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Abstract Composite analyses of NOAA satellite-based outgoing longwave radiation data and ERAS
reanalysis data for nearly six solar maximum periods support the existence of a response of tropical
convection and precipitation to short-term (~27-day) solar ultraviolet variations. Following solar UV peaks,
the response consists of an increase in average convection and precipitation in the equatorial Indian Ocean
and a decrease in the western and central tropical Pacific, with maximum amplitude at a lag of 4 to 8 days.
The opposite occurs following short-term solar UV minima. The observed responses are most detectable
when the Madden-Julian oscillation (MJO) is active and appear to be related to a reduced ability of the MJO
to propagate across the Maritime Continent barrier following solar UV peaks relative to UV minima. A
similar behavior has previously been found when the stratospheric quasi-biennial oscillation is in its westerly
phase relative to its easterly phase.

Plain Language Summary Under solar maximum conditions, active regions on the sun produce
strong variations of solar ultraviolet radiation on the solar rotational time scale (~27 days). We have analyzed
data from NOAA satellites and ERAS reanalysis for almost six solar maximum periods. The results indicate that
these short-term solar ultraviolet variations affect tropical convection and precipitation. Following a peak in
solar UV radiation, there is an increase in convection and precipitation in the equatorial Indian Ocean, and a
decrease in the western and central tropical Pacific, with the most significant changes occurring 4 to 8 days later.
The opposite happens after solar UV minima. These effects are most noticeable when the Madden-Julian
Oscillation is active and seem linked to its inability to move across the Maritime Continent barrier after solar
peaks compared to solar minima. Similar patterns have been observed with the stratospheric quasi-biennial
oscillation in its westerly phase versus its easterly phase.

1. Introduction

The Madden-Julian Oscillation (MJO) is an eastward-propagating, convectively-coupled wave which functions
as a key driver of sub-seasonal to seasonal convection and precipitation variability in the tropics (e.g., Jiang
et al., 2020; Madden & Julian, 1994). The MJO generates a Rossby wave train that strongly influences weather in
the extratropics on subseasonal time scales (e.g., Jiang et al., 2020; Zhang, C., 2013), and evolves continuously
through eight phases. Each phase is associated with either suppressed or enhanced convection within sub-regions
of the tropics that progress eastward with time. The MJO is initiated via interactions of convective events with
global circumnavigating flow patterns (Zhang, F. et al., 2017) and is sometimes weakened over the Maritime
Continent (MC) or even fails to propagate past it (Kim et al., 2014; Zhang, C. & Ling, 2017). This is known as the
Maritime Continent “barrier” effect on MJO propagation.

Previous research has shown that the stratospheric quasi-biennial oscillation (QBO; Baldwin et al., 2001)
modulates the strength of the MJO during boreal winter (Yoo & Son, 2016; Nishimoto & Yoden, 2017; for a
review, see Martin et al., 2021). The modulation is such that the MJO is about 40% stronger and persists about
10 days longer during the easterly QBO phase (QBOE) than during the westerly phase (QBOW). As argued by
Zhang, C. and Zhang, B. (2018), the QBO-MIJO connection can be understood as an increased number of strong
MJO days during QBOE in boreal winter due to a weaker MC barrier effect on MJO eastward propagation. It was
found (their Figure 3) that composites of precipitation anomalies for tracked MJO events showed increased
precipitation east of the MC barrier (located at about 100°E) during QBOE relative to QBOW, while reduced
precipitation was found west of the barrier.
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While the physical mechanisms for the QBO-MJO connection are not fully understood, it is likely that QBO-
related changes in static stability and vertical zonal wind shear in the tropical tropopause region are respon-
sible for initiating the series of processes that produce a net strengthening of the MJO in QBOE relative to QBOW
(e.g., Hood et al., 2023; Jiang et al., 2020; Yoo & Son, 2016). Positive feedbacks from below including cloud-
radiative feedbacks (Sakaeda et al., 2020; Son et al., 2017) and QBO influences on the MJO-induced cold cap
anomaly ahead of MJO convection (Hendon & Abhik, 2018; Kodera et al., 2023; Lim & Son, 2020) are likely
necessary to explain the full amplitude of the observed modulation. Several studies have found that the QBO-MJO
connection has strengthened significantly since the early 1980s, coinciding with long-term decreases in tropical
static stability (Hood & Hoopes, 2023; Klotzbach et al., 2019; Sakaeda et al., 2020).

An early study by Takahashi et al. (2010) performed a simple frequency analysis for cloud amount using 25 years
of OLR data and found that a ~27-day variation is prominent during solar maximum years in the Western Pacific
warm pool region. Later studies found a lagged tropospheric temperature response in the tropics to short-term
(mainly ~27-day) solar ultraviolet (UV) peaks and minima occurring under solar maximum conditions
(Hood, 2016) as well as a lagged increase in the occurrence rate of strong MJO days following 27-day solar UV
minima (Hood, 2018). The most consistent correlations of tropical tropospheric temperature deviations with solar
variability were found when solar UV flux was assumed to be the solar forcing variable (Figure S5 of
Hood, 2016). Following solar UV peaks, the hypothesized mechanism involves direct solar UV increases of
ozone production and radiative heating in the upper stratosphere, a slowing of the residual meridional (Brewer-
Dobson) circulation, relative downwelling in the tropics, and an increase in static stability in the tropical lower
stratosphere (see, e.g., Figure 1 of Hood, 2018).

Eastward propagation of MJO convection, as determined by the MJO's phase, may also be affected by solar-
induced changes in tropical lower stratospheric static stability. Hood (2016) found relatively few occurrences
of MJO phases 1, 7, and 8, associated with MJO activity in the Pacific, at lags of up to 7 days following solar
peaks. Hoffmann and von Savigny (2019) found an increased rate of MJO phases 2, 3, 6, and 7 at the time of short-
term solar peaks, with a proportional reduction in occurrence for phases 1, 4, 5, and 8. This relationship was found
to be especially strong when combined with an easterly phase of the QBO. These results suggest that the MJO may
be less able to propagate past the MC barrier into the Pacific following short-term solar peaks, as also appears to
be the case in the westerly QBO phase.

In this current work, the possible existence of lagged responses of tropical convection and precipitation to short-
term solar UV variations is investigated. The extent to which these responses are related to inhibition or
enhancement of eastward MJO propagation past the MC is also evaluated. Excluding the ongoing maximum,
nearly six solar cycle maximum periods are available for analysis, allowing tests of the reproducibility of the
results.

2. Data and Methods

To objectively characterize the intensity of tropical convection, daily outgoing longwave radiation (OLR) data
were used. From 1974 to 2021, satellite-based OLR data originally compiled by Liebmann and Smith (1996) were
obtained from NOAA's Physical Sciences Laboratory (PSL) on a 2.5° X 2.5° latitude/longitude grid. For the pre-
satellite (1959-1973) period, 6-hourly OLR data were obtained from the ERAS reanalysis (Bell et al., 2021;
Hersbach et al., 2020). To characterize tropical precipitation, hourly ERAS precipitation data on a 1° X 1° grid
were downloaded for the 1959-2021 time period. These data were averaged onto a 3° X 3° grid and daily means
were calculated. In addition, satellite-based precipitation data starting in July of 2000 from the Tropical Rainfall
Measurement Mission (TRMM) and the Global Precipitation Measurement (GPM) mission were employed
(Huffman et al., 2023).

To determine whether the MJO was active on a given day, the amplitude and principal components of the OLR-
based MJO index (OMI; Kiladis et al., 2014) were obtained from NOAA for the period from 1979 to 2021. The
OMI is a projection of 20-96-day filtered NOAA PSL OLR data onto the 1979-2012 EOFs of 30-96-day
eastward-only filtered NOAA PSL OLR. OMI amplitudes are expressed in standard deviations. The MJO is
considered as active for OMI > 1.0 standard deviations (s.d.). In addition, the Real-time Multivariate MJO
(RMM) index (Wheeler & Hendon, 2004) was obtained from the Australian Bureau of Meteorology. As discussed
by Yoo and Son (2016), it has been shown that the OMI correlates well with the RMM but better tracks the
convective component of the MJO (Kiladis et al., 2014), which is of most interest for the present study.
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Although the official OMI record only extends back to 1979, a reconstruction of the index back to 1974 using the
NOAA PSL OLR data and the 1979-2012 EOFs was performed using the “mjoindices” Python package
developed by Hoffmann et al. (2021). For the pre-satellite (1959-1973) period, the same package was applied to
the ERA5 OLR data (see, e.g., Hood & Hoopes, 2023; their Section 2).

To determine the phase of the QBO, the radiosonde-measured equatorial 50 hPa zonal wind monthly means (u50)
compiled at the Free University of Berlin (e.g., Naujokat, 1986) are employed.

To characterize solar UV variability, daily solar fluxes at 205 nm (F205) from version 2 of the Naval Research
Laboratory solar spectral irradiance model (NRLSSI2) (Coddington et al., 2015; Lean, 2000) were used. The data
were downloaded for the full analysis period from the Laboratory for Atmospheric and Space Physics at the
University of Colorado. The 205 nm wavelength was chosen due to its location in the range of wavelengths that
directly affect ozone production and radiative heating in the upper stratosphere, while still retaining large tem-
poral variability by remaining short of the Al I edge (e.g., Hood, 2018). A plot of the daily F205 index is shown in
Figure S1 in Supporting Information S1 for six solar cycles.

To isolate variability associated with short-term (27-day) solar fluctuations and maintain consistency with pre-
vious studies, the daily F205 flux data were filtered by calculating deviations of 5-day running means from 35-day
running means (Figure S1b in Supporting Information S1). Daily time series of both the satellite OLR data and the
ERAS precipitation data at a given grid point were filtered in the same manner as was done for F205.

Figure S2 shows the filtered F205 flux data during 5-year intervals centered approximately on the maxima of the
six solar cycles plotted in Figure S1 in Supporting Information S1. Time periods when the filtered flux variations
were larger than average for a given cycle are indicated by brackets (excluding times prior to 1959 when the
analyzed ERAS data begin). For the post-1974 part of the record, these periods are the same as those considered in
Hood (2016, 2018). All analyses of filtered OLR and precipitation daily time series were limited to these high-
variability periods. To further improve the detectability of lagged responses, only relatively large (magnitude
>0.1 mW m™2 nm™") filtered F205 peaks and minima within the bracketed periods were considered, as was done
previously. A total of 137 qualifying peaks and 128 qualifying minima in cycles 21 to 24 were identified by this
procedure within the bracketed intervals of Figure S2 in Supporting Information S1. Extension of the record back
to 1959 yields an additional 38 peaks and 34 minima in cycles 19 and 20.

Precipitation and OLR data were composited at individual grid points for qualifying filtered peaks and minima at
2-day intervals, covering a complete 27-day cycle (—14 to +14 days). For both the OLR and precipitation data, the
composited values were tested for significance at 95% confidence using a Monte Carlo (bootstrap) resampling
method with replacement. Keeping the filtered OLR and precipitation data unchanged, the analysis is repeated
500 times with the times of the UV peaks and minima shifted at random (keeping relatively constant intervals
between peaks and minima). If the magnitude of the composited value at a given grid point obtained in the original
analysis is equaled or exceeded in less than 5% of the randomized composites, the value is considered as sig-
nificant at 95% confidence. The 5-day averaging of the data had little or no effect on the significance testing since
all UV peaks or minima were separated by at least 20 days.

3. Lagged Composite Analyses Relative to Solar UV Peaks and Minima

To ensure the best accuracy of the OLR and precipitation composites, analyses were initially limited to the 1979—
2016 period when satellite OLR data were available under solar maximum conditions. Figures 1 and 2 show
averages of composite analyses for this period of NOAA PSL OLR and ERAS precipitation, respectively, at lags
of +4, +6, and +8 days relative to strong solar UV peaks and minima during 1974-2021, selected as described in
Section 2. Negative OLR anomalies, indicating higher cloud tops and therefore increased convection, are colored
red. Positive precipitation anomalies are also colored red to be consistent with increased convection. Dots are
plotted at all grid points (2.5° intervals for OLR and 3.0° intervals for precipitation) where composites were
significant at 95% confidence. As a check on the accuracy of the ERAS precipitation data, separate composite
analyses were performed using TRMM/GPM satellite precipitation data, which are available from July 2000
onward. While not identical (Figures S3 to S6 in Supporting Information S1), the general pattern of the
composited results is consistent using both data sets in that composited anomalies are mostly positive west of the
MC and are mostly negative east of the MC. This supports the use of ERAS data to extend the precipitation
analysis to times prior to 2000.
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Figure 1. Composited means of 5 to 35-day filtered NOAA daily OLR anomalies for the 1979 to 2016 period. Shown in panels (a) and (b) are composites at combined
lags of 4, 6, and 8 days following UV peaks and minima, respectively, considering only days with OMI > 1 s.d. Differences between (a) and (b) are shown in (c). Panel
(d) shows differences considering all days with OMI > 0.
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Figure 2. As in Figure 1 but for composited means of 5 to 35-day filtered ERAS precipitation anomalies.
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Figures 1a and 2a show composites relative to UV peaks for lagged days when the MJO was active (OMI >1 s.d.).
This requirement reduced the number of available qualifying UV peaks from 137 to about 80-85, depending
slightly on the lag. As seen in Figure 1a, a large positive (red) convection anomaly is present in the Indian Ocean,
north of the equator, while relatively strong negative (blue) anomalies are present in the western and central
Pacific. The MC region lies between the two. As seen in Figure 2a, a similar pattern of positive precipitation
anomalies is present in the Indian Ocean while negative precipitation anomalies dominate in the western and
central Pacific. Composite analyses of OLR and precipitation relative to UV peaks at individual lags of —10 to
+12 days at 2-day intervals, representing most of a 27-day period, are shown in Figures S7 and S8 in Supporting
Information S1. There it is seen that the OLR and precipitation anomalies evolve continuously from dominantly
negative at negative lags to positive at positive lags in the Indian Ocean region and vice versa in the western and
central Pacific.

Figures 1b and 2b show composites relative to UV minima for lagged days when the MJO was active (OMI > 1 s.
d.). About 75 of the original 128 strong minima qualified as occurring when the MJO was active. Generally
opposite patterns of OLR and precipitation anomalies in the Indian Ocean and western/central Pacific regions are
found in comparison to those obtained following UV peaks. Composite analyses of OLR and precipitation relative
to UV minima at individual lags are shown in Figures S9 and S10 in Supporting Information S1. The OLR and
precipitation anomalies evolve continuously from dominantly positive at negative lags to negative at positive lags
in the Indian Ocean region and vice versa in the western and central Pacific.

Figures 1c and 2c show the differences between the (a) and (b) panels. The same OLR and precipitation anomaly
patterns seen in Figures 1a and 2a (composites relative to UV peaks) are generally found again but are larger in
amplitude because of the combined responses to peaks and minima. Figures S11 and S12 in Supporting Infor-
mation S1 show differences of the OLR and precipitation anomalies for OMI > 1 s.d. at individual lags. The same
evolution with increasing lag of the OLR and precipitation anomalies as was found for composites relative to UV
peaks is obtained, although with increased amplitude.

Figures 1d and 2d show differences between composites similar to those of the (a) and (b) panels but for all strong
peaks (137) and minima (128) without restriction on MJO activity (i.e., for OMI > 0 s.d.). In the longitude range
where the MJO is most active (60°E to 180°E), the amplitudes and statistical significance of the differenced
composites in the (d) parts are noticeably reduced compared to those in the (c) parts for OMI > 1 s.d. Similar
composite analyses for OMI > 0 s.d. at individual lags are shown in Figures S13 and S14 in Supporting Infor-
mation S1. Although an evolution with increasing lag that is similar to that obtained in Figures S11 and S12 in
Supporting Information S1 is found, at longitudes from 60°E to 180°E, composites are generally less statistically
significant with weaker amplitudes. Repeating the differenced composites for OMI > 0.5 s.d. yields intermediate
results (Figures S15 and S16 in Supporting Information S1). Overall, this implies a significant role of the MJO in
producing the observed responses and their geographic distribution. Specifically, the stronger positive convection
and precipitation anomalies in the Indian Ocean and negative anomalies in the western Pacific in Figures 1c and
2c when the MJO is active suggest that eastward propagation of the MJO past the MC barrier is inhibited
following solar UV peaks relative to solar UV minima. We note that using the RMM index (RMM > 1 s.d.) to
determine whether a UV peak or minimum occurred when the MJO was active yields similar results but with
reduced anomaly amplitudes (Figures S17 and S18 in Supporting Information S1).

While many areas in Figures 1 and 2 are formally significant at 95% confidence, as much as 5% of the map areas
can be significant by chance alone. As a check on the validity of the results, it is therefore useful to apply an
alternate empirical test by determining the reproducibility of Figures 1 and 2 in different time periods. For this
purpose, analyses at lags of 4, 6, and 8 days were repeated for three separate intervals: 1959-1971; 1979-1993;
and 1999-2016 (Figure S1b in Supporting Information S1). The first period beginning in 1959 starts in the middle
of the cycle 19 maximum and therefore covers about 1.5 maxima. The number of useable peaks or minima is
reduced to around 25 for the pre-1973 period, around 35 for solar cycles 21 and 22 (1979-1993) and about 40 for
solar cycles 23 and 24 (1999-2016). Results for OLR and precipitation are shown respectively in Figures S19 and
$20 in Supporting Information S1 for 1959-1971, in Figures S21 and S22 in Supporting Information S1 for 1979—
1993, and in Figures S23 and S24 in Supporting Information S1 for 1999-2016. There it is seen on the difference
maps in the 60°E to 180°E longitude range that fewer grid points are significant and amplitudes are reduced
compared to those in Figures 1c and 2c, as expected from the reduced number of useable UV peaks and minima.
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Comparing the OLR and precipitation composite results for the three separate time intervals to those for the 1979
to 2016 period shown in Figures 1 and 2, it is first seen that the basic patterns of stronger or weaker convection and
precipitation west and east of the MC found in Figures 1a—1c and 2a—2c are also present in each of the three time
intervals. This supports the reality and reproducibility of these basic patterns, at least for the strong solar UV
peaks and minima considered here. At tropical latitudes, a number of individual regional areas also show at least
partially consistent signals in the three time intervals. For example, anomaly differences in Figures 1c and 2c are
positive in the Indian Ocean north of the equator and negative in the western Pacific north of the equator during
the three intervals, although these signals are weaker during 1973-1993. Positive anomaly differences are ob-
tained over northeastern Australia in the three time intervals, although again less so during 1973-1993. Outside of
both the tropics and the 60°E to 180°E longitude range where the MJO is most active, little reproducibility of
composited anomalies is obtained during any two of the three intervals. Any small regional anomalies in Figures 1
and 2 with formally significant grid points that do not at least partially repeat in two or more of the three time
intervals are not confirmed as reliable in this study.

To investigate possible seasonal dependences of these results, OLR and precipitation anomaly composites for the
1979 to 2016 period were repeated considering only the Northern Hemisphere cool (November-April) and warm
(May-October) seasons. Of the 81 selected UV peaks in that time period with OMI > 1 s.d., 41 occurred during the
cool season and 40 occurred during the warm season. Of the 69 qualifying UV minima, 38 occurred during the cool
season and 31 occurred during the warm season. As seen in Figure S25 in Supporting Information S1, positive and
negative composited differences west and east of the MC are mainly present north of the equator during the warm
season and south of the equator during the cool season. This is consistent with the seasonal shift of the intertropical
convergence zone where most tropical convection, including MJO convection, tends to be centered on. The largest
regions of strong anomaly differences are found north of the equator in the Indian Ocean and Western Pacific during
the warm season. These seasonal differences reduced the full-year amplitudes shown in Figures 1 and 2.

Finally, for the same period, OLR and precipitation anomaly composites were repeated for times with OMI >1 s.
d. when the QBO was in an easterly phase (u50 < 0; 38 peaks and 32 minima) and a westerly phase (u50 > 0; 43
peaks and 37 minima). As seen in Figures S26 and S27 in Supporting Information S1, the OLR anomaly dif-
ferences between peaks and minima in the (c) parts appear to be somewhat stronger in QBOE, especially the
negative anomalies west of the MC. Similarly, in Figures S28 and S29 in Supporting Information S1, precipitation
anomaly differences in the (c) parts also appear to be somewhat stronger in QBOE than in QBOW, both east and
west of the MC. These results may differ somewhat from those of Hoffmann and von Savigny (2019), who
concluded that a solar 27-day influence on MJO phase evolution is only detectable under QBOE conditions.

4. MJO Phase Behavior Following UV Peaks and Minima

In this section, to investigate further the suggested interpretation of the previous section (i.e., that eastward
propagation of MJO convection past the MC barrier is inhibited following peaks in solar UV flux and promoted
following UV minima), the number of days in each of the eight OMIMJO phases is calculated at lags of +4, 46, and
+8 days for qualifying strong UV peaks and minima in the post-1974 period. While the OMI MJO phase counts are
based on the OLR data used above, they provide an alternate means of measuring the rate of MJO propagation past
the MC barrier. They are independent of the precipitation data, which also suggest the same interpretation.

In Table 1, the first three pairs of columns list the total number of days when the MJO was in each phase at each of
the three lags following strong UV peaks and minima. Only days with an active MJO (OMI > 1 s.d.) are counted.
The last pair of columns lists the totals for all three lags combined. For MJO phases 1, 5, 7, and 8, the total number
of days does not differ significantly between minima and peaks. However, for MJO phases 2, 3, 4, and 6, rela-
tively large differences (i.e., differences greater than 50%) are obtained and the totals are shown in bold type. For
phases 3 and 4, differences are more than a factor of two, which Monte Carlo simulations indicate can occur by
chance less than 5% of the time. The relative increase in MJO phases 2, 3, and 4 following solar peaks implies that
the MJO is spending more time in the Indian Ocean following such peaks, while the increase in Phase 6 following
solar minima implies enhanced MJO propagation past the MC barrier and into the Pacific following such minima.
The largest change from one phase to the next (8-31 days) occurs following UV minima in transitioning from
MJO Phase 4 to 5. This latter result may be consistent with behavior previously reported by Hoffmann and von
Savigny (2019). It reflects a relatively short time following UV minima spent by MJO convection in Phase 4 when
convection maximizes over the MC, that is, a relatively fast traversal of the MC. Similar but opposite phase count
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Table 1
MJO Phase Counts Relative to Solar UV Peaks and Minima (1979-2016)

+4 Days +6 Days +8 Days Total

MIJO phase Minima days Peak days Minima days Peak days Minima days Peak days Minima days Peak days

1 9 7 9 12 8 10 26 29
2 10 12 7 10 5 11 22 33
3 7 16 7 17 9 15 23 48
4 2 8 3 9 3 8 8 25
5 11 10 11 11 9 8 31 29
6 11 9 11 4 14 8 36 21
7 13 12 8 12 9 10 30 34
8 9 9 12 8 10 9 31 26

differences are obtained at negative lags relative to UV peaks and minima (not shown), representing responses to
prior UV minima and peaks, respectively. Also consistent with results of Hoffmann and von Savigny (2019), use
of the RMM index instead of OMI to count MJO phases yields much less definitive results with differences of
more than 50% in Phase 3 but not in phases 2, 4, and 6 (Table S1 in Supporting Information S1). This is to be
expected since, as mentioned in Section 2, the OMI better represents the convective component of the MJO,
which is of most interest here.

5. Discussion

Overall, these results indicate that, on average, under solar maximum conditions, short-term increases in solar UV
radiation inhibit the ability of the MJO to propagate eastward across the Maritime Continent barrier. The opposite
happens following short-term solar UV minima. While the implemented approach is statistical, a possible
physical mechanism exists as summarized in the Introduction. These results may be consistent with early spectral
analyses of OLR data, which reported peaks in 25-29 days spectral power located west and east of the MC
(Takahashi et al., 2010; see their Figure 1).

Amplitudes in the affected regions are not negligible. For example, the mean daily precipitation rate in Singapore
is 6.4 mm/day while the mean difference in precipitation following solar UV peaks and minima at this location
was more than 1.2 mm/day or about 19% (Figure 2c). The mean precipitation rate on the island of Guam is about
6.8 mm/day. According to Figure 2c, the mean difference in precipitation in the Guam region following solar UV
peaks and minima is about —1.2 to —1.5 mm/day, or up to —22%.

In addition to effects on tropical weather, indirect effects on weather events at northern midlatitudes are possible
due to the different lengths of time spent by MJO convection west or east of the MC following solar UV peaks and
minima. Previous work (e.g., Guo et al., 2017; Lee & Lim, 2012) has found a poleward shift in the North Pacific
storm track (NPST) following an active MJO in the Indian Ocean region (phases 2 and 3) and an equatorward
storm track shift in the same region following high MJO convective activity over the Pacific (phases 6-8).

The current results apply specifically to the ~27-day solar rotational time scale. However, observational evidence
on this time scale supports the view that similar effects should also occur on the 11-year time scale. Thus, MJO
eastward propagation across the MC barrier may also be inhibited near 11-year solar maxima relative to solar
minima. In combination with the QBO influence, which is mainly observed during boreal winter, the 11-year
solar influence should be such that MJO eastward propagation across the MC barrier is most favored under
combined QBOE and solar minimum conditions (e.g., Hood, 2017).

Data Availability Statement

ERAS reanalysis data (Bell et al., 2021; Hersbach et al., 2020) were obtained from the Copernicus Climate Data
Store (https://cds.climate.copernicus.eu/cdsapp#!/home). The OLR-based MJO index (OMI) data (Kiladis
et al., 2014) were obtained from www.esrl.noaa.gov/psd/mjo/mjoindex while the Real-time multivariate MJO
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(RMM) index data (Wheeler & Hendon, 2004) were obtained from http://www.bom.gov.au/climate/mjo. OLR
data were obtained from NOAA at https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html. The TRMM/GPA
precipitation data (Huffman et al., 2023) were obtained from https://disc.gsfc.nasa.gov/datasets/GPM_
3IMERGDF_07/summary?keywords=%22IMERG%20final%22. Solar data at 205 nm (Coddington et al., 2015;
Lean, 2000) were obtained from http://lasp.colorado.edu/lisird/data/nrl2_files. Equatorial zonal wind data for
determining the phase of the QBO (Naujokat, 1986) were obtained from https://www.geo.fu-berlin.de/met/ag/
strat/produkte/qbo/gbo.dat. OMI data for years prior to 1974 were calculated using ERAS5 OLR data and the
Python package produced by Hoffmann et al. (2021), available at http://dx.doi.org/10.5281/zenodo.3613752.
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