
1. Introduction
The Madden-Julian Oscillation (MJO) is an intraseasonal (30–90 days time scale) and planetary scale (zon-
al wavenumber 1–3) tropical disturbance that initiates over the Indian Ocean and propagates eastward at 
about 5 m s−1 (Madden & Julian, 1971, 1972). The MJO influences global climate and weather, including 
but not limited to tropical cyclone activity, convectively coupled equatorial waves, monsoons and extratrop-
ical weather extremes (see review by C. Zhang, 2013). A longstanding issue in the Earth system modeling 
community is that the MJO is poorly represented in climate models (Ahn et al., 2017; Lin et al., 2006) and 
weather forecast models (see review by H. Kim et al., 2018). Common model biases include amplitude bias-
es and a lack of eastward propagation (e.g., Hung et al., 2013; Jiang et al., 2015).
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Significant progress has been made recently in understanding model MJO biases mainly centered around 
moist static energy (MSE) as a proxy for tropical convection (Raymond & Fuchs, 2009; Sobel & Maloney, 2013; 
Yu & Neelin, 1994). Investigations of the column-integrated MSE budget in model simulations have iden-
tified horizontal and vertical MSE advection as crucial to the simulation of coherent eastward MJO propa-
gation (e.g., Adames & Wallace, 2015; Jiang, 2017; D. Kim et al., 2014; Maloney, 2009; Sobel et al., 2014; B. 
Wang & Lee, 2017; L. Wang et al., 2017; L. Wang & Li, 2020a). More specifically, the horizontal and vertical 
advection of background MSE by the intraseasonal large-scale circulation appear to be the leading pro-
cesses (Adames & Wallace, 2015; Ahn, Kim, Ham, & Park, 2020; Gonzalez & Jiang, 2017; Hsu & Li, 2012; 
Jiang, 2017; H. Kim et al., 2018; B. Wang & Lee, 2017; L. Wang & Li, 2020a, and many others). Poor MJO 
models tend to have dry biases in lower free tropospheric specific humidity as well as anomalously small 
low-level easterlies surrounding the Maritime Continent (e.g., Ahn, Kim, Ham, & Park, 2020; Gonzalez & 
Jiang, 2017; Jiang, 2017; Jiang et al., 2015; B. Wang & Lee, 2017). Thus, there is a significant role of the large-
scale circulation in the MSE budget and MJO propagation.

While numerous modeling studies have focused on the impact of MSE and moisture on the MJO, there is 
still debate about the details of how the large-scale circulation impacts the MJO, as emphasized recently 
by a review article about the current state of MJO dynamical theory (C. Zhang et al., 2020). It has become 
apparent that there is a spatial asymmetry between the circulations to the west and east of the MJO's con-
vection and the asymmetry is a necessary component to simulate an eastward propagating MJO (L. Wang 
et al., 2017; B. Wang & Lee, 2017; L. Wang & Li, 2020a). During the active convective MJO phase, there is a 
coupled equatorial Rossby (ER) wave versus Kelvin wave large-scale circulation structure (Gill, 1980; Mat-
suno, 1966), with low-level westerly winds to the west and low-level easterlies to the east of the precipitation 
center with reversed winds in the upper troposphere (Rui & Wang, 1990; C. Zhang, 2005).

There are two theories on how these large-scale circulation asymmetries impact MJO propagation. The first 
theory postulates that as the ER wave circulation weakens and/or the Kelvin wave circulation strengthens, 
MJO eastward propagation increases (Chen & Wang, 2020; B. Wang & Chen, 2016; B. Wang et al., 2016; B. 
Wang & Lee, 2017). This theory is centered around boundary layer moisture convergence moistening the 
free troposphere and destabilizing the atmosphere to the east of the MJO's convective center, where the 
Kelvin wave circulation is strongest (Gill, 1980; Matsuno, 1966). Motivated in part by this theory, a new set 
of MJO metrics centered around horizontal asymmetries of the dynamics associated with the MJO were 
recently developed as key characteristics to its eastward propagation (B. Wang et al., 2018).

Meanwhile, the second theory poses that as the intensity of both the ER and Kelvin wave circulation re-
sponses increase, the MJO propagates eastward faster (L. Wang et al., 2017; L. Wang et al., 2018; L. Wang & 
Li, 2020a). This theory is centered around changes in the zonal asymmetry of the MSE budget, with larger 
ER and Kelvin wave responses both contributing to an increase in MSE asymmetry. As the ER wave re-
sponse increases, the negative MSE tendencies to the west increase; as the Kelvin wave response increases, 
the positive MSE tendencies to the east increase. L. Wang et al. (2017) showed strong positive correlations 
between ER wave and Kelvin wave dynamical strengths and either MJO propagation skill or phase speed in 
the 500- to 800-hPa layer in support of this theory.

In a similar vein as these dynamical theories, there are still open questions as to how the MJO's circulation 
and convection interact with other convectively coupled modes of variability and how those modes affect 
the MJO's eastward propagation (Fuchs-Stone et al., 2019; Gonzalez & Jiang, 2019; Guo et al., 2015; Jiang 
et al., 2015; Kikuchi et al., 2012, 2018). Guo et al. (2015) suggested that models with the best MJO rainfall 
propagation have higher fractional precipitation variances for all convectively coupled equatorial waves 
except ER waves. They also suggest the precipitation variance of ER waves has no correlation with model 
MJO propagation in terms of its fractional or absolute variance. It is still unknown if these conclusions hold 
for spectral and cross-spectral analyses involving dynamical variables, which are critical for understanding 
dynamical-convective coupling and ultimately, MJO propagation.

The goal of this study is to build upon the existing framework on the model representation of ER and Kelvin 
waves and their relative roles in MJO propagation centered around equatorial wave dynamics (Gill, 1980; 
Matsuno, 1966). We propose a new west/east zonal wind speed ratio, which effectively quantifies both Kel-
vin waves and ER waves, including their vorticity aspects. Similar to L. Wang et al. (2018), we examine how 
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the roles of ER and Kelvin waves in MJO propagation change as a function of height. We also build upon 
Guo et al. (2015) by addressing not only model representation of precipitation and zonal wind among con-
vectively coupled equatorial waves and the MJO but also the coupling of model simulated precipitation and 
zonal wind variability in cross-spectral analyses.

2. Data Sets
2.1. Observational Data

The observational data sets used in this study were the European Center for Medium-Range Weather Fore-
casting (ECMWF) ERA-Interim reanalysis (ERA-Interim, Dee et al., 2011) for dynamic and thermodynamic 
variables and version 3B42 v7 of the Tropical Rainfall Measuring Mission rainfall observations (TRMM, 
Huffman et al., 2007) for the period 1998–2012. Both ERA-Interim and TRMM data were interpolated daily 
onto grids that match the global climate model (GCM) output, that is, 2.5° × 2.5° at 22 standard vertical 
pressure levels.

2.2. Climate Model Data

A global model intercomparison project was launched in 2010 under the Year of Tropical Convection MJO 
Task Force (MJOTF) and Global Energy and Water Cycle Experiment Atmospheric System Study (GASS) 
program (Jiang et al., 2015; Petch et al., 2011). This study focused on the 20-year (1991–2010) climate model 
simulation component of the MJOTF/GASS project and investigated 25 GCM simulations. Details about 
each model can be found in Table 1. The MJOTF models were either an atmospheric-only GCM (AGCM) or 
an atmosphere-ocean coupled GCM (CGCM). The AGCM model runs had weekly sea surface temperatures 
(SSTs) and sea ice concentrations specified as lower boundary conditions based on the National Oceanic 
and Atmospheric Administration Optimum Interpolation V2 product (Reynolds et al., 2002). Output from 
all GCMs was interpolated from six-hourly to daily data on standard horizontal 2.5° × 2.5° grids and 22 ver-
tical pressure levels. All of the GCMs are based on a conventional parameterization approach to depict cu-
mulus processes except the coupled SPCCSM3, which used the “superparametrization” technique (Randall 
et al., 2003). Superparameterization involves integrating a 2-D cloud-resolving model into each atmospheric 
grid column of the host model as a replacement to the conventional cumulus parameterizations. There are 
five coupled CGCMs in addition to the SPCCSM3; CanCM4, CNRM_CM, ECHAM5_SIT, ECHAM6, and 
PNU_CFS while the rest of the models are AGCMs. Three simulations were conducted using the CNRM 
GCM: CNRM_AM, CNRM_CM, and CNRM_ACM. The CNRM_AM is an AGCM integration forced by the 
observed weekly SSTs and sea ice. The CNRM_CM is a CGCM run and the CNRM_ACM was an AGCM 
forced by the monthly mean SST and sea ice output from the coupled run (CNRM_ACM).

Other models in this data set were based on different versions and/or modifications of the NCAR CAM 
model including the CAM5_ZM (v5), ISUGCM (v3), NCAR CAM5 (v5), UCSD_CAM3 (v3) and TAMU_
CAM4 (v4). Notably, the TAMU_CAM4 constrained both the horizontal and vertical distribution of model 
heating throughout the tropics using the “observed” latent heating structure for the MJO based on TRMM 
estimates (Lappen & Schumacher, 2012).

3. Methods
Our analyses focus on the MJO during the boreal winter season, from November to April. Anomalies were 
computed for all variables and have the climatological annual cycle (annual mean plus three leading har-
monics) and any linear trend removed. Out of the 25 MJOTF models the six best and worst performing 
models are grouped together (good and poor models respectively). Model performance is determined based 
on the MJO propagation skill score defined below. To highlight the inter-model extremes, the good and poor 
model sets are compared to a random selection among all 25 MJOTF models through a bootstrap analysis. 
Six models were randomly selected from the set of 25 and averaged and compared to the good and poor 
model sets. This process was repeated 5,000 times to approximate the distribution of the sample mean and 
then the 95% confidence bounds for each analyzed variable were determined from the re-sampled distribu-
tion. This method is different than what is typically been applied in other MJOTF studies that simply test 
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the null hypothesis that the anomalies are significantly different than zero. The method used here can be 
thought of as a measure of how extreme the good and poor model groups are compared to a resampling of 
the model population. It also means that even if there are sizable anomalies that are not statistically signif-
icant, those anomalies could indicate common model biases.

3.1. Model MJO Propagation Ranking

In order to rank each MJOTF model's MJO propagation, a precipitation-based intraseasonal index (PII) is 
produced for each model (S. Wang, 2020). It is constructed from bandpass-filtered (20–100 days) precipita-
tion anomalies projected onto the second empirical orthogonal function (EOF2) of the observed January 
15 PII shown in Figure 1 (S. Wang, 2020). EOFs for a particular day of the year are used rather than time 
averaged EOFs because they retain their orthogonality. This study focuses on the projections of 20–100 days 
precipitation anomalies onto the EOF2 structure as it is centered over the central Indian Ocean. The same 
could be done for the EOF1 to understand MJOs that form in the western Indian Ocean, which is left for 
future studies. The model and observed PIIs are used extensively to perform linear regressions and they are 
standardized to a 3 mm day−1 unfiltered rainfall anomaly averaged over 10°S–10°N and 60°E–100°E (black 
box in Figure 1) to remove precipitation amplitude dependence. Note that these methods are slightly differ-
ent than those used in many other MJO studies using the MJOTF models, which devise precipitation-based 
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Model name Institution Reference

ACCESS1 Centre for Australian Weather and Climate Research, Australia (Zhu et al., 2013)

BCC_AGCM2.1 Beijing Climate Center, China Meteorological Administration (Wu et al., 2010)

CCCma_CanCM4 Canadian Centre for Climate Modeling and Analysis, Canada (Merryfield et al., 2013)

CNRM_ACM Centre National de la Recherche Scientifique/Météo-France, France (Voldoire et al., 2013)

CNRM_AM

CNRM_CM

CWB_GFS Central Weather Bureau, Taiwan (Liou et al., 1997)

EC_GEM Environment Canada, Canada (Côté et al., 1998)

IAP_FGOALS_s2 Institute of Atmospheric Physics, Chinese Academy of Sciences, China (Bao et al., 2013)

ISU_GCM Iowa State University, United States (Wu & Deng, 2013)

LLNL_CAM5ZM Lawrence Livermore National Laboratory, United States (Song & Zhang, 2011)

MIROC5 Atmosphere and Ocean Research Institute (AORI)/ National Institute for Environmental Studies 
(NIES)/ JAMSTEC, Japan

(Watanabe et al., 2010)

MPI_ECHAM6 Max Planck Institute for Meteorology, Germany (Stevens et al., 2013)

MRI_AGCM Meteorological Research Institute, Japan (Yukimoto et al., 2012)

 NASA_GEOS5 NASA Global Modeling and Assimilation Office, United States (Molod et al., 2012)

NASA_GISS_E2 NASA Goddard Institute for Space Studies, United States (Schmidt et al., 2014)

NCAR_CAM5 NCAR Community Atmospheric Model 5 (Neale et al., 2012)

NCAR_SPCCSM George Mason University, United States (Stan et al., 2010)

NCEP_CFSv2 NOAA/NCEP Climate Prediction Center, United States (Saha et al., 2014)

NCHU_ECHAM5_SIT Academia Sinica, Taiwan (Tseng et al., 2015)

NRL_NAVGEM1 U.S. Naval Research Laboratory, United States

PNU_CFS Pusan National University, South Korea (Saha et al., 2006)

SMHI_ECEarth3 Rossby Centre, Swedish Meteorological and Hydrological Institute, Sweden

TAMU_CAM4 Texas A&M University (Lappen & Schumacher, 2012)

UCSD_CAM3 Scripps Institution of Oceanography, United States (G. J. Zhang & Mu, 2005)

Table 1 
A List of Participating Models in the 20-Year Climate Simulations
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Figure 1. (Top) The first two January 15 empirical orthogonal function (EOF) structures using the precipitation-based Madden-Julian Oscillation (MJO) index 
(S. Wang, 2020). A projection-based MJO index for each model is formulated based on precipitation projections onto EOF2 over 60°–100°E and 10°S–10°N. The 
amount of variance explained for each EOF is shown on the top right. (Bottom) The MJO propagation skill scores for each MJO Task Force (MJOTF) model. 
The good models are blue (circle) and the poor models are red (diamond). The 25th and 75th percentiles of the skill scores are plotted as the dotted lines with 
the full distribution shown on the right.
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intraseasonal indices by simply averaging over set spatial regions rather than projecting onto the observed 
precipitation spatial distribution.

An alternative method for producing a precipitation-based intraseasonal index is to carry out an EOF 
analysis on precipitation anomalies for all MJOTF models using the leading principal components (PCs). 
However, not all models have a coherently propagating MJO and thus, they do not have an EOF pair that 
is well-separated from the neighboring EOFs. Nonetheless, we perform an EOF analysis following sim-
ilar methods as S. Wang (2020), with the main distinction being that our EOF analysis is for November 
through April and it is not a function of day of the year. The EOF analysis is performed on 20–96 days 
bandpass-filtered precipitation anomalies for 20°S–20°N and all longitudes. Following S. Wang (2020), we 
retain eastward zonal wavenumbers only, that is, the zonal mean and westward wavenumbers are removed. 
All MJOTF models have a leading EOF pair that is well separated from EOF three except eight models: 
NRL_NAVGEM1, MIROC5, CWB_GFS, CCCma_CanCM4, EC_GEM, ISU_GCM, CNRM_AM, and IAP_
FGOALS-s2. These results support our decision to use the observed PII EOFs to construct each model's PII 
rather than model-derived PCs.

A MJO propagation skill score for each GCM was measured by pattern correlations of Hovmöller (time-lon-
gitude) diagrams of anomalous rainfall between each MJOTF model and TRMM observations over lags −20 
to +20 days and from 50°–180°E. These pattern correlations omit lags −2 to +2 days and 75°–85°E, allowing 
for a wider range of correlation values (B. Wang & Chen, 2016). The Hovmöller diagrams are unfiltered 
rainfall anomalies averaged over 10°S–10°N and lag regressed onto each model's PII.

Figure 1 shows all of the MJO propagation skill scores along with the statistical distribution among the 25 
models. The top (bottom) six models from this MJO skill score will be used in composite analyses and are 
considered the good (poor) MJO models for this study. The six good models are CNRM_CM, NASA_GISS_
E2, NCAR_SPCCSM, NCHU_ECHAM5_SIT, MRI_AGCM, and TAMU_CAM4 and the six poor models are 
CCCma_CanCM4, CWB_GFS, MIROC5, NASA_GEOS5, NCEP_CFSv2, and NRL_NAVGEM1. Groups of 
six models are chosen because they lie outside of the 25th and 75th percentiles of the model MJO propaga-
tion skill score distribution.

3.2. Wavenumber-Frequency Spectral Analysis

A zonal wavenumber-frequency spectral analysis for precipitation and zonal wind anomalies is performed 
for the November–April season to better understand the differences in equatorial waves and the MJO be-
tween good and poor MJO models. To identify equatorial wave modes, a red background spectrum was 
computed from the raw spectrum and removed from the original spectra to leave statistically significant 
peaks. The background spectrum was calculated by averaging the symmetric and antisymmetric spectra 
and smoothed using a 1-2-1 filter in frequency and wavenumber. Smoothing is used to attempt to remove 
periodic signals that may be present in the spectra at particular wavenumbers and frequencies. The number 
of passes of the 1-2-1 filter was 10 in frequency and from 10 to 40 in wavenumber, 10 at low frequencies and 
40 at higher frequencies increasing in two different steps (Wheeler & Kiladis, 1999). The resulting spectra 
were calculated for successive overlapping 60-day segments for the boreal winter season with a 15-day 
overlap and tapering of the ends of each segment. These shorter segments allow for four total segments per 
winter season rather than two with more commonly used 96-day with 30-day overlap segments and they 
help produce a more accurate representation of higher frequency equatorial waves (Dias & Kiladis, 2014). 
The temporal windowing provided by the tapering helps minimize effects of spectral leakage and the data 
loss from tapering is minimized by the overlapping segments. The power for each variable is summed over 
15°S–15°N and is averaged over all available segments for the 14 winter seasons in TRMM and ERA-Inter-
im and 19 winter seasons in the MJOTF climate model data sets. A cross-spectral wavenumber-frequency 
analysis is also performed using the same segments. The cross-spectral analysis yields space-time coher-
ence-squared and phase spectra which can be used to assess the strength of the coupling between precipi-
tation and zonal wind anomalies.
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4. Results
4.1. Precipitation Structure

To assess the accuracy of MJO propagation in the MJOTF/GASS models, Figure 2 shows 10°S–10°N av-
eraged unfiltered rainfall anomalies regressed onto each PII for the good and poor model composites and 
TRMM. As a reminder, the black dots for all spatial plots represent locations where each model composite 
is statistically significantly different than a random selection of six MJOTF models at the α = 5% level based 
on a bootstrapped distribution involving all 25 MJOTF models. The good models accurately capture the 
eastward propagation of the MJO throughout the entire Indo-Pacific domain. However, the poor models 
have a stationary and even slight westward propagation over the Indian Ocean. The stark differences shown 
here in propagation direction between the good and poor models are similar to what has been shown by 
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Figure 2. Hovmöller diagrams of 10°S–10°N averaged unfiltered precipitation anomalies for Tropical Rainfall Measuring Mission (TRMM) observations (top 
left), good models (top right), poor models (bottom right) and good-poor models (bottom left) regressed onto each precipitation-based intraseasonal index 
(PII). The pattern correlations between TRMM and the respective set of models is shown on the top right. The α = 5% statistically significant points from 
bootstrapping using a sample population involving all 25 Madden-Julian Oscillation Task Force (MJOTF) models are plotted in the model plots.
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previous studies using the MJOTF models (e.g., Jiang, 2017; Jiang et al., 2015; L. Wang et al., 2017; B. Wang 
et al., 2018).

The large-scale distribution of precipitation is a defining factor of the MJO. Therefore, the differences in 
precipitation anomalies between the two model sets and TRMM data are explored in Figure 3. Regression 
of unfiltered precipitation anomalies onto the PII time series shows a similar pattern of zonally elongated 
positive precipitation over the Indian Ocean between the good model set and the TRMM data, which is sup-
ported by its high pattern correlation of 0.87. However, despite each model's PII involving projections onto 
the observed PII EOF2 structure, poor models have a bulls-eye like pattern rather than a zonally elongated 
pattern of the positive precipitation anomalies over the Indian Ocean. In particular, the good-poor plot 
shows the good models have significantly more precipitation in the southwest Indian Ocean and near the 
western Maritime Continent in addition to having less precipitation south of India. The good-poor panel 
also suggests that the good models have stronger dry anomalies north and south of the Maritime Continent 
and over the Pacific Ocean. These differences in precipitation structure will become important as we will 
relate them to the differences in diabatic heating structures in Section 4.4.

4.2. Zonal Wind Structure

To inform us about the potential interactions between MJO dynamics and precipitation, Figure 4 shows the 
unfiltered 850-hPa zonal wind anomalies regressed onto each PII. Note that meridional wind anomalies 
showed minimal statistically significant points, implying the good and poor model sets do not stand out 
when compared to the rest of models. Instead, we will infer the importance of the differences in meridional 
winds through analyzing how the zonal winds change with latitude, especially west of the convective enve-
lope where ER waves are most prominent in response to a diabatic heat source. Figure 4 shows a broad pat-
tern of westerlies to the west and easterlies to the east of the convection center for the observations and both 
model sets. Also, there are easterlies poleward of the westerlies wrapping around the large cyclonic gyres 
typically associated with ER waves. Both model composites have stronger wind speeds than ERA-Interim, 
especially the good models with larger winds east and west of the convective center. Notably, the westerlies 
and easterlies to the west are weaker than the easterlies to the east in the ERA-Interim data and the good 
models, however, the reverse occurs in the poor models. This suggests that the ER waves to the west and the 
Kelvin waves to the east of the convective center are weaker and stronger, respectively, in the good models. 
In addition, due to the off-equatorial nature of the stronger easterlies and dry anomaly to the east in good 
models, there likely is a stronger ER wave response to the dry anomaly (L. Wang et al., 2017). These large-
scale differences in low-level zonal wind asymmetries have been previously linked to the relative strength 
of ER to Kelvin waves and are often thought of as a main predictor of MJO propagation in GCMs (L. Wang 
et al., 2017; B. Wang & Lee, 2017; B. Wang et al., 2018; L. Wang et al., 2018).

To investigate these basic horizontal zonal wind asymmetries in more detail, Figure 5 shows a 10°S–10°N 
averaged longitude versus pressure plot of the unfiltered zonal wind anomalies regressed onto each PII. 
There is a westward tilt with height of the zonal winds anomalies in the ERA-Interim data that has been 
well documented (e.g., Jiang et al., 2015; Kiladis et al., 2005). The good model composite reproduces this 
westward tilt with stronger wind speeds among all the plots and much stronger easterly winds than the poor 
models, especially in the upper levels. The zonal winds are more confined in longitude to the west in the 
poor models and their low-level westerlies exhibit a slight eastward tilt with height.

As seen in Figure 5, the zonal wind amplitude east and west of the convective center varies greatly with 
height among the ERA-Interim and both model composites, with ERA-Interim and the good models show-
ing larger easterlies than westerlies throughout the column and an increase in zonal wind speed with height. 
In contrast, the poor models have similar easterly and westerly wind magnitudes and minimal increase of 
wind speed with height. These results are suggestive of an important role of an ER wave over Kelvin wave 
zonal wind ratio at low levels (e.g., B. Wang & Lee, 2017; L. Wang et al., 2018) and zonal wind amplitude at 
upper levels.
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Figure 3. Unfiltered precipitation anomalies regressed onto each precipitation-based intraseasonal index (PII) for Tropical Rainfall Measuring Mission 
(TRMM), good models, poor models and good-poor models. The pattern correlation between each model group and TRMM is shown on the top right of each 
plot. The α = 5% statistically significant points from bootstrapping using a sample population involving all 25 Madden-Julian Oscillation Task Force (MJOTF) 
models are plotted in the bottom three panels.



Journal of Geophysical Research: Atmospheres

HEATH ET AL.

10.1029/2020JD033988

10 of 23

Figure 4. The same as Figure 3 but for unfiltered 850-hPa zonal wind anomalies regressed onto each precipitation-
based intraseasonal index (PII) for ERA-Interim, good models, poor models and good-poor models.
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4.3. A West/East Zonal Wind Speed Ratio

To further investigate how these dynamical asymmetries are related to 
MJO propagation, we devise a new west to east (W/E) zonal wind speed 
ratio for all pressure levels in ERA-Interim and the MJOTF models. The 
W/E ratio is computed at each pressure level as the average zonal wind 
speed in the west part divided by the average zonal wind speed in the 
east part of the 15°S–15°N, 45°–180°E domain. The W/E ratio can be 
thought of as an ER/Kelvin wave ratio since ER waves lie to the west 
and Kelvin waves to the east of a diabatic heat source (Gill, 1980; Matsu-
no, 1966). However, one must not ignore the possible contribution of the 
ER wave zonal wind response to the dry anomaly in the eastern part of 
the domain. Luckily for the MJOTF models, it appears that the ER and 
Kelvin wave dynamical biases to the east are of the same sign (L. Wang 
et al., 2017; L. Wang et al., 2018). Note that the ER wave gyre intensity 
has implicitly been taken into account when the zonal wind speed is used 
in the W/E ratio, with a strong ER wave response associated with strong 
westerlies and easterlies in the west part of the domain. The separation 
between the west and east part of the domain is determined by a critical 
longitude that varies by data set and pressure level. The critical longitude 
is defined as the easternmost longitude of ER wave westerlies (low levels) 
or easterlies (upper levels).

The W/E ratio formulated here is quite similar to what has been used in 
recent studies to understand how the ratio of ER and Kelvin wave dynam-
ical amplitudes impact MJO propagation (e.g., B. Wang et  al.,  2018; L. 
Wang et al., 2018). Three main distinctions exist here: (1) this W/E ratio is 
not computed over fixed regions west and east of the MJO convection but 
rather allows flexibility to what longitude and latitude separates the ER 
and Kelvin wave responses, (2) this W/E ratio takes the vorticity associat-
ed with the zonal winds into account as it averages all zonal wind speeds 
on both sides of the domain, and (3) this W/E ratio can be computed at 
upper levels. Lastly, similar to L. Wang et al. (2018) but in contrast with 
B. Wang et al. (2018), our W/E ratio does not use the maximum westerly 
and easterly wind speeds but rather averages the zonal winds over a wide 
area, which accounts for each model's large-scale dynamical response.

Correlations between the MJO propagation skill and W/E ratios are 
shown in Figure  6 (left plot, black line with circles). Very strong anti-
correlations of the W/E ratio with MJO propagation skill can be seen in 
Figure 6 with correlation magnitudes above 0.7 below 450-hPa and a gen-
eral decrease with height. This implies that models with a larger MJO 
propagation skill also have a smaller magnitude of the W/E ratio at low 
levels, indicating stronger Kelvin and ER waves to the east and/or weak-
er ER waves to the west. The relationship between W/E ratio and MJO 
propagation skill for each model at 850-hPa is shown in the scatter plot 
of Figure 6 (right plot). The correlation coefficient at the 850-hPa level is 
−0.86, indicating that the W/E wind ratio is a metric that can effectively 
discriminate how accurately the models capture MJO propagation. The 
individual W/E ratio scatter plot along with Figures 4 and 5 imply that 
the low-level westerlies equatorward of easterlies to the west are larger 
than the low-level easterly winds to the east for the poor models while 
the opposite is true for the good models and ERA-Interim. The wide 
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Figure 5. Unfiltered 10°S–10°N averaged zonal wind anomalies regressed 
onto each precipitation-based intraseasonal index (PII) for ERA-Interim, 
good models, poor models, and good-poor models. The pattern correlations 
between ERA-Interim and the respective set of models is shown on the top 
right. The α = 5% statistically significant points from bootstrapping using 
a sample population involving all 25 Madden-Julian Oscillation Task Force 
(MJOTF) models are plotted in the bottom three panels.
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separation of W/E ratio at 850-hPa between the good and the poor model sets further enhance confidence 
that the two sets have distinctly different large-scale dynamics.

Also shown in Figure 6 are the correlations between MJO propagation skill and the west zonal wind ampli-
tude (W, blue triangles) and the east zonal wind amplitude (E, red asterisks). These calculations provide in-
sight into the individual role of the ER and Kelvin wave wind responses at the different pressure levels and 
how they affect the W/E ratio. The largest west zonal wind amplitude correlations (≈−0.70) are in the lower 
levels below 750-hPa where east zonal wind amplitude correlations are substantially smaller; they indicate 
that the better the models are at representing the eastward propagation of the MJO, the weaker the low-level 
ER wave wind response is to the west. There are also strong positive west zonal wind amplitude correlations 
(≈0.55) in the 150–250-hPa layer, indicating that the stronger the ER wave anticyclonic gyres are to the west 
at upper levels, the larger the MJO propagation skill. This is in agreement with Figure 5, which illustrated 
excessive westerlies at low-levels and deficient easterlies at upper levels for poor MJO models.

For the east zonal wind amplitude, only positive correlations exist with MJO propagation skill. This indi-
cates that the better the models are at representing the MJO's eastward propagation, the stronger the Kelvin 
and/or ER wave responses are to the east. The largest correlations of ≈0.5 are located in the 500–750-hPa lay-
er. Near 650-hPa, where the east zonal wind amplitude correlations are relatively large and west zonal wind 
amplitude correlations are near zero, the correlation implies the Kelvin wave and/or ER wave easterly wind 
responses to the east are more impactful than the ER wave westerly response to the west to the propagation 
of the MJO. Near 150-hPa, stronger westerlies to the east are positively correlated with MJO propagation 
skill. However, the W/E ratio does not show much of a correlation with MJO propagation skill at upper lev-
els because the west and east zonal wind amplitudes have similar correlations with MJO propagation skill.

To summarize, we find that the W/E ratio below 400 hPa is a key metric for MJO propagation, with the ER 
and Kelvin wave wind response being most critical in the 1000–800-hPa and 750–450-hPa layers, respective-
ly. In addition, the ER and Kelvin wave wind amplitudes are both important in the 150–250-hPa layer for 
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Figure 6. (Left) The correlations between Madden-Julian Oscillation (MJO) propagation skill score and west/east (W/E, black circle line) zonal wind speed 
ratio and the individual correlations of the west (W, blue triangle line) and east (E, red asterisk line) zonal wind amplitude and MJO propagation skill score for 
all pressure levels. (Right) A scatter plot example of the MJO propagation skill score and 850-hPa W/E ratio with correlation coefficient in the top right. (Top) 
The unfiltered 850-hPa zonal wind anomalies used for computing the ERA-Interim W/E ratio including the critical longitude (thick black line) that separates 
the west and east parts of the domain.
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MJO propagation fidelity but not the W/E ratio. To relate the basic hori-
zontal zonal wind asymmetries to convective characteristics of the MJO, 
and ultimately, MJO propagation, the vertical structure of divergence, 
diabatic heating, and moisture advection are explored in the next section.

4.4. Connecting the W/E Ratio to MJO Propagation

4.4.1. Divergence

The large-scale distribution of divergence over the Indo-Pacific region is 
important to the coupling between MJO dynamics and convection and 
can help us further interpret the effect of the horizontal wind asymme-
try errors in poor MJO models. Figure  7 displays 10°S–10°N averaged 
longitude versus pressure unfiltered divergence regressed onto each PII. 
Figure 7 illustrates a westward tilt of divergence and convergence with 
height which is simulated well in the good models and somewhat pres-
ent in the poor models. In particular, the poor models have convergence 
that is constrained to near the surface over the central Indian Ocean 
with minimal convergence at mid-levels, especially in the western Indi-
an Ocean. The excessive Indian Ocean near surface convergence in the 
poor models is attributed to both the zonal and meridional components 
associated with their anomalously strong ER wave response, including 
excessive equatorward (not shown) and westerly converging winds (e.g., 
Figures 4 and 5). Note that even though the good models have less Indian 
Ocean surface convergence than the poor models, both sets of models 
overestimate low-level convergence. In addition, there is an anomalous 
mid-level convergence and upper-level divergence couplet in the west-
ern Indian Ocean in the good-poor plot suggesting rising motions are too 
weak on the MJO's back side in the poor models, which may be related to 
their underrepresentation of statiform heating (B. Wang & Lee, 2017; L. 
Wang & Li, 2020a). There is also an anomalous mid-level divergence and 
upper-level convergence couplet over the Pacific Ocean in the good-poor 
plot which suggests the sinking motion associated with the dry anomaly 
ahead of the convectively active region is also too weak in poor models.

4.4.2. Apparent Heating

The differences in the zonal cross section of divergence suggest that the 
poor model convective envelope is too narrow zonally at mid to upper 
levels on the MJO's back side, it has too much shallow convection, and 
the dry anomaly ahead of the MJO is too weak. To investigate these ideas 
further, large-scale characteristics of apparent heating, Q1/cp (where cp 
is the dry specific heat capacity at constant pressure, Yanai et al., 1973) 
were evaluated through the center finite difference methods of Hagos 
et al. (2010), using the equation:
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where T, θ, V, and ω, are air temperature, potential temperature, horizon-
tal velocity, and vertical pressure velocity, respectively.

The 10°S–10°N averaged longitude versus pressure distribution of the unfiltered apparent heating anoma-
lies regressed onto each PII is shown in Figure 8. In ERA-Interim and the good models, there is one mid-lev-
el maximum in apparent heating over the central Indian Ocean associated with deep MJO convection as 
well as a slight westward tilt with height below 200-hPa. On the other hand, the poor models Q1/cp positive 
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Figure 7. As in Figure 5, but for divergence anomalies.



Journal of Geophysical Research: Atmospheres

maximum centered over the Indian Ocean does not show as clear of a 
westward tilt with height below 200-hPa, especially west of 95°E. There 
is too much heating below 700-hPa and too little heating from 500–150-
hPa on the MJO's back side. These results, in agreement with divergence 
biases in the same areas, imply that the poor models produce too much 
shallow convection and not enough stratiform convection over the Indian 
Ocean (e.g., B. Wang & Lee, 2017). Additionally, the Q1/cp maximum is 
wider by 15°–20° in longitude for the good models, which is highlighted 
by statistically significant differences at 250–500-hPa mainly to the west 
of the convective center in the good-poor plot. Lastly, the Pacific Ocean 
area of apparent cooling around 500-hPa is prominent in both ERA-In-
terim and the good models while nearly absent in the poor models, in 
agreement with the weaker divergence and convergence couplet in Fig-
ure 7. Note the NCEP-CFSv2 model was replaced by EC-GEM in the poor 
model Q1/cp calculation because it had an unrealistic dominant response 
at 300-hPa.

4.4.3. Horizontal and Vertical Moisture Advection

In this subsection, we connect the biases in zonal winds, divergence, 
and diabatic heating seen in the poor models to biases in horizontal and 
vertical moisture advection. The moisture equation used to calculate the 
moisture advection is given by
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ln v

q q Qq
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where q is the specific humidity and Lv is the latent heat of vaporization.

Although not shown here, the 10°S–10°N averaged longitude versus pres-
sure distribution of the unfiltered specific humidity anomalies regressed 
onto each PII show column drying to the west and moistening to the east 
of MJO convection in ERA-Interim and the good models. For the poor 
models, there is column moistening co-located and to the west of the con-
vective center and low-level moistening and mid- to upper-level drying to 
the east of the convective center. Unsurprisingly, these broad structures 
agree well with the observed and modeled MJO propagation.

Figure 9 shows the 10°S–10°N averaged horizontal advection of specif-
ic humidity regressed onto each PII. The poor models do not moisten 
the column to the east nearly as much as the good models, especially in 
the 400 to 850-hPa layer over the eastern Maritime Continent and Pacific 
Ocean. These biases can be directly related to biases in the horizontal 
advection of the background specific humidity by the anomalous circu-
lation (not shown, see Jiang, 2017; L. Wang et al., 2017). In the eastern 
region, the poor models have smaller background horizontal moisture 
gradients and weaker Kelvin wave and ER wave dynamics, including 
anomalously weak easterly and poleward flow, respectively (Jiang, 2017; 
L. Wang et al., 2017). The poor models also shown a dearth of drying to 
the far west of the domain from 400 to 800-hPa (common to many other 
MJOTF models) despite having a stronger ER wave circulation response 
than the good models. This appears to have more to do with biases in 

background horizontal specific humidity gradients than the anomalous circulation (not shown). Based on 
the horizontal moisture advection tendencies alone, both the good and the poor models should have east-
ward MJO propagation. Therefore, there must be another process that leads to the stagnant behavior of the 
MJO in the poor models.
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Figure 8. As in Figure 5, but for Q1/cp anomalies.
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Figure  10 shows the 10°S–10°N averaged vertical advection of specific 
humidity regressed onto each PII. Based on ERA-Interim and the good 
models, vertical moisture advection moistens to the east at low levels and 
to the west at upper levels while being co-located with the MJO precipi-
tation at mid-levels, with a general westward tilt with height. Similar to 
the cross section of apparent heating, vertical advection is too upright 
and lacks a westward tilt with height in the poor models. They also lack 
moistening at the MJO's back side, which even though it does not con-
tribute to the poor models’ anomalous moistening to the west, it is direct-
ly related to an anomalously large positive MSE tendency to the west (L. 
Wang et al., 2017; L. Wang & Li, 2020a). The poor models also moisten 
significantly more to the west than the east in and just above the bound-
ary layer (≈700–1000-hPa). We attribute these biases to the poor models’ 
erroneously large ER wave wind response at low-levels to the west, which 
is associated with too much boundary layer convergence and shallow 
convection. If this is the case, the biased ER wave response preconditions 
subsequent convection to develop right below and to the west of the main 
convective envelope. Additionally, the poor models lack sufficient mid- to 
upper-level drying via sinking motion over the Pacific Ocean, which may 
contribute to their weaker Kelvin and ER wave responses to the east and 
smaller horizontal moisture advection.

4.5. Spectral Analysis

So far, it has been identified that poor MJO models have significant dif-
ferences in their large-scale dynamics compared to good models and 
ERA-Interim which appear to be related to their biased divergence, di-
abatic heating structures, and moisture budget. In all of our analyses, 
it has yet to be determined if any modes of variability other than the 
MJO (e.g., equatorial waves) contribute substantially to these differences 
as suggested in previous studies (Guo et al., 2015; Kikuchi et al., 2018). 
A wavenumber-frequency analysis has been used to identify preferred 
time and space scales of zonally propagating waves for only November 
through April. Precipitation and zonal wind anomalies were subjected to 
the spectral analysis along with a wavenumber-frequency cross-spectrum 
analysis of the two variables. Note that statistical significance is shown 
in each figure to highlight inter-model extremes and because the spectra 
and cross-spectra are positive-only fields, the boostrapping method has 
one tail rather than two.

4.5.1. Wavenumber-Frequency Spectra

Figure 11 shows the individual raw power spectra divided by the back-
ground power of precipitation for the symmetric Kelvin, n = 1 ER, and 
n = 1 inertia gravity (IG) waves and antisymmetric mixed Rossby-gravity 
(MRG) and n = 0 eastward inertia gravity (EIG) waves. Overlaid in the 
dotted, dashed, and solid gray curves are U = −3, 0, and 3 m s−1 Dop-

pler-shifted dispersion curves at 25 meter equivalent depth (Matsuno, 1966). The most prominent signals 
in the TRMM symmetric spectrum are the MJO at zonal wavenumbers 1–6 and frequencies below 0.06 
cycles per day (cpd) and Kelvin waves at zonal wavenumbers 3–10 and frequencies 0.15–0.25 cpd, with ER 
waves and n = 1 IG waves being weaker. The good models have strong powers for ER waves and the MJO 
with weak to moderate Kelvin waves and weak n = 1 IG waves. On the contrary, the poor models have a 
vastly different symmetric spectrum for precipitation. The strongest signals are below 0.04 cpd and between 
wavenumbers −10 and +10 near observed ER and MJO signals. There is very minimal asymmetry between 
westward and eastward wavenumbers, with weaker MJO and slightly stronger ER wave signals and a more 
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Figure 9. As in Figure 5, but for the specific humidity tendency anomalies 
due to horizontal advection, −V ⋅ ∇q.
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elongated structure in wavenumber compared to the good models, sim-
ilar to the spectra shown in Jiang et  al.  (2015). These features may be 
a sign of standing oscillations in both MJO and ER wave precipitation 
anomalies for the poor models. In fact, because there are not that many 
statistically significant points in the poor models at the lowest frequen-
cies, it implies that there are many other MJOTF models with these bi-
ased spectral characteristics. Both good and poor models underestimate 
Kelvin wave precipitation variability, especially poor models, and over-
produce ER wave precipitation variability, especially at low frequencies. 
In addition, the poor models vastly underrepresent the MJO.

For the antisymmetric precipitation spectra, the good and poor models 
show no significant power for MRG and n = 0 EIG waves whereas there 
are weak to moderate signals in TRMM. In addition, it appears that the 
poor models have too much power at low frequencies and low eastward 
wavenumbers while the good models have a similar amount of power 
compared to TRMM.

Motivated by the the strong relationship of the W/E ratio at low levels 
with MJO propagation skill in Figure 6, Figure 12 displays the symmetric 
power spectrum divided by the background for averaged 850 to 1000-hPa 
zonal winds. ERA-Interim has strong symmetric signals of ER waves, 
Kelvin waves, the MJO, and external Rossby-Haurwitz waves (eastward 
wavenumbers 1–4, 0.15–0.30 cpd) with moderate n = 1 IG waves. The 
zonal wind symmetric spectra in the good models is quite similar to that 
of ERA-Interim for the MJO. However, the good models have relatively 
weak ER waves, Kelvin waves, and n = 1 IG waves and relatively strong 
external Rossby-Haurwitz waves compared to ERA-Interim. The poor 
models show even larger discrepancies, with substantially weaker Kelvin 
and n = 1 IG waves, and the MJO. The ER wave zonal wind power in 
good and poor models is similar and neither peak signal stands out in 
statistical significance, suggesting model-wide ER wave biases. The ER 
wave signals peak at the lowest frequencies and are spread out in lon-
gitude in the good and poor models which may suggest standing oscil-
lations in zonal winds, similar to what was observed in the poor model 
precipitation spectra. However, the ER wave power peaks at the lowest 
frequencies in ERA-Interim too, albeit with much more concentration at 
wavenumber −3. There is also a distinct separation of the MJO and ER 
waves at wavenumbers −1 in ERA-Interim and the good models whereas 
the poor models connect the two together. Similar to the precipitation 
spectra, the Kelvin waves are too weak in both models sets, especially the 
poor models.

Due to the insignificant signals in the antisymmetric part of the zon-
al wind spectra for ERA-Interim and both model sets, these plots are 
omitted.

Figures  11 and  12 show for the wavenumber-frequency domain, there 
are specific regions of significant spectral peaks in precipitation and 
low-level zonal winds. The wavenumber-frequency cross-spectra (coher-
ence-squared and phase) between the precipitation and 850 to 1000-hPa 
averaged zonal winds were computed to explore whether there is robust 

coupling between the convection and the dynamics for symmetric and antisymmetric components in Fig-
ure 13. For the good and poor models, the phase vectors are shown where the coherence-squared is sta-
tistically significant based on our bootstrap approach whereby 5,000 random sets of six MJOTF models 
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Figure 10. As in Figure 5, but for the specific humidity tendency 
anomalies due to vertical advection, −(ω/p)(∂q/∂ ln p).
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Figure 11. Symmetric (left) and antisymmetric (right) space-time precipitation spectra for TRMM (top), good 
models (middle) and poor models (bottom). Black asterisks indicate the α = 5% statistically significant points from 
bootstrapping using a sample population involving all 25 Madden-Julian Oscillation Task Force (MJOTF) models. The 
equatorial wave dispersion relations using an equivalent depth of h = 25 m for background zonal winds of −3, 0, and 
3 m/s are superimposed in the dotted, dashed, and solid gray lines, respectively.
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are chosen, as used throughout this paper. For the observations (TRMM 
and ERA-Interim), only the vectors above a coherence-squared of 0.1 are 
shown.

Figure 13 shows that regions of high coherence-squared for Kelvin waves 
and the MJO (symmetric and antisymmetric) are both apparent in the ob-
servational data and good models while they are lacking in the poor mod-
els. Despite the good models having more accurate amplitudes of Kevin 
wave coherence-squared, their signal is shifted to higher frequencies, and 
even more so, higher wavenumbers. However, since there are few statis-
tically significant points for Kelvin waves in the good models, it suggests 
that there are numerous MJOTF models that exhibit similar shifted be-
havior. The n = 1 ER wave coherence-squared does not show statistical 
significance (compared to all of the other models), which suggest mod-
el-wide biases in the zonal wind-precipitation coupling for ER waves. 
For the antisymmetirc MRG and n  =  0 EIG coherence, both the good 
and poor models struggle to produce the observed coherence-squared be-
tween zonal wind and precipitation. At low frequencies in antisymmetric 
coherence, good models are relatively similar to TRMM and ERA-Interim 
while poor models have weak coherence. The phase vectors show how 
in-phase or out-of-phase the precipitation is with the zonal winds and are 
meaningful only when the coherence-squared is statistically significant. 
For TRMM and ERA-Interim, the MJO and Kelvin, MRG, and n = 0 EIG 
waves all have precipitation leading the zonal winds by about a 1/8–1/4 
cycle while ER waves have the zonal winds in phase or leading precipita-
tion by 1/8 cycle. For the good models, the MJO, Kelvin waves, and low 
frequency antisymmetric signals exhibit similar phasing as TRMM and 
ERA-Interim.

5. Summary and Conclusions
It is well-known that the MJO exerts significant influences on global 
weather and climate systems, however, the key processes that lead to the 
MJO's eastward propagation along the equator are poorly represented in 
current climate models (Ahn et al., 2017; Ahn, Kim, Kang, et al., 2020; 
Jiang et al., 2015). This study utilized output from 25 GCM simulations 
that participated in the MJO Task Force and GEWEX Atmospheric Sys-
tem Study GASS (MJOTF) program to identify the deficiencies in MJO 
dynamics in relation to MJO propagation.

The MJOTF model simulations were ranked based on their MJO prop-
agation skill over the Indo-Pacific region via projections onto EOF2 of 
a new, precipitation-based intraseasonal index (S. Wang, 2020). Similar 
to other studies using the MJOTF models (Jiang et al., 2015; B. Wang & 
Lee, 2017), a good and poor MJO model group were identified based on 
MJO propagation skill across the Indo-Pacific. The eastward propagation 
of precipitation is simulated well in the good models while the poor mod-
els severely underestimate the eastward propagation, producing a stag-
nant or even slight westward propagation, in agreement with previous 
MJOTF studies (Jiang, 2017; Jiang et al., 2015; L. Wang et al., 2017; B. 
Wang & Lee, 2017).

Three dimensional precipitation amplitude independent regressions onto 
each model's precipitation-based intraseasonal index (PII) for unfiltered 
precipitation, zonal winds, horizontal divergence, apparent heating, 
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Figure 12. As in Figure 11, but for averaged 1000 to 850-hPa zonal wind 
symmetric spectra in ERA-Interim (top), good models (middle) and poor 
models (bottom).
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Figure 13. Coherence-squared (contours) and phase (vectors) between precipitation and averaged 1000 to 850-hPa zonal winds for the symmetric (left) and the 
antisymmetric spectra (right). Phase vectors are drawn only where the relationship is statistically significant at the α = 5% level based on bootstrapping using 
a sample population involving all 25 Madden-Julian Oscillation Task Force (MJOTF) models. Upward-pointing arrows indicate the fields are in phase while an 
arrow pointing to the left indicates precipitation leads the zonal wind by a quarter cycle. The equatorial wave dispersion relations using an equivalent depth of 
h = 25 m for background zonal winds of −3, 0, and 3 m/s are superimposed in the dotted, dashed, and solid gray lines, respectively.
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horizontal moisture advection, and vertical moisture advection were analyzed. Similar to other MJOTF 
studies, we find stark discrepancies between the good and poor models in large-scale equatorial Rossby 
(ER) and Kelvin wave circulations surrounding the MJO convective envelope. Good models tend to have a 
smaller ER wave response to the west than Kelvin wave response to the east at low and mid-levels, in line 
with ERA-Interim. Furthermore, the ER wave response to the dry anomaly ahead of the convectively active 
envelope is stronger in good models, further contributing their stronger dynamical response to the east. In 
contrast, poor models show a larger ER response to the west than Kelvin wave (plus ER wave) response to 
the east.

We quantify the role of large-scale asymmetries in the ER and Kelvin wave response for all of the models 
in a west/east (W/E) zonal wind speed ratio metric. The W/E ratio formulated here is similar to what has 
been used in recent studies to study how large-scale dynamics impact MJO propagation (e.g., B. Wang 
et al., 2018; L. Wang et al., 2018), with three main distinctions: (1) this W/E ratio is not computed over 
fixed regions west and east of convection, (2) this W/E ratio takes the vorticity associated with ER waves 
into account as it averages zonal wind speeds on both sides of the convection, and (3) this W/E ratio can be 
computed at upper levels. Our W/E ratio has very strong anticorrelations with MJO propagation skill above 
0.8 in magnitude from 400 to 1000-hPa. Based on separately computed correlations between MJO propaga-
tion skill and west versus east zonal wind amplitude, the ER and Kelvin wave responses associated with the 
moist convective anomaly are most important below 750-hPa and from 450 to 750-hPa, respectively. Even 
though the W/E ratio itself has limited skill at upper levels, the good models and ERA-Interim tend to have 
larger zonal wind amplitudes on both sides of the convective envelope in the 150–250-hPa layer.

The poor models’ anomalously strong ER wave response contributes to excessive low-level convergence 
(zonal and meridional components) and shallow diabatic heating co-located and to the west of the main 
convective envelope. In addition, there are weak divergence and convergence couplets ahead of the con-
vective envelope and on its back side associated with a weaker dry anomaly and stratiform heating, re-
spectively. Due to these biases, the poor models have little to no westward tilt with height of zonal winds, 
horizontal divergence, and apparent heating. We connect these divergence and diabatic heating biases to 
biases in both horizontal and vertical moisture advection. More specifically, poor models underestimate the 
magnitude of horizontal advection drying to the west and moistening to the east due to their weaker Kelvin 
and ER waves to the east and background specific humidity biases over the entire Indo-Pacific warm pool. 
In addition, vertical moisture advection produces more moistening in phase and to the west than the east in 
the poor models, especially below 650-hPa where anomalously large shallow moistening is co-located and 
to the west of the main convective center. We propose that the poor models precondition the low-level at-
mosphere to the west and just below the main convective center too heavily rather than to the east as in the 
good models and ERA-Interim which would explain their stagnant and even slight westward intraseasonal 
convection propagation.

Our conclusions support MJO propagation hypotheses involving both horizontal and vertical moisture and 
MSE advection (e.g., Ahn, Kim, Ham, & Park, 2020; Jiang, 2017; Sobel et al., 2014; L. Wang et al., 2017). 
At the same time, they reemphasize the need to improve our understanding of the moisture asymmetries 
in the boundary layer and the lower free troposphere, especially in relation the equatorial wave dynamics 
(e.g., Hsu & Li, 2012; B. Wang & Lee, 2017; L. Wang & Li, 2020b). Our results do not support the idea of the 
ER wave acceleration effect proposed by (L. Wang et al., 2018) as we find that models with stronger low- 
and mid-level ER waves to the west tend to have a lower MJO propagation skill. The reasons for this are 
not entirely clear but they may have to do with how we compute MJO propagation skill (using PII and/or 
excluding the base region, lags −2 to +2 days and 75°–85°E) and/or that we quantify ER and Kelvin waves 
via zonal wind speed anomaly rather than zonal wind anomaly west and east of MJO convection.

A wavenumber-frequency spectral analysis of precipitation and 850 to 1000-hPa averaged zonal wind further 
documented the contributions of equatorial waves to the coupling of large-scale dynamics and convection. 
TRMM precipitation and ERA-Interim zonal wind spectra both had large powers and coherence-squared 
for the MJO and Kelvin waves, with moderate n = 1 ER waves, and weak to moderate MRG, n = 0 EIG, 
and n = 1 IG waves. Similar precipitation and zonal wind spectra and coherence-squared and phase vectors 
were apparent in the good models except for the n = 1 ER wave zonal wind spectra, which were weaker and 
less concentrated in wavenumber. The poor models generally produced weaker wave modes compared to 

HEATH ET AL.

10.1029/2020JD033988

20 of 23



Journal of Geophysical Research: Atmospheres

good models except for n = 1 ER waves, which were similar in power and coherence-squared to the good 
models but even more spread out in wavenumber. While Kelvin wave precipitation and zonal wind spectra 
are better represented in the good models, they appear to be problematic in both model sets, with a common 
shift to higher wavenumbers and frequencies. Model-wide biases also exist in ER wave zonal wind spectra 
and coherence-squared, which is surprising considering their strong zonal wind amplitude correlations 
with MJO propagation skill (not shown). For the antisymmetric precipitation and zonal wind spectra, that 
is, MRG and n = 0 EIG waves, the good and poor models showed little to no signal compared to TRMM.

Based on the spectral analyses, there is evidence that the good models represent the MJO and Kelvin waves 
more in-line with observations but there are still substantial Kelvin and ER wave biases that may adversely 
affect the coupling of the dynamics and convection of equatorial wave modes in all MJOTF models. In 
relation to MJO propagation, we suggest that the zonal confinement and possibly meridional elongation of 
diabatic heating over the Indian Ocean of poor models may be related to their larger ER waves versus Kelvin 
wave circulation responses at low levels, as explored in MJO related studies (Schubert & Masarik, 2006; L. 
Wang et al., 2017) and idealized equatorial wave theory (Phlips & Gill, 1987). Another factor worth explor-
ing for future work is how the differences in the horizontal distribution of boundary layer convergence 
may impact the ratio of ER waves to Kelvin waves at low levels. Lastly, future studies exploring spectral 
and cross-spectral analyses of more dynamical-convective variables would expand the knowledge of the 
relationship between equatorial waves and the MJO.

Data Availability Statement
The MJO Task Force/GASS climate model output along with ERA-Interim dynamic and thermody-
namic fields and TRMM precipitation are located in the online repository: https://doi.org/10.25380/ia-
state.14555830. All scripts used to produce figures for this study are in the repository: https://iastate.box.
com/v/mjotf-dynamics-2020.
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