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Abstract The fact that the Madden-Julian Oscillation (MJO) is characterized by large-scale patterns
of enhanced tropical rainfall has been widely recognized for decades. However, the precise nature of any
two-way feedback between the MJO and the properties of smaller-scale organization that makes up its
convective envelope is not well understood. Satellite estimates of brightness temperature are used here as a
proxy for tropical rainfall, and a variety of diagnostics are applied to determine the degree to which tropical
convection is affected either locally or globally by the MJO. To address the multiscale nature of tropical
convective organization, the approach ranges from space-time spectral analysis to an object-tracking
algorithm. In addition to the intensity and distribution of global tropical rainfall, the relationship between
the MJO and other tropical processes such as convectively coupled equatorial waves, mesoscale convective
systems, and the diurnal cycle of tropical convection is also analyzed. The main findings of this paper
are that, aside from the well-known increase in rainfall activity across scales within the MJO convective
envelope, the MJO does not favor any particular scale or type of organization, and there is no clear signature
of the MJO in terms of the globally integrated distribution of brightness temperature or rainfall.

1. Introduction

The Madden-Julian Oscillation (MJO) is the leading mode of intraseasonal variability in the tropics. It is char-
acterized by a coherent eastward moving planetary-scale signal that can be seen in many variables, from
the atmospheric circulation to deep convection. The convectively active phase of the MJO peaks over the
Indo-Pacific region, and it is made up of a wide variety of smaller-scale convective disturbances that, on aver-
age, appear to develop and decay within the large-scale MJO convective envelope as it shifts toward the
east [Nakazawa, 1988; Hendon and Liebmann, 1994; Masunaga et al., 2006; Kikuchi and Wang, 2010]. This wide
range of organized tropical phenomena associated with the MJO includes the diurnal cycle of precipitation
and other sub-MJO scale disturbances such as Kelvin waves, inertio-gravity waves, easterly waves, tropical
storms, and mesoscale convective systems (MCSs). All of these entities can occur independently of the MJO,
which raises the main question addressed in this paper: How does the presence, absence, or strength of the
MJO relate to the variability and characteristics of smaller-scale tropical phenomena? Our focus is not only on
how the MJO active phase interacts locally with smaller-scale tropical processes, but we are also interested
in whether there are detectable signals of the MJO over the global tropics as a whole. We take an observa-
tional approach to address these issues, where our starting point is to identify MJO convective envelopes and
a measure of MJO activity. Next, we use a variety of methodologies to diagnose organized tropical convection
at smaller scales that are then conditioned on the statistics of the MJO, both locally and remotely.

From a theoretical standpoint, determining how the MJO is related to other tropical phenomena may improve
our understanding of its driving mechanisms and impacts. For instance, if there are specific modes of
higher-frequency variability that are more prominent within certain phases of the MJO, it is possible that those
are necessary ingredients for its initiation, maintenance, and/or propagation. In contrast, the lack of a rela-
tionship between the MJO and smaller-scale convective organization supports the idea that the MJO is an
independent mode of variability that primarily provides a background that is more or less favorable to other
moist convective processes, without necessarily organizing those processes in any particular way. Determin-
ing the relationship between the MJO and smaller-scale convective organization also has important modeling
implications. For example, as climate models are run at higher resolutions and physical parametrizations are
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improved in order to better resolve the MJO convective envelope, it is important to identify whether the
observed relationships with higher-frequency variability are also being properly simulated. On one hand, it
is possible that if there is a strong relationship between the MJO and smaller-scale convective organization,
then a model’s ability to represent intraseasonal variability might be closely tied to how, for example, the diur-
nal cycle of tropical rainfall or smaller-scale tropical waves are represented [e.g., Guo et al., 2015]. On the other
hand, if there is no systematic relationship beyond modulations of the amplitude of the disturbances that
make up the MJO, then it is possible that a climate model’s MJO skill can be improved independently of the
model’s ability to reproduce the entire spectrum of tropical convective variability.

While there are certainly many other important atmospheric phenomena that have been shown to be affected
by the MJO [Zhang, 2013], our focus here is on the relationship between tropical convective processes that are
organized at scales smaller than the MJO. We start by investigating the relationship between the MJO and the
general distribution of tropical convection. In a climatological sense, intense convective activity is restricted to
relatively small geographical regions (e.g., the western Pacific warm pool and the Intertropical Convergence
Zone) that are surrounded by much drier regions. This behavior is reflected by the negatively skewed proba-
bility density function (pdf) of tropical satellite brightness temperature (Tb) that is shown in section 3. Clear
skies (e.g., warm Tb) limit the right tail of the pdf, whereas the cold temperatures within the left tail are asso-
ciated with deep convection. It is expected that the frequency of occurrence of low Tb would be increased
(reduced) within the MJO convective (suppressed) envelope. One of our goals is to quantify these changes
and to determine whether the MJO impacts the global tropical pdf of Tb. Simply stated, we are interested
in the question Are periods of intense MJO activity associated with a change in total tropical rainfall, or does the
MJO simply act to redistribute convective activity in space without affecting total tropical rainfall amounts? The
remainder of the paper focuses on whether the space-time organization of tropical convection is sensitive to
the MJO either locally or remotely.

The first type of tropical disturbances we investigate are the so called convectively coupled equatorial waves
(CCEWs). CCEWs are synoptic-scale disturbances that can be identified in tropical cloudiness satellite data
[Takayabu, 1994; Wheeler and Kiladis, 1999; Wheeler et al., 2000; Kiladis et al., 2009] and that share many
similarities with the theoretical shallow water equatorial modes of Matsuno [1966], including dispersion char-
acteristics, equatorially trapped spatial structures, and zonal propagation. The relationship between the MJO
and CCEWs has been investigated in many earlier studies [e.g., Nakazawa, 1988; Hendon and Liebmann, 1994;
Roundy and Frank, 2004; Masunaga et al., 2006; Roundy, 2008; Yasunaga, 2011; Dias et al., 2013; Guo et al., 2015].
For example, Roundy [2008] suggest that Kelvin waves propagate more slowly inside compared to outside the
MJO convective envelope, and Yasunaga [2011] suggests an amplitude enhancement of all CCEWs within the
convective phase of the MJO, except for MRGs. In addition, Dias et al. [2013] showed that there is only a very
weak systematic relationship between the dispersion characteristics of CCEWs and the MJO phase, which is
consistent with the relative insensitivity of CCEWs to zonal variations of the basic state [Dias and Kiladis, 2014].
Here our focus is on, besides local effects, whether the MJO changes the global total CCEW variance as well
as on the potential influence of background variability on these relationships.

The second class of disturbances we discuss is tropical mesoscale convective systems (MCSs). This work builds
on the object-tracking approach of Dias et al. [2012], where mesoscale cloudiness areas are identified as
objects defined by connected regions of Tb below a given threshold. As shown in Dias et al. [2012], most
of these features last for less than a day, span a few hundred kilometers, and they make up the convective
envelopes of CCEWs and the MJO. One interesting result from Dias et al. [2012] is that the morphology of these
mesoscale cloudiness features is fairly robust to the Tb threshold used to define them. That implies that in
regions where low Tb is more frequent, such as within the MJO convective envelope, one might expect that
more objects would be detected as opposed to detecting larger objects or longer lasting ones. Aside from test-
ing this hypothesis, other questions that we address are related to whether the MJO affects MCS propagation
characteristics and life span and, if so, whether such changes are local or global.

Lastly, we investigate the effects of the MJO on the diurnal cycle of tropical convection. The relationship
between diurnal cycle of tropical convection and the MJO has been studied mostly from a local point of view,
and while there have been some discrepancies in their conclusions, studies tend to agree that the amplitude
of the diurnal cycle is enhanced during the convective active phase of the MJO (see discussions in Oh et al.
[2011], Peatman et al. [2014], and Sakaeda et al. [2017]). Our focus here is on the specific question of whether
the diurnal cycle amplitude and phase of tropical convection on a global scale is affected by MJO activity. It
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turns out that the relationship between the MJO and the diurnal cycle of tropical rainfall, and in particular its
diurnal phase, is very complex; thus, we refer to Sakaeda et al. [2017] for a more in depth analysis of this aspect.

Throughout the paper we present a parallel analysis from a local MJO standpoint to identify MJO convective
versus suppressed regions, and from a global standpoint to identify periods of weak versus strong MJO activ-
ity. The outline is as follows: in section 2, data sets and methodology are described. The following sections
deal with assessing how the MJO relates to the distribution of tropical convection (section 3), CCEW vari-
ance (section 4), mesoscale convective organization (section 5), and the diurnal cycle of tropical convection
(section 6). In the final section the main results are summarized and their implications in view of theories of
the MJO are discussed.

2. Data and Methodology
2.1. Data
The Cloud Archive User Service (CLAUS) data set [Hodges et al., 2000] along with the globally merged infrared
radiation (IR) data set [Janowiak et al., 2001] is used throughout the paper. CLAUS Tb estimates extend from
1 July 1983 through 30 June 2009 at 8 times daily resolution on a 0.5∘ × 0.5∘ horizontal grid. IR Tb estimates
begin on 18 September 1999 and are reported at 48 times daily and 4 km ×4 km in the horizontal. IR data was
regridded and calibrated to CLAUS Tb using the 1999 through 2009 overlap period, and these recalibrated
IR data were appended to the CLAUS data set starting on 1 July 2009. The calibration consists of adjusting
the mean and standard deviation of regridded IR Tb to the CLAUS Tb mean and standard deviation for the
overlap period at each grid point, resulting in an 8 times daily data set extending from 1 July 1983 through 31
December 2013 on the original CLAUS grid. This merged data set is denoted CLAUS-IR. The reason why the
two data sets are merged is to have a long record of high-resolution Tb and therefore more robust statistics.
All of our results have been tested with CLAUS and IR data separately, as well as with precipitation estimates
from the Tropical Rainfall Measuring Mission (TRMM) [Huffman et al., 2007]. When high temporal resolution is
not necessary (sections 3 and 4) results were also compared to the NOAA twice daily interpolated Outgoing
Longwave Radiation (OLR) data set [Liebmann and Smith, 1996]. A few of the statistically significant differences
reported in the next sections are not significant in other shorter data sets. Except for these less stable statistics,
the results reported here are robust across the data sets tested.

The MJO and CCEW filtered data sets utilize the filtering technique from Kiladis et al. [2009], with some minor
changes in the spectral coefficients used for each mode (see Table 1). Briefly, the filtering consists of an inver-
sion of the Fourier transformed data in longitude and time-space, where all the spectral coefficients outside
the ranges shown in Table 1 are set to zero. These data sets are denoted TbMJO for MJO filtered Tb, and TbKW for
Kelvin wave, TbEIG and TbWIG for eastward and westward inertia gravity, TbMRG for mixed Rossby gravity (MRG),
and TbER for equatorial Rossby wave filtered Tb. We also include a synoptic band filter for 2–30 day variability
and all wave numbers, and two additional filtering bands that do not overlap with any CCEW in order to eval-
uate the impact of background noise. These bands are also shown in Table 1 and are denoted TbSYN, TbNOISEe,
and TbNOISEw.

Identifying the MJO is a challenge by itself as can be inferred from the large number of diverse detection
methods that have been developed since its discovery [see Straub, 2013, and references therein]. Here the
MJO convective region is determined based on TbMJO anomalies, where the MJO active (suppressed) envelopes
are defined as enclosed regions of strong negative (positive) TbMJO anomalies. To identify global MJO activity,
we use the all-season OLR-based MJO index (OMI), which is a bivariate MJO index that relies only on OLR
[Kiladis et al., 2014]. We primarily use OMI as opposed to the more commonly used Real-time Multivariate MJO
(RMM) index of Wheeler and Hendon [2004] because by design it is more related to the MJO convective signal
than RMM, which primarily represents MJO-related circulation [Straub, 2013; Kiladis et al., 2014]. Because most
of our analysis involves Tb thresholds, we focus on the December-January-February (DJF) season to avoid
sampling seasonal biases.

2.2. Methodology
The starting point of our analysis is to sort the data set of interest conditionally on various metrics for the
MJO depending on whether we are interested in local or global MJO relationships. As mentioned earlier, the
MJO convective (suppressed) envelope is defined as regions in space and time where TbMJO is below (above)
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Table 1. MJO and CCEWs Spectral Filtering Regions, Where k
Stands for Planetary Wave Number, 𝜔 Is the Frequency in Cycles
Per Day, and heq Is the Equivalent Depth in Meters (see Kiladis
et al. [2009] for Details)a

k 𝜔 heq

MJO 1–8 1/96–1/30 –

KW 1–15 0.05–0.4 8–90

EIG 0–15 0.2–0.55 12–50

WIG −15 to −1 0.35–0.8 12–90

MRG −10 to −1 – 8–90

ER −10 to −1 0.025–0.1 1–90

SYN – 0.033–0.5 –

NOISEe 1– 15 0.62–0.8 –

NOISEw −15 to −3 0.3–0.4 –
aPositive (negative) k corresponds to modes with eastward

(westward) phase speeds.

a threshold. That is, at any gridded latitude,
longitude and time (m, n, k), if TbMJO (m, n, k) is
below a choice of negative threshold, then the
space-time location (m, n, k) is tagged as part
of a MJO convective envelope (CE), and the
subset of (m, n, k) that meet this criteria makes
up the space-time region denoted “MJO CE.”
Likewise, all (m, n, k) where TbMJO (m, n, k) is
above a given positive threshold make up the
MJO suppressed envelope subset (“MJO SE”).
Figure 1 illustrates this decomposition where
regions enclosed by blue (red) contours define
the MJO CE (SE). Comparing dashed and solid
contours in Figure 1 illustrates how the pre-
cise decomposition depends on the choice of
threshold. This sensitivity is further illustrated
in Figure 2, which shows for each grid point
the number of DJF time stamps that belong to
MJO CE (a, c, e) and MJO SE (b, d, f ) for some dif-

ferent choices of TbMJO threshold. Figure 2 demonstrates that, in addition to the specific boundaries of MJO CE
and SE, the threshold also impacts the geographic distribution of MJO CE and SE. For instance, the more strict
threshold (Figures 2a and 2b) are associated with data points primarily over the Indian Ocean and Maritime
Continent, whereas for the less strict threshold (Figures 2e and 2f) data points are more spread out. Because
sample sizes are smaller for more strict thresholds, we primarily show results using threshold defined by the
15th (85th) percentile of the global TbMJO between 15∘S and 15∘N, and we discuss sensitivities to this choice
when necessary. An MJO neutral (MJO NE) subset is used in section 4 and is defined as grid points where either

Figure 1. (a) Time-longitude cross section of CLAUS-IR Tb (shading) and TbMJO (contours) at the equator. (b) Map of Tb
and TbMJO on 1 January 2012. Solid blue and red contours are at ±6 K, and dashed blue and red contours are at ±3 K.
(c) OMI activity for the same period as in Figure 1 where the black straight lines show the 15th and 85th percentile
values of OMI, and times where OMI is above (below) the 85th (15th) percentiles are shown in blue (red).
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Figure 2. All panels show maps of the number of DJF data points that fall within (a, c, e) MJO convective envelopes (MJO CE) (b, d, f ) and MJO suppressed
envelopes (MJO SE). Each panel from top to bottom corresponds to a different choice of threshold that defines the MJO envelopes, which are displayed in each
panel title.

positive or negative TbMJO lies within the 15th percentile of its amplitude and is located in the Indo-Pacific
region defined as the area between 50∘E and 160∘E and from 15∘S to 5∘N, in order to include only the region
where the MJO is most active.

To investigate potential MJO impacts on global tropical convection, MJO activity is defined based on OMI
amplitude. This method is based on time sorting exclusively, in order to investigate whether the MJO
impacts convective organization in the tropics in general, including regions remote from its local convective/
suppressed envelopes. Similar to the MJO CE and SE space-time decomposition, all horizontal grid points
(m, n) at times when OMI is above a high threshold make up the MJO active subset (MJO A), and all horizontal
grid points (m, n) when OMI is below a low threshold make up the MJO inactive subset (MJO I). The method is
illustrated in Figure1c where thresholds defined by the 15th and 85th percentiles of OMI during DJF are high-
lighted. We note that in this data selection all grid points (m, n) between 15∘S and 15∘N are always included.
All results shown are based on these threshold values, and sensitivities are discussed when necessary.

Based on the space-time decomposition described above, any given data set (gridded in the same way as
TbMJO) can be partitioned according to whether their grid point values lie in MJO CE, in MJO SE, or neither,
or temporally split based on whether their time stamps lie in MJO A, MJO I, or neither. After decomposing
the data set of interest, our approach is to calculate conditional statistics (means, variances, etc.) within each
of these subsets, which are then compared to unconditional statistics (climatology) using all the data. Once
again, all calculations are done for individual seasons to minimize seasonal biases, and we here present results
for DJF only. Throughout the manuscript, statistical significance is determined using a Monte Carlo method
without replacement where we randomly choose one thousand subsamples of the entire data record. This is
out of 89136 samples (∼30 years × 8 × daily = 89136) at each 0.5∘ grid point. Then, the quantity of interest,
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for example, variance, is calculated in each random sample, and the 95% confidence interval (CI) is based on
the 2.5th and 97.5th percentiles of that distribution. This method is used when comparing pdfs where the
percentile CI is calculated for each bin. While the statistical significance of the results shown here are not
particularly sensitive to binning or the choice of random samples without versus with replacement, we also
use the two-sample Kolmogorov-Smirnov test (kstest) [Massey, 1951]. The kstest is typically used to quantify
the difference between the distributions of two-sample data, using their cumulative distribution functions
(cdfs). Specifically, the kstest null hypothesis is that two data samples come from the same distribution versus
the alternative hypothesis that the empirical cdfs are not the same. The effective sample size is determined
based on the decorrelation in time and space for each data set (more specific details are outlined in the
next sections).

3. The MJO and the Distribution of Tropical Convection

This section focuses on whether the MJO shifts and/or alters the shape of the Tb pdf, whether these potential
changes are local to the MJO convective regions, and whether there are global changes as well. A histogram
method is used to estimate pdfs, and two approaches for normalization were initially tested. In the first
method, we start by normalizing to unit area each latitude-longitude grid point histogram and then we cal-
culate the global area weighted average (denoted “mean pdf”). In the second method the pdf is estimated
by first creating a single histogram at each latitude using data from all longitudes, then weighting these lat-
itudinal histograms by area, and then normalizing these to have unit area (denoted “aggregated pdf”). The
two methods yield nearly identical pdfs (not shown) and from here on we use the aggregated pdf method. To
assess the statistical significance of the differences among pdfs, we use the kstest described earlier and the
random sample method described in the previous section.

The black curve in Figure 3a shows the tropical Tb pdf (pdfTROP), which is estimated using all DJF data from
0∘–360∘ to 15∘S–15∘N and illustrates the single peaked skewed distribution discussed in section 1. Using
the data partition described in the previous section, the blue and red curves correspond to the conditional
pdfs on MJO CE (pdfMJOCE

) and MJO SE (pdfMJOSE
), respectively. Note that the left tail of pdfMJOCE

is significantly
above the tail of pdfTROP, demonstrating that low Tb values are more likely to occur within the MJO CE than
elsewhere in the tropics. However, relating local MJO conditional pdfs to the tropical pdf is not necessarily a
fair comparison because most of the MJO CE and MJO SE data points lie within the Indo-Pacific sector which
favors low Tb climatologically (Figure 2). For this reason, in order to assess the local effects of the MJO on the
Tb distribution, we also compare the MJO conditional pdfs to the “local” Tb pdf. We tested a few different ways
of defining the local climatological pdf, and it turns out that a simple regionally averaged pdf is very similar
to the conditional pdf on MJO NE. Specifically, the dashed black line in Figure 3a shows the DJF Tb pdf for the
Indo-Pacific region defined in the previous section (pdfIP), which is roughly the region where MJO CE and SE
are most likely to occur. The left tail of pdfIP is above pdfTROP, showing that low Tb are more likely to occur
in the Indo-Pacific sector in comparison to the global tropics, but it is significantly below pdfMJOCE

(shading
correspond to the 95% CI at each bin). Similarly, the pdfMJOSE

shows a small decrease in the probability of low
Tb values within MJO SE in comparison to pdfTROP and a much larger decrease in comparison to pdfIP. Focusing
on the peak of the distribution at 295 K, we note consistent changes in probabilities where higher Tb values
(“clear skies”) are more likely within the MJO suppressed phase in comparison to both the regional climatology
and MJO active phases.

In contrast to the anticipated result that the pdf of Tb changes within the convective envelope of the MJO,
Figure 3b shows the more surprising result that the tropical distribution of brightness temperature is nearly
insensitive to MJO global activity. The ratio between the conditional (pdfOMIA

and pdfOMII
) and climatological

(pdfTROP) distributions shown in Figure 3b indicate that the global tropical distribution of Tb conditioned on
the presence or absence of global MJO activity is not statistically different from climatology. Note that even
though there are differences along the tails, the CIs there are large because sample sizes are small in those
bins. Based on the kstest described earlier, the hypothesis that both pdfOMIA

and pdfOMII
are equal to pdfTROP

cannot be rejected at the 0.05 significance level. In this calculation, the effective sample size (Neff) is estimated
based on the Tb decorrelation in space and time. This decorrelation estimate is based on the mode of the zero
crossings in the lag distribution, and this yields a decorrelation in space of 8∘ in longitude, 10∘ in latitude, and
33 h in time (Neff = 0.5∘ × 0.5∘ × 3 h ×N∕8∘/10∘/33 h). These results imply that the prominent changes in the
Tb pdf within the active and suppressed MJO regions are only local and are offset by other Tb changes away
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Figure 3. CLAUS-IR DJF Tb pdfs. (a) The tropical pdf (pdftrop) in black, the Indo-Pacific pdf (pdfIP) in dashed black, and the pdf conditioned on MJO convective
(suppressed) envelopes (pdfMJOCE

and pdfMJOSE
) in dashed blue (red). (b) The tropical pdf from Figure 3a overlain with the global MJO activity conditional pdfs,

with red dashed standing for active MJO (pdfOMIA
) and blue dashed for inactive MJO (pdfOMII

). The solid curves in Figure 3b show the ratio between the pdf
conditional on OMI A and climatology (blue) and similar for OMI I (red). Shading in both panels represents the confidence interval (CI) at each bin, with colors
corresponding to the pdf colors.

from the MJO convective/suppressed envelope. To verify this result, we further conditioned pdfOMIA
on MJO

CE and SE and then recovered the unconditional pdf by calculating a weighted average, such that

pdfOMIA
≈ nCE ∗ pdf(Tb|MJO CE|OMI A) + nSE ∗ pdf(Tb|MJO SE|OMI A)

+ nNE ∗ pdf(Tb|(MJO CE
⋃

MJO SE)⊥|OMI A)
(1)

where nCE, nSE, and nNE are the fraction of OMI A data in MJO CE, MJO SE, or neither, respectively. The left
tail of pdf(Tb|MJO CE|OMI A)/pdf(Tb|MJO SE|OMI A lies above/below the left tail of pdfMJOCE

∕pdfMJOSE
, and the

estimated pdf is approximately equal to pdfOMIA
, based on both the random sampling method and the kstest

(not shown). These global insensitivities are very robust to more strict OMI activity thresholds, the examination
of other seasons, and to using RMM instead of OMI to determine times of MJO strong or weak activity. In
addition, the global Tb pdf (i.e., from pole to pole) and the TRMM 3B42 (50∘S to 50∘N) rain rate pdfs are also
insensitive to MJO activity (not shown).

Interestingly, we also found evidence of the converse statement, that is, OMI amplitude does not appear to
increase with the global tropical mean brightness temperature. To illustrate, Figure 4 shows the joint distri-
bution of global tropical 15∘S to 15∘N CLAUS-IR Tb (Tb) versus OMI amplitude for DJF. The relative flatness of
this distribution indicates little dependence for OMI amplitude to be associated with colder Tb. This is also
confirmed by the vertical lines showing that the 15th, 50th, and 85th percentiles of OMI amplitude are nearly
insensitive to Tb percentile binning. In agreement with our previous result that the distribution of Tb is insensi-
tive to OMI amplitude, the nearly horizontal lines show that Tb is also not sensitive to OMI amplitude binning.
The slight skewness of the pdf toward lower Tb values in the OMI range of 1.5 to 2 may be due to sampling
issues, but this effect is very minimal and overall the shapes of the distributions are maintained throughout a
wide range of OMI values.

Taken together, the results of this section imply that while the MJO tends to aggregate tropical convection
spatially, it does not affect the globally integrated rainfall. More broadly, this result may be interpreted as a
statement of global radiative convective equilibrium, as discussed further below.
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Figure 4. Color shading shows the joint probability distribution of daily global tropical mean CLAUS-IR DJF Tb (Tb) and
DJF OMI amplitude. The vertical black dashed lines show, from left to right, the 15th, 50th, and 85th percentiles of OMI
amplitude as a function of Tb . The horizontal black dashed lines are similar, except that they show, from bottom to top,
the 15th, 50th, and 85th percentiles of Tb as a function of OMI amplitude. Gray shading around the dashed lines show
the 95% CI of the percentile estimates.

4. The MJO and CCEW Variability

Thus far we have shown that the MJO is characterized by increased overall variance in convective activity
within its envelope, even though it has minimal impact on globally convective activity. Now we would like
to assess whether this variability is manifested as changes in the organization of convection. To investigate
whether there is a dependence between the CCEW activity with respect to the MJO, the method described in
section 2.2 is applied here to Tb filtered for individual CCEWs. These results are summarized in Figure 5 where
for each filtered data set from Table 1, normalized variances within MJO CE, MJO NE, MJO SE, OMI A, and OMI
are displayed for DJF. The normalization consists of dividing grid point anomalies by the DJF grid point stan-
dard deviation using the 8 times daily data. This is done so that potential MJO influences on higher-frequency
variance are not unduly influenced by changes in climatological variance between the typical locations of
MJO CE and SE, as might be suggested by Figure 2.

Figure 5 clearly shows that, as expected, overall CCEW variance is enhanced within MJO CE and suppressed
within MJO SE in comparison to MJO NE. However, it is important to note that this is also the case for TbSYN,
TbNOISEe, and TbNOISEw variances. The latter two are defined in Table 1 and are intentionally designed to exclude
spectral peaks along Matsuno’s dispersion curves [see Kiladis et al., 2009]. Focusing on MJO CE/NE/SE, there
are some differences in how much variance is modulated by the MJO phases. For example, WIG and NOISEe
variances in MJO CE (SE) are about 30% larger (smaller) than in MJO NE; KW and EIG variances in MJO CE (SE)
are about 20% larger (smaller) than in MJO NE; and ER and MRG and NOISEw variances in MJO CE (SE) are about
10% larger (smaller) than in MJO NE. From this analysis, one might conclude that WIGs are more sensitive to
MJO phase. However, NOISEe is as sensitive to MJO phases as WIGs, therefore pointing to the possibility that
larger modulations in variance are potentially more dependent on frequency than, for example, to the MJO
large-scale environment being more favorable to WIGs over other modes of CCEWs.

While CCEW variance appears to be locally enhanced/suppressed within the MJO CE/SE, the global tropical
CCEW variance is not particularly sensitive to MJO activity, as seen by hardly any change in the global activity
of each mode during OMIA and OMI I, which remain close to the DJF climatology. These results suggest that,
as for the global pdf of Tb shown in section 3, local enhancement/suppression of CCEW variance within MJO
CE and SE average out and does not affect global CCEW variability. The conclusions for other seasons and
RMM instead of OMI are very similar (not shown).

Figure 5 also brings up an important caveat of approaches based exclusively on filtering, which is that one
can always apply space-time filters designed to capture particular waves to observations or model output
regardless of whether convection is organized according to those modes of variability or not. This is because,
by using such filtering, there is always an indeterminate amount of unrelated “background” variance that
is also included within the filtering band. For example, using a variety of other metrics, Kiladis et al. [2016]
demonstrated that convectively coupled MRG and EIG signals are primarily confined to the central Pacific
region [see also Dias and Kiladis, 2014]. Since the bulk of the MJO CE sample region lies outside of the central
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Figure 5. (a–h) Vertical bars correspond to synoptic-scale filtered CLAUS-IR Tb variance normalized to the DJF climatology, which has a value of 1. From left to
right, for MJO CE, MJO NE, MJO SE, OMI A, OMI I, and DJF. Black rectangles show the confidence intervals for the variance estimates (see details in the text). Each
panel corresponds to a filtering band from Table 1, and their labels are displayed on the upper right corner of each panel.

Pacific (Figure 2), this strongly suggests that the local variance enhancements of these waves within the MJO
convective envelope shown in Figure 5 may be due simply to an overall local enhancement in background
convective variability that is not related to those particular modes. We note that the methodology used in
Dias et al. [2012] was aimed at circumventing this type of filtering issue, and it provides a more detailed view
of how the MJO, locally, does not favor any particular mode of CCEW.

Keeping in mind issues regarding background noise, to further investigate whether modulations of CCEW
variance by the MJO are systematic in any other way, Figure 6 displays histograms representing normalized
CCEW variance for individual MJO CEs. To obtain these distributions, MJO events are selected as in Figure1
by considering each enclosed blue line as one MJO event. Using the entire record, we select all enclosed
contours that occur during DJF. The centroids are defined as the TbMJO weighted centroid coordinates in the
longitude-latitude time-space of each enclosed region. The large spread in normalized CCEW variance from
one event to another in Figure 6 is clear for all modes, demonstrating that while the mean variance shown in
Figure 5 is near the median variance (red symbols in Figure 6), they are not particularly representative of any
individual MJO event. Moreover, there are similarly large spreads in the normalized variance for TbSYN, TbNOISEe,
and TbNOISEw. The event-by-event correlations between unfiltered Tb variance and filtered Tb variances within
MJO convective envelopes (Table 2) are generally positive, suggesting that once again, to some extent, the
variance within each CCEW spectral region is enhanced when overall Tb variance is enhanced. In addition, the
fact that these correlation values vary mode by mode and that they are not especially large demonstrates
that the synoptic make up of the MJO is very diverse on an event-by-event basis. Taken together, these vari-
ance correlations across modes further supports the notion that convective variability is enhanced at most
space-time scales within the MJO convective envelope, and that this enhancement does not necessarily imply
more intense organization along any specific CCEWs dispersion curves.

To demonstrate how the contamination from background noise can lead to conflicting results, we use our
case-by-case approach to further investigate the relationship between MJO amplitude and CCEW activity.
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Figure 6. Histograms of DJF CLAUS-IR Tb normalized variance for MJO convective events (defined in the text). Each panel correspond to a filtering band from
Table 1 and their labels are displayed on the upper right corner of each panel. Lower, middle, and upper quartiles are shown as a black line in each panel. The red
symbol corresponds to the normalized variance from Figure 5.

This relationship is a key ingredient of the“Skeleton” MJO theory [Majda and Stechmann, 2009, 2011;
Stechmann and Majda, 2015], in which the amplitude of the synoptic wave activity envelope interacting with
planetary-scale lower tropospheric moisture anomalies is a major factor determining the strength of the MJO.
In addition, Guo et al. [2015] suggest that models with stronger synoptic convective activity tend to have a bet-
ter representation of the MJO. Assuming that CCEW variance is a proxy for overall wave activity amplitude, one
would expect a positive correlation between MJO amplitude and CCEW amplitude as was seen, for example,
in Figure 5f. To investigate this issue from an event-by-event point to view, a scatterplot of TbSYN normalized
variance within each MJO CE versus MJO amplitude is shown in Figure 7, where the MJO amplitude is defined
here as the minimum of TbMJO for each individual MJO CE event. Figure 7 shows that the relationship between
strength of Tb synoptic variance and MJO amplitude is not well defined. For instance, while strong MJO events

Table 2. Correlations Between Raw and Filtered Tb Normalized Variance Within MJO
Convective Envelopes Calculated Event by Event (Same Events as Shown in Figure 6)a

Tb KW EIG WIG MRG ER SYN NOISEe NOISEw

Tb 1.0 0.11 NS NS 0.33 0.12 0.12 NS 0.27

KW 1.0 0.28 0.21 0.40 NS 0.25 0.34 NS

EIG 1.0 0.41 0.14 NS 0.16 0.18 −0.12

WIG 1.0 0.16 0.22 0.47 0.42 0.11

MRG 1.0 NS 0.25 0.24 0.13

ER 1.0 0.44 0.26 0.18

SYN 1.0 0.27 0.28

NOISEe 1.0 0.38

NOISEw 1.0
aThe correlations that are not significant are labeled “NS”.
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Figure 7. Scatterplot of MJO suppressed envelope amplitude and normalized TbSYN variance. The horizontal and vertical
lines correspond to the terciles of the two variables.

are about evenly partitioned between moderate and strong synoptic variance, weak MJO events have the
largest spread in synoptic variance. In fact, the cases with largest synoptic variance are associated with rela-
tively weak MJO amplitudes. Other scatterplots, except for individual CCEW modes or more strict definitions
of MJO CE and SE, display very similar patterns (not shown). Therefore, based on the metrics used here, we
conclude that while overall CCEW variance is enhanced within active MJOs compared to climatology, there is
no clear relationship between the amplitude of the MJO and the level of synoptic wave activity within it.

Since there is no consensus on how to remove background variability from filtered data, it is difficult to access
what fraction of the statistical relationships shown in Figures 4 and 5 is due to an overall enhancement in con-
vective variability versus some physical mechanism relating synoptic and low-frequency variability. The fact
that our analysis suggests that the amplitude of individual MJO cases is not clearly related to synoptic vari-
ability embedded in its planetary-scale convective envelope is an indication that increases in CCEW variance
within the MJO convective phase are primarily due to the enhancement of the background.

5. Tropical Mesoscale Convective Organization

We now extend our analysis to the relationship between the MJO and tropical mesoscale convective organi-
zation. Mesoscale features of tropical Tb are defined as contiguous regions in longitude×latitude×time-space,
where Tb is below a particular threshold. The detection algorithm is summarized in the next subsection and
is described in further detail in Dias et al. [2012]. As in Dias et al. [2012], objects in the Tb data set are denoted
CCRs, which stands for “contiguous cloudy regions.” Following the approach from previous sections, CCRs
are tagged depending on whether their Tb weighted centroids fall into the MJO CE, MJO SE, OMI A, or OMI I
categories. CCR conditional statistics (e.g., lifetime and size) are then compared to climatology.

5.1. Review of the Object-Tracking Approach to Assess Convective Organization
The first step in detecting CCRs is to choose a Tb threshold (T 0

b ). Based on the results of Dias et al. [2012] Tb

ranges from approximately 230 K to 245 K (5th to 10th percentiles of Tb from 15∘S to 15∘N) yield the largest
spread in some key characteristics of CCRs (see their Figure 5), and the number of CCRs maximizes at the 5th
percentile (see their Figure 4a). In the present manuscript, we focus on the 230 K threshold and sensitivities
are noted when necessary. As in Dias et al. [2012], the CCR properties that we analyze are lifetime, width,
and phase speed. Lifetime is defined as the latest minus the earliest time when the CCR is detected. CCRs
are three-dimensional in the space of longitude, latitude, and time. To calculate zonal width and zonal phase
speed, the three-dimensional CCRs are first averaged in latitude and then zonal width is estimated in the CCR
longitude-time domain and defined as the mean zonal extension over the CCR lifetime. The phase speed is
determined using a best fit method based on a radon transformation, which is also applied to the meridionally
averaged CCR, and when the best fit method does not converge, the CCR is tagged as “nonpropagating.”
Determination of the meridional width and phase speed is analogous, except that CCRs are averaged in the
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Figure 8. (a and b) Examples of CLAUS-IR DJF CCRs for a threshold Tb = 230 K. Shading represents the boundaries of
each CCR in latitude-longitude time-space. The initial time (IT) for each panel is displayed in the title.

zonal direction. The main difference between the CCR data set used here and that in Dias et al. [2012] is that
here we chose to include smaller-scale CCRs. Specifically, we retain all CCRs that last more than 9 h and span
at least 200 km in longitude or latitude. The CCR data set is also extended to 31 December 2013 using the
calibrated IR data. As a test of the calibration method, the statistics of CCRs were calculated separately using
the CLAUS data and the calibrated IR data, and these are virtually identical.

As an illustration, two examples of CCRs are shown in Figure 8. The first example initiated on 22 October 2011
off the east coast of the Philippines and moved primarily toward the east for about a day. The second example
initiated on 10 November 2011 to the west of the Maldives and also lasted for about a day; however, its zonal
propagation was not as clear. Based on speed estimates, the eastward and northward speeds in Figure 8a
are 15 ms−1 and 2.5 ms−1, whereas in Figure 8b the zonal speed is not defined and the northward speed is
18 ms−1. Table 3 shows that there are over 30,000 CCRs that meet our selection criteria, where about 45% of
them fall in MJO CE or in MJO SE, and about 30% in MJO A or in MJO I.

Table 3. Total Number of Identified CLAUS Tb DJF CCRs

Subset: Clim. MJO CE MJO SE OMI A OMI I

# CCRs: 30482 7025 6880 5623 4726
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Figure 9. Histograms of CLAUS-IR DJF CCRs for a threshold Tb = 230 K. (a) The number of CCRs by latitude-longitude
bins (CCR coordinates are based on their centroids). (b) Gray bars display the histograms of CCR lifetime for the
global climatology and for the three sectors shown in Figure 9a. (c) Similar to Figure 9b except for zonal phase speed.
In Figures 9b and 9c, black symbols correspond to lower (circle), middle (asterisk), and upper (diamond) quartiles of
the same distributions. The colored symbols are similar but for quartiles within each sector defined in Figure 9a.
Each color corresponds to one sector, and the color table is shown in Figure 9b.

Regarding the geographical distribution of CCRs, it is important to note that local Tb pdfs vary substantially in
comparison to pdfTROP shown in Figure 3. For example, while 230 K represents the 5th percentile of pdfTROP, it
corresponds to the 25th percentile of certain regions such as the Maritime Continent. As a consequence, there
are strong biases in locations of CCRs as it is illustrated by the latitude-longitude histogram of CCR centroids
shown in Figure 9a. For instance, Figure 9a shows that the total number of CCRs is closely tied to the local
frequency of Tb < 230 K, with a global peak over the Maritime Continent and secondary peaks over the eastern
Pacific and Africa. In contrast to the geographic localization of CCR occurrence, one remarkable feature of CCRs
is that their main properties are surprisingly invariant throughout the tropics. This is illustrated by Figures 9b
and 9c, which show the tropical DJF histograms of lifetime and zonal speeds, overlaid with histograms for the
zonal sectors highlighted in Figure 9a. The most common lifetime for tropical CCRs is 12 h, and the median
lifetime is 18 h. CCR lifetime is fairly uniform across tropical regions. Figure 9c shows that in all sectors most
CCRs propagate to the west, which is consistent with the mesoscale to synoptic-scale westward bias in the
global space-time spectra of Tb [see Tulich and Kiladis, 2012]. In addition, most CCRs propagate between 9 and
20 ms−1 in both eastward and westward directions. Other quantities such as meridional speed and widths
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Figure 10. (a) Ratio of CCRs in MJO CE versus MJO SE as a function of MJO envelope threshold. (b) Similar to Figure 10a except for OMI A versus OMI I. Shading
represents the bootstrap 95% confidence interval (CI) at each threshold.

are also similar across regions (not shown). Following the approach from the previous sections, we analyze
CCRs depending on whether they fall in MJO CE or SE, and similarly, whether they fall in OMI A or OMI I. We
assume a CCR belongs to MJO CE if its Tb weighted centroid grid point falls inside a MJO CE. Similar definitions
were used for MJO SE and for OMIA A and OMI I. We tested alternatives such as requiring that half of each CCR
grid points belong to a MJO CE in order for it to be identified as a CCR in MJO CE, but our main conclusions
remained the same over a wide variety of criteria.

Based on the tropical Tb pdf analysis, which shows a higher (lower) probability of low Tb values in MJO CE (SE),
modulation could potentially impact CCRs in MJO CE versus MJO SE in two different ways, perhaps in com-
bination. The first one is that the frequency of CCRs might increase in MJO CE in comparison to MJO SE, but
that their sizes would be comparable. The second possibility is that there would be fewer CCRs in MJO CE, but
they would tend to be larger than in MJO SE. Figure 10a shows that for all thresholds exceeding ±4K, which
defines MJO CE and MJO SE regions, there are always more CCRs in MJO CE than in MJO SE. To investigate if
there are changes in CCR sizes in addition to the change in frequency of occurrence, Figures 11a, 11c, 11e, and
11g show the climatological histograms of some CCR characteristics, as well as their conditional histograms
for MJO CE and SE. Simply stated, apart from the change in frequency of occurrence, there is no systematic
difference in any of the CCR characteristics conditioned on MJO CE, MJO SE, or OMI A and OMI I. The fact that
CCR life spans and widths are not sensitive to whether they develop within the MJO CE or SE, in addition to
the increase in the ratio of CCRs in MJO CE to MJO SE, indicates that CCR sizes are comparable to climatology
in both phases of the MJO, but there are relatively more of them in MJO CE. Furthermore, Figure 11e through
Figure 11h suggest that CCR zonal and meridional propagation speeds are also not sensitive to MJO phases.
The kstest between climatology and MJO subsamples is in agreement with the random sample significance
test, except for the zonal speed in MJO SE in comparison to climatology. According to the kstest, the small
increase (decrease) in probability of eastward (westward) CCRs in MJO SE (shown in red in Figure 11e) is sig-
nificant. We have also tested varying bin sizes, and we still find that the bin CIs overlap, perhaps due to the
limited sample sizes. In other words, it is possible that with a larger sample of CCRs, differences such as the
larger fraction of CCRs in MJO SE that are short lived (<18 h, shown in red in Figure 11e) would become signif-
icant. However, our results seem to imply that there are no substantial changes in CCR characteristics within
the MJO convective or suppressed phases.

In a global sense, because the OMI A and OMI I Tb conditional pdfs are the same as climatology, any changes
in CCR morphology would have to be compensated by a change in number of CCRs. In contrast, Figure 10b
shows that there are more CCRs in OMI A than in OMI I for thresholds beyond the upper and lower 12th
DJF OMI percentiles, and that this ratio does not converge to 1 for percentiles approaching the median.
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Figure 11. Summary of DJF CLAUS-IR Tb CCR pdfs. In all panels black bars correspond to normalized climatological
histograms. (a, c, e, g) Blue (red) bars correspond to normalized histograms conditional on MJO CE (SE). (b, d, f, h) Blue
(red) bars are similar except conditioned on OMI A (OMI I). Figures 11a and 11b show lifetime; Figures 11c and 11d show
zonal width, Figures 11e and 11f show zonal propagation speed, and Figures 11g and 11h show meridional propagation
speed. Shading corresponds to the confidence interval (CI) in each bin using colors consistent with the histograms.

While this seems to imply that CCRs should be either wider or last longer in OMI A, Figures 11b, 11d, 11f, and

11h nevertheless show no statistical difference between CCRs during active or inactive MJO periods (results
that are confirmed by the kstest). It turns out that this apparent discrepancy is a result of the combined impact
of the seasonal cycles of OMI and Tb. During DJF, OMI activity is lowest in December, which is also the month
with fewest CCRs. As a result the ratio shown in Figure10b is below 1 during December but above 1 in January
and February. Because there are more CCRs in January and February the net result is a ratio slightly larger
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Figure 12. The DJF CLAUS-IR Tb (a and b) diurnal cycle amplitude and (c and d) diurnal cycle phase where black is the
tropical pdf, gray is the Indo-Pacific pdf, red is the MJO SE, and blue is the MJO CE conditional pdfs. DJF CLAUS-IR Tb
(e and f) diurnal cycle amplitude and (g and h) diurnal cycle phase where black is the tropical pdf, red is the for OMI I,
and blue is for OMI A. Figures 12a, 12c, 12e, and 12g show the pdfs over land, and Figures 12b, 12d, 12f, and 12h show
the pdfs over the ocean.

than 1. We have tested our results by calculating monthly OMI thresholds, which confirms the overall lack of
changes in both CCR frequency and morphology with respect to the OMI (not shown).

6. The Diurnal Cycle of Tropical Convection

In this section we calculate conditional pdfs of the amplitude and phase of the diurnal cycle of tropical con-
vection inferred from CLAUS-IR Tb, using the methodology of Sakaeda et al. [2017]. Briefly, the amplitude and
phase of the diurnal cycle of 3-hourly Tb are estimated using harmonic analysis for each grid point and day in
the entire data set. The statistics of the diurnal cycle are then conditioned on MJO characteristics as in previ-
ous sections. Consistent with past studies [e.g., Yang and Slingo, 2001; Kikuchi and Wang, 2008], most of the
amplitude of the total intradiurnal variability is explained by the first harmonic of diurnal cycle during DJF,
being 63% of the variance on average over the global tropics. The phase of the diurnal cycle presented here is
represented by the local solar time when the Tb amplitude reaches its diurnal minimum or near the time when
convective clouds peak. It turns out that the diurnal cycle of Tb does not necessarily match the diurnal cycle of
rainfall because Tb represents the diurnal cycle of both precipitating and nonprecipitating clouds, along with
surface temperatures over clear regions [Sakaeda et al., 2017]. Some previous studies excluded days with Tb
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Figure 13. Joint pdf of DJF CLAUS-IR Tb daily mean and diurnal amplitude (shading) for the Indo-Pacific region. The
black dotted lines show the contours at 0.001%, 0.01%, 0.1%, and 1% probabilities. The dashed blue and red contours
are similar except for the conditional joint pdf of MJO CE and MJO SE. The solid lines are the weighted mean diurnal
amplitude for each daily mean Tb bin, where colors correspond to climatology (black), MJO CE (blue), and MJO SE (red).

above some threshold value, in order to eliminate the inclusion of diurnal cycle from clear-sky surfaces [e.g.,
Chen and Houze, 1997; Yang and Slingo, 2001; Suzuki, 2009]. As shown below, results are quite sensitive to
threshold values [e.g., Albright et al., 1985; Chen and Houze, 1997] so all days and points are included without
any threshold elimination.

Normalized pdfs of diurnal cycle statistics of Tb conditioned on the MJO following the same definitions (MJO
CE, MJO SE, etc.) as in the previous sections are shown in Figure 12. The sharp peak in diurnal amplitude at
around 1 K in Figures 12b and 12f comes from the diurnal cycle of clear-sky sea surface temperature (not
shown). Overall, Figures 12a and 12b show results consistent with the analysis of TRMM precipitation by
Sakaeda et al. [2017], in that the probability of a large diurnal amplitude of Tb is higher in MJO CE in comparison
to MJO SE, as well as in comparison to the global tropical probabilities over both land and ocean.

The relative larger Tb diurnal amplitude within MJO CE is not too surprising, since this was also found to be the
case for diurnal rainfall amplitudes using TRMM 3B42 by Sakaeda et al. [2017]. In that case it was found that
while the diurnal cycle amplitude increases from suppressed to enhanced MJO convection, its ratio to daily
mean precipitation decreases. In other words, even though the diurnal rainfall amplitude becomes greater, its
relative contribution to total rainfall variance within the MJO envelope becomes smaller. The analogous state-
ment is more complicated when dealing with Tb because, as mentioned above, the Tb diurnal cycle represents
both precipitating and nonprecipitating clouds along with clear-sky conditions. In contrast to the strong pos-
itive correlation between daily mean rainfall rate and its diurnal amplitude, the relationship between Tb daily
mean and diurnal amplitude is far from linear, as demonstrated by their joint pdf (Figure 13). The black curve
in Figure 13 shows the statistical relationship between Tb daily mean and diurnal amplitude based on the
frequency weighted daily amplitude for each daily mean bin. This curve indicates that the diurnal amplitude
of Tb tends to increase with increasing daily mean Tb for less than about 245 K, whereas it has the opposite
relationship for Tb larger than about 245 K. In combination with the much higher probability of occurrence
of 300 K> Tb > 245 K than Tb < 245 K (shading), the slope of the black curve in this range suggests that the
diurnal cycle amplitude is likely to be larger for smaller Tb daily mean values. However, the ratio between
diurnal amplitude to the daily mean tends to be larger in MJO SE (red curve) than in MJO CE (blue curve). That
is, the increase in diurnal cycle amplitude from MJO SE to MJO CE is smaller than the decrease in the daily mean
Tb from MJO SE to MJO CE. These features are consistent with TRMM 3B42 precipitation results of Sakaeda
et al. [2017].

The distribution of the diurnal phase also varies between MJO CE and SE. The flatter distribution of the diurnal
phase within MJO CE (Figures 12c and 12d) indicates that the timing of diurnal cloudiness peaks within MJO CE
is more uniformly distributed than within MJO SE, which shows a more pronounced peak in the early morning.
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The early morning peak over ocean is partially due to the diurnal phase of rainfall being more pronounced in
MJO SE than in MJO CE [see Sakaeda et al., 2017, Figure 9b], but it also includes the clear-sky surface diurnal
cycle. The inclusion of the clear-sky surface diurnal cycle makes the interpretation of the diurnal phase pdf
difficult. The reasons for changes in the diurnal phase in MJO SE and CE are further discussed using TRMM
rainfall data in Sakaeda et al. [2017].

Once more, as in the global distribution of Tb conditioned on the MJO in Figure 3, Figures 12e–12h show that
there are no changes in the global tropical pdfs of diurnal amplitude or phase associated with the presence or
absence of an active MJO. Therefore, as with CCEW variance, the local MJO modulations of diurnal amplitude
and phase balance in such a way that their global distributions are not altered. In contrast to the global MJO
activity, the local modulations of the diurnal phase and amplitude by the MJO (i.e., in MJO CE/MJO SE) differ
over land and ocean in complex ways, and we refer to Sakaeda et al. [2017] for a more detailed analysis of
these relationships.

7. Summary and Conclusions

In this study, a variety of diagnostics are applied to CLAUS-IR (Tb) data in order to investigate the relation-
ship between the MJO and higher frequency organized tropical convection. To distinguish between local and
global effects, we follow a standard approach of applying a space-time filter to CLAUS-IR Tb, which allows us
to decompose the data into negative and positive MJO anomalies, representing convective (MJO CE) and sup-
pressed (MJO SE) regions. For a global index of MJO activity, we use the OMI, which is an OLR-based MJO index,
and we compare times when the index is high versus low amplitude, indicating active (OMI A) or inactive
(OMI I) MJOs. Local and global statistics of CLAUS-IR Tb pdfs, CCEW variance, mesoscale (MCS) organization,
and the diurnal cycle are investigated with respect to these MJO indices. Although we do not show results for
more direct measures of tropical rainfall, we have verified that our overall conclusions do not change when
using TRMM 3B42 data, except for the slight shift in the phase of the diurnal cycle discussed above and in
Sakaeda et al. [2017].

The CLAUS-IR Tb pdf conditional analysis shows that in comparison to the global tropical climatology, low
Tb values are more (less) likely to occur within the MJO convective (suppressed) phase. However, periods
of intense and weak MJO activity are, on average, not associated with changes in the globally integrated
CLAUS-IR Tb. Taken together, these results suggest that the MJO acts to redistribute convection spatially, but
that it does not affect the integrated global tropical convective activity. From the standpoint of satellite irra-
diance measurements of Tb, this might imply that there is a global constraint due to radiative convective
equilibrium, although similar results are obtained using TRMM 3B42 rainfall estimates. These results are also
valid over the entire globe from pole to pole when using Tb and also from 49∘S to 49∘N when using TRMM
3B42 rainfall. Based on this result, one might speculate that improving MJO variability in a numerical model
should also improve the spatial distribution of the tropical rainfall mean state, without necessarily affecting
the total tropical precipitation. In contrast, a number modeling studies [Kim et al., 2011, 2012; Benedict et al.,
2013] have shown that parameter changes that improve the MJO tend to worsen general circulation models
(GCM) mean state biases, including increased total precipitation. The results shown here suggest an obser-
vational constraint to models, whereby model developments aimed at improving MJO variability should not
impact total amounts of tropical rainfall.

This local change in the MJO conditional pdf (Figure 3) implies that Tb variance is larger in MJO CE than in
MJO SE. By filtering CLAUS-IR Tb for various CCEW spectral regions, we find that the variance associated with
all modes studied increases within the MJO active phase and decreases within the MJO suppressed phase;
however, in an event-by-event analysis, we show that there is a large spread in the overall strength and dis-
tribution of CCEW activity across individual MJO events. This is an important point because it suggests that
the increase (decrease) in CCEW variance may simply occur because of an overall increase (decrease) in back-
ground Tb variance, and not because CCEWs become more organized (disorganized) within the MJO CE (SE).
Our global analysis using OMI shows that the integrated tropical variance of CCEWs are not sensitive to MJO
activity. An implication for model development is that verification metrics based purely on diagnostics of the
variance of CCEWs [e.g., Guo et al., 2015] might not be wholly representative because they do not imply that
tropical variability necessarily becomes more organized following Matsuno’s dispersion curves, but rather that
background Tb variance is enhanced.
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We note that because broad spectral regions are used to define CCEW modes, we cannot address the ques-
tion of whether the MJO affects, for example, Kelvin wave propagation speeds as it has been suggested in
other studies [Roundy, 2008; Dias et al., 2013]. Our findings do not contradict MJO-related modulation of
CCEW propagation speeds because these changes in dispersion characteristics are small enough that most
of the variance associated with the potentially slower modes is still accounted for when using our choices of
filtering regions. Our results simply imply that, for example, any increase in variance associated with slower
Kevin waves within MJO CE is not particular to this mode of variability. Yasunaga [2011] also investigated
the CCEW/MJO relationship. One of the conclusions of that study is that over the Indian Ocean, the ampli-
tudes of all CCEWs except for the MRG are increased in the MJO convective active phase. The discrepancy in
the results could be partially due to differences in methodology. For example, we use a grid point variance
normalization, as opposed to using the entire record for normalization as Yasunaga [2011] did. The differences
in approach can be critical for MRGs because the convectively coupled MRG signal-to-noise ratio over the
Indian Ocean is very weak [Dias and Kiladis, 2014; Kiladis et al., 2016]; therefore, both approaches are particu-
larly sensitive to the background noise. In fact, Kiladis et al. [2016] argue that convectively coupled MRGs are
primarily confined to the central Pacific sector, which implies that the MRG modulations detected here and
perhaps in Yasunaga [2011] are due to the background noise.

To further investigate the composition of the MJO, we apply a tracking algorithm that extracts mesoscale con-
tiguous cloudy regions from CLAUS-IR Tb (CCRs). Interestingly, we find that the population of these organized
systems within the MJO CE is larger than within MJO SE, but several of their morphological characteristics
within MJO CE versus SE remain very similar to climatology. For example, CCR lifetime, size, and phase speeds
are not particularly sensitive to the large-scale MJO environment that they are embedded in. In agreement
with this finding, there is no global difference between CCR statistics during periods when the MJO is active
(OMI A) or inactive (OMI I). While not shown here, we also did not find global CCR sensitivities when they are
conditioned on RMM activity. In agreement with the theoretical study by Moncrieff [2004], this result suggests
that resolving mesoscale systems in GCMs might not necessarily be critical for improving MJO performance.

Finally, our results show that, in agreement with the modulations of low Tb values, the presence of the MJO also
increases the amplitude of the Tb diurnal cycle locally. In addition, the diurnal phase distribution in MJO CE is
less concentrated during the early morning hours than in climatology, which is in contrast to the more peaked
phase distribution associated with suppressed MJO convection. However, on a global scale, the activity of the
MJO as measured by the OMI does not affect the Tb diurnal cycle amplitude and phase when integrated over
the global tropics. This suggests that more realistic interaction between the MJO and diurnal cycle may lead
to locally better representation of them [Neale and Slingo, 2003; Peatman et al., 2015], but such improvements
should not lead to changes in the global diurnal cycle of precipitation with the MJO. The relationship between
the MJO and the diurnal cycle of rainfall and cloudiness, including land and ocean contrasts, is presented in
greater detail in Sakaeda et al. [2017].

Although many studies have explicitly related the MJO to the activity of specific smaller-scale waves
[Wang, 1988; Wang and Rui, 1990; Yang and Ingersoll, 2011, 2013; Solodoch et al., 2011; Liu and Wang, 2016],
our results imply that beyond the local enhancement in variability, higher-frequency tropical disturbances
are not systematically related to the MJO, which suggests that their dispersion characteristics might not be
essential for the MJO growth and propagation. Other studies have emphasized the role of smaller-scale distur-
bances but posit that the details of their structure are not critical [Majda and Stechmann, 2009, 2011], which is
also at odds with our results in the sense that we did not find a strong local relationship between Tb synoptic
variance and MJO amplitude (Figure 7). In contrast, our observational assessment that smaller-scale tropical
convection is not systematically affected by the MJO is not in contradiction with the “Moisture Mode” theory
[Sobel et al., 2001; Raymond and Fuchs, 2009; Sobel and Maloney, 2012, 2013], which states that the main pro-
cesses that control the MJO growth and propagation are related to column-integrated water vapor and the
balance among its sources and sinks when integrated across the entire MJO envelope. This planetary-scale
moisture-related instabilities share similarities with the large-scale nonrotating convective aggregation phe-
nomena seen in modeling studies such as Bretherton et al. [2005] and Arnold and Randall [2015]. Interestingly,
this view is consistent with our observational result that the MJO tends to redistribute tropical convection
geographically without affecting its broader higher-frequency characteristics and global totals.

It is possible that, while not crucial, higher-frequency variability in the makeup of the MJO is related to MJO
life cycle stage and propagation characteristics or is more systematically organized across the MJO envelope.
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It is also possible that other types of tropical disturbances not included here are more sensitive to the MJO.
The authors plan on pursuing these topics, along with investigations of whether the MJO has global impacts in
parameters other than rainfall, such as surface temperature. We anticipate that the methodology developed
here will be useful in these future studies.
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