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Text S1. Banded and non-banded rainfall dataset
We employed a rainfall dataset derived by the Frontal Rain Event Detection Algorithm
(Day et al., 2018), who partitioned East Asian summer rainfall into “banded” rainfall and
“local” (or non-banded) rainfall. The “banded” rainfall is associated with large-scale
convergence, while the “local” rainfall is driven by local buoyancy or topography. This
dataset covers 1951 to 2007, and we examine the 33 neutral summers and 12 El Niño
decaying summers during this period. Figure S1 and S2 present the composites of the raw
precipitation, the primary rain band, the secondary rain band and the local rainfall. On days
when two frontal rain bands coexist, the more intense one is termed “primary,” and the
weaker one is termed “secondary.” The reader is referred to (Day et al., 2018) for further
details about the dataset.
Text S2. Moisture budget analysis
We calculate the changes (𝛿) of vertically integrated moisture flux convergence between
El Niño decay summer and neutral summer as follows (Chen and Bordoni, 2016; Seager
and Henderson, 2013),
$$$$$$$$$$$$$$
𝛿(𝑃$ − 𝐸$ ) = −𝛿*〈∇
∙ (𝑣⃗ ∙ 𝑞)〉2 = −𝛿*〈∇ ∙ 3𝑣⃗̅𝑞$ 5〉2 − 𝛿(𝑡𝑟𝑎𝑛𝑠) (1)
$$$$ indicates temporal
where 𝛿 indicates El Niño decay summer minus neutral summer; (⋅)
mean, and 〈⋅〉 indicates the mass-weighted vertical integral from 1000 to 300 mb.
Equation (1) can be written as below by further decomposition of the term
−𝛿*〈∇ ⋅ 3𝑣⃗̅𝑞$5〉2,
$$$$$$$$$$$$$$
−𝛿*〈∇
∙ (𝑣⃗ ∙ 𝑞)〉2 = −〈∇ ∙ 3𝑣⃗̅ ⋅ 𝛿𝑞$5〉 − 〈∇ ∙ 3𝛿𝑣⃗̅ ∙ 𝑞$ 5〉 − 〈∇ ∙ (𝛿𝑣⃗̅ ∙ 𝛿𝑞$)〉 − 𝛿(𝑡𝑟𝑎𝑛𝑠) (2)
(A)

(B)

(C)

(D)

(E)

where (A) indicates changes of vertically integrated moisture flux convergence, (B) is
contribution by changes to the specific humidity, (C) is contribution by changes to the
horizontal winds, (D) is contribution by changes to both specific humidity and horizontal
winds, and (E) is contribution by submonthly transients. Here, variables without 𝛿 in (B)
and (C) represent neutral summer. Term (C) can be decomposed to contributions by
changes to the zonal moisture flux (−〈𝜕! 3(𝛿𝑢$)𝑞$5〉) and contributions by changes to the
meridional moisture flux (−〈𝜕" 3(𝛿𝑢$)𝑞$5〉). Changes to the meridional moisture flux can be
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further decomposed to contributions by meridional wind convergence (−〈𝑞$𝜕" (𝛿𝑣̅ )〉) and
contributions by meridional advection of moisture (−〈𝛿𝑣̅ 𝜕" 𝑞$〉). Figures S6-S7 show the
moisture budget analysis of the NCEP1 dataset, and figures S16-S17 show the moisture
budget analysis of the JRA-55 dataset (more details in Text S3). We employed this type of
analysis in our previous studies (Chiang et al., 2019; Kong and Chiang, 2019), to which
the reader can refer for further details.
Text S3. Results of the JRA-55 reanalysis dataset
We repeated the key analysis from the NCEP1 dataset with the Japanese 55-year
Reanalysis (JRA-55) dataset (Ebita et al., 2011). The JRA-55 dataset covers years from
1958 to 2020. Thus, we focus on summers following El Niño and neutral summers from
1958 to 2015. We obtained daily horizontal winds and specific humidity, and monthly
horizontal winds and air temperature at 1.25° × 1.25° horizontal resolution. Results from
the JRA-55 are shown in Figures S18 to S22. In agreement with our findings from NCEP1,
Fig. S13-S14 suggests tropical tropospheric warming persists in June following El Niño
and leads to southward shift of westerlies and resultant enhancement of orographic
downstream, which disappear however in July. Further, Figure S15a-b show extratropical
northerlies and cyclonic circulation anomalies dominate East Asia during June, indicating
that enhanced flow-orography interaction due to the southward displacement of westerlies
is key to explain the June rainfall intensification. However, East Asia is dominated by
anomalies of southerlies and anticyclonic circulation (Figs. S15c-d), suggesting that the
July rainfall intensification might be attributed to an enhancement of the western Pacific
subtropical high. Figures S16-S17 present moisture budget analysis for June and July, both
of which resemble our results from the NCEP1 dataset (Figs. S6-7).
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Table S1. Classification of DJF ENSO phase from 1950/51 to 2014/15. Years
indicated correspond to December (e.g., 1950 is December 1950 – February 1951).
Phase (No. of
DJFs)
El Niño (13)
Neutral (36)

La Niña (16)

DJF years
1957, 1963, 1965, 1968, 1972, 1977, 1982, 1986, 1991,
1994, 1997, 2002, 2009
1951, 1952, 1953, 1954, 1956, 1958, 1959, 1960, 1961,
1962, 1964, 1966, 1967, 1969, 1971, 1974, 1976, 1978, 1979,
1980, 1981, 1985, 1987, 1989, 1990, 1992, 1993, 1995, 1996,
2001, 2003, 2004, 2006, 2012, 2013, 2014
1950, 1955, 1970, 1973, 1975, 1983, 1984, 1988, 1998,
1999, 2000, 2005, 2007, 2008, 2010, 2011
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Figure S1. Composites of the (the first row) total precipitation, (the second row) primary
banded rainfall, (the third row) secondary banded rainfall, and (the fourth row) local
rainfall in June. The left column shows results from neutral summer, the middle column
shows results from the summer following El Niño, and the right column presents the latter
minus the former. The dataset is from (Day et al., 2018).
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Figure S2. Similar to figure S1, except for July.
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Figure S3. Similar to the precipitation analysis as in figure 1, but for the precipitation rate
from the NCEP/NCAR-1 reanalysis product. This figure shows the NCEP/NCAR-1
precipitation from the same 13 El Niño events and 36 neutral ENSO events (identified from
1950/51 to 2014/15 based on section 2.3) analyzed in figure 1. (a)-(b) Hovmöller diagrams
of precipitation in 105°𝐸 − 125°𝐸 of (a) neutral summers and (b) anomalies during
summers following El Niño. (c)-(d) Precipitation anomalies during summers following El
Niño in (c) June and (d) July. Green contours in (b) highlights the precipitation anomalies
exceeding 1 mm/day. Hatched area indicates that difference between the two categories
exceeds statistical significance level at 90%.
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Figure S4. Similar to figure S3, but for the CMAP (CPC Merged Analysis of Precipitation)
precipitation dataset from 1979 to 2016. Note that the CMAP product does not cover period
before 1979, so the results shown are based on 12 El Niño events and 12 neutral ENSO
events identified from 1979/80 to 2015/16.

8

Figure S5. Pressure-latitude cross section of air temperature anomalies averaged over
60°𝐸 − 120°𝐸, for (a) June and (b) July. Here, the temperature anomalies are calculated
by subtracting values for the mean of neutral summers from the mean of summers
following El Niño. Unit: deg C. Hatched area indicates that difference between the two
categories exceeds statistical significance level at 90%.
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Figure S6. Changes in the mass-weighted vertical integral (from 1000 to 300 mb) of
moisture budget components in June between the summers following El Niño and neutral
years (El Niño decay minus neutral). Vectors denote moisture fluxes (𝑚# 𝑠 $% ), and color
shadings denote moisture flux convergence (mm/day; cold color indicates convergence,
and warm color indicates divergence). (a) Changes of moisture flux and its convergence.
(b) Contributions by the changes of specific humidity. (c) Contributions by changes of
horizontal winds. (d) Contributions by changes of both specific humidity and horizontal
winds. (e) Contributions by changes of transients. (f) Contributions by changes to the zonal
moisture flux and its convergence. (g) Contributions by changes to the meridional moisture
flux and its convergence; (g) is contributed from two terms, with (h) showing the
contributions by meridional wind convergence and (i) showing contributions by meridional
advection of moisture.
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Figure S7. Similar as figure S6, except for July.
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Figure S8. Similar as figure 2, but for July.
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Figure S9. Zonal and meridional winds in (top) June and (bottom) July from the CESM1
pre-industrial control run. (a)-(b) and (e)-(f) show zonal winds at 200 mb, and (c)-(d) and
(g)-(h) show meridional winds at 500 mb. Results from neutral summers are shown in (a),
(c), (e), and (g). Anomalies from summers following El Niño minus neutral summers are
shown in (b), (d), (f), and (h). Hatched area indicates that difference between the two
categories exceeds statistical significance level at 90%. Units: m/s. Black solid contours in
these maps indicate areas where elevation exceeds 2000 meters.
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Figure S10. Pressure-latitude cross section of zonal and meridional winds in (top) June
and (bottom) July from the CESM1 pre-industrial control run. (a)-(b) and (e)-(f) show
zonal winds averaged in 80° − 100°𝐸, and (c)-(d) and (g)-(h) show meridional winds
averaged in 110° − 120°𝐸. Results from neutral summers are shown in (a), (c), (e), and
(g). Anomalies from summers following El Niño minus neutral summers are shown in (b),
(d), (f), and (h). Hatched area indicates that difference between the two categories exceeds
statistical significance level at 90%. Units: m/s.
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Figure S11. Composite seasonal evolution of El Niño episodes from the HadISST (solid
line) and the CESM1 control run (dashed line). Here, the El Niño episodes are the same as
analyzed elsewhere in the main manuscript. The x-axis denotes the timing of the seasonal
cycle, where “0” denotes the El Niño developing phase and “1” denotes the El Niño
decaying phase. The y-axis denotes the monthly value of ONI, which is shown in the solid
and dashed lines.
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Figure S12. Sea surface temperature (SST) and air temperature anomalies from summers
following El Niño minus neutral summers in (a), (c), (e) June, and (b), (d), (f) July. Results
are from the CESM1 fully coupled pre-industrial simulation. (a)-(b) SST, (c)-(d) air
temperature at 400 mb, and (e)-(f) air temperature averaged in 60° − 120°𝐸. Unit: deg C.
Hatched area indicates that difference between the two categories exceeds statistical
significance level at 90%.
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Figure S13. June zonal and meridional winds (unit: m/s), sea surface temperature (SST)
and air temperature (unit: deg C) from the JRA-55 reanalysis dataset. (a) 200 mb zonal
winds in neutral summer, (b) anomalies of 200mb zonal wind during summers following
El Niño ( El Niño minus neutral summer), and (c) pressure-latitude cross section of zonal
wind averaged in 80°𝐸 − 100°𝐸, where contours show values from neutral summer
(contour interval 5 m/s), and color shading show anomalies during summers following El
Niño. (d) 500mb meridional winds in neutral summer, (e) anomalies of 500mb meridonal
wind during summers following El Niño, and (f) pressure-latitude cross section of
meridional wind averaged in 105°𝐸 − 120°𝐸, where contours show values from neutral
summer (negative values are dashed, contour interval 1 m/s), and color shading show
anomalies during summers following El Niño. (g)-(h) Anomalies during El Niño decaying
phase for (g) air temperature averaged in 60°𝐸 − 120°𝐸, and (h) air temperature at 400
mb. Hatched area indicates that the difference between the two categories exceeds
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statistical significance level at 90%. The thick black contours in (a)-(b) and (d)-(e) indicate
areas with elevation exceeding 2000 meters.

Figure S14. Similar to Figure S13, but for July.

18

Figure S15. Similar to Figure 3a-d, but for the JRA-55 reanalysis dataset.
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Figure S16. Similar to Figure S6, but for the June moisture budget analysis of the JRA-55
reanalysis dataset. Note that the moisture budget analysis for the JRA-55 dataset is
vertically integrated from 1000 to 100 mb.
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Figure S17. Similar to Figure S7, but for the July moisture budget analysis of the JRA-55
reanalysis dataset.
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