
1. Introduction
Extreme weather and climate events, such as landfalling tropical cyclones, cold surges, and droughts, present 
a significant threat to heavily populated areas and have profound socio-economic impacts on many economic 
sectors, including energy, agriculture, and water resource management. As the occurrence frequency of extreme 
events is expected to increase with greenhouse gas-induced global warming, it is challenging to develop mitiga-
tion strategies for future extreme events. At the heart of those efforts are short-term predictions and long-term 
projections of extreme events, whose accuracy and reliability depend strongly on the fidelity of the numerical 
models used to produce them.

Abstract The present study examines the characteristics of the Madden–Julian Oscillation (MJO) events 
represented in the Energy Exascale Earth System Model version 1 (E3SMv1), DOE’s new Earth system model. 
The coupled E3SMv1 realistically simulates the eastward propagation of precipitation and moist static energy 
(MSE) anomalies associated with the MJO. As in observations, horizontal moisture advection and longwave 
radiative feedback are found to be the dominant processes in E3SMv1 that lead to the eastward movement and 
maintenance of the MJO MSE anomalies, respectively. Modulation of the diurnal cycle of precipitation in the 
Maritime Continent region by the MJO is also well represented in the model despite systematic biases in the 
magnitude and phase of the precipitation diurnal cycle. On the MJO impact over the midlatitude, E3SMv1 
reasonably captures the pattern of the MJO teleconnections across the North Pacific and North America, with 
improvement in the performance in a high-resolution version, despite the magnitude being a bit weaker than 
the observed. Regarding the interannual variability of the MJO, the El Niño-Southern Oscillation (ENSO) 
modulation of the zonal extent of MJO’s eastward propagation, as well as associated changes in the mean state 
moisture gradient in the tropical west Pacific, are well reproduced in the model. However, MJO in E3SMv1 
exhibits no sensitivity to the Quasi-Biennial Oscillation (QBO), with the MJO propagation characteristics being 
almost identical between easterly QBO and westerly QBO years. Processes that have been suggested as critical 
to MJO simulation are also examined by utilizing recently developed process-oriented diagnostics.

Plain Language Summary The United States Department of Energy developed a new computer 
model that simulates Earth’s climate systems, called Energy Exascale Earth System Model version 1 
(E3SMv1). This study examines how well the model reproduces the characteristics of the Madden–Julian 
Oscillation (MJO), a tropical climate phenomenon that impacts weather and climate around the globe. We 
find that the strength and eastward movement of the MJO is realistically represented in the model. Variability 
of water vapor and radiation are the dominant processes for the MJO simulation, which agree well with the 
real-world observations. Despite some unrealistic features, E3SMv1 successfully simulates the impact of the 
MJO on tropical precipitation at shorter than daily time scale and on large-scale atmospheric circulation in the 
midlatitude. The model also exhibits realistic year-to-year changes in east-west expansion of the MJO by the El 
Niño-Southern Oscillation, while no noticeable changes can be detected when stratospheric wind reverses its 
direction over the equator in every 1 or 2 years.
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•  Modeled processes of the MJO, 
revealed through column-integrated 
moist static energy anomalies, match 
well with those in observations

•  Despite the decent MJO simulation 
fidelity, the observed MJO–Quasi-
Biennial Oscillation coupling is not 
simulated in E3SMv1
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As the dominant source of Earth system predictability at the intraseasonal time scale, the Madden–Julian os-
cillation (MJO; Madden & Julian, 1971, 1972) is a known driver of many types of extreme events all over the 
globe (Zhang, 2013). Examples of the extreme events affected by the MJO include extreme rainfall (e.g., Jones 
& Carvalho, 2012), flooding (e.g., Bond & Vecchi, 2003), cold surges (e.g., Jeong et al., 2005), fire (e.g., Reid 
et al., 2012), lightning (e.g., Abatzoglou & Brown, 2009), tornado (e.g., Thompson & Roundy, 2013), tropical 
cyclones (e.g., Klotzbach, 2014), and atmospheric rivers (e.g., Zhou et al., 2021; Hagos, Leung, Garuba, & Patri-
cola, 2021). Given the MJO’s bold fingerprint on the location, frequency, and intensity of these extreme events, 
a realistic representation of the MJO is arguably a prerequisite for any numerical weather and climate models to 
accurately simulate the societally relevant extreme events.

The main goal of the present study is to examine the characteristics of the MJO and its teleconnections in the 
Energy Exascale Earth System Model version 1 (E3SMv1; Golaz et al., 2019; Leung et al., 2020), a fully cou-
pled Earth system model developed as part of the ongoing E3SM program (e3sm.org) of the U.S. Department 
of Energy. Despite recent collective efforts to evaluate the performance of the model (Leung et al., 2020 and 
references therein), its MJO simulation fidelity has been only briefly documented in Golaz et al. (2019), who 
showed that the eastward propagation of the MJO is realistically represented in the ocean-atmosphere coupled 
version of E3SMv1 (their Figure 22), in Caldwell et al. (2019), who briefly compared the MJO in E3SMv1 at low 
(∼100 km) and high (∼25 km) resolutions, and in Orbe et al. (2020), who compared the MJO among other modes 
of variability in six U.S. climate models including E3SMv1. Our study provides the first in-depth analysis of the 
MJO variability in E3SMv1 simulations.

While significant progress has been made in MJO modeling in the past few decades (readers are referred to 
Kim & Maloney, 2017, and Jiang et al., 2020 for reviews on the history of MJO modeling), an accurate rep-
resentation of the MJO and its teleconnections is still one of the most challenging tasks for many GCMs (Ahn 
et al., 2017; Ahn, Kim, Kang, et al., 2020; Jiang et al., 2015; Wang et al., 2020a, 2020b). A particular aspect of 
MJO variability that most contemporary GCMs struggle with is the poor representation of the MJO interaction 
with the islands in the Maritime Continent (MC). The MJO exhibits peculiar behaviors when it propagates across 
the MC region, with its propagation sometimes ceasing (e.g., DeMott et al., 2018; Feng et al., 2015; Kerns & 
Chen, 2020; Kim, Kug, & Sobel, 2014; Zhang & Ling, 2017) and its convection detouring around the MC islands 
toward the summer hemisphere (e.g., Kim et al., 2017; Wang & Rui, 1990; Wu & Hsu, 2009). In many GCMs, 
MJO propagation is disrupted too frequently, suggesting that the ‘barrier’ effects of MC islands on the MJO are 
exaggerated (e.g., Ling et al., 2017). While the land-sea contrast (e.g., Sobel et al., 2010), the steep topography 
(e.g., Wu & Hsu, 2009), the persistent diurnal cycle of precipitation in the MC islands (e.g., Hagos et al., 2016; 
Zhang & Ling, 2017), and the mean state moisture gradient on the eastern side of Sumatra and Borneo (e.g., 
Jiang et al., 2019) have all been suggested as key aspects of the MC that damp MJO variability there, the leading 
mechanisms through which the MC islands affect MJO convection remain elusive. Reviews on this topic can be 
found in Jiang et al. (2020) and Kim et al. (2021). To our knowledge, no study has systematically examined how 
well GCMs simulate the southward detouring of the MJO during boreal winter.

Another aspect of MJO variability that is poorly represented in GCMs is the year-to-year variability. While many 
studies have documented how observed MJO events are affected by the El Niño southern oscillation (ENSO; e.g., 
Gushchina & Dewitte, 2012; Kang et al., 2021; Pohl & Matthews, 2007; Tam & Lau, 2005; Wei & Ren, 2019; 
Woolnough et al., 2000; Zhang & Han, 2020) and the quasi-biennial oscillation (QBO; Hendon & Abhik, 2018; 
Martin, Son, et al., 2021 Nishimoto & Yoden, 2017; Son et al., 2017; Yoo & Son, 2016; Zhang & Zhang, 2018), 
understanding of the underlying mechanisms of MJO modulation by low-frequency modes remains incomplete. 
Despite the statistically robust QBO–MJO relationship present in observations, no existing GCM seems to be able 
to reproduce the observed QBO–MJO relationship (Kim et al., 2020; Lee & Klingaman, 2018), even with a QBO 
signal given through nudging (Martin, Orbe, et al., 2021). Richter et al. (2019) showed that E3SMv1 simulates a 
QBO with a periodicity and amplitude that are shorter and larger, respectively, than observed; nonetheless, it is 
worthwhile to investigate whether and how strongly the QBO modulation of the MJO is simulated in the model.

Careful examination of model simulations can provide useful insights not only into the mechanism of the phe-
nomenon of interest but also into model biases at the process level. Recent efforts to develop process-oriented 
MJO simulation diagnostics have emphasized moisture-convection coupling (e.g., Kim, Xavier, et al., 2014), the 
gross moist stability (e.g., Benedict et al., 2014), cloud-radiation feedback (e.g., Kim et al., 2015), and the hori-
zontal gradient of mean moisture (Ahn, Kim, Kang, et al., 2020; DeMott et al., 2019; Gonzalez & Jiang, 2017; 
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Jiang, 2017; Kang et al., 2020) as the processes that are crucial for a model to be able to generate MJO variability 
internally. Meanwhile, the moist static energy (MSE) and moisture budget of the MJO in observations/reanalysis 
products have also been documented in detail (e.g., Kim, Kug, & Sobel, 2014; Kiranmayi & Maloney, 2011; 
Maloney, 2009; Ren et al., 2021; Sobel et al., 2014). By focusing on phenomena that are directly affected by 
the parameterization schemes of deep convection, clouds, and radiation, the process-based diagnostics can offer 
insights as to whether and how the parameterizations need to be improved. These diagnostics can also help assess 
whether the model simulates the MJO for the correct reason.

In this study, we will analyze simulations made with E3SMv1 to investigate MJO propagation, the MJO MSE 
budget, MJO teleconnections to the midlatitudes, the interaction of the MJO with the MC islands, and the 
MJO-ENSO and MJO-QBO relationships. Processes that have been suggested as critical to MJO simulation 
will be examined by utilizing recently developed process-oriented diagnostics, which can guide further model 
development.

The manuscript is organized as follows. The model simulations and the reference datasets are described in Sec-
tion 2. The diagnostics used in the analysis are explained in Section 3. In Section 4, we present the result of per-
formance-based and process-based diagnosis of MJO variability in E3SMv1 simulations, which is followed by a 
summary and conclusions in Section 5.

2. Model and Data
2.1. Reference Data

In this study, The National Oceanic and Atmospheric Administration (NOAA) daily interpolated Outgoing Long-
wave Radiation (OLR) product (Liebmann & Smith, 1996) is used as a proxy for tropical convection. The rain rate 
is taken from the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA). 
The TRMM data set used in this study is the post-real-time data of version 7 (3B42), with a temporal resolution of 
3 hr and spatial resolution of 0.25° × 0.25° (Huffman et al., 2007). For sea surface temperature (SST), the Hadley 
Centre Sea Ice and SST (Rayner et al., 2003) data set is used.

Various atmospheric state variables and the turbulent and radiative fluxes at the lower and upper boundaries of 
the atmosphere are obtained from the fifth generation of the European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis (ERA5) product (Hersbach et al., 2020).

The OLR and ERA5 data are obtained for the period 1979–2018, and the TRMM rain rate for 1998–2018. All 
data are interpolated onto a 2.5° longitude × 2.5° latitude horizontal grid. In this study, we primarily focus on bo-
real winter from November to April (NDJFMA) when the MJO and its teleconnection to the extratropics are most 
pronounced. As an exception to this, the interannual variability of the MJO is investigated in DJF (Section 4.6).

2.2. E3SM Version 1

E3SMv1 has been developed from the Community Earth System Model version 1 (CESM1) and by including 
numerous changes in the atmosphere and by replacing ocean, sea ice, and land ice models, all based on the Model 
for Prediction Across Scales (MPAS) that uses spherical centroidal voronoi tessellations for multiresolution mod-
eling. The E3SMv1 atmosphere model (EAM, Rasch et al., 2019; Xie et al., 2018) is based on the Community 
Atmosphere Model version 5 (CAM5), but with updates to the cloud microphysics, shallow convection, aerosol, 
and turbulence parameterizations. The vertical resolution was more than doubled (30–72 levels) and model top 
raised to allow an improved treatment of the lower stratosphere relative to CAM5. With the release of E3SMv1 
in April 2018 both the low-resolution (LR, Golaz et al., 2019) and high-resolution (HR, Caldwell et al., 2019) 
model versions, where the atmosphere model is applied at a grid spacing of ∼100 and ∼25 km, respectively, are 
available. The LR and HR versions of the model use somewhat different parameter settings to optimize model 
fidelity in the two model configurations, so differences are not due solely to resolution. Readers are referred to 
Leung et al. (2020) and references therein for the overview of development of E3SM and the evaluation of its 
performance.

Three sets of coupled simulations made with E3SMv1 are analyzed in this study. The 5-member ensemble His-
torical (1850–2014) simulation conducted with LR E3SMv1, which is available from the CMIP6 archive, is used 
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to investigate the interannual variability of the MJO (Section 4.6). While covering a long period (165 years) and 
thereby providing enough samples for the examination of year-to-year variability, not all variables needed for de-
tailed process studies are available from the Historical simulation. By branching off from one ensemble member 
of the Historical ensemble simulation, we performed a 20-year (1995–2014) simulation with LR E3SMv1 by 
saving many atmospheric variables and turbulent and radiative fluxes at the surface and the top of the atmosphere 
at a 6-hourly interval. In addition, a 20-year (1957–1976) simulation (Balaguru et al., 2020) made with HR E3S-
Mv1, as an extension of the 50-year run reported by Caldwell et al. (2019) with time-invariant 1950s forcing, is 
used. Note that the output from the 20-year simulations made with LR and HR E3SMv1 are our primary data 
set for most diagnostics. For the MJO MSE budget and MJO process-oriented diagnostics, only LR E3SMv1 is 
examined.

Figure  1 shows the longitude-lag diagrams of equatorial (10°S–10°N), intraseasonal precipitation anomalies 
regressed onto the Indian Ocean (5°S–5°N, 85–95°E) reference time series from observations (Figure 1a) and 
from the three model simulations (Figures 1b–1d). The observed eastward propagation of intraseasonal precipi-
tation anomalies associated with the MJO (Figure 1a) is reasonably reproduced in all E3SMv1 simulations used 
in this study (Figures 1b–1d). A feature that is worth noting is that the MJO signal in LR E3SMv1 is greater 
than observed in the MC region (110°–140°E), suggesting the MJO experiences a weaker MC barrier effect in 
the model than in the observations. Comparison with HR E3SMv1 indicates that employing a higher horizontal 
resolution did not improve the MJO simulation, consistent with Caldwell et al. (2019) based on comparison of 
the precipitation power spectra at low and high resolutions. HR E3SMv1 features a somewhat faster and weaker 
MJO propagation in the MC region (Figure 1c). Lastly, MJO propagation characteristics are qualitatively similar 
between the 20-year (Figure 1b) and the Historical ensemble simulations (Figure 1d).

Figure 1. Longitude–lag diagram of equatorial (10°S–10°N) precipitation regressed against intraseasonal precipitation anomalies in the Indian Ocean reference region 
(5°S–5°N, 85–95°E) during NDJFMA for (a) Tropical Rainfall Measuring Mission and (b–d) Energy Exascale Earth System Model version 1 simulations. For (b) and 
(c) low resolution and high resolution simulations of a recent 20-year period are used, while for (d) the lag–regression diagram is first obtained from each of the five 
ensemble members of the CMIP6 Historical simulation (1850–2014) and then averaged across all ensemble members.
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3. Diagnosis of MJO and Its Teleconnections
In this section, we provide brief descriptions of the specific diagnostics that are used in this study to examine 
processes associated with the MJO and MJO teleconnections.

3.1. MJO Life-Cycle Composite

To extract the MJO signal from observations and model simulations, we use a method that is similar to that of 
Wheeler and Hendon (2004), which is often referred to as the MJO life-cycle composite. For each data set of 
interest, we obtain the combined empirical orthogonal functions (CEOFs) of 15°S–15°N averaged, intraseasonal 
(20–100 days bandpass filtered) anomalies of OLR and zonal wind at 850 and 200-hPa. For model simulation 
data, the resulting two leading CEOFs are rotated to best match the pattern of the observed counterparts. Once 
the leading pair of CEOFs are obtained, the corresponding PCs are used to define the ‘phase’ and ‘amplitude’ 
of the MJO, following Wheeler and Hendon (2004). The MJO life-cycle composite can be constructed for any 
atmospheric field or flux variable by averaging intraseasonal anomalies of the variable for each MJO phase (total 
of 8 “Real-Time Multivariate MJO” (RMM) phases) with an amplitude threshold of 1.

3.2. MJO MSE Budget

To examine the moistening process associated with the maintenance and propagation of the MJO, we use the 
intraseasonal, vertically integrated MSE budget equation:

⟨��
��

⟩′
= ⟨

⃖⃖⃗� ∙ ∇ℎ�⟩′ −
⟨

���
��

⟩′

+ �� ′ + �� ′ + ⟨�� ⟩

′ + ⟨�� ⟩

′ + ����, (1)

where m is MSE (=CpT + gz + Lvq), Cp is the specific heat of dry air at constant pressure, g is the gravitational 
constant, Lv is the latent energy of vapourization, T, q, LH and SH are temperature, specific humidity, surface 
latent and sensible heat fluxes, respectively, and LW and SW are longwave and shortwave radiative heating rates, 
respectively. resm is the budget residual, which is obtained by subtracting all RHS terms from MSE tendency. The 
prime indicates an intraseasonal anomaly, and the angle brackets denote the mass-weighted vertical integral from 
the surface to 100 hPa. The MSE budget analysis has been used to examine the propagation and maintenance of 
the MJO in observations and model simulations (e.g., Andersen & Kuang, 2012; Arnold et al., 2013; Kim, Kug, 
& Sobel, 2014; Kiranmayi & Maloney, 2011; Maloney, 2009). The relative contribution of the individual MSE 
budget terms to the maintenance (Sm) and propagation (Sp) of MSE anomalies can be estimated by projecting 
them upon MSE anomalies and their tendencies (e.g., Andersen & Kuang, 2012):

𝑆𝑆𝑚𝑚(𝐹𝐹 ) =
||𝐹𝐹 ′

⋅𝑀𝑀 ′||

||𝑀𝑀 ′
⋅𝑀𝑀 ′||

, (2a)

𝑆𝑆𝑝𝑝(𝐹𝐹 ) =
||𝐹𝐹 ′

⋅ 𝜕𝜕𝜕𝜕 ′∕𝜕𝜕𝜕𝜕||

||𝜕𝜕𝜕𝜕 ′∕𝜕𝜕𝜕𝜕 ⋅ 𝜕𝜕𝜕𝜕 ′∕𝜕𝜕𝜕𝜕||
, (2b)

where F′ and M′ are column-integrated MSE budget terms and MSE anomaly, respectively, and ||A|| is the integral 
of variable A over the domain 60°–180°E, 20°S–10°N, and MJO phases 1–8 in the MJO life-cycle composite.

3.3. MJO Teleconnections

The lagged life-cycle composite is used to analyze the evolution of mid-latitude circulation anomalies associated 
with the MJO. For example, for MJO phase 3, days with an active (i.e., amplitude >1) MJO are defined as zero 
lag days, and the lagged composites are constructed by averaging 500-hPa geopotential height anomalies for 
the successive lag days without an MJO amplitude constraint. To obtain patterns and daily time series of the 
Pacific North American (PNA) teleconnection, we perform the Rotated Principal Component Analysis with 
daily 500-hPa geopotential height anomalies in the region between 0°N and 90°N (Barnston & Livezey, 1987; 
Feldstein, 2000). In observations and E3SMv1, the PNA pattern emerges as the third and first leading modes, 
respectively (not shown). The PNA index is obtained by projecting the pattern onto the daily anomalies over the 
North Pacific and North America (0°–90°N, 150°E−30°W).
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4. Results
4.1. Mean State

From a perspective in which the MJO is defined as fluctuations around the climatological seasonal cycle, it is 
reasonable to assume that the mean state would have profound impacts on the characteristics of the MJO. In fact, 
many processes associated with the propagation and maintenance of the MJO have been suggested to be strongly 
affected by various features of the mean state, such as the zonal extent of the mean westerly wind near the equator 
over the warm pool (e.g., Inness et al., 2001), gross moist stability (e.g., Benedict et al., 2014), and horizontal 
gradient of mean moisture (e.g., Ahn, Kim, Kang, et al., 2020; Ahn, Kim, Ham, et al., 2020; DeMott et al., 2019; 
Gonzalez & Jiang, 2017; Jiang, 2017; Kang et al., 2020). In this subsection, we focus on the mean state over the 
Indo-Pacific warm pool, which consists of two ocean basins—the Indian Ocean and the western Pacific—and the 
archipelago in between, where the convective signal associated with the MJO is most active.

Figure 2 shows that the mean precipitation, 850-hPa zonal wind and precipitable water (PW) are reasonably simu-
lated in LR and HR E3SMv1, though there are some systematic biases in each field. In the Indian Ocean and west 

Figure 2. November–April mean state of (a, b, and c) precipitation (mm day−1, shaded) and 850-hPa zonal wind (m s−1, contour), and (f, g, and h) precipitable water 
(kg m−2, shaded). The top three panels show observations, low resolution Energy Exascale Earth System Model version 1 (LR E3SMv1), and high resolution E3SMv1 
(HR E3SMv1), respectively, while the bottom two rows show the biases in LR E3SMv1 and HR E3SMv1, respectively. The contour interval for 850-hPa zonal wind is 
2 m s−1. For the bias, the contour intervals are 1 m s−1 for 850-hPa zonal wind. In all panels, the zero lines are omitted.
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Pacific, both versions of E3SMv1 exhibit a positive and a negative precipitation bias on the western and eastern 
sides of the basins, respectively. As a result, the zonal gradient of the mean precipitation across the Indian Ocean 
is weaker than observed, while the opposite is the case in the western Pacific. In the tropical Pacific, especially 
to the east of the dateline, the model exhibits wet biases in the subtropics that are straddling a dry bias near the 
equator. It is worthwhile to note that this pattern of precipitation bias is common to many CMIP6 models (e.g., 
Figure 1c in Hagos, Leung, Garuba, Demott, et al., 2021), suggesting that the bias is rooted in a systematic bias in 
the representation of moist physics (Hagos, Leung, Garuba, Demott, et al., 2021). The mean westerly wind in the 
equatorial Indian Ocean is underestimated in LR E3SMv1, presumably due to the weaker-than-observed zonal 
gradient in the mean precipitation. On the contrary, the mean westerly wind is overestimated in the MC(between 
100° and 140°E) in LR and HR E3SMv1, with positive and negative precipitation biases prevailing on the eastern 
and western sides of the region, respectively.

The mean PW bias pattern overall mimics that of the mean precipitation, with a dry bias prevailing in the In-
do-Pacific warm pool area in both versions of E3SMv1. It has been shown in Golaz et al. (2019) and Caldwell 
et al. (2019) that the LR and HR E3SMv1 exhibit a weak warm SST bias in many parts of the Indo-Pacific warm 
pool, suggesting that the dry bias likely stems from the bias in moist physics. The climatological meridional mois-
ture gradient is steeper in LR E3SMv1 than in ERA5 in the central and eastern Indian Ocean, with the magnitude 
of the dry bias being larger in the off-equatorial area than near the equator. In contrast, the zonal gradient in the 
mean PW is underestimated in LR and HR E3SMv1 in the equatorial Indian Ocean. The role of the mean state 
moisture gradient, especially that of the meridional gradient, on the propagation of the MJO in E3SMv1 will be 
further discussed in Section 4.3.

4.2. MJO Propagation Characteristics

Figure 3 shows the MJO life-cycle composite (Section 3.1) of precipitation (shaded) and column MSE anomalies 
(contours) for eight MJO phases. For HR E3SMv1, only precipitation anomalies are shown because the 3-D 
variables required to calculate MSE are not available. The geographical distribution of MJO precipitation anom-
alies is reasonably represented in both versions of E3SMv1, although their magnitude is underestimated in HR 
H3SMv1. In observations, during phase 1, anomalously enhanced convection associated with positive column 
MSE anomalies is located in the western and central Indian Ocean. Dry conditions prevail over the MC region, 
except in Borneo and Sumatra islands, where both precipitation and column MSE show near-zero or slight-
ly positive anomalies. LR and HR E3SMv1 successfully capture this ‘vanguard’ precipitation signal (Peatman 
et al., 2014) in the MC islands, although its magnitude and the zonal extent to the east are slightly overestimated.

The development of positive precipitation anomalies in the eastern Indian Ocean during MJO phases 2 and 3 in 
E3SMv1 is not as pronounced as in observations, possibly due to the dry bias in the mean state there (Figure 2). 
A branch of MJO-related anomalous convection in the equatorial western Pacific appears in phase 3 and ma-
tures in phase 4 in the observations. This development of enhanced convection in the western equatorial Pacific 
and subsequently along the intertropical convergence zone occurs mostly in the northern hemisphere. In LR 
E3SMv1, the corresponding precipitation anomalies develop earlier than in observations by about 1 MJO phase 
(∼5–8 days), indicating that the stronger-than-observed vanguard effect is related to the early onset of convection 
in the northern branch.

Another branch of MJO-associated convection anomalies propagates more slowly and mostly to the south of the 
equator, which has been described as the ‘detouring’ signal around the MC islands (e.g., Kim et al., 2017; Wang 
& Rui, 1990). This branch of anomalous convection reaches the western Pacific in phase 6 and matures in phase 
7, about 3 phases (∼15–24 days) later than its northern counterpart. LR and HR E3SMv1 capture remarkably 
well the propagation of the southern branch along the oceanic channel between the MC islands and Australia in 
phases 4 and 5 and the subsequent development of MJO convection along the south Pacific convergence zone in 
phases 6 and 7.

4.3. MJO MSE Budget

Intraseasonal variability of column MSE is mainly governed by that of column water vapor in the tropics (Wold-
ing et al., 2016). In Figure 3, it is shown that precipitation and column MSE anomalies are positively correlated 
with each other in observations and in LR E3SMv1, suggesting that useful insights into the propagation and 
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maintenance of the MJO precipitation anomalies can be obtained by examining the column MSE budget. Figure 4 
shows the MSE budget terms (Equation 1) during MJO phases 2 and 3 in observations (left) and LR E3SMv1 
(right), while the relative contribution of each budget term on the propagation and maintenance of MJO MSE 
anomalies are displayed in Figure 5.

By design, the MSE tendency term is 90° out of phase with MSE anomalies, showing positive (i.e., moistening) 
and negative (i.e., drying) tendency to the east and west of positive MSE anomalies (first row in Figure 4). In 
LR E3SMv1, the horizontal and vertical MSE advection terms contribute dominantly to the propagation of the 
MJO MSE anomalies (second and third rows in Figure 4), closely mimicking the corresponding observations. 
It is worthwhile to note that the horizontal and vertical MSE advection terms appear to play a dominant role in 
different areas. Over the MC area, enhanced horizontal advection of MSE appears to the south of the MC islands, 
where the southern branch of MJO convection propagates (Figure 3). On the contrary, vertical MSE advection 

Figure 3. Madden-Julian oscillation (MJO) life cycle composite maps of intraseasonal precipitation (mm day−1, shaded) and column-integrated moist static energy 
(MSE) anomalies (kJ m−2, contour) obtained from each Real-Time Multivariate MJO (RMM) phase (RMM amplitude >1) during NDJFMA: (a) observations, (b) low 
resolution Energy Exascale Earth System Model version 1 (E3SMv1), and (c) high resolution E3SMv1. The contour interval for column-integrated MSE anomalies is 
3000 kJ m−2. The number of days used in each phase composite is indicated in the parentheses.
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moistens the eastern part of the MC and the western equatorial Pacific, mostly north of 5°S, where the northern 
branch of MJO convection prevails in later phases.

In both observations and LR E3SMv1, column-integrated radiative heating anomalies and surface turbulent heat 
fluxes partly compensate for the tendency by the advection terms, thereby opposing the eastward movement of 
the MSE anomalies (fourth and fifth rows in Figure 4). In E3SMv1, the magnitude of horizontal advection and 
surface latent heat flux anomalies to the south of the MC islands is larger than the observed.

Regarding the maintenance of the MJO MSE anomalies, the main balance is found between the two processes 
that are strongly tied to convection—vertical advection and longwave heating; longwave heating warms columns 
with positive MSE anomalies (Kim et al., 2015; Wolding et al., 2016), while vertical advection exports MSE out 
of the columns (i.e., positive gross moist stability, Neelin & Held, 1987). The opposing role of the processes is 
represented realistically in LR E3SMv1, although the model underestimates the magnitude of anomalous vertical 
MSE advection and longwave heating in the eastern Indian Ocean, where MJO convection is weaker.

Figure 4. (first row) Column-integrated moist static energy (MSE) anomalies (kJ m−2, shaded) and total MSE tendency (W m−2, contour) composited for Madden-
Julian oscillation phases 2 and 3: (left) ERA5 and (right) low resolution Energy Exascale Earth System Model version 1. (second to fifth rows) Same as the first row, 
except that shading indicates horizontal advection, vertical advection, radiative heating, and surface turbulent fluxes, respectively. The contour interval for total MSE 
tendency is 4 W m−2.
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Figure 5 shows the relative contribution from each MSE budget term to the propagation of MSE anomalies, 
which is quantified through the pattern projection method (Equations 2a and 2b). Consistent with as indicated in 
Figure 4, the accelerating effect of horizontal advection and the dragging effect from latent heat flux feedback is 
somewhat overestimated in LR E3SMv1. The stabilizing role of vertical MSE advection is weaker than observed, 
while MJO MSE anomalies are overly damped by latent heat flux anomalies. To understand the model-observa-
tion discrepancy in the MJO MSE budget, the vertical structure of vertical velocity, specific humidity, and zonal 
wind anomalies are examined (Figure 6). Also shown in Figure 6 are the corresponding MSE and LH anomalies. 
While the negative latent heat flux anomalies are located slightly to the east of positive MSE anomalies in both 
observations and in LR E3SMv1, they are larger in magnitude and overlap more strongly with positive MSE 
anomalies in LR E3SMv1, indicating a stronger dragging and damping effect (LHF in Figure 5). This difference 
can be understood in terms of how wind anomalies are distributed around MJO convection center. Compared to 
observations, the westerly anomalies to the west of MJO convection are weaker, and the areas of positive MSE 
anomalies are more strongly dominated by easterly anomalies in the model. The easterly anomalies reduce wind 
speed, and hence the latent heat flux, by acting upon the climatological westerlies in the region (Figure 2). Mean-
while, the magnitude of the vertical velocity anomalies in the areas with positive MSE anomalies in the model 
is about 30% weaker than the observed, explaining the weaker damping effect from vertical MSE advection. The 
model specific humidity anomalies are muted near 850-hPa level where enhanced convection is located, in sharp 
contrast to ERA5, likely contributing to the weaker-than-observed vertical velocity anomalies. Note that the 
contribution of MSE tendency to MSE maintenance budget is not zero, indicating that the MJO MSE anomalies 
on average grow (LR E3SMv1) or decay (OBS) for the cases considered (MJO phases 2 and 3 with amplitude 
greater than 1).

Overall, LR E3SMv1 skillfully captures the observed horizontal distribution of individual MSE budget terms as 
well as the relative contributions to the propagation and maintenance of MJO MSE anomalies. The results for the 
other MJO phases are similar (not shown).

Figure 5. Contribution of each moist static energy budget term to the (a) propagation and (b) maintenance of the Madden-
Julian oscillation (MJO) during Real-Time Multivariate MJO phases 2 and 3 over the Indo-Pacific warm pool (20°S–10°N 
and 60–180°E) during NDJFMA. Blue and red bars indicate results from observations and low resolution Energy Exascale 
Earth System Model version 1, respectively.
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4.4. Modulation of MC Diurnal Cycle by the MJO

Many recent observational and modeling studies focused on the role of the diurnal cycle of convection in the MC 
islands on the propagation of the MJO (e.g., Hagos et al., 2016; Zhang & Ling, 2017). It was hypothesized that 
strong convection over the MC islands associated with the diurnal cycle could inhibit oceanic convection nearby 
and hence block MJO propagation (Zhang & Ling, 2017). Because anomalous convection associated with the 
MJO develops mainly over water (Sobel et al., 2008, 2010), suppression of MC oceanic convection during MJO 
phases 3 and 4 could terminate an MJO event.

Figure  7 displays the amplitude and phase of the precipitation diurnal cycle in observations and in LR and 
HR E3SMv1, which are obtained by projecting the composite diurnal cycle of precipitation onto the diurnal 
harmonics in each grid point as in Peatman et al. (2014). LR E3SMv1 shows the biases in the diurnal cycle of 
precipitation in the MC region that are common to many global climate models (GCMs; Baranowski et al., 2019; 
Tang et al., 2021; Xie et al., 2019): it underestimates the amplitude of the diurnal cycle while the peak phase of 
the diurnal cycle occurs too early. The peak amplitude of the diurnal cycle in the model is less than 50% of what 
TRMM observations suggest. The weaker-than-observed diurnal cycle amplitude over MC islands might explain 
why the apparent MC damping effect on the MJO is less pronounced in LR E3SMv1 (Figure 1). The time of 
maximum diurnal precipitation occurs a few to several hours earlier in the model than in observations over water 
and the islands. It is worthwhile to mention the difference in phasing of the diurnal cycle between LR E3SMv1 (a 
coupled simulation, Figure 7e) and the control simulation made with LR EAMv1 (an uncoupled simulation; Fig-
ure 12b in Xie et al., 2019); the peak diurnal rain seems to occur a few hours later in LR E3SMv1 over the islands 
than in LR EAMv1. This might suggest that air–sea coupling or the mean state changes due to coupling could 
affect the diurnal cycle timing phase. It is also possible that the parameter tuning conducted before freezing the 
coupled version (Table 1 in Golaz et al., 2019) have affected the simulation of the diurnal cycle. The systematic 
bias in the diurnal cycle amplitude is partly alleviated in HR E3SMv1, presumably because it better resolves the 
complex land–sea contrast and steep topography in the region (Figure 7).

Figure 6. (top) Intraseasonal zonal wind (m s−1, shaded) and pressure velocity (Pa s−1, contour) anomalies averaged over the equatorial band (10°S–10°N) composited 
for Madden-Julian oscillation phases 2 and 3: (left) ERA5 and (right) low resolution Energy Exascale Earth System Model version 1. (bottom) Same as the top panels, 
except for intraseasonal specific humidity anomalies (g kg−1) are shaded. The contour interval for pressure velocity is 0.005 Pa s−1. Line graphs at the bottom indicate 
column-integrated intraseasonal moist static energy (×104 kJ m−2) and latent heat flux (W m−2) anomalies.
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Although still too weak, the diurnal cycle amplitude almost doubles in HR E3SMv1 when compared to the 
LR version. HR E3SMv1 experiences more pronounced MJO MC barrier effect (Figure 1), possibly due to the 
stronger mean MC diurnal cycle. However, the peak phase of the diurnal cycle in HR E3SMv1 is even earlier than 
in LR E3SMv1, suggesting that factors other than grid size may affect the phasing of the diurnal cycle.

The modulation of the diurnal cycle of precipitation in the MC region by the MJO has been examined using sat-
ellite observations (e.g., Figure 7 in Peatman et al., 2014). Despite the biases in the amplitude and phase of the 
diurnal cycle, LR and HR E3SMv1 reasonably capture the modulation of the diurnal cycle amplitude by the MJO 
(Figure 8), especially over relatively big islands (Borneo and New Guinea), with the diurnal cycle being enhanced 
when the MJO’s main convection center is located in the Indian Ocean (phases 1–3) and western MC (phase 
4). As in observations, the enhancement of the diurnal cycle appears to contribute to the vanguard precipitation 
anomalies (Figure 3) in phases 1 and 2. Presumably due to the coarse horizontal resolution, the modulation of the 
diurnal cycle by the MJO is most pronounced in the center of the islands in LR E3SMv1, whereas in observations, 
and to a lesser degree in HR E3SMv1, it is most pronounced in the coastal areas in Sumatra, Java, and Borneo and 
over the entire island in Sulawesi and New Guinea, again showing the benefit of employing a finer grid spacing 
on resolving the diurnal cycle of precipitation in the region.

Figure 9 shows the average evolution of oceanic and land precipitation in the western MC area (15°S–10°N, 
100°–120°E) as functions of the local time and the MJO phase. The MJO affects the diurnal cycle of MC land 
and oceanic convection mostly by changing the amplitude of the diurnal cycle, whereas its impact on the phase 
of the diurnal cycle (i.e., the local time when the diurnal precipitation peaks) is minimal. That is, precipitation 
composites exhibit substantial changes in their strength by MJO phases while their peaks remain around the same 
local time. Figure 9 also shows that oceanic precipitation peaks during MJO phases 4 and 5 while land precip-
itation maxima take place about 1 and 2 phases earlier, with the ratio of oceanic to land precipitation being the 
largest at MJO phase 5.

Figure 7. Climatological (left) amplitude (mm day−1) and (right) phase (hour) of the diurnal harmonic of precipitation from (top) Tropical Rainfall Measuring Mission, 
(middle) low resolution Energy Exascale Earth System Model version 1 (E3SMv1), and (bottom) high resolution E3SMv1 during NDJFMA.
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4.5. MJO Teleconnections

Observational evidence (e.g., Weickmann, 1983) and theoretical understanding (e.g., Hoskins & Karoly, 1981) of 
the MJO’s influence on the extratropical circulation were established in the early 1980s (reviews on this topic are 
available in Stan et al., 2017 and Jiang et al., 2020). The systematic fluctuations of midlatitude circulation asso-
ciated with the MJO are understood as the anomalous rotational flow excited by the MJO ‘Rossby wave source’ 
(Sardeshmukh & Hoskins, 1988), which then propagate through the medium of the extratropical basic state as a 
stationary Rossby wave packet (Hoskins & Karoly, 1981; Hoskins & Ambrizzi, 1993).

Figure 8. Madden-Julian oscillation (MJO) life cycle composite maps of anomalous diurnal harmonic amplitude of precipitation (mm day−1) obtained from each 
Real-Time Multivariate MJO phase during NDJFMA: (a) Tropical Rainfall Measuring Mission, (b) low resolution Energy Exascale Earth System Model version 1 
(E3SMv1), and (c) high resolution E3SMv1.
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Consistent with the theoretical understanding, modeling studies of MJO teleconnections emphasized both ac-
curate representation of MJO diabatic heating (Yoo et al., 2015; Stan & Straus, 2019) and realistic extratrop-
ical basic state (Henderson et al., 2017) as key aspects for GCMs to correctly capture the circulation changes 
associated with the MJO. Because the two factors—MJO variability and the mean state—often show tradeoffs 
with conventional cumulus parameterization schemes (Kim et al., 2011; Mapes & Neale, 2011), modeling MJO 
teleconnection presents a challenging problem for any GCM. MJO teleconnections in the contemporary GCMs 
are often too strong, too persistent, and extended too far to the east (Wang et al., 2020a). Also, for the MJO’s 
modulation of the PNA pattern (e.g., Mori & Watanabe, 2008), the latitudinal position, zonal extent, and intensity 
of the Pacific subtropical jet show some robust relationship with the skill scores for MJO teleconnection in the 
models (Wang et al., 2020b).

Figure 10 shows 500-hPa geopotential height (Z500) anomalies (shaded) for four selected MJO phases in obser-
vations (left), the LR (middle) HR (right) simulations, together with the mean state 300-hPa zonal wind (green 
contours). The geopotential height anomalies are averaged between 5 and 9 days after the days with a strong MJO 
signal (amplitude >1). The Pacific subtropical jet is reasonably represented in both E3SMv1 simulations, al-
though it is shifted slightly southward in LR E3SMv1, especially in the central Pacific. In observations, a negative 

Figure 9. Composite diurnal cycle of (upper) oceanic and (middle) land precipitation (mm day−1) and (lower) their ratio over the western Maritime Continent 
(15°S–10°N, 100–120°E) as a function of adden-Julian oscillation phase: (a) Tropical Rainfall Measuring Mission and (b) low resolution Energy Exascale Earth System 
Model version 1 (E3SMv1), and (c) high resolution E3SMv1.
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and positive PNA pattern appears after MJO phases 3 and 7, respectively, which is realistically captured by both 
LR and HR E3SMv1 simulations. Interestingly, HR E3SMv1 seems to perform better in terms of the pattern 
and magnitude of MJO-associated Z500 anomalies, despite precipitation anomalies associated with the MJO in 
HR E3SMv1 being weaker than in LR E3SMv1. The pattern correlations with the observed Z500 anomalies are 
overall higher in HR E3SMv1, except for the phase 1 result. The lead-lag relationship of PNA-like circulation 
anomalies with the MJO phases are also more realistically simulated in HR than in LR (Figure 11), suggesting 
that a finer grid spacing might be beneficial for a model to simulate the MJO teleconnections. For MJO phases 

Figure 10. Madden-Julian oscillation (MJO) life cycle composite maps of 5–9 days average 500-hPa geopotential height anomalies (m, shaded) obtained from the 
selected four Real-Time Multivariate MJO phases during NDJFMA. Green contours indicate the climatological 300-hPa zonal wind (m s−1, contour interval: 10 m s−1). 
Green contours begin from 20 m s−1. (a) ERA5, (b) low resolution Energy Exascale Earth System Model version 1 (E3SMv1), and (c) high resolution E3SMv1. The 
geopotential height anomalies that are statistically significant at the 95% confidence level are indicated by the dots. For E3SM simulation results, the pattern correlation 
with the observed anomalies over the domain covered by figures (20–90°N, 120–330°E) is indicated at the right top of each panel.

Figure 11. Lead-lag composite of the Pacific North American index around strong Madden-Julian oscillation (MJO) days for each MJO phase during NDJFMA: (a) 
ERA5, (b) low resolution Energy Exascale Earth System Model version 1 (E3SMv1), and (c) high resolution E3SMv1. Pink and blue shading indicates that positive and 
negative composite values are statistically significant at the 95% confidence level.
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1 and 5, the observed Z500 anomalies are weaker than those for the other MJO phases (Tseng et al., 2019). The 
model-observation agreement is also low during phases 1 and 5 compared to that for phases 3 and 7, except for 
the eastern US for phase 5, in which HR E3SMv1 correctly captures the anomalous high.

4.6. Interannual Variability of the MJO

We investigate in this subsection the modulation of MJO propagation characteristics by ENSO and QBO by 
utilizing the 5-member ensemble historical simulation made with LR E3SMv1. Note that the analysis in this 
subsection is limited to DJF.

4.6.1. ENSO-MJO

Many studies have examined how ENSO affects the MJO in the past few decades (e.g., Slingo et al., 1999). In 
observations, MJO propagation tends to be damped more strongly over the MC region in La Niña years (e.g., 
DeMott et al., 2018; Gonzalez & Jiang, 2019; Gushchina & Dewitte, 2012; Kang et al., 2021; Klingaman & 
Demott, 2020; Tam & Lau, 2005; Wei & Ren, 2019). Figure 12 shows that to the east of around 110°E the MJO 
OLR anomalies are much weaker during the La Niña years than in El Niño years. This contrast between El Niño 
and La Niña years is realistically captured in E3SMv1, showing that the MJO propagates farther to the east during 
the El Niño years.

Recent studies have emphasized the role of the mean state moisture gradient on the propagation of the MJO (e.g., 
DeMott et al., 2018; Kang et al., 2021; Klingaman & Demott, 2020). While detailed moisture budget analysis is 
not possible with the long-term historical simulation due to the unavailability of the required variables, Figure 13 
offers clues on how the SST changes associated with ENSO can affect MJO variability. During El Niño years 
compared to La Niña years, the tropical Pacific Ocean experiences anomalously high SST near the equator and 
associated PW anomalies that are straddled by weaker cold SST and dry PW anomalies in the off-equatorial 

Figure 12. Longitude–lag diagram of equatorial (10°S–10°N) outgoing longwave radiation (OLR) regressed against intraseasonal OLR anomalies in the Indian Ocean 
reference region (5°S–5°N, 85–95°E) during DJF for the El Niño and La Niña years from (left) observations and (right) 5-ensemble CMIP6 Historical simulation 
made with low resolution Energy Exascale Earth System Model version 1 (LR E3SMv1). Numbers in parentheses denote the number El Niño and La Niña years. For 
observations and LR E3SMv1, El Niño and La Niña years are defined as the years with sea surface temperature anomalies averaged over the Niño3.4 region (5°S–5°N, 
170–120°W) being higher than its 0.5 standard deviation and lower than its −0.5 standard deviation, respectively.
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western and central Pacific. This pattern of PW anomalies steepens meridional gradient on both sides of the 
equator in the MC and west Pacific (Figure 13, second row). A steeper mean state meridional moisture gradient 
would lead to a larger meridional moisture advection per unit meridional wind anomalies, promoting enhanced 
moisture recharging to the east of the MJO (Ahn, Kim, Kang, et al., 2020; Ahn, Kim, Ham, et al., 2020; DeMott 
et al., 2019; Jiang, 2017; Kang et al., 2021). Also, the ENSO-associated PW anomalies weaken the climatological 
negative zonal moisture gradient in the western Pacific (Figure 13, third row). With the weaker negative zonal 
moisture gradient, the drying caused by MJO easterly anomalies to the east of MJO convection would be weaker 
during El Nino years compared to La Nina years, meaning that the basic state environment that is favorable for 
MJO is extended farther to the east. The E3SMv1 results support the notion that ENSO affects MJO by modulat-
ing the mean state moisture gradient.

4.6.2. QBO-MJO

Figure 14 compares MJO propagation characteristics between the easterly and westerly phases of QBO (EQBO 
and WQBO, respectively, hereafter). The propagation of the MJO during EQBO years is stronger and covers a 
wider zonal range than during WQBO years in observations (e.g., Son et al., 2017; Yoo & Son, 2016). As in 
many other contemporary climate models, the MJO in E3SMv1 exhibits no sensitivity to the QBO, with MJO 
propagation characteristics being almost identical between EQBO and WQBO years (Figure 14), despite the 
zonal mean temperature response to QBO in the upper troposphere and lower troposphere is realistically repre-
sented in E3SMv1 (Figure 15). We also examined the QBO–MJO relationship in the recent decades to see if the 
relationship emerges with the greenhouse gas-induced warming (Klotzbach et al., 2019). Our results showed that 
while the model could capture the lower stratospheric cooling in the recent decades, there was no notable trend in 
the QBO–MJO relationship (not shown). The lack of the QBO–MJO relationship in E3SMv1 might be due to the 

Figure 13. Differences between the El Niño and La Niña years in DJF mean state: (left) observations and (right) 5-ensemble CMIP6 Historical simulation made with 
low resolution Energy Exascale Earth System Model version 1 (LR E3SMv1). (top) Sea surface temperature (K, shaded) and precipitable water (PW; kg m-2, contour), 
(middle) meridional and (bottom) zonal gradient of PW (×10−6 kg m−3). Black dots indicate the differences are statistically significant at the 95% confidence level. For 
observations, 11 El Niño and 14 La Niña years were used, while 146 El Niño and 164 La Niña years were used for LR E3SMv1.
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bias in the representation of the QBO, which is too fast and too strong compared to the observed QBO variability 
(Richter et al., 2019). Hendon and Abhik (2018) proposed a hypothesis that the zonal mean temperature anomaly 
associated with the QBO affects the MJO by modulating the strength of the cold cap above MJO convection. 
During EQBO years, the cold cap becomes stronger and provides enhanced positive feedback to anomalous 

Figure 14. Same as Figure 12, except for the (top) EQBO and (bottom) WQBO years obtained as the years with 50-hPa zonal wind anomalies averaged in the 
equatorial band (10°S–10°N) being lower than −0.5 standard deviation and higher than 0.5 standard deviation.

Figure 15. Differences between the EQBO and WQBO years in DJF-mean zonal-mean temperature (K, shaded) and zonal wind (m s−1, contour): (left) observation and 
(right) 5-ensemble CMIP6 Historical simulation made with low resolution Energy Exascale Earth System Model version 1. The contour interval is 3 m s−1 and solid 
and dashed contours indicate positive and negative anomalies, respectively. Zero line is omitted. Black dots indicate shaded differences are statistically significant at the 
95% confidence level.
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convection, aiding further development. If the model convection scheme is not sensitive enough to the changes 
in the upper tropospheric and lower stratospheric static stability, it is possible that the parent model is unable to 
simulate the QBO–MJO relationship even with realistic representations of both.

4.7. Process-Oriented MJO Diagnostics

In this section, we present results from selected process-oriented MJO diagnostics that are designed to offer in-
sights into the process-level bias of the model that may affect its MJO simulation fidelity. Many process-oriented 
MJO diagnostics focus on the moist thermodynamics in the atmosphere, in particular, the interaction among 
moisture, convection, cloud, and radiation. For the tropical oceans, the amount of rain over a large area is strongly 
tied to how saturated the column is (Bretherton et al., 2004; Peters & Neelin, 2006; Rushley et al., 2018), which 
leads to a sharp contrast in rain rate between dry and wet columns. Kim, Xavier, et al. (2014) and Kim, Kug, and 
Sobel (2014) proposed the relative humidity composite based on precipitation (RHCP) diagnostic to quantify the 
strength of the coupling between moisture and precipitation. The RHCP diagnostic displays the lower free-tropo-
spheric RH (average of 850-hPa RH and 700-hPa RH) as a function of precipitation percentile. Figure 16a shows 
that the model RH is close to the reference (ERA5) overall, although slightly underestimated in the low precip-
itation percentiles. The precipitation–moisture coupling in the model measured as the RH difference between 

Figure 16. Process-oriented Madden-Julian oscillation diagnostics: (a) the relative humidity composite based on precipitation percentile (RHCP, %), (b) the 
greenhouse enhancement factor (GEF, unitless), and the vertical profiles of the mean state (c) pressure velocity (Pa s−1) and (d) moist static energy (MSE, kJ kg−1) from 
observations (black) and low resolution Energy Exascale Earth System Model version 1 (blue). The pressure velocity and MSE profiles are used for the calculation of 
normalized gross moist stability (NGMS). The Indo-Pacific warm pool area (60−180°E, 15°S–15°N) excluding land grid points is used for all the process-oriented 
diagnostics. Numbers in parentheses next to data labels denote the process-oriented metric values of RHCP, GEF, and NGMS.
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columns with high (upper 10%) and low (lower 20%) rain rate—the RHCP metric, which is shown to be positively 
correlated with MJO performance metrics (e.g., Ahn et al., 2017; Jiang et al., 2015; Kim, Kug, & Sobel, 2014; 
Kim, Xavier, et al., 2014;) is slightly weaker than in ERA5 (38.7% vs. 43.3%), suggesting that enhancing moisture 
sensitivity of convection in the model may lead to a stronger MJO (e.g., Kim et al., 2012).

The longwave cloud-radiation feedback has been suggested as the dominant maintenance mechanism of the MJO 
in many observational and model studies (e.g., Andersen & Kuang, 2012; Lin & Mapes, 2004; Sobel et al., 2014). 
One way of quantifying the strength of the longwave cloud-radiation feedback is by assessing the ratio between 
OLR and precipitation anomalies in the same unit, as an approximation to the ratio between anomalous col-
umn-integrated longwave and condensational heating. Figure 16b displays the ratio as a function of precipitation 
anomaly on a log scale, which is referred to as the Greenhouse Enhancement Factor (GEF) diagnostic in Kim 
et al. (2015). It was also shown in Kim et al. (2015) that the ratio for the weak-to-moderate rain rate anomalies 
(1–5 mm day−1)—the GEF metric—exhibited a statistically significant positive correlation with MJO perfor-
mance measures. LR E3SMv1 underestimates the GEF for precipitation anomalies lower than 3 mm day−1, while 
overestimating it for higher intensity precipitation anomaly bins (Figure 16b). While the GEF metric from LR 
E3SMv1 is close to the reference value (0.26 vs. 0.3), the role of the weaker-than-observed GEF for the columns 
with weak precipitation anomalies on MJO variability in the model warrants further investigation. Recent studies 
found that the MJO is distinguished from other convectively coupled waves in the tropics by the fact that it is 
destabilized by longwave cloud-radiation feedback (Inoue et al., 2020; Sakaeda et al., 2020). Considering the 
perceived role of the longwave cloud-radiation feedback on the observed MJO–QBO relationship (e.g., Sakaeda 
et al., 2020), it will be also of great interest to revisit the MJO–QBO coupling in a version of the model with 
stronger GEF.

The normalized gross moist stability (NGMS, Raymond et al., 2009) is a measure of how efficiently a column 
can export anomalous energy that goes into it through its boundaries (Neelin & Held, 1987). It has been shown 
that models with a lower NGMS, hence less stable to energy input, tend to simulate stronger intraseasonal var-
iability and MJO (e.g., Benedict et al., 2014). Ahn et al. (2017) estimated the NGMS as the ratio between col-
umn-integrated vertical MSE advection to column-integrated vertical dry static energy (DSE) advection using 
the time-averaged and warm pool-averaged vertical profiles of MSE, DSE, and pressure velocity. They showed 
that the resulting NGMS metric is negatively correlated with MJO performance measure. Figure 16c show that 
warm pool averaged pressure velocity from LR E3SMv1 closely matches that from ERA5. In the MSE profile 
(Figure 16d), the overall shape is realistically captured in LR E3SMv1, despite the MSE value is lower than the 
observed throughout the troposphere associated with the dry bias (Figure 2). Nonetheless, the model NGMS ob-
tained from the time-averaged and warm pool-averaged profiles is close to the value from ERA5 (0.27 vs. 0.28), 
indicating that one metric—NGMS in this case—is not enough to characterize the simulated mean state. In the 
model development point of view, it will be of interest whether the dry bias can be alleviated without deteriorat-
ing the vertical profile of the mean MSE.

5. Summary and Conclusions
The MJO, the dominant source of Earth system predictability at the intraseasonal time scale, is a known driver 
of many types of extreme events all over the globe. However, an accurate representation of the MJO and its 
teleconnections is still one of the most challenging tasks for many GCMs. In the current study, we documented 
the performance of the DOE’s new Earth system model—the E3SMv1 in simulating MJO variability and its tele-
connections. Simulations made with low (∼100-km, LR) and high (∼25-km, HR) resolution versions of E3SMv1 
were analyzed with respect to their mean states (Section 4.1), MJO propagation characteristics (Section 4.2), 
MJO MSE budgets (Section 4.3), MJO interactions with MC islands (Section 4.4), MJO teleconnections to the 
midlatitudes (Section  4.5), and MJO regulation by interannual variability (Section  4.6). In addition, selected 
process-oriented MJO diagnostics were applied to the LR E3SMv1 (Section 4.7).

We found that LR and HR E3SMv1 adequately simulate the eastward propagation of the MJO over the Indo-Pa-
cific warm pool (Figure 1), despite MJO convection anomalies being weaker in the Indian Ocean (Figure 3), 
which is presumably due to the bias in the mean state moisture (Figure 2). Interestingly, the widespread dry bias 
over the Indo-Pacific warm pool (Figure 2) does not severely affect the model’s fidelity to simulate the eastward 
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propagation of the MJO, suggesting either that the model mean state biases are not critical to MJO simulation or 
that the effect of the mean state bias is compensated by errors in other aspects of the model simulation.

It was shown that MJO precipitation anomalies in LR E3SMv1 were tightly coupled to column-integrated MSE 
anomalies (Figure 3), suggesting that moisture dynamics play a key role in their maintenance and propagation. 
The pattern and magnitude of individual MSE budget terms associated with the MJO in LR E3SMv1 closely 
mimic those in observations (Figures 4 and 5). The MSE budget highlighted that horizontal moisture advection 
and longwave radiative feedback were key processes that led to the eastward movement and maintenance of MSE 
anomalies in the model, respectively. Despite our finding that the mean state zonal and meridional moisture 
gradient is weaker in the model than in observations (Figure 2), horizontal advection of MSE drives the MJO’s 
eastward propagation more strongly in the model than in observations, due to the stronger-than-observed MJO 
wind anomalies in the model (Figure 5). On the other hand, the damping and dragging effects from latent heat 
flux feedback were found to be overestimated in the model, likely due to the bias in the wind-convection relation-
ship (Figure 6). One contributing factor might be the underestimation of latent heat fluxes in the LR E3SMv1 
surface flux parameterization in low wind conditions. This known deficiency has been partly alleviated in other 
versions of E3SM (e.g., Harrop et al., 2018) by using a “gustiness parameterization” that makes the surface fluxes 
sensitive to estimates of parameterized subgrid processes (convection, and turbulence).

The LR and HR E3SMv1 exhibited systematic biases in the magnitude and phase of the diurnal cycle of precipita-
tion in the MC region that are common to many other contemporary GCMs; the diurnal variation of precipitation 
was too weak, and it peaked a few to several hours earlier than observed (Figure 7). Despite the systematic biases, 
however, we found that the modulation of the diurnal cycle of precipitation in the MC region by the MJO was 
realistically captured in E3SMv1 (Figures 8 and 9), indicating that the model handles the interactions between 
large-scale MJO circulation and small-scale convective systems over the MC region in a realistic manner. The 
weak diurnal cycle over the MC islands in LR E3SMv1 might have contributed to the weaker-than-observed MC 
barrier effects on MJO (Figure 1), by facilitating the development of oceanic convection (Hagos et al., 2016; 
Zhang & Ling, 2017).

The LR and HR E3SMv1 also reasonably captured the pattern and magnitude of circulation anomalies in the PN-
Aregion while the magnitude was a bit weaker than the observed, especially for MJO phases 3 and 7 (Figure 10). 
On the other hand, the model representation of MJO teleconnection poorly matched the observed for MJO phases 
1 and 5, when the teleconnection is relatively weak and less coherent in the PNA region. Interestingly, the HR 
E3SMv1 appeared to perform better than the LR version in terms of the MJO–PNA relationship (Figure 11), 
suggesting that better resolving small-scale eddies in the midlatitude might help improve MJO teleconnection.

As in observations, the zonal extent of the MJO’s eastward propagation was strongly modulated by ENSO in LR 
E3SMv1 (Figure 12). During El Niño years compared to La Niña years, the mean state moisture gradient in the 
tropical west Pacific changed to favor more effective moisture recharging by horizontal moisture advection to the 
east of MJO convection, facilitating further eastward propagation of MJO (Figure 13). Our results support recent 
observational and modeling studies that emphasized the role of the mean state moisture gradient as the critical 
feature of the mean state for the MJO’s propagation.

On the contrary, LR E3SMv1, like many other contemporary GCMs, was found to be unable to capture the strong 
coupling between MJO and the stratospheric QBO; MJO propagation characteristics showed no difference be-
tween the easterly QBO and westerly QBO years (Figure 14). The lack of the QBO–MJO coupling in E3SMv1, 
which realistically simulates the temperature changes associated with QBO in the upper troposphere and lower 
stratosphere (Figure 15), might suggest that the model convection and cloud parameterizations are missing an 
important process that is critical for convection to be sensitive to circulation changes in the upper troposphere 
and lower stratosphere. Another possibility is that the QBO influence on MJO variability is hindered because the 
model QBO oscillates too fast (Richter et al., 2019), making it difficult for the QBO-associated circulation chang-
es to serve as the background conditions for MJO. Richter et al. (2019) showed that the bias in QBO periodicity 
and amplitude can be alleviated by tuning two key parameters in the gravity wave parameterization scheme. It 
will be of great interest to re-visit the MJO–QBO relationship in a future version of E3SM, in which the modified 
gravity wave parameterization will be implemented.

Aspects of the model simulation thought to be critical for MJO simulation were analyzed using recently developed 
process-oriented diagnostics. LR E3SMv1 slightly underestimates moisture-convection coupling (Figure 16a), 
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particularly because the lower free-troposphere is not dry enough for the weak precipitation regimes (i.e., pre-
cipitation percentile <40). Given that models tend to simulate a stronger MJO with a tighter moisture-convection 
coupling, our results suggest the possibility to improve MJO simulation fidelity in the model by enhancing the 
convection sensitivity to moisture. The longwave cloud-radiation feedback was found to be underestimated for 
weak precipitation anomalies (Figure 16b). Examining clouds in the weakly perturbed columns is warranted to 
improve the longwave cloud-radiation feedback, the main maintenance process for the MJO in the model (Fig-
ure 5). It was found that the vertical profiles of the mean state vertical velocity and MSE over the Indo-Pacific 
warm pool were realistically represented in LR E3SMv1 (Figures 16c and 16d), despite the dry bias throughout 
the troposphere, yielding the NGMS metric that is close to the observed. The good performance in the mean state 
overturning circulation likely contributed to the decent performance of the model in capturing MJO variability.

Collectively, our results have demonstrated that E3SMv1 is an excellent community tool to study the MJO and 
its associated extreme events in the current and future climates. As a follow-up study, we have been analyzing the 
modulation of tropical cyclones by MJO in the HR E3SMv1 simulation, the results of which will be reported in 
a separate study.

Data Availability Statement
The E3SM project, code, simulation configurations, model output, and tools to work with the output are described 
at the website https://e3sm.org. Instructions on how to get started running E3SM are available at the website https://
e3sm.org/model/running-e3sm/e3sm-quick-start. All model codes may be accessed on the GitHub repository 
(https://github.com/E3SM-Project/E3SM). Model output data are accessible directly on NERSC (https://portal.
nersc.gov/archive/home/d/dkang/www/E3SM_data_JAMES). The sources for various observational data used in 
this study are as follows: TRMM precipitation (https://gpm.nasa.gov/data/directory), ERA5 reanalysis (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5), NOAA daily interpolated OLR (https://psl.noaa.
gov/data/gridded/data.interp_OLR.html), and HadISST (https://www.metoffice.gov.uk/hadobs/hadisst/).
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