
1. Introduction
Mid-tropospheric easterly jets exist in several tropical regions, the best known being the African Easterly Jet 
(AEJ). The AEJ is a prominent feature of the boreal summer circulation over West Africa, with easterly winds of 
∼11 m s −1 at 600 hPa and ∼15°N (Wu et al., 2009). The AEJ is maintained by two diabatically forced meridional 
circulations, one associated with dry convection in the Saharan thermal low to the north, and another associ-
ated with the deep moist convection in the intertropical convergence zone (ITCZ) to the south (Thorncroft & 
Blackburn, 1999). A positive meridional temperature gradient extends from the surface to 600 hPa, correspond-
ing to easterly wind shear with height, according to the thermal wind relationship. Above this, the meridional 
temperature gradient is reversed due to latent heating from deep convection to the south, in contrast to strong 
radiative cooling above the Sahara. This results in peak easterly winds at 600 hPa.

The AEJ is associated with a negative meridional potential vorticity (PV) gradient (Burpee,  1972; Schubert 
et al., 1991; Thorncroft & Blackburn, 1999), satisfying a necessary condition for instability of the mean flow 
(Charney & Stern,  1962). The barotropic and baroclinic instability of the flow supports the development of 
African Easterly Waves (AEWs) on the AEJ (e.g., Pytharoulis & Thorncroft, 1999; Wu et  al., 2012). AEWs 
are convectively coupled waves initiated by convection (mesoscale convective systems [MCSs]) over terrain in 
eastern Africa (e.g., Hamilton et al., 2020), before propagating westward and developing along the AEJ (Berry 
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& Thorncroft, 2005). AEWs can ultimately undergo tropical cyclogenesis (e.g., Núñez Ocasio et al., 2021), with 
61% of North Atlantic tropical cyclones originating from AEWs (Russell et al., 2017).

A mid-tropospheric easterly jet and PV reversal also exists over northern Australia, from December to March, with 
approximately half the strength of the AEJ (Dickinson & Molinari, 2000). Despite satisfying the Charney-Stern 
instability condition, AEW-like disturbances were not detected on the jet. This is attributed to the smaller zonal 
extent of the PV reversal over northern Australia (allowing insufficient time for wave growth), or the lack of 
upstream orography (Dickinson & Molinari, 2000). However, Berry et al. (2012) found that Australian monsoon 
weather systems resemble AEWs in that they move along the easterly jet at 700  hPa, although with signifi-
cantly smaller amplitudes. Furthermore, the African Easterly Jet South (AEJ-S) persists over central Africa from 
September to November at 10°S (Nicholson & Grist, 2003). The AEJ-S is also smaller and weaker than the AEJ, 
and is not associated with easterly waves. However, the AEJ-S does play a role in moisture distribution in central 
Africa; a strong (weak) AEJ-S results in enhanced water vapor divergence (convergence) at mid-levels, resulting 
in dry (wet) conditions further south (Kuete et al., 2020).

Each easterly jet occurs where there is ocean (or tropical rainforest) equatorward of inland deserts. India shares 
a similar geographic alignment, with the Thar Desert north of the equatorial Indian Ocean. The shift in India's 
monsoon circulation can be understood as a change in sign of the meridional temperature gradient (Goswami & 
Chakravorty, 2017). The pre-monsoon (March–May) is the hottest time of year in India, characterized by intense 
solar radiation. Sensible heating, in particular over the Tibetan Plateau (Yanai et al., 1992), reverses the low-level 
meridional temperature gradient from negative to positive (Xavier et al., 2007). During March and April the ITCZ 
lies over the equatorial Indian Ocean (Mitchell & Wallace, 1992), with latent heat release generating a negative 
meridional temperature gradient aloft, conducive to a mid-level easterly jet.

This study investigates an easterly jet over India during the pre-monsoon, which we call the “Indian Easterly Jet” 
(IEJ). We will address the following questions:

1.  What are the climatological characteristics of the IEJ?
2.  Does the IEJ exhibit instability, and if so does it support easterly waves?
3.  How is the IEJ linked with pre-monsoon weather over India?

Although periods of easterly flow and associated heavy rainfall have been investigated previously over 
pre-monsoon India (Sawaisarje et  al., 2019), to the authors' knowledge, this is the first study to consider the 
climatological easterly wind pattern as a jet.

2. Data and Methods
The main data set used is the fifth-generation European Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis product, ERA5, produced using the Integrated Forecasting System model cycle 41r2 
(Hersbach et al., 2017, 2020). The meteorological variables used are horizontal wind components, air temper-
ature, and specific humidity on pressure surfaces with a vertical resolution of 50 hPa in the mid-troposphere, 
Ertel PV and horizontal wind components on the 315 K isentropic surface, and 2m temperature. All data is 
interpolated onto a regular 0.25° latitude-longitude grid. We also use Global Precipitation Climatology Project 
V2.3 monthly-mean precipitation (Adler et al., 2003) with 2.5° horizontal resolution. The period of study is 
1979–2018 (40 years).

An IEJ index is defined to capture the strength and spatial extent of the zonal wind. Based on the IEJ clima-
tology (Section  3), the IEJ index is defined as the April standardized mean of easterly zonal wind within a 
three-dimensional region of 70°–80°E, 0°–20°N, and 500–800  hPa (Figures  1b and  1c). Standardization is 
applied by subtracting the mean value (−3.19 m s −1) and dividing by the standard deviation (0.65 m s −1). Defin-
ing the index in April avoids possible contamination from the monsoon onset in May. It is assumed that the mean 
IEJ state in April is representative of the jet throughout the pre-monsoon season. The jet index region has a larger 
spatial extent than the IEJ itself to account for any spatial variability. Strong (weak) jet years are defined as those 
with an IEJ index below (above) the 25th (75th) percentile.

The Charney and Stern (1962) necessary (but not sufficient) condition for instability of the zonal flow requires 
a reversal of the meridional PV gradient. As outlined by Hsieh and Cook (2008), under the quasi-geostrophic 
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assumption (on pressure surfaces, conservation of PV being approximately equivalent to the conservation of 
quasi-geostrophic PV [QGPV], q), if the zonal flow is unstable, the Charney-Stern condition requires that:

𝜕𝜕 𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝛽𝛽 −

𝜕𝜕2 𝜕𝑢𝑢

𝜕𝜕𝜕𝜕2
−

𝜕𝜕

𝜕𝜕𝜕𝜕

(

𝜕𝜕𝑝𝑝0
2

𝑅𝑅𝑅𝑅𝜕𝜕

𝜕𝜕 𝜕𝑢𝑢

𝜕𝜕𝜕𝜕

)

< 0 (1)

where y = meridional distance (m), f0 = Coriolis parameter (s −1) at fixed latitude (10°N), β = meridional gradi-
ent of the Coriolis parameter (s −1 m −1), u = zonal wind speed (m s −1), p = pressure (Pa), R = gas constant 
(287 J kg −1 K −1), and 𝐴𝐴 𝐴𝐴𝑝𝑝 =

[

−

(

𝑇𝑇

𝜃𝜃

)

𝜕𝜕𝜃𝜃

𝜕𝜕𝑝𝑝

]

 , where T = temperature (K), θ = potential temperature (K). The overbar 
refers to the zonal mean. On the RHS, the first term is the meridional gradient of planetary vorticity, which acts 
to inhibit instability (i.e., is positive). The second and third terms represent how horizontal and vertical shear 
determine the meridional gradient of q. If the instability condition is satisfied by horizontal and/or vertical shear 
(i.e., these terms being negative), there is the potential for barotropic and/or baroclinic instability respectively.

Wave activity is investigated using a Fourier bandpass filter applied to the daily 700 hPa meridional wind field. 
AEWs have a typical period of 2–6 days (Burpee, 1972), but an extended range of 2–10 days is used for this initial 
investigation.

3. Climatology and Interannual Variability
3.1. Climatology

Over India, the mid-tropospheric zonal wind switches between monsoon westerlies in summer (June–September), 
and easterlies during the rest of the year (Figure 1a). Peak easterly winds occur during the pre-monsoon (March–
May), with a maximum speed of 6–7 m s −1 in April, over southern India at 10°N, ∼700 hPa (Figure 1b), and 
60°–90°E (Figure 1c). This is the IEJ, embedded within a band of easterlies at the same latitude. The IEJ is a 
local acceleration of the broader easterly flow (in thermal wind balance), positioned over the maximum positive 
low-level meridional temperature gradient over southern India, which has a greater (smaller) magnitude in strong 
(weak) jet years (Figure S1 in Supporting Information S1). At monsoon onset, a positive meridional temperature 
gradient extends through the troposphere, and low-level westerlies are established that overcome the IEJ.

In contrast, over West Africa there is no shift in the mid-tropospheric zonal wind, since the West African monsoon 
(WAM) is shallower than 600 hPa, allowing easterly winds to persist to the south of 20°N (Figure 1d). Consistent 
with Wu et al. (2009), peak easterly winds associated with the AEJ occur in July at ∼15°N and 600 hPa with 
strength 11–12 m s −1, above the weak westerlies of the WAM (Figure 1e). The IEJ and AEJ share a similar struc-
ture in vertical cross-section (Figures 1b and 1e), both positioned below the Tropical Easterly Jet at ∼200 hPa. 
However, the AEJ is approximately twice as strong as the IEJ, and resides ∼100 hPa higher. The AEJ spans 
40°W–20°E (Figure 1f), with a zonal extent double that of the IEJ, due to the larger zonal extent of the landmass 
in West Africa. The AEJ persists for 6 months, whereas the IEJ is only present for 3 months, consistent with the 
more dynamical zonal wind structure over India.

The climatological background environment of the IEJ and AEJ are presented in Figure  2. Conditions south 
of the IEJ (0°) are relatively cool and moist, with a surface temperature of 27°C and a quasi-moist adiabatic 
temperature profile above 900 hPa (Figure 2a). Positive vertical mass-flux values indicate ascent throughout the 
troposphere (Figure 2b), with mass-flux convergence above 300 hPa, and divergence below (Figure 2c). This is 
consistent with deep moist convection in the ITCZ over the equatorial ocean, with evaporation below 300 hPa 
and latent heat release above. North of the IEJ (20°N), the low-level troposphere is hotter and drier, with a surface 
temperature of 32°C and a dry adiabatic temperature profile between 900 and 600 hPa (Figure 2a). There is ascent 
below 600 hPa, and descent above this level (Figure 2b), with mass-flux convergence between 850 and 300 hPa 
(Figure  2c). This demonstrates shallow dry convection over the deserts of north-west India. Hence, diabatic 
processes play a crucial role in establishing a low-level positive meridional temperature gradient over southern 
India, which reduces with height and reverses at 680 hPa (Figure 2a). This is conducive to a peak in easterly 
winds, the IEJ, at 680 hPa.

The atmospheric profiles for the AEJ are similar to those of the IEJ. The low-level troposphere is cool and moist 
to the south, but hot and dry to the north (Figure 2d). The vertical mass-flux sections indicate ascent and deep 
moist convection to the south of the AEJ, and shallow dry convection to the north (Figures 2e and 2f), indicating 
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that the IEJ and AEJ are maintained by the same fundamental processes. However, the deep moist convection over 
West Africa is stronger (indicated by larger positive vertical mass-flux magnitudes), and the regions of deep moist 
convection and shallow dry convection are more meridionally constrained (Figure 2e). This is consistent with a 
stronger low-level temperature gradient over West Africa, with a surface temperature of 26°C at 10°N and 33°C 
at 20°N (i.e., a larger temperature difference over a smaller meridional extent). This is facilitated by a stronger 
negative moisture gradient over West Africa (Figure 2d), and explains the AEJ's greater strength.

3.2. Interannual Variability

The IEJ index time series highlights considerable interannual variability over the study period, with no notable 
trend (Figure 3a). Weak jet years exhibit larger deviations from the mean than strong jet years. In particular, the 
IEJ was extremely weak in 1997, with an index value 3 standard deviations away from the mean. Since a strong 
El Niño occurred in 1997–1998, it was investigated whether the IEJ state was linked with the El Niño-Southern 

Figure 1. Easterly jet characteristics for (a–c) India and (d–f) West Africa. Climatological zonal wind (shaded), as Hovmöller 
diagrams averaged over (a) 650–700 hPa, 70°–80°E and (d) 600 hPa, 0°–20°W; latitude-pressure cross-sections averaged over 
(b) 70°–80°E (April), (e) 0°–20°W (July); maps averaged over (c) 650–700 hPa (April), (f) 600 hPa (July). The black dashed 
lines in panels (a, d) demarcate the annual cycle. Boxes in panels (b, c) outline the spatial extent of the Indian Easterly Jet 
index (Section 2).
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Oscillation. However, correlating the IEJ index with the Oceanic Niño Index did not yield a statistically signifi-
cant result (Figure S2 in Supporting Information S1).

A preliminary examination to determine whether the IEJ state is related to the Madden-Julian Oscillation (MJO; 
Figure S3 in Supporting Information S1) yielded no definitive link. This is likely because the IEJ index has been 
defined as a monthly average, and the MJO varies over days to weeks. However, Figure S3 in Supporting Infor-
mation S1 does show that a strong IEJ is associated with a ∼10% greater chance of weak MJO activity. Such a 

Figure 2. Tephigrams (top) and vertical mass-flux (middle and bottom), over India (a–c, April 70°–80°E average) and 
West Africa (d–f, July 0°–20°W average), with emphasis on profiles at (a–c) 0°and 20°N, and (d–f) 10° and 20°N. (a, d) 
Climatological profiles of temperature (solid lines) and dewpoint temperature (dashed lines) to the south (blue) and north 
(red) of the jets. (b, e) Vertical cross-sections of climatological vertical mass-flux (shading), with the chosen latitudes marked 
by black vertical dashed lines and easterly zonal wind (gray contours) overlaid. (c, f) Profiles of the vertical mass-flux at the 
south (blue) and north (red) latitudes.
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link could be investigated in future work, given the known association between seasonally integrated measures of 
MJO amplitude and tropical weather (Vellinga & Milton, 2018).

4. Instability and Waves
4.1. Instability

Regions with a negative meridional PV gradient are shaded over contours of easterly zonal wind on the 315 K 
isentropic surface in Figures 3b–3d. In the climatological mean (Figure 3b), the PV reversal spans a broad region 
over southern India, collocated with the IEJ core and extending northeastward. Hence, the climatological IEJ 
satisfies the Charney and Stern (1962) condition of instability. The PV reversal spans a larger zonal extent when 
the IEJ is strong (Figure 3c), but is smaller and patchier in weak years (Figure 3d).

Consistent with this, the meridional QGPV gradient is negative from ∼7°–16°N, with a larger (smaller) meridi-
onal extent in strong (weak) IEJ years (Figure 3e). The negative meridional QGPV gradient is a consequence of 
both the horizontal (Figure 3f) and vertical (Figure 3g) shear terms being negative, indicating the potential for 
combined barotropic-baroclinic instability.

The horizontal shear term (Figure 3f) is negative from ∼6°–20°N, and is alone sufficient to satisfy the instability 
condition (i.e., 𝐴𝐴 𝐴𝐴 −

𝜕𝜕2 �̄�𝑢

𝜕𝜕𝜕𝜕2
< 0 ) near the jet core. Furthermore, the Kuo (1949) necessary condition for barotropic 

Figure 3. (a) The Indian Easterly Jet (IEJ) index (black) time series, with 25th (red) and 75th (blue) percentiles marked. Summary statistics of the IEJ index before 
standardization are contained in the gray inset. (b–d) Regions on the 315 K isentropic surface with negative meridional Ertel potential vorticity gradient (colored 
stippling) and easterly zonal wind (contours), averaged in April for (b) the climatological mean, (c) strong, and (d) weak year composites. (e–g) Terms from Equation 1 
averaged over 650–700 hPa and 70°–80°E, (e) 𝐴𝐴

𝜕𝜕 𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , (f) 𝐴𝐴 −

𝜕𝜕2 �̄�𝑢

𝜕𝜕𝜕𝜕2
 (smoothed by 2° latitude moving-average), and (g) 𝐴𝐴 −

𝜕𝜕

𝜕𝜕𝜕𝜕

(

𝜕𝜕𝑝𝑝0
2

𝑅𝑅𝑅𝑅𝜕𝜕

𝜕𝜕 𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

 , for the 1979–2018 mean (green dashed 

lines), strong year composite (red solid lines), and weak year composite (blue solid lines). β is overlaid (gray dotted line) in panels (f, g).
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instability is satisfied where 𝐴𝐴 𝐴𝐴 −
𝜕𝜕2 �̄�𝑢

𝜕𝜕𝜕𝜕2
= 0 . This occurs on the cyclonic side of the flow for the climatological mean 

and strong jet composite at 9.5° and 7°N respectively, indicating potential hotspots for barotropic instability. The 
vertical shear term (Figure 3g) is negative from 0° to 20°N, and therefore contributes to the negative meridional 
QGPV gradient, indicating the potential for baroclinic instability. The magnitude of the vertical shear term is 
slightly smaller than the horizontal shear term (i.e., 𝐴𝐴 𝐴𝐴 −

𝜕𝜕

𝜕𝜕𝜕𝜕

(

𝜕𝜕𝑝𝑝0
2

𝑅𝑅𝑅𝑅𝜕𝜕

𝜕𝜕 𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

> 0 everywhere), indicating that horizontal 

shear is more dominant.

Hence, the IEJ has the potential for combined barotropic-baroclinic instability. That the horizontal and vertical 
shear terms are more negative in strong years than weak years (Figures 3e–3g) suggests that this potential for 
instability is greatest when the jet is strong.

4.2. Wave Activity

Since the IEJ exhibits the potential for combined barotropic-baroclinic instability, it is possible that the jet could 
support the growth of easterly waves. However, an investigation using a 2–10 days bandpass filter did not demon-
strate any significant signals of wave activity associated with the IEJ (Figure S4 in Supporting Information S1), 
unlike the AEJ.

The absence of AEW-like disturbances on the IEJ can likely be attributed to the small zonal extent of the 
reversed PV gradient (∼2,500 km compared to ∼5,000 km over West Africa), like the jet over northern Australia 
(Dickinson & Molinari, 2000). Furthermore, there is a lack of upstream orography (the East Ghats upstream have 
an average elevation of only ∼600 m), which is known to be important for the development of AEWs on the AEJ 
(Hamilton et al., 2020). Previous studies have also shown that to maintain and grow easterly waves, interactions 
with MCSs are crucial (e.g., Núñez Ocasio et al., 2020). Hence, the lack of wave activity is likely linked to the 
fact that the strong IEJ (i.e., when the jet is most dynamically unstable) is associated with reduced convection over 
India. Berry et al. (2012) found that Australian monsoon weather systems propagate along the 700 hPa easterly jet 
over northern Australia. However, this cannot be the case for the IEJ, since the jet disappears at monsoon onset.

5. Pre-Monsoon Meteorology
The IEJ index is significantly correlated with the 2m temperature over India and parts of South Asia (Figure 4a). 
A strong IEJ corresponds to warm surface temperature anomalies of ∼1.0°C over India (Figure  4b), whilst 
weak IEJ years are associated with anomalously cool conditions, with surface temperature anomalies of −1.2°C 
(Figure 4c). Hence, weak IEJ years can be more than 2.0°C cooler than strong IEJ years over much of India. 
The weak composite is statistically different from climatology (95% confidence level) over much of the country, 
whereas the strong composite is only statistically different over central India.

Furthermore, the IEJ has a significant correlation with precipitation over India during the pre-monsoon (Figure 4d). 
During the pre-monsoon, India is mainly dry with climatological precipitation of less than 2 mm day −1. During 
strong (weak) IEJ years, there is less (more) precipitation (Figures 4e and 4f) with suppressed (enhanced) convec-
tion (Figure S5 in Supporting Information S1). During strong IEJ years the largest precipitation anomalies occur 
in the Bay of Bengal, with anomalies exceeding −1.2 mm day −1, extending westwards over India where condi-
tions are up to 0.8 mm day −1 drier than climatology (Figure 4e). The suppression of convection and precipita-
tion in strong IEJ years is statistically different from climatology in the Bay of Bengal, but not over India. In 
contrast, the enhanced precipitation during weak IEJ years is statistically significant over India, with conditions 
0.8–1.2 mm day −1 wetter than climatology (Figure 4f). The largest contrast occurs over the southern tip of India, 
where conditions during strong IEJ years can be ∼1.8 mm day −1 drier than weak IEJ years.

Moisture flux transport over the region is examined as in Kuete et al. (2020). The net zonal moisture transport 
(NZMT; kg m −2 s −1) is computed as the difference between moisture flux across the western (70°E) and eastern 
(80°E) boundary of the jet: NZMT = (ρuh)W − (ρuh)E where ρ = water density (1,000 kg m −3) and h = specific 
humidity (kg kg −1). Positive (negative) values indicate moisture flux convergence (divergence). The climatologi-
cal IEJ is associated with a region of mid-tropospheric moisture flux divergence at 10°N and 700 hPa (Figure 4g). 
This moisture flux divergence is intensified when the jet is strong, consistent with drier conditions over the region 
(Figure 4h). In contrast, there is anomalous moisture flux convergence in weak IEJ years, favoring enhanced 
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precipitation over India (Figure 4i). This suggests a possible mechanism by which the IEJ feeds back on precipi-
tation and the large-scale environment during the pre-monsoon.

6. Conclusions and Discussion
In this study we have investigated the IEJ, a mid-tropospheric easterly jet over India during the pre-monsoon 
season, using reanalysis data. The IEJ, like the AEJ over West Africa, is maintained by equatorward moist 
convection and poleward dry convection, although the IEJ is weaker and smaller. Like the AEJ, the IEJ satis-
fies the Charney-Stern necessary condition for instability, with the flow exhibiting the potential for combined 
barotropic-baroclinic instability. However, no wave activity was detected. That the potential for instability is not 
realized is likely related to the small zonal extent of the jet, and the lack of upstream topography. The differ-
ences in jet characteristics are likely grounded in the strength of the monsoon systems with which each jet is 
associated. The AEJ occurs during the WAM season, because the associated positive meridional temperature 

Figure 4. (a) Climatological April 2 m temperature (shaded), and regions where the Pearson correlation with the Indian Easterly Jet index is statistically significant 
at the 95% confidence level (stippling). (b) Strong and (c) weak anomaly composites for April 2 m temperature (shaded) relative to the 1979–2018 April mean, and 
regions where the composite is statistically different from the 1979–2018 April mean at the 95% confidence level according to a Student t-test (stippling). Subplots (d–f) 
and (g–i) are the same as (a–c) but for precipitation and net zonal moisture transport, respectively. Easterly zonal wind composite contours are overlain in panels (g–i). 
Variables were linearly detrended at each gridpoint to remove any climate trends.
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gradient does not extend in depth beyond the mid-troposphere. However, the Indian summer monsoon is stronger 
and more expansive than the WAM, with a positive meridional temperature gradient established throughout the 
troposphere. Hence, the IEJ cannot exist after monsoon onset. The IEJ more closely resembles the weaker and 
smaller-scale easterly jets over northern Australia and central Africa.

The IEJ has been linked with the meteorology of pre-monsoon India. The results are consistent with the ther-
mal wind: increased (reduced) near-surface temperatures and drier (wetter) conditions over India during strong 
(weak) IEJ years contribute to strengthened (weakened) positive temperature and negative moisture meridional 
gradients, and therefore a stronger (weaker) jet. The IEJ may also feed back on the large-scale environment via 
moisture transport, with enhanced moisture flux divergence (convergence) when the jet is strong (weak). Under-
standing this feedback should be the subject of future study.

The question arises as to whether the IEJ can act as a useful indicator of weather conditions over India. Since 
the IEJ state is strongly correlated with temperature, precipitation, and convection over India, future work could 
investigate the link between the jet state and heatwave and thunderstorm events, the main meteorological hazards 
during the pre-monsoon. Chiefly, heatwaves might be more likely during strong IEJ years when conditions are 
hotter and drier. An investigation of the higher frequency (e.g., daily) variability of the jet is required to under-
stand whether the IEJ can provide a useful indicator, for example, investigating any link between the IEJ state and 
the MJO. Future work should also look at whether the IEJ has an impact beyond the pre-monsoon (e.g., impacting 
monsoon onset).

Data Availability Statement
ECMWF ERA5 reanalysis data is publicly available and can be downloaded from the Copernicus Climate Change 
Service (C3S) Climate Data Store (Hersbach et al., 2017). The Global Precipitation Climatology Project V2.3 
data (Adler et al., 2003) from 1979 to present is provided by the National Oceanic and Atmospheric Admin-
istration (NOAA) Physical Sciences Laboratory (PSL), Boulder, Colorado, USA, and is freely available from 
their website at https://psl.noaa.gov/data/gridded/data.gpcp.html. The NOAA Climate Prediction Center Ocean 
Niño Index data set (NOAA, 2020) from 1950 to present is freely available at https://climatedataguide.ucar.edu/
climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni. The NOAA Interpolated Outgoing Longwave Radia-
tion data (Liebmann & Smith, 1996) from 1974 to present is provided by the NOAA PSL, Boulder, Colorado, 
USA, and is freely available from their website at https://psl.noaa.gov/data/gridded/data.interp_OLR.html. The 
Real-Time Multivariate MJO Index derived from Wheeler and Hendon (2004), based on satellite-derived OLR 
and zonal winds at 850 and 200 hPa from NCEP reanalysis data sets, is provided by the Australian Bureau of 
Meteorology (BOM, 2023), and is freely available from their website (http://www.bom.gov.au/climate/mjo/).
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