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Solid
Earth PDO reconmultidecadal relationship with
the Asian-based
structions points to an unidentified teleconnection mechanism that affects Madagascar rainfall/runoff, most likely triggered by multidecadal changes in North Pacific SST, influencing the Asian Monsoon circulation. In the 20th century we decouple human deforestation effects from rainfallCryosphere
induced soil erosionThe
by pairing
luminescence with coral
geochemistry. Positive PDO phases are associated with increased Indian Ocean temperatures and runoff/rainfall in
eastern Madagascar, while precipitation in southern Africa
and eastern Australia declines. Consequently, the negative
PDO phase that started in 1998 may contribute to reduced
rainfall over eastern Madagascar and increased precipitation
in southern Africa and eastern Australia. We conclude that
multidecadal rainfall variability in Madagascar and the western Indian Ocean needs to be taken into account when considering water resource management under a future warming
climate.
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Abstract. Pacific Ocean sea surface temperatures (SST) influence rainfall variability on multidecadal and interdecadal
timescales in concert with the Pacific Decadal Oscillation
(PDO) and Interdecadal Pacific Oscillation (IPO). Rainfall
variations in locations such as Australia and North America are therefore linked to phase changes in the PDO.
Furthermore, studies have suggested teleconnections exist
between the western Indian Ocean and Pacific Decadal
Variability (PDV), similar to those observed on interannual timescales related to the El Niño Southern Oscillation
(ENSO). However, as instrumental records of rainfall are
too short and sparse to confidently assess multidecadal climatic teleconnections, here we present four coral climate
archives from Madagascar spanning up to the past 300 yr
(1708–2008) to assess such decadal variability. Using spectral luminescence scanning to reconstruct past changes in
river runoff, we identify significant multidecadal and interdecadal frequencies in the coral records, which before 1900
are coherent with Asian-based PDO reconstructions. This
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Introduction

Tropical Indian Ocean warming in the 20th century has accelerated since the late 1970s, affecting rainfall patterns and
intensity across much of the western Indian Ocean and adjacent landmasses of eastern and southern Africa (Richard
et al., 2000; Funk et al., 2008). As both these regions heavily
depend on regular rainfall for food production and ecosystem
sustainability (Fleitmann et al., 2007), the uncertainty in the
rainfall response to accelerated warming of the Indian Ocean
is a serious socioeconomic issue of global importance (Funk
et al., 2008). To fully assess this response it is necessary to
identify the long-term natural rainfall patterns, yet we currently lack an understanding of the major drivers of natural
decadal rainfall variability in the Indian Ocean and the regional synergy with global warming (Cane, 2010). Some evidences indicate that decadal and interdecadal South African
rainfall is associated with the El Niño–Southern Oscillation
(ENSO) due to the shifting tropical temperature troughs in
response to large-scale changes in Indo-Pacific sea surface
temperature (SST) and sea level pressure (SLP) (Reason
and Rouault, 2002). Since rainfall patterns are sensitive to
SST change, which includes both natural internal variability
and anthropogenic forcing, here we investigate natural multidecadal and interdecadal modulation of Indian Ocean rainfall/river runoff in response to Indo-Pacific SST variability.
The Pacific Decadal Oscillation (PDO) is a major mode
of climate variability (Mantua et al., 1997). Positive PDO
phases are characterised by lower than average SST in the
central midlatitude Pacific and warm anomalies along the
northern and eastern margins, and south of 30◦ N. The PDO
is remotely forced from the Tropics in part (Schneider and
Cornuelle, 2005), and responsible for strong multidecadal
(50–70 yr) (Minobe, 1997) and interdecadal Pacific oscillations in SST (IPO; 17–28 yr) (Meehl and Hu, 2006). The
PDO is considered as the leading mode of North Pacific SST
variability, defined by instrumental data for the past 120 yr
(Mantua et al., 1997), and recognised in extended proxy time
series, e.g. tree ring records of rainfall in NE Asia (D’Arrigo
and Wilson, 2006).
The IPO is often referred to as a Pacific-wide manifestation of the PDO (Power et al., 1999). The IPO is known
to modulate ENSO over eastern Australia, whereby negative phases increase the intensity and frequency of wet
La Niña events (Power et al., 1999; Kiem et al., 2003;
Kiem and Franks, 2004; Verdon et al., 2004). As the PDO
and IPO indices highly correlate (correlation = 0.86), Henley
et al. (2011) refer to them collectively as the IPO-PDO
phenomena. However, significant differences exist between
published IPO-PDO reconstructions that extend beyond the
1900s (Biondi et al., 2001; D’Arrigo et al., 2001; Gedalof
and Smith, 2001; MacDonald and Case, 2005; D’Arrigo and
Wilson, 2006; Shen et al., 2006; Henley et al., 2011). Henley et al. (2011) suggest this is because of uncertainties
associated with the paleo-data itself and its interpretation,
Clim. Past, 9, 641–656, 2013

nonlinearities and errors in the original physical data analysis, nonstationarity of the proxy/climate relationship, and/or
the different levels of explained variance between the various
proxies at various locations.
Given the significant differences between published IPOPDO reconstructions, the persistence of the PDO pre-1900
has been debated (Di Lorenzo et al., 2008; Henley et al.,
2011). It has been suggested that no well-defined coupled
ocean-atmosphere “mode” of variability exists in the Pacific on decadal to interdecadal timescales, since paleoclimate records conflict and instrumental records are too short
to provide a robust assessment (Biondi et al., 2001; Gedalof
et al., 2002; Schneider and Cornuelle, 2005). Schneider and
Cornuelle (2005) suggest that the PDO is not itself a mode of
variability but is a blend of three phenomena. Nevertheless,
the North Pacific and the equatorial Pacific do vary on interdecadal to multidecadal timescales, and the manifestation
of this Pacific Decadal Variability (PDV) and its influence on
surrounding regions needs to be better understood (Schneider
and Cornuelle, 2005).
Mounting evidence indicates that the PDO or PDV has
teleconnections extending to the Indian Ocean (Cole et al.,
2000; Crueger et al., 2009). The positive PDO phase corresponds to warm Indian Ocean SST anomalies (Deser et
al., 2004), thought to exceed SST anomalies associated with
ENSO (Krishnan and Sugi, 2003), particularly in the southwestern Indian Ocean (Fig. 2a) (Meehl and Hu, 2006). While
it is evident that changing rainfall patterns over Australia
(Power et al., 1999; Arblaster et al., 2002; Verdon et al.,
2004; Meinke et al., 2005) and North America (Mantua et al.,
1997; Minobe, 1997) respond to the PDO, links to rainfall in
southeastern Africa and the western Indian Ocean have only
been suggested (Deser et al., 2004; Zinke et al., 2008). In this
study we investigate the primary modulators of Madagascar
(SW Indian Ocean) rainfall on multidecadal and interdecadal
timescales by applying coral cores.
Massive corals such as Porites spp. offer century-long geological archives locked within their skeletons. Further, corals
that reside close to river systems can potentially record temporal variability in soil and sediment erosion, resulting in
highly resolved and continuous proxy records of changing
terrestrial impacts on the coastal ocean (McCulloch et al.,
2003; Fleitmann et al., 2007; Lough, 2007, 2011a) (Appendix A). Luminescence in banded corals is indicative of
past humic acid runoff from river discharge (Isdale, 1984;
Susic and Boto, 1989; Susic et al., 1991; Matthews et al.,
1996; Isdale et al., 1998; Wild et al., 2000; Grove et al.,
2010, 2012) (Appendix A), while skeletal Ba/Ca as an indicator for past suspended sediment runoff (Alibert and McCulloch, 1997; McCulloch et al., 2003; Sinclair and McCulloch, 2004; Maina et al., 2012). Here we present up
to 300 yr of monthly resolved proxy records of soil erosion from four giant Porites spp. colonies growing in two
coastal marine catchments of eastern Madagascar (Fig. 1)
(Appendix A). Significant temporal correlations of Ba/Ca
www.clim-past.net/9/641/2013/
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Fig. 1. Map of the region where coral cores MAS1, MAS3, MASB
and ANDRA were drilled. Coral locations (stars) and their corresponding rivers and watersheds (grey shaded areas) are marked accordingly in Antongil Bay. The largest river is the Antainambalana,
influencing MAS1, MAS3 and MASB. ANDRA is also influenced
by a separate river, the Ambanizana, flowing south westward into
the bay.

with luminescence have previously been observed in studies using the same coral cores analysed here (Grove et al.,
2010, 2012). As well as the runoff proxies, Sr/Ca and Mn/Ca
data are presented in this study. Coral skeletal Sr/Ca is an indicator of SST (Beck et al., 1992; Corrège, 2006; Alibert and
McCulloch, 1997) and Mn/Ca is used as an indirect indicator
of ash fallout from slash-and-burn deforestation (Abram et
al., 2003).
2 Materials and methods
2.1

Research area and climate setting

Coral cores were taken from Antongil Bay in NE Madagascar, which is surrounded by one of the country’s largest
remaining rainforests (Birkinshaw and Randrianjanahary,
2007). Air temperature and rainfall in Antongil Bay was
monitored for the period 1992 to 1996 (Kremen, 2003). Antongil Bay is characterised by an August–December cold-dry
season and a January–July warm-wet season. Air temperatures peak in December and January and are lowest between
July and September. Highest rainfall occurs between January
and April, while lowest rainfall occurs between September
and November (Kremen, 2003; Jury et al., 1995). The annual
average precipitation at Andranobe (coral site ANDRA) was
6049 mm (1 SD = 979 mm) between 1992 and 1996. Highest
river discharge occurs between January and April, reaching
lows in October and November (Gerten et al., 2008).
www.clim-past.net/9/641/2013/
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Coral sampling and analysis

Three live corals MAS1, MAS3 and ANDRA were drilled
in March 2007 from Antongil Bay, NE Madagascar, dating
back to 1904, 1880 and 1914, respectively (Figs. 1 and S1;
Table S1 in the Supplement) (Grove et al., 2010). Another
live coral, MASB (15◦ 30.566 S; 49◦ 45.437 E), was drilled
in October 2008, dating back to 1708 (Figs. 1 and S2; Table S1 in the Supplement). Three of the corals used for this
study, MAS1, MAS3 and MASB are directly influenced by
a major river draining into the Bay, named Antainambalana
(Fig. 1) (Grove et al., 2012). Its source lies 1450 m above
sea level and its watershed covers an estimated 4000 km2 .
As well as being influenced by the Antainambalana, a fourth
coral, ANDRA, is located 30 km south of MAS1/3/B, and
is located 7 km from a much smaller river called the Ambanizana, which has a watershed of 160 km2 (Grove et al.,
2012).
All cores were sectioned into 7 mm slabs, cleaned with
sodium hypochlorite (NaOCl, 10–13 % reactive chloride;
Sigma-Aldrich Company) for 24 h to remove residual organics that would quench luminescence (Nagtegaal et al.,
2012), and subsequently scanned under UV light to measure
continuous spectral luminescence ratios (G/B; Green/Blue)
(Grove et al., 2010). MASB was cleaned for a further 24 h
with NaOCl to remove resistant organic contaminants that
remained after a single cleaning step. Corals were dated by
counting density and luminescent bands down core (Hendy
et al., 2003; Grove et al., 2010). Annual growth bands were
visualised by X-radiograph-positive prints, and the growth
axis of the coral slab was defined as the line normal to these
bands (Helmle et al., 2011). All four corals used in this study
displayed wide luminescent bands (Figs. S1 and S2 in the
Supplement), reflecting the broad seasonal cycle in both precipitation and river discharge that are characteristic of the
study site (Grove et al., 2012; Maina et al., 2012). Age models for all corals are based on seasonal cycles in luminescence (G/B) (Figs. S1 and S2 in the Supplement). All coral
age models for luminescence (G/B) data were based on G/B
anchor points that correspond to October, the lowest (driest)
value in any given year (Grove et al., 2010). For each high
resolution G/B data point we assigned a date between the
October anchor points using AnalySeries 2.0 (Paillard et al.,
1996). The luminescence (G/B) data were then converted to
a monthly timescale (12 samples per year) using a further interpolation step between the October minima values (Paillard
et al., 1996), the driest month in the Antongil Bay region
(Kremen, 2003; Grove et al., 2010).
Spectral luminescence scanning (SLS) was performed on
bleached coral slabs using a line-scan camera fitted with a
Dichroic beam splitter prism, separating light emission intensities into three spectral ranges; blue (B), green (G) and red
(R) (Grove et al., 2010). Since the spectral emissions of humic acids (G) are slightly longer than aragonite (B), spectral
G/B ratios reflect the changing humic acid/aragonite ratios
Clim. Past, 9, 641–656, 2013
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within the coral skeleton (Grove et al., 2010) (Appendix A).
The precision of the G/B ratio was obtained from the top
10.5 cm-long section of the ANDRA coral core by taking
replicate measurements (5-fold) and calculating the standard
deviation as a proportion of the mean G/B value. The median error was 1.56 % (−0.12/+4.54), which translates to an
absolute median error of 0.015 (−0.001/+0.043). Luminescence imaging of the MAS3 core revealed some dark stains
in the older sections of the core, therefore as a precaution
luminescence data starts in 1930. A composite G/B record
was created by normalising the 4 coral cores by removing a
common period (1961–1990) and averaging the records together. This reduces the local signals associated with each
core, allowing us to assess the regional response to runoff.
The composite G/B record was used when applying record
segmentation analysis (Supplement) and assessing relationships with observational climate data (Appendix A).
Laser-Ablation Inductively Coupled Plasma Mass Spectrometry (Laser-Ablation ICP-MS) profiles were taken to
analyse the trace element ratios of Sr/Ca, Ba/Ca and Mn/Ca
at 40 µm intervals on the coral cores MAS1 and MAS3 at
ANU Canberra (Sinclair et al., 1998; Fallon et al., 2002).
Data were first smoothed using a 10 point running mean
to reduce the influence of outliers, followed by a 10 point
stepped mean to reduce data volume. This procedure reduced the sampling resolution from 40 µm to about 200 µm
per sample point. At an average growth rate of about 1 cm
per year for Porites spp., this resulted in a sampling resolution of 50 samples per year. To determine accuracy, a NIST
614 glass standard and a pressed coral standard were used
(Fallon et al., 1999, 2002). Daily and long-term (5 month)
reproducibility was monitored by repeated measurements of
the pressed coral standard and an in-house coralline sponge
standard (Fallon et al., 1999). The daily and long-term reproducibility was 1.6 % and 3.3 %, respectively. The analytical
internal precision for Ba/Ca was 4.3 % RSD (Fallon et al.,
1999). Further details on the methodology and standards are
available in Fallon et al. (1999, 2002).
Laser-Ablation ICP-MS profiles cover the entire age of
MAS1 (1904–2006) and since 1935 for MAS3 (1935–2006)
(Table S1). Age models for Sr/Ca, Mn/Ca and Ba/Ca for all
corals are based on Ba/Ca anchor points that correspond to
October, the lowest (driest) value in any given year (Kremen,
2003; Grove et al., 2010, 2012). In a first interpolation step
(based on the 50 samples per year resolution) we assigned a
date to each data point using AnalySeries 2.0 (Paillard et al.,
1996). Subsequently, in a second step, we interpolated the
high resolution data to a monthly timescale.
In this study we assess coral proxy records together with
the SST and rainfall data available. For SST data we used
gridded ERSST (v.3) (Smith et al., 2008). For rainfall we
used data from the Climate Research Unit (CRU) at the
University of East Anglia (CRU TS3) (Mitchell and Jones,
2005), CMAP (Xie and Arkin, 1997), NCEP/NCAR reanalysis (Kalnay et al., 1996), CAMS OPI (Janowiak and Xie,
Clim. Past, 9, 641–656, 2013
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Fig. 2. Time series of annual mean G/B anomalies of the MASB
data (a) for 1709–1920 (thin line). The thick curve represents the
reconstructed long-term variation of MASB from the first two SSA
(Singular Spectrum Analysis) modes that represent 55 % of the total MASB variability. Time series of the MASB data (b) in which
the long-term variation in (a) is subtracted. An 11 yr running average (red) is applied to the time series in order to visualise the
interdecadal and multidecadal changes. The spectrum of (a) and (b)
are shown in (c) and (d), respectively. Confidence levels are indicated with green (99 %), red (95 %), blue (90 %) and green dashed
(median) lines, respectively.

1999) and the longest continuous precipitation record from
Madagascar (Antananarivo; WMO station 67083). Singular
Spectrum (SSA) (Ghil et al., 2002) and coherence analysis, cross-wavelet analysis (Grinsted et al., 2004) and record
segmentation were the primary statistical methods applied to
time series presented here.
3
3.1

Results and discussion
River runoff reconstructions using coral
luminescence

We measured the G/B ratio in corals to determine seasonally
resolved soil-derived humic acid runoff resulting from hinterland rainfall (Grove et al., 2010) (Appendix A). A spatial
assessment study of coral cores from Antongil bay revealed
that absolute coral G/B values and seasonality are related to
discharge rates of individual rivers (Grove et al., 2012). All
coral records used in this study shared a significant amount of
variance on annual timescales, with the only exception being
MAS3 G/B with MASB G/B (Table 1; Fig. A1). When correlating the four coral MAS G/B composite record with different rainfall datasets, clear significant positive relationships
are observed in the Antongil bay region (Fig. A2). Although
different rainfall datasets show a varying degree of correlation with G/B (Fig. A2), all are significant, with the highest
relationship being with NCEP/NCAR reanalysis (Kalnay et
al., 1996) (R = 0.421; P = 0.0014; N = 50).
www.clim-past.net/9/641/2013/
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Table 1. Correlations of annual average G/B and Ba/Ca between coral records. Correlations are calculated using the maximum number (N )
of years shared between corals. Individual G/B records are graphically shown in Fig. A1.
Coral Cores

G/B

Ba/Ca

MAS1 vs. MAS3
MAS1 vs. ANDRA
MAS1 vs. MASB
MAS3 vs. ANDRA
MAS3 vs. MASB
ANDRA vs. MASB

R = 0.430; P < 0.001; N = 71
R = 0.627; P < 0.001; N = 92
R = 0.482; P < 0.001; N = 102
R = 0.568; P < 0.001; N = 71
R = 0.129; P = 0.284; N = 71
R = 0.433; P < 0.001; N = 92

R = 0.656; P < 0.001; N = 71

A recent hydrological model-coral proxy comparison
study for the Antainambalana river watershed revealed that
rainfall, river discharge and sediment runoff explained the
variance in coral proxies of terrestrial river runoff (Maina
et al., 2012). However, correlations of MAS1 G/B with a
regional rainfall dataset located 200 km from the coral site
showed a low yet statistically significant relationship (Grove
et al., 2010). We suggest that this relationship was dampened by the well documented slash-and-burn deforestation
period NE Madagascar experienced in the mid-century during the social uprising (Green and Sussman, 1990; Harper et
al., 2007). As G/B is an indicator of humic acid runoff and
not rainfall, G/B variability can also be related to deforestation induced erosion.
3.2

Pre-anthropogenic climatic modulation of runoff

We investigated pre-anthropogenic climatic modulation of
humic acid runoff by analysing the 300 yr long coral core
record, dating from November 1708 to November 2008
(MASB; Fig. 1). To eliminate any potential anthropogenic
impact on past humic acid runoff we first focused on the period 1709–1920 (Fig. 2). Annual mean time series of the G/B
data (Fig. 2a) and its spectrum (Fig. 2c) identified frequencies at centennial, multidecadal and interdecadal timescales.
In particular, the centennial and multidecadal spectral peaks
were above the 95 % confidence level. We next removed the
long-term centennial variability from the time series to focus on shorter timescales, i.e. multidecadal and interdecadal,
which are the subjects of the present study. The long centennial variability was reconstructed using the first and second
mode of the singular spectrum analysis (SSA), as shown by
the low-frequency solid line in Fig. 2a. The residual time series (Fig. 2b) showed no trend or long-term centennial variability, with its periodicity concentrated in the 50–70 yr and
20–30 yr bands (Fig. 2d), similar to the dominant periodicity associated with Pacific decadal variability (PDO and
IPO), known to influence Indian Ocean SST (Krishnan and
Sugi, 2003; Cole et al., 2000; Deser et al., 2004; Crueger et
al., 2009). The multidecadal peak of the residual time series
(Fig. 2b) remained above the 95 % confidence level with the
removal of the long-term centennial variability. However, the
www.clim-past.net/9/641/2013/

interdecadal (20–30 yr bands) spectral peak remained below
the 95 % confidence level.
The multidecadal and interdecadal variability in MASB
G/B between 1709 and 1920 explained 7 % and 4 % (total
of 11 %) of the total variability, respectively. This was considerably lower than the long-term centennial variability of
55 %. When the centennial variability was subtracted from
the record (Fig. 2), the 50–70 yr band explained 18 % of the
residual time series variability (Fig. 2b) and the 20–30 yr
band 9 % (total of 27 %). As the IPO-PDO is known to influence Indian Ocean SST (Krishnan and Sugi, 2003; Cole et
al., 2000; Deser et al., 2004; Crueger et al., 2009), we investigated the relationship of MASB G/B with the IPO-PDO on
multidecadal and interdecadal timescales. Since the instrumental PDO index (Mantua et al., 1997) only dates back to
1880, the 1709–1920 MASB G/B time series was compared
to a number of PDO reconstructions to further investigate
decadal variability in runoff (Figs. 3 and S3). In agreement
with Shen et al. (2006) and Henley et al. (2011), we observed
a large spread between the individual PDO reconstructions.
Some indicated stronger power related to the interdecadal
component of the PDO (IPO), and others the multidecadal
component (Fig. S3).
For the MASB G/B time series, we observed most coherence with the PDO reconstructions from Asia (D’Arrigo
and Wilson, 2006; Shen et al., 2006), both on interdecadal
and multidecadal timescales (Figs. 3, 4 and S3). The dominant spectral peak of the D’Arrigo and Wilson (2006) index was between 20–40 yr, yet the Shen et al. (2006) index
was between 50–70 yr (Fig. S3). The MASB G/B time series also showed similarities with the Mann et al. (2009) SST
reconstruction and with the combined PDO reconstruction
of Henley et al. (2011) (Figs. 3 and S3). When considering the North American based PDO reconstructions specifically (Biondi et al., 2001; D’Arrigo et al., 2001; Gedalof and
Smith, 2001; MacDonald and Case, 2005), the Madagascar
runoff record showed an anti-phase relationship or a delayed
response between 1709 and 1850 (Figs. 3 and S3). This is
particularly highlighted in the MacDonald and Case (2005)
PDO reconstruction, where although strong multidecadal and
interdecadal coherence is observed, the two records clearly
show an opposite or delayed response between 1709 and
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Coherence
Coherence

Coherence

1850 (Figs. 3 and S3). This is also apparent with the Biondi
et al. (2001) record, yet not as pronounced (Fig. 3 and S3).
To investigate time-dependent frequency relationships between MASB G/B and the reconstructed PDO indices we applied a wavelet coherence analysis (Fig. 4). Similar to the
visual time series comparison, clear multidecadal and interdecadal relationships were observed between MASB G/B
and the Asian PDO reconstructions (Fig. 4d, f; D’Arrigo
and Wilson, 2006; Shen et al., 2006), whereby an in-phase
relationship existed on multidecadal timescales. On interdecadal timescales, an in-phase relationship was observed
between MASB G/B and the D’Arrigo and Wilson (2006)
PDO reconstruction, while the Shen et al. (2006) reconstruction indicated an anti-phase relationship in the early
part of the record (1709–1800). Other PDO reconstructions
showed rather patchy coherence, with the exception of the
MacDonald and Case (2005) index, which again indicated a
delayed response on multidecadal timescales, such that the
PDO lead the MASB G/B record. However, it should be

Coherence

Fig. 3. Comparison of the higher frequency MASB G/B data (as
represented in Fig. 2b) for 1709–1920 (a–h; red line), with a
variety of reconstructed PDO indices (black line), including the
(a) Biondi et al. (2001), (b) Gedalof and Smith (2001), (c) D’Arrigo
et al. (2001), (d) D’Arrigo and Wilson (2006), (e) MacDonald and
Case (2005), (f) Shen et al. (2006), (g) Mann et al. (2009) and
(h) Henley et al. (2011) records. The MASB G/B data were standardised and all reconstructed PDO time series were detrended and
subsequently standardised prior to the analysis. An 11 yr running
average was applied to both the MASB G/B and PDO time series in
order to visualise the interdecadal and multidecadal changes.
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Fig. 4. Cross-wavelet coherence analysis of MASB G/B 1709–1920
data (as represented in Fig. 2b, with the centennial scale variance removed.) with a variety of reconstructed PDO indices, including the
(a) Biondi et al. (2001), (b) Gedalof and Smith (2001), (c) D’Arrigo
et al. (2001), (d) D’Arrigo and Wilson (2006), (e) MacDonald and
Case (2005), (f) Shen et al. (2006), (g) Mann et al. (2009) and
(h) Henley et al. (2011) records, as shown in Fig. 3. The 5 % significance level against red noise is shown as a thick contour. Phases are
indicated as arrows, where directing right represents an in phase,
and a clockwise direction indicates a lead of the PDO.

noted that such timescales are still too short to fully resolve
coherence at multidecadal timescales, and that wavelet coherence should be interpreted carefully when hypothesising
exact phase relationships. Therefore, to validate the relationship between the PDO and MASB G/B we applied another
approach by means of filtering the time series.
As the clearest in-phase coherence of the coral runoff
record was observed with both the NE Asia tree ring based
PDO reconstruction (D’Arrigo and Wilson, 2006) and the
eastern China flood/drought PDO reconstruction (Shen et al.,
2006) (Fig. 5a, grey boxes), we focus on these time series for
the remainder of this study. We applied a 50–70 yr band pass
filter to the data as this is the defined frequency of the PDO
(Minobe, 1997) (Fig. 5c). The D’Arrigo and Wilson (2006)
record showed near identical changes in phase and timing
with the coral runoff record for over two centuries in the
www.clim-past.net/9/641/2013/
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a

multidecadal frequency band (Fig. 5c), then diverged from
each other after the 1920s, when considering the entire G/B
1708–2008 period (Fig. 5c). Coherent temporal changes in
signal timing and phase between both records showed that
positive phases of the PDO corresponded to positive runoff
anomalies (Fig. 5c). Comparing the filtered Shen et al. (2006)
PDO reconstruction with the coral runoff record revealed
similar changes in timing and phase for over two centuries in
the multidecadal frequency band (Fig. 5c). However, again
when considering the entire G/B 1708–2008 period the two
records diverged from each other after the 1920s, similar to
the D’Arrigo and Wilson (2006) record (Fig. 5c).
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Fig. 5. Typical positive PDO phase (a) indicated by global SST
anomalies. Yearly (May–April) global SST (ERSSTv.3) correlate
with the PDO index (Mantua et al., 1997), with positive and negative anomalies at > 95 % significance level indicated by colours.
The black outlined box on the map (a) shows the strong negative
anomalies of the central North Pacific during a positive PDO phase.
The grey shaded box 1 (a) indicates the region used to compile the
NE Asian 500 yr reconstructed tree ring PDO index (D’Arrigo and
Wilson, 2006), and box 2 the region used to compile the eastern
China 530 yr reconstructed drought/flood PDO index (Shen et al.,
2006). Monthly MASB G/B (grey line) and the 11 yr running mean
(black line) are shown (b) together with the 50–70 yr band passfiltered (0.017 ± 0.003) data up to 1920 (green). Peaks and troughs
(b) represent multidecadal positive (red) and negative (blue) runoff
anomalies. The same 50–70 yr band pass filter (c) is also applied to
the NE Asia PDO reconstruction (black), the eastern China PDO reconstruction (red), MASB G/B 1708–2008 (purple) and MASB G/B
1708–1920 (green). Both PDO reconstructions are coherent with
the MASB G/B 1708–1920 time series (c), therefore positive PDO
phases are associated with positive runoff anomalies. When considering the total MASB G/B time series (1708–2008), the relationship
with both PDO reconstructions breaks down post 1920.
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Post-1920 climatic modulation of runoff

To further investigate post-1920 PDO modulation of eastern
Madagascar soil runoff, we also analysed the G/B records
of additional corals in combination with high resolution
geochemistry. Together, they allowed us to decouple the
three major components influencing eastern Madagascar soil
runoff; i.e. human land use changes and natural decadal
climate variability interacting with Indian Ocean warming.
Long-term changes in runoff appear in the 11 yr running
mean of both G/B and Ba/Ca in each coral (MAS1, Fig. 6a, c;
MAS3, Fig. 6d, f). An 11 yr running mean was applied to the
data in order to remove high-frequency noise and highlight
long-term trends (Fig. 6). Most pronounced is the continuous increase in humic acid runoff (G/B) since the mid-1970s
and sediment runoff (Ba/Ca) from the mid-1950s. In recent
years both proxies have increased to maximum values, seemingly in concert with rising south central Indian Ocean SST
(Fig. 6).
The longest continuous precipitation record from Madagascar (Antananarivo) is also in agreement with the two
coral Ba/Ca records and the south central Indian Ocean SST
dataset, whereby rainfall increased from the mid-1950s until the record ends in 1987 (Fig. 6b, e). Consequently, increasing Ba/Ca appears tightly coupled to rising SST and
precipitation (Fig. 6). However, unlike Ba/Ca, a reduced coherence between humic acid runoff (G/B) and Indian Ocean
SST is observed in the mid-20th century (Fig. 6). This suggests that factors other than rainfall may be involved in the
large-scale erosion of humic acids during this period. Discrepancies between G/B and SST occur in both cores analysed for geochemistry for the periods 1945–1955 and 1966–
1980, whereby G/B increases while SST decreases (1940–
1960) or remains stable (1960–1980). These periods are also
marked by enhanced coral Mn/Ca above the seasonal background (Figs. 6 and B1; Appendix B).
Mn is an indicator for biological activity in seawater
(Abram et al., 2003; Wyndham et al., 2004). Fallon et
al. (2002) and Alibert et al. (2003) proposed two possible
mechanisms for the seasonal cycle in Mn/Ca. An increase
in the photoreductive dissolution of suspended particulate
Mn oxides, which increases in spring with increasing solar
Clim. Past, 9, 641–656, 2013
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Fig. 6. An 11 yr running mean of MAS1 and MAS3 coral G/B (green) compared to the SST anomaly (ERSSTv.3) for the southern central
Indian Ocean 5–20◦ S, 60–90◦ E (black) since 1904 (a, d), the coral Mn/Ca (red solid; µmol mol−1 ) (b, e), and the Ba/Ca (blue) (c, f). Note
that multidecadal oscillations in G/B and Ba/Ca show high coherence with SST. Higher Mn/Ca ratios identify periods of slash-and-burn
deforestation that overprint the climatic control of humic acid runoff. Differences observed between Ba/Ca and G/B are linked to watershed
composition. A 360-month low pass filter of Antananarivo precipitation anomalies (18.80◦ S, 47.50◦ E, 1276 m, WMO station code: 67083
ANTANANARIVO/IVATO) is shown (black dashed; b, e), indicating increasing rainfall conditions until 1987. Note that this precipitation
record ends in 1987 due to recent data gaps.

radiation (Fallon et al., 2002; Alibert et al., 2003); or alternatively, a diagenetic release of Mn at the seawater sediment
interface as a result of reducing conditions induced by decaying organic matter produced in spring and summer (Alibert
et al., 2003). The latter process is what we infer from the Mn
spikes observed here, which we relate to intense deforestation periods (Abram et al., 2003; Wyndham et al., 2004).
High Mn levels are associated with decaying organic matter following ash fallout from wildfires, which promote phytoplankton blooms (red tides). As the organic matter decays
with time it produces reducing conditions, subsequently increasing seawater Mn concentrations (Abram et al., 2003;
Wyndham et al., 2004). Indeed, the pronounced increase in
Mn/Ca testifies to the well documented intense slash-andburn deforestation for upland rice cultivation between 1950
and 1980 (Green and Sussman, 1990; Harper et al., 2007), associated with the economic collapse of Madagascar and the
return to subsistence agriculture. In the MAS1 and MAS3
records, G/B increases approximately at the same time as
Mn/Ca during this period, which is consistent with the massive addition of organic matter after the documented periods
of high slash-and-burn deforestation (Green and Sussman,
1990; Harper et al., 2007). Segmentation analysis (Webster,
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1973, 1980) of the coral composite G/B record (MAS1,
MAS3, MASB and ANDRA) further highlights these mid20th century human deforestation periods, as well as climatic
shifts associated with the IPO-PDO (Fig. C1; Appendix C;
Supplement).
The coupling between increasing runoff and south central
Indian Ocean warming is evident after the prominent climate shift around 1976/1977, when both global mean temperatures and runoff strongly increased (Fig. 6) (Meehl et
al., 2009). As Mn is also associated with seasonal soil runoff
through erosion (Lewis et al., 2007), we observe similar increasing linear trends in the G/B and Mn/Ca ratios (Fig. B1;
Appendix B). Because G/B is a direct indicator of soil erosion and not rainfall, we attempted to remove the deforestation effect using the available coral geochemical records
(MAS1 and MAS3; MAS1/3 composite), by subtracting the
normalised MAS1/3 Mn/Ca composite record from the normalised MAS1/3 G/B composite record, prior to singular
spectrum analysis (Figs. 7 and B1; Appendix B). This also
removed the long-term erosion trend, resulting in a MAS1/3
G/B-Mn/Ca composite record that reflects the natural rainfall
variability, now increasing from the mid-1950s in agreement
with the SST and Ba/Ca data (Figs. 6 and 7).
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Fig. 8. A 50–70 yr band pass filter (0.017 ± 0.003) applied to (a)
MAS1 Ba/Ca (dashed) and MAS1 G/B-Mn/Ca (solid); and (b)
MAS1 Sr/Ca data (dashed) and the Mantua PDO index (solid). The
grey bars represent the transition years of different phase changes
of the PDO.

Latitude

c

Longitude

Correlation coefficient

Fig. 7. The 11 yr running means (a, b) of the normalised MAS1/3
(MAS1 and MAS3 combined; Appendix B) G/B composite record
(green), normalised MAS1/3 G/B-Mn/Ca composite record (red)
and the PDO (black). Note, with the removal of Mn/Ca from the
G/B record, runoff is more in phase with the PDO. The spatial
correlation of global SST (ERSSTv.3) with (c) the 360-month low
pass filter of normalised MAS1/3 G/B-Mn/Ca composite indicates
a PDO-like spatial SST patterns (Fig. 5a). Only correlations above
95 % significance level are shown. Correlations were computed at
http://climexp.knmi.nl/.

Spectral analysis of the monthly instrumental PDO index
(1880–present) (Mantua et al., 1997) and coral MAS1/3 G/BMn/Ca composite show strong power in the interdecadal and
multidecadal band (Fig. B2), which is in agreement with the
pre-1920 frequency analysis of MASB G/B and the Asian
based PDO indices (D’Arrigo and Wilson, 2006; Shen et al.,
2006) (Figs. 3 and S3). The tight temporal relationship of
the G/B-Mn/Ca composite time series with the PDO index
shows that a positive (negative) phase is associated with wet
(dry) conditions (Fig. 7). Interestingly, the G/B-Mn/Ca composite correlates with typical positive PDO-like conditions in
global SSTs, coupled with a positive correlation with south
central Indian Ocean SST (Figs. 7 and 8). Also, in the Sr/Ca
www.clim-past.net/9/641/2013/

temperature proxy record of MAS1, a positive PDO phase is
associated with a warm SST anomaly (Fig. 8), pointing to a
typical SST pattern found in the Indian Ocean in response
to Pacific decadal forcing (Krishnan and Sugi, 2003; Cole et
al., 2000; Deser et al., 2004; Crueger et al., 2009). The temporal alignment of all records (Sr/Ca, Ba/Ca, G/B-Mn/Ca)
with the PDO (Fig. 8) therefore argues for Pacific modulation of Madagascar river runoff and rainfall on multidecadal
timescales for at least the past 300 yr.
3.4

IPO-PDO climatic modulation of runoff

Madagascar is an iconic example of the extreme environmental impacts human deforestation and habitat destruction has
on soil runoff and land degradation (Green and Sussman,
1990; Harper et al., 2007). Human activity is also reported
for two 200–300 yr erosion records from Kenya (Malindi),
based on coral Ba/Ca, that show a simultaneous major shift
in base level runoff at 1906 ±3 yr and 1908 ±5 yr (Fleitmann et al., 2007). This 1908 shift in soil erosion was attributed predominantly to a change from traditional subsistence agriculture to intensive European land use practices introduced by the British settlers. The Kenya coral records also
indicate accelerated soil erosion between the late 1940s and
early 1950s and in the late 1970s following periods of intense drought, which occur simultaneously with shifts in the
Madagascar coral records presented here. Further, these multidecadal runoff changes co-occur with the 1905, 1947 and
1976 shifts in the PDO and IO SST, suggesting a possible
link to Pacific modulation of Kenyan soil erosion by rainfall. For the same (Malindi) coral, SST was reconstructed
using δ 18 O as a proxy (Cole et al., 2000). This was shown
to be strongly linked with Pacific decadal SST variability
and North Pacific SLP, supporting the importance of Pacific
decadal forcing on western Indian Ocean climate (Cole et al.,
Clim. Past, 9, 641–656, 2013
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Fig. 9. Spatial correlation of mean annual averages (May to April)
of the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997) with
global annually averaged (May to April) rainfall data produced by
the Climate Research Unit (CRU) at the University of East Anglia (CRU TS3) (Mitchell and Jones, 2005). Correlations are shown
over the globe (a) and for central and southern Africa (b). Colour
shading represents confidence of 95 % and greater. Red shading indicates positive correlations and green negative correlations. Note
the positive correlation of rainfall with the PDO over Madagascar and negative correlation over eastern Australia and the northern
Rocky Mountains, North America. Correlations were computed at
http://climexp.knmi.nl/.

2000; Cobb et al., 2001; Deser et al., 2004; D’Arrigo et al.,
2005).
The PDO/river runoff relationship in Great Barrier Reef
corals and east Australia river gauges is opposite to that in
Madagascar, as the negative PDO phase (i.e. 1947 to 1976)
is linked with higher river discharge, and vice versa for the
positive PDO phase (Lough, 2007; McGowan et al., 2009).
Correlating precipitation with the principle component time
series of the IPO (Meehl and Hu, 2006), and the PDO (Felis
et al., 2010) shows a negative response over eastern Australia
and southern Africa, and a positive response in eastern Madagascar and eastern Africa (Meehl and Hu, 2006; Felis et al.,
2010). A spatial correlation of the PDO and global rainfall
supports these results, with a negative correlation shown in
southern Africa, eastern Australia (Lough, 2007; McGowan
et al., 2009) and the northern Rocky Mountains (St. Jacques
et al., 2010), as well as a positive correlation in Madagascar (Fig. 9). Since Indian Ocean SST is sensitive to the PDO
(Krishnan and Sugi, 2003), and rainfall is linked to SST
(Goddard and Graham, 1999), runoff variability is ultimately
linked to Pacific Ocean decadal variability. During the positive IPO-PDO phases, higher mean SST is responsible for enhanced atmospheric convection over the Indian Ocean, which
in turn drives anomalous subsidence over southern Africa
and eastern Australia (Lough, 2007; Goddard and Graham,
1999; Richard et al., 2000; Hoerling et al., 2006; McGowan
et al., 2009). The robust Indian Ocean SST signal associated
with decadal Pacific SST and SLP variability is most likely
responsible for shifting the hydrological balance in the Indian Ocean, which is detected in the G/B and Ba/Ca records
from eastern Madagascar. However, the specific mechanisms
responsible for such teleconnections are beyond the scope of
this paper and require further investigation.
Clim. Past, 9, 641–656, 2013

Clear differences are observed between the PDO reconstructions before the 20th century. Henley et al. (2011) ascribe these differences to a number of possible reasons, including (1) uncertainties associated with the paleo-data itself and its interpretation, (2) nonlinearities and errors in
the original physical data analysis, (3) nonstationarity of the
proxy/climate relationship, and/or (4) the different levels of
explained variance between the various proxies at various locations. Schneider and Cornuelle (2005) suggest that perhaps
the PDO is not itself a mode of variability but is a blend of
three phenomena. Given instrumental records are too short
to provide a robust assessment and paleoclimate records conflict regarding timescales (Biondi et al., 2001; Gedalof et al.,
2002), we cannot rule out this possibility that no well-defined
coupled ocean-atmosphere “mode” of variability exists in
the Pacific on decadal to multidecadal timescales pre-1900.
However, what is clear is that a strong teleconnected response
does exist between eastern Asia and the southwest Indian
Ocean on multidecadal and interdecadal timescales beyond
the 1900s, likely driven by SST variability in the northern
Pacific and southwestern Indian Ocean. The MASB coral luminescence record highlights this with its strong continuous
coherence with the Asian PDO reconstructions.
The long-term coral data presented here suggest that
southwest Indian Ocean rainfall is indirectly linked to Pacific decadal variability, transmitted through the Asian Monsoon circulation. Consequently, for the upcoming decades,
rainfall in eastern Madagascar is expected to decrease, as the
PDO is currently in a transition from a positive to a negative phase. Elsewhere, IPO-PDO teleconnected regions with
weaker rains in recent decades should experience more precipitation, i.e. in eastern Australia and southern Africa (Cai
and van Rensch, 2012). It remains a major milestone in future research to unravel if and when projected anthropogenic
warming of the Indian Ocean (Forster et al., 2007) will dominate rainfall over the inherent multidecadal component. The
data presented here illustrate this interplay as an acceleration
of rainfall and erosion following the prominent 1976/1977
climate shift (Meehl et al., 2009), which is related to both
anthropogenic and multidecadal forcing. However, we cannot rule out that mid-century deforestation may have also enhanced the observed post-1976 acceleration in G/B (Maina
et al., 2012).

Appendix A
Coral luminescence and G/B
Changing luminescent intensities observed in coral cores
were originally thought to be caused by the skeletal incorporation of soil-derived humic acids (Isdale, 1984; Susic
and Boto, 1989; Matthews et al., 1996; Isdale et al., 1998;
Wild et al., 2000). Variability in coral skeletal density and
architecture were later proposed as the cause since banded
www.clim-past.net/9/641/2013/
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luminescence is also observed in corals far from terrestrial
inputs (Barnes and Taylor, 2001, 2005). However, a combination of both humic acids and skeletal density/architecture
likely explain the observed changing luminescent intensities
in coral skeletons. To accurately reconstruct river runoff, deconvolution of the two fractions is required (Grove et al.,
2010).
Spectral luminescence scanning (SLS) is an applied technique that separates the intensity of coral luminescence emissions into three spectral domains: red, green, and blue (RGB)
(Grove et al., 2010). High-quality, normalised photoluminescence images are generated using SLS, which are composed
of multiple RGB pixels with a linear resolution of 71.4 µm
(Grove et al., 2010). As the luminescent emission signals of
humic acids (G) are slightly longer than aragonite (B), taking the green/blue (G/B) ratio identifies the amount of humic
acids locked within the coral relative to the skeletal density
(Grove et al., 2010). SLS resolves many density/architectural
effects associated with luminescence intensities, such as declining trends in intensity with coral age (Jones et al., 2009;
Lough, 2011a, b). For our study site of Antongil bay (NE
Madagascar), relationships of G/B with runoff/precipitation
have previously been formulated on comparisons with other
runoff proxies (Grove et al., 2010, 2012), modelled river discharge data (Grove et al., 2012; Maina et al., 2012) and/or
precipitation data from weather stations located hundreds of
kilometres form the study site (Grove et al., 2010). Here, we
show that G/B is significantly correlated with four separate
rainfall datasets for the Antongil region (Figs. A1 and A2),
verifying the precipitation link with coral records.
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Fig. A2. Spatial correlations of the annual mean MAS G/B composite record with rainfall data from (a) CRU TS3.10.01 (Mitchell and
Jones, 2005), (b) CMAP (Xie and Arkin, 1997), (c) NCEP/NCAR
reanalysis (Kalnay et al., 1996) and (d) CAMS OPI (Janowiak and
Xie, 1999). The mean annual average for the optimal correlation
with the G/B record has been chosen for individual rainfall datasets.
The G/B composite record was composed of MAS1, MAS3, MASB
and ANDRA for the common time period of 1930–2006. Only correlations > 95 % significance level are shown in colour. See legend
for correlation coefficients. Study area indicated by rectangular box
(stipled). Correlations computed at http://climexp.knmi.nl/.

Appendix B
Coral Mn/Ca
The coral Mn/Ca record is in and out of phase with the G/B
time series on seasonal timescales, highlighted by MAS1
(Fig. B1). This implies that Mn concentrations, associated
with slash-and-burn deforestation, increase in Antongil bay
during both the wet and dry seasons. Both G/B and Mn/Ca
also have similar linear trends (Fig. B1), indicating that a
fraction of Mn is likely flushed into the bay associated with
the soils or sediment (Lewis et al., 2007). To remove the
deforestation induced erosion signal from the G/B records,
we attempted a novel approach using the two coral records
MAS1 and MAS3. As the normalised monthly Mn/Ca and
G/B records, for both MAS1 and MAS3, had identical
Clim. Past, 9, 641–656, 2013
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Fig. B1. The seasonal alignment of (a) the MAS1 coral G/B record
with Mn/Ca values for the years 1970–1980. The complete MAS1
time series of normalised (b) G/B and (c) Mn/Ca is shown in green
and red, respectively. The 11 yr running means of (d) G/B and (e)
Mn/Ca are shown together with linear trends of monthly data (black
line). The regression equations of each line are given in the top left
hand
corner
of each plot. Note that the trend lines have a similar
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slope.
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Fig. B2. Spectrum of (a) the PDO index (Mantua et al., 1997) and
(b) the MAS1/3 G/B-Mn/Ca composite record. Monthly anomaly
data from January 1904 to October 2006 are used, whereby the
monthly climatology of 1904–2005 is removed. Confidence levels
are indicated with green (99 %), red (95 %), blue (90 %) and green
dashed (median) lines, respectively.

Fig. C1. Record segmentation of the 4 core composite G/B record
(MASB, MAS1, MAS3 and ANDRA), PDO index and south CIO
ERSST (Smith et al., 2008). (A) shows the raw G/B composite
record with a 13 point smoothing superimposed, (C) the south CIO
ERSST data with a 13 point smoothing superimposed, and (E) the
raw PDO time series with a 13 point smoothing superimposed. The
change points (green) which are above the 99 % (black dashed) and
95 % (grey dashed) significance level are shown for G/B (B), the
PDO index (D) and south CIO ERSST (F). Major change points are
indicated by years and transition periods by grey bands. The first
and last 10 yr cannot be used for interpretation.

Appendix C
standard deviation values of 1.0, for the same period, we created a composite G/B and composite Mn/Ca record based
on the two corals (MAS1/3). Records were normalised by
subtracting the mean and dividing by the standard deviation. By subtracting the normalised Mn/Ca composite record
from the normalised G/B composite record, we removed the
deforestation effect, as well as the long-term runoff trend
(Fig. B1), leaving a G/B-Mn/Ca record that primarily shows
the natural runoff variability (Figs. 7 and B2).
Clim. Past, 9, 641–656, 2013

Record segmentation analysis
Record segmentation analysis of the coral composite G/B
record, which includes MASB, MAS1, MAS3 and ANDRA
(Fig. 1), identify years within the G/B time series that correspond to phase changes in the PDO and south central Indian Ocean SST (CI SST) (Fig. C1; Supplement). Two major
shifts are detected in the PDO time series: between 1940 and
www.clim-past.net/9/641/2013/
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1951, towards a negative index, and between 1971 and 1985,
towards a positive index. The timing of these major shifts is
in agreement with PDO multidecadal changes as described
in previous studies (Minobe, 1997; Mantua et al., 1997).
The 1940–1951 shift of the PDO is associated with a shift
in the composite G/B record and SST data (Fig. C1). The
SST data, however, show a pronounced transition to cooler
SST between 1942 and 1952, hence approx. 1–2 yr after the
shift in the PDO (Fig. C2). This is most likely an artefact
created by the sampling bias in observational data for this
period (Gedalof et al., 2002). At the second major shift in
the PDO between 1971 and 1985, the south central Indian
Ocean SST show a transition from 1974 to 1988, whereas
G/B does not record this transition, with the exception of a
weak signal cantered at 1971 (Fig. C1). This is likely explained by a perturbation created by the 1970s deforestation period. In general, all transitions in G/B between 1950
and 1980 are moderate (e.g. in 1956), most likely caused
by the enhanced deforestation period, which is marked by
the highly pronounced Mn/Ca peaks (Figs. 4 and B1). Nevertheless, significant shifts (2 × 10-yr window) in the G/B
did occur in 1930, 1940, 1945, 1971, and 1994 (Fig. C1a).
The 1994 shift most likely marks the start of a transition to
a negative PDO phase on multidecadal timescales (Verdon
and Franks, 2006). Minor shifts in the PDO are associated
with the interdecadal frequency mode (Interdecadal Pacific
Oscillation/IPO) (Fig. C1).
Supplementary material related to this article is
available online at: http://www.clim-past.net/9/641/2013/
cp-9-641-2013-supplement.pdf.
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