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Abstract Our observational analysis shows that the wet
seasons of the American monsoon systems have shortened
since 1978 due to correlated earlier retreats of the North
American monsoon (NAM) and late onsets of the southern
Amazon wet season, an important part of the South Ameri-
can monsoon (SAM). These changes are related to the
combination of the global sea surface temperature (SST)
warming mode, the El Nifo-Southern Oscillation (ENSO),
the Atlantic Multidecadal Oscillation (AMO), the west-
ward shift of the North Atlantic subtropical high (NASH),
and the enhancement of Pacific South American and Pacific
North American wave train patterns, which induces varia-
tions of the regional circulation at interannual and decadal
scales. The joint contributions from these forcing fac-
tors are associated with a stronger and more equatorward
regional Hadley cell, which enhances convergence towards
the equator, strengthening and possibly delaying the retreat
of the tropical part of the NAM. This in turn accelerates
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the demise of the northern NAM and delays the reversal
of the cross-equatorial flow over South America, reducing
moisture transport to the SAM and delaying its onset. In
addition, the thermodynamic response to warming appears
to cause local drier land conditions over both regions, rein-
forcing the observed changes in these monsoons. Although
previous studies have identified the isolated influence of the
regional Hadley cell, ENSO, AMO, global SST warming,
and NASH on the NAM, the correlated changes between
NAM and SAM through variations of the cross-equatorial
flow had not been established before.

Keywords Southern Amazon wet season - North
American monsoon - South American monsoon - North
Atlantic subtropical high - Cross-equatorial flow - Global
warming

1 Introduction

Summer precipitation over the tropical portions of both
North and South America contributes more than half of the
total annual precipitation to these regions (e.g. Figueroa and
Nobre 1990; Higgins et al. 1997). Such rainfall amounts are
produced by the monsoon systems that take place over both
continents. The regions affected by the North American
monsoon (NAM) are among the zones with most rapidly
growing population of the United States (US) and Mexico
whereas the South American monsoon (SAM) affects large
and highly populated areas of Brazil, Argentina, Bolivia,
and Paraguay. The circulation patterns established by these
systems control the summer weather over these regions and
have important socio-economic implications.

Recent studies have suggested a shortening of both
NAM and SAM duration in the past few decades. In
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particular, Arias et al. (2012) suggest an increased fre-
quency of weak and early-retreat NAM events after 1990
due to the combination of three main factors: (1) the posi-
tive phase of the AMO, (2) the northward shift of the sub-
tropical jets over North America, and (3) the westward shift
of the North Atlantic surface high (NASH) observed after
1978 (Li et al. 2011). Another study by Fu et al. (2013)
has shown a lengthening of the dry season and a delayed
wet season onset over the southern Amazon since 1978,
as a consequence of increased atmospheric stability and
a poleward shift of the Southern Hemisphere subtropical
jet. However, it is not clear whether such shortening of the
NAM and SAM is independent of each other, or they are
related events. If they were related, what would cause such
a relationship? This study aims to explore these questions.
Climatologically, the NAM rainfall starts by early to mid
June over southwestern Mexico and advances to northwest-
ern Mexico and the southwestern (SW) US by July (e.g.,
Douglas et al. 1993; Higgins et al. 1997; Barlow et al.
1998). During this evolution, large amounts of moisture
are transported from the Gulf of California (at surface) and
the Gulf of Mexico (at mid-levels in the atmosphere) to the
monsoon region (Higgins et al. 1997; Adams and Comrie
1997). Once the NAM is fully developed, precipitation
amounts are larger over the Mexican domain (influenced by
abundant tropical moisture and thunderstorms) and lighter
over the SW US (influenced by mid-latitude effects and
gulf surges) (Higgins et al. 1999; Stensrud et al. 1995). The
mature phase of the NAM coincides with the peak of the
dry season over the southern Amazon, which is an impor-
tant part of the SAM. The NAM retreats southward from
the SW US and western Mexico to Central America dur-
ing September—October, then into northern South America
by November—-December. During the same period, the wet
season spreads quickly from the equatorial western Ama-
zon to the east and southeast. By October, monsoon activ-
ity starts over the Amazon and the Brazilian highlands,
extending to southeastern Brazil by November (e.g., Zhou
and Lau 1998; Vera et al. 2006, 2013; Marengo et al. 2010
and references cited therein). The mature phase of the SAM
occurs from late November to late February, when large
amounts of precipitation fall across the Amazon basin. The
South Atlantic Convergence Zone also forms as a result of
combined continental heating, transient moisture transport,
and extratropical frontal systems (Figueroa et al. 1995;
Lenters and Cook 1996; Liebmann et al. 1999). Through-
out this evolution, moisture is transported into the Amazon
by a northerly low-level cross-equatorial flow (Wang and
Fu 2002) and from the Amazon to the La Plata basins by
the South American Low-level jet (e.g. Berbery and Barros
2002). During March to May, the regions of large precipita-
tion over subtropical and tropical South America reduce in
size and migrate slowly toward the equator, in association
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with a southerly regime of the low-level cross-equatorial
flow, indicating the retreat of the SAM and the transition
towards a NAM regime.

The year-to-year variability of the American monsoons
is modulated by both local changes of sea surface tempera-
tures (SSTs) and by the remote influence of different large-
scale ocean—atmosphere variability modes on the regional
circulation anomalies (Vera et al. 2006 and references
therein). The NAM is affected at interannual and interdec-
adal timescales by the Pacific Decadal Oscillation (PDO),
the El Nifio Southern Oscillation (ENSO), the Atlantic
Multidecadal Oscillation (AMO), and the Arctic Oscilla-
tion (e.g., Higgins and Shi 2000; Enfield et al. 2001; Castro
et al. 2001, 2007; Schubert et al. 2004; McCabe et al. 2004;
Seager et al. 2005; Hu and Feng 2008, 2010; Kushnir et al.
2010; Mo 2010; Arias et al. 2012). Furthermore, a recent
study by Lee et al. (2014) identified an increased activ-
ity of the Western North Pacific summer monsoon since
mid-1990s, which induces decadal changes on the other
northern hemispheric monsoons, including the NAM. The
changes are attributed to the increase of central Pacific type
of ENSO, and are exerted through anomalous wave trains.
Rainfall over the SAM is influenced by Atlantic (SSTAs;
Mechoso et al. 1990; Giannini et al. 2001; Chiessi et al.
2009; Apaestegui et al. 2014) and Pacific SST anomalies
(Moura and Shukla 1981; Pisciottano et al. 1994; Grimm
et al. 1998; Nogues-Paegle and Mo 2002; Marengo et al.
2004; Grimm 2011 and references therein). Modulations
of ENSO impact onto South America summer climate by
PDO activity has also been documented (e.g. da Silva et al.
2011). Moreover, after the early 2000s, a weakening of the
interannual variability of the tropical Pacific has been iden-
tified (Hu et al. 2013), which seems to have influenced pre-
cipitation variability at both tropical and subtropical South
America. In addition, the poleward shift of the subtropical
jet over South America, caused by the warming of the trop-
ical central Pacific (Ding et al. 2012), appears to be a main
contributor to the delay of the wet season over the southern
Amazon (Fu et al. 2013). However, whether these oceanic
variability and changes contribute to the correlated changes
between NAM retreat and SAM onset was not addressed in
these studies.

Large-scale circulations associated with teleconnection
patterns such as the Pacific-North American (PNA) and the
Pacific-South American (PSA) patterns also induce mon-
soon variability over both continents. The PNA pattern in
winter and spring is followed by an enhanced upper-trop-
osphere NAM anticyclone and rainfall in summer (Higgins
et al. 1998), whereas the PSA pattern causes upper-tropo-
sphere anticyclonic (cyclonic) anomalies at the extra-trop-
ics that reduce (enhance) precipitation over southeastern
South America (e.g. Grimm et al. 2000). Although both
patterns are mainly influenced by ENSO, other independent
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factors also contribute to their variability (Higgins et al.
2000b; Vera et al. 2004; Munoz et al. 2010). Particularly,
PSA pattern is influenced, besides ENSO, by the vari-
ability of tropical Indian and Pacific SSTs (Mo 2000). In
addition, land surface-related processes such as evapora-
tion and recycling (Anderson et al. 2004; Li and Fu 2004;
Zhu et al. 2007), synoptic-scale transient activity (Gonza-
lez et al. 2007; Douglas and Englehart 2007), and cold-air
incursions (Li and Fu 2006; Raia and Cavalcanti 2008) also
modulate monsoon rainfall variability over the Americas.

We will investigate the above-discussed processes in
order to explore whether there might be common causes for
the earlier NAM demise and late SAM onset. A clarifica-
tion for such causes is particularly relevant to better under-
stand and simulate the unified view of the American mon-
soon systems, advocated by the World Climate Research
Programme/Climate Variability and Predictability/Variabil-
ity of the American Monsoon Systems (WCRP/CLIVAR/
VAMOS) program (Vera et al. 2006). An initial discussion
by Fu et al. (2014) suggests that the onsets of the Ameri-
can monsoons are mainly driven by seasonal variability of
SSTs over the adjacent oceans, regional land surface heat-
ing, and associated circulation changes, instead of remote
influence through inter-monsoon connection; however,
these monsoon onsets could influence the reversal of the
large-scale cross-equatorial flow, possibly affecting the
decaying monsoon on the other hemisphere.

This paper is organized in five sections. Section 2
describes the data and the methodology implemented. Sec-
tion 3 analyzes surface and upper-level circulation changes
during the long-transition seasons and their associated
changes in convection and SSTs, as well as the influence
of the global SST warming, ENSO, and AMO modes, and
the NASH westward shift onto the moisture transport to
the Amazon and wave train patterns. Section 4 briefly dis-
cusses the possible influence of the increasing atmospheric
CO, concentration in the climate system on the changes in
the American monsoons timing. Finally, Sect. 5 presents
the main conclusions.

2 Data and methodology

This paper analyzes surface and upper-troposphere circula-
tion, rain rate anomalies, and SSTAs during the transition
season between the NAM and SAM systems, which typi-
cally occurs from August to October. The transition season
between both monsoons was defined as the period between
the NAM retreat date and the southern Amazon wet season
onset date for each year during the period 1978-2009. The
onset/retreat dates were obtained over the spatial domains
of the NAM and the southern Amazon, defined by Arias
et al. (2012) and Fu et al. (2013), respectively. The NAM

domain corresponds to northwestern Mexico whereas the
southern Amazon domain corresponds to the region delim-
ited by 50°W-70°W, 15°S-5°S (Fig. la). Daily rainfall
data were converted to pentad values (i.e., 5 days aver-
age) before obtaining onset/retreat dates. The definition
of the onset/retreat dates of the American monsoon sys-
tems follows Li and Fu’s (2004) methodology, which con-
siders both an objectively defined rain rate threshold and
the persistence in time. Thus, the onset (retreat) date was
defined as the pentad before which the rain rate was less
(more) than the climatological annual mean rain rate during
6 out of 8 preceding pentads and after which the rain rate
was greater (lower) than the climatological annual mean
rain rate during 6 out of 8 subsequent pentads. When these
thresholds did not allow identifying the monsoon onset (or
retreat) date for a specific year, the duration threshold was
relaxed from 6 to 5 consecutive pentads (Arias et al. 2012).

To obtain the southern Amazon wet season onset dates,
we used two different rainfall datasets over South America:
(1) the 1-degree grid rain gauge daily precipitation from
the National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) available dur-
ing January 1978- December 2007 (Silva et al. 2007; here-
after referred to as Silva data) and (2) the NOAA Climate
Diagnostics Center (CDC) daily precipitation gridded data
version SA24 available from January 1940 to December
2011 (Liebmann and Allured 2005; hereafter referred to as
SA24 data). Following Fu et al. (2013), we merged the two
daily rainfall data averaging them over each map cell for
the period 1979-2007 when they overlap, and using SA24
for the period 2008-2011. This merged daily rainfall data
was constructed in order to reduce the differences detected
between both datasets in the areas covered by raingauges
(Fu et al. 2013). NAM retreat dates were obtained from the
NOAA CPC 1° grid daily precipitation over the US and
Mexico (hereafter referred to as CPC US-Mex data). This
dataset is described by Higgins et al. (1999, 2000a) and is
available during 1940-2009. To match the record period of
the merged daily rainfall dataset over South America, only
data during 1978-2009 were used.

The confidence intervals and significance levels for the
linear trends, computed from the resulting onset/retreat
dates and transition season length, were determined based
on the effective sample size and the r test (Santer et al.
2000). The linear trend significances are also confirmed by
the non-parametric Mann—Kendall test with Sen’s statistics
(Sen 1968).

We analyzed the changes in lower and upper troposphere
circulation, as well as surface dryness conditions, compos-
iting different variables during long and short-transition
seasons. Dryness land conditions were represented by the
Bowen Ratio (BR), defined as the ratio between sensible
and latent heat fluxes. Therefore, daily 2.5° grid data for
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Fig. 1 a Regions considered
for this study: southern Amazon
domain (black), NAM domain
(red), and V-Index domain
(blue). b NAM retreat date
(red) and southern Amazon wet
season onset date (black) during
1978-2009. NAM retreat and
southern Amazon wet season
onset dates are significantly
correlated at P < 0.05. ¢ NAM
onset date (red) and southern
Amazon wet season retreat date
(black). d Length of the transi-
tion season from NAM to south-
ern Amazon wet season. Linear
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latent and sensible heat fluxes, geopotential height, hori-
zontal winds, vertical velocity, and streamfunction at differ-
ent pressure levels were obtained from the National Center
for Environmental Project-National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis (Kalnay et al. 1996)
from 1978 to present. We also used monthly mean rain rate
from the Global Precipitation Climatology Project (GPCP,
Adler et al. 2003), available after 1979 and provided at a
2.5° resolution by the NOAA/ESRL/PSD (http://www.esr.
noaa.gov/psd/).

Extended reconstructed monthly mean SSTs from the
NOAA Climate Diagnostic Center (CDC) (Reynolds 1988)
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were used with a spatial resolution of 2° x 2°. For the
period of analysis considered here (1978-2009), the SSTs
were derived from blended satellite and in situ measure-
ments. In addition, Nifio3 and Nifio4 indices were obtained
from the NOAA’s website www.esrl.noaa.gov/psd/data/
climateindices/list/.

Following Wang and Fu (2002), the 925-hPa meridional
wind spatially averaged over the region 65°W-75°W, 5°S—
5°N (Fig. la) was used to represent the variability of the
cross-equatorial flow over South America (hereafter referred
as the South American V-Index), which is an important
moisture contributor to feed the Amazon wet season.
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In order to identify the role of the global SST warming,
ENSO, and AMO modes on the transition length, we com-
puted the three first Rotated Empirical Orthogonal Func-
tions (REOFs) for the global SSTAs in September—Octo-
ber (Schubert et al. 2009). In addition, the role of NASH
was explored by considering the mean position of the
1560 m of geopotential height (gpm) line (Li et al. 2011).
We performed composite and regression analyses in order
to understand the effects of these four modes on the mois-
ture transport and upper-level circulation into South Amer-
ica during the transition season at interannual and decadal
scales. Statistical significance of the regressed patterns
was determined using an f test for the total multiple linear
regression, whereas a ¢ test was used for the significance of
individual regression coefficients. In addition, the statisti-
cal significance of correlation coefficients was determined
using a f test.

3 Results

3.1 Variation of the transition period between
the American monsoon systems

Figure 1b shows the corresponding time series of NAM
retreat and SAM onset dates expressed in pentads, start-
ing in pentad 45 on August 10 to pentad 70 on December
3. NAM retreat shows a regime shift from late to early
retreats after 1990 whereas the southern Amazon wet sea-
son shows a significant trend toward late onsets since 1978,
as documented by Arias et al. (2012) and Fu et al. (2013),
respectively. After removing trends, correlation between
both time series is statistically significant during the
period considered (—0.37; P < 0.05), according to a ¢ test.
Since autocorrelation in the time series can influence the
observed correlation between both variables, the statistical
significance of this coefficient was further verified using a
random-phase test with 10,000 iterations (Ebisuzaki 1997).
This methodology is similar to the bootstrap test, but the
random time series created by this method preserves the
autocorrelation of the original data instead of its distribu-
tion. On the other hand, changes of the NAM onset and the
southern Amazon wet season retreat dates are not statisti-
cally significant (Fig. 1c), suggesting that the shortening of
the American monsoon systems over the last two decades
would be mainly due to earlier NAM retreats and delayed
southern Amazon wet season onsets.

An earlier NAM retreat and a delayed southern Amazon
wet season onset would imply a longer transition period
between the American monsoons in boreal fall. Figure 1d
shows the length of the transition season between the
American monsoon systems, defined as the period between
the NAM retreat pentad and the southern Amazon wet

season onset pentad (Fig. 1b). The transition between both
systems shows a trend toward longer periods, with a linear
trend of 1.6 + 0.6 pentads per decade (i.e. 5.12 &+ 1.92 pen-
tads, or 25.6 £ 9.6 days longer between 1978 and 2009).
This linear trend and its confidence interval are statistically
significant at P < 0.06 according to Santer et al. (2000) test.
The significance of the linear trend is also supported by the
Sen’s (1968) test without assuming normal distribution.

Transition seasons were categorized according to their
length. Long-transition seasons were defined as those
exhibiting lengths larger than the climatological mean
length plus 0.8 times the standard deviation (0.80) of the
transition season length. By contrast, short-transition sea-
sons were defined as those shorter than the climatological
mean minus 0.80. We identified 7 years with long-transition
seasons (1982, 1994, 1995, 1997, 2002, 2004, and 2005),
and 10 years with short-transition seasons (1978, 1980,
1981, 1983, 1985, 1986, 1988, 1990, 2006, and 2009).
Thus, short-transition seasons were observed mainly before
1990 whereas long-transition seasons occurred mainly after
1990 (Fig. 1d). However, a recovery toward short-transi-
tion seasons appears to occur after 2005 in association to
later NAM retreats and earlier southern Amazon wet sea-
son onsets (Fig. 1b). These results raise the question: what
causes the apparent correlation between the changes in the
NAM retreat and the southern Amazon wet season onset?
As discussed in the introduction, previous studies have
identified different factors involved in the recent earlier
demise of the NAM and the delayed onsets of the SAM.
Particularly, the physical mechanisms for the recent NAM
earlier demise have been discussed in Arias et al. (2012).
However, how the observed changes in both monsoons are
related is not clear. We further explore this question in the
next subsections.

3.2 Variations of the cross-equatorial flow over South
America

Previous studies have shown that a southerly cross-equa-
torial flow does not appear to significantly influence the
NAM onset since moisture transport to this region is domi-
nated by local low-level jets (Adams and Comrie 1997;
Higgins et al. 1997). By contrast, a northerly cross-equa-
torial flow plays an important role on transporting moisture
to the Amazon and the SAM region, eventually triggering
monsoon convection (Liebmann et al. 1999; Wang and Fu
2002). Therefore, to identify changes in the cross-equato-
rial flow over South America during the transition season
from NAM to SAM, we compared the composite evolution
of the South American V-Index throughout the transition
period between the American monsoons for both long and
short-transition seasons (Fig. 2). This figure suggests that
the northerly flow over South America is weaker during
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Fig. 2 a South American
V-Index evolution from NAM
to southern Amazon wet season
for long (black) and short (red)

— Long-transition season
— Short-transition season
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long-transition season years, as indicated by a less negative
V-Index. In contrast, the northerly flow is stronger during
the short-transition seasons. Thus, variations of the transi-
tion period length between the American monsoons appear
to be connected to variations of the cross-equatorial flow
over South America.

3.3 Variations of surface and upper-level circulation
and associated SSTA changes

3.3.1 Convection and low-level circulation

Figure 2 suggests that long-transition seasons between both
monsoon systems are associated with a delayed reversal
of the cross-equatorial flow toward the southern Amazon,
which would be associated with reduced moisture transport
to trigger convection over the Amazon, and therefore, the
SAM. To identify the changes of surface circulation and
convection during the long-transition seasons with respect
to those of the short-transition seasons, Fig. 3a shows the
August—September climatology of 850 hPa horizontal wind
and GPCP rain rate whereas Fig. 3b shows the composite
difference for both variables between long and short-tran-
sition seasons. Long-transition seasons are characterized
by drier conditions over the SAM domain, the northwest-
ern NAM region, and Central America. By contrast, wetter
conditions are observed over the eastern Pacific and west-
ern Atlantic Inter-Tropical Convergence Zone (ITCZ), the
southern (or tropical) domain of the NAM, and the south-
eastern (SE) and south central (SC) US. The observed pre-
cipitation pattern is consistent with the surface circulation
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anomalies shown in Fig. 3b. Cyclonic anomalies are
observed over the SE and SC US whereas anticyclonic
anomalies occur over the northwestern NAM and SAM
domains, consistent with enhanced and reduced rainfall
over these regions, respectively. In addition, stronger con-
vergence is observed over the eastern Pacific, in agreement
with the increased local rainfall amounts, while a southerly
surface flow emerges over the northern Amazon, in asso-
ciation with reduced rainfall. The latter is consistent with
Fig. 2, which shows an enhanced southerly cross-equatorial
flow in South America during the long-transition seasons.

3.3.2 Upper-level circulation

As identified in previous works, large-scale circulations
associated with PNA and PSA teleconnection patterns
can induce upper-troposphere vorticity anomalies over
North and South America, influencing monsoon variabil-
ity. Figure 3c shows the difference of streamfunction at
0.21-sigma level (i.e., 200 hPa) between long and short-
transition seasons in August—September. Both PNA and a
PSA-like wave train patterns, extending from the equato-
rial Pacific to North and South America, respectively, are
discernible. Previous studies have shown that PSA-like pat-
tern can induce upper-troposphere anticyclonic (cyclonic)
anomalies that in turn increase (reduce) convection over the
SAM domain (Liebmann et al. 1999; Grimm et al. 2000).
The enhanced subsidence associated with the upper-level
anticyclonic anomalous circulation in the SAM domain
during the long-transition seasons is consistent with the
reduced rainfall observed over the region (Fig. 3b).
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3.3.3 Changes of SSTAs

As extensively documented in literature, SSTAs over the
global oceans can modulate the American monsoons via
direct circulation anomalies and teleconnection patterns.
For instance, wave train patterns like the PNA and PSA
can be induced by SST changes at different timescales
(e.g. Higgins et al. 2000b; Vera et al. 2004; Mo 2000). To
characterize the SST changes associated with long and
short-transition seasons, the temporal correlation between
de-trended time series of transition-season length and
SSTAs in August—September was computed (Fig. 4). Sta-
tistically significant positive correlations, resembling a
Central Pacific Warming (CPW) pattern of El Nifio, extend
over the tropical central and eastern Pacific, indicating that
positive SSTAs in that particular region are related to a

in August-September. In a and b, the box represent the region of the
SAM V-Index and the vector scale is shown in the right bottom corner
of the panel. Dashed lines in ¢ represent a PSA wave train pattern

lengthening of the transition season. Such warming of the
eastern Pacific is consistent with the enhanced ITCZ over
the region and the reduced rainfall over Central America
observed in Fig. 3b (Schubert et al. 2009). Correlation map
for boreal summer (June—-September) SSTAs was also com-
puted and has a similar pattern to that in Fig. 4 (not shown).
Furthermore, de-trended correlations between transition
season length and Nifio3 and Nifio4 indices are 0.32 and
0.29, respectively (with a statistical significance of 90 and
88 %, respectively). In addition, Fig. 4 also shows statisti-
cally significant negative (positive) correlations in the trop-
ical South Atlantic (northeastern Pacific).

How could SSTA over the equatorial Pacific influence
the transition season between the American monsoons? Hu
et al. (2013) shows a weakening of the interannual vari-
ability in the tropical Pacific after 2000, which seems has
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Fig. 4 Correlation coefficient between August-September SSTA
and transition season length. Correlation coefficients significant at
P < 0.1, according to a ¢ test, are identified by dotted contours

altered the frequency and intensity of the more recent El
Nifio and La Nifia events. Moreover, recent studies have
shown that the frequency of the CPW events occurred
after early 1990’s has increased at the expense of the East-
ern Pacific Warming (EPW) events (Kim et al. 2009). In
addition, several studies have concluded that the impacts
of CPW and EPW on different regions are remarkable
different (Larkin and Harrison 2005; Ashok et al. 2007;
Kim et al. 2009). For instance, PNA/PSA wave trains are
enhanced when warm forcing is imposed over the central
Pacific (Mo and Paegle 2001; Karoly et al. 1989; Liebmann
et al. 2009). Furthermore, the increase of CPW events after
mid-1990s has induced an enhancement of wave train pat-
terns in the North Pacific, advecting streamfunction anoma-
lies from the Western North Pacific summer monsoon to the
North African and NAM systems (Lee et al. 2014). On the
other hand, Ding et al. (2012) show that a marked warm-
ing of the central Pacific in boreal summer during the 1980
and the 1990s is associated with enhanced PSA wave train
activity. Therefore, the more frequent occurrence of CPW
events after the mid-1990s and its associated enhancement
of PSA and PNA wave trains coincide with the more fre-
quent occurrence of long-transition seasons between the
American monsoons (Fig. 1d) and the associated enhanced
PSA/PNA-like activity (Fig. 4). This fact raises a ques-
tion: could the SST-induced wave train patterns observed
since the 1990s, at least partially, contribute to the observed
lengthening of the transition season between the American
monsoons during the last two decades?

To further clarify this question, we selected CPW years
when August-to-October Nifio4 index was >1 stand-
ard deviation, while Nifio3 index stayed below this range
(Kim et al. 2009). Likewise, the EPW years were selected
when August-to-October Nifio3 index was greater than one
standard deviation. Thus, 7 CPW (1986, 1991, 1994, 2002,
2004, 2006, and 2009) and 3 EPW (1982, 1987, and 1997)
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Fig. 5 Linear regression of 850-hPa winds and GPCP anomalies p.
onto a global SST warming mode, b ENSO, ¢ AMO, and d NASH
western ridge longitude in August-September—October. e Multivari-
ate linear regression onto the four modes. Vector scale is shown on
the bottom right corner of each panel. The box indicates the SAM
V-Index region. Only regressed rainfall and winds statistically signifi-
cant at P < 0.1, according to a ¢ test (for individual regression coef-
ficients) and an f'test (for total multiple linear regression), are plotted

events were selected during 1978-2009. These events agree
with those reported in the supplemental material for Kim
et al. (2009). Among the 7 long-transition seasons identi-
fied between 1978 and 2009, 3 seasons correspond to CPW
type of warming (1994, 2002, and 2004), while 2 seasons
correspond to EPW (1982 and 1997). Thus, the increase of
CPW events since the mid 1990s cannot fully explain the
increase of transition season length between the American
monsoons. However, the recovery of these monsoons from
longer to shorter transition seasons observed after 2005
(Fig. 1d) might be partially related to the recent changes
CPW conditions observed in the tropical Pacific (Hu et al.
2013).

The results presented in Figs. 3 and 4 suggest that, on
interannual scale, the early demise of the northern NAM
and late onset of the Amazon wet season are both associ-
ated with El Nino like SSTAs, with intensification of the
eastern Pacific and north tropical Atlantic ITCZs, reduced
rainfall over Central America, and an enhancement of PNA
and PSA wave responses.

3.4 Contributing factors on interannual and decadal scales

The American monsoons are affected by SST variations
associated with the global warming trend, ENSO, and
AMO. Furthermore, variations in the location of the west-
ern ridge of the NASH have been recently documented to
be one of the factors associated with the earlier retreats of
the NAM observed after the mid-1990s (Arias et al. 2012).
Therefore, we evaluated the influence of these four fac-
tors on the transition length from the NAM to the SAM.
Global SST warming, ENSO, and AMO modes corre-
spond to the first three REOFs of global SSTAs during
August—September, respectively (Schubert et al. 2009),
whereas the NASH mode is represented by the longitude
of its western ridge, as described in Sect. 2. Multivari-
ate regressions of surface winds, rain rate anomalies, and
upper-level streamfunction onto these modes were com-
puted. Figure 5 indicates that ENSO and NASH modes
(and slightly AMO) partially reproduce the southerly flow
over the SAM V-Index region and reduced rainfall over
the SAM domain observed during long-transition seasons
(Fig. 3b). The global SST warming mode and NASH west-
ward shift can reproduce drier conditions over the north-
western NAM region while the four modes contribute to
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Fig. 6 Linear regression of 0.21-sigma streamfunction onto a global
SST warming mode, b ENSO, ¢ AMO, and d NASH western ridge
longitude in August—September—October. e Multivariate linear regres-
sion onto the four modes. Only regressed streamfunction statistically

drier conditions over the Central American isthmus. Com-
paring Figs. 5 and 3, it can be observed that the precipi-
tation anomalies in ENSO mode (Fig. 5b) and global SST
warming + ENSO + AMO + NASH modes (Fig. Se) are
both located over the east of the SAM V-Index region or
northeast of the SAM V-Index region whereas in Fig. 3b,
the precipitation anomaly locates the southeast of the
V-Index region. Furthermore, the global SST warming and
ENSO modes reproduce a PSA pattern, while by contrast,
the AMO mode and NASH western ridge composites do
not show a clear wave train (Fig. 6).

The contributions identified in Figs. 5 and 6 show the
influence of these modes at interannual time-scales. How-
ever, whether ENSO is responsible for decadal variability
and the observed trends of the NAM retreat and SAM onset
needs to be investigated. Thus, we analyzed the regression
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significant at P < 0.1, according to a ¢ test (for individual regression
coefficients) and an f test (for total multiple linear regression), is plot-
ted

patterns after removing ENSO influence. ENSO signal
was removed by subtracting the linear regression between
ENSO mode and the time series corresponding to the varia-
ble of interest (precipitation, surface wind, streamfunction)
from the variable time series. Since global SST warming
and AMO modes are independent from ENSO mode, the
ENSO-removed regression patterns for these two modes
are not shown. When removing such influence, the total
contributions from global SST warming, AMO, and NASH
modes reproduce much weaker rainfall reductions over
the Central American isthmus and the SAM region and
weaker increases of rainfall over the eastern Pacific, indi-
cating that ENSO mode explains such interannual changes
(Fig. 7b). However, the increases of rainfall over the south-
ern NAM and Gulf of Mexico are better reproduced when
removing these contributions, indicating that these changes
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Fig. 7 Same as Fig. 5 but after removing ENSO contributions. a NASH western ridge, b warming + AMO + NASH modes

occur mainly at decadal scales. A previous study by Wang
et al. (2007) indicates that a larger Atlantic warm pool can
explain an enhanced western Atlantic ITCZ and associ-
ated rainfall over the Gulf of Mexico and the east-central
US. Figures 5 and 7 suggest that AMO mode explains the
increases of rainfall over the southern NAM whereas global
SST warming and NASH modes explain the increased rain-
fall over the Gulf of Mexico.

In addition, the southerly flow over the SAM V-Index
region and the anticyclonic circulation over the northwest-
ern NAM are still observed at decadal scales, mainly in
association to the NASH western shift. Respect to the dec-
adal regression patterns of the upper-troposphere stream-
function (Fig. 8), NASH mode shows a similar pattern than
that obtained when considering ENSO influence (Fig. 6).
When adding the three decadal contributions, a PSA pat-
tern is observed (Fig. 8b), although its trajectory appears to
be shifted to the southeast in comparison to that observed
in long-transition seasons (Fig. 3c).

The analysis of Figs. 3, 4, 5, 6, 7, 8 suggests that: (1)
the enhanced eastern Pacific ITCZ and the reduced convec-
tion over the Central American isthmus observed during
the long-transition seasons is mainly explained by ENSO
at interannual scales, (2) the increased convection over the
Caribbean is explained by contributions from global SST
warming, AMO, and NASH modes at decadal scales, (3)
the increases of rainfall over the southern NAM are mainly
associated with AMO whereas the enhanced surface anti-
cyclonic circulation over the northern NAM is associated

with AMO and NASH modes at decadal scales, (4) an
enhanced southerly SAM V-Index is partially reproduced
when considering ENSO and NASH modes (and slightly
by AMO, over the eastern SAM V-Index region), and (5)
the PSA wave train patterns are explained by contribu-
tions from ENSO and global SST warming modes, which
appears to occur at both interannual and decadal scales.
This suggests that, besides global SST warming, ENSO,
and AMO modes, the NASH western ridge location not
only contributes to northern NAM earlier retreat but also
to SAM delayed onset, mainly on decadal scales, by weak-
ening northerly cross-equatorial flow over South America,
which consequently contributes to the delayed monsoon
onset observed since 1978.

3.5 Possible mechanisms for the observed lengthening
of the transition season

Figure 7 indicates that, after the removal of ENSO, global
SST warming, AMO, and NASH modes appear to dry the
NAM whereas the global SST warming mode also dries
the western SAM region. What are the possible underlying
mechanisms for these changes? The stronger and equator-
ward shifted ITCZ in both northeastern Pacific and north
tropical Atlantic suggest a stronger and more equatorward
confined rising branch of the regional Hadley cell, which
in turn enhances subsidence in the adjacent subtropics,
including the NAM and SAM. To further explore this idea,
Figs. 9 and 10 show the August—September—October mean
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Fig. 8 Same as Fig. 6 but after removing ENSO contributions. a NASH western ridge, b warming + AMO + NASH modes

vertical cross-sections for the regional meridional divergent
circulation and mass streamfunction over North and South
America, respectively, during the long and short transi-
tion seasons. The boreal summer/fall circulation over both
North and South America during long and short-transition
seasons occurs in shallow cells (Figs. 9a, b and 10a, b), as
documented by Trenberth et al. (2000). When comparing
both types of seasons, a stronger regional Hadley cell with
rising motion center at 10°N characterizes the long-transi-
tion seasons, with enhanced rising motion over the equa-
tor and subsidence in the subtropics (Fig. 9¢c). On the other
hand, the regional Hadley cell in South America indicates
enhanced subsidence over the northern Amazon and ris-
ing motion over the north tropical Atlantic ITCZ during the
long-transition seasons compared to short-transition sea-
sons (Fig. 10c), consistently with the precipitation pattern
observed in Fig. 3b. Moreover, the zonal divergent circu-
lation over South America indicates enhanced subsidence
anomalies over the western Amazon (60°W—40°W) and
rising motion over the eastern Pacific (100°W-80°W) dur-
ing the long-transition seasons (Fig. 11). Therefore, long-
transition seasons are associated with an enhanced regional
Hadley cell over the Americas and surrounding oceanic
ITCZ, enhancing convergence toward the equator and sub-
sidence over the monsoon regions. The regional Walker
cells reinforce the local subsidence.

Furthermore, the eastern Pacific ITCZ and south-
ern Mexico are part of the southern domain of the NAM.
Therefore, the enhanced convection over these regions
shown in Fig. 3b suggests a strengthening or delayed
demise of this part of the NAM during the long-transition
seasons between both monsoons. Such enhanced convec-
tion would also promote surface convergence toward the
equator, causing an earlier retreat of the northern NAM
and a delayed reversal of the cross-equatorial flow toward
South America, which in turn would delay the SAM onset.
To explore the latter, Fig. 12 shows the correlation between
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SAM V-Index and GPCP anomalies in June—July—August
(JJA), July—August-September (JAS), and August-Sep-
tember—October (ASO). In order to identify a possible
connection beyond the influence of eastern Pacific SSTAs,
ENSO influence was removed from both variables by sub-
tracting the variance explained by the Nifio3 index from the
original variables. Correlations indicate that an anomalous
southerly cross-equatorial flow (i.e., positive SAM V-Index
anomalies) is associated with (1) enhanced rainfall over the
Caribbean Sea and southern NAM region in JJA, JAS, and
ASO, (2) reduced rainfall over southern South America in
JJA (i.e., its dry season), and (3) reduced rainfall over the
northern NAM in JAS and ASO (i.e., its demise phase and
transition season toward the SAM). The correlation pat-
terns are very similar when considering ENSO contribu-
tions. This appears to suggest that the enhanced convection
over the southern NAM during the long-transition seasons
observed in Fig. 3b could strengthen a southerly cross-
equatorial flow from northern South America to the equa-
tor, reducing precipitation over the SAM region during its
dry season, which in turn could delay the SAM onset. The
analysis of correlations between the August—September
GPCP anomalies and leading SAM V-Index anomalies sup-
port this result (not shown). This suggests that a stronger
or delayed demise of the southern NAM could establish an
anomalous southerly regime of the cross-equatorial flow
during the transition season, delaying the wet season onset
over the southern Amazon.

Moreover, correlations in Fig. 12 indicate that a south-
erly cross-equatorial flow is associated with reduced rain-
fall over the Amazon and SAM during the dry season. A
stronger dry season over the Amazon is one of the determi-
nant factors involved in the delayed triggering of the wet
season over the region (Fu et al. 2013; Yin et al. 2014).
Furthermore, Arias et al. (2011) document that increases
of the Convective Inhibition Energy over the southern
Amazon since 1978 have contributed to reduce convective
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function (shades) and meridional divergent circulation (vectors) in
August—September—October over North America for a long, b short,
and ¢ long-short transition seasons. Vectors are plotted as the diver-

clouds during the transition to the wet season. Therefore,
we analyzed the Bowen Ratio anomalies throughout the
transition season from NAM to SAM and compared those
during long and short-transitions. Figure 13 presents the
composite evolution for the difference of Bowen Ratio
anomalies between long and short-transition seasons sev-
eral pentads before and after the NAM retreat. Results
indicate that, during the long-transition seasons, surface
conditions over SAM and northern NAM are drier several
pentads prior the NAM retreat. Conditions over NAM pre-
vail drier even several after its retreat, whereas SAM con-
ditions reduce their dryness around five pentads after the

gent meridional wind component and the vertical velocity zonally
averaged over the region 110°W-80°W. The vector scale is shown in
the bottom right corner of each panel

NAM retreats, when SAM onset approaches. This shows
that drier land conditions during the long transition sea-
sons lead both NAM retreat and SAM onset, suggesting
that the thermodynamic impact of the warming could also
contribute to the NAM earlier retreat and SAM delayed
onset.

In summary, the stronger and more equatorward regional
Hadley cell induced by global SST warming, ENSO, and
AMO modes enhances the eastern Pacific and western
Atlantic ITCZs as well as the southern NAM, enhanc-
ing moisture convergence over the equator. The increased
convergence to the equator contributes to an earlier retreat
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Fig. 10 Same as Fig. 9 but for South America (80°W—-40°W)

of the northern NAM and delays the reversal of the cross-
equatorial flow toward South America. The latter, in turn
delays the wet season onset over the SAM. In addition,
the westward shift of the NASH enhances rainfall over the
Gulf of Mexico and SC US and contributes to the establish-
ment of southerly anomalies of the cross-equatorial flow
in South America, which reinforces the early retreat of the
NAM and the delayed onset of the SAM, respectively. Fig-
ure 14 presents a scheme for these mechanisms.

Although previous studies have identified the isolated
influence of the regional Hadley cell, ENSO, and NASH on
the American monsoons, the correlated changes in NAM
and SAM through variations of the cross-equatorial flow
had not been identified until this study.
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4 Discussion

This work identifies a recent correlated shortening of the
American monsoon wet seasons and a longer transition
between them, in association with earlier NAM retreats
since 1990 and a trend toward delayed onsets of the south-
ern Amazon wet season since 1978. The analysis presented
here indicates that these changes are partially associated
with a westward displacement of the NASH, the global
SST warming, ENSO, and AMO modes, and large-scale
circulation anomalies resembling the PSA/PNA pat-
terns. Are there another factors contributing to the earlier
NAM retreats and late SAM onsets? What could be the
root causes of these changes and what are the possible
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Fig. 11 Vertical cross-sections for regional zonal divergent circula-
tion over South America in August—September—October for a long
and b long-short transition seasons. Vectors are plotted as the diver-

implications of these results to future changes of the NAM
retreat and SAM onset? Although we are not in the position
to answer these questions directly in this study, previous
studies have suggested the following possibilities:

Kelly and Mapes (2011) indicate that an enhanced
Indian monsoon precipitation/Tibetan high strengthens the
zonal mean easterlies, which governs the western displace-
ment of the NASH. By contrast, Miyasaki and Nakamura
(2005) and Li et al. (2012) suggest that an increase in ther-
mal contrast between the land and ocean (i.e. Africa—
Atlantic thermal contrast) may be a more direct forcing for
the NASH. While the Indian monsoon influence on NASH
would suggest a remote source for the decadal variability
of the American monsoons, the land—-ocean thermal con-
trast mechanism would suggest a more regional source
for this variability. Therefore, the observed changes in the
transition season length between the American monsoons,
exerted through NASH variations, could be a consequence
of both remote and regional sources of decadal variability.

There are still large uncertainties regarding the changes
of the Indian monsoon under an increasing greenhouse
gases (GHG) scenario. The weakening of the relationship
between ENSO and the Indian monsoon observed after
1976 (Kumar et al. 1999; Krishnamurthy and Goswami
2000; Sarkar et al. 2004) and the compensating influence of
the observed shifts in the Walker Circulation and enhanced
land-sea contrast (Meehl and Arblaster 2003; Kumar et al.
2006) are some of the uncertainty sources in the projection
of this monsoon system under an increased GHG scenario.
On the other hand, there is a general consensus among cli-
mate models in projecting a GHG concentration increase
scenario, a warming pattern of the tropical Pacific, and a
stronger land—ocean thermal contrast in summer (e.g. Col-
lins et al. 2010; Yeh et al. 2012; Meehl et al. 2007 and
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averaged over 15°S-5°S. The vector scale is shown in the bottom
right corner of each panel

references therein), which in turn would affect the Indian
monsoon by different pathways. These uncertainties would
in turn induce uncertainties in the projection of future
NASH location. However, Li et al. (2012) suggest that the
NASH will intensify by the end of the twenty-first century
in a GHG concentration increase scenario, predominantly
due to an increase in thermal contrast between land and
ocean, according to the analysis of Climate Model Inter-
comparison Project 3 (CMIP3) simulations.

The projections of equatorial Pacific SSTs under an
increasing GHG scenario are somehow clearer. Hansen
et al. (2006) indicate that, over the past century, warm-
ing has been larger in the western equatorial Pacific than
in its eastern region, increasing the likelihood of strong
El Nifio events, whereas other studies have shown that the
frequency of CPW events over the equatorial Pacific has
been increasing during the last decades (Kim et al. 2009;
Lee and McPhaden 2010 and references therein). Yeh et al.
(2009) show that future climate projections of anthropo-
genic climate change using CMIP3 simulations are associ-
ated with an increased frequency of CPW events, compared
to EPW events, induced by a flattening of the thermo-
cline in the equatorial Pacific. Similar results are found in
CMIP5-RCP4.5 simulations (Kim and Yu 2012). On the
other hand, several studies have associated the change of
the AMO phase in the early 1990s to natural variability and
externally forced warming (e.g., Zhang 2007; Ting et al.
2009; Booth et al. 2012). However, Ruiz-Barradas et al.
(2014) argue that the CMIPS models appear to be unable
to perturb the regional low-level circulation in the Atlan-
tic, which is a main driver of moisture fluxes, resulting in
a poor representation of the spatiotemporal features of the
AMO, as well as in the oceanic and hydroclimatic impact
associated with the AMO. In addition to ENSO and AMO,
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Fig. 12 Correlation between SAM V-Index anomalies and GPCP
anomalies for a June—July—August, b July—August—September, and
¢ August-September—October. ENSO influence was previously

both the NAM retreat and SAM onset changes are found
to be associated with the poleward shift of the subtropical
jets over both hemispheres in a present and a future climate
(Arias et al. 2012; Fu et al. 2013). Such a shift is found to
be associated with the broadening of the Hadley cell (Hu
et al. 2011; Forster et al. 2011), which could be also forced
by the increasing CO2 concentrations in the atmosphere
(e.g., Lu et al. 2007).

Other studies have explored the possible influence of a
global warming scenario on the American monsoons. For
instance, Li et al. (2008) identified a potential anthropo-
genic influence on Amazon drying during the recent decades
using CMIP3 projections. On similar lines, Seth et al. (2010)
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removed from both variables. Only statistically significant correla-
tions at P < 0.05, according to a ¢ test, are plotted

identified a lengthening of the dry season in the SAM,
according to CMIP3 simulations, and hypothesized that this
is due to an increased threshold for convection in the warmer,
more humid, and stable future climate. A similar result was
reported for the global monsoons by Seth et al. (2013) in
CMIP5 simulations. In contrast, Jones and Carvahlo (2013)
find earlier SAM onset projected in six CMIP5 models.
Therefore, conclusions about SAM changes in a future cli-
mate seem to depend on the particular metrics used to define
monsoon onset, demise, and length, as well as on the specific
monsoon region considered (Christensen et al. 2013).

On the other hand, Geil et al. (2014) indicate that the
CMIP5 models have improved on representing the NAM
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Fig. 13 Lead/lag composite evolution of Bowen ratio difference
between long and short-transition seasons throughout the transition
season from NAM to SAM. Pentad zero indicates the mean NAM

phasing and large-scale circulation patterns at low-levels
respect to the CMIP3 generation (Lee et al. 2007; Lin
et al. 2008), but still poorly represent monsoon retreat.
Cook and Seager (2013) analyzed CMIP5 projections and
found that models show significant declines in early mon-
soon season precipitation due to tropospheric warming
and increased instability, whereas precipitation increases
in late monsoon season due to the compensating effect of
moisture transport during the mature phase of the mon-
soon, indicating a shift in seasonality toward delayed
onsets and demises of the NAM under an increasing GHG
scenario.

This discussion then suggests that the shortening of the
American monsoons and the lengthening of their transition

retreat date whereas negative (positive) pentads correspond to dates
before (after) NAM retreat date. The boxes represent the NAM and
SAM domains. a Pentad-10, b pentad-5, ¢ pentad-0, d pentad-5

season observed during the recent decades might be influ-
enced by remote forcing and large-scale changes induced
by anthropogenic forcing, which modulate the monsoons
at interannual and decadal timescales. Although recent
studies have focused on the evaluation of the representa-
tion of the American monsoons by the CMIP5 runs and
their projections under a global warming scenario, the
apparent contradictory results on future SAM projections
and the possible changes of the NAM throughout its dif-
ferent stages need to be addressed by testing the possible
mechanisms proposed in this study with the CMIP5 simu-
lations. Furthermore, the role of vegetation and land use in
modulating or driving these observed changes needs to be
also addressed.
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-Enhanced surface convergence/
rainfall increases

Enhanced subsidence/
rainfall reduction

Fig. 14 Scheme of the mechanisms and modulators involved in the
recent shortening of the American monsoons. During long-transition
seasons from NAM to SAM, the regional Hadley and Walker cells
(orange arrows) strengthen, inducing convergence over the Intra-
American region and the eastern Pacific (light blue shades). This con-
vergence strengthens the cross-equatorial flow in both hemispheres
toward the equator (blue arrows), reducing rainfall over the American
monsoon domains (light red shades). The main modulators of these
mechanisms are the global SST warming, ENSO, and AMO modes.

5 Summary

An analysis of the dynamical conditions explaining the
correlated shorter monsoon seasons in the Americas and
a longer transition season between these systems dur-
ing the period 1978-2009 is presented here. Results sug-
gest that such changes are associated with a regime shift
toward earlier retreats of the NAM and delayed onsets of
the southern Amazon wet season. In particular, the longest
transition seasons are observed after the earlier retreats of
the NAM. Our results show that the observed lengthening
of the transition season between both systems is associated
with global SST warming, ENSO, and AMO modes, and
the strengthening of PNA/PSA wave train patterns, and a
westward shift of the NASH.

Our analysis of surface circulation, upper-level stream-
function, precipitation anomalies and SSTAs indicate that
the lengthening of the transition season from NAM to
SAM is associated with a stronger and more equatorward
regional Hadley cell induced by global SST warming,
ENSO, and AMO modes, which strengthens the eastern
Pacific and western Atlantic ITCZs as well as the southern
NAM, enhancing moisture convergence over the equator.
Such increased convergence to the equator contributes to an
earlier retreat of the northern NAM and delays the rever-
sal of the cross-equatorial toward South America. The lat-
ter, in turn delays the wet season onset over the SAM due
to a reduction of moisture transport toward the region. In
addition, a westward shift of the NASH enhances rainfall
over the Gulf of Mexico and SC US and contributes to the
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Particularly, the ENSO mode is related to an enhanced PSA pattern,
represented by upper troposphere cyclones/anticyclones (red) and
their surface counterpart anticyclones/cyclones (grey) in the South-
ern Hemisphere. In addition, a fourth element associated with these
changes is the westward shift of the NASH (black anticyclone in the
Northern Hemisphere), which reduces moisture transport to the NAM
and is related to a northward cross-equatorial flow over South Amer-
ica

establishment of southerly anomalies of the cross-equa-
torial flow in South America, which reinforces the early
retreat of the NAM and the delayed onset of the SAM,
respectively. Furthermore, our results appear to suggest
that the thermodynamic response to warming could induce
drier land conditions over both monsoon regions during the
late boreal summer, contributing to an earlier demise of
the NAM and strengthening the SAM dry season, which in
turn could influence the wet season onset over this region.
However, further research on how local land conditions are
related to the observed changes in the American monsoons
need to be addressed.

Finally, we speculate that the recent correlated shorten-
ing of the American monsoon systems, driven by large-
scale circulation changes observed since 1978, might be
partially a consequence of the increasing GHG concen-
tration in the atmosphere, based on available evidence.
Such possible connection highlights the need to further
investigate the root causes of the shortening of the NAM
and SAM in a changing climate. Especially, the causes of
the changes of the NASH, the enhanced PSA/PNA-like
patterns, and the global SST warming, ENSO, and AMO
modes need to be further explored in order to improve our
understanding, prognostic, and projection of the American
monsoon systems.
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