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Indian Summer Monsoon is an integrated component
of the global climate system. The spatial movement of
ITCZ at seasonal and orbital time scales is revealed in
the ensemble of terrestrial and marine records covering the last 50,000 years. We deduced an evolutionary
shift in the precipitation pattern near western North
America, Mediterranean and South East Asia based
on the estimated water isotopic composition from the
δ 18Ocarbonate and Δ47 thermometer. Record revealed
three stages of climate transition: mid-Holocene
optima, Younger Dryas and Last glacial maxima.
Estimated mean arid air temperature was 9–21°C and
12–35°C during the glacial and interglacial periods respectively. The June summer solar insolation at 65°N
is captured in the temperature record linked with ice
volume, atmospheric CO2 levels and sea surface temperature; factors influencing the monsoon precipitation near mid-latitude region worldwide.
Keywords:
ing.

Clumped isotopes, monsoon, orbital forc-

Introduction
ORBITAL forcing is an important parameter known to
regulate the redistribution of incoming solar radiation in
the region of mid-latitudes over the Northern Hemisphere. The changes in orbital parameter modify the total
amount of solar radiation reaching the mid-latitude region
of the Earth by up to 25%, altering the zonal average
temperature. The process imparts a shift in the potential
gradient affecting the hydrological circulation. Both
proxy and model-based studies have demonstrated the
variation in the intensity of monsoon precipitation controlled by the orbital forcing1–3. The response to the
hydrological cycle due to a shift in the orbital parameter
*For correspondence. (e-mail: pghosh@iisc.ac.in)
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varies within the mid-latitude zone of Northern Hemispheres. Here we have highlighted the variability of northern hemispheric temperature due to orbital forcing and
resolved its effect on the freshwater availability due to the
shift in the hydrological circulation. We used clumped
isotope derived temperature estimates from well-preserved
carbonate fossils and palaeo-archives originating for our
study. The carbonate deposits considered here are mostly
natural precipitate formed during the dry time because of
conducive environmental condition promoting carbonate
saturation4–7. Thus temperature deduced here represents
the average dry time temperature during glacial and interglacial period. Records of similar kind have been used
by several workers for delineating the control mechanism
of climatic oscillation due to a shift in the orbital parameter8–14. The list of archives probed in this study includes:
palaeosol carbonates4,15,16, stromatolite17,18, speleothems19
mollusc shells20,21, lacustrine carbonate22,23 and subglacial
carbonate24. The sampling locations are displayed in Figure 1 and compartmentalized into three major sectors,
namely Western North America, Mediterranean and
South–East Asia.
The technique of carbonate clumped isotope is new and
its reliability in deducing the past temperature within the
uncertainty of ±2°C (refs 25, 26) is validated with multiple studies, thereby providing a unique tool to understand the temperature variability due to orbital forcing.
The response of temperature change on the tropical
hydroclimate was further used for derivation of δ 18O of
water at the depositional environment21 and can be linked
with the results obtained from the general circulation
modelling experiments3,27.

Orbital forcing and seasonal dry period
temperature oscillation
Over the last one million year, earth’s climate experienced frequent glacial/interglacial cycles, comprising
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Figure 1. Location map of both terrestrial and marine carbonates used for this study. The location map shows different
sites from continental archives documenting record of temperature change using clumped isotope analysis of soil carbonate, lacustrine carbonate4,15,16, mollusc growth bands20,21, microbialite17, freshwater stromatolite18, speleothem19 and subglacial carbonate24. Temperature estimates from the TEX86 of Mawmluh speleothem38 as well as Alkenone unsaturation
index of a marine sediment core from Pacific64, Atlantic40 and Mediterranean41 and Mg/Ca from planktonic foraminifera
from Equatorial Indian Ocean42 were collated in this study. Inset shows near-constant δ 18O in precipitation between 15°N
and 40°N latitude collected at several sites scattered over the northern hemisphere (Asia, Europe and North America)
based on GNIP dataset (https://www.iaea.org/services/networks/gnip).

41–100 kyr periodicities, established based on the highresolution analysis of ice cores and marine sedimentary
archives28,29. An intense shift in the climate system during the period of the last three interglacial stages is perhaps most well documented in the marine isotope stages,
where temperature estimates match with the δ 18O and
CO2 concentration measured in the trapped air packet
present in the ice core record from the Antarctica region
(Figure 2 a)30,31. The orbital factor of eccentricity and
precision were held responsible in modulating the incoming solar radiation by ~10% due to the variation in the
orbital geometry, the consequence of this on the average
dry time temperature in a year for the northern hemisphere and its effects on the northern hemispheric water
circulation or convective activity is documented in the
present study. Here, we present a comprehensive record
showing estimated dry time air temperature oscillation
from western North America, Mediterranean and South
East Asia using terrestrial carbonate clumped isotope,
TEX86 records and compared it with sea surface temperature derived from the marine archives.

Carbonate clumped isotope thermometry
During the last decade, conventional oxygen isotope
thermometry is replaced by more robust multi-substituted
isotope-based thermometry25. The major drawback of
δ 18O based thermometry was phase dependency, where
independent knowledge of water composition is rarely
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deduced with confidence. This was circumvented in a few
cases where diagenetic transformation was minimal and
pore water fluids trapped in the sediments interspaced can
be extracted for isotopic ratio determination32. The introduction of clumped isotope-based temperature estimation25 addressed this problem by its virtue of being a
lattice vibrational thermometer. Hence, using clumped
isotopes one can derive the exact palaeotemperatures
without any additional knowledge about water composition. It is based on the homogeneous isotope exchange
equilibria (1) between different species of carbonate
molecules (isotopologues), which results in a preferred
bonding of heavy isotopes (13C–18O) in carbonate isotopologues at varying temperatures25,33.
Ca13C16O3 + Ca12C18O16O2 U
Ca12C16O3+ Ca13C18O16O2, (1)
The equilibrium constant Keq depends on the temperature
in such a way that the abundance of multiply substituted
isotopologues increases with a decrease in the precipitation or crystallization temperatures. Thermodynamic
driving forces lead to a higher-than-stochastic value for
Keq, i.e. Keq { 1 at very high temperature. Lowering of
temperature shifts reaction (1) towards the right with a
sensitivity of about –0.000003/K (refs 34, 35). Thus, the
abundance of mass 47 isotopologues of CO2 containing
heavy isotopes of oxygen (O18) and carbon (C13) is purely
CURRENT SCIENCE, VOL. 119, NO. 2, 25 JULY 2020
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Figure 2. Glacial and interglacial variation of terrestrial temperature and oxygen isotopic composition of water during glacial–interglacial time
periods over the northern mid-latitude. a, Temporal variation of solar insolation flux at 65°N (ref. 52) plotted along with δ 18O of water from
NGRIP ice core54 and atmospheric pCO2 for past ~50 kyr BP (ref. 65). b, Variations in the δ 18Ocarb composition of Speleothem archives for the past
~50 kyr BP distributed over the northern mid-latitudes, i.e. from western North America (NA), Mediterranean (MED), western Himalayas (WH),
eastern Himalayas (EH) and south-east Asia (EA) studied by researchers19,66–70. c, Mean atmospheric summertime temperature (MAST) and sea
surface temperature (SST) during glacial–interglacial interval was established using Δ47 ARF (compilation of data in the present study), TEX86 of
terrestrial carbonate38 and Alkenone unsaturation index of marine sediment organic matter39,40–42. The standard error (SE) for the measurement
of clumped isotope temperature is 2°C. d, Variations in the δ 18Owater composition estimated from Δ47 based temperature and δ 18Ocarb information
compiled in this study, using the equilibrium relationship of precipitated calcite and oxygen isotopic composition of water by Kim and O’Neil43.

temperature dependent in natural setup. Similarly, for
carbonate, the CO2 produced from the acid digestion of
carbonate minerals was found proportional to the
abundance of 13C18O16O2 in the mineral. The clumped
isotope thermometry (Δ47) denotes the excess or deficit of
isotopologue 47 in the sample CO2 relative to the amount
expected if the isotopologue 47 in CO2 gas attains the
stochastic distribution35. Δ47 is defined by the equation
* – 1) – (R46/R46
* – 1)
Δ47 = {(R47/R47
* – 1)} × 1000 (‰),
– (R45/R45

(2)

where R47, R46, R45 are abundance ratios of masses 47, 46
* , R46
* , R47
* are the corresand 45 relatives to mass 44. R45
ponding ratios measured in the sample CO2 once it attains
stochastic distribution. These are calculated using the
equations
* = R13 + 2 × R17,
R45
* = 2 × R18 + 2 × R13 × R17 + (R17)2,
R46
* = 2 × R13 × R18 + 2 × R17 × R18 + R13 × (R17)2,
R47
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where R13, R17 and R18 are the abundance ratios of
13
C/12C, 17O/16O and 18O/16O for the sample CO2. R13 and
R18 are obtained measuring the δ 13CPDB and δ 18OVSMOW
values of the sample CO2, whereas R17 is calculated from
R18 by assuming R17 = 0.528 × R18, holds good for massdependent fractionation.
Several equations are available for deriving temperature from Δ47 data on carbonates. Different authors have
provided varying slope and intercept values of a linear
equation to define the temperature calibration36. Although, since inception 47 data are defined based on the
deviation of sample CO2 from random or stochastic CO2
(ref. 25), recent literature introduced the concept of
rigorous calibration based on equilibrated CO2 at different temperatures, also known as Δ47 in CDES scale37.
Table 1 contains a list of data archives with publication
details used in the present study (Figure 1). Also displayed are a kind of sample and the empirical equation
used for the temperature deduction. Besides clumped isotope-based temperature data, alkenone-based temperature
deduced from TEX86 for the Mawmluh speleothem was
also listed38 for comprehensive documentation of temperature shift from marine sediment core retrieved from the
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Table 1.

Latitudinal location, derived temperature range, age estimates and the equation used for the samples used in this study
Reference

Latitudinal range

Temperature
range

8
16
15

27°11.841–38°49.048N
41.89°–44.21°N
46.31348–46.77343°N

17.8°–38.5°C
17.6°–36.8°C
22°–5°C

0.640–21.160
Hol.–Late Pleist.
8–27.3

Lake carbonate

22
23

36.30214°–39.753265°N
29.55814°–31.58836°N

9.6°–22.7°C
9°–31°C

Modem
Modem

Mollusc

20
21

31°–33°N
22°N

18.6°–29.9°C
21°–38°C

Modem – 48.5
2.765

[3]
[2]

Microbialite
Stromatolite
Speleothem
Sub-glacial carbonate

17
18
19
24

48°–50°N
38.5°N
31.75545°N
42.7°N

11.2°–24.1°C
14.9°–33.6°C
19°–33.6°C
3°–15°C

Modem – 9.5
Modem – 35.2
0.03–56
Modem – 18.46

[2]
[2]
[1]
[5]

TEX86
Speleothem

38

25.26°N

14.6°–19.4°C

6.75–21.37

[6]

Alkenone unsaturation index
Pacific Ocean Marine sediment
Atlantic Ocean Marine sediment
Mediterranean Marine sediment

39
40
41

42.26200°N
42.00°N
36.0317°N

6.5°–6.5°C
12.2°–20.6°C
8.4°–19.4°C

Modem – 30.1
5–50.03
Present – 50.2

[7]
[7]
[8]

42

02.667°N

26.5°–28.9°C

Present – 49.7

[9]

Archive
Clumped isotope thermometry (Δ37)
Soil carbonate

Mg/Ca ratio of Globigerinoides ruber
Equational Indian Ocean
Marine sediment

Calibrated age range
(kyr BP)

Equation for
temperature
[1]
[2]
[3]
[1]
[3, 4]

Equation for temperature derived from different proxies
[1] Ref. 25: Δ47 = (0.0592 × 106)/T2 – 0.02. [2] Ref. 37: Δ47 = (0.0636 ± 0.00479 × 106)/T2 – (0.0047 ± 0.0520).
[3] Ref. 71: Δ47 = (0.0526 ± 0.0025 × 106)/T2 – (0.0520 ± 0.0284). [4] Ref. 72: Δ47 = (0.0362 × 106)/T2 – (0.314).
[5] Ref. 73: Δ47 = (0.0417 ± 0.0013 × 106)/T2 – (0.136 ± 0.014). [6] Ref. 74: MAAT (°C) = –7.4 × (33.3 × TEX86).
[7] Ref. 75: U37k′ = (0.034 × T) + 0.039. [8] Ref. 76: U37k′ = (0.033 × T) + 0.44.
[9] Ref. 77: Mg/Ca = 0.38 exp 0.09 [SST – 0.61 (core depth km)].

Pacific39, Atlantic40, Mediterranean41 and Equatorial Indian Ocean42. The knowledge of the temperature of carbonate deposition allows estimation of water isotopic
composition using the concept of equilibrium precipitation43, where rainout process and accompanied Rayleigh
fractionation are responsible for the variation of isotopic
signature across the latitudes44. It is known as the
latitudinal effect of stable isotopes in precipitation, which
defines a systematic polynomial shift in isotopic ratios in
precipitation with latitudinal coordinates (Figure 1 inset).
However, the observed variation in the isotopic composition of precipitation in the region of the mid-latitudes was
minimal45,46. This is mainly due to masking of other factors like convective activity in the Hadley cell and nature
of moisture transport in the continental interiors47. Therefore, data from all the sites covering a zone of midlatitude can be binned to address the variability of convection process through time and space. The procedure of
estimation of water isotopic composition involves temperature estimation using Δ47, whereas δ 18O of carbonate
measured during the analysis was used as the input variable in the empirical relationship43 for the derivation of
water isotopic composition. For example, the δ 18O of pe268

dogenic carbonate precipitated from the water in the
terrestrial region is controlled by the land air temperature
and composition of soil water. The δ 18O of soil water
becomes lighter because of excess precipitation, whereas
intense evaporation during drier condition causes enrichment in the δ 18O values.

Migration of ITCZ during glacial–interglacial
cycles
Intertropical Convergence Zone (ITCZ) is a region of
low-pressure in the mid-latitude, where moisture-laden
jets of air converge at tropics depending on the apparent
distribution of solar heating at a seasonal time interval.
The position of the ITCZ can shift seasonally and also in
longer timescale and is controlled by the latitudinal distribution of the solar insolation9,27,48,49. In the long term
glacial–interglacial time scale, apart from the North
Atlantic glaciation and the Atlantic meridional overturning circulation (AMOC), precession cycle is one of the
key factors that governs the migration of ITCZ50. It is
designated as a zone of convergence of the north-easterly
and south-easterly trade winds. The region in the northern
CURRENT SCIENCE, VOL. 119, NO. 2, 25 JULY 2020
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hemisphere receives the maximum amount of precipitation or freshwater supply during the summer. The shift in
terms of the position of ITCZ is of research interest for
the climatologists over the last few decades48,51. To understand the influence of orbital forcing on ITCZ migration and precipitation over the Northern Hemisphere
landmass for the last 50,000 years, we have compiled the
data on isotope derived temperature estimates from terrestrial carbonate archives which are spatially distributed
across the mid-latitude region. These datasets registered a
temporal shift in the July solar insolation flux at 65°N
coinciding with the prominent precession periodicity of
~21 kyr (ref. 52; Figure 2 a). The knowledge of the
variability of solar insolation across the mid-latitudinal
belt of the Northern Hemisphere can be compared with
the glacial–interglacial temperature (Figure 2 a). It shows
a gradual drop in the solar insolation value from MIS 3
(~450 Wm–2) to the last glacial maxima (~418 Wm–2),
which resulted in a shift in the onset of continental glaciation in the polar region of the northern hemisphere.
This was followed by a ~40 Wm–2 rises in the solar insolation during post LGM and early Holocene period which
caused ~120 m rise of mean sea level as a consequence of
melting of glacial ice sheets53. From early Holocene
onwards, the solar insolation steadily reduces from
~470 Wm–2 to the present-day value of ~427 Wm–2
(1950 AD). We have further compared the insolation
variability with the δ 18O record from the Northern
Greenland ice core (GRIP)54. The δ 18O of the NGRIP ice
core depends on the latitudinal temperature gradient and
the moisture-holding capacity of air packet found in the
poleward moving air masses55. Modelling of temperature
profile along the GRIP data shows an average drop in
oxygen isotopic ratio by 5‰ during LGM compared to
the MIS 3 owing to the ~20°C reduction in the regional
temperature near northern Greenland and the consequent
drop in the moisture-holding capacity of the air parcels56.
In contrast, an 11‰ enrichment during the early Holocene was recorded compared to the average value
observed during LGM. This can be explained by ~25°C
rise in the northern Greenland temperature during the
early Holocene57.

Temperature variability
Compilation of the data of the clumped isotope (Δ47)
temperatures (Figure 2 b) and the deduced δ 18Owater
(Figure 2 c) from the mid-latitude terrestrial carbonates
showed a range in temperature values, i.e. from ~35°C to
9°C, and the corresponding range in water isotopic composition was 2.5‰ to –15‰ respectively, over the last
50,000 years that includes spatial variability along with
several episodes of warming and cooling intervals. The
spatial variability of carbonate precipitation temperature
showed a significant contrast across the mid-latitudinal
CURRENT SCIENCE, VOL. 119, NO. 2, 25 JULY 2020

region; while palaeosols from Northern American flood
plain and South–East Asian archives recorded a bigger
shift in temperature values (i.e. 9–19°C for western North
American and 17–35°C in South East Asia). The Mediterranean terrestrial carbonate archives registered a smaller
shift (i.e. 24–30°C) in temperature values. However, the
record from South East Asia comprises regions with
varying elevation, including temperature information
derived from other proxies like TEX86 in speleothem and
clumped isotopes in mollusc and palaeosols. During
colder climate such as Last Glacial Maxima and Younger
Dryas, the terrestrial dry time air temperatures over western North America were ~10–23°C and ~15°C respectively. Similarly, for the Mediterranean ~21°C and ~25°C
were recorded during Last Glacial Maxima and Younger
Dryas. Likewise, South East Asia registered ~15°C and
~16°C during Last Glacial Maxima and Younger Dryas.
However, temperature variability during MHO was
minimal based on the continental record. This temperature contrast at different time interval allowed the establishment of varied land–sea potential gradient
influencing hydrological cycle.

Land sea temperature contrast
Land sea temperature contrast was significantly higher
during warmer periods in the western North American
region (Figure 2 c); however, the difference was lower in
the Mediterranean and South-East Asian sectors. This
was the primary driver for the advective process to
actuate, which promoted the transfer of low-density air
parcel from the oceanic region to the continental settings
(Figure 3 a–c). During the colder period, land–sea temperature contrast was lower than the Holocene in all the
regions. Sea temperatures were rather constant throughout the section. However, the land temperature was oscillating owing to other factors like the nature of archives15.

Water isotopic composition variability
The water isotopic values estimated over the mid-latitudinal region suggest dry and wetter condition. The sedimentary archive documenting LGM from western North
America showed δ 18O of water as –15‰, while the
Mediterranean and South East Asia carbonate archives
recorded the isotopic composition of –3‰ and –1.5‰
respectively (Figure 2 d). The enriched δ 18Owater values in
this time interval suggest more evaporation at a relatively
higher temperature during the dry time or less transport
of moisture from the ocean due to a reduction in the
advective activities. Thus, we speculate that the lowering
of northern hemisphere temperature during LGM caused
southward migration of the ITCZ. The migration of ITCZ
in the southern hemisphere is also revealed from the
isotopic record in the marine sedimentary archives58,59.
269

SPECIAL SECTION:

Figure 3. Relationships between land–sea temperature contrast (ΔT) and δ 18O composition of the estimated precipitation water for (a) Western
North America, (b) the Mediterranean and (c) South–East Asia continents. a, For western North America compiled clumped isotope temperature
data from terrestrial archives (except Hough et al.16) and Alkenone unsaturation index based SST of eastern Pacific were used. b, Compiled
clumped isotope temperature data from terrestrial archives and Alkenone unsaturation index based SST were used to obtain ΔT for the Mediterranean. c, For the South East Asia TEX86 temperature data from terrestrial archives and Mg/Ca based SST of equatorial Indian Ocean were used to
get the land–sea temperature contrast.

East-west climatological contrast
Arid climate prevailed during Holocene in Western North
America, however, the Mediterranean and South-East
Asian sectors witnessed warming and wetter climate during Holocene. Thus, the ITCZ moves towards the northern hemisphere during the period of a warmer climate
over the Asian region and receded southward over the
western North American continent. We observed an
increment in δ 18O of water during the period of midHolocene optima (MHO) suggesting drier condition over
the terrestrial mid latitudinal environment. This is consistent with the argument of a southward shift of ITCZ in
the Pacific during Holocene60 and greening of Sahara
during MHO61 with apparent migration of ITCZ towards
western northern hemisphere62. A drop in precipitation
amount during MHO in western North America was attributed to lesser transport of moisture from the Pacific to
the continental interior as a consequence of lower temperature gradient between Pacific and Continental interior
(Figure 2 c). This is consistent with the GCM model
prediction showing a drier condition during MHO over
the regions of the United States62. Wetter condition over
South Asia mostly the Himalayan region during midHolocene optima was due to the strengthening of SouthEast Asian Monsoon63.

Conclusion
We have presented the first compilation of temperature
data from terrestrial archives covering the region of
northern hemisphere mid-latitude region. This allowed
removal of temperature effect in the stable oxygen isotopic composition of terrestrial carbonates of varied origin.
The scatter in the temperature record is mainly due to
the diverse nature of the samples and mode of occur270

rences. Our observation showed heavier isotopic value
during Holocene from the region of western North
America, which is in contrast to the lighter isotopic composition noted in the record from the Mediterranean and
South-East Asian sectors. This observation is further validated with the air–sea temperature contrast documented
from both marine and terrestrial archives. This has an important implication in the era of global pCO2 rise, where
the warming is responsible for the drastic modification of
the modern climate in the region of mid-latitudes.
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