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Proxy Development

Proxy interpretation

Corals provide a wealth of climatic information locked within their 
skeleton. However, diffi culties exist in extracting these climate signals to 
maximise their full potential in reconstructing past environmental conditions 
(Cohen et al., 2002; Reynaud et al., 2007;  Sinclair, 2005; Sinclair et al., 
2006). Coral skeletons are complicated structures, precipitated at different 
rates associated with an environmentally induced biological response 
(Helmle et al., 2011; Lough and Barnes, 1997, Lough and Barnes, 2000; 
Storz and Gischler, 2011). This indirectly infl uences the precipitation of the 
skeleton and subsequently the incorporation of geochemical signals through 
growth rate variability, affecting their ability to accurately reconstruct the 
past (Cohen and Gaetani, 2010; Meibom et al., 2006; Sinclair et al., 2006). 
Recent research has shown that the skeletal architecture has also hampered 
luminescence-based reconstructions, due the fl uorescent properties of the 
coral aragonite (Grove et al., 2010; Lough, 2010). Unlocking the climatic 
signal from the coral skeleton is the most challenging task modern coral 
paleoclimate scientists currently face. This thesis goes some way to addressing 
these problems, however, specifi cally in the case of paleothermometry there 
remains a huge task in front of us.  
 

Altering extension rates and densities in response to SST variability can 
result in a Sr/Ca signal not necessarily related to temperature (Allison and 
Finch, 2004; Felis et al., 2003; de Villiers et al., 1994). We found two eastern 
Madagascar corals of the same species sampled in the same environment 
that displayed opposing growth responses to SST. The resulting vital effects 
were so overwhelming that reconstructed temperature changes of one coral 
were opposite to that of the likely temperature signal (Chapter 5). Increasing 
extension rates over time led to increasing Sr/Ca values, with decreasing rates 
resulting in lower Sr/Ca signals. Similarly, during positive ENSO events, Sr/
Ca values increased (cooling) in response to a negative density anomaly, with 
a positive density anomaly resulting in a decreased Sr/Ca signal (warming). 

As the eastern Madagascar coral Sr/Ca records presented here differ 
from a number of other studies claiming no Sr/Ca growth effects (Alibert and 
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McCulloch, 1997; Inoue et al., 2007; Marshall and McCulloch, 2002; Shen et 
al., 1996), we cannot rule out the possibility that STM4 is simply an anomaly, 
and therefore the majority of other corals previously sampled are recording 
SST more accurately. However, if this were true and no growth effects exist, 
correlations between coral Sr/Ca records and SST would be far greater than 
the ones currently reported (Corrège, 2006). Given the poor correlations of 
our Sr/Ca records with SST and opposite trends and anomalies, our results are 
in agreement with de Villiers (1994, 1995) and Goodkin (2005, 2007), who 
also found that vital effects indeed have a signifi cant infl uence on the coral 
Sr/Ca, and need to be considered in order to reconstruct SST more accurately.

Previous research has found that pooling records together can increase 
the reliability of reconstructions (Cahyarini et al., 2008; Pfeiffer et al., 2009). 
However, in extreme circumstances where two corals display opposite signals, 
such as the data presented here, the coral composite record can actually be 
less reliable (Chapter 5). For reasons such as this, there is a greater need 
to sample more than one coral from a single site, and couple Sr/Ca results 
together with growth parameter measurements. Unless more than one coral is 
analysed from the same location it will remain diffi cult to assess whether or 
not a single coral has been overwhelmed by growth patterns. Measuring more 
than a single coral record, however, is not the complete solution in identifying 
growth related Sr/Ca variability. In circumstances where two corals from the 
same region both respond consistently to SST variability in terms of growth, 
the infl uence on Sr/Ca will likely be masked. Such a scenario would yield 
either an overestimation or underestimation of reconstructed SST depending 
on whether the growth response is positive or negative e.g. STM2. 

We suggest that all coral Sr/Ca records should be assumed to have 
been infl uenced by growth, and future developments in coral-based SST 
reconstructions should focus on removing this effect. Nevertheless, until 
two corals from the same location are shown to display opposing growth 
patterns and similar Sr/Ca trends and anomalies, the debate on whether or 
not coral growth infl uences coral skeletal Sr/Ca will continue. To this date, 
however, assuming our results are correct, there still remains an issue in fully 
removing the infl uence of vital effects, which would in turn further increase 
the reliability of coral-based SST reconstructions.
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Overcoming proxy issues

Previous attempts to correct Sr/Ca for growth effects have been made 
using a multiple regression approach (Goodkin, 2005; 2007). Further, 
pioneering research by Cohen and Gaetani (2010) and Gaetani and Cohen 
(2011) have suggested that in order to extract the SST signal from the skeletal 
geochemistry, a number of elements related to SST need to be taken into 
consideration, rather than a single proxy element to calcium ratio i.e. Sr/Ca, 
Mg/Ca, Ba/Ca. As SST-proxies are incorporated into the skeleton at different 
rates related to growth parameters, as well as SST, taking their relationship 
into consideration may reveal the real SST signal, by normalising the skeletal 
infl uence. This relationship between individual trace element/Ca ratios can 
then be extrapolated using a series of equations, providing an SST-proxy 
composite record, which can potentially provide more reliable coral-based 
SST reconstructions (Cohen and Gaetani, 2010; Gaetani et al., 2011).

Although initial signs of an SST-proxy composite record are promising, 
the basis for the model is theoretical and many unknowns remain to be 
solved. A substantial amount of research is therefore required to adequately 
normalise the coral skeletal infl uence (vital effect), separating the effects of 
growth related trace element partioning into the coral carbonate. If achieved, 
however, there is great potential for future coral-based SST reconstructions. 
For example, the research on coral skeletal luminescence demonstrates 
how skeletal normalisation can drastically improve climatic reconstructions 
(Grove et al., 2010). By effectively normalising the skeleton using spectral 
luminescence scanning (SLS), the key humic acid signal is optically extracted 
from the background coral aragonite signal, which is used to analyse past 
runoff changes, linked to rainfall (Grove et al., 2010). 

Previous to this research, luminescence-based reconstructions were 
hampered as there was much debate as to what were the underlying causes of 
coral skeletal luminescence; similar to the current issues we now face in terms 
of geochemical proxies i.e. Sr/Ca. Variability in emission intensities were fi rst 
thought to be caused by the incorporation of luminescent humic acids and 
soil-derived organic compounds introduced by seasonal river runoff (Isdale, 
1984; Isdale et al., 1998; Matthews et al., 1996; Susic and Boto, 1989; Wild 
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et al., 2000). Later, a changing coral density and architecture was proposed 
as the cause since massive corals form a skeleton of luminescent aragonite 
(MacRae and Wilson, 2008), and banded luminescence is also found in corals 
from oceanic environments, devoid of terrestrial inputs (Barnes and Taylor, 
2001, 2005). Taking both these theories into consideration, we hypothesised 
and proved that both factors were responsible for the luminescent signal in 
corals, and deconvolution of the two fractions was required to accurately 
reconstruct runoff. The resulting spectral luminescence ratio (Green/Blue; 
G/B) eliminated the skeletal luminescence signal, which has likely infl uenced 
a number of previous climate reconstructions. 

Much progress in river runoff reconstructions has been made through 
the application of spectral luminescence scanning. Nevertheless, a few 
problems still exist with the technique which we will continue to address. 
Firstly, for a number of coral cores, resistant organic substances are associated 
with the coral skeleton that cannot be fully removed by bleaching. These 
organics have a detrimental affect on the measured fl uorescent properties of 
the skeleton. In such cases, a more vigorous oxidising reagent is required 
to remove these organics, yet without infl uencing the skeletal geochemistry. 
Although we cannot remove these substances currently, we have the advantage 
of visualising them, as the image generated by SLS acts as an optical map. 
This enables us to avoid such organic discrepancies by drawing transects on 
the image that do not overlap the affected skeletal areas. Secondly, there is 
now a growing desire to apply the SLS technique to coral cores taken from 
the Great Barrier Reef (or an equivalent region), where river discharge 
data are highly resolved and abundant (Lough, 2011). Previously, we have 
only been able to correlate with precipitation data far from the study site in 
Madagascar (although signifi cant). Therefore, one of the problems associated 
with working in regions such as Madagascar is the lack of instrument data 
available to calibrate the method. One could argue, however, that applying 
such a technique to a region with little data available is one of the primary 
reasons why we need paleoclimate reconstructions. Still, a highly resolved 
calibration would serve a purpose to increase confi dence in the luminescence 
proxy.
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Calcifi cation: Implications for proxies

As the coral precipitates its aragonite skeleton, it regulates the transport 
of trace elements through its tissue layers by a number of active transport 
mechanisms, in turn regulating the pH at the calcifying site (Allemand et al., 
2004;  Furla et al., 2000; Ingalls et al., 2003). Although debated, it is also likely 
that the coral passively allows seawater to cross the tissue layer (Allemand et 
al., 2004). It is this passive mechanism that must be responsible for the humic 
acids to pass through the tissue layers and subsequently get incorporated into 
the skeleton as it is precipitated. As humic acids are not actively regulated at 
the coral calcifying site, nor affected by fractionation processes associated 
with calcifi cation, the G/B signal should give a clear indication of humic 
acids in the water column at the time of precipitation, linked to river runoff. 
However, unlike humic acids, geochemical temperature proxies (i.e. Sr/Ca, 
Mg/Ca, B/Ca) are likely affected by both active transport and fractionation 
processes, therefore single trace element/Ca ratio analysis can be infl uenced 
by growth (Sinclair, 2005). Again, the development of a multi-elemental 
composite record that can remove the growth related skeletal infl uence on the 
geochemistry is crucial in taking coral-based paleothermometry to the next 
level (Cohen and Gaetani, 2010; Gaetani et al., 2011). 

All coral-based proxies, and perhaps others i.e. foraminifera-based 
and/or bivalve-based, need to take calcifi cation and the skeletal structure 
into consideration to ensure accurate reconstructions. It is important to stress 
that in many cases climate is reconstructed from a living organism; therefore 
collaborations with biologists are important. For certain regions, previously 
reported luminescence intensities and Sr/Ca coral records have indicated 
improbable trends in runoff and temperature, respectively. These results are 
likely down to long-term trends in skeletal growth parameters (linked to 
environmental change, e.g. SST trends, variability and extremes) overprinting 
the environmental signal. Proxy development and a better understanding of 
calcifi cation, is therefore fundamental to increasing the accuracy of climate 
reconstructions. Moreover, robust proxy records are crucial to assess the 
extent climate change is modulated by natural oscillations and the modern 
human imprint. 
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Rainfall anomalies over Madagascar

The PDO and anthropogenic warming

Applying the spectral G/B ratio to our Madagascar coral records, 
specifi cally the long 300 year record (MASB), we were able to identify a 
climatic link to the northern Pacifi c Ocean. The Pacifi c Decadal Oscillation 
(PDO) has a frequency of 50-70 years, switching from a positive to a 
negative phase (Mantua et al., 1997). A positive PDO phase forces sea surface 
temperatures (SST) in the Indian Ocean to rise via a series of ocean-atmosphere 
teleconnections (Schneider and Cornuelle, 2005). Our research provides the 
fi rst evidence of a link between the PDO and Madagascar rainfall, whereby 
a positive PDO phase has a positive infl uence on rainfall. The increase in 
SST, associated with positive PDO phases, is therefore likely responsible for 
anomalously high rainfall conditions over the region. Similarly, a negative 
PDO phase causes anomalously low Indian Ocean SST and reduced rainfall 
over NE Madagascar. 

Understanding the relationship between sea surface temperatures and 
rainfall is fundamental to climate predictions (Neelin et al., 2003). A strong 
coupling between G/B and Indian Ocean SST provides further evidence 
that SST and rainfall over Madagascar are linked. Both show an accelerated 
increase since 1976 when global climate shifted to a new baseline level. This 
so-called 1976-shift was identifi ed as a change in the SST base-level state of 
the Pacifi c basin, which had an impact on all other ocean basins (Meehl et 
al., 2009). One of the primary reasons why the 1976 shift was so strong was 
that both the PDO phase and anthropogenic greenhouse forcing acted in the 
same positive direction (Meehl et al., 2009). However, post 1976 warming 
was not uniform in its magnitude across the Indian Ocean basin (Deser et 
al., 2010; Xie et al., 2010). As spatial heterogeneity in Indian Ocean SST 
controls the spatial pattern of rainfall over the Indian Ocean and adjacent 
land masses, maximum convection and rainfall is shown to shift towards the 
region with the maximum SST anomaly .(Neelin et al., 2003; Xie et al., 2010). 
This region of maximum anomalous SST, associated with anthropogenic 
warming, is located in the western Indian Ocean (Williams and Funk, 2011). 
A coupled positive PDO and anthropogenic warming could therefore explain 
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the increased convection over northeast Madagascar through rapidly rising 
Indian Ocean SST, which would therefore increase atmospheric moisture 
content, triggering more rainfall. Nevertheless, at this point it is unclear what 
the impact land-use change may have infl uenced the post-1976 accelerated 
G/B signal. 

It was diffi cult to distinguish between the combined decadal forcing and 
global warming effect on G/B from the local anthropogenic land use changes 
post-1950. The PDO signal was masked by the strong mid-20th century 
deforestation in Madagascar, which will have contributed in some level to the 
accelerated humic acid and sediment runoff traced by or corals.  We made a 
fi rst attempt to isolate the ‘natural’ decadal climate forcing of the PDO from 
that caused by deforestation through the application of multiple proxies (i.e. 
Mn/Ca) (Chapter 4). By separating the deforestation infl uence from our coral 
records (G/B-Mn/Ca) it is clear that the increasing trend had indeed been 
infl ated. Future research therefore needs to apply hydrological models that 
take into account the best available temporal land use and population change 
patterns in combination with our coral data to better quantify the role of 
climate versus anthropogenic forcing in regulating Madagascar river runoff. 

ENSO impact on rainfall   

The impact of the El Niño Southern Oscillation (ENSO) is felt globally 
(Cane, 2005). During positive ENSO events (El Niño), SST in the Indian 
Ocean rises signifi cantly, and cools during negative ENSO events (La Niña). In 
general, during a positive ENSO event, rainfall over southern Africa declines 
(Richard et al., 2000), whereas over eastern Africa it increases during the short 
rains (October – December; OND) and decreases in the long rains (March 
– May; MAM) (Funk et al., 2008; Williams and Funk, 2011). This means 
that during Madagascar’s wet season (January – April; JFMA), a positive 
ENSO event will have a negative impact on rainfall over both southern and 
eastern Africa. Preliminary results have shown that during austral summer 
the PDO causes positive rainfall anomalies over eastern Africa and a negative 
anomaly over southern Africa (Chapter 4). It is therefore likely that different 
spatial Indian Ocean SST patterns, associated with ENSO and the PDO, 
cause regional differences in the rainfall response. Spectral analysis of the 
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composite G/B record from NE Madagascar, dating back to 1914, indicates 
a signifi cant frequency band of 2 - 7 years, which is coherent with the Niño 
3.4 index (Fig. 6.1). This suggests that rainfall over NE Madagascar is indeed 
infl uenced by ENSO, yet the direction of the response is not yet revealed.

Figure 6.1. MTM of G/B composite (MAS1 and ANDRA) (a) and the Niño 3.4 index (b). 
Both spectra have a 2 - 7 year component within their records, signifying that G/B is linked 
to ENSO. The dashed lines represent the 99% signifi cance level.

Applying the multi-taper method (MTM; Fig. 6.1) to both the G/
Bcomp and Niño 3.4 records identifi es a signifi cant peak within the 2 - 7 
year frequency at 5.17 years (frequency of 0.1933). Both the reconstructed 
component frequencies are identical; however, when they are plotted against 
one another it is apparent that there is little coherence between them in terms 
of timing and amplitude (Fig. 6.2). Moreover, it is not clear whether El Niño 
or La Niña is responsible for anomalously high rainfall conditions, although it 
seems that in general La Niña conditions were associated with increased river 
runoff (and thus rainfall) pre-1976. 

In order to further examine the impact of ENSO on Madagascar rainfall, 
the two time-series were examined using a cross-wavelet coherence analysis 
method. Again, there seems to be little or no coherence between the two datasets 
post-1976, nor for the period between 1940 and 1950 (Fig. 6.3). Nevertheless, 
even when the two time-series are coherent there is little consistency between 
phases. This again suggests that a complicated relationship exists between 
rainfall and ENSO between 1914 and present. 
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Figure 6.2. The signifi cant reconstructed components of G/Bcomp (green) and the Niño 3.4 
index (black). Both components are equal at 0.1933 (5.17 years), as identifi ed by the MTM. 
There is little coherence between the two in terms of either timing or amplitude. 

Since the 1976 climate shift there may have been a breakdown in the 
relationship between ENSO and rainfall over Madagascar, as indicated by 
cross wavelet coherence analysis. To further investigate this, the Niño 3.4 
time series was split into two datasets, a pre 1976 and a post 1976 index. 
By doing so, any relationship breakdown would become clearer. The limited 
coherence observed between the previous reconstructed components of the 
two complete time series may have deviated from one another because of 
such a relationship breakdown (5.17 years; Figs 6.1 and 6.2). We therefore 
repeated the MTM method for both the Niño 3.4 datasets (a pre 1976 and a 
post 1976), and compared the reconstructed component of each with the G/
Bcomp (Figs 6.4 and 6.5). 
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Figure 6.3. Cross wavelet coherence analysis of G/Bcomp and the Niño 3.4 index. The 
5% signifi cance level against red noise is shown as a thick contour. Phases are indicated as 
arrows. 

Figure 6.4. MTM of the Niño 3.4 index pre 1976 (a) and the Niño 3.4 index post 1976 (b). 
Both spectra have a 2 - 7 year component within their records. The dashed lines represent the 
95% signifi cance level.
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Figure 6.5. The signifi cant reconstructed components of G/Bcomp (green) and the Niño 3.4 
index (blue) pre 1976 (a) and post 1976 (b). The G/Bcomp component is 0.1933 (5.17 years), 
as identifi ed by the MTM, whereas the reconstructed components for Niño 3.4 pre 1976 and 
post 1976 are 0.1757 (5.69 years) and 0.2343 (4.27 years), respectively. The G/Bcomp and 
Niño 3.4 index pre 1976 show great coherency in both amplitude and timing, where La Niña 
conditions are in line with anomalously high G/B. Note, that the x-axes have been reversed 
for the Niño 3.4 index, indicating the relationship between La Niña and G/B. There is no 
clear relationship between G/Bcomp and the Niño 3.4 index post 1976.
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In both the pre and post 1976 Niño 3.4 datasets, a signifi cant frequency 
was identifi ed within the 2 -7 year band (Fig. 6.4). However, both frequencies 
were slightly different to the complete time series, as the most signifi cant 
frequency for the pre 1976 dataset was longer at 5.69 years (frequency of 
0.1757), and the post 1976 band shorter at 4.27 years (frequency of 0.2343). 
This result is expected as ENSO activity has indeed increased over the past 
30 years (Cane, 2005; Nicholls, 2008). We then compared the reconstructed 
ENSO components of the pre and post 1976 Niño 3.4 index with the 
reconstructed ENSO component of the G/B time series (Fig. 6.5). Results 
indicate that before 1976 there seems to be a strong link between La Niña 
and positive rainfall anomalies over NE Madagascar, however, post 1976 this 
link breaks down. Further, there seems to be no link to ENSO post 1976, as 
rainfall anomalies occurred both in and out of phase (Fig. 6.5). 

Differences between ENSO and PDO related rainfall

Comparing the reconstructed components of ENSO and G/B identifi ed 
two important results. Firstly, that La Niña conditions have likely caused 
increasing rainfall anomalies over NE Madagascar; and secondly that the 
relationship between ENSO and rainfall breaks down post 1976. These results 
are unexpected as La Niña-like conditions cause Indian Ocean SST to fall, 
therefore opposite in the response observed for the PDO and anthropogenic 
warming, where increasing Indian Ocean SST causes positive rainfall 
anomalies. These results suggest that SST is not the sole forcing mechanism 
responsible for rainfall anomalies over the Indian Ocean, and another physical 
mechanism related to SST must be considered. 

The strongest SST anomalies associated with ENSO are in the tropical 
Pacifi c Ocean, and for the PDO in the temperate northern Pacifi c Ocean (Fig. 
6.6). Differences exist therefore in the teleconnected global SST anomalies 
associated with each climate oscillation, as the position of maximum 
anomalous SST likely determines the position of the convection cells and 
hence the winds (Fig. 6.6). It is the changes in wind strength and direction 
which will further determine the cooling or warming of regions around the 
world (Cane, 2005). These knock-on effects are known as teleconnections, 
and will infl uence precipitation. ENSO variability is responsible for strong 
SST anomalies in the eastern tropical Pacifi c, southwest temperate Pacifi c 



Chapter 6

198

and the tropical and southern Atlantic Ocean (Cane, 2005), whereas the 
PDO has little or no impact on these regions (Fig. 6.6) (Mantua et al., 1997). 
Both oscillations, however, have a signifi cant impact on Indian Ocean SST, 
whereby positive phases are associated with positive SST anomalies (Fig. 
6.6); yet according to coral G/B records, rainfall anomalies are opposite. 

Figure 6.6. The spatial correlation of global SST (ERSSTv.3; left) and precipitation (CRU 
TS3.1; right) with the PDO index (upper panels) and the Niño 3.4 index (lower panels) for 
Madagascar wet season (JFMA). Note the position of the strongest SST anomaly for both the 
PDO and ENSO in the Indian Ocean.   

SST-dipoles are often responsible for rainfall variability over the 
southwest Indian Ocean region. Southern Africa rainfall is thought to be 
modulated by an SST gradient in the subtropics between southern Madagascar 
and western Australia (Behera and Yamagata, 2001; Reason, 2002). When 
the southern Madagascar pole is warm, southern African rainfall increases. 
Similarly a north-south dipole exists off the eastern coast of Madagascar, 
which also infl uences rainfall (Kay and Washington, 2008; Washington and 
Preston, 2006). Again, when the southern tip of Madagascar is warm, there 
is increased rainfall over southern Africa. Interestingly, however, when the 
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northern pole warms in the Mascarene region, there is a positive rainfall 
anomaly in northern Madagascar (Kay and Washington, 2008; Washington 
and Preston, 2006). It seems therefore that the northeast Madagascar region 
is particularly sensitive to SST variability in the Mascarene region.  

The most striking difference between the austral summer (JFMA) 
Indian Ocean SST anomalies for the PDO and ENSO is the positioning of 
maximum anomalous SST (Fig. 6.6). According to ERSST data, during a 
positive ENSO event the most signifi cant increase in SST is in the south-
central Indian Ocean (15-30S; 70-90E), whereas the maximum PDO anomaly 
is in the south-west Indian Ocean (Mascarene region; 15-30S; 50-70E; Fig. 
6.6). It is likely that this difference in the positioning of the maximum SST 
anomaly is responsible for the opposite rainfall anomalies. During a positive 
PDO phase the maximum anomaly is situated just off the eastern coast of 
Madagascar (south-west Indian Ocean; Mascarene region). This causes 
anomalously high convection over the region, likely explaining the positive 
rainfall anomalies during a positive PDO phase. Moreover, as the maximum 
SST anomaly associated with positive ENSO events is in the south-central 
Indian Ocean, it is probable that in this region both convection and rainfall are 
anomalously high (Chowdary and Gnanaseelan, 2007). Further, the increase 
in south-central Indian Ocean SST during austral summer, associated with 
positive ENSO events, has likely shifted the convection cell from west to 
east, therefore reducing rainfall over NE Madagascar as well as eastern 
and southern Africa.  During negative ENSO events there is a reversal of 
the system, generating stronger easterly winds bringing in more moisture to 
NE Madagascar, southern Africa and eastern Africa (long rains). This ENSO 
related west to east shift in convection (positive ENSO) is similar to the 
central tropical Pacifi c Ocean, where the Walker circulation shifts in the same 
direction (Cane, 2005; McPhaden et al., 2006).

Results suggest that the opposite rainfall anomalies associated with 
different climate oscillations are linked to the positioning of maximum 
anomalous SST. However, post 1976 there is a breakdown observed between 
ENSO and NE Madagascar rainfall, with no consistency between phases and 
rainfall anomalies. As the positioning of the SST anomaly seems to be crucial 
in determining the rainfall response, there has likely been a shift in the Indian 
Ocean convection cells since the global climate shift of 1976. Indeed, there 
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is an apparent difference between observed warming of the south-central and 
south-western Indian Ocean between 1900 and 2009 (Fig. 6.7). According to 
Williams and Funk (2011), since 1900, SST in the south-west Indian Ocean 
has increased at a faster rate than the south-central Indian Ocean for the months 
MAMJ (March – June). It is probable therefore that a combination of these 
spatial heterogeneous patterns of anthropogenic warming with ENSO events 
has caused a complex precipitation relationship over northeast Madagascar. 

Figure 6.7. Change in March–June SST (NOAA extended reanalysis) versus change in global 
mean March–June surface temperature (GISS dataset). Slope coeffi cients are 7-years running 
mean SSTs regressed on 7-years running mean global temperature from 1900 to 2009. A 
slope of 1 indicates SST warming at the same pace as the global mean. From Williams and 
Funk, (2011).  

During a positive ENSO event (post 1976), the associated rise in SST 
over the south-central Indian Ocean may not generate a strong enough SST 
gradient with the south-western Indian Ocean to shift convection and cause a 
negative rainfall anomaly. The greater rise in SST over the south-west Indian 
Ocean, associated with anthropogenic warming, may therefore counteract to 
some extent the ENSO associated SST rise in the south-central Indian Ocean. 
If this were the case, it would cause ENSO related rainfall anomalies over NE 
Madagascar to be inconsistent, which is observed (Fig. 6.5). Since 1976, both 
positive and negative ENSO events may have caused anomalous convection 
over NE Madagascar. Subsequently, the strength of ENSO, or a combination 
with another climate oscillation, may have determined the rainfall response 
over Madagascar. If anthropogenic warming continues, there may be a 
complete switch in the ENSO related rainfall response whereby positive 
ENSO events will cause positive rainfall anomalies.
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The Little Ice Age 

The Little Ice Age (LIA) was a period of cooling that occurred after 
the Medieval Warm Period, between 1550 and 1850. There is now mounting 
evidence that the LIA also affected Africa (Huffman, 1996; Verschuren et al., 
2000). However, the precise timing of hydrological change during this period 
remains unclear, and more specifi cally, the direction of the observed patterns 
of climate change appears different between regions, especially in eastern 
Africa. 

Both positive and negative rainfall responses have been inferred from 
paleoclimate records across Africa. ENSO-like conditions, associated with a 
southern shift in the ITCZ and Congo Air Boundary, have been suggested as 
possible explanations to why rainfall changed so dramatically (Brown and 
Johnson, 2005; Garcin et al., 2007). Lake Naivasha (Verschuren et al., 2000) 
and Lake Victoria (Stager et al., 2005), located in the equatorial eastern Africa 
region, both show higher levels and therefore wetter conditions during the 
LIA. Further south, levels of Lake Masoko (Garcin et al., 2007), Lake Malawi 
(Owen et al., 1990) and Lake Tanganyika (Cohen et al., 1997) indicated 
an opposite response whereby dryer conditions prevailed during the LIA. 
However, this North-South contrast between wet and dry conditions was not 
consistent for all lake records. Lake levels from Lake Edward (Russell and 
Johnson, 2005), located west of Lake Victoria and Lake Naivasha, inferred 
dryer conditions between the 16th and 17th centuries. Past shifts in the position 
of the Congo Air Boundary (Nicholson, 1996), driven by large scale changes 
in the Atlantic and Indian Ocean monsoons (associated with the southerly 
shift in the ITCZ), may have caused these large meridional moisture gradients 
across equatorial Africa (Russell and Johnson, 2005). Again, such shifts are 
thought to be associated with positive ENSO-like conditions (Brown and 
Johnson, 2005; Garcin et al., 2007). 

Spectral luminescence results of coral core MASB indicate that a 
signifi cant rise in runoff occurred pre-1850, during the LIA (Fig. 6.8). These 
results are in agreement with lake records from the eastern equatorial Africa 
region, yet opposite to central equatorial and southern Africa region. Positive 
ENSO-like conditions have been suggested to trigger the rainfall response 
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during the LIA (Garcin et al., 2007; Russell and Johnson, 2005). As positive 
ENSO events cause positive rainfall anomalies in eastern Africa (during OND) 
and negative anomalies in southern Africa (Funk et al., 2008), these results 
would seem to favor such a hypothesis. However, in NE Madagascar, during 
a positive ENSO event (1914 - 1976) a negative rainfall anomaly exists; 
therefore unexpectedly, the spatial link is more in line with southern Africa 
rather than eastern Africa. This result is in agreement with recent paleodata 
published from central Indonesia (Oppo et al., 2009). They suggest that during 
the LIA, wet conditions prevailed, which would contradict suggestions of 
positive ENSO-like conditions, as Indonesia experiences drought during El 
Niño (Oppo et al., 2009). 

Figure 6.8. The 10 year running mean of coral MASB G/B (black line) and MAS1 G/B 
(red) are shown together with the 50 – 70 year band-pass fi ltered MASB G/B data (0.017000 
± 0.002800), up to 1920 (green). The fi ltered data fi nishes in 1920 as the infl uence of the 
deforestation period in the mid-century (dark grey box) affects the fi ltering. There is little 
coherence in MAS1 and MASB G/B between 1940 and 1980 due to localised differences in 
deforestation. Peaks and troughs in the fi ltered data represent multidecadal positive (red) and 
negative (blue) runoff anomalies associated with the PDO. The MASB G/B is high during the 
period associate with the Little Ice Age (light grey box). 
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A southerly shift in the ITCZ and the Congo Air Boundary likely 
defi nes the wet or dry boundary during the LIA. Southerly excursions of the 
ITCZ would cause NE Madagascar precipitation to be more coherent with 
eastern equatorial Africa due to the meridional positioning of the ITCZ (Fig. 
1.2). A shift in the ITCZ would in turn generate stronger northeasterly winds 
bringing in more moisture to the region from the Indian Ocean. Indeed, a 
strong seasonal monsoon system in the Indian Ocean likely caused the wet 
response recorded in our Madagascar coral records and the eastern African 
lake records (Oppo et al., 2009; Tierney et al., 2010). 

A shift in the ITCZ and associated strengthening of the Indian Ocean 
monsoon system likely explains the precipitation anomalies over eastern 
Africa and NE Madagascar during the LIA. However, central and southern 
Africa was dryer during this period. This may be related to a weakened 
western Africa monsoon caused by reduced thermohaline circulation in the 
Atlantic and lower meridonal SST gradients (Saenger et al., 2009; Zhang 
et al., 2005). This would in turn have an impact on Congo Air Boundary 
convergence (Tierney et al., 2011), which likely determines the African 
hydroclimatological gradient during the LIA. As the Indian Ocean is land 
locked in the north and the Atlantic Ocean is not, perhaps differences in 
the monsoonal strengths during the LIA are related to the land-ocean SST 
gradients when the northern hemisphere cooled. A combination of the shifting 
ITCZ and Congo Air Boundary with the strength of the monsoonal systems 
likely explains the spatial and temporal precipitation variability during the 
LIA.   

To further investigate the LIA precipitation response, there is a greater 
need to increase the spatial sampling resolution within the eastern and 
southern Africa regions. By doing so the boundary between wet and dry 
regions, associated with the LIA response, can be better defi ned. These results 
will help to answer the question whether the position of the ITCZ during the 
LIA was the primary modulator of rainfall. Future coral drilling is therefore 
planned for Mozambique, where we hope to further defi ne the wet-dry LIA 
boundary. 
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