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Abstract: Within the context of anthropogenic warming, rainfall oscillations may induce especially
important societal impacts worldwide. In this article, we propose to study potential underlying
mechanisms related to precipitation changes on a planetary scale by taking advantage of the recent
theory of Rossby waves of long periods winding around subtropical gyres, the Gyral Rossby Waves
(GRWs). The stable oxygen isotopic compositions of speleothems are used to regionalize and
reconstruct the evolution of long-term rainfall oscillation during the Holocene. The method applied
here consists in estimating the wavelet power of dated series of stable oxygen isotopic composition
(6'80) in speleothems within period bands representative of subharmonic modes. Our findings
highlight: (1) hydrological processes resulting from friction between the North Equatorial Current
(NEC) and the North Equatorial Counter Current (NECC) to explain the weakening of ENSO activity
in mid-Holocene, and (2) the quasi-resonance of the equatorward migration of the summer Inter
Tropical Convergence Zone (ITCZ) during the Holocene, because of the progressive decrease of
the thermal gradient between the low and high latitudes of the gyres. The results of this study
suggest that the spatial and temporal variations in the amplitude of the rainfall oscillations are
related both on the acceleration/deceleration phases of the western boundary currents and on the
shrinkage of the Hadley cell. The latitudinal shift of the summer ITCZ in response to changes in the
thermal gradient is of the utmost importance in predicting the expansion of deserts resulting from
anthropogenic warming.

Keywords: narrowing of Hadley cell; long-period rainfall oscillation; Holocene; ENSO

1. Introduction
1.1. State of the Art

Studies on the impacts of long-term rainfall oscillation upon biodiversity and human
populations at the planetary scale, but also on the evolution of the current climate at a
secular scale, are so far needed for a good appreciation of the correlated anthropogenic
effects. Although outstanding progress has been made over the past half century in
understanding how climate responds to external and internal forcing, many questions
remain unanswered. This is the case, for example, of the role played by subtropical gyres
on a planetary scale or of the drivers of long-term evolution of ENSO activity and rainfall
oscillation, as well as migration of the summer inter-tropical convergence zone (ITCZ) at
the centennial timescale.

Studies focused on these open issues demand novel approaches to clarify the con-
tribution of natural cycles in the current context of anthropogenic warming, but also for
a better understanding of the impact of human activities on the natural dynamics of the
climate system. Following on from the various works on the interannual rainfall oscillation,
whether it is related to ENSO [1-3] or the Interdecadal Pacific Oscillation [4], this study
focuses on the evolution of long-term ENSO activity and rainfall oscillation on a planetary
scale throughout the Holocene. The variability observed in both South America and Asia in
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contrast to a remarkably stable trend in other regions like Europe may embed the existence
of other underlying mechanisms driving such climate changes.

1.2. Rainfall Oscillation

The nearly periodic interannual variability of precipitations is widespread. The
two main causes of such variations are the El Nifio Southern Oscillation (ENSO) and the
sea surface temperature (SST) anomalies along the subtropical gyres [5].

El Nifio events originate in the tropical Pacific. Two coupled baroclinic wave systems
behave like quasi-stationary waves, one being annual and the other quadrennial [6-8]. The
annual wave is a first baroclinic-mode, fourth meridional-mode Rossby wave resonantly
forced by easterlies. In the second system, a Kelvin wave causes the transfer of warm
waters from the western Pacific to cold waters in the eastern Pacific, which induces strong
evaporative processes accompanied by high air pressure in the western Pacific and low air
pressure in the eastern Pacific. Although ENSO causes global changes in temperature and
rainfall, the tropical regions are those mainly impacted. This occurs both during the warm
phase of El Nifio and the cold phase of La Nifia induced by the westward recession of the
quadrennial wave, which favors upwelling off the Peruvian and Chilean coasts. Although
the average period of ENSO is 4 years, it varies between 1.5 years and 7 years.

At mid-latitudes, the rainfall oscillation mainly results from SST anomalies where
the western boundary currents leave the continents to reenter the tropical gyres. 1/2-,
1-, 4-, and 8-year period westward propagating Rossby waves embedded in the wind-
driven current of the gyres are paced according to the warm water amount transferred
by the western boundary currents from the low to the high latitudes of the gyres [9]. A
powerful feedback that results from the difference in temperature between the low and
high latitudes of the gyres causes the western boundary currents to accelerate/decelerate,
which deepens or rises the thermocline around the gyres. In turn, the oscillation of the
thermocline reinforces the modulation of the polar and radial currents of the gyres.

The correlation between inter-hemispheric and large-scale anomalies of precipitation
to variations in insolation during the Holocene have been observed and described in
previous studies [10-12]. However, changes in the forcing are too small to explain the
observed climate variations as simple linear responses. The climate response necessarily
implies amplifying phenomena of solar and orbital forcing.

1.3. Subtropical Gyres

Controlling the temperature gradient profile around the gyres, that is, evaporative
processes, GRWs induce the formation of low- or, on the contrary, high-pressure systems.
Ocean-atmosphere interactions are even more sensitive in the high latitudes of the gyres
as they influence the trajectory of the polar jet streams. When accelerating, western
boundary currents can channel subtropical cyclones by merging the two low pressure
systems formed from the tropical depression and the extra-tropical depression over the
positive SST anomaly, as occurred in 2005 when Hurricane Katrina made landfall. Rainfall
oscillation has a considerable economic and societal impact, due to the episodes of drought
or flood that may follow, superimposing on the effects of anthropogenic warming.

Long-period Rossby waves embedded in the wind-driven anticyclonic polar current
propagate cyclonically around the gyres. Multi-frequency Rossby waves overlap. Sharing
the same modulated polar current, they behave like coupled oscillators with inertia forced
by the variations in solar irradiance. Consequently, these Gyral Rossby Waves (GRWs) are
resonantly forced by solar and orbital cycles in subharmonic modes [13-15]. This means
that the periods of resonance are deduced from each other by recurrence, which supposes
an adjustment between the apparent wavelength of the GRWs, i.e., the circumference of
the gyres, and the latitude of their centroids. The first mode 71, the mean period of which
is T1 = 64 years, corresponds to one turn of GRWs in the North and South Atlantic and in
the Indian Ocean. The following modes are deduced recursively: T;;1 — n;T;, where the
integer subharmonic number is 2 or 3 to ensure the stability of the system of oscillators.
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GRWs travel around the North and South Pacific gyres in T, = 128 years that is the second
subharmonic mode.

1.4. The Speleothems, Witnesses of the Evolution of Precipitation

The present work intends to quantify the amplitude of precipitation variations during
the Holocene in different regions of the globe to highlight the evolution of large-sale
atmospheric circulation. This study is based on the use of speleothems available in the
database developed within the framework of the Speleothem Isotopes Synthesis and
AnalLysis (SISAL) project. The method consists in taking advantage of the stable oxygen
isotopic composition (5'80) in the calcite/aragonite of cave concretions, which involves
processes that control equilibrium and kinetic fractionation of oxygen isotopes in water
and carbonate species.

Because of the observed correlation between the decrease in rainfall §'80 values and
the increase in the amount of rain [16], the so-called “amount effect” [17-19], precipitation
amount can be deduced from §'80 measurements in speleothems.

2. Materials and Methods
2.1. Methodological Approach

Speleothems allow the reconstruction of the history of precipitation and have raised
much interest since the 1970s. However, the proper interpretation of speleothem §'80 as
paleoclimate and paleoenvironmental proxies remains complex because of site-specific
cave processes such as infiltration, flow routing, drip seasonality and saturation state, and
cave microclimate, among others [20]. On the other hand, the magnitude of the amount
effect at a particular site is not constant because it depends on the initial mass of water
vapor in the air parcel, sea surface temperature, and cloud microclimate dynamics [19].
Therefore, the calibration curve is obtained from a large sampling to be as representative
as possible.

The method applied in this study consists in taking advantage of the greatest number
of available speleothems to obtain results representative of various regions of the globe.
Indeed, a continuous and accurate representation of the amplitude of rainfall oscillation
throughout the Holocene requires many overlapping speleothems. In addition, all the
speleothems which do not satisfy the conditions required for obtaining quantitative results
have to be removed, either because of their discontinuity and/or insufficient temporal
resolution or else due to their inadequate timespan to carry out a frequency analysis.
However, the main difficulty is to test the degree of reliability of the information contained
in the speleothem, i.e., the extent to which it widely affects the observed variations in
calcite 5'80 composition related to rain or to changes in the functioning of the karst system
and its epikarst. For this reason, we tested the consistency of each speleothem with the
variations in 'O composition in ice cores representative of global temperature. Only
those speleothems showing coherence greater than 0.5 were considered, disregarding the
phase difference, by accepting some shifts in the dating. The coherence is estimated in
period bands representative of subharmonic modes.

Considering that variations in !0 composition within particular period bands is not
restrictive, because those bands are joint so that the information is available in a wide band,
the upper limit filters out drifts reflecting slow modifications in the functioning of the karst
system. All these precautions being taken, several hundred speleothems allow measuring
the precipitation amount accurately. In areas where many speleothems are available, the
regionalized amplitudes of rainfall oscillation can be averaged along with a standard
deviation from which an estimation error is deduced by assuming the measurements to be
independent of each other and belonging to the same statistical population. Since we are
looking for a trend representative of a large region to describe the evolution of the general
atmospheric circulation during the Holocene, we do not consider the peculiarities of the
rainfall patterns related to the site locations regardless of their altitude, their distance from
the sea, or their continental response.
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This amounts to admitting that the calibration curve proposed by [21] is applied
worldwide. In this case, the §'80 composition of precipitation mainly depends on the
salinity and temperature of the ocean, where evaporative processes occurred. Indeed,
where rainfall pattern is not controlled by open waters, the transfer of water vapor until
it precipitates over the site can be considered as a conservative process regarding 580
composition. This is justified by the fact that, once the water vapor precipitates over the
continent, being partially intercepted by the canopy, infiltrated in the soils, or being in the
form of runoff, the residual water layer that wets the surface dries up. In this case, the
fractionation that occurs while water is evaporating does not modify the initial conditions
when the entire layer of water has been evaporated.

2.2. Ocean Stratification

The rainfall oscillation is closely conditioned by the ocean stratification that results
in baroclinic waves propagating along the pycnoclines. The stratification of the oceans is
followed with the greatest attention in the context of global warming. Seawater density
changes with depth and thereby impacts the vertical exchanges of heat, carbon, dissolved
oxygen, and nutrients [22]. Furthermore, ocean stratification reflects the warming/cooling
of subsurface seawater, with consequences on the large-scale ocean circulation. Within
this work, we consider the vertical oscillation of the stratification that results in the phase
of GRWs.

Ocean stratification is quantified by density change with depth, i.e., by the vertical
distribution of temperature and salinity, in addition to pressure. Representing the squared
buoyancy frequency N? of the oceans versus the depth z down to 2000 m, Li et al. [22]
shed new light on the evolution of ocean stratification (Figure 1). This study adopts the
recently improved temperature and salinity estimates to better quantify long-term changes
of stratification in the upper 2000 m of the world’s oceans over the past half century.
This allows a full quantification of the spatial structure of changes in stratification, which
overcomes previous systematic biases associated with sampling. The study also adopted
an improved metric of stratification, providing a true estimate of ocean stratification and
its changes over time (Figure 2).
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Figure 1. Isopycnals in the world ocean: p — 1 (p = potential density) is represented with 0.5 kg m~3
intervals. Zonal blue bands intersect the gyres in their part furthest from the equator; the zonal pink
band intersects the gyres in their part closest to the equator [22].



J. Mar. Sci. Eng. 2021, 9, 853

50f 20

R )
L 4
=
> 2
©
x
S 1960 1980/ 2000 2020
> -2
-4
-6 Time

Figure 2. Time evolution of the 0-2000 m ocean stratification changes. Red curves represent the
observed N? anomalies, black curves the weighted sum of 128-, 64-, and 32-year period sinusoids
whose parameters associated to each mode are 4.9, 0.9, 0.5 s72 x 107 for the amplitude and 1972,
1960, and 1979 for the dates defining the phase.

2.3. Data

The database is developed within the framework of the Speleothem Isotopes Synthesis
and AnaLysis (SISALv2) project [23].

The 5'80 composition in the ice core is obtained within the Greenland Ice Core Project
(GRIP) [24].

2.4. Wavelet Power, Coherence, and Phase Difference

The wavelet transforms of a series x,, is defined as the convolution of x,, with a scaled
and translated function (7):

N-1 i—n)At
Wals) =) iy xi9p" {(s)}
where ¢* is the complex conjugate of 1, s is the wavelet scale (a real number), At is the
time increment, and N is the length of the series [25].
Within this work, the Morlet wavelet function is used, that is:

lP(’?) _ 7_[71/4611017677]2/2

that consists of a plane wave modulated by a Gaussian ( is a nondimensional time
parameter, w = 6). The wavelet power spectrum is | Wy, (s)|* and the amplitude |W, (s)|, the
dimension of which is that of the series x;,.

Given two time series X and Y, with wavelet transforms WX (s) and W) (s), the cross-
wavelet spectrum is WY (s) = WX (s)W,\*(s) and the cross-wavelet power [WXY (s)|. The
coherence is defined as the square of the cross-spectrum normalized by the individual
power spectra, which measures the cross-correlation between two time series as a function
of frequency. The phase difference is tan ™! [S{WXY (s) } /R{WX¥(s) } |, which measures
the time shift between the two series X and Y. 3 and R represent the imaginary and real
parts of WXY(s).

2.5. Filtering

A wavelet-filtered time series is obtained by summing over a subset of the scales s;
the sum of the wavelet functions between scales j; and j:
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where C = 0.776 and (0) = /4,

2.6. Examples

The approach is illustrated by the processing of three speleothems, namely, in the
SISAL nomenclature:

e entity 142 (COMNISPA 1I), site 58 (Spannagel cave), latitude 47.08° N, longitude
11.67° E, elevation 2310 m, geology marble, rock age Jurassic, Jens Fohlmeister [26];

e entity 366 (S3), site 170 (Defore cave), latitude 17.1667° N, longitude 54.0833° E,
elevation 150 m, geology limestone, rock age unknown, Drew Lorrey [27];

e entity 285 (BA03_highres), site 116 (Bukit Assam cave), latitude 4.03° N, longitude
114.8° E, elevation 150 m, geology unknown, rock age unknown, Jun Hu [28].

2.6.1. Speleothems Reflecting Long-Period Rainfall Oscillation

In Figure 3, the speleothem (entity 366) represents the calcite 'O composition in the
speleothem versus the age, a 780-year annually resolved speleothem from south Oman.
Data are filtered in bands characteristic of the first three subharmonic modes. The ampli-
tudes of the three components are comparable (Figure 3b). The raw data from speleothem
can be reconstructed adequately if it is filtered in the broad band 48-576 years when the
short periods are ignored (Figure 3a).

J”l‘qul, me’l Jiﬂu qv A L‘l ﬂw (r

|

——d180 entity 366 —Filter 48-576

d180 (per mil)

-1.5
-100 O 100 200 300 400 500 600 700 800

Age (years BP)
*? (b)

0.2 =—Filter 48-96 ——Filter 96-192 Filter 192-576

d180 (per mil)

Age (years BP)

Figure 3. Filtering in subharmonic modes the speleothem (entity 366). (a) The raw data and filtered
in the broad band 48-576 years (sum of components in (b)); (b) speleothems are filtered in the
characteristic bands 48-96, 96-192, and 192-576 years.

In Figure 4, the speleothem (entity 142) represents the calcite §'0 composition in the
speleothem versus the age, from a mid-European paleosite, covering the period of 11 ka up
to the present. Data are filtered in bands characteristic of the first five subharmonic modes.
As shown in Figure 4a, correct reconstruction of the speleothem would require the addition
of higher subharmonic modes (low frequencies are missing). However, this information
could not be used within this study because too few speleothems would be suitable for
subharmonic numbers greater than 5.
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Figure 4. Filtering in subharmonic modes the speleothem (entity 142). (a) The raw data and filtered in the broad band
48-576 years; (b) speleothems are filtered in the characteristic bands 48-96, 96-192, 192-576, 576-1152, and 1152-2304 years.

In Figure 5, the amplitude of the speleothem (entity 142) is supposed to be stationary
within the three regions in which it is averaged. This assumption allows processing incom-
plete sections of speleothems such as those observed between 8000 and 12,000 years BP.

0.25 —i48-96 —0-192 =—192-576

0.2 576-1152 ==1152-2304

0 2 000 4 000 6 000 8000 10,000
Age (years BP)

Figure 5. Amplitude of the speleothem (entity 142) decomposed in subharmonic modes. The limits of the regions in which

the components are averaged are indicated.

In Figure 6, the reduced signals are supposed to be stationary within the three periods
of the Holocene in which amplitudes, coherence, and phase difference are averaged (this
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assumption allows considering speleothems within a time period shorter than the time
intervals of the Holocene). In the present case, this assumption is clearly questionable
because of the inflection of the coherence and the discontinuity of the phase difference
which occur over 400 years BP. This probably reveals a time shift between the speleothem
and the reference. The average coherence and phase difference are 0.87 and 38°, respec-
tively. In this case, the mean coherence remains sufficiently high for the speleothem to
be selected in order to contribute to the estimation of the amplitude and of the phase
difference of the rainfall oscillation assigned to the subharmonic mode n3 and the first
region (0—4000 years BP).

4 —GRIP —entity 366 (a)
) )|
[4 !
c V]
20 !
@
©
g 800
35
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Q
o«
Age (years BP)
==GRIP =——entity 366 Cross-wavelet
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Wavelet power
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Figure 6. Coherence and phase difference, within the band 192-576 years, of the speleothem (entity
366) relative to the 580 composition from GRIP ice core records. Signals are reduced (divided by
the standard deviation). (a) Raw signals; (b) wavelet power spectra and cross-wavelet spectrum;
(c) coherence; (d) phase difference.

2.6.2. Speleothems Reflecting the Contribution of ENSO to Total Precipitation

Located in the tropical Pacific band, the sites from which the speleothems originate
are subject to variable precipitation patterns. A precise estimate of the mean contribution
of ENSO to precipitation is obtained from the ratio of the standard deviation of the 5§80
signal filtered in the band 2-7 years characteristic of ENSO, on the standard deviation of the
same signal filtered in the band 0-7 years which reflects both the annual and pluriannual
precipitation.

Figure 7 shows the sequences for estimating the ratio whose evolution is to be repre-
sented during the Holocene from relevant speleothems. Here, !0 concentration in the
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speleothem in Borneo (entity 285) is used to demonstrate the method. This speleothem is
a long sequence spanning from 2386 to 8317 years BP with interruptions, the resolution
being 0.25 years. Here, the first part of the speleothem is utilized.

2.7. The Scope of the Study

Speleothems allow precise estimation of the rainfall oscillation amplitude throughout
the Holocene over three time periods—0-4000 (late Holocene), 4000-8000 (mid-Holocene),
and 8000-12,000 years (early Holocene)—in seven regions located in Western and Central
Europe, Asia, Southeast Asia, New Zealand, as well as North, Central, and South America.
The analysis refers to the first five subharmonic modes, n; = 20 ny, = 21, ny = 22,
ny =3 x 22, and n5 = 3 x 2%, whose respective periods are the subharmonic number
multiplied by 64, that is, 64, 128, 256, 768, and 1536 years. The corresponding period bands
are 48-96, 96-192, 192-576, 576-1152, and 1152-2304 years so that they cover a broadband
extending from 48 to 2304 years (http://climatorealist.neowordpress.fr/subharmonic-
modes/, accessed on 5 August 2021).

Regarding ENSO, subharmonic modes ng = 3 x 2%, ng = 3 x 27, and n1y = 3 x 28 are
used (mean periods are Tg =12,288 years, Tg =24,576 years, and T7p =49,152 years).

0.6

(a)

0.3

0 ’N
2400 ' 2600
-0.3
-0.6

—d180 —Filter 2-7 yrs

d180 (per mil)

-0.9
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O.Z N”‘W"'“‘ Bk *\ |’ i"ml“
e
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Y
[=]
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"

-0.6

—d180 —Filter 0.25-7 yrs
-0.9
Age (years BP)

Figure 7. '80 in speleothem (entity 285). (a) Raw and filtered in the 2-7-year band; (b) raw and
filtered in the 0.25-7-year band.

3. Results
3.1. Seven Regions to Result in the Climatic Response of Speleotherms

To represent the climatic impact resulting in each subharmonic mode of the oscillation
of the ocean stratification, seven regions are selected, which contain enough sites for an
accurate analysis of ocean—atmosphere interactions (Figure 8).

3.2. Variations in the 5180 Composition of Speleothems from the Seven Regions for the First Five
Subharmonic Modes

Amplitudes of rainfall oscillation are presented in Table 1 and Figure 9. Jointly,
the phase difference is estimated in relation with the '®0O composition from GRIP ice
core records. It represents a few tens of degrees at most, depending on the number of
speleothems involved as well as their representativity. Therefore, the rainfall oscillation
can always be considered nearly in phase with the paleorecord used as the time reference,
whatever the subharmonic mode.

The Figure 9a shows the amplitude of oscillation variations according to the subhar-
monic modes of the five GRWs winding around the subtropical gyres. Because of the
paleorecord used as the reference, amplitudes of the five gyres are not differentiated. They
are high in early Holocene due to the enhanced temperature gradient between the high and


http://climatorealist.neowordpress.fr/subharmonic-modes/
http://climatorealist.neowordpress.fr/subharmonic-modes/

J. Mar. Sci. Eng. 2021, 9, 853 10 of 20

low latitudes of the gyres, decreasing in the mid-Holocene and then increasing again in the
late Holocene, reflecting the acceleration/deceleration of the western boundary currents.

3.2.1. Subharmonic Mode 17 (Band 48-96 Years, T1 = 64 Years)

Despite the small number of speleothems with enough time resolution for this subhar-
monic mode, the amplitude of rainfall oscillation seems to reflect the amplitude of GRWs
everywhere throughout the Holocene (Figure 9a,b). Moreover, the amplitudes are similar in
the different regions, ranging from nearly 0.10 to 0.15 per mil 'O (42 to 63 mm/yr), except
for Southeast Asia that remains exceptionally low at about 0.07 per mil !0 (29 mm/yr).

80°N +
60°N o
40°N -
Coherence
° © 0.500 - 0.536
20°N 4 © 0536-0563
© 0.563 - 0.590
© 0.590 - 0.608
o 1 o 0.608-0.621
0
o 0.621-0.638
© 0.638 - 0.659
° ® 0.659 - 0.673
20°S 4 . 0.673 - 0.601
® 0.691-0.711
o ® 0.711-0.729
40°S 4 e 0.729-0.741
® 0.741-0.760
® 0.760 - 0.801
° ® 0.801-0.821
60°S - ® 0.821-0.912
80°S <
L] L] L] L] L] L]

160°W 120°W  80°W 40°W 0° 40°E 80°E 120°E  160°E

Figure 8. The seven regions selected from sites for which the climatic response according to the different subharmonic
modes is observed. They are Western and Central Europe (15° W, 40° E) x (65° N, 40° N), Asia (66° E, 124° E) x (43° N,
10° N), Southeast Asia (106° E, 123° E) x (5° N, 15° S), New Zealand (163° E, 180° E) x (38° S, 50° S), Southern North
America (125° W, 75° W) x (42° N, 26° N), Central America (100° W, 76° W) x (25° N, 7° N), and Central South America
(82° W, 42° W) x (3° S, 33° S). The coherence between the speleothems and the paleorecord higher than 0.5 is represented
for the subharmonic mode 7, (average period = 128 years). The paleorecord is the 5180 composition in the ice core records

available in the Greenland Ice Core Project (GRIP).

Table 1. For every subharmonic mode, variations in the §'80 composition in speleothems (per mil) representing the
amplitude of rainfall oscillation averaged over the speleothems representative for each region (M), the standard deviation of
the mean (S.D.), and the number of speleothems (N).

. . . Southeast New North Central South
Period Time Europe Asia . . . .
Asia Zealand America America America
(years) (years)
M. SD. N M. S.D. N M. SD. N M. SD. N M. SD. N M. SD. N M. SD. N
2000 0.11 001 20 014 0.02 31 007 001 6 0.15 1 013 003 2 014 002 11 014 001 25
64 6000 012 0.02 14 013 0.02 19 0.08 1 0.12 1 015 0.03 4 012 004 8
10,000 012 002 7 015 003 13 0.07 1 014 005 2 012 003 3
2000 0.11 0.01 27 014 002 35 006 0.00 5 0.15 1 011 003 4 014 002 10 013 0.01 21
128 6000 0.10 0.01 20 012 0.01 25 0.07 1 010 001 3 015 003 5 010 0.01 7
10,000 0.14 0.02 10 015 0.02 16 0.07 1 013 003 4 018 0.03 3 012 0.03 3
2000 0.14 001 27 016 002 25 009 000 9 012 004 2 012 002 4 018 002 9 015 0.01 11
256 6000 0.11 001 21 016 0.02 23 008 001 7 0.11 1 011 002 5 019 003 6 013 001 10
10,000 0.18 0.01 12 020 0.02 18 0.09 0.01 8 0.17 1 015 002 4 020 001 3 016 0.04 5
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Table 1. Cont.

Period Time Europe Asia Southeast New North Central South
(years) (years) P Asia Zealand America America America
M. SD. N M. S.D. N M. SD. N M. SD. N M. SD. N M. SD. N M. SD. N
2000 009 001 24 014 002 13 007 001 7 0.05 001 2 011 003 4 013 001 4 010 0.01 7
768 6000 0.09 001 21 015 002 20 006 001 6 005 002 2 009 003 4 011 002 6 010 0.01 11
10,000 013 001 15 016 0.02 19 0.09 0.01 8 0.08 1 015 003 3 024 005 4 012 0.02 6
2000 0.09 001 13 011 002 9 009 002 4 007 001 5 009 002 2 017 006 2 0.08 0.01 4
1536 6000 009 001 14 012 001 13 008 002 5 0.08 001 6 016 008 2 016 007 3 011 0.02 5
10,000 0.10 001 10 018 003 8 0.13 002 5 0.07 001 5 022 1 036 1 015 003 3
GRIP (a) 017 T=64 years (b) 020 T=128 years (c)
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Figure 9. Used as a paleorecord versus the subharmonic modes, amplitude of §'80 variations throughout the Holocene.

(a) In GRIP ice core record; (b—f) in speleothems located in the seven regions. Mean periods are T = 64 (b), 128 (c), 256 (d),

768 (e), and 1536 (f) years.

3.2.2. Subharmonic Mode n, (Band 96-192 Years, T, = 128 Years)

The amplitudes are high in the early Holocene, decreasing in the mid-Holocene and
then rising again in the late Holocene but without reaching the initial level. They shift
within a similar range over distinct regions except for Central America and, to a lesser
extent, Asia, which is slightly higher. The amplitude in Southeast Asia is still exceptionally
low. Apart from New Zealand, all regions are represented within this subharmonic mode
because most of the speleothems convey sufficient resolution, covering an adequate time
interval for the frequency analysis (at least 128 x 2 = 256 years).
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3.2.3. Subharmonic Mode n3 (Band 192-576 Years, T3 = 256 Years)

Although a similar trend is depicted throughout the Holocene, a wider range of
amplitudes is shown for different regions (Figure 9d), spanning from 0.09 to 0.21 per mil
8180 (38 to 88 mm /yr).

3.2.4. Subharmonic Mode n4 (Band 576-1152 Years, T4 = 768 Years)

Figure 9e is like the previous one, with the absence of Central America but the
appearance of New Zealand whose amplitude is exceptionally low at nearly 0.06 per mil
8180 (25 mm/yr). By contrast, the value reached by North America is high at the beginning
of the Holocene.

3.2.5. Subharmonic Mode 15 (Band 1152-2304 Years, Ts = 1536 Years)

As in North America for the ny mode, an amplifying phenomenon of the amplitude
occurs in early Holocene for the mode ns, mainly in South America and Asia (Figure 9f).
The amplitude of the oscillation that is 0.16 or 0.18 per mil 'O (67 or 76 mm/yr) in early
Holocene is almost divided by two during that period, reaching 0.08 or 0.11 per mil 5§80
(34 to 46 mm/yr) nowadays.

3.3. Variations in 5180 Concentration in Speleothems According to the Latitude

Figure 10 shows the amplitude of rainfall oscillation (580 per mil) versus the latitudes
from which the location of summer ITCZ are deduced. In North America, the summer
ITCZ was positioned over 37° N at 10,000 years BP (Figure 10c) to shift to 21° N at
2000 years BP (Figure 10a), the same location of the ITCZ in mid-Holocene, albeit less
accurate (Figure 10b). In South America, the summer ITCZ was 25° S at 10,000 years BP
(Figure 10f) with a shift to 4° S at 2000 years BP (Figure 10d). Here again, the intermediate
value lacks precision due to the scarcity of speleothems. As for Asia, the summer ITCZ
was placed over 42° N at 10,000 years BP (Figure 10i) with a shift to 25° N at 2000 years BP
(Figure 10g). However, equatorward migration of the summer ITCZ was slower than in
the previous two cases as it was still ongoing in the mid-Holocene when the summer ITCZ
was located over 34° N.

The oscillation amplitude is high in Asia over the region located between 43° N and
10° N, regardless of the subharmonic mode. This region is dominated by widespread
and persistent subtropical high-pressure cells and the associated circulation patterns that
propitiate the formation of low- to mid-latitude arid zones in Asia [29]. This probably
makes that region very sensitive to changes in monsoon circulation.

The tropical Southeast Asia region is not subject to rainfall oscillation. However, the
increased amplitude in the early Holocene observed for the subharmonic mode #5 suggests
an encroachment of the January ITCZ over that region located between 5° N and 15° S
(Figure 10f).

Despite being also located inside the Hadley cell, the Central American region experi-
ences strong rainfall oscillation for all subharmonic modes because of the quasi-permanent
encroachment of the ITCZ in July. It is therefore the latitudinal oscillation of the July ITCZ
which seems to operate for all subharmonic modes, tuned to the different periods.

3.4. Variations in 510 Concentration in Speleothems in the Tropical Pacific

Sixteen high resolution speleothems are available at five sites (Figure 11). At site 60,
the speleothem covers the period —53 to 393 years, —57 to 251 years at site 204, —60 to
527 years at site 181, 2387 to 8317 years with five discontinuities at site 116, and 247 to
1965 years at site 107 divided into seven intervals.
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Figure 10. Graphs represent the amplitude of rainfall oscillation (580 per mil) according to the latitudes of deduced
location of summer ITCZ. The limit is located where the amplitude drops when following it from the equator—(a—c) refer to
North America, (d—f) to the South America. For a given latitude, all the available speleothems are considered. Subharmonic
modes are n3 (T3 = 256 years) in (a—c), np (T, = 128 years) in (d), and n5 (T5 = 1536 years) in (e,f). Figures (g-i) refer to
Asia. For a given latitude, the speleothems included in the band (66° E, 124° E) are considered. Subharmonic modes are 73
(T3 =256 years) in (g) and 15 (Ts = 1536 years) in (h,i). The maps below the graphics represent the migration of summer
ITCZ during the Holocene (in blue, green, and red from the beginning of the Holocene to the end).

Figure 11. The five sites from which the speleothems originate: 116 (Bukit Assam cave,
6 speleothems) [28], 60 (Taurius cave, 1 speleothem) [30], 181 (Forestry cave, 1 speleothem) [31],
107 (Yok Balum cave, 1 speleothem) [32], and 204 (Xibalba cave, 7 speleothems) [33].
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ENSO contribution in total rainfall
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Sites 181 and 60 are in the tropical South Pacific convergence zone. $'80 in Borneo
rainfall (site 116) is a robust proxy of regional convective intensity and precipitation amount,
both of which are directly influenced by ENSO activity. These three sites, being located
to the west of the tropical basin, are negatively correlated with the ENSO: precipitation
decreases during ENSO. East of the tropical basin, the sites 107 and 204, located in the
convection zone, are positively correlated with ENSO.

Figure 12 reinforces the decrease in ENSO activity in the middle of the Holocene, a
result widely accepted by the scientific community nowadays. However, the precision of
the measurement results allows a straightforward interpretation from the decomposition
into subharmonic modes of 'O concentration in the GRIP ice core record used as a paleo
proxy of the amplitude of GRWs.

[ .0..
[ ® [ ) ()
(]
() L 4
Model
® Measurement
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Age (years BP)

Figure 12. ENSO contribution to precipitation deduced from speleothems and the model—that is, §'80 concentration in the
GRIP ice core filtered within the band 9216-73,728 Ka (union of subharmonic modes g, 19, and 11g), and multiplied by a
constant a to produce an adimenstional variable. This constant is a negative real number adjusted so that the quadratic sum

of the deviations between the measurements and the model is minimal.

4. Discussion
4.1. N? Decomposition in Subharmonic Modes

The prominent role of the five subtropical gyres is clearly highlighted in Figure 1.
Indeed, the variations in potential density and N? are deepest within a zonal band framed
by the limit closest to the pole of the subtropical gyres (within the blue bands) and the
ocean stratification increase for the upper 150 m occurs within the pink band, reaching
almost 5107 s72 y1"1 [22].

The decomposition in subharmonic modes of the N? anomaly in the world ocean
allows a full quantification of the spatial and temporal structure of changes in stratification.
The N? anomalies observed in Figure 2 exhibit the oscillation of the pycnoclines in the
subharmonic modes, which are fitted in the weighted sum of 128-, 64-, and 32-year-period
sinusoids. This hypothesis is supported by the coherence of the oscillations of N? and that
of SST anomalies observed around the North Atlantic gyre [34], whose amplitudes are
maximum in 1969 £ 4 and 1958 + 8 calendar years according to the 128- and 64-year period
subharmonic modes. This supports the hypothesis according to which the five subtropical
gyres are nearly in phase. The errors reflect small variations in the phase (the time lags
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compared to the sunspot number within the bands characteristic of subharmonic modes)
observed around the North Atlantic gyre.

The 128-year period subharmonic mode is dominant because the evolution of the
0-2000 m ocean stratification changes in the global ocean is dominated by the Pacific
Ocean for which the n; subharmonic mode is of particular importance since the GRWs
make one turn around the north and south subtropical gyres. Furthermore, this mode is
resonantly forced by the ~100 year-period Gleissberg cycle of the Sun. The 32-year period
subharmonic mode cannot be highlighted accurately because a 20-year moving average
is applied to the observed N? anomalies. The short time interval of observation does not
allow highlighting higher subharmonic modes.

4.2. 6180 Concentration According to the Regions

The modes n; and ny show the direct influence of variations in SST of ocean gyres be-
cause the amplitude of rainfall oscillation seems to follow a similar change when compared
with the amplitude of GRWs reflected by §'80 variability in the GRIP ice core records for
this time period (Figure 9a,c).

The location of the summer ITCZ has a considerable influence on the precipitation
pattern, depending on the position of the tropical sites, as they may be situated inside
the range of the annual ITCZ migratory precipitation belt or not. As the summer ITCZ
migrates to tropical and subtropical latitudes during the respective hemisphere’s summer
season, the same holds for baroclinic instabilities [35].

4.2.1. Regions Located Outside the Hadley Cell

The evolution of the amplitude of the precipitation oscillation in areas outside the
Hadley cell throughout the Holocene recalls the amplitude of GRWs, regardless of the
subharmonic modes. This is what occurs in Europe and in New Zealand by reflecting the
alternation of synoptic high- and low-pressure systems stimulated and guided by the polar
jet streams at the rate of the acceleration/deceleration of the western boundary currents,
the Gulf Stream for Europe, and the Eastern Australian Current for New Zealand. Such
behavior has also been reported in [9] regarding the 8-yr period rainfall oscillation, as extra-
tropical cyclones and anticyclones are formed from SST anomalies at the high latitudes of
the subtropical gyres (the Cape Hatteras for Europe, South Eastern Australia, and Tasmania
for New Zealand) where the western boundary current leaves the continental margin to
re-enter the subtropical gyre.

The amplitude of rainfall oscillation is ruled by the ocean-atmosphere coupling, as well
as by the location and orography of continents. Thereby, the deep continental penetration
of depressions across Europe to Asia benefits from a low relief north of the Alps and the
Himalayas. On the other hand, the amplitude of oscillation is low in New Zealand because
of its geographical position, isolated in the Pacific Ocean.

4.2.2. Regions Located Close to the Hadley Cell

These mechanisms also occur in North and South America as well as in Asia. However,
unlike the two previous regions, the summer ITCZ overlap on these three regions in the
early Holocene results in a high amplitude of oscillation. The maximum sensitivity to the
latitudinal migration of summer ITCZ is obtained from subharmonic modes for which
the variation is steepest as occurs with the mode 74 for North America and 75 for South
America and Asia. A strong decrease in amplitude indicates that summer ITCZ withdraws
from the region by shifting equatorward, which drastically reduces rainfall oscillation
within this region. This phenomenon seems to have a resonant character because it occurs
for specific subharmonic modes. This quasi-resonance suggests a latitudinal oscillation of
summer ITCZ according to the period of the mode.

As represented in Figure 10, the amplitude of rainfall oscillation according to the
latitude allows for locating the ITCZ in North and South America as well as in Asia by
taking advantage of the quasi-resonance. This is made possible because of the considerable
availability of speleothems.
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4.3. The Atlantic Multidecadal Oscillation and the Subharmonic Mode nq

The Atlantic Multidecadal Oscillation (AMO) has been the subject of relevant studies
on the evolution of atmospheric circulation over the Atlantic during the Holocene [35].
This oscillatory climate variation had been attributed to changes in the Atlantic Meridional
Overturning Circulation and could not be explained only from AMOC.

These observations suggest that the role of AMOC at the multidecadal scale would
be overestimated, even for the North Atlantic. The ubiquity of rainfall oscillation instead
reinforces the hypothesis that ocean stratification would actually play a major role in
climate variability at all time scales. The driver of ocean circulation around the five
subtropical gyres would result from the oscillation of the pycnoclines which generates both
a modulated polar and radial current whose velocity is added to that of the steady wind-
driven current. As multifrequency GRWs oscillate in subharmonic modes, the amplitude
of rainfall oscillation is significant in all characteristic period bands. In this context, AMO
would appear as a particular event of climate variability, both at spatial and frequency
scales. Therefore, the thermohaline circulation would turn out to behave more as an
overflow than as a driver of surface ocean circulation. The findings rather suggest that
it is the resonant orbital forcing of GRWs resulting from the ocean stratification, mainly
due to the variations in the eccentricity, that would ultimately act as a driver. Indeed, the
forcing period sharply coincides with the natural period of the GRWs for the subharmonic
mode n11 since the Mid-Pleistocene Transition (MPT). Due to the coupling of the GRWs,
energy is transferred to lower subharmonic modes, possibly forced by the solar and orbital
variations of shorter periods.

4.4. Latitudinal Shift of the Summer Intertropical Convergence Zone

The displacement of the summer ITCZ has been mainly studied in the North At-
lantic [36]. From the observation of AMO, the internal ocean variability and its influ-
ence on climate has been investigated precisely in the North Atlantic through the last
8000 years [37]. Based on spectral analyses of high-resolution climate proxy records from
the region bounding the North Atlantic, it has been shown that the summer ITCZ was
located north of its present position during the North Hemisphere summer and a zonal
atmospheric circulation dominated.

Based on observations over the Holocene [38-40], the Last Glacial Maximum [41-43],
or the last three glacial cycles [44], the widely accepted idea is that the average position of
summer ITCZ has varied since the Last Glacial Maximum in response to changing climate
boundary conditions. The reasons for this migration are the subject of debate.

Figure 10 shows that the shift in the summer ITCZ occurred in much the same way in
North and South America, as well as in Asia—that is, nearly 16° in North America, 20° in
South America, and 17° in Asia. Equatorward shift of the summer ITCZ occurred rapidly
in the early Holocene and has not changed much since.

As suggested in [38], the present study argues in favor of the idea that the summer
ITCZ has migrated latitudinally on a global scale. Furthermore, as observed in North and
South America, the shift presumably occurred symmetrically in both hemispheres as has
been documented in tropical Africa from marine sediment cores [38].

The quasi-resonance of the summer ITCZ shift for subharmonic modes n4 and n5
suggests that the width of the Hadley cell responds to changes in SST distribution re-
sulting from the resonant forcing of GRWs around the subtropical gyres. To understand
why the ITCZ was further north in early Holocene, one must imagine the sequence of
transformations that lead from the current position to the conditions that have prevailed.

In early Holocene, the extension of the polar caps increases the thermal gradient
between the high and low latitudes of the subtropical gyres. This has the effect of increasing
the amplitude of GRWs [34]. During the phase of acceleration of the western boundary
currents, baroclinic growth rates are exacerbated, which pushes the latitude of baroclinic
instability onset (and therefore the edge of the Hadley cell) to a location that is farther
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equatorward where the wind shear and the factor of f/p in the Phillips’ criterion (f is the
Coriolis parameter, § the gradient of the Coriolis parameter) are less [38].

Thus, the increase in the thermal gradient favors the poleward migration of the
summer ITCZ as well as the subtropical gyres due to the poleward displacement of trade
winds and the wind-driven currents. According to the dispersion relation of GRWs, the
cyclonic phase velocity of Rossby waves, which only depends on the latitude of the centroid
of the gyres, reduces. On the other hand, the anticyclonic wind-driven currents of the gyres
reduce as well because of the weakening of trade winds. However, the apparent velocity
of Rossby waves embedded into the wind-driven current of the gyres may be altered,
which supposes the adjustment of the mean radius of the gyres to preserve the resonance
parameters. Indeed, GRWs should complete one turn in 64 years in the North and South
Atlantic and in the Indian Ocean, and 128 years in the North and South Pacific [13].

These successive transformations show how the ITCZ migrated equatorward until it
reached an equilibrium position fixed by the current thermal gradient. The asymmetry of
the summer ITCZ over Asia, which lies far north of the equator, reflects the absence of a
subtropical gyre in the Northern Indian Ocean to push the latitude of baroclinic instability
onset closer to the equator.

This clearly highlights the vulnerability of the regions exposed to the narrowing of
the Hadley cell because of the melting of the ice caps that is reducing the thermal gradient
between the low and high latitudes of the gyres. In arid regions bordering deserts, the
shifting of moisture flow out of these regions has important implications for probable
changes induced by global warming.

4.5. Evolution of ENSO Activity during the Holocene

Evolution of ENSO activity during the Holocene strengthens the interpretation given
from 5'80 concentrations in short-lived individual Globigerinoides ruber in a sediment
core sampled from the eastern equatorial Pacific near the Galapagos Islands [15]. The
negative correlation between the ENSO activity and the amplitude of GRWs (Figure 12)
means that geostrophic forces act on the North Equatorial Counter Current (NECC) to
enable a reduction of the ENSO activity when the modulated polar current of the North
Pacific gyre accelerates while being anticyclonic. Then, the modulated component of
the North Equatorial Current (NEC) at the lowest latitudes of the North Pacific gyre
accelerates as it flows west, which slows down the NECC by friction and, consequently, the
South Equatorial Current (SEC) to which it is coupled. Indeed, while flowing in opposite
directions, the modulated components of the NECC and the SEC are at the nodes of
the annual quasi-stationary wave in the tropical Pacific, belonging that way to a single
dynamical system [6]. However, the SEC is also at the node of the quadrennial quasi-
stationary wave of the tropical Pacific that is the driver of ENSO. A weakening of the SEC
induces a reduction of the ENSO activity.

In Figure 12, the amplitudes of the GRWs for the subharmonic modes ng to 111y (mean
periods T = 12.3, 24.6, and 49.2 Ka) suggest that the friction between the North Pacific
gyre and the NECC is quasi-resonant since it acts as a low pass filter: the highest subhar-
monic mode is probably beyond 71y, which is difficult to prove numerically. However,
subharmonic modes lower than ng have no significant impact. It is thus that the modu-
lated currents of the coupled annual and quadrennial waves behave as strongly inertial
oscillators by involving geostrophic forces on the whole tropical basin scale.

5. Conclusions

Evolution of long-period rainfall oscillation during the Holocene is highlighted from
the wavelet power of dated 5'80 series in speleothems within period bands representative
of subharmonic modes. Depending on the period, long-term rainfall oscillation is observed
at all latitudes, with an amplitude that varies greatly from region to region. The main cause
of variability seems to arise from the latitudinal shift of the summer ITCZ, and the most
affected regions are those bordering the Hadley cell.
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The use of the different subharmonic modes as markers of the oscillation is a general-
ization of what is widely practiced with AMO that corresponds to the first subharmonic
mode and which, again, is ubiquitous and should not be considered as a peculiarity of the
Atlantic Ocean. Moreover, large-scale representation of long-term rainfall oscillation points
to the stratification of the oceans as a driver of rainfall variability, while AMOC would turn
out to be rather a consequence of stratification.

Another aspect of this work is that it reinforces the notion concerning the equatorward
displacement of the summer ITCZ since the early Holocene by taking advantage of the
quasi-resonance of the latitudinal shift according to subharmonic modes. The main driver
is the thermal gradient between the low and high latitudes of the subtropical gyres. The
gradual retreat of the pack ice during the Holocene reduced this thermal gradient, and
consequently, the amplitude of GRWs for all subharmonic modes, before raising from
the mid-Holocene. This reduction in amplitude made the evaporative processes less
efficient during the phase of acceleration of the western boundary currents, which favored
the narrowing of the Hadley cell nearly symmetrically with respect to the equator. The
asymmetry of the summer ITCZ over Asia, which lies far north of the equator, reflects the
absence of a subtropical gyre in the Northern Indian Ocean to push the latitude of the edge
of the Hadley cell closer to the equator.

Finally, this work concerns the evolution of ENSO activity during the Holocene. This
activity has weakened in the mid-Holocene, which strengthens previous results. Here, the
involved hydrological processes are interpreted based on the friction between the NEC and
the NECC. Friction only operates for subharmonic modes greater than n7, which suggests
a quasi-resonant transfer of energy between the North Pacific gyre and the annual and
quadrennial waves of the tropical Pacific by involving geostrophic forces at the basin scale.

To conclude, the theory of GRWs sheds new light on the driving mechanisms of
ENSO as well as rainfall oscillation and how the position of the summer ITCZ responds to
the thermal gradient with important implications for predicting the extension of deserts
because of anthropogenic warming. However, the investigations based on the use of
speleothems remain imprecise where the density of measurements is low. In particular, the
method does not apply to the African continent outside the Mediterranean strip. Except
for Europe, few speleothems are available north of latitude 40° N and south of latitude
40° S, which precludes the study of the movement of the polar front during the Holocene.

Future research could focus on the exploration of the Last Glacial Maximum always
by seeking to enhance the information delivered by speleothems.
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