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Solar insolation changes are amongst various factors 
that affect sea-surface temperature (SST) which in 
turn modulate global climate. Out of all the oceanic 
regions, equatorial region receives the maximum solar 
insolation and thus is the locale for the warmest  
waters. However, how the equatorial SST affects global 
climate, is still not clear. Long-term past seawater 
temperature records are required to understand  
the effect of temporal changes in equatorial SST on 
the global climate. Various techniques are used to esti-
mate past seawater temperatures. Here, the equatorial 
SSTs of the last 150,000 years BP as estimated from 
Mg/Ca ratio of the foraminiferal shells, have been com-
piled in order to get an update of the past SST 
changes in the equatorial region. It is inferred that the 
average cooling during the Last Glacial Maximum 
(LGM) (the interval dated from ~ 19–23 kyr BP during 
the last glacial period, when the ice-sheets covered 
maximum area) was ~ 2.3°C as compared to the Holo-
cene. The LGM–Holocene SST difference was not uni-
form throughout the studied cores, which implies that 
the surface equatorial temperature gradient during 
LGM was different than that at present. The equato-
rial surface waters were warmest during marine iso-
topic stage (MIS) 5.5, even warmer than that at 
present. However, the pattern of cooling and amount 
of drop in surface temperature during various sub-
stages of MIS 5 was not uniform throughout the equa-
torial oceans. During MIS 4, several regions of the 
surface equatorial ocean were warmer than that dur-
ing MIS 3. The study further shows that surface equa-
torial oceans during MIS 3 were as cold as during 
MIS 2. 
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THE physico-chemical state (temperature, salinity, pH, 
etc.) of the oceans modulates the global climate. While 
high latitude northern and southern polar oceanic regions 
are the locale for the deepwater formation and thus dissi-
pation of heat, tropical and equatorial oceans contribute 
the maximum warmth to the global oceans1. The equato-
rial seawater temperature is among several factors that 
modulate global climate, particularly the monsoons in the 
Indo-Pacific region2. In order to precisely predict the 

imminent climatic changes, it is essential to understand 
the relationship between state of the ocean and the global 
climate. A comparison of oceanic properties, particularly 
temperature, reconstructed from marine sediments recov-
ered from different parts of the world oceans, with the 
climatic variables as inferred from terrestrial records 
(sediments, tree rings, ice cores, speleothems, etc.), of the 
time spans covering large climatic variability, helps to  
assess the ocean’s role in global climatic changes. The 
Quaternary period includes several long glacial intervals, 
wherein ice sheets increased tremendously, followed by a 
relatively rapid warming phase which lead to large-scale 
collapse and melting of ice-sheets (known as deglacia-
tion). Following the deglaciation, warm periods lasted 
only for a small interval, known as interglacial. Large 
climatic changes occurred during the last such interglacial 
and glacial cycles, followed by the present interglacial 
period (~ 150 kyr BP). Therefore, extensive efforts are 
made to generate seawater temperature records covering 
the last 150 kyr BP. 
 The first extensive effort to determine global sea-surface 
temperature (SST) during the Last Glacial Maximum 
(LGM), the period of maximum ice-sheet extent since the 
last interglacial, was made as part of the ‘Climate: Long 
range Investigation, Mapping, and Prediction (CLIMAP)’ 
project undertaken in the 1970s and 1980s. The outcome 
of the CLIMAP project was no or little cooling in the 
equatorial region during LGM. However, an overall cool-
ing of the earth by 3.0 ± 0.6°C during LGM was estima-
ted3–5. The occurrence of distinct assemblages of planktic 
foraminifera in waters of different temperatures was util-
ized during the CLIMAP project. However, the reliability 
of CLIMAP-estimated SSTs was questioned, especially 
because it interpreted warmer western Pacific during 
LGM6. Similar results were obtained as part of early  
efforts to model temperatures during LGM7. 
 Another important time period to understand the future 
climatic changes, especially the consequences of global 
warming, is the last interglacial, the last time when global 
temperature was supposedly as high as that at present or 
even more than that at present. It can be used as an ana-
logue of the present interglacial but without anthropo-
genic influence. The attempt to reconstruct temperatures 
during the last interglacial (marine isotopic stage 5e), 
again under the CLIMAP project was marred by no-
analogue problem, which refers to the absence of living 
counterparts of the fossil assemblages3. Since the CLIMAP 
estimates were based on transfer function of the modern 
distribution of planktic foraminifera in the global oceans, 
which was based on a limited coverage of samples, later 
on additional samples were collected from different oceans 
as part of another global effort termed ‘Multiproxy Ap-
proach for the Reconstruction of the Glacial Ocean Sur-
face (MARGO)’ project, and the transfer functions were 
modified. It refined estimates of LGM cooling8. Mean-
while, other individual studies provided valuable insight 
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into the SST changes over the glacial–interglacial peri-
ods. Since the transfer function is based on proper identi-
fication of foraminiferal species in every sample, it was 
time-consuming, subjective and had large possibility of 
errors; even the replication of the data was difficult. 
 Past seawater temperature has also been estimated by 
several other techniques including unsaturation indices 
preserved in sedimentary organic matter9, stable oxygen 
isotopic ratio of planktic foraminifera4, Sr/Ca ratio of 
corals, transfer function of faunal composition10,11. In the 
mid-90s, the technique for precise measurement of 
Mg/Ca composition of biogenic carbonates from oceanic 
sediments was developed12,13. The incorporation of Mg in 
biogenic carbonates varies with the changes in ambient 
seawater temperature14. Thus the Mg/Ca ratio of the bio-
genic carbonates helps to generate more precise SST  
records from different parts of the world oceans. Addi-
tionally, though the processing procedure is tedious10, the 
reproducibility of the results is good and the estimated 
seawater temperatures are precise. By using this tech-
nique, it is further possible to estimate seawater tempera-
ture at different depths of the water column, by using 
planktic foraminiferal species that live at different depths 
in the water column. 
 Here, SST records covering the last 150 kyr, from the 
equatorial Pacific, Indian and Atlantic Oceans15–21 have 
been compiled. This time interval was chosen as it covers 
the two time periods of particular interest as mentioned 
above (LGM and last interglacial). However, in order to 
maintain the consistency in the data-sets, only those past 
SST records have been considered that are based on Mg/Ca 
analysis of the surface-dwelling planktic foraminifera 
Globigerniodes ruber. 
 Foraminifera are unicellular, preferentially marine  
microorganisms with their soft part encased in a hard 
outer skeleton or shell, technically called as test. The shell 
is generally calcareous but may also comprise sand parti-
cles cemented together. The calcareous tests also have 
minor amount of various elements (Mg, Cd, Ba, etc.) that 
replace the major elements (Ca) constituting the tests. 
The replacement of the major constituent elements of the 
test by other elements mainly depends on the chemical 
feasibility (size, valency and electronic configuration of 
the elements). Although possible physico-chemical control 
on the replacement of certain elements was suggested, 
complete understanding of the factors influencing the  
replacement of elements in the tests remained obscure for 
long due to inefficient cleaning procedures and non-
availability of instruments to measure very low concen-
tration of the elements. With the development of refined 
cleaning procedures22 and measurement23, the application 
of various elemental ratios of foraminiferal tests emerged 
as efficient tool for paleoclimatic studies24. 
 The incorporation of Mg into the calcite is suggested to 
be temperature dependent25,26 with a sensitivity of 3%  
increase in the Mg uptake for every 1°C rise in tempera-

ture, in case of inorganically precipitated calcite27. The 
temperature sensitivity of Mg uptake in foraminiferal cal-
cite is reported to be of the order of 10% increase per 1°C 
increase of temperature28. The advantage of Mg/Ca paleo-
thermometry lies in the long residence time of both Mg 
and Ca (107 and 106 years respectively) and thus an almost 
constant Mg/Ca ratio of seawater over glacial–interglacial 
periods. However, the Mg–Ca content of foraminiferal 
tests is altered by post-depositional dissolution of the  
foraminiferal tests29 for which measures have been sug-
gested to estimate temperature, after correcting for disso-
lution-induced changes30. The pH and salinity of the 
seawater also affect the Mg/Ca ratio of the foraminiferal 
shells, but the changes are relatively small (–6% change 
in Mg/Ca for 0.1 pH unit increase and + 4% per salinity 
unit increase)28,31. Based on various calibrations28,32,33, 
the seawater temperature can be calculated from the 
Mg/Ca ratio in foraminiferal calcite by using an equation 
of the following order 
 
 Mg/Ca = B exp(A × T), 
 
where A and B are species specific constants and T is 
temperature in °C. 
 Table 1 shows the details of the core site for which G. 
ruber Mg/Ca SST estimates are available and are used. 
The SST data of the selected cores was either 
downloaded from various websites or provided by the  
authors. Since the cores were collected from depths rang-
ing from 790 to 3500 m, with varying distance from the 
nearby landmass (Figure 1), I have not emphasized much 
on SST at particular points in each core. Rather, the aver-
age SST during different marine isotopic stages (alternate 
cold and warm periods during the Quaternary that are re-
lated to the changes in the global ice-volume extent and 
are delineated on the basis of significant change in stable 
oxygen isotopic ratio of marine biogenic carbonates, es-
pecially foraminiferal shells; the cold periods are denoted 
by even numbers, whereas the odd numbers indicate 
warm periods; MIS 1–MIS 5), covering the last 150,000 
years was calculated. Since MIS 5 covers both cold and 
warm periods, SST during MIS 5 was averaged over 
various sub-stages (MIS 5.1–MIS 5.5). The boundaries of 
the marine isotopic stages as defined by Bassinot et al.34 
are used. To compare the changes in SST during the past 
150,000 years with respect to the modern, the January 
and July SSTs, and the annual SST of the equatorial re-
gion, are also given (Figure 2). Here it should be noted 
that the development of the chronology of the cores using 
different reservoir age correction, and calibration curves 
may slightly bias the results. Averaging SST for marine 
isotopic stages, however will help reduce this bias. 
 The foraminiferal Mg/Ca-based SST obtained from the 
core tops, matches well with the modern SST in all the 
records and the deviation is within the error limits (Table 
1). It shows that the foraminiferal Mg/Ca ratio is an 
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Table 1. Details of the studied cores and Mg/Ca SST changes over Holocene–LGM interval. For assessing the reliability of the Mg/Ca SST, the 
modern climatological SSTs and core-top Mg/Ca SSTs are also given. The last column shows highest SSTs during the marine isotopic stage 5e.  
  The core numbers are same as that given in location map (Figure 1) 

Sl. no.        Modern  ΔHolocene Peak 
(as in Core     Depth Refe- SST Core top LGM MIS 5e 
Figure 1) number Region Ocean Latitude Longitude (m) rence (°C) SST (°C) SST (°C) SST (°C) 
 

1 SK 157-04 Comorin Cent. 02.0°40.00′N 78.0°00.00′E 3500 15 28.5 28.1 –1.1 30.0 
  (CEI 1)  Ridge  Indian        (123.0) 

2 MD90-0963 Maldive Cent. 05.0°04.00′N 74.0°53.00′E 2446 16 28.7 28.5 –2.6 29.8 
  (CEI 2)  Platform  Indian        (123.6) 

3 ODP Hole  Ontong Java West 00.0°19.10′N 159.0°21.70′E 2520 17 29.2 28.6 –2.7 29.6 
   806B (WEP)  Plateau  Pacific        (123.4) 

4 TR163-19 Cocos East 02.0°16.90′N 90.0°57.90′W 2348 17 26.2 25.8 -2.7 28.2 
  (EEP)  Ridge  Pacific        (122.0) 

5 PL07-39PC Cariaco West 10.0°42.00′N 64.0°56.50′W 790 18 26.0 26.9 –2.8 – 
  (WEA 1)  Basin  Atlantic         

6 ODP999A Colombian West 12.0°45.00′N 78.0°44.00′W 2827 19 27.7 28.2 –2.1 29.6 
  (WEA 2)  Basin  Atlantic        (128.6) 

7 GeoB 1105-3/4 Guinea East 01.0°39.90′S 12.0°25.70′W 3225 20 26.2– 24.7 –1.9 26.6 
   (EEA 1)  Basin  Atlantic     22.3   (122.0) 

8 GeoB 1112-3/4 Guinea East 05.0°46.20′S 10.0°44.70′W 3122 20 25.5– 26.1 –2.3 27.6 
  (EEA 2)  Basin  Atlantic     23.3   (121.5) 

9 MD03-2707 Gulf of East 02.0°30.11′N 09.0°23.68′E 1295 21 – 25.3 –2.7 28.3 
  (EEA 3)  Guinea  Atlantic        (124.5) 

 

 
 

Figure 1. Core locations in the equatorial ocean, whose data is used for this work. 1, Saraswat et al.15; 2, Tachikawa et al.16; 3, 4, Lea et al.17;  
5, Lea et al.18; 6, Schmidt et al.19; 7, 8, Nuernberg et al.20; 9, Weldeab et al.21. 
 
efficient proxy to estimate seawater temperature. The 
maximum SST change over the last 150,000 years is re-
corded in the eastern equatorial Atlantic Ocean (6.5°C) 
whereas the minimum is in the western equatorial Pacific 
Ocean (3.7°C; Figure 3). The range of change in SST 
over the last 150 kyr is same at one location in the west-
ern equatorial Atlantic Ocean and the eastern equatorial 
Pacific Ocean (5.9°C). However, here I would like to 
emphasize that part of the range of these SST variations 
in different equatorial regions over the last 150 kyr is due 
to the difference in the distance of the core locations from 
the adjacent coastline as well as the unique seawater cir-
culation features. The distance of the location from the 
land is an important factor as several near shore regions 
are affected by coastal upwelling, which brings in nutri-
ent rich cold deep water to the surface, thus altering the  
effect of insolation35. The fresh water runoff by large  
rivers draining from the nearby landmass, can also affect 
SST36. Additionally, coastal currents also affect the sea-
water temperature in the near-shore regions as these cur-

rents transport significant amount of water from one 
basin to another37. In contrast to that, seawater tempera-
ture at the open ocean locations, is mainly controlled by 
the solar insolation changes. 
 The period from 23 to 19 kyr BP is considered as the 
LGM after MARGO8. The Mg/Ca SST estimates indicate 
that the surface equatorial oceans were ~ 2.3°C cooler 
during LGM, as compared to the Holocene. The LGM–
Holocene SST difference varies from 1.1°C to 2.8°C, 
which implies that seawater temperature gradient in the 
equatorial oceans during LGM was not the same as that 
of the present. Different hydrological regimes at core  
locations, as mentioned before, may result in differential 
cooling during LGM. But, ~ 2.5°C cooling during LGM 
as compared to the Holocene, is recorded in majority of 
the records (six out of nine). Less than 2.0°C cooling dur-
ing Holocene–LGM transition is observed in the Indian 
Ocean (SK157-04) and the eastern Atlantic Ocean 
(ODP999A). A few other studies which used Mg/Ca in G. 
ruber to estimate SST in the tropical and equatorial 
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Figure 2. Sea-surface temperature (SST) in the equatorial region during January and July. The annual average SST of 
the equatorial regions is also given. 

 

 
 

Figure 3. Mg/Ca SST variation in studied cores over the last 150,000 
years. A, Central Equatorial Indian Ocean15; B, Central Equatorial  
Indian Ocean16; C and D, Western and Eastern Equatorial Pacific 
Ocean17; E, Western Equatorial Atlantic Ocean18; F, Western Equatorial 
Atlantic Ocean19; G, H, Eastern Equatorial Atlantic Ocean20; I, Eastern 
Equatorial Atlantic Ocean21. To understand the duration of different 
marine isotopic stages, global oxygen isotopic stack of Bassinot et al.34 
has also been plotted as reference curve (J). Alternate grey bands indi-
cate alternate marine isotopic stages. Different marine isotopic stages 
(MIS) are also marked. Different sub-stages during MIS 5 are marked 
by numbers in the global oxygen isotopic stack. 

Indian Ocean during LGM, indicate 3–4°C drop in 
SST38,39. These studies were however carried out from  
regions affected by seasonally reversing monsoon currents 
and upwelling. Studies that used alkenone unsaturation 
index to estimate SST, indicate ~ 1.7°C change in SST 
during LGM–Holocene transition, in the equatorial-
tropical Indian Ocean40. It should however be noted that 
recently, it was observed that alkenone unsaturation index 
may not indicate annual SST possibly due to the change 
in species that contributes maximum alkenone, lateral 
transport of alkenone-bearing material and/or a change in 
depth distribution of alkenone producing species41. The 
Mg/Ca-based estimates of drop in SST in the Indian 
Ocean during LGM also match well with the modern ana-
logue technique-based LGM SST cooling estimates11. 
The same study however showed 5–7°C LGM cooling at 
several locations in the eastern equatorial Atlantic which 
is significantly higher (almost two times higher) than 
Mg/Ca-based LGM cooling estimates for this region. The 
Mg/Ca-based estimates of drop in SST during LGM are 
also contradictory to the findings of the MARGO project, 
wherein generally larger cooling was reported in the  
Atlantic Ocean8. Similarly, Mg/Ca estimates of glacial 
cooling in the eastern Atlantic are also much lower than 
the results of Maximum Similarity Technique Version 28 
(SIMMAX-28) modern analogue technique wherein it 
was inferred that LGM SST in the tropical east Atlantic 
upwelling region was 6–8°C cooler during northern 
hemisphere summer10. However, the present findings are 
based on a few records. 
 As compared to MIS 2, SST during MIS 3 was either 
similar or slightly colder (Figure 4). SST during MIS 4 
was also as cold as that during MIS 3 or MIS 2, at most 
of the locations (except at one location each in eastern 
and western equatorial Atlantic Ocean). However, a few 
other studies show that SST during MIS 4 was higher 
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than that during MIS 3 in the upwelling region of the 
tropical eastern Arabian Sea39. 
 The Mg/Ca estimated SST during MIS 5.5 is warmest 
of the entire last 150 kyr, also higher (1–2°C warmer) than 
that during the Holocene (Table 1, Figure 4). It shows 
that between 127,000 and 122,000 years BP when there 
was no anthropogenic influence, the surface seawaters in 
the equatorial regions were warmer than that at present. It 
should however be kept in mind that this warming was 
also accompanied by a concomitant increase in atmos-
pheric CO2 concentration as estimated from ice core  
records42. It implies that temperature changes on earth are 
possibly related to the changes in atmospheric CO2 con-
centration. The atmospheric CO2 concentration during 
MIS 5.5 was comparable with the preindustrial atmos-
pheric CO2 concentration during the Holocene. A sub-
stantial cooling (as compared to MIS 5.5) is reported 
during MIS 5.4, all throughout the equatorial oceans,  
except in the eastern equatorial Atlantic Ocean (Figure 4). 
However, insignificant drop in surface seawater tempera-
ture is observed between MIS 5.5 and MIS 5.3, at two 
sites in the eastern equatorial Atlantic Ocean (Figure 4). 
The equatorial ocean SST continued to drop even during 
MIS 5.3, except in the central equatorial Indian Ocean, 
wherein seawater during MIS 5.3 was warmer than that 
during MIS 5.4. The surface equatorial oceans during 
MIS 5.3 were warmer than that during MIS 5.1 at all the 
sites except in the eastern equatorial Atlantic ocean. The 
SST further dropped during MIS 5.2, with most extensive 
decline noted at one site in the equatorial Indian Ocean. 
Substantial warming during MIS 5.2–MIS 5.1 transition 
was observed only at two sites, one each in equatorial In-
dian and eastern equatorial Atlantic Oceans (Figure 4). At 
rest of the places, surface seawater continued to drop 
even during MIS 5.1. The study shows that the surface 
equatorial oceans were not necessarily cold and warm 
during alternate marine isotopic stages and sub-stages as 
 
 

 
 

Figure 4. Mg/Ca SST variation during different marine isotopic 
stages. For details of the core sites, refer Table 1. 

inferred from changes in stable oxygen isotopic ratio 
(δ 18O) of marine biogenic carbonates. The variation in 
δ 18O, which is used to mark cold (enriched δ 18O) and 
warm (depleted δ 18O) periods, may indicate changing 
ice-sheet extent. Different physiographic conditions, es-
pecially the current direction and upwelling are probably  
responsible for the differential response of various parts 
of equatorial oceans during various sub-stages of MIS 5. 
It was however, difficult to assess SST during marine iso-
topic stage 6, as a few of the records do not cover the  
total 150,000 years BP. 
 This reanalysis of the Mg/Ca SST changes from the 
global equatorial oceans covering the last 150 kyr shows 
that: 
 

• The average cooling during LGM was ~ 2.3°C as 
compared to the Holocene. The surface equatorial 
temperature gradient during LGM was different from 
that at present. 

• The equatorial surface waters were warmest during 
the MIS 5.5, even warmer than that at present. 

• The pattern of cooling and amount of drop in surface 
temperature during MIS 5 was not uniform throughout 
the equatorial oceans. 

• Several regions of the surface equatorial oceans dur-
ing MIS 4 were warmer than that during MIS 3. 

• The study further shows that surface equatorial oceans 
during MIS 3 were as cold as during MIS 2. 

 
The consistency of Holocene–LGM SST differences, as 
well as the similar general patterns of cooling and warm-
ing during various marine isotopic stages at most of the 
sites reinforce the robustness of Mg/Ca-based SST esti-
mates. 
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