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a b s t r a c t

Paleoclimate studies of tropical rainfall have led to a recognition of a predominant pattern of anti-phase
behavior between the Northern and Southern hemispheres at both orbital and millennial timescales. Less
certain is how regional tropical rainfall patterns have changed in the late Holocene, under boundary
conditions and on timescales which are most relevant to the tropics' response to a warming world.
Several high-resolution southern hemisphere rainfall records are at odds with meridional movement of
the mean Inter-Tropical Convergence Zone location as the major driver of Holocene tropical rainfall
variability, with regional precipitation patterns resembling modern day El-Ni~no Southern Oscillation end
members. To test emerging ideas on sub-millennial tropical rainfall variability, additional records from
the southern hemisphere are required.

We present a new speleothem d18O record from Anjohibe Cave, northwestern Madagascar, which
provides a quasi-annual record of monsoonal strength and precipitation amount for the last 1700 years.
The majority of d18O variability in the record is at the decadal scale, and shows little to no correlation
with major climate indices or cyclical climate drivers. At lower frequencies, changes in mean speleothem
d18O show good correlation with other regional precipitation records both north and south of the
equator. The regional coherency of tropical rainfall across the west Indian Ocean resembles expansion
and contraction of the tropical rain belt and positive-Indian Ocean Dipole-like conditions at different
timescales. The cause of this coherency could be related to symmetrical changes in continental sensible
heating, or to a low frequency sea surface temperature climate mode.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Year to year variation in rainfall has a dramatic impact on the
health and prosperity of people in the tropics, particularly in so-
cioeconomically vulnerable regions such as eastern Africa
(Hashizume et al., 2009). Despite some recent improvements,
Madagascar is one of the ten poorest countries in the world, with a
per capita GDP of $443 (World Bank, 2015), 70% of the population
living in poverty and the fourth lowest access to water in Africa
(UNICEF, 2012). Four out of five people are dependent on rain fed
agriculture (Macron et al., 2016). Madagascar is particularly
vulnerable to hydrological natural disasters with frequent tropical
cyclones, droughts and flooding. One quarter of the population
resides in zones rated at risk of natural disasters (GFDRR, 2013).
Understanding of hydrological variability in Madagascar is there-
fore critical to the lives and wellbeing of millions in this under-
studied region. Yet instrumental records of rainfall in Madagascar
are short and frequently discontinuous, hindering understanding of
what factors influence rainfall variability on interannual and longer
timescales.

The seasonal and spatial distribution of Madagascan rainfall is
largely controlled by two factors: the central massif along eastern
Madagascar, which consists of a broad 1200 m high plateau with
peaks up to 2876 m, and the annual migration of the ITCZ. During
austral winter the Mascarene high to the southeast of Madagascar
brings onshore trade wind easterlies to the island (Fig. 1). The
central massifs create orographic rainfall on the east coast and a
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Fig. 1. Air parcel 120hr back trajectory simulations indicating likely moisture source
areas for precipitation at Anjohibe (yellow rectangle). Trajectories shown for wet
season (January, red), shoulder season (November, green) and dry season (August,
blue). Trajectories were launched at 500, 1000 and 1500 m every 6 h for GDAS data
between 2005 and 2015 using Python package PYSPLIT (Cross, 2015) on top of the
NOAA HYSPLIT model (Stein et al., 2015). Only rain bearing trajectories and those with
a forward integration error of less than 10% were used. White circles indicate other
paleoprecipitation records discussed in the text. From west to east: Lake Edward, Lake
Naivasha, Lake Challa.
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rain shadow to the west that extends across the entire island. The
result is a strong east to west rainfall gradient. During austral
summer the Mascarene high weakens and retreats to the southeast
whilst the ITCZ moves southwards into the Mozambique channel
reaching 15�S (Jury and Pathack, 1991). Northwesterly winds bring
monsoonal rains to most of the island and create a strong north to
south rainfall gradient. Northwestern Madagascar is therefore
insulated against trade-wind derived precipitation and exposed to
variability in the monsoon.

Interannual variability of rainfall on Madagascar is not well
constrained due to a paucity of lengthy instrumental records. Poor
correlation between regional outgoing longwave radiation and
Madagascan rainfall (Jury et al., 1993) suggests that local influences
dominate Madagascan rainfall. As a consequence, studies using a
combination of convection processes and zonal climate modes,
such as the Southern Oscillation Index (SOI), Madden Julien Oscil-
lation (Jury et al., 1995), and the Quasi-Biennial Oscillation (Macron
et al., 2016), fail to explain much of Madagascan rainfall variability.
Links between Madagascan rainfall and El-Ni~no-Southern Oscilla-
tion (ENSO) are typically made by correlation with regional rainfall
rather than direct one-to-one association (Brook et al., 1999;
Goddard and Graham, 1999).

A major driver of west Indian Ocean hydroclimate and sea sur-
face temperature (SST) variability is the Indian Ocean Dipole (IOD).
The IOD is an oscillatory zonal climate mode not dissimilar to ENSO,
but largely restricted in its atmospheric influence to the boreal
spring (coinciding with the short rains of equatorial East Africa).
During positive phases of the IOD an increase in the average east to
west SST gradient and wind strength brings wetter austral spring
conditions to the equatorial west Indian Ocean (Saji et al., 1999;
Webster et al., 1999). The IOD has good correlation and mecha-
nistic links with ENSO, but IOD events can also result from internal
Indian Ocean dynamics alone (Goddard and Graham, 1999), sug-
gesting a degree of independence from ENSO (Ashok et al., 2003).
IOD atmospheric anomalies are unlikely to influence west Madag-
sacan rainfall due to the orographic isolation that prevents trade-
wind derived precipitation from reaching the western half of the
island.
The IOD also influences regional sea surface temperatures, and
there is strong evidence for an SST signal in regional precipitation in
the west Indian Ocean region, both in the modern and the past in
East Africa (Black et al., 2003; Hastenrath et al., 2004; Nakamura
et al., 2011; Nash et al., 2016) and South Africa (Jury et al., 1995,
1993). A link between west Indian Ocean SSTs and Madagascan
rainfall has also been hypothesized (Brook et al., 1999). However,
instrumental records and ERA-interim climate reanalysis show no
correlation betweenmonthly SSTanomalies andmonthly rainfall in
northwestern Madagascar, except in December (r ¼ 0.377,
p ¼ 0.021). Due to the seasonal locking of the IOD the maximum
interannual variability of SSTs in the west Indian Ocean is typically
between September and November, before the Madagascan
monsoon season between December and March (Schott and
McCreary, 2001). While austral spring SST anomalies can influ-
ence austral summer rainfall (e.g. in the Seychelles (Harou et al.,
2006)), this appears not to be the case further from the equator
in Madagascar.

Lower frequency SST modes may circumvent the seasonal
locking of the IOD and influence Madagascan rainfall. At decadal or
longer timescales the mean state of the IOD is relatively unknown.
Indian Ocean SST records of the last 100 years indicate significant
decadal variability in the IOD (Abram et al., 2008; Ault et al., 2009;
Nakamura et al., 2009), while millennial scale variations in the
mean IOD state and seasonality are expected due to the evolution of
the Asian monsoon intensity and ENSO variability through the
Holocene (Abram et al., 2007). However, both the power of the IOD
at the decadal scale (Ashok et al., 2003, 2004) and its relationship to
regional precipitation (Konecky et al., 2014) is non-stationary. Thus,
it remains to be determined whether changes in mean west Indian
Ocean SST and/or IOD behavior may influence Madagascan rainfall
on longer timescales.

In contrast to these zonal climate mechanisms, meridional
changes in the monsoon may have a significant impact on inter-
annual rainfall variability in Madagascar. The evidence for meridi-
onal ITCZ influences on southern hemisphere tropical rainfall at a
variety of timescales is well founded. At millennial and orbital
timescales precipitation in monsoonal regions has been shown to
be modulated by changes in meridional circulation, typically due to
movements in the Inter-Tropical Convergence Zone (ITCZ) (Haug
et al., 2001; Liu et al., 2003; Schneider et al., 2014; Verschuren
et al., 2009). Periods of higher summer insolation are associated
with increased summer monsoon rainfall in both hemispheres,
leading to anti-phase behavior of the Northern versus Southern
Hemisphere monsoons on precessional timescales (X. Wang et al.,
2006; Y. Wang et al., 2008). Similar anti-phased changes in rain-
fall are associated with rapid millennial-scale changes in temper-
ature in the high northern latitudes during the last glacial period.
During stadial events in the Greenland ice cores, the northern
hemisphere monsoons weakened while the southern hemisphere
monsoons intensified (Ayliffe et al., 2013; Denniston et al., 2013;
Kanner et al., 2012; X. Wang et al., 2007).

At sub-millennial timescales, there is debate over whether the
ITCZ translates north and south or whether it expands and con-
tracts, widening and shrinking the width of the tropical rain belt.
Over the late Holocene both anti-phase (Eroglu et al., 2016) and in-
phase (Denniston et al., 2016) behavior have been described for the
northern and southern hemisphere counterparts of the East Asian
summer monsoons (EASM). Out of phase behavior suggests trans-
lation of the ITCZ north and south either due to a shift in the sea-
sonal range or a change in the amount of time spent near one
seasonal extreme. In-phase behavior implies a symmetrical
expansion and contraction of the tropical rain belt. During the Little
Ice Age (LIA) between the 16th and 18th centuries, it is expected
that greater cooling of the northern hemisphere drives a more
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southerly mean location of the ITCZ (Broccoli et al., 2006; Zhang
and Delworth, 2005). Yet observations show that dry conditions
occurred at both the northern and southern peripheries of the East
Asian monsoons, with wetter conditions around the equator (Yan
et al., 2015), describing a contraction of the tropical rain belt. This
response may be specific to individual monsoon systems: wetter
conditions are observed in the South American Summer Monsoon
(SASM) domain during the LIA (Vuille et al., 2012). Thus, for
centennial scale variations during the Holocene it is not entirely
clear whether meridional or zonal changes in atmospheric circu-
lation exert a stronger control on the monsoons for a particular
region. Local and regional climatic idiosyncrasies appear to alter the
sensitivity of individual monsoon systems to zonal feedbacks that
arise from meridional forcings.

Together, meridional and zonal climate mechanisms likely
interact to create a more complex pattern of precipitation patterns
that cannot easily be explained by either forcing individually.
During the LIA, east-west antiphasing of hydroclimate proxies
across the Pacific set up a “La-Ni~na-like” rainfall pattern, indicating
a major role of Pacific zonal Walker circulation in controlling
tropical hydroclimate (M. L. Griffiths et al., 2016) during a south-
ward ITCZ shift (Sachs et al., 2009). Around East Africa an “El-Ni~no-
like” precipitation pattern occurred during the LIA (Russell and
Johnson, 2007; Tierney et al., 2013). Lake Malawi in the African
rift valley experienced windier but drier conditions - a weakening
in the Congo Basin African Monsoon reduced moisture transport to
the African rift valley south of the equator despite more southerly
ITCZ circulation patterns (Brown and Johnson, 2005; Russell and
Johnson, 2007; Vellinga and Wood, 2002). In the Horn of Africa,
records from Lake Challa and Lake Naivasha and the Gulf of Aden
show wet conditions during the Little Ice Age (Tierney et al., 2013,
2011; 2015; Verschuren et al., 2009, 2000). This equatorial Horn-
Rift dichotomy during the Little Ice Age has been attributed to
zonal Walker Cell dynamics controlled by the Indian Ocean
(Tierney et al., 2013) but has also been related to meridional vari-
ability (Tierney et al., 2015).

There are climatic similarities between East Africa and
Madagascar as they share a dominant moisture source: the equa-
torial west Indian Ocean. Therefore, oceanic changes will likely
influence both areas. However, there are strong atmospheric dif-
ferences between East Africa and Madagascar. East African records
are difficult to interpret due to competing influences between the
balance of Indian Ocean and Atlantic Ocean sourced moisture, and
changes in the short versus long rains (Nash et al., 2016; Tierney
et al., 2015). Northwestern Madagascar, with its single summer
rainy season and single dominant water vapor source, provides a
much simpler climatic setting, allowing the isolation of west Indian
Ocean monsoonal component in regional rainfall. In this study we
investigate key questions regarding the paleoclimate history of the
northwestern Madagascan summer monsoon. How did the
monsoon respond to climate forcing over the last two millennia?
Can these changes be attributed to zonal or meridional controls?

To address the question of whether past precipitation variations
in the wet Indian Ocean region have varied synchronously in-phase
between the hemispheres, synchronously anti-phase or asynchro-
nously, high-resolution precisely-dated records of past climates are
needed. Stalagmites are ideal paleoclimate archives for this task, as
their high resolution and precise U-Th dating provide records from
both the northern and southern hemispheres, and can therefore
distinguish the potential phasing of recent climate changes.

From Anjohibe cave in northwestern Madagascar (15�320S,
46�530E), we use stalagmite AB2 from Burns et al. (2016). For this
study AB2was sampled at much higher resolution to create a quasi-
annual record of paleoclimate variability. Anjohibe cave is in the
Narinda karst region in the northwest of Madagascar, 73 km
northeast of Mahajanga. The Narinda karst is an Eocene limestone
topped with dolomite. The surface is primarily rolling grassy hills of
moderate relief with sparse endemic satra palms and other trees
adapted to the highly seasonal rainfall. Dry mesic woodlands and
forest patches occur in wetter areas. The carbonate overburden at
Anjohibe is almost 100 m thick and grades from pure limestones at
the base through calcareous dolomites to pure dolomites at the top
(Gebauer et al., 1993). The temperature of the 5.3 km network of
passages varies between 24.5 and 26 �C (Voarintsoa et al., 2017).
We noted no soda straws during fieldwork. Drips are for the most
part highly seasonal, with active drips only during and shortly after
the rainy season.

Whereas the original low resolution record focused on d13C as a
proxy for vegetation change, our new high-resolution d18O time
series serves as a record of past hydrologic variability over north-
western Madagascar. Anjohibe cave is well suited to recording
changes in the northwest Madagascan monsoon. Rainfall in the
region is dominated by the austral summer monsoon with 85% of
the yearly rainfall total of 1486 mm falling between December and
March (rainfall data from the nearby city of Mahajanga). 62% of
annual rainfall and the majority of extreme rainfall events
>100mmday�1 are concentrated in January and February, the peak
monsoon season (J. F. Griffiths and Ranaivoson, 1972). In contrast
Mahajanga receives just 140 mm during the austral spring (SON)
when the IOD is at its most variable. Therefore, speleothems from
Anjohibe should serve as excellent records of summer monsoon
variability in Madagascar and the southwest Indian Ocean region.

2. Methods

In addition to the eight U-Th ages and three isochrons that
determined the original published chronology of stalagmite AB2
(Burns et al., 2016), we added nine new U-Th ages to help further
constrain the age model (Table 1). U-Th dating samples weighing
135e200 mg were prepared and analyzed at the Massachusetts
Institute of Technology. Samples were combined with a
229Th-233U-236U tracer, digested and purified via iron coprecipita-
tion and ion exchange chromatography. U and Th were analyzed on
separate aliquots using a Nu Plasma II-ES multi-collector ICP-MS
equipped with a CETAC Aridus II desolvating nebulizer.

U-Th ages were calculated using the half-lives of Cheng et al.
(2013) and Jaffey et al. (1971) and an initial 230Th/232Th ratio of
17 ± 8.5 � 10�6 based on isochron data and constraints from near-
modern deposits at the top of the stalagmite (Burns et al., 2016).
The stalagmite age model was constructed using the OxCal
Bayesian modelling software and a Poisson process depositional
model (P-Sequence) (Bronk Ramsey, 2008) using all seventeen U-
Th ages plus additional assumptions of a zero age at the stalagmite
top (2014 CE) and a boundary shift at 120.2 mm, in line with a
change in stalagmite texture (Fig. 2).

We sampled stalagmite AB2 for stable isotope analysis at higher
resolution with samples drilled from a cut and polished slab. Sub-
samples were taken at intervals varying from 0.2 to 2 mm
depending on stalagmite growth rate. This increased the temporal
resolution from approximately decadal to quasi-annual (<1 year at
the top of the stalagmite, and approximately 2 years towards the
base). The lack of visible annual layers prevents a precise annual
chronology. Stable oxygen and carbon isotope ratios were deter-
mined using a Finnigan Delta Plus XL ratio mass spectrometer with
a Kiel Carbonate Device at the University of Massachusetts,
Amherst. Results are reported as per mil relative to the Vienna
PeeDee Belemnite (VPDB) standard. Reproducibility of standard
materials is 0.1‰ for d18O and 0.05‰ for d13C. To determine the
mineralogy of stalagmite AB2, we conducted X-ray diffraction
(XRD) analyses on 20 subsamples drilled adjacent to the stable



Table 1
U-Th dating results.

Sample ID Transect 238U a ±2s 232Th a ±2s d234U b ±2s 230Th/238U ±2s 230Th/232Th ±2s Uncorr. Age c ±2s Corr. Age d ±2s d234U ±2s Year CE d ±2s

distance initial e

(mm) (ng/g) (pg/g) (per mil) (activity) (atomic �10�6) (yr) (yr) (per mil)

AB2-9.5 9.5 7940 160 1204 25 �9.1 1.4 0.0002539 0.0000099 27 1 28 1 10 9 �9.1 1.4 2005 9
AB2-24.6 24.6 9260 400 186 8 �10.3 0.8 0.0008654 0.0000084 685 28 95 1 93 2 �10.3 0.8 1923 2
AB2-44.6 44.6 9310 210 2744 56 �10.0 0.6 0.0013984 0.0000092 75 0.5 154 1 119 17 �10.0 0.6 1897 17
AB2-62 62.0 9160 180 496 11 �10.0 0.6 0.001484 0.000020 436 7 164 2 157 4 �10.0 0.6 1858 4
AB2-87.8 87.8 13710 440 1778 36 �8.4 0.9 0.001984 0.000011 243 1.3 218 1 203 8 �8.4 0.9 1813 8
AB2-114* 114.0 183 4 485 11 �10.0 2.1 0.01252 0.00070 75 4 1387 78 1080 170 �10.0 2.1 935 170
AB2-150 150.0 7950 160 2867 57 �12.8 1.4 0.004181 0.000018 184 0.7 463 2 420 21 �12.8 1.4 1595 21
AB2-190 190.0 5560 110 1067 22 �3.0 1.3 0.004359 0.000036 361 3 478 4 455 12 �3.0 1.3 1560 12
AB2-241.2 241.2 4327 4328 23850 570 �6.7 0.6 0.009331 0.000059 27 0.4 1029 7 380 330 �6.7 0.6 1640 330
AB2-298.1 298.1 6750 140 1205 29 �8.7 1.2 0.005300 0.000023 471 7 585 3 564 11 �8.7 1.2 1452 11
AB2-455 455.0 3561 3561 4157 83 �7.8 1.3 0.008719 0.000054 119 0.7 963 6 825 69 �7.8 1.2 1190 69
AB2-556* 556.0 1096 22 274 6 �7.1 2.7 0.01076 0.00012 683 10 1188 14 1159 20 �7.1 2.7 856 20
AB2-560.1 560.1 2048 2048 179 9 �3.0 1.7 0.010076 0.000066 1832 90 1108 7 1097 9 �3.0 1.7 919 9
AB2-631.1 631.1 2702 2702 809 18 �1.8 0.9 0.010750 0.000058 570 6 1181 6 1146 19 �1.8 0.9 870 19
AB2-674 674.0 10710 220 281 7 �6.7 3.0 0.010318 0.000053 6252 94 1138 7 1135 7 �6.6 3.0 880 7
AB2-835 835.0 8780 180 331 7 �3.8 0.6 0.011386 0.000042 4789 47 1253 5 1249 5 �3.8 0.5 766 5
AB2-897.6 898.6 7620 150 405 12 �3.85 0.58 0.012348 0.000045 3689 83 1360 5 1354 6 �3.86 0.58 662.1 6
AB2-988 995.6 8220 160 943 19 0.4 7.9 0.014025 0.000084 1943 13 1540 15 1526 17 0.4 7.9 489 17
AB2-1066.1 1068.6 4177 4178 3495 71 �3.1 1.5 0.01542 0.00011 292.5 2.3 1700 13 1602 51 �3.2 1.5 414 51

Decay constants for 230Th and 234U are from Cheng et al. (2013); decay constant for 238U is from Jaffey et al. (1971).
* Data in italics are thought to have experienced uranium loss and are not included in the age model.

a Reported errors for 238U and 232Th concentrations are estimated to be ±1% due to uncertainties in spike concentration; analytical uncertainties are smaller.
b d234U ¼ ([234U/238U]activity - 1) � 1000.
c “Uncorrected” indicates that no correction has been made for initial 230Th.
d Ages are corrected for detrital 230Th assuming an initial 230Th/232Th of (17 ± 8.5) � 10�6.
e d234Uinitial corrected was calculated based on 230Th age (T), i.e., d234Uinitial ¼ d234Umeasured � el234*T, and T is corrected age.
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Fig. 2. AB2 age model (blue) constructed in OxCal using 17 U-Th ages. Original U-Th
ages with 2s errors in light grey, distribution of modelled ages at original age depths in
dark grey, additional model assumptions in red: depth at base of stalagmite, depth of
growth rate change based on textural shift in the stalagmite, data and age (2014 CE) of
the top of the stalagmite to prevent a modelled positive age. Yellow ages are outliers
not used in the age model (Burns et al., 2016). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Stable isotope and X-ray diffraction results from stalagmite AB2. Top: d18O (‰)
uncorrected (light blue) and corrected (dark blue) for mineralogy. Middle: X-ray
diffraction estimates of aragonite versus calcite percentage (black circles) with
modelled mineralogy (black line) determined using Sr/Ca ratio transitions. Bottom:
d13C (‰) uncorrected (light green) and corrected (dark green) for mineralogy.
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isotope transect. XRD analyses were conducted on a PANalytical
X'Pert PW1821 X-ray diffractometer at the University of Massa-
chusetts, Amherst.

3. Results

XRD results indicate that stalagmite AB2 is composed of both
calcite and aragonite (Fig. 3). Within the spatial and detection limits
of XRD analysis the stalagmite is mostly monomineralic, composed
of either calcite or aragonite, although we note that micrometer-
scale relicts due to incomplete transformation may be present.
Mixed calcite and aragonite signals arise in two narrow intervals at
the base of the stalagmite between 1071 and 1097 mm (382e470
CE), and towards the top at 92e106 mm (1718e1790 CE). Visual
inspection suggests that the section between 670 and 700 mm
(860e880 CE) is likely composed of thin alternating calcite and
aragonite layers. Two dates at 560 and 631 mm appear to be 100
years older thanwould be expected from a simple linear age model
for the stalagmite, and a date at 556 mm is out of stratigraphic
order. Each of these samples have lower U concentrations than
adjacent samples (~2000 ng/g for the samples at 560 and 631 mm,
and 1096 ng/g for the sample at 556 mm, compared to 3500 ng/g in
adjacent samples), consistent with possible U loss. As the two dates
at 560 and 631 mm are still in stratigraphic order, they are retained
in the age model, and only the out-of-order date at 556 mm is
rejected. Good reproducibility of the dating and isotopic time series
between stalagmites AB2 and AB3 in Burns et al. (2016) suggests
that if any recrystallization occurred, it has played a minor role in
the age model and stable isotope records.

To test the impacts of changing mineralogy and potential
recrystallization, the Sr/Ca ratio stalagmite AB2 was scanned using
ITRAX X-ray fluorescence core-scanning (Finn�e et al., 2015). The
trace element scanning was conducted on the opposite stalagmite
face to the stable isotope transect but at the same resolution (0.2 or
1 mm). Results indicate that aragonite sections have Sr/Ca ratios
three times higher than calcite sections (0.00015 vs 0.00005
(counts per second per milliamp/counts per second per milliamp)),
consistent with the contrasting partition coefficients for Sr into
aragonite versus calcite (Wassenburg et al., 2016). Areas of sus-
pected mixed mineralogy from XRD analysis contain an interme-
diate Sr/Ca ratio. Sr/Ca transitions from low (calcite) to high
(aragonite) are typically sharp (Perrin et al., 2014). We therefore
used the Sr/Ca record to delineate mineralogy changes and create a
mineralogy-corrected stable isotope record (Fig. 3). We converted
calcite stable isotope values to their aragonite equivalent using a
correction of 0.75‰ for d18O and þ2.5‰ for d13C (Kim et al., 2007;
Kim and O'Neil, 1997; Tarutani et al., 1969), with a proportional
correction during the mixed mineralogy sections. The updated d13C
results enhance the conclusions of Burns et al. (2016), with the d13C
shift around 900 CE now 10.5‰ rather than the 8.0‰ previously
reported in stalagmite AB2.

Speleothem d18O varies between �3.3 and �7‰ with higher
values at the beginning and end of the record and lower values in
between. The mineralogy-corrected record reveals a period of high
values in themiddle of the record between 1000 and 1500 years CE.
Spectral analysis reveals no significant periodicities in the speleo-
them d18O record. Wavelet analysis does reveal some high fre-
quency periodicity but there is no consistent frequency through
long periods of time. Autocorrelation shows a peak at 142 years
significant at 90% confidence, but the lack of correspondence with
other techniques caution us against assigning undue influence to
this potential periodicity.
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4. Discussion

We interpret increases (or decreases) in stalagmite d18O as
indicators of decreases (or increases) in the intensity of the
convective system and rainfall in the northwestern Madagascan
monsoon. It is known that increasing convergence of water vapor
is a key contributor to the amount effect, which is likely closely
related to the total precipitation amount. In Madagascar, the
paucity of the instrumental record combined with the precision
of the age model prevent direct confirmation of the amount ef-
fect. However, theoretical and mechanistic considerations (Bony
et al., 2008; Dansgaard et al., 1993; Risi et al., 2008; Rozanski
et al., 1993) regarding tropical precipitation (Kurita et al., 2009;
LeGrande and Schmidt, 2009), are well established at tropical
cave sites, leading us to interpret the amount effect as a domi-
nant control of speleothem d18O (Burns et al., 2002, 1998;
Lachniet, 2009; Partin et al., 2007; X. Wang et al., 2004).

Other potential controls on speleothem d18O include changes
in rainfall seasonality or source, moisture recycling, upstream
rainout, and cave temperature. Northwest Madagascar has a
highly seasonal precipitation pattern, dominated in both amount
and intensity by strong convective ITCZ monsoon rainfall during
the austral summer. Summer rainfall has a single moisture source,
the equatorial west Indian Ocean. There is unlikely to be any
d18Oprecip change arising from changing the source of moisture.
The coastal western equatorial Indian Ocean, offshore western
equatorial Indian Ocean and Mozambique channel have similar
d18Osw values (LeGrande and Schmidt, 2006). Close proximity of
Anjohibe to the coast reduces the influence of moisture recycling
and provides a short vapor transport path (Lee et al., 2009).
Despite recent cave collapses which have enhanced cave venti-
lation, temperature variation inside Anjohibe is low both spatially
(24.5e26 �C) (Voarintsoa et al., 2017) and temporally, with a year-
round range of <3.5 �C in the MMAT external to the cave. This
reduces the potential for both temperature driven variations in
fractionation inside the temperature-buffered cave and altered
cave ventilation. The highly seasonal nature of rainfall at Anjohibe
is driven by the orography and therefore the potential d18O in-
fluence from changing rainfall seasonality through time is mini-
mal. In other words increasing easterly moisture to Madagascar
would not increase rainfall at Anjohibe. Therefore, it is reasonable
to embrace the amount effect back past the limits of the instru-
mental record.

4.1. Decadal scale variability

The decadal scale contains the highest proportion of d18O
variability (Fig. 3): the range of d18O at the decadal scale is 3.4‰
about the centennial means, while centennial variability is less
than 1‰. It is difficult to identify the causes of decadal vari-
ability, be it local effects, regional teleconnections or stochastic
processes, due to poor instrumental records and age model
precision. For example, we see no correlation between speleo-
them d18O and possible upstream decadal frequency climate
drivers such as the Pacific Decadal Oscillation (NCEI Index based
on (Huang et al., 2015)), Atlantic Multidecadal Oscillation
(Enfield et al., 2001), or solar irradiance (Coddington et al.,
2016). The lack of correlation is not surprising as there are no
demonstrated stationary relationships between these regional
drivers and either west Indian Ocean SSTs or precipitation in the
modern climate (Konecky et al., 2014; Nakamura et al., 2009;
Zinke et al., 2009). This result indicates a need for annually
resolved precipitation records such as laminated speleothems
and corals to help constrain regional climate mechanisms at the
decadal scale.
4.2. Multi-decadal scale variability

To investigate multi-decadal to centennial scale climate vari-
ability in the western Indian Ocean, the Anjohibe speleothem d18O
record was compared to a high-resolution speleothem d18O record
from Cave Defore in Oman, located at 16�N and 53�E (Burns et al.,
2002) and thus an excellent Northern Hemisphere counterpart to
AB2. Both records were band-pass filtered to between 50 and 300
years to remove decadal variability and long term trends. The
filtered Anjohibe record shows a range of 1.4‰, close to 40% of the
total d18O variability. An alternating wet and dry pattern of 9 or 10
cycles occurs at both locations over the last 800 years (Fig. 4). The
two filtered records have a correlation of r¼ 0.27 (n¼ 319) over the
entire length of the record, and amedian r value of 0.76 when using
a 50-year moving window, suggesting a highly in-phase relation-
ship. Due to high autocorrelation above 0.96 in both filtered re-
cords, p-values cannot be obtained. The mean 2s age error in the
Anjohibe age model is 16.6 years, while the Cave Defore record is
layer counted with an error of ±5 layers by the base. U-Th ages are
used to test the Cave Defore age model but not in its construction.
Age model errors are therefore unlikely to change the phase of the
two records. The approximate return time of the wet/dry cycles is
80e90 years. While there are no significant spectral peaks in the
Anjohibe record around these periodicities, the Oman d18O record
contains a peak at 97 years. There are two exceptions to the high in-
phase correlation: a period from 1643 to 1687 (discussed below)
and the 20th century.

The dominant in-phase relationship between Madagascar and
Oman is unexpected. Speleothem precipitation records from Oman
have been demonstrated to be sensitive to high northern latitude
climate variability, and interpreted as indicating north-south
movements in mean ITCZ location on multiple timescales
(Fleitmann et al., 2003, 2004). If the multi-decadal scale variability
of rainfall recorded in the two regions is the result of changes in
mean ITCZ position, we would expect a north-south anti-phase
relationship in precipitation amount. The observed pattern instead
fits with the idea of expansion and contraction of the tropical rain
belt rather than translation (Denniston et al., 2016; Yan et al., 2015).

A notable exception to the in-phase relationship occurs at
1643e1687 when a wet anomaly in Madagascar and a dry anomaly
in Oman create an anti-phase relationship. The timing of this
anomaly is coincident with a minimum in global temperatures
during the Little Ice Age associated with a volcanic-solar downturn
(PAGES 2k Consortium, 2013). Under the schema of north-south
ITCZ translation, shifts in the regional ITCZ may reflect a differen-
tial response of each hemisphere to changing global temperatures
owing to an imbalance in land surface area. Even symmetric climate
forcing such as solar variability may then cause an asymmetrical
response. Volcanic aerosol forcing can be symmetrical or asym-
metrical but is likely to cause an asymmetric ITCZ response in the
tropics (Colose et al., 2016). It is therefore apparent that relatively
large meridional forcing may be able to override the observed in-
phase relationship. However, this mechanism does not seem to
apply at other times of high stratospheric sulphate aerosol con-
centration and low total solar irradiance: e.g. 1250e1350CE (Gao
et al., 2008), with the caveat that the dating uncertainty during
this period is larger. As themulti-decadal to centennial scale forcing
on tropical rainfall is relativelyweak, it remains an open question as
to what happens at orbital timescales when asymmetric forcing of
summer insolation is very large.

The second out of phase anomaly occurs during the 20th cen-
tury. A wet 1950s and 60s, followed by a thirty-year dry period that
peaks in the 1970s-1980s in the AB2 record matches Africa-wide
precipitation, suggesting in-phase cross-equatorial precipitation
(Nash et al., 2016; Nicholson, 2001). The anomaly is likely related to



Fig. 4. Comparison of the Cave Defore, Oman (Burns et al., 2002) (red) and Anjohibe, Madagascar (this study) (blue) speleothem d18O records band pass filtered to between 50 and
300 years. Grey lines indicate the prefiltered d18O records, while green and brown shading show periods with wetter and drier than average conditions respectively. Dates from
stalagmite AB2 with 2s error are shownwith blue bars. No dates are included for the Oman record as the stalagmite S3 was dated using layer counting. Shaded yellow area between
1643 and 1687 denotes a period of anomalous anti-phase behavior between the two records. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the positive d18O (drying) trend in the Oman record, which may
reflect a reduction in the land-sea thermal contrast as the ocean
warmed faster than the land (Burns et al., 2002).
4.3. Centennial scale variability

The Anjohibe speleothem d18O record has large high-frequency
variability with only minor changes in long-term (centennial- to
millennial-scale) mean, suggesting that monsoonal rainfall has
been largely consistent in absolute terms over the past two
millennia. Statistically significant changes in the long-term mean,
however, have occurred. To investigate these changes we per-
formed a Bayesian change point analysis (BCPA) to identify points
in the d18O record where there are significant changes in the mean
d18O and/or d18O variability (Partin et al., 2015; Ruggieri, 2013). We
conducted 10,000 analyses on a regularly spaced, 2-year resolution,
synthetic proxy record using modelled time intervals with zero
d18O gradient to produce a series of ‘change points’ at which sig-
nificant changes in speleothem d18O occur.

The outcomes of our BCPA analyses show amaximum likelihood
of 7 change points (Table 2), with 98% of outcomes evidencing 6e8
change points. Three of the seven change points have a d18O change
of >0.45‰ and are supported by at least 99.9% of model outcomes.
Four smaller shifts have a d18O change of >0.1‰ and are supported
by more than 70% of model outcomes. There are additional change
points with support of less than 20% of the individual outcomes,
which influence the modelled mean by minor amounts. The total
change in mean d18O explained by BCPA is 0.92‰, ~25% of the total
Table 2
Location of seven d18O shifts detected in the Anjohibe speleothem record using
Bayesian Change-Point Analysis. Top section: three large shifts with d18O > 0.45‰
supported by >99.9% of model outcomes. Bottom section: four smaller shifts with
d18O > 0.1‰ supported by >70% of model outcomes.

95% Age Range (yr CE) Modal Age (yr CE) Change in d18O (‰)

481e487 481 �0.70
945e967 963 þ0.53
1481e1495 1485 �0.45

771e821 781 �0.27
1295e1359 1295, 1351 þ0.24
1595e1701 1695 þ0.12
1833e1883 1837, 1867 þ0.26
variability in the d18O record. BCPA also produces a modelled mean
between change-points, which indicates a series of multi-
centennial long high and low d18O periods, which we interpret as
periods of relatively wet and dry conditions in northwestern
Madagascar. Three dry intervals occur in the record: prior to 481CE,
between 967 and 1481CE and since 1883CE. Two wet intervals
occurred between 487 and 945CE and 1495e1833CE (Fig. 5a).

We compare the Anjohibe BCPA record with high-resolution
proxy rainfall records from east African lakes. Lake records have a
significantly larger catchment than speleothems and so integrate
broader spatial regions. While the resolution of lake records can
often be as high as or higher than that of speleothems due to varves
and high accumulation rates, speleothem U-Th age models are
typically more precise than the radiocarbon age models of lake
deposits. Despite the diverse catchments and dating precision of
speleothems and lakes, we have found good coherence between
the records (Fig. 5d,e,f). An alternating sequence of dry and wet
conditions is apparent in the Anjohibe speleothem record from
Madagascar and the sediment core records from Lakes Challa and
Naivasha from the Horn of Africa (Buckles et al., 2016; Tierney et al.,
2013; Verschuren et al., 2000). Overall, three dry and two wet
phases, with each individual complete phase lasting about 500
years, appear to characterize regional rainfall patterns in the
tropical western Indian Ocean over the past 2000 years (Fig. 5).

Correlation between the Madagascar and Oman records at this
timescale is mixed (Fig. 5b). Burns et al. (2002) and Fleitmann et al.
(2004) demonstrate a dry period in Oman during the first half of LIA
between 1320 and 1660. We note a wet period in the second half of
the LIA record between 1680 and 1900. An anti-phase relationship
exists with the Lake Edward paleoprecipitation record in the Afri-
can Rift Valley (Fig. 5c), which agrees with the Horn-Rift rainfall
dichotomy (Tierney et al., 2013) and extends the duration and
spatial extent of this regional rainfall pattern.

4.4. Zonal and meridional controls on late holocene tropical
precipitation

Here we investigate how different climate drivers may produce
the surprising cross-equatorial symmetrical response in monsoon
rainfall: local landmass sensible heating, Walker circulation vari-
ability, Indian Ocean Dipole dynamics, and west Indian Ocean SSTs.
In addition to movement of the ITCZ, the monsoons are also
influenced by local factors such as the sensible heating of



Fig. 5. Comparison of the Anjohibe speleothem d18O record (blue at top, grey in lower panels) with regional indicators of zonal and meridional tropical climate systems. b) Cave
Defore, Oman (Burns et al., 2002) (purple), c) Lake Edward, Uganda/Democratic Republic of Congo (Russell and Johnson, 2007) (turquoise), d) Lake Challa, Tanzania/Kenya (Tierney
et al., 2013) (dark green), e) Lake Challa, Tanzania/Kenya (Buckles et al., 2016) (green), f) Lake Naivasha, Kenya (Verschuren et al., 2000) (light green), g) Liang Luar Cave, Flores,
Indonesia (Griffiths et al., 2016) (orange), h) Indo-Pacific Warm Pool SSTs (red) (Oppo et al., 2009). For each record where Bayesian Change Point Analysis with zero gradient was
successful, darker lines are included to show the modelled mean. All records are oriented so that wet is up, with the exception of the Indo-Pacific Warm Pool, which is not a
paleoprecipitation proxy.
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landmasses that drives onshore convection. During the late Holo-
cene, solar variability is symmetrical. If the impact of variable
landmass sensible heating is able to locally override the impact of
north-south ITCZ translation, then a symmetrical contraction and
expansion of the tropical rain belt may result (Yan et al., 2015). This
idea fits well with the multi-decadal in-phase rainfall relationship
seen between Madagascar and Oman. However, this mechanism of
tropical rain belt expansion and contraction should produce a
tropics-equator-tropics tripole, where more (less) time spent at
higher latitudes increases (decreases) precipitation at the extremes
of the monsoon and decreases (increases) precipitation on the
equator. Band pass filtered records of equatorial African precipita-
tion show no systematic drying on the equator at this timescale,
suggesting a more complicated regional precipitation response
than meridionally forced expansion and contraction of the tropical
rain belt.

Similarly, the multi-centennial coherency of west Indian Ocean
precipitation does not fit with either north-south translation of the
ITCZ or the tripole pattern of expansion and contraction of the
tropical rain belt. While Yan et al. (2015) posited a meridionally
forced tripole pattern, Denniston et al. (2016) suggest that both
zonal and meridional climate drivers may be required for ITCZ
contraction and expansion. A response of the zonal Walker circu-
lation to meridional ITCZ forcing may drive regional precipitation.
An increase in Pacific Walker circulation during the LIA has been
inferred as a potential mechanism for the both the contraction of
the ITCZ across the IPWP and an observed cross-Pacific anti-phase
precipitation relationship during the LIA (M. L. Griffiths et al., 2016).
However, enhanced Walker circulation (La Ni~na like state) would
produce drier conditions in the west Indian Ocean, opposite to the
wet conditions seen in the regional proxy records. Reduced Walker
circulation would result in the El Ni~no like state observed in the
regionally wet precipitation pattern in east Africa, but would
require a decoupling of Indian and Pacific Walker circulation.

Atmospheric modelling studies suggest that low-frequency
zonal variability in the Indian Ocean is related to changes in the
intensity or frequency of the IOD rather than the underlying mean
state (Konecky et al., 2014; Tozuka et al., 2007). However, the IOD is
a much more seasonally locked climate mode than ENSO, with
maximum impact during the austral spring (SON). Therefore,
changes to IOD intensity or frequency are unlikely to influence all of
the separate monsoon seasons seen in the region: Madagascar:
JFM, Oman: JJA, East Africa: MAM and/or SON. Additionally,
northwestern Madagascan rainfall is insulated from direct zonal
interannual climate variability related to the IOD because the IOD
primarily drives changes in easterly trade wind strength and the
eastern massifs block trade wind derived precipitation.

Oceanic models predict lower frequency changes in the Indian
Ocean related to the thermocline (Ashok et al., 2004), which sug-
gests that oceanic changes may be responsible for changing
regional precipitation. Warm west Indian Ocean SSTs would result
in enhanced moisture evaporation, latent heat transport and con-
vection, leading to greater rainfall in the west Indian Ocean. Higher
SSTs might also contribute a higher frequency of tropical cyclone
hits, adding additional depleted d18O to the karst system. This low
frequency SST mechanism would serve to synchronize regional
precipitation records despite the contrasting timing of rainy sea-
sons in different hemispheres. Further it would give rise to an
appearance of expansion and contraction of the tropical rain belt.
However, warming of the oceans also reduces the land-sea thermal
contrast, which may reduce monsoon strength (Burns et al., 2002).
Contrasting responses to SST changes could explain why the Oman
record does not match the Madagascan record at the centennial
timescale in the first half of the LIA.

We now turn to the question of what might drive west Indian
Ocean SST variability. The regionally coherent precipitation pattern
resulting from a low frequency SST mode could result in one of
three possible scenarios. First, a dipole pattern similar to the
modern IOD, with cooler drier conditions in the eastern Indian
Ocean, could have occurred. Such a pattern could be controlled by
upstream Indonesian Throughflow behavior forcing the eastern
Indian Ocean thermocline. West Indian Ocean precipitation records
are anti-phased with Indo-Pacific Warm Pool (IPWP) SSTs (Fig. 5h)
(Oppo et al., 2009; Tierney et al., 2013), but the role of the Pacific
Oceanmay obscure any Indian Ocean influence and it is uncertain if
low frequency IOD modes influence East African precipitation
amount (Konecky et al., 2014). Second, a basin-wide SST mode may
produce in-phase SST variations. Modelling results suggest a low-
frequency basin-wide SST mode does exist, at least at the decadal
scale (Tozuka et al., 2007). Thirdly, there may be no cross-basin
relationship. While a SST dipole exists for the IOD, models sug-
gest it is not a required feature of interannual East African rainfall
variability (Ummenhofer et al., 2009). Unfortunately, there are no
tropical Indian Ocean SST records of sufficient (decadal) resolution
that cover the past 2000 years with which to make direct com-
parisons and elucidate the relevant mechanisms at lower
frequencies.

In the absence of appropriate SST records from the eastern In-
dian Ocean we investigate terrestrial precipitation records. We
compare our Madagascan record to the 2000-year, high resolution,
multiproxy, speleothem paleoprecipitation record from Liang Luar
Cave, Indonesia (Fig. 5g) (M. L. Griffiths et al., 2016). The two re-
cords show a remarkable in-phase relationship with Madagascar.
Both records show with two multi-century wet phases: the
16the18th centuries, which matches several west Indian Ocean
precipitation records, and the 6the10th centuries. Two drier pe-
riods occurred in the 11the15th centuries and in the 20th century.
This result is also surprising as under a zonal mechanismwe might
expect an anti-phase east-west cross basin relationship, as
observed in the Pacific (M. L. Griffiths et al., 2016), and so some
doubt is cast onto the idea of a zonal dipole at the centennial scale.
However, it may be that the Flores record responds to Pacific
climate dynamics and changes in the IPWP to a far greater extent
than it does to the Indian Ocean (M. L. Griffiths et al., 2016; Konecky
et al., 2014), and therefore does not represent a true point of
comparison for the east Indian Ocean. There is a need for unam-
biguous eastern Indian Ocean precipitation and SST records so that
more definitive conclusions to be made about the competing in-
fluences of zonal and meridional mechanisms in controlling trop-
ical precipitation variability during the late Holocene.

5. Conclusions

Our new d18O record from stalagmite AB2 from Anjohibe,
northwestern Madagascar, provides a quasi-annual precisely dated
record of past rainfall variability in the Madagascan monsoon. The
largest variability in the record is at the decadal scale, shows little
correlation with decadal-scale climate indices, and has no pro-
nounced cyclicity. At multi-decadal timescales, the Madagascan
record is primarily in-phase with its northern hemisphere speleo-
them counterpart from Oman. This is a surprising result as the
Omani record is believed to respond to northern hemisphere
climate forcing, and therefore a meridional dipole of tropical rain-
fall related to movements of the ITCZ might be expected. The two
exceptions to the in-phase relationship occur during the mid-17th
century and the 20th century, when there was stronger global
climate forcing. At the centennial timescale there are good corre-
lations between our record and paleoprecipitation records from the
Horn of Africa, notably with wet conditions prevalent between the
16th and 18th centuries.
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The cause of this regional coherency is unclear and may be
related to either zonal or meridional forcing, or more likely, both.
The multi-decadal rainfall pattern fits well but not perfectly with
the idea of tropical rain belt expansion and contraction. This
pattern may derive from symmetrical increases and decreases in
landmass sensible heating that locally override the global ITCZ
north-south translation as a response to the changing interhemi-
spheric temperature gradient. At the centennial scale, a zonal In-
dian Ocean mechanism may change regional rainfall through
alteredmoisture flux to the atmosphere. Given 1) the asynchronous
rainfall seasons in the region and 2) the orographic insulation of the
Anjohibe site from changes in IOD frequency, year-round SST
changes are a plausible mechanism for changing the total amount
of monsoonal rainfall. In the absence of suitable high resolution SST
or paleoprecipitation records from the eastern Indian Ocean it is
not yet possible to test basin-wide behavior and potential driving
mechanisms. A fuller understanding of Indian Ocean low frequency
climate behavior is required to help make more concrete pre-
dictions regarding future regional rainfall in this socio-
economically vulnerable region.
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