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Abstract Pparticularly dry or wet boreal summer monsoon seasons are major hazards affecting societal
vulnerability in India and Africa. Several factors affect monsoon rainfall amount and limit the
understanding of possible linkages between monsoon variability and mean climate changes. Here we
characterize the multiscale variability of Indian and West African monsoon rain from two simulations of the
last 6,000 years. Changes in Earth's orbit cause long-term monsoon drying trend in India and Africa, but
the Indian monsoon is more sensitive to anthropogenic CO,. Variability is characterized by two major
ranges of chaotic variability, each related to specific ocean-atmosphere modes present throughout the
period. Combination of random 50- to 500- and 2- to 20-year variability leads to large events occurring at
millennium scale. However, the two regions exhibit opposite trends in rainfall variability due to changes in
teleconnection with Pacific sea surface temperature for India and Atlantic sea surface temperature for
West Africa at interannual to decadal timescales.

1. Introduction

Monsoon is a key feature of the seasonal cycle in the tropics. It accounts for more than 55% of the annual
mean precipitation in India and West Africa (Wang & Ding, 2008). A full understanding of the monsoon
interannual variability from the recent well-observed period is however difficult. The records span over
too short a time to sample the wide range of variability and are affected by global warming induced by
human activity (Hartmann et al., 2013). The paleoclimate records offer a longer perspective. They indicate
that the Northern Hemisphere monsoon rain belt penetrated further north into the continent 6,000 years
BP (Masson-Delmotte et al., 2013; Mohtadi et al., 2016) and gradually retreated back to its modern condition
(Wanner et al., 2008). Depending on the region, this retreat appears as abrupt or rapid (deMenocal et al.,
2000; Fleitmann et al., 2003; Z Liu et al., 2007). Records also point to mega droughts and events that had
a profound impact on civilization in the Indus Valley (Kathayat et al., 2017; Staubwasser et al., 2003) or in
the Sahara-Sahel region during the end of the African Humid period (Kuper & Kropelin, 2006). Changes
in variability have also been reported for the El Nifio-Southern Oscillation (ENSO) (Carre et al., 2014;
Cobb et al., 2013; Emile-Geay et al., 2016) and the North Atlantic Oscillation (NAO) (Olsen et al., 2012).
These climate variability modes have been shown to affect monsoon rain in the modern era and are
suspected to have affected past monsoon rain (Z Y Liu et al., 2006; Yan & Liu, 2019; Zhao et al., 2007).
However, high-resolution paleorecord syntheses that span over the last 6,000 years are still too limited,
and most of them do not have yet the resolution needed to properly disentangle the role of the different
timescales and teleconnections affecting monsoon variability at interannual to multicentennial timescales.
In addition, previous studies did not consider the relative influence of main modes of ocean-atmosphere
variability while considering both Indian and West African monsoons during the Holocene.

Here, we make use of new possibilities provided by long transient climate simulations to characterize the
multiscale variability of the Indian and West African. Two simulations of the last 6,000 years enable us to
analyze robust climate mean state responses to the orbital and trace gas forcing and possible relationships
between mean state and changes in interannual to multicentennial variability. The aims are to isolate differ-
ent timescales and modes of variability affecting Indian and West African monsoon rainfall and determine
whether variability changes with time are chaotic or depend on changes in the mean state. An important
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point here is thus to consider simultaneously the two monsoon systems to extract modes of in-phase and
out-of-phase covariations at the different timescales throughout the last 6,000 years. These analyses are a
prerequisite prior to detailed analyses of variability combining model and paleoclimate reconstructions
when different variabilities interfere together to produce the resulting environmental changes.

We introduce the simulations in section 2. Section 3 emphasizes the long-term changes in rainfall mean state
and variability, while section 4 discusses two major variability timescales affecting monsoon variability, as
well as variability trends and the associated teleconnections. The conclusions are provided in section 5.

2. Materials and Methods
2.1. Model and Experiments

We used two versions of the IPSL model to run the transient simulations of the last 6,000 years (Braconnot
et al., 2019; Dufresne et al., 2013). This state-of-the-art general circulation model represents the three-
dimensional circulation of the atmosphere and the ocean, the land surface, and the interactions between
climate and the carbon cycle. The first simulation, called S-VIr01, was run with the IPSLCM5A-LR version
(Dufresne et al., 2013) used to produce the set of past, present and future CMIP5 simulations (Taylor et al.,
2012) considered as reference for the IPCC ARS5 report (IPCC, 2013). The atmospheric model resolution is
3.75° in longitude, 1.875° in latitude, and 39 vertical levels. The ocean model resolution is 2°, with spatial
refinement at the equator and in the Arctic, and 31 vertical levels. The second simulation, V-Sr02, was
run with a modified version and the medium resolution of IPSLCMS5A (IPSLCM5A-MR) with an
atmospheric horizontal resolution of 2.5° in longitude and 1.125° in latitude (Braconnot et al., 2019). A
new 11-layer soil hydrology, a prognostic snow model, and a dynamical vegetation module have been
introduced in the land surface component, allowing vegetation types to vary in each grid box (Braconnot
et al., 2019).

The initial state of each experiment comes from a 1,000-year-long simulation performed with the corre-
sponding model version and the Paleoclimate Modeling Intercomparison Project 6,000 years BP boundary
conditions (Kageyama et al., 2018). Then, Earth's orbital parameters and atmospheric composition derived
from ice-core reconstructions (Otto-Bliesner et al., 2017) were updated each year from 6,000 ka BP to 0 ka
BP (1950 which is the reference for Earth's orbital parameters; Berger, 1978).

2.2. Analyses of Monsoon Variability

Area-averaged precipitation and sea surface temperature (SST) indices have been selected to reduce the
dimensionality of the large space-time fields. Their combined analysis is designed to detect the major factors
constraining changes in variability over the last 6,000 years. In addition to the Indian (ISMR) and West
African (WAMR) monsoon rainfall indices (Figure 1), we considered SST indices commonly used to inves-
tigate interannual-to-multidecadal teleconnections with the two monsoon systems (Hartmann et al., 2013).
We kept standard modern definitions of these indices since the corresponding regions have also large inter-
annual variance in the simulations and are large enough to account for small variability shifts over the last
6,000 years. Possible shifts in the simulations due to model SST biases or due to small changes in variability
domains with time do not alter the results. The different indices are defined as follow (supporting informa-
tion Figure S1): ISMR: 5-25°N; 70-88°E (land points); WAMR: 7-18°N; 15°W to 20°E (land points); AMO
(Atlantic multidecadal oscillation): difference between North Atlantic SST (equator to 60°N; 80°W to 0)
and global SST in the 60°S to 60°N band; MED (Mediterranean): 30-50°N; 8°W to 45°E; NTA (North tropical
Atlantic): 5°S to 25°N; 55-15°W; STA (South tropical Atlantic): 20°S to equator; 30°W to 10°E; AD (Atlantic
dipole): NTA minus STA; ATL3 (tropical Atlantic): 3°S to 3°N; 20°W to 0; WIOD (west Indian Ocean dipole):
10°S to 10°N; 50-70°E; EIOD (east Indian Ocean dipole): 10°S to equator; 90-110°E; IOD: (Indian Ocean
dipole): WIOD minus EIOD; NINO34 (Nifio 3.4 region): 5°S to 5°N; 170-120°W.

We now characterize the modes of variability between the two monsoon indices and SST through empirical
orthogonal function (EOF) applied to June-to-September seasonal rainfall and SST indices filtered in differ-
ent variability bands (see supporting Figures S2 to S4 and Tables S1-S3 for complements). All time series are
standardized prior to the EOF analyses to account for the different units. The EOF space offers a reduced
dimensional space in which key factors contributing to ISMR and WAMR variability can be isolated.
These analyses are thus used as a guideline to pinpoint the main modes of monsoon variability and the
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Figure 1. Evolution of the simulated Indian and West African precipitation
over the last 6,000 years, showing similar long-term trends but opposite
variability trends between the two monsoon regions. (a) Location of the
regions used to compute the Indian (ISMR: red) and West African (WAMR:
blue) precipitation indices. (b) ISMR and WAMR evolution (mm day_l)
over the last 6,000 years, smoothed with a 100-year running mean.

(c) Relationship between the long-term changes (100-year mean departure
from mid-Holocene conditions; x axis) and the variability (estimated by the
standard deviation) in 100-year successive windows (y axis) for each region
and each simulation. For each region, the curves show the results for the two
simulations, in red and blue for S-VIr01 and in orange and green for V-Sr02.

major factors controlling the diversity of events affecting ISMR and
WAMR. We dot intend not to go into a detailed discussion of the variabil-
ity and of the small relative variations between all the indices or between
the two simulations.

Regarding SST, we considered both dipole indices and the two indices
used to define these dipoles in the Atlantic and Indian Ocean because they
provide additional information. The total number of degrees of freedom is
thus 10 (12 corresponding to the total number of indices—1 for the mean
—2*0.5 for the correlation between dipole indices and boxes). We expect
thus at most 10 eigenvalues different from 0. Using equation (1) below
allows to reconstruct the time series of precipitation and SST indices
(listed above) from the EOF:

reconstructed index(t) = § a;(t)*EOF index, €))
with t corresponding to each of the 6,000 July-to-September seasons, i the
EOF mode from 1 to 10, a the EOF eigenvector, and EOFj; 4.y, the EOF
load for the corresponding index. The number of times an EOF mode is
dominant in a 500-year window can also be estimated for each rainfall
and SST index. This is done by extracting at each time step ¢ the EOF with
the largest absolute value of a,(f). Then, for each EOF mode, we count the
number of times it dominates in 500-year adjacent windows.

Applying the method to the last 100 years of the simulations and observa-
tional products give confidence that, despite some common biases, both
model versions have some skill in reproducing ISMR and WAMR and
large scale monsoon teleconnection at 2- to 20-year variability timescale
(see supporting information Figure S5).

3. Long-Term Indian and African Monsoon Trends

3.1. Mean Trend

Figure 1 shows that, despite different mean ISMR and WAMR amounts between the two simulations, they
produce the drying trend induced by the slow variations in Earth's orbit (Joussaume et al., 1999; Z Liu et al.,
2004; Zhao & Harrison, 2011; Zhao et al., 2005). It represents about 17-18% of the mean ISMR averaged over
the last 6,000 years and 29-36% of the mean WAMR depending on the simulation. The last 100 years of the
simulations (i.e., 1850-1950) are characterized by a global warming induced by the rapid increase of the
atmospheric greenhouse gases since the beginning of the industrial revolution. The increased greenhouse
gases act to slightly offset the long-term cooling in the NH and to amplify the long-term warming in the
SH (Braconnot et al., 2019). Slight differences in shape are found between the two regions. Few changes
occur in the last 3,000 years for ISMR, whereas the drying trend is still effective for WAMR (Figure 1). We
first applied an EOF analysis considering the 500-year low-pass-filtered monsoon and SST indices presented
in section 2 to better characterize the monsoon response to the orbital and trace gases forcing. The first two
EOF modes are statistically significant and represent respectively 74-69% and 23-29% of the total variance
(see supporting information Table S1). Their associated principal components (time series of Figure 2a)
resemble respectively the long-term evolution of insolation and trace gas forcing (Braconnot et al., 2019).
They are very similar between the two simulations and characterize well the simulated long-term precipita-
tion trends (Figure 1).

The spatial pattern of the first EOF mode reflects the long-term drying trend of ISMR and WAMR that is
associated with the cooling of the NH and the warming of the SH, as well as a reduction of the Atlantic
and Indian dipoles (Figure 2b). Note that the reduction in strength of the IOD with time is mainly due to
eastern Indian Ocean warming (Figure 2b). The SST pattern associated with the second EOF mode
(Figure 2c) shares similarities with the impact of the ongoing increase in trace gases on SST (IPCC, 2013).
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Figure 2. First two modes of long-term changes induced by orbital and trace gas forcing estimated by the Empirical
Orthogonal Function analysis of the cross-correlation matrix between 500-year low-pass-filtered monsoon and SST
indices. (a) Time series (principal components) of the first two modes for the two simulations. (b) Eigenvectors associated
to the first EOF mode (Mode 1) for the two simulations showing the variation of the different indices (relative unit).
This mode reflects the long-term response to insolation. (c) Same as (b) but for the second EOF mode that reflects the
long-term response to trace gases. The eigenvectors in (b) and (c) represent a unit vector. For each index, the results

for S-VIr01 are plotted on the left circle and those of V-Sr02 on the right circle. The name of the boxes (see section 2.2) is
plotted on top of the circles.

It is characterized by increased SST almost everywhere with a relative maximum in the tropical band and in
the Indian Ocean (Roxy et al., 2014). Around 3,000-2,500 years ago, insolation and trace gases forcings
become of similar order of magnitude. The effect of CO, has a larger impact on ISMR than on WAMR
and partially counteracts the effect of the insolation forcing on ISMR from 2,500 to 100 years BP before
becoming the dominant signal. These two simulations suggest thus that in the absence of land use and
aerosols ISMR would have increased from 1850 to 1950 and should increase in the future when the CO,
effect becomes dominant.

3.2. Variability Trend

Both simulations exhibit a wide range of variability not present in the imposed insolation or trace gases
forcing (Figure 1). It appears from internal interactions between all the components of the climate system.
Consistent with results of long preindustrial simulations (Wittenberg, 2009), periods with high or low
variability are randomly distributed in time. Despite the chaotic nature of variability and the common drying
trend, variability in 100-year windows increases with time in India and decreases in West Africa (Figure 1).
To further quantify these variability changes, we analyzed the probability to get a wet or a dry ISMR or
WAMR season in 100-year windows. To do this analysis, we subtracted the 500-year low-pass-filtered time
series from the raw time series and computed, for each 100-year window, the fraction of boreal summer
seasons (July-to-September) where seasonal rainfall amounts exceed one (minus one) standard deviation
determined over the whole 6,000-year period. This fraction increases with time over India by about 10%
and decreases by the same amount over West Africa (see also supporting information Figure S6). This reveals
that changes in the variability with time are related to changes in the mean state but that the variability trend
does not simply follow the evolution of the mean precipitation.
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Figure 3. Characterization of the interannual-to-centennial variability of Indian and West African monsoon indices over
the last 6,000 years. (a) Standard deviation of the Indian precipitation index filtered in the 2- to 20-year and 50- to 500-year
ranges in consecutive 100-year windows. The 50- to 500-year variability is plotted on top of the 2- to 20-year variability
to foster comparisons of their relative magnitude. For each 500-year nonoverlapping windows, the seven colored squares
show the changes in the respective influence of the first seven EOF modes for the two variability timescales refer to

as SV (short term) for the 2- to 20-year variability and LV (long term) for the 50- to 500-year variability (see section 2.2 for
analysis details). (b) Loads (relative units) of the first seven EOF modes associated with the Indian (red) and West African
(blue) monsoon regions for the 50- to 500-year variability range on the left and the 2- to 20-year variability range

on the right. The EOF numbers are plotted on the bars that have a size proportional to the load (relative unit) of each EOF
mode for the respective monsoon indices. (c) Same as (a) but for the West African precipitation index. Each region,
simulation, and timescales are represented with the same color in all panels. Results of the S-VIr01 simulation are thus
reproduced with red for ISMR and a blue for WAMR as in Figure 1, and the V-Sr02 with orange for ISMR and green for
WAMR. The dark versus light colors correspond respectively to the 50- to 500-year and 2- to 20-year variability.

4. Characterization of Multiscale Variability
4.1. Two Major Ranges of Variability

Spectral and wavelet analyses of the monsoon indices further highlight that two major ranges of variability,
2-20 years (SV) and 50-500 years (LV), emerge from red noise (Figure 3 and supporting information
Figure S7). In both simulations the 2- to 20-year variability has the largest imprint on monsoon rain
(Figures 3a and 3c) and is at the origin of the variability trend depicted in Figure 1. It also implies that
the relative weight on the two types of variability varies with time, the 50- to 500-year variability having
a larger impact in India during mid-Holocene (Figure 3a) and in West Africa during the last part of the
simulations (Figure 3c). Over any period of time, the 50- to 500-year variability induces long peak-to-peak
precipitation modulation of the order of 1.2 mm-day ™" (i.e., as large as the total drying over the last 6,000
years on top of which the 2- to 20-year variability randomly adds peak-to-peak variations reaching up to
4-5 mm-day ™" (supporting information Figure S7) when 100-year standard deviation in Figure 3 exhibits
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higher values. Random phasing between these two variability ranges alone can thus be involved to under-
stand the major events that had profound impact in the tropics, such as the 4.2 ka BP event (Giesche
et al., 2019; Staubwasser et al., 2003).

We further explore the monsoon teleconnection for these two variability timescales by analyzing the cross
variations between the two monsoons and the SST indices successively in the two variability bands. Four
and five significant EOF modes need to be accounted for to represent about 80% of the total cross correlation
between monsoon and SST indices in the 50- to 500-year and 2- to 20-year bands, respectively (supporting
information Tables S2 and S3). The leading modes are not necessarily those with major impact on monsoon
rainfall (Figure 3b), meaning that local or regional factors also play a significant role on both ISMR and
WAMR and that some of the major ocean modes do not affect these monsoon regions. Each of these modes
represents particular combinations of SST variability and compound events affecting monsoon rain. We
identified in each 500-year period the number of times each EOF mode is dominant in the reconstruction
of the ISMR and WAMR variability (colored squares in Figures 3a and 3c). The chance to have one or the
other of these modes present in a particular 500-year period randomly varies with time (Figures 3a and
3c). In addition, the patterns associated with 50- to 500-year variability modes differ between the two
simulations (supporting information Figure S2). For instance, the first 50-500 EOF mode has a substantial
impact on WAMR in both simulations, which is reflected in Figure 3b by the fact that the bars with Number
1 written on them have a significant length for both simulations, even though this EOF1 load is larger for
S-VIr01. This mode is characterized by a robust Atlantic seesaw pattern that favors the north/south migra-
tion of the Intertropical Convergence Zone over the ocean and of the monsoon rain belt in West Africa.
The EOF1 loadings on the SST indices in the other basins are different between the simulations, which
induces a significantly contribution of EOF1 to ISMR variability in S-Vrl01 but not in V-Sr02 (Figure 3b;
see also supporting information Figure S2). Similar finding prevails for the other modes. This highlights that
the 50- to 500-year variability is driven by basin modes that have different relative phases between the two
simulations, as seen by the random distribution of the dominant EOFs in 500-year windows (Figure 3b).
Since there are no major events in sea ice or thermohaline circulation, we conclude that these 50- to 500-year
modes correspond to basin mode induced by stochastic atmospheric forcing (Hasselmann, 1976).
Nonetheless, even if the exact rank of EOF modes affecting respectively WAMR and ISMR 50- to 500-year
variability are different between the two simulations, those inducing the largest changes in variability from
one 500-year period to the other involve Atlantic seesaw variability for WAMR and a teleconnection between
South Atlantic, Indian and Pacific Oceans for ISMR in both simulations. The relative phase of these two
major teleconnections is thus a key factor to reproduce relative long-term monsoon variations between
ISMR and WAMR. The difficulty for future inference from paleoclimate archives is that they share some
similarities with the 2- to 20-year variability that has larger amplitude.

4.2. Trends in the 2- to 20-Year Variability

The modes associated with the 2- to 20-year variability are very similar between the two simulations, even
for high number EOFs (Figure 3b; see also supporting information Figure S3). The 6,000 years of
simulation offer a large sampling of the 2- to 20-year variability, with 2 to ~10 times more events than
in the 50- to 500-year band. There are thus more possibilities to find similar configurations connecting
common variability of the different indices. The reduced space provided by the EOFs is also a powerful
tool to identify principal directions contributing to the trends seen in Figures 1 and 3. The first EOF alone
reproduces the positive variability trend for ISMR (see corresponding EOF color square for SV lines in
Figure 3 and supporting information Figure S4). It represents 37% of ISMR variability (Supporting
information Table S2). EOFs 6 and 7 in S-VIr01 and 7 in V-Sr02 have a negative trend and represent
16% to 26% of WAMR variability (Figure 3b and supporting information Table S2 and Figure S4). For
each simulation we regressed the SST and the surface wind at each grid point with the corresponding
EOF time series. We then combined the results of the two simulations to infer the robust global patterns
affecting ISMR and WAMR 2- to 20-year variability trends by averaging the local regressed anomalies
from the two simulations if and only if the regressed anomalies have the same sign and the correlation
between corresponding anomalies and EOF time series is significant at the 95% confidence level
(Pearson test) in the two simulations (Figure 4). Otherwise, the local ensemble-mean anomaly is consid-
ered as nonsignificant and is discarded.
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Figure 4. Modes of interannual-to-decadal variability contributing to the last 6,000-year variability increase of the Indian
monsoon and decrease of the African monsoon. (a) Ensemble-mean regression patterns onto the first 2- to 20-year EOF
mode. Shading stands for SST anomalies (K), arrows for 850-hPa wind anomalies (m-s_l) and contours for rainfall
anomalies over land (red/blue contours for dry/wet anomalies, with light and dark colors for|0.1land|0.5/mm-d "
anomalies, respectively). The bars represent the evolution from the mid-Holocene (difference with 6-5.5 ka BP) of the
number of times where this pattern is dominant in consecutive 500-year windows for the two simulations. (b) Same as
(a) but for EOF Modes 6 and 7 that are related to decreased West African monsoon variability in respectively, S-V1r01
and V-Sr02. The same colors as in Figures 1 and 3 have been chosen to represent the results of the two simulations for
ISMR and WAMR. Note also that the bars reproduce the same information as the one plotted on the corresponding
EOF Square on the SV lines in Figure 3 (i.e., the first square for ISMR and Square Number 6 or 7 depending on the
simulation for WAMR).

The SST pattern linked to the increase in ISMR 2- to 20-year variability resembles the teleconnection pat-
tern found under modern conditions between ENSO and the Indian monsoon (Figure 4a). It is character-
ized by cold SST anomalies in the East Pacific and a reduced Indian Ocean dipole (east/west temperature
gradient). The anomalous circulation in the Arabian Sea and the Bay of Bengal associated to ENSO
variability becomes more frequent and dominant with time, and therefore has a larger impact on ISMR
(Figures 3a and 4a). It arises from the combination of the relaxation of interhemispheric and land-sea
contrasts induced by the long-term variations of insolation and of the associated increased impact of
ENSO on global energetics and teleconnections (Saint-Lu et al., 2016). Note that other 2- to 20-year
EOF modes also involve ENSO type patterns in the Pacific, but with different combinations of SST
anomalies in the Atlantic and Indian Oceans and no specific trend over the last 6,000 years (supporting
information Figures S3 and S4).

The EOF modes contributing to the negative trend in WAMR 2- to 20-year variability are EOF6/EOF?7 for
S-VIr01 and EOF7 for V-Sr02 (Figure 3c). These modes have similar patterns over West Africa and the
Atlantic sector but differ elsewhere (supporting information Figure S5). This suggests that the decrease in
West African monsoon variability arises from regional factors. The regional pattern shared by the two simu-
lations resembles the NAO pattern (Hurrell et al., 2003), except that SST anomalies have a signal larger than
observed for modern NAO conditions in the Mediterranean Basin (Figure 4). Wet WAMR anomalies are
associated to a SST tripole in the North Atlantic, with warmer conditions west off West Africa and south
of Iceland and colder conditions between 40°N and 45°N. Colder than normal SST in the Mediterranean
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Sea induces an anomalous cyclonic circulation and the temperature decrease in the tropical Atlantic
reinforces the local land-sea temperature contrast and the moisture inflow onto West Africa (Figure 4b).
In West Africa, the strength of the subtropical Atlantic dipole reduces in response to the insolation during
boreal summer (Figure 2). It induces a southward shift of the rain belt. It also damps the effect of variability
by counteracting the effect of the anomalous cyclonic circulation around a colder Mediterranean Sea and
enhanced cyclonic inflow from the equator on WAMR (Figure 4).

Figure 4 further highlights that the largest trends in rainfall variability occur between 4.5 and 2.5 ka BP with
different relative timing between ISMR and WAMR. The large internal noise makes it difficult to go further,
but we can infer that current 2- to 20-year variability conditions are certainly in place since about 2,500 to
3,000 years. We also tested if the 2- to 20-year variability is modulated by the 50- to 500-year variability
but found no clear statistical relationship. It is possible that major 50- to 500-year events remain too rare
or are not long enough to robustly infer their interplay with the chaotic interannual variability.

5. Conclusions

Our results highlight that interannual-to-decadal variability for the last 6,000 years has opposite trends over
India and West Africa and that its interactions with 50- to 500-year variability trigger extreme dry and wet
events at the centennial-to-millennium timescale. Because of the wide range of combinations of cross varia-
tions between monsoon rain and ocean variability, a long-term perspective is the only way to properly assess
this diversity and the origin of variability trend. These results are consistent with our knowledge of the 2- to
20-year ENSO variability and emerge despite the chaotic nature of this 2- to 20-year variability in two simu-
lations with different model versions and complexity. We are confident to have identified a robust signal that
would benefit from future model-data comparisons. Our results bring into light new information about
monsoon variability. The chaotic nature of 50- to 500-year Holocene variability has already been evidenced
over Europe (Marsicek et al., 2018). It is such that there is little chance to capture together the climate
trajectory recorded in paleoclimate archive, except in regions where water resources are close to a threshold
allowing variability to trigger rapid changes of its environment. Disentangling the role of the two variability
ranges is thus important to better understand monsoon changes and being able to properly combine
information for different types of paleoclimate archives. Our results reveal the different behavior or 50- to
500-year and 2- to 20-year monsoon rainfall variability as well as the fact that we only detect linkages
between 2- to 20-year monsoon rainfall variability and changes in the long-term climate mean state. They
open perspectives to anticipate changes in extreme dry or wet monsoon seasons and to derive relevant
adaptation criteria in each specific monsoon context.
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