
1. Introduction
Atmospheric relative humidity (RH) profiles over Earth's oceans can be robustly clustered into 8 “primitive” 
classes, each of which can be associated with distinct dynamical features (Abraham & Goldblatt, 2022, 2023). 
The structures of these RH-classes are robust against intra- and interannual variability, hence changes in spatial 
water vapor distribution or atmospheric moisture transitions manifest through occurrence frequency changes 
of these RH-classes (e.g., Abraham & Goldblatt,  2022,  2023). Deep convection transports copious amounts 
of water vapor into the atmospheric column, which affects the global hydrological budget and atmosphere's 
radiative properties, both of which impact extreme events (e.g., Abraham & Goldblatt, 2023; Angulo-Umana 
& Kim, 2023; H. H. Aumann et al., 2018; Roca & Fiolleau, 2020; Stan et al., 2017; Tromeur & Rossow, 2010; 
Wong & Teixeira, 2016). An important tropical deep-convection pattern is associated with the Madden–Julian 
Oscillation (MJO; Madden & Julian, 1994). In this study we investigate how occurrence patterns of typical trop-
ical RH-profile classes (particularly those associated with deep-convection) vary with the different phases of the 
MJO.

The hyperspectral Atmospheric Infrared Sounder (AIRS) on NASA's Aqua satellite allows for systematically 
investigating vertical structures of tropospheric water vapor content above Earth's oceans (H. Aumann et al., 2003; 
Kalmus et al., 2015). Abraham and Goldblatt (2022, 2023) classified AIRS RH-profiles into eight distinct and 
physically meaningful classes using k-means clustering (i.e., no predefined knowledge of occurrence region or 
atmospheric dynamics is applied). Each class can be associated with particular atmospheric dynamics. Five of 
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Plain Language Summary The Madden–Julian Oscillation (MJO) is a pattern of atmospheric 
convection, cloudiness, and rainfall that moves eastward across the Indian and Pacific Oceans over about 
30–60 days. In previous studies relative humidity (RH) profiles estimated from satellite data have been 
clustered into distinct classes. Here we exhibit how those RH-profile classes change systematically with the 
MJO. Importantly, the RH-profiles themselves do not change with the MJO, but where they occur changes: The 
RH-profile with largest humidity throughout the atmosphere occurs in the same places as the most convection 
and rainfall. East of the convective core, a profile which is moist in the lower half of the troposphere, but drier 
above, occurs more often; this is important in priming the atmosphere for deep convection. Results of this 
study can inform diagnostics for identifying why climate models struggle in representing the MJO and which 
moisture transition processes require refinement.
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these RH-classes (A1–A5) occur predominantly in the tropics and subtropics (Table 1), accounting for more than 
80% of all RH-profiles retrieved in those regions (Abraham & Goldblatt, 2023). Moist profiles (A1–A2) establish 
in convective updraft regions, particularly in the intertropical convergence zone (ITCZ) and Indo-Pacific warm 
pool. Dry profiles (A3–A5) are generally associated with large-scale subsidence that suppress convective activity 
and allow, for instance, low-level stratocumulus clouds to form.

Mean RH-profiles of each class are robust and independent from underlying sea-surface temperatures (SST; 
Abraham & Goldblatt, 2022), seasons, or warming climate conditions (Abraham & Goldblatt, 2023). By contrast, 
the geographical conditional occurrence probabilities (OP) of each RH-class change substantially with the 
seasons and with warming (Abraham & Goldblatt, 2023). Increases in the OPs of convective RH-classes (A1–
A2) are found to drive the OPs of other drier RH-classes, as convection is compensated by expanding dry areas 
with strong subsidence (Abraham & Goldblatt, 2023).

The MJO is a deep convection propagation pattern associated with negative outgoing longwave radiation (OLR) 
and positive precipitation anomalies moving eastward across the Indian and Pacific oceans on timescales of 
about 30–60 days (e.g., Madden, 1986; Madden & Julian, 1994). The overall large-scale MJO pattern can be 
understood as exhibiting dipole structures between suppressed and enhanced convection (Adames & Kim, 2016; 
Adames & Wallace, 2015). Most often, however, the MJO propagation pattern is divided into eight different 
phases (Ventrice et al., 2013; Wheeler & Hendon, 2004). During boreal winter (November–April) the MJO is 
more active and generally starts in the equatorial Indian Ocean east of Africa (phase 1) moving south-eastward 
across the Indo-Pacific warm-pool toward the South Pacific convergence zone (phase 8; Adames et al., 2016; 
Wu et al., 2006; Yu et al., 2012). During boreal summer (May–October), on the other hand, the deep convection 
pattern is weaker, shifted northward, and the OLR anomaly propagates north-eastward. The convection centers 
are preceded by moistening of the boundary layer on the eastward flank of the convective cells (Adames & 
Wallace, 2015; Kiladis et al., 2005).

Note. The vertical structures of the RH-profiles against atmospheric pressure (p) are determined by averaging the RH-profile observations according to cluster 
affiliations of k-means clustering analysis (Abraham & Goldblatt, 2022) and the eight MJO phases (Wheeler & Hendon, 2004). Variability around each mean profile is 
low (Abraham & Goldblatt, 2022). The profiles are essentially identical for each phase, so the graphs for all eight phases are largely coincident.

Table 1 
Summary of the Five Distinct RH-Profile Classes That Dominate the Tropics and Subtropics (Abraham & Goldblatt, 2022)
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Given that deep convection is the major MJO driver, the distribution of tropical humidity is of fundamental impor-
tance. Indeed, one major theory of MJO propagation, the moisture-mode theory, resolves the MJO as a wave in 
a system with moisture as the only prognostic variable (Raymond,  2001; Raymond & Fuchs,  2009; C. Zhang 
et al., 2020). Adames and Wallace (2015) describe the MJO moisture structure: the convective core has a westward 
tilt with height to the most moist regions. Descending air east and west of the moist core is drier. Up to 60° eastward 
of the convective core, the boundary layer is also moist, though the free troposphere remains dry, which is ascribed 
to moisture convergence in the boundary layer (Maloney & Hartmann, 1998). A previous satellite based climatology 
of MJO moisture, using older instruments, showed eastward propagating RH anomalies (Myers & Waliser, 2003).

State-of-the-art climate models struggle representing the MJO consistently (Jiang et al., 2020) or if fairly simu-
lated the community lack understanding why those models perform well (Klingaman et al., 2015). Part of the 
problem is that MJO drivers, such as the deep-convection centers, radiative effects of cloud structures, or bound-
ary layer circulations are unresolved and require subgrid-scale parameterizations (e.g., Kim & Maloney, 2017; 
Yang & Wang, 2019; G. J. Zhang & Song, 2009). Tuning those parameterizations to reasonably represent the 
MJO, particularly the deep convection schemes, usually degrades the models' mean states (Kim et  al.,  2011; 
Mapes & Neale, 2011). While resolving mesoscale circulation could allow improving the MJO propagation (M. 
Ahn et al., 2019; Chen & Mapes, 2018; Mapes & Neale, 2011), climate models' resolutions are still far from 
resolving those scales. To nonetheless improve the MJO in climate models, large-scale process-based diagnostics 
are required that allow identifying misrepresented processes (e.g., M.-S. Ahn et al., 2017; Jiang et al., 2020).

In summary, individual tropical RH-profiles tend to belong to a member of a relatively small set of standard mois-
ture profiles (A1–A5), each of which has a distinct structure and physical-dynamical explanation (Abraham & 
Goldblatt, 2022). Systematic moisture changes manifest through OP of this set of standard profiles (Abraham & 
Goldblatt, 2023). In this study, we show that MJO moisture variability also manifests via systematic OP changes 
of the primitive RH-profiles, demonstrating how clustered RH-profiles apply not only to global scales but also to 
moisture transitions on smaller scales. As OPs of RH-profiles reflect the (for climate models unresolved) occur-
rence of atmospheric local dynamics this study provides a framework for new process-based MJO diagnostics for 
the climate modeling community.

2. Data and Methods
In Abraham and Goldblatt (2022) we clustered instantaneous satellite observations (about 450 million) of atmos-
pheric RH-profiles into distinct “primitive” classes. Those RH-profiles were retrieved above Earth's oceans from 
AIRS on NASA's Aqua satellite between 30 August 2002 and 6 March 2021 (Kalmus et al., 2015). The AIRS Version 
7 Level 2 product provides RH-values on 14 standard pressure levels between 1,000 and 50 hPa such that the vertical 
resolution in the middle troposphere is about 3 km, but higher and lower below and above, respectively (Maddy 
& Barnet, 2008). The horizontal footprint of the AIRS retrievals is approximately 45 km across. A more detailed 
description of the data, applied filters, and resulting uncertainties is provided in Abraham and Goldblatt (2022, 2023).

As in Abraham and Goldblatt  (2022,  2023), we only use data with good quality flags (QF  ≤  1; Susskind 
et al., 2003, 2006) for all of: moisture and temperature measurements on all 14 pressure levels, SST, OLR, and 
total cloud cover. The moisture estimates with these QFs are accurate to within 15 ppm below 300 hPa, and 6 ppm 
above 300 hPa (Divakarla et al., 2006; Trent et al., 2019).

In Abraham and Goldblatt  (2022) we classified satellite retrieved RH-profiles using k-means cluster analy-
sis. Here, we use the retrieved cluster affiliation of each RH-profile, together with time and location informa-
tion, to sort RH-profiles according to MJO phases given by the real-time multivariate MJO index (Wheeler & 
Hendon, 2004, obtained from NOAA). Time filtering methods are not used as data are discontinues due to apply-
ing the QFs requirements. Other MJO indices yield similar results. We restrict our analysis to the latitudinal band 
35°N to 35°S, and to RH-classes A1–A5 which account for over 80% of observations in that region (Abraham 
& Goldblatt, 2023) (i.e., the sum of OPs illustrated do not always equal 100% because of some occurrences of 
classes A6–A9 in the tropics; Abraham & Goldblatt, 2022). Data availability is almost uniformly distributed in 
this tropical region (cf. Figure 2 in Abraham & Goldblatt, 2023).

Additionally, we investigate precipitation anomalies in the different MJO phases. The precipitation data were 
taken from the Tropical Rainfall Measuring Mission (TRMM) merged product 3B42 (Version 7; Huffman 
et al., 2007) and were available at 3 hr temporal resolution, on a 0.25° by 0.25° grid.
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3. Results
The composite mean structures of each RH-profile class show almost no change between the eight phases 
of the MJO (Table  1), with narrow RH-profile distributions around the mean (not shown, cf. Abraham & 
Goldblatt, 2022). This builds on previous results that the mean RH-profiles of each class are robust and independ-
ent from underlying SST (Abraham & Goldblatt, 2022), seasons, geolocation, or a warming climate (Abraham & 
Goldblatt, 2023); hence these standard RH-profiles occur for particular atmospheric dynamics and local dynam-
ical changes manifest in the transition from one RH-class to another.

Since RH-structures are robust, independent of geolocation and time, atmospheric moisture transitions can be stud-
ied through the OP anomalies of each class. For the MJO we identify a remarkably clear pattern (Figures 1 and 2): 
Eastward propagating anomalies in the occurrence of moist profiles associated with convection, A1 and A2, are 
evident in summer and winter. Eastward propagating anomalies in dry profiles associated with descent are clearest 
in A4 in boreal summer and A3 in boreal winter. These propagating OP anomaly patterns of both moist (convection 
enhancing) and dry (convection suppressing) profiles build a dipole structure (cf. Adames & Kim, 2016).

In our previous work (Abraham & Goldblatt, 2022, 2023), we associated RH-profile class A1 with deep convec-
tion based on the consistently large RH throughout the troposphere (e.g., Bretherton et al., 2004), and on its 

Figure 1. First Row: Climatological mean precipitation (column 1), and climatological mean occurrence probabilities of RH-profile classes A1–A5 (columns 2–6), for 
all-sky conditions between 35°S and 35°N between May to October (boreal summer, austral winter). Lower block: Precipitation (column 1) and occurrence probability 
anomalies (columns 2–6) from the climatological mean (above) of each RH-profile class in the 8 different Madden–Julian Oscillation phases.
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most frequent occurrence around the ITCZ and Indo-Pacific warm pool, regions dominated by deep convection 
(Raymond et al., 2003). Comparing OP anomalies of A1 with the different MJO phases provides an excellent 
empirical framework to substantiate this assumption. Deep convection is naturally linked to elevated precipita-
tion. Geographical patterns of positive anomaly distributions of precipitation rates and OPs of A1 match well 
(Figures 1 and 2). Indeed, cross-plotting the anomaly data shows considerable positive correlation (Figure 3, first 
and third columns), which is strongest over the Indian Ocean and Maritime continent. Even though the linear 
models are not perfect (cf. p- and R 2-values) the overall positive and negative relationships are evident.

Largest positive OP anomalies of A1 occur in convective core regions of the MJO convection centers (cf. 
Figures 1 and 2 with Wheeler & Hendon, 2004). These begin to form in the Indian ocean in MJO phase 1, then 
intensify there through MJO phase 3. Thereafter, the propagation is seasonally dependent. In boreal summer 
(Figure 1), positive OP anomalies of class A1 extend eastward through the Pacific in a zone north of the equa-
tor, reaching the east Pacific in MJO phase 7. We infer that this is organized along the ITCZ. In MJO phase 8, 
positive A1 anomalies also occur in the South Pacific Convergence Zone and in the Atlantic (although there is 
little anomalous precipitation there). In austral summer (Figure 2), the positive OP anomalies for class A1 extend 
south-eastward into the South Pacific Convergence Zone up to MJO phase 7 and remain coincident with positive 
precipitation anomalies, before moving east across the Pacific in MJO phase 8.

Class A2 is characterized by a moist low troposphere (Table 1), but by drier conditions in the middle and upper 
troposphere (typical for lower and middle atmosphere moistening with weaker precipitation from for instance 

Figure 2. As Figure 1 but for the November to April (boreal winter, austral summer) season.
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Figure 3. Scatterplot of anomalies of precipitation and OPs of RH-profile classes A1 and A2 for 20°S to 20°N in the Indian Ocean (left) and tropical Maritime 
continent (right) as indicated in the top panel of Figure 4 in each Madden–Julian Oscillation phase (top left number). Summer (May–October) and winter (November–
April) are illustrated in black and red, respectively. Contours indicate the bivariate probability density distributions (estimated with the multivariate kernel density 
estimation of O’Brien et al. (2014, 2016)) and lines a linear regression model for which p-values of no linear relationship and explained variance (R 2) are displayed in 
the legends.
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Figure 4. Ocean domain fractions between 20°N and 20°S dominated by RH-profile classes A1–A5 through the Madden–Julian Oscillation cycle in boreal summer 
(left) and boreal winter (right) in 5 regions (rows) as defined in map panel at the top. Ocean area fractions are calculated as in Abraham and Goldblatt (2023), and do no 
necessarily add up to 100% (Section 2).
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congestus clouds). Consistently, OP anomalies of class A2 are anti-correlated with precipitation anomalies, as 
illustrated for instance over the Indian Ocean and the Maritime Continent (Figure  3). Occurrence frequency 
increases of A2 precede that of A1 in the eastward propagation of the MJO. During MJO phases 7–8, large posi-
tive OP anomalies of A2 are evident in the Indian Ocean, which move east to cover the warm pool region in MJO 
phases 1–2, before moving across the Pacific. In MJO phases 4–6, the positive OP anomalies of A2 occur over 
the equatorial east Pacific.

We propose that increased occurrences of RH-profile class A2 corresponds to a pre-moistening phase of the 
convective cycle, likely through mid-level (congestus) convection, that is responsible for MJO propagation. In 
other words, on average a larger presence of class A2 leads the convective core (class A1) by approximately 
10 days. Particularly in MJO phases 7–2 the importance and ubiquity of this pre-moistening phase is evident. 
Our results are consistent with Adames and Wallace (2015) who described the evolution of the moisture structure 
of the MJO. They found a region of high low-troposphere humidity east of the convective core. Their analysis 
emphasizes the importance of moisture convergence in the boundary layer (caused by equatorial Kelvin waves 
excited by the convective core; Adames & Wallace, 2015). This low-level convergence supplies moisture for 
mid-height convection, detrainment from which moistens the free troposphere.

An interesting feature of our results is the large positive OP anomalies of class A2 in the Indian Ocean in MJO 
phases 7–8 (perhaps even beginning in MJO phase 6), in regions where class A2 is otherwise uncommon. These 
indicate the start of the convective cycle, so identifying these may predict the initiation of an MJO event.

Further insight can be gained from the calculated fraction of the ocean domain, focean, dominated by each class 
(Figure  4, see Abraham and Goldblatt  (2023) for method). For example, over the Indian ocean focean (A2) is 
minimal in MJO phase 4 and maximal in phase 8, increasing by about 10% in both seasons. Eastward, over the 
Maritime Continent, the focean (A2) cycle is shifted by about two MJO phases, with maximal extent in phases 1–2. 
In both regions, maximal focean (A1) values display a 2–3 MJO phase lag (about 10 days) from focean (A2).

Convective regions must be compensated by large-scale subsidence, which is associated with profiles A3, A4, 
and A5. These profiles have similar humidity structures in the marine boundary layer, but decreasing amounts of 
moisture above (Table 1). The OPs of A4 and A5 are correlated, whereas the OP of A3 is anti-correlated with A4 
and A5 (Abraham & Goldblatt, 2023). This can be interpreted as A4 and A5 being rather similar and, depending 
on the dynamics, accommodation of subsidence switches between A3 and A4/A5.

In boreal summer, there is an MJO phase dependent switch between profiles A3 and A4/A5 accommodating 
anomalous amounts of descent (Figure 1). In MJO phases 7–1, positive OP anomalies of class A3 dominate 
each side of the equator throughout the Indian, Pacific and Atlantic Basins. Class A3 has the more moist upper 
troposphere, so would correspond to descent occurring closer to the convective core of the MJO and source of 
high-altitude moisture. With positive OP anomalies of class A1 on the equator (particularly during MJO phase 7), 
this may be explained by enhanced meridional overturning (i.e., a stronger local Hadley circulation). By contrast, 
during MJO phases 2–6, classes A4 and A5 exhibit the largest positive OP anomalies, and these propagate east-
ward across the Pacific and into the Atlantic. In particular, in phases 4–6 there are positive OP anomalies for class 
A4 over the equatorial Pacific and Atlantic. At this time, there is enhanced deep convection over the warm pool 
(see OP anomalies of A1 and precipitation anomalies), so the large-scale pattern appears to be an enhanced zonal 
(Walker circulation) across the Pacific, with descent further from convection, hence the drier troposphere aloft.

In austral summer, variability is dominated by class A3. In MJO phases 1 to 4, in which moist RH-profile class A1 
is anomalously frequent over the Indian Ocean, positive OP anomalies in dry RH-profile class A3 are both prox-
imal (north and south of the convection anomaly, indicating an enhanced local Hadley circulation) and distal (in 
the East Pacific and somewhat in the Atlantic). In MJO phases 5–7, in which moist RH-profile class A1 is anom-
alously frequent over the Maritime Continent, positive OP anomalies of dry RH-profile class A3 are proximal, 
occurring north-east of positive OP-anomalies of class A1, over the west Pacific, and west, over the Indian Ocean.

Although the MJO is primarily an Indo-Pacific phenomenon it affects the tropical convective activity in the 
Atlantic region (e.g., Barnston et al., 2015; Klotzbach, 2010; Yu et al., 2012). Effects on OPs of RH-classes over 
the Atlantic are most evident during boreal summer (Figure 1). During MJO-phases 7–2, OPs of moist RH-profile 
classes A1 and A2 increase along the band spanning from the equatorial Atlantic toward the Caribbean Sea. 
Simultaneously, OP increases of the drier class A3 are evident south of this band; to a lesser extent though in 
classes A4 and A5. These Atlantic moisture changes may be associated with locally enhanced African easterly 
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wave activity (Ventrice et al., 2011), which causes the tropical cyclone activity in the Atlantic basin toward the 
Caribbean Sea to increase (Barnston et  al.,  2015). In austral summer, the most notable Atlantic changes are 
switching between A1 and A2 in the equatorial east Atlantic.

4. Conclusion
Earth's RH structures vary systematically through the MJO cycle. We have examined this via a suite of five distinct 
RH-profiles, identified from AIRS satellite data over Earth's oceans through k-means clustering (Abraham & 
Goldblatt, 2022, 2023). As each RH-profile class is robust in both space and time, their spatial distributions of 
OP anomalies exhibit local atmospheric dynamics and systematic moisture transitions. That is, the frequency of 
each RH-profile class in different ocean regions changes with the MJO cycle.

The most moist RH-profile class (A1) dominates the convective core of the MJO, that is, the regions with largest 
vertical motions. The OP anomalies of A1 also positively correlate with positive precipitation anomalies. Second 
wettest RH-profile structure (A2) has a moist low-troposphere, but is drier aloft which corresponds to weaker 
convection. The positive OP anomalies of this RH-class lead the convective core by about 10 days. Increases in 
this RH-class are responsible for pre-moistening the atmosphere, and priming it for deep convection. Further-
more, RH-class A2 becomes most abundant in the Indian Ocean in MJO phases 7 and 8, which likely establishes 
conditions for deep convection and the initiation of a new MJO cycle. Observing large positive OP anomalies of 
this class might help predict the onset of an MJO event.

The progression from dry RH-profile classes A3 and A4 to A1 via A2 imparts important thermal radiative 
feedbacks, as moistening the mid- or upper troposphere reduces the OLR and warms the surface. Sensitivity 
studies by Bourdin et al.  (2021) show that, at low baseline RH, moistening partially the atmosphere above 
800 hPa is sufficient to allow transitions into deep convection occurrence. Thus, initiating mid-level convec-
tion primes the atmosphere and allows transitioning toward increases of class A1. Naturally, cloud radiative 
feedbacks play a role in the MJO propagation by anomalously heating and hence destabilizing convective 
areas (e.g., Arnold & Randall, 2015; Bony et al., 2015; Jiang, 2017; Kim et al., 2015); here we only discuss 
the pure water vapor feedbacks as we still investigate links between the distinct RH-profile classes and cloud 
type distributions.

The demonstrated large-scale OP behavior of typical RH-profile classes has implications for MJO modeling 
and MJO theory as it allows not only identifying RH anomalies but also the local atmospheric dynamics. Thus, 
observed ubiquitousness of the RH-profile classes and their OP changes throughout the MJO cycle can serve as 
a diagnostic to test the fidelity of climate models in their simulations of the MJO as many climate models still 
struggle in simulating the MJO accurately (Jiang et al., 2020; Le et al., 2021). Therefore, analyzing RH-profile 
characteristics in these models and their MJO changes would be useful to understand which atmospheric dynam-
ics on the subgrid-scale cause misrepresentations, particularly in terms of pre-moistening the lower troposphere 
for eastward propagation. Similarly, different theories of the MJO such as moisture mode theory, the skeleton 
model, and the trio-interaction theory (C. Zhang et al., 2020) make different assumptions about the role of mois-
ture and the processes that govern the change of moisture throughout the MJO cycle. Numerical models based 
on these theories can also be tested using the RH-profile metric described above, to assess the ability of the rele-
vant  theory to produce this observed behavior.

Data Availability Statement
The AIRS Version 7 Level 2 data are freely available via the Goddard Earth Sciences Data and Information 
Services Center (GES DISC, https://disc.gsfc.nasa.gov/datasets/AIRS2RET_7.0/summary). The GES DISC 
provides additional information and documentation about the AIRS L2 products and other products of inter-
est, as well as ordering and data sub-setting tools and services. We accessed the data on 6 March 2021. The 
3B42 precipitation data were provided by the NASA/Goddard Space Flight Center and PPS, which develop and 
compute the 3B42 data set as a contribution to the TRMM project, and archived at the NASA GES DISC. The 
phases of the MJO were obtained through NOAA (https://psl.noaa.gov/mjo/mjoindex/). Those data have been 
accessed on 14 May 2021. Scripts and post-processed data for plots can be found at https://doi.org/10.5281/
zenodo.8377358.
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