
1.  Introduction
Reproducing the observed Madden-Julian Oscillation (MJO, Madden & Julian, 1971, 1972) using gener-
al circulation models (GCMs) has been an unmet challenge (Ahn et  al.,  2020; Hung et  al.,  2013; Jiang 
et al., 2015). One distinct feature of the MJO is its eastward propagating large-scale precipitating systems 
from the tropical Indian Ocean to the western-central Pacific, which is not well represented in many GCM 
simulations. This weakness of models has been demonstrated through diagnoses using methods seeking 
statistical signals of the MJO, such as time-space spectra or their eastward versus westward power ratios, 
Empirical Orthogonal Function (EOF) analysis, and various types of regressions and composites (Kiladis 
et al., 2014; Liu et al., 2016; Waliser et al., 2009; Wheeler & Hendon, 2004; Wheeler & Kiladis, 1999; Zhang 
et al., 2006). Many previous studies have attempted to explain why most GCMs are incapable of reproducing 
this observed MJO feature. For this reason, new diagnostics metrics have been proposed to focus on physical 
processes (Benedict et al., 2014; Kim et al., 2014; Maloney, 2009) or dynamics (Wang et al., 2018) that are 
deemed critical to the MJO. These diagnostics have led to new physical insights on shortcomings in models 
that may lead to limited or no abilities of reproducing the MJO. These shortcomings are often attributed to 
systematic errors in the mean state (Gonzalez & Jiang, 2017; Inness et al., 2003; Kim et al., 2019; Sperber 
et al., 2005), precipitation, including its dependence on moisture (Kim et al., 2009).

Recently, a different MJO diagnostic concept has been introduced. Instead of relying primarily on statistical 
signals, individual MJO events can be identified by tracking their eastward propagation in precipitation 

Abstract  Possible roles of large-scale precipitation on model simulations of the Madden-Julian 
Oscillation (MJO) were investigated using the Large-scale Precipitation Tracking (LPT) method. 
Individual LPT systems and eastward propagating MJO LPT systems were identified in both observations 
and 25 general circulation model (GCM) simulations. LPT systems show dominant eastward propagation 
over the Indian Ocean in the observation, whereas LPT systems are too stationary in GCM simulations. 
The MJO statistical signals in the model simulations are represented by the occurence frequencies of 
LPT systems with a size of ∼4–9 ×  106 km2 (∼20–30° in longitude and latitude) and a strength of ∼15–
18 mm d−1. Growth rate in size of LPT systems in early stage determines the size of LPT systems, which 
differentiates the MJO statistical signals among the GCM simulations. Comprehensive diagnostics of MJO 
simulations in GCMs should include both individual LPT systems as essential elements and the MJO 
statistical signals.

Plain Language Summary  The Madden-Julian Oscillation (MJO) is the dominant mode of 
intraseasonal variabilities in the tropics and represents a major source of subseasonal predictability. A 
distinct feature of the MJO is its eastward propagating large-scale precipitating systems from the tropical 
Indian Ocean to the western-central Pacific. However, this feature is not well-reproduced by most general 
circulation models (GCMs). In this study, we explore possible reasons for why GCMs struggle to simulate 
the MJO eastward propagation by investing the Large-scale Precipitation Tracking (LPT) systems. The 
results suggest that the problems of models in simulating the MJO are rooted in the LPT systems. The 
model capability of producing sufficient LPT systems that are large in size (∼4–9 × 106 km2) and strong in 
strength (∼15–18 mm d−1) is essential for simulating the MJO. It is particularly important for models to 
capture the growth rate in size of LPT systems within the first several days after their initiation.
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(Kerns & Chen, 2016, 2020; Ling et al., 2014; Zhang & Ling, 2017). One advantage of identifying individual 
MJO events is that many of their characteristics can be quantified. Propagation speeds, spatial scales, start-
ing and ending longitudes and times all vary among different MJO events. These characteristics of individ-
ual MJO events are not available from MJO diagnostics based primarily on conventional statistics. Another 
advantage of identifying individual MJO events is that the procedure can also be used to identify other types 
of large-scale precipitation systems. The methods of identifying individual MJO events have led to a new 
perspective of MJO simulations by GCMs: Models that cannot produce statistical signals of the MJO can ac-
tually produce individual MJO events but infrequently (Chen et al., 2020; Ling et al., 2017, 2019). This new 
perspective raises a question: If a model cannot produce the MJO as frequently as observed, is the problem 
in simulating the MJO itself or in producing organized large-scale precipitation systems? In other words, 
does a model fail to produce the MJO as frequently as the observations because it cannot produce sufficient 
number of organized large-scale precipitation systems or because those systems cannot efficiently develop 
into the MJO even if they are produced by the models?

In this study, we aim to address these questions. We use the Large-scale Precipitation Tracking (LPT) meth-
od of Kerns and Chen (2020) to identify the large-scale precipitation systems in the observations and in 
GCM simulations (Section 2). The results are presented in Section 3. Conclusions and discussions are given 
in Section 4.

2.  Data and Methods
Data of observed precipitation are from the 3-hourly TRMM Multisatellite Precipitation Analysis (TMPA) 
Version 7 product (0.25° × 0.25°) from 1998 to 2018 (Huffman et al., 2007). Model outputs from 25 simu-
lations of 20 years by 22 GCMs organized by the MJO Task Force (MJOTF) (Moncrieff et al., 2012; Waliser 
et al., 2012) and the GEWEX Atmospheric System Study (GASS) (Petch et al., 2011) project (MJOTF/GASS) 
were diagnosed. The simulation datasets are archived at 6-hour intervals with a horizonal resolution of 2.5° 
from 1991 to 2010. Detailed descriptions of these GCM simulations can be found in Jiang et al. (2015). For 
direct comparisons, the TMPA data were interpolated to the resolutions of the GCM simulations (2.5° and 
6 hourly).

The LPT method developed by Kerns and Chen (2016) and improved by Kerns and Chen (2020) identifies 
the MJO in several steps. Precipitation in the tropics are mostly dominated by mesoscale convective sys-
tems (MCSs) (Houze, 2004). In order to identify a large-scale precipitation system that usually consists of 
a group of MCSs, Kerns and Chen (2020) first applied a 2-D Gaussian filtered (with a standard deviation 
of 5°) in both longitude and latitude using a 3-day running mean of the TMPA data. Individual Large-scale 
Precipitation Objects (LPOs) were identified as enclose contours of 12 mm d−1 with a minimum size of 
four contiguous grid cells (∼300,000 km2) at a given time. The LPT system is defined as an LPO that can be 
tracked in time for at least 7 days. The LPT systems represent organized large-scale precipitation systems 
that exist longer than synoptic timescales. They may propagate in any direction or not propagate at all. 
The third step selects MJO LPT systems from the LPT systems that satisfy additional conditions. If an LPT 
system contains a predominantly eastward propagating segment with the convective centers being within 
the tropics (15°S–15°N) for at least 7 days and propagate eastward for at least 10° in longitude, it is referred 
as an MJO LPT system. Details of this method can be found in Kerns and Chen (2020). Once individual 
LPT systems and MJO LPT systems are identified, their characteristics can be quantified. In this study, we 
mainly focus on three characteristics of the LPT systems: size, strength, and volumetric rainfall. The size of 
an LPT system is the mean of the areas of the enclosed contours of 12 mm d−1 from 3-day Gaussian filtered 
precipitation through its life span, while the strength and volumetric rainfall are the mean and integrated 
3-day filtered rainfall inside the contours through its life span, respectively. For each GCM simulation, these 
three characteristics were averaged over all model simulated LPT systems.

We adopted a conventional measure of MJO statistical signals. It is the ratio of eastward versus westward in-
traseasonal (30–90 days) and planetary (zonal wavenumbers of 1–6) spectral power of precipitation anom-
alies in the tropics (15°S–15°N). This ratio will be referred to as the E/W ratio. This measure has been 
commonly used in diagnosing MJO signals in observations (Zhang & Hendon, 1997) and GCM simulations 
(Hung et al., 2013; Zhang et al., 2006). A Kolmogorov-Smirnov (K-S) test was used to determine whether 
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the probability density functions (PDFs) between two sets of data are significantly different at the 95% con-
fidence level, treating each LPT system or MJO LPT system as an independent data sample. The correlation 
results in this paper are obtained in the GCM simulations. A student-t test was used to determine if corre-
lations between two variables are significantly at the 95% confidence level, counting each GCM simulation 
as an independent sample.

3.  Results
We first compare characteristics of LPT systems in TRMM observations and GCM simulations. The global 
occurrence frequency of LPT systems is roughly 57 per year in TRMM observations. It is 60 per year in the 
simulations on average but varies among different simulations from 20 to 90 per year. There is no significant 
correlation between this global occurrence frequency of LPT systems and the E/W ratio in the simulations. 
As will be demonstrated later, this does not mean LPT systems are irrelevant to the MJO.

The individual and joint PDFs of zonal propagation speed, size, strength, and volumetric rainfall of the 
LPT systems from the TRMM observations and GCM simulations are shown in Figure 1. The observed LPT 
systems are mainly distributed over the tropical Indo-Pacific warm pool regions and South America (Kerns 
& Chen, 2020). There are three concentrated regions where most LPT systems in TRMM observations are 
first identified: the tropical Indian Ocean, western Pacific, and South America. The models are able to re-
produce the LPT systems in the three regions. However, the PDFs of the starting longitudes of LPT systems 
in TRMM observations and the GCM simulations are significantly different (Figure 1a). Most models un-
derproduce LPT systems over the Indian Ocean and overproduce them over the western Pacific.

In TRMM observations, most LPT systems initiated over the Indian Ocean propagate eastward while those 
initiated over the western Pacific propagate westward (color shading in Figure 1a). The westward propa-
gation over the western Pacific is mainly contributed by LPT systems during boreal summer (not shown), 
which might be related to the quasi-biweekly oscillation initiated over the western Pacific and propagated 
westward (Kikuchi & Wang, 2009). The models cannot reproduce the distinct zonal propagation speed and 
direction between the Indian Ocean and western Pacific as shown in the observation. The model simulated 
LPT systems are generally more stationary in both ocean basins, and have much less (more) eastward prop-
agating systems over the Indian Ocean (western Pacific) than the observations (Figure 1a).

The size of LPT systems produced by the models are significantly smaller than those in TRMM observations 
over the Indian Ocean (Figure 1b). The model simulated LPT systems are stronger than in TRMM observa-
tions (Figure 1c), while the volumetric rainfall of LPT systems are less in the simulations than in TRMM ob-
servations over both the Indian and Pacific basins (Figure 1d). These results provide a general comparison 
between the overall simulations and observations. The characteristics of the LPT systems in relation to the 
model's capability in producing the MJO in different models will be further examined.

The E/W ratios for each individual GCM simulations are shown in Figure 2. Most models produce weaker 
statistical signals of the MJO than TRMM observations. The E/W ratio is significantly correlated with the 
occurrence frequency of individual MJO LPT systems produced by the models (Figure 2a). This suggests 
that the occurrence frequency of individual MJO events can represent the signals of the MJO propagation 
in the simulations statistically as shown in previous studies (Chen et al., 2020; Ling et al., 2017, 2019). Most 
observed and model simulated MJO events are over the Indo-Pacific warm pool regions (Chen et al., 2020; 
Kerns & Chen, 2020; Ling et al., 2017; Zhang & Ling, 2017), therefore, the focus of the following analysis 
will be on LPT systems and MJO LPT systems initiated over the Indo-Pacific warm pool regions (40°E−180°, 
15°S–15°N).

In the simulations, statistical signals of the MJO are correlated with the ratio of the occurrence frequency of 
MJO LPT systems to that of LPT systems (Figure 2b). More generally, the statistical signals of the MJO are 
closely related to how effective the models are in producing eastward propagating LPT systems (Figure 2c), 
as measured by the ratio of the occurrence frequency of eastward to westward propagating LPT systems. 
These results suggest that the capability of the models in producing eastward propagating LPT systems is 
important for model simulations of the MJO.
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The sizes of LPT systems are also closely related to the statistical signals of the MJO in the simulations (Fig-
ure 2d), whereas there is no significant correlation between strength of LPT systems with MJO statistical 
signals (Figure 2e). The averaged volumetric rainfall of LPT systems is well correlated with the statistical 
signals of the MJO in the simulations (Figure 2f). These are clear signs that the models' capabilities of sim-
ulating the MJO are closely related to the LPT systems produced in the models. It is interesting to note that 
the TRMM observation lies under the best fit in Figure 2, and this may suggest that most GCMs need to 
overestimate the size, rain, and other properties of the LPT systems in order to reproduce similar observed 
MJO statistics.

The MJO statistical signals in the simulations are not related to their occurrence frequencies of LPT systems 
over all ocean basins, but they are closely related to other properties of LPT systems as shown in Figure 2. 
To explore whether the occurrence frequencies of the MJO LPT systems in the simulations are sensitive to 
their sizes and strengths, we compare the individual and joint distributions of occurrence frequencies of 
the MJO LPT systems as functions of their sizes and strengths in TRMM, top and bottom tier simulations 
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Figure 1.  Individual and joint probability density functions (%) of (a) zonal propagation speed (m s−1), (b) size 
(106 km2), (c) strength (mm d−1) and (d) volumetric rainfall (106 km2 mm d−1) of identified large-scale precipitation 
tracking systems in TRMM (blue bars and color shading) and the simulations (open bars and black contours; contours 
start from 0.25% with an interval of 0.25%) as the function of their starting longitude.
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(Figures 3a–3c). The top and bottom tier simulations are the top and bottom six simulations ranking by their 
E/W ratios as shown in Figure 2. In general, MJO LPT systems with greater size are also stronger (Figure 3a) 
in TRMM observations, both the top and bottom tier simulations can reproduce this feature. Compared 
with TRMM observations, the top tier simulations tend to produce MJO LPT systems more frequently and 
overestimate their size and strength (Figure 3b). The bottom tier simulations underestimate the occurrence 
frequency, size, and strength of MJO LPT systems (Figure 3c). The distribution of the correlation coeffi-
cients between occurrence frequencies of MJO LPT systems in the simulations and their E/W ratios as the 
function of size and strength is shown in Figure 3d. It is clear that the capabilities of the models to repro-
duce the MJO statistical signals are represented by the occurrence frequencies of MJO LPT systems with 
large size (∼4–9 × 106 km2) and strong strength (∼15–18 mm d−1).

The distributions of occurrence frequencies for LPT systems (Figures 3e–3g) show similar patterns as the 
MJO LPT systems. But the LPT systems are generally smaller in size and weaker in strength compared with 
the MJO LPT systems. In general, the models with higher MJO simulation skill tend to produce more LPT 
systems with large size (∼4–9 × 106 km2) and strong strength (∼15–18 mm d−1), while those with lower 
simulation skill tend to produce more LPT systems with small size (∼1–2 × 106 km2) and weak strength 
(∼12–14 mm d−1) (Figure 3h). This diapole correlation distribution in Figure 3h explains why there is no 
significant correlation between strength of LPT systems and E/W ratios in the simulations (Figure 2e). The 
results suggest that large and strong LPT systems are more likely to develop into MJO LPT systems. Models 
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Figure 2.  Scatter diagrams of the (a) occurrence frequency (yr−1) of Madden-Julian Oscillation (MJO) large-scale precipitation tracking (LPT) systems, (b) 
ratio of the occurrence frequency of MJO LPT systems to that of LPT systems, (c) ratio of the occurrence frequency of the eastward to westward propagating 
LPT systems, (d) size (106 km2), (e) strength (mm d−1), and (f) volumetric rainfall (106 mm d−1 km2) of LPT systems that start over the Indo-Pacific warm pool 
(40°E−180°; 15°S–15°N) versus the E/W ratios in TRMM observations (gray triangle) and the simulations (color circles). The correlation coefficient is given at 
the upper-right corner (all significant at the 95% confidence level except for panel e). The straight line is a linear fit among all simulations.
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that can produce sufficient number of large and strong LPT systems tend to produce stronger statistical 
signals of the MJO propagation. It is worth noting that the top tier simulations tend to overestimate the size 
and strength of the LPT systems (Figure 3f). For the simulations excluding the top and bottom simulations, 
it is true that their averages of characteristics for LPT systems are closer to TRMM observations as shown 
in Figure 2. But they tend to underestimate the occurrence frequency of LPT systems with large size and 
strong strength, and the distributions of the characteristics for the LPT systems they produced are also quite 
different from TRMM observations (not shown).

To explain the differences in sizes of MJO LPT systems as well as LPT systems among the simulations, we 
further compare the evolutions of the sizes of MJO LPT systems and LPT systems in TRMM observations 
and the simulations (Figure 4). The sizes of MJO LPT systems in TRMM increase rapidly in their sizes after 
initiation, they grow from 1–2 × 106 km2 at initiation into 4–5 × 106 km2 in 7 days. After that, their sizes start 
to decay. Both the sizes of MJO LPT systems in the top and bottom tier simulation show similar evolution 
pattern, but with different magnitude. The sizes of MJO LPT systems in the top tier simulations are greater 
than that in the bottom tier simulations after initiation. The sizes of MJO LPT systems in the top tier simula-
tions increase more rapidly within 7 days after their initiation and decay more quickly afterwards compared 
with those in the bottom tier simulations (Figure 4b).

In general, the LPT systems in the top tier simulations tend to grow quickly in size within 5 days after their 
initiation and decay quickly afterwards (Figures 4c and 4d), whereas the bottom tier simulations cannot or-
ganize the precipitation systems into large-scale effectively. The faster the growth rate of LPT systems’ sizes 
at the early stage, the larger the sizes of LPT systems may become, which can then increase their chance 
to develop into MJO LPT systems. Same comparisons for non-MJO LPT systems (not shown) have similar 
results and the overall sizes of LPT systems are smaller. If an LPT system cannot grow in size quickly, it is 
unlikely to develop into an MJO LPT system. Similarly, if a model cannot organize its precipitation systems 
into large-scale effectively, it is unlikely to be able to reproduce the MJO statistics.
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Figure 3.  Individual and joint distributions of the occurrence frequencies (yr−1) of (a–c) the Madden-Julian Oscillation 
large-scale precipitation tracking (LPT) systems, and (e–h) the LPT systems in (a, e) TRMM, (b, f) top, and (c, g) bottom 
tier simulations, and (d, g) the correlation coefficients between their occurrence frequencies and the E/W ratios as 
functions of size and strength in the simulations. Dots and dark gray bars mark the results that are significant at the 
95% confidence level.



Geophysical Research Letters

4.  Summary and Discussions
This study investigates the role of organized large-scale precipitation on the GCM simulations of the MJO 
using the Large-scale Precipitation Tracking (LPT) method of Kerns and Chen (2020). Individual LPT sys-
tems are identified as an area of contiguous precipitation >12 mm d−1 at least 300,000 km2 that are trackable 
for at least 7 days. The LPT systems can propagate in any direction. Some of them move predominately 
eastward and become MJO LPT systems. The results show that the LPT systems are essential elements of 
the MJO, which may be considered as necessary conditions for the MJO. This new diagnostic method is 
used to evaluate the MJO simulation in the GCM simulations. Our results show that the top tier models that 
can reproduce stronger MJO propagation signals in statistics are generally capable of producing better LPT 
systems with size, growth rate, strength, and volumetric rainfall than those in the bottom tier models. The 
results indicate that shortcomings of GCM simulations in reproducing the MJO statistics are rooted in their 
deficient productions of LPT systems.

The MJO statistical signals in the models are not related to the global occurrence frequency of LPT systems. 
But they are closely related to the occurrence frequency of LPT systems with size around 4–9 × 106 km2 
and strength around 15–18 mm d−1. Further analysis indicates that if the models produce LPT systems that 
grow quickly in size at early stage, they tend to produce sufficient numbers of LPT systems with larger size 
that are more likely to develop into MJO LPT systems. As the result, models that can grow the size of their 
LPT systems more quickly tend to produce stronger MJO propagation in statistics. Future studies should 
investigate the controlling mechanism for the growth rate in size of LPT systems.

The criteria of selecting MJO LPT systems from LPT systems cannot be determined objectively. There is a 
peak in the joint PDF for zonal propagation speed and size centered at 0–1 ms−1 and 2–3 × 106 km2 (∼12–
16° in longitude and latitude) for LPT systems in TRMM observations (Figure S1a). Distributions of the 
zonal speed and size of LPT systems from the peak are continuous without any hint that would suggest 
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Figure 4.  Time evolutions of (a, c) size (106 km2) and (b, d) grow rate of size (106 km2 d−1) for (top panel) Madden-
Julian Oscillation (MJO) large-scale precipitation tracking (LPT) systems and (bottom) LPT systems in TRMM, top 
tier simulations and bottom tier simulations. Day 0 is the day when MJO LPT systems and LPT systems are initiated; 
gray bars mark the days when differences between the top tier and bottom tier simulations are significant at the 95% 
confidence level.
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a threshold that can be selected objectively to pick MJO LPT systems from the LPT systems. This appears 
to be at odd with the MJO signals in the time-space spectrum as a spectral peak that is distinctively sepa-
rated from those of lower and higher frequencies (Zhang, 2005). But this spectral peak would completely 
disappear if time (or frequency) is converted into zonal speed. This smooth distribution in the zonal speed 
of identified large-scale precipitation events, previously found by Zhang and Ling (2017), is consistent to 
the notion of the continuum nature of the MJO and other tropical low-frequency perturbations, such as the 
equatorial Kelvin wave (Roundy, 2012).

The continuum nature and difficulty of objectively selecting MJO is not unique to the LPT method. Zhang 
and Ling  (2017) used a different tracking method to identify individual MJO events using an arbitrary 
threshold in the zonal propagation speed (3 m s−1). This lack of objective selection of MJO also exists when 
one tries to use the most common MJO metric, the Real-time Multivariable MJO (RMM) index (Wheeler & 
Hendon, 2004). In the literature, with very few exceptions, MJO events are identified when the amplitude of 
the RMM index is greater than one. The peak in the PDF of the RMM amplitude near one (bars at the abscis-
sa of Figure S1b) does not make its choice as a threshold objective because the distribution goes smoothly 
in both directions from there. Adding extra information, such as consecutive days with the RMM amplitude 
remains greater than a given initial value, does not help (Figure S1b). Unfortunately, the arbitrary choice 
of selecting MJO using RMM amplitude greater than one has become a common practice in studies of the 
MJO with the only justification that it had been used previously by others.

Kerns and Chen (2020) indicated that the MJO contributes to up to 40%–50% of the precipitation climatol-
ogy over the Indo-Pacific warm pool regions. For fair comparisons among the models, we applied the LPT 
method based on the total precipitation in this study. One might concern that using the same threshold of 
12 mm d−1 is inappropriate, as the precipitation patterns among the models differ from the observation. The 
MJO is usually treated as a variability (Madden & Julian, 1971, 1972), therefore, most previous studies were 
conducted based on filtered or non-filtered anomalous data. To avoid the above-mentioned concerns, we 
have conducted similar analysis but based on anomalous precipitation. The annual cycle of precipitation 
in each simulation and TRMM observations was first removed. The averaged one standard deviation of the 
3-day Gaussian filtered precipitation anomalies over the warm pool regions was used as the threshold to 
identify Large-scale Precipitation Objects, LPT systems and MJO LPT systems. We reproduce the results 
in Figure 3 but using the normalized strength (normalized by the threshold used for tracking the LPT sys-
tems), the results also suggest that the MJO statistical signals in GCM simulations are closely related to the 
size and normalized strength of LPT systems they reproduced (Figure S2).

Data Availability Statement
The TMPA data are provided by the NASA/Goddard Space Flight Center and archived at the NASA GES DISC 
online (https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary). The MJOTF/GASS twenty-year cli-
mate simulations are provided by the MJOTF/GASS MJO global model comparison project (https://www.
cgd.ucar.edu/projects/yotc/mjo/vertical.html). The RMM index values were obtained from the Australian 
Bureau of Meteorology and are available via their website (http://www.bom.gov.au/climate/mjo/).
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