 Impact of convective momentum transport on large-scale circulation257

and convective organization258

The goal of this section is to assess the impact of CMT on model climatology by directly259

comparing model output from E3SM-MMF simulations with/without momentum feedback.260

We consider both scenarios with 2-D or 3-D CRMs, and also investigate the impact of the261

third dimension in the embedded CRMs on the mean state and spatiotemporal variability.262

We conduct these comparisons in terms of precipitation rate, 850hPa zonal wind, and OLR,263

and verify the results based on the observational and reanalysis datasets.264

3.1 Climatological mean state265

Fig. 1 shows the climatological mean precipitation rate averaged over 19-year IMERG266

satellite data and 10-year E3SM-MMF simulations, respectively. The observation in panel267

(a) features the large-scale patterns of precipitation including the elongated rainfall belt over268

the ITCZ, large amounts of rainfall over the warm pool region, and intermediate amounts269

of rainfall over the subtropical western Pacific and Atlantic oceans in both hemispheres. As270

shown by panels (b) and (c), both MMF2D and MMF3D exaggerate the precipitation rate271

over the western Pacific and the ITCZ regions, but underestimate the precipitation over272
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Figure 2. Similar to Fig. 1 but for 850hPa zonal wind (unit: m/s). The climatological mean

zonal winds in panel (a) are based on 19-year (2001–2019) monthly mean ERA5 data.

the eastern Indian ocean. Panel (d) reflects the effect of the third dimension in the embed-273

ded CRMs in influencing the climatological mean precipitation. Compared with MMF2D,274

MMF3D is characterized by enhanced precipitation rate over the Maritime continent, the275

western Pacific, the ITCZ regions, and suppressed precipitation rate over the western Pa-276

cific, the western Atlantic and the Indian ocean. Panels (e,f) show the change of mean277

precipitation rate by enabling momentum feedback in MMF2D and MMF3D, respectively.278

Both panels feature a mean precipitation decrease over the western Pacific and increases279

over the ITCZ, the Indian ocean and the subtropical Pacific ocean in both hemispheres, re-280

flecting the general impact of CMT on climatological mean state. However, the changes of281

mean precipitation due to momentum feedback in panel (e) are weaker than those in panel282

(f), reflecting the fundamental differences in the way that convection-circulation coupling is283

simulated in MMFs with embedded 2-D vs. 3-D CRMs.284

Fig. 2 shows the climatological mean zonal winds at 850 hPa. The observation in285

panel (a) features the distribution of 850-hPa zonal winds with equatorial easterlies and286

mid-latitude westerlies. Specifically, these westerlies over the Indian ocean and Maritime287

continent and easterlies over the Pacific belong to the lower branches of the Walker circu-288

lation. As shown by panels (b) and (c), both MMF2D and MMF3D exaggerate this zonal289

wind distribution with the bias in a similar pattern. The equatorial easterly bias over the290

Pacific in panel (c) is stronger than those in panel (b), indicating stronger low-level mois-291

ture convergence over the western Pacific and explaining the enhanced precipitation rate292

over that region in Fig. 1c. As shown by panel (d), compared with MMF2D, MMF3D has293
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Figure 3. Similar to Fig. 1 but for vertical gradient of zonal wind in pressure coordinates (unit:

10−4 m/s/Pa). The solid and dashed contours (contour interval 3 m/s) in panel (a) indicates the

climatological mean westerlies and easterlies, respectively.

enhanced equatorial easterlies over the Pacific and mid-latitude westerlies in both hemi-294

spheres. Panels (e,f) show the change of mean zonal winds by enabling momentum feedback295

in MMF2D and MMF3D, respectively. In panel (e), westerly anomalies prevail over the296

central Pacific, the western Indian ocean, and several subtropical regions, while easterly297

anomalies prevail in the remaining regions. The spatial pattern of mean wind change due298

to momentum feedback is similar to the climatological zonal wind bias in panel (b) but299

in an opposite sign, indicating the cumulus friction effects due to CMT. The mean zonal300

wind change in panel (e) is similar to that in panel (f) but with a much weaker magnitude,301

again reflecting the fundamental differences in the way that convection-circulation coupling302

is simulated in MMFs with embedded 2-D vs. 3-D CRMs.303

Vertical wind shear plays an important role in initiating convective activities and its304

organization. Fig. 3 shows the climatological zonal mean vertical shear of zonal winds. The305

observation in panel (a) features a positive lower-tropospheric wind shear near the equator306

and negative ones throughout the whole troposphere at mid-latitudes. Both MMF2D and307

MMF3D in panels (b) and (c) exaggerate the lower-tropospheric wind shear near the equator308

but underestimate its magnitude in the neighboring levels. They also feature negative wind309

shear bias over the subtropical regions but positive biases at mid-latitudes. As shown by310

panel (d), compared with MMF2D, MMF3D features enhanced positive wind shear near the311
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Figure 4. Power spectral density of 850hPa zonal winds averaged over (a) tropics (15◦S–15◦N),

and (b) extratropics (60◦S–15◦S, 15◦N–60◦N). In each panel, the black curve is based on 19-year

(2001–2019) ERA5 hourly data, while the blue solid, blue dashed, red solid, red dashed curves are

based on 10-year MMF2D, MMF2DMF, MMF3D, MMF3DMF simulations, respectively.

equator and negative one at mid-latitudes, consistent to the overall enhanced mean precipita-312

tion and circulation in Fig. 1 and 2. In panel (e), the change of wind shear near the equator313

is characterized by positive anomalies above 900 hPa and negative anomalies below that314

level, further lifting the peak of wind shear upward. In contrast, the change of wind shear315

features negative wind shear in the subtropical regions and positive one at mid-latitudes,316

promoting the equatorial displacement of the peak of wind shear. Such changes are similar317

to those concluded in other studies (Wu & Yanai, 1994; Richardson et al., 2007; Rappin318

& Nolan, 2012) that the vertical shear plays an important role for convective organization319

mechanisms (e.g., cold pool dynamics and moisture-stratiform instability). Compared with320

panel (e), panel (f) shows a similar pattern of vertical wind shear change but with a much321

stronger magnitude, reflecting the difference between MMF2DMF with the ESMT scheme322

and MMF3DMF featuring 3-D flows in estimating the magnitude of CMT.323

3.2 Variability of 850hPa zonal winds at different time scales324

Fig. 4 shows the power spectral density of zonal winds at 850 hPa based on the 19-year325

ERA5 data and 10-year E3SM-MMF simulations. As shown by panel (a) for the tropics,326

both MMF2D and MMF3D overestimate the power spectral density in all timescales. Com-327
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pared with MMF2D (solid blue curve), MMF3D (solid red curve) has reduced variability of328

850hPa zonal winds on the intraseasonal time scale between 10 and 90 days, closer to the329

observation, but similar variability in the remaining period as MMF2D. When enabling mo-330

mentum feedback, MMF2DMF (dashed blue curve) features reduced variability for periods331

shorter than 90 days, indicating the important role of CMT in controlling intraseasonal and332

high-frequency wave activities. In contrast, MMF3DMF (dashed red curve) has reduced333

variability for periods shorter than 30 days and longer than 90 days, but enhanced vari-334

ability for periods between 30 and 90 days. The different effects of CMT in MMF2DMF335

and MMF3DMF on intraseasonal variability of zonal winds reflect its complex interactions336

with the large-scale circulation, presumably due to the different background state and its337

variability in the MMF2D and MMF3D simulations. Since the behavior of MMF3D is vastly338

different from MMF2D, the effects of CMT in the two cases are not expected to be the same.339

For the extratropics in panel (b), the differences among the four E3SM-MMF simulations340

are much smaller. Overall, all four cases overestimate the power spectral density for periods341

longer than 5 days, but underestimate that for periods shorter than 5 days. Unlike the342

major changes for periods shorter than 90 days in the tropics (panel a), both MMF2DMF343

and MMF3DMF feature major changes for periods longer than 90 days in the extratropics344

(panel b), reflecting the contrasting impact mechanisms of CMT on wave activities over the345

tropics and extra-tropics.346

3.3 Spatiotemporal variability of tropical convection347

Fig. 5 shows the normalized wavenumber-frequency power spectra of the meridionally348

symmetric component of OLR based on the 19-year NOAA Interpolated OLR data and349

10-year E3SM-MMF simulations. Both MMF2D in panel (b) and MMF3D in panel (c)350

reproduce the observed large-scale tropical wave modes in panel (a), including the MJO,351

Kelvin waves and Rossby waves. Unlike the observed dominant MJO in wavenumber 1-4, the352

spectrum peak of MJO mode in panels (b,c) is mostly confined to wavenumber 1-2 in a much353

weaker magnitude. In contrast, both MMF2D and MMF3D have stronger power spectrum354

of Kelvin waves and Rossby waves than the observation. MMF2D features significant power355

spectrum of the westward-moving tropical depression mode (Wheeler & Kiladis, 1999),356

while that in MMF3D is even as strong as the Kelvin waves but in the opposite propagation357

directions. Such dominant westward-propagating mode is also found in the previous E3SM-358

MMF simulations (see Figure 8 in W. M. Hannah et al. (2020)). The differences between359
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Figure 5. Normalized wavenumber-frequency power spectra of the meridionally symmetric com-

ponent of (a) 19-year (2001–2019) NOAA Interpolated daily OLR (unit: W/m2), (b) 10-year

MMF2D daily net longwave flux at top of model (FLNT, unit: W/m2), (c) 10-year MMF3D

daily FLNT. Panels in the second row show the difference of FLNT power spectrum between (d)

MMF3D and MMF2D, (e) MMF2DMF and MMF2D, (f) MMF3DMF and MMF3D. These power

spectra are calculated as the ratio between the raw spectra and smoothed background spectra for

normalization, and thus their differences should highlight changes to the relative power distribution.
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MMF2D and MMF3D in simulating convectively coupled equatorial waves can be partly360

attributed to the different structures of background zonal flows. The recent study by Tulich361

and Kiladis (2021) documented a profound sensitivity of both Kelvin waves and the MJO362

to the structure of the background zonal flow. Besides the large differences of 850hPa363

zonal flow as shown in Fig. 2d, a further investigation (not shown) indicates that the364

simulated climatological 200hPa zonal winds are enhanced in MMF3D than MMF2D. As365

shown by panel (d), compared with MMF2D, MMF3D features reduced power spectrum of366

the MJO mode but enhanced power spectrum of Kelvin and Rossby waves, a faster phase367

speed of Kelvin waves, and the dominant westward-moving easterly waves. When enabling368

the momentum feedback, MMF2DMF in panel (e) features reduced power spectrum of the369

MJO mode but enhanced one of the Kelvin waves, while MMF3DMF in panel (f) features370

a similar pattern but in an opposite sign. This opposite effect of CMT on the MJO mode371

is consistent with the power spectral density change on the intraseasonal time scale in Fig.372

4a. MMF3DMF also exhibits reduced power spectrum of the dominant easterly waves and373

a slower phase speed of Kelvin waves, resembling the observation. It is worth noting that374

the CMT induced power spectrum changes in panel (f) are similar to those in panel (d),375

indicating that CMT helps to reduce model biases found in MMF3DMF and reflecting its376

crucial role in capturing realistic large-scale circulation and convective organization.377

Fig. 6 shows the normalized wavenumber-frequency power spectra of the meridionally378

symmetric component of zonal winds at 850 hPa based on the 19-year ERA5 data and 10-379

year E3SM-MMF simulations. Similar to the observed power spectrum in panel (a), both380

MMF2D in panel (b) and MMF3D in panel (c) capture the dominant MJO mode, Kelvin381

and Rossby waves, as well as westward-moving easterly waves. That said, both MMF2D and382

MMF3D underestimate the power spectrum of the MJO mode. Also, Kelvin waves in both383

cases are much more confined to larger wavenumbers 1-5, while those in the observation384

are in wavenumbers 1-10. As shown by panel (d), compared with MMF2D, MMF3D has385

reduced power spectrum of the MJO mode, enhanced power spectrum of Kelvin and Rossby386

waves, and higher frequency of easterly waves. When enabling the momentum feedback,387

MMF2DMF in panel (e) features reduced power spectrum of the MJO mode and enhanced388

power spectrum of Kelvin waves, while MMF3DMF in panel (f) features a similar pattern389

but in an opposite sign. These opposite effects of CMT on the MJO and Kelvin waves in390

MMF2DMF and MMF3DMF are consistent with Fig. 5e-f. MMF3DMF has reduced power391

spectrum of easterly waves due to the presence of CMT, and resembles the observation data.392
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Figure 6. Similar to Fig. 5 but for 850hPa zonal winds (unit: m/s).

4 Representation of convective momentum transport through the ESMT393

scheme394

The goal of this section is to verify the skill of the ESMT scheme in reproducing CMT395

in MMF2DMF relative to CMT that is explicitly resolved in MMF3DMF. The tendencies396

from CMT consist of two components, the zonal and meridional components, in the hor-397

izontal plane. It is worth mentioning that the ESMT scheme in MMF2DMF is based on398

flows from the embedded 2-D CRMs that are orientated in the north-south direction. The399

implicit assumption that the spatial structure of the advecting flow field is the same in both400

horizontal directions is used to calculate the parameterized pressure gradient force in the401

ESMT scheme (Tulich, 2015). In contrast, CMT in MMF3DMF is directly calculated by402

using the embedded 3-D CRM flows. The fairness of the direct comparison of CMT between403

MMF2DMF and MMF3DMF is based on the assumption that the background mean state404

is similar in MMF2D and MMF3D. That said, it is worth noting that the background mean405

states in MMF2DMF and MMF3DMF are different from one another in a few ways, as406

shown in Figs. 1d, 2d, and 3d. Without loss of generality, we mainly focus on the zonal407

component of CMT in the following comparisons. In this study, we refer to the kinetic forc-408

ing from the GCM to the CRM as momentum forcing, and refer to the momentum tendency409

from the CRM to the GCM as momentum feedback.410
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Figure 7. Climatological mean horizontal profiles of zonal component of momentum feedback

MMF DU (unit: m/s/day) at 850hPa from (a) MMF2DMF, and (b) MMF3DMF. Panel (c) shows

their difference. Panels (d-f) are similar to panels (a-c) but for meridional component of momentum

feedback MMF DV at 850hPa.

4.1 Climatological mean state of convective momentum transport411

Fig. 7 shows the climatological mean 850hPa horizontal distributions of CMT in412

MMF2DMF and MMF3DMF. For its zonal component, both panels (a) and (b) feature east-413

ward momentum feedback over the central Pacific, the Indian ocean, and subtropical con-414

tinental regions, and westward momentum feedback at mid-latitudes in both hemispheres.415

This momentum feedback has opposite signs as those in Fig. 2, decelerating both equatorial416

easterlies and mid-latitude westerlies and reflecting its cumulus friction effect on climatolog-417

ical mean circulation. In spite of their similar spatial patterns, the momentum feedback in418

MMF2DMF is much weaker than that in MMF3DMF in both the tropics and mid-latitudes.419

The difference of the momentum feedback in panel (c) has the same magnitude as the total420

momentum feedback, presumably due to the different magnitudes of the vertical shear, as421

shown by Fig. 3b-c. As for the meridional component of CMT, both panels (d) and (e) share422

a similar spatial pattern with equatorial momentum feedback convergence over the western423

and central Pacific, northward momentum feedback over the eastern Pacific, the southern424

Indian ocean, and equatorial Atlantic ocean, and strong southward momentum feedback425

over the mid-latitude southern hemisphere. Their difference in panel (f) has a much weaker426

magnitude than that in panel (c), presumably due to the north-south oriented CRMs with427

directly resolved 2-D flows in MMF2DMF. That said, it is also possible that the smaller428

differences in the meridional component of CMT is due to the weaker differences in vertical429

shear of meridional winds between MMF2D and MMF3D.430
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Figure 8. Similar to Fig. 7 but for climatological zonal mean vertical profiles of MMF DU and

MMF DV.

Fig. 8 shows the climatological zonal mean vertical profiles of CMT in MMF2DMF431

and MMF3DMF. For its zonal component, both panels (a) and (b) share a similar spatial432

pattern of momentum feedback with the most significant anomalies confined below the433

level 800 hPa and only weak positive anomalies above that level. In the tropical regions434

(30◦S–30◦N), eastward momentum feedback prevails at levels between 800 hPa and 900435

hPa, while westward momentum feedback dominates below 900 hPa. Strong westward436

momentum feedback is also found at mid-latitudes in the southern hemisphere, decelerating437

the westerly jets as shown in Fig. 2b-c. However, the magnitude of momentum feedback438

in panel (a) is weaker than that in panel (b), resulting in a large differences in panel (c).439

As for the meridional component of CMT, both panels (d) and (e) are characterized by the440

most significant anomalies at levels below 800 hPa with dipoles of momentum feedback in441

the tropical regions and mid-latitudes. Their differences in panel (f) have a much weaker442

magnitude than that in panel (c), reflecting a better skill of the ESMT scheme in capturing443

the meridional component of CMT than its zonal component.444

4.2 Spatiotemporal variability of convective momentum transport445

Besides the climatological mean state, it is also important to investigate how well the446

spatiotemporal variability of CMT is reproduced by the ESMT scheme in MMF2DMF in447

comparison with that in MMF3DMF. Fig. 9 shows the horizontal distributions of standard448
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Figure 9. Horizontal profiles of standard deviation of MMF DU (unit: m/s/day) at 850 hPa

from (a) MMF2DMF, and (b) MMF3DMF. Panel (c) shows their difference. In each column,

panels from top to bottom correspond to filtered solution in a period of (a) T ≤ 30 days, (b)

30 days < T < 90 days, (c) T ≥ 90 days.

deviation of CMT in MMF2DMF and MMF3DMF. Overall, MMF2DMF and MMF3DMF449

share a similar spatial pattern of spatiotemporal variability of CMT, including high fre-450

quency variability (less than 30 days), intraseasonal variability (between 30 and 90 days),451

and seasonal variability (longer than 90 days). For the high frequency variability in panels452

(a-b), the most significant variability is confined to the mid-latitudes of both hemispheres,453

presumably related to the mid-latitude synoptic-scale systems. Panel (c) shows the dif-454

ference of high frequency variability between MMF3DMF and MMF2DMF with positive455

anomalies all over the globe, demonstrating the stronger variability of CMT in MMF3DMF.456

It should be an interesting future research direction to investigate the relevance of high-457

frequency CMT variability to the high-frequency precipitation variability. For intraseasonal458

variability in panels (d,e), both MMF2DMF and MMF3DMF also feature significant vari-459

ability over the warm pool region and southern Asian monsoon region, presumably due460

to the prevailing MJO and boreal summer intraseasonal oscillation (BSISO) events. The461

difference map in panel (f) also reflects the stronger intraseasonal variability of CMT in462

MMF3DMF. For seasonal variability in panels (g,h), MMF2DMF and MMF3DMF are fur-463

ther characterized by significant variability in the tropical regions, which is associated with464
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Figure 10. 2-D histogram for zonal wind and MMF DU at 850 hPa over the warm pool region

(60◦E–170◦E, 10◦S–10◦N) from (a) MMF2DMF and (b) MMF3DMF. Panels (c,d) are similar to

panels (a,b) but for FLNT and strength of momentum feedback at at 850 hPa.

the seasonal migration of the ITCZ region. Their difference map in panel (i) is similar to465

panel (f). To be brief, the ESMT scheme readily captures the spatial pattern of CMT on466

high-frequency, intraseasonal, and seasonal time scales. That said, the magnitude of CMT467

in MMF2DMF is much weaker than that in MMF3DMF.468

In general, CMT due to convective scale turbulent flows in the embedded CRMs is469

coupled to large-scale circulation resolved on the GCM grids. It is important to investigate470

the relation between CMT and large-scale environmental conditions and verify how such471

a relation is represented in the ESMT scheme. Fig. 10 shows the 2-D histogram for the472

zonal component of CMT and zonal winds at 850 hPa as well as OLR. In panels (a,b), both473

MMF2DMF and MMF3DMF feature a negative correlation between 850hPa zonal winds474

and the zonal component of CMT. That is, CMT induces westward (eastward) momen-475

tum feedback in the presence of lower-tropospheric background westerlies (easterlies). This476

result is consistent with the theoretical studies by Yang and Majda (2017, 2018, 2019);477
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Yang, Majda, and Moncrieff (2019), stating that downshear-propagating MCSs in a front-478

to-rear tilting structure induce eastward (westward) momentum feedback in the presence of479

lower-tropospheric background westerlies (easterlies). However, MMF2DMF in panel (a) is480

characterized by a narrower distribution spread of CMT in the presence of large zonal winds481

than MMF3DMF in panel (b), reflecting less moderation effect of CMT by background zonal482

winds in the ESMT scheme. Such differences between MMF2DMF and MMF3DMF may483

also be related to the differences of the background vertical shear. Panels (c,d) show the 2-D484

histogram for CMT strength and OLR. In particular, MMF3DMF in panel (d) features a485

wider distribution spread of CMT strength in the presence of lower OLR, indicating the fact486

that CMT becomes much stronger due to enhanced turbulent flows and convective activities487

in the embedded CRMs. However, such a feature is less significant in MMF2DMF in panel488

(c) with a uniformly distributed spread of CMT strength, reflecting the fundamental differ-489

ences in the way that convection-circulation coupling is simulated in MMFs with embedded490

2-D vs. 3-D CRMs.491

4.3 Zonal momentum budget over the eastern Indian ocean492

CMT plays an important role in the momentum budget associated with large-scale493

circulation and convective organization, which was concluded by both observational studies494

(e.g., Tung & Yanai, 2002a) and numerical simulations (e.g., Grabowski & Moncrieff, 2001).495

Fig. 11 shows the vertical profiles of zonal momentum budget terms over the eastern Indian496

ocean based on the 10-year E3SM-MMF simulations. For the climatological mean vertical497

profiles, both MMF2DMF and MMF3DMF feature a dominant balance between dynamical498

zonal wind term in panels (b,f) and zonal component of CMT term in panels (c,g). The499

vertical diffusion and gravity wave drag terms in panels (d,h) only have some impact at500

levels below 800 hPa, and the total time tendency term in panels (a,e) is negligible over501

the long-term mean. The ESMT scheme readily captures the climatological mean vertical502

profiles of all momentum budget terms but underestimate their magnitude in both lower503

and upper tropospheres, particularly for the dynamical zonal wind term in panel (b) and504

the zonal component of CMT term in panel (c). As for their variability, MMF2DMF shows505

a similar vertical distribution of standard deviation of total time tendency in panels (a,e),506

dynamical zonal wind term in panels (b,f), and vertical diffusion and gravity wave drag507

term in panels (d,h) as MMF3DMF. However, the variability of CMT in panel (c) at levels508

between 800 and 200 hPa is much weaker than that in panel (g). The fact that the dynamical509
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Figure 11. Vertical profiles of zonal momentum budget terms over the eastern Indian ocean

(80◦E–100◦E, 10◦S–10◦N) from the MMF2DMF simulation, including (a) total zonal wind tendency

term TOT DU, (b) dynamics zonal wind term DYN DU, (c) momentum feedback term MMF DU,

and (d) vertical diffusion and gravity wave drag term DUV+GWD DU. In each panel, the red curve

corresponds to the mean at a specific level and horizontal line indicates one standard deviation from

the mean. Panels (e-h) are similar to panels (a-d) but from the MMF3DMF simulation.
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zonal wind term in MMF2DMF (panel b) is weaker than that in MMF3DMF (panel f) and510

balanced by a weaker CMT in panel (c) implies that the differences in CMT could also stem511

from fundamental differences between the behaviors of MMF2D and MMF3D.512

This momentum budget analysis reflects the important role of CMT in maintaining513

mean circulation and its variability over this region, where large-scale convective organiza-514

tions such as the MJO typically prevail. In particular, the CMT with lower-tropospheric515

eastward momentum feedback and and upper-tropospheric westward momentum feedback516

has the same sign as both the background zonal winds and the MJO wind fields, thus ac-517

celerating the large-scale zonal winds. This is consistent with the conclusion of Brenowitz518

et al. (2018); Yang, Majda, and Brenowitz (2019) that the CMT promotes planetary-scale519

organization of convection by serving as the dominant kinetic energy source.520

5 Impact of convective momentum transport on the Madden-Julian Os-521

cillation522

The goal of this section is to investigate the impact of CMT on the MJO propagation and523

vertical structure and further verify the representation of CMT in MMF2DMF in comparison524

with MMF3DMF.525

5.1 Characteristic features of MJO propagation526

Fig. 12 shows the longitude-time diagram for MJO composite of various fields in527

MMF2DMF and MMF3DMF. As shown by panels (a,b), both MMF2DMF and MMF3DMF528

feature the eastward propagation of a planetary-scale MJO precipitating event accompanied529

by zonal wind convergence in the lower troposphere. However, the precipitation rate in panel530

(a) reaches the maximum at longitude 90◦E and 150◦E and exhibits weak magnitude be-531

tween these two regions, resembling the observed barrier effect of the Maritime continent532

on the MJO propagation (C. Zhang & Ling, 2017). In contrast, MMF3DMF in panel533

(b) features a persistent eastward-propagating precipitation event with slightly stronger534

wind convergence in the lower troposphere, presumably due to the additional dimension in535

the embedded CRMs with enhanced convective activities. Panels (c,d) further show the536

longitude-time diagram for the zonal component of CMT on top of the 850hPa zonal winds.537

Both MMF2DMF and MMF3DMF capture the negative correlation between background538

zonal winds and the zonal component of CMT, that is, eastward (westward) momentum539

feedback overlaps with easterlies (westerlies), reflecting the overall damping effect of CMT540
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Figure 12. Longitude-time MJO composite of various fields based on lag-regression against

30–90 days filtered FLNT time series averaged over the eastern Indian ocean (80◦E–100◦E,

10◦S–10◦N). Panel (a) shows 850hPa zonal wind (contours, interval 0.15m/s) and precipitation rate

(shading, unit: mm/day) from the MMF2DMF simulation, while panel (b) is from the MMF3DMF

simulation. Panels (c,d) are similar to panels (a,b) but for 850hPa zonal wind (contours, interval

0.15 m/s) and MMF DU (shading, unit: m/s/day). The horizontal yellow line indicates the lag 0.
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Figure 13. Longitude-height MJO composite of zonal momentum budget terms (shading, unit:

m/s/day) and zonal wind (contours, interval 0.15 m/s) based on lag regression against 30–90 days

filtered FLNT time series averaged over the eastern Indian ocean (80◦E–100◦E, 10◦S–10◦N) from

the MMF2DMF simulation, including (a) total zonal wind tendency term TOT DU, (b) dynamical

zonal wind term DYN DU, (c) momentum feedback term MMF DU, and (d) vertical diffusion and

gravity wave drag term DUV+GWD DU. Panels (e-h) are similar to panels (a-d) but from the

MMF3DMF simulation.

on large-scale circulation. Both cases feature a discontinuity of CMT over the regions at541

longitude 110◦E, presumably due to the topography effect over the Maritime continent.542

That said, the magnitude of CMT in panel (c) is much weaker than that in panel (d), pre-543

sumably due to the different strength of background wind shear and convective activities in544

MMF2DMF and MMF3DMF.545

5.2 Acceleration and deceleration effects of convective momentum trans-546

port on the MJO547

The momentum budget analysis is a useful tool for understanding the underlying dy-548

namical mechanisms associated with the MJO, providing a benchmark for testing the pre-549

diction skills of GCMs in simulating large-scale convective organization(Oh, Jiang, Waliser,550

Moncrieff, Johnson, & Ciesielski, 2015). Fig. 13 shows the longitude-height diagram for551

MJO composite of zonal momentum budget terms and zonal winds in MMF2DMF and552

MMF3DMF. As for zonal winds, both MMF2DMF in panels (a-d) and MMF3DMF in553

–26–



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

panels (e-h) capture the vertical profile of MJO zonal winds with lower-tropospheric wind554

convergence and upper-tropospheric wind divergence in a front-to-rear tilting structure. In555

particular, the lower-tropospheric inflows at the leading edge and near-surface westerlies at556

the trailing edge in MMF3DMF are slightly stronger than those in MMF2DMF, consistent557

with the stronger precipitation rate in Fig. 12b and 12d. As for the total time tendency558

of zonal momentum in panels (a,e), both cases are characterized by a similar pattern of559

time tendency as zonal wind but displaced eastward by tens of degree, consistent with the560

eastward propagation of the MJO. The vertical profiles of dynamical zonal wind term in561

panels (b,f) are quite similar to that of the total time tendency, reflecting the dominant562

contribution of the dynamical zonal wind processes (advection effect, Coriolis force, and563

pressure gradient force) to the eastward propagation of the MJO. As for the zonal com-564

ponent of CMT in panels (c,g), both cases feature alternating zonal momentum feedback565

with convergence near the surface and divergence above the 900 hPa level, accelerating the566

near-surface easterlies (westerlies) at the leading (trailing) edge of the MJO but deceler-567

ating those flows above. However, this decelerating effect due to CMT further extends to568

the middle and upper troposphere in panel (g), while that in panel (c) is almost negligible.569

The weak magnitude of CMT in MMF2DMF is consistent with its small variability in the570

middle troposphere, as shown in Fig. 11c. It is also possible that the differences in CMT571

are due to the stronger MJO convective signals over the Maritime Continent in MMF3DMF572

than MMF2DMF, as shown in Fig. 12. CMT in both cases also induce deceleration ef-573

fects on the upper-tropospheric wind divergence in an eastward tilting structure in height,574

presumably related to propagating gravity waves excited by the MJO convective activities.575

The discrepancies in these spatial patterns between MMF2DMF and MMF3DMF reflect576

the fundamental differences in the way that convection-circulation coupling is simulated in577

MMFs with embedded 2-D vs. 3-D CRMs. Lastly, both cases exhibit a similar pattern of578

vertical diffusion and gravity wave drag term with the most significant anomalies confined579

near the surface, which cancel out with the zonal wind tendencies from dynamics.580

6 Discussion and conclusion581

For E3SM-MMF, 2-D CRMs are embedded in each GCM grid to simulate subgrid-scale582

flows and convective activities. Due to the lack of the third dimension, these 2-D CRMs583

provide small-scale turbulent flows along only one horizontal direction that are not sufficient584

to calculate the zonal and meridional components of CMT. In order to represent CMT in585
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E3SM-MMF with a 2-D CRM, we employ the ESMT scheme of Tulich (2015) to achieve586

the full coupling of momentum budget between GCM and CRM resolved flows. We first587

investigate the impact of CMT on climatological mean state and spatiotemporal variability588

of large-scale circulation and tropical convection in comparison with the observation, and589

then verify the skill of the ESMT method in representing CMT by comparing results be-590

tween E3SM-MMF with 2-D and 3-D CRMs, in which CMT is parameterized and explicitly591

resolved, respectively. Finally, we discuss the impact of CMT on the MJO propagation and592

vertical structure.593

By comparing the model output from E3SM-MMF simulations with/without momen-594

tum feedback, we infer the impact of CMT on large-scale circulation and convective organ-595

ization. Unlike the CMT in MMF2DMF that is represented through the ESMT scheme,596

the CMT in MMF3DMF is directly calculated based on the turbulent flows resolved by the597

embedded CRMs and used as a reference for comparison. The results show that CMT helps598

reduce precipitation bias over the western Pacific and the ITCZ regions in Fig. 1e-f, which is599

associated with the reduced easterlies over the Pacific in Fig. 2e-f, weakening the low-level600

moisture convergence and thus convective activities over the western Pacific. In fact, Tulich601

(2015) conducted a series of seasonal global integration of the SP-WRF and also concluded602

that the inclusion of momentum feedback through the ESMT scheme helps to reduce model603

bias in mean precipitation over the equatorial western Pacific, the ITCZ, and the Indian604

monsoon regions (see its Figure 11b). Similar results were also reported in other studies605

based on different CMT parameterizations. For example, Cheng and Xu (2014) added a606

mass flux based CMT parameterization in their MMF simulation and improved the spa-607

tial distribution, amplitude, and intraseasonal variability of the surface precipitation in the608

tropics (see its Figure 1). Such a drying effect due to CMT was also concluded by Moncrieff609

et al. (2017) where a parameterization of CMT based on slantwise coherent structure of610

MCSs was added to the NCAR Community Atmosphere Model (CAM), which reduced sig-611

nificantly the model bias in mean precipitation over the western Pacific (see its Figure 14a).612

Our results also show that CMT helps reduce the lower-tropospheric vertical wind shear in613

the tropics and upper-tropospheric vertical wind shear at mid-latitudes in Fig. 3e-f. This614

reduced vertical wind shear due to CMT is consistent with the conclusion by Woelfle et al.615

(2018) about the inadequate vertical mixing of zonal momentum from the absence of CMT616

in SP-CAM. All the results discussed above highlight the crucial role of CMT in influencing617

the large-scale circulation and provide potential explanations for common model biases in618
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GCMs. However, the changes of mean precipitation and zonal winds in MMF2DMF are619

weaker than those in MMF3DMF. Also, the mean precipitation rate in MMF3D in Fig. 1c620

is stronger than that in MMF2D, indicating the differences between 2-D and 3-D CRMs in621

simulating convection and the need for further model tuning.622

Besides, CMT in both MMF2DMF and MMF3DMF reduces the overall variability of623

850hPa zonal winds in Fig. 4a, reflecting its damping effects on large-scale circulation. For624

tropical waves, CMT in both cases share a similar impact on Kelvin waves with reduced625

power spectrum and slowdown of phase speed in Fig. 5e-f and 6d-f, better resembling626

the observation (Kiladis et al., 2009). In contrast, CMT in both cases has opposite im-627

pacts on the MJO mode by reducing its spectral power in MMF2DMF but enhancing it628

in MMF3DMF, consistent with their opposite impacts on the intraseasonal variability of629

850hPa zonal winds in Fig. 4a. Such contrasting results are presumably related to the630

differences between MMF2DMF and MMF3DMF in simulating convective organization, as631

the MJO mode is largely underestimated in MMF3DMF in Fig. 5c. Moncrieff et al. (2017);632

Moncrieff (2019) concluded that the incorporation of CMT parameterization in CAM simu-633

lations reduces the power spectrum of the MJO mode in wavenumber 1 but further extends634

it to wavenumber 1-5. CMT in MMF3DMF greatly reduces the power spectrum of easterly635

waves in Fig. 5f, which is also seen in Tulich (2015) that easterly wave signals are much636

weaker after incorporating the ESMT scheme in the SP-WRF simulations. Besides, the637

significant differences in the tropical wave spectrum between MMF2D and MMF3D in Fig.638

5-6 could be associated with the structure of the background zonal flow. Tulich and Ki-639

ladis (2021) performed a series of aquaplanet simulations with axisymmetric structure of the640

background zonal winds through nudging, and concluded that nudging background zonal641

winds to match those over the Indo-Pacific or eastern Pacific sectors yields eastward-moving642

tropical waves (i.e., the moist Kelvin waves and the MJO) that are typically seen over those643

sectors.644

By comparing with the CMT directly calculated from 3-D CRM flows in MMF3DMF,645

we verify the skill of the ESMT scheme in reproducing the spatial patterns and magnitude646

of CMT. Overall, the ESMT scheme readily captures the climatological mean horizontal647

and vertical profiles of both zonal and meridional components of CMT in Figs. 7-8 as648

well as its variability on high frequency, intraseasonal, and seasonal time scales in Fig. 9,649

but shows some differences in estimating their magnitudes. Such a difference is possibly650

related to the CRM orientation. Tulich (2015) found that the choice of CRM orientation651
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importantly affects the simulated time-mean climate due to changes in the explicit repre-652

sentation of wide-spread shallow convective regions. Cheng and Xu (2014) developed an653

explicit representation of CMT in MMF with the embedded 2-D CRM changing its ori-654

entation dynamically according to the vertical wind shear and thermal stratification, and655

obtained many improvements in mean climate and variability. The ESMT scheme captures656

the moderation effects of CMT by large-scale zonal winds and OLR in Fig. 10, although the657

modulation effects are less significant in comparison with MMF3DMF. It also captures the658

climatological mean vertical profile of CMT in Fig. 11 with positive momentum feedback in659

the lower/upper tropospheres and negative momentum feedback in the middle troposphere.660

Such a three-layer vertical structure of CMT was also found by Oh, Jiang, Waliser, Mon-661

crieff, and Johnson (2015) based on the NOAA CFS reanalysis data. However, the ESMT662

scheme underestimates the variability of CMT in the middle troposphere.663

Lastly, the MJO composite of zonal winds and CMT exhibits negative correlation in664

their horizontal profiles in Fig. 12 and vertical structure in Fig. 13 , decelerating zonal665

winds associated with the MJO and reflecting the cumulus friction effects of CMT. Similar666

deceleration effects were also found in the previous studies. Tung and Yanai (2002a) con-667

cluded that CMT on average is downgradient, reducing the large-scale vertical wind shear.668

That said, the signs of CMT near the surface is the same as the zonal winds in Fig. 13, accel-669

erating the near-surface wind convergence and promoting convection. Similarly, Oh, Jiang,670

Waliser, Moncrieff, and Johnson (2015) concluded that the three-layer vertical structure of671

CMT damps the MJO circulation in the free troposphere, while enhancing MJO winds near672

the surface. Such a counter-gradient effect in accelerating near-surface westerly wind bursts673

was also emphasized in Moncrieff (2004). Yang, Majda, and Moncrieff (2019) proposed a674

basic parameterization for the counter-gradient effects of CMT from MCSs and improved675

the MJO simulations in an idealized GCM testbed. Kim and Zhang (2021) suggested that676

the strong Rayleigh damping in the MJO core dynamics could possibly be from CMT by677

moist convective processes.678

The changes induced by implementing the ESMT scheme in E3SM-MMF highlights the679

important role of CMT in shaping large-scale circulation and convective organization. There680

are still several questions that are not addressed here but worth further investigation. For681

example, it should be interesting to study the skills of the CMT parameterization when the682

orientation of the CRMs are allowed to change with time and determined by environmental683

wind shear. It is also worth further investigating the relation between large-scale flows on684
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the GCM grids and small-scale flows in the CRM, illustrating the underlying mechanisms for685

the impact of CMT feedback. To exclude the effect of larger biases in MMF3D than those686

in MMF2D and demonstrate whether the ESMT scheme is indeed deficient in producing687

the CMT, a more straightforward way is to take a limited-area approach whereby the two688

embedded model types (i.e., 3-D CRM with explicit CMT versus 2-D CRM with ESMT)689

are subjected to the same large-scale forcing time series. This way, any differences in the690

predicted CMT effects can be attributed solely to differences in the model formulation. Al-691

ternatively, one could use E3SM-MMF with nudging of the large-scale circulation outside a692

region of interest, to avoid inherent issues due to imposed lateral boundary conditions in the693

limited area approach. Lastly, many insights from these MMF models should be also useful694

for improving CMT parameterizations in the non-MMF models. For example, the clear cor-695

relation between CMT and U850/FLNT in Fig. 10 reflects the crucial role of background696

lower-tropospheric winds and convective activities in modulating the magnitude and signs697

of CMT, indicating the essence of including these two controlling factors in the CMT pa-698

rameterization. The countergradient effects of CMT on surface winds and the downgradient699

effects of CMT at higher levels in Fig. 13 highlight the essence of distinguishing different700

effects of CMT on vertical shear when developing CMT parameterizations.701

7 Data Availability Statement702

All code for E3SMmay be accessed on the GitHub repository (https://github.com/E3SM-703

Project/E3SM). All code for E3SM-MMF may be accessed from a separate GitHub reposi-704

tory (https://github.com/E3SM-Project/ACME-ECP). The full code for the branch used in705

this study has been archive at W. Hannah (2022) (https://doi.org/10.5281/zenodo.6561445).706

The scripts and data for plotting all figures in this paper are available at Yang (2022)707

(https://doi.org/10.5281/zenodo.6516010). The ERA5 dataset for zonal winds can708

be downloaded from the Climate Data Store (CDS), including monthly averaged data709

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure710

-levels-monthly-means?tab=form) and hourly data (https://cds.climate.copernicus711

.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form). The IMERG dataset712

for precipitation can be downloaded from the NASA Goddard Earth Sciences (GES) Data713

and Information Services Center (DISC) website (https://daac.gsfc.nasa.gov/datasets/714

GPM 3IMERGM 06/summary?keywords=IMERG). The NOAA dataset for interpolated OLR715
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can be downloaded from the NOAA physical sciences laboratory (PSL) website (https://716

psl.noaa.gov/data/gridded/data.interp OLR.html).717
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