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ABSTRACT: Extreme climate events have been identified both in meteorological and long‐term proxy records from the Indian sum-
mer monsoon (ISM) realm. However, the potential of palaeoclimate data for understanding mechanisms triggering climate extremes
over long time scales has not been fully exploited. A distinction between proxies indicating climate change, environment, and eco-
system shift is crucial for enabling a comparison with forcing mechanisms (e.g. El‐Niño Southern Oscillation). In this study we decou-
ple these factors using data analysis techniques [multiplex recurrence network (MRN) and principal component analyses (PCA)] on
multiproxy data from two lakes located in different climate regions – Lonar Lake (ISM dominated) and the high‐altitude Tso Moriri
Lake (ISM and westerlies influenced). Our results indicate that (i) MRN analysis, an indicator of changing environmental conditions,
is associated with droughts in regions with a single climate driver but provides ambiguous results in regions with multiple
climate/environmental drivers; (ii) the lacustrine ecosystem was ‘less sensitive’ to forcings during the early Holocene wetter periods;
(iii) archives in climate zones with a single climate driver were most sensitive to regime shifts; (iv) data analyses are successful in
identifying the timing of onset of climate change, and distinguishing between extrinsic and intrinsic (lacustrine) regime shifts by com-
parison with forcing mechanisms. Our results enable development of conceptual models to explain links between forcings and
regional climate change that can be tested in climate models to provide an improved understanding of the ISM dynamics and their
impact on ecosystems. © 2020 John Wiley & Sons, Ltd.

Introduction

The Indian summer monsoon (ISM) provides 80% of the total
annual rainfall and governs the livelihood of millions of people
on the Indian subcontinent (Sahai et al., 2003; Goswami et al.,
2006; Prasanna, 2014). Though its long‐term trend has been
linked to changes in solar insolation (Fleitmann et al., 2003;
Gupta et al., 2005; An et al., 2012; Sarkar et al., 2015;
Mishra et al., 2018a), both modern (Goswami et al., 2006)
and palaeo‐ISM (Sinha et al., 2011; Dixit et al., 2014a,
Dixit et al., 2014b; Raj et al., 2015; Bhushan et al., 2018) are
punctuated by extreme climate events that have been attributed
to the effect of ocean–atmosphere teleconnections [e.g. ENSO
(El‐Niño Southern Oscillation)] (Prasad et al., 2014) or
northern hemisphere cooling (Menzel et al., 2014). The
non‐stationary nature of such forcings (Kumar et al., 1999;

Prasad et al., 2014) precludes a simplistic predictive modelling
of the ISM (Gadgil et al., 2004; Bird et al., 2014; Chen et al.,
2019). Presently, the future evolution of the ISM under
greenhouse warming conditions is uncertain, with
different modelling scenarios ranging from slight to no increase
in extremes (Shashikanth et al., 2018), to an intensification
of extreme events with no change in annual rainfall
(Goswami et al., 2006), or even a stronger ISM (Wang et al.,
2013). Given the wide range of future ISM scenarios, and their
role in global climate, it is crucial to identify forcings that might
result in amplified monsoon variability and trigger ecological
regime shifts. We adhere to the following definition: ‘a regime
shift occurs when an internal feedback or an external forcing
triggers a different system behaviour’ (Scheffer et al., 2001;
Folke et al., 2004). The regime shifts may be extrinsic (driven
by externally forced climate change, e.g. by insolation, ENSO)
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or intrinsic (resulting from thresholds or nonlinear responses of
ecosystems to climate change) (Eroglu et al., 2016). It is poten-
tially possible to distinguish between the two types of regime
shifts by comparing proxy records with known forcings.
Data analyses allow us to track temporal coherence between

climate proxies and forcings, enabling an understanding of the
underlying system dynamics. To date, these techniques have
largely been applied to high‐resolution ice core and stalagmite
data (Williams et al., 2011; Thomas, 2016; Lechleitner et al.,
2017). These archives have neither widespread geographical
coverage, nor do they provide insights into ecological regime
shifts. Techniques, including those based on recurrence
methods, for data with age uncertainties or irregular sampling
(Rehfeld et al., 2011; Eroglu et al., 2016; Goswami et al.,
2018) must be tested on other widespread multiproxy archives
(e.g. lakes) to obtain insights into climate forcings that trigger
extreme events and cause long‐term ecological regime shifts.
Analysis of multiproxy palaeodata can additionally provide
information on regional differences in the sensitivity of different
components of the ecosystem to climate forcings. However, this
approach is not free from challenges. In a multiproxy approach
to palaeoclimate reconstruction, an apparent proxy response
may be dependent upon additional factors such as sample loca-
tion within the studied archive, provenance change, or human
influence (Lotter, 2003; Birks and Birks, 2006). A palaeoclimate
reconstruction based on a limited number of proxies raises the
question of whether the so‐called ‘climate shift’ actually repre-
sents a ‘regime shift’. A multiproxy record offers the potential
to distinguish the two, and thereby document the impact of cli-
mate change on the ecosystem. For example, an evaporite layer
might indicate the terminal phase of a drying event which might
have begun decades/centuries earlier and was preserved in
geochemical/biological proxies. In this case, the former might
represent a regime shift rather than a climate change that began
significantly earlier. The distinction between the two is neces-
sary to recognize the timing of climate change and identify its
impact on the ecosystem. This, in turn, will enable the compar-
ison of independently derived palaeorecords with known forc-
ing mechanisms, and the development of hypotheses that can
be tested against climate model simulations.
The prerequisites for our study are (i) a comprehensive data-

base on catchment and modern lacustrine sediments that
clearly characterizes proxy links to catchment change, climate,
and environmental conditions; (ii) availability of the same prox-
ies in well‐dated cores; (iii) archives from at least two different
climate regions to test the applicability of data analysis tech-
niques and identify overarching climate forcing mechanisms.
In this study we aim to test two different methods: (a) multi-

plex recurrence network (MRN) to identify lacustrine regime
changes on the basis of similarity in behaviour of proxies in
response to a strong environmental forcing; (b) principal com-
ponent analysis (PCA) to characterize the response of different
proxies to climate and (external/internal) lacustrine regime
shifts. We focus on 8.4ka of palaeoclimate data from two lakes
located in different climate regions: the central Indian Lonar
Lake from the core ISM zone (Gadgil, 2003) and the Tso Moriri
Lake located in the high‐altitude desert of the NW Himalaya
which is influenced by the winter westerlies and peripherally
by the ISM. Modern sediments from both the lakes have been
investigated extensively for establishing proxy–climate linkages
(Menzel et al., 2013; Basavaiah et al., 2014; Mishra et al.,
2014; Riedel et al., 2015). We aim to (i) identify changes in
proxy dynamical behaviour and their association with extreme
climate events; (ii) detect links between specific proxies and
climate processes (evaporation, precipitation) in different cli-
mate regions; (iii) differentiate between externally and inter-
nally forced regime shifts; (iv) assess regional differences in

the impact of known climate forcings against the background
of changes in solar insolation and northern hemisphere
cooling; and (v) identify intervals when regimes shifts were
frequent.

Study Area and Chronology

Lonar Lake

Lonar Lake, a meteorite impact crater (Jourdan et al., 2011) in
the Deccan flood basalts (Figures 1a and b), lies in the
Buldhana district of Maharashtra State, India (19°58’N, 76°
30’E; 600m a.s.l.). The closed (endorrheic) lake is hyposaline
and alkaline (pH varies between 9.5 and 10.4) (Jhingran and
Rao, 1958; Joshi et al., 2008) with an anoxic bottom layer
below 4m water depth (AD 2011) (Basavaiah et al., 2014). It is
fed by surface runoff from ISM precipitation and three perennial
streams. Since the lake has no outlet, water level is controlled
by the balance between evapotranspiration and precipitation,
with minor contribution from groundwater‐fed springs.
Modern‐day summer rainfall (c. 680mm, Figure 1d) in the
Lonar region is largely provided by the Arabian Sea branch of
the southwest monsoon (Sengupta and Sarkar, 2006; Mishra
et al., 2018b). The water level in the Lonar Lake fluctuates in
response to ISM precipitation, with higher lake level during
stronger monsoon years (Anoop et al., 2013a). The modern
vegetation in the Lonar region represents a tree savanna with
an open woody cover and continuous C4 grass undergrowth
(Riedel et al., 2015).

The chronology (Figure 3a) of the Lonar Lake core sediments
is based on 18 14C dates obtained from wood, leaf, bulk
organic material, and gaylussite crystals (Anoop et al., 2013a;
Prasad et al., 2014) that were calibrated using OxCal 4.1 soft-
ware (Ramsey, 2008, 2009) with the IntCal09 calibration curve
(Reimer et al., 2009).

Tso Moriri Lake

Tso Moriri Lake (Figures 1a and c) is a brackish water body situ-
ated in a high‐altitude desert (32°40’–33°02’N, 78°14’–78°25’E;
~4600ma.s.l.) inNWHimalaya (Leipe et al., 2014;Mishra et al.,
2014, 2015). The lake has a length of c. 22km (inN–S direction),
with an average width of 5km and a surface area of ~150km2

(Mishra et al., 2014). The maximum water depth in the lake is
105m. The hydrology of the Tso Moriri Lake is governed by
the interplay between precipitation (ISM and westerlies),
snowmelt, and evaporation (Mishra et al., 2015). Along with
several ephemeral streams, the lake is fed by meltwater from
two major streams: Gyoma (from the north) and Phirse Phu
(from the south). The Tso Moriri region receives 70% of
precipitation (Figure 1d) in the form of snow during October to
April, with peripheral ISM influence (Leipe et al., 2014). The
mean temperature in the region varies between 0 to 30°C
(during summer) and �40 to �10°C (during winter)
(Mishra and Humbert‐Droz, 1998). The high‐altitude lake is
surrounded by sparse desert‐steppe vegetation.

The chronology (Figure 3b) of the Tso Moriri sediment core is
based on 14C AMS dates of seven bulk sediments, five organic
fragments of macrophyte (Potamegeton pectinatus), and a ter-
restrial twig (Mishra et al., 2015). 14C dates on a modern sam-
ple of macrophyte and bulk sediment (0–1cm) were used to
correct for the hard‐water effect in the core sediments. An
online version of OxCal 4.2 software and IntCal13 calibration
curve were used to calibrate the radiocarbon ages (Reimer
et al., 2009).
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Climate significance of investigated proxies

An in‐depth understanding of the environmental sensitivity of
proxies is essential for interpreting the results of the performed
statistical analyses (MRN and PCA). Detailed results on proxy
significance have been published in Basavaiah et al. (2014),
Prasad et al. (2014), Mishra et al. (2014, 2015), and a summary
is presented here. The lithogenic input reflects the precipitation
amount and inflow energy, the catchment geology, and is also
related to vegetation cover (Mishra et al., 2015). Changes in
lithogenic distribution within the lake are indicative of hydro-
dynamic conditions during the sedimentation process (Mishra
et al., 2014). Investigations on modern lake surface sediments
indicate that in a large lake system like the Tso Moriri an
increase (decrease) in lithogenic contribution reflects higher
(lower) inflow into the lake (Mishra et al., 2014). However, in
shallow lake systems like the Lonar, higher (lower) lithogenic
content is an indicator of lower (higher) lake level and shore-
line proximity (Basavaiah et al., 2014). The total organic carbon
(TOC) and total nitrogen (TN) deposited in the sediments was
derived from a combination of terrestrial and aquatic sources.
The C/N ratio is often used to decipher past changes in primary
lacustrine productivity (Anoop et al., 2013a). The aquatic
organisms (e.g. phytoplankton and zooplankton) are rich in
protein, but have less cellulose content, and are characterized
by low C/N ratios (4 to 10) (Meyers, 1997; Prasad et al.,
2016). However, the lignin‐rich terrestrial plants are character-
ized by higher C/N ratios (≥20) (e.g. Prasad et al., 1997; Xu
et al., 2006). In both lakes the organic matter contains a mixture

of terrestrial and aquatic vegetation (Menzel et al., 2013;
Basavaiah et al., 2014; Mishra et al., 2014; Prasad et al.,
2014; Sarkar et al., 2015). Changes in phytoplankton biological
productivity can be inferred from variations in carbon and
nitrogen isotopes of bulk organic matter. δ13C values of terres-
trial organic material are mainly determined by the contribu-
tion of plants using the C3 (wetter conditions; δ13C = �25 to
�30‰) or the C4 (drier conditions; δ13C =�10 to�15‰) path-
way for CO2 uptake by plants (Meyers and Ishiwatari, 1993).
The δ13C record is also governed by changes in organic pro-
ductivity, salinity, and pH of the water (Stuiver, 1975). Photo-
synthetic productivity preferentially uses 12C and 14N, leaving
the DIC and DIN pools enriched in 13C and 15N, respectively
(Swart, 1983; Talbot and Lærdal, 2000); hence intervals of
increased productivity are marked by increased δ13C and
δ15N values of phytoplankton (Hodell and Schelske, 1998).
Stronger evaporation during drier conditions results in alkaline
conditions, relatively higher phytoplankton productivity, and
enhanced δ13C and δ15N (Menzel et al., 2013; Basavaiah
et al., 2014). The isotopic composition of endogenic carbonate
minerals precipitated during summer evaporation is used as a
proxy to ascertain the extent of evaporation, and precipitation
pathways (Anoop et al., 2013a; Mishra et al., 2014, 2015).

Holocene climate variability at investigated sites

The multiproxy data from Lonar Lake (Figure 2a) showed solar
insolation‐driven early Holocene ISM intensification (Prasad

Figure 1. (a) Precipitation pathways in the ISM realm and the location of Lonar and Tso Moriri lakes. Black (purple) arrows represent ISM (west-
erlies); (b, c) show location of long cores. Average monthly precipitation in locations closest to Lonar (Buldana) and Tso Moriri (Leh) is shown in
(d). [Colour figure can be viewed at wileyonlinelibrary.com]
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et al., 2014). The ISM weakening beginning c. 6.2 cal ka was
nonlinear with two prolonged droughts (PD, centennial periods
of weaker monsoon) between 4.6–3.9 (PD1) and 2–0.6 cal ka
(PD2), which were identified by the presence of the evaporite
mineral gaylussite (Anoop et al., 2013a) (Figure 2a). The
so‐called global ‘events’ (4.2ka and the 8.2 ka events) were
not very clearly evidenced in the geochemical or bulk organic
isotopic data (Menzel et al., 2014). Human influence on the
lake system from 1.2 cal ka is evident, based on organic proxies
(C/N, δ13Corg) and the pollen assemblage (Mishra et al., 2018b).
The pollen record of Lonar Lake indicates the existence of
moist to wet semi‐evergreen forest during the early to mid‐
Holocene, featuring a C3 grass undergrowth. Biomarker iso-
tope data indicates gradual establishment of C4 grasses with
increasing aridity (Sarkar et al., 2015). A change in vegetation
type is indicated in the pollen record by a rapid decrease of
evergreen woody elements at 5.0 cal ka, with an increase in
dry deciduous and xeric trees and shrubs. The spread of
thornshrub‐savanna reflects enhanced aridity between 4 and
3.5 cal ka. Stronger monsoon activity is indicated by an increased

share of dry deciduous forest elements between 3.5 and 2.0 cal
ka with an accompanying decrease in taxa of xeric woodland
(including thornshrubs). Thereafter, xeric thornshrubs increase
again following a second prolonged shift tomore arid conditions.

Regional W–E palaeohydrological transects indicate that the
lake‐level changes in Tso Moriri since the early Holocene pre-
serve the record of interplay between ISM and mid‐latitude
westerlies (Mishra et al., 2018a). The mineralogy and isotopic
composition of endogenic carbonates (calcite and aragonite),
and geochemical data from the Tso Moriri Lake sediments
(Figure 2b), have been utilized to understand the hydrological
changes during the Holocene (Mishra et al., 2015). The low
percentages of endogenic carbonates, and depleted δ18O
between 11.2 and 8.5 cal ka, suggest freshwater conditions
and highest lake level (an abrupt increase of c. 47m; Mishra
et al., 2018a) resulting from increased ISM precipitation and
reduced evaporation. The progressive enrichment in δ18O
and reappearance of endogenic carbonates between 8.5 and
5.5 cal ka (Figure 2b) indicate a weakening of ISM with
decreasing solar insolation and increased westerlies. The

Figure 2. (a) Litholog, multiproxy data, and reconstructed palaeoclimate from the central Indian Lonar (a) and Tso Moriri lakes (b). Horizontal lines
in the lithologs indicate lamination. The white dots in the Lonar litholog (a) represent gaylussite crystals formed during prolonged droughts. Blue
(brown) bars in both lithologs indicate wet (dry) periods, respectively, with darker shading indicating intensity. [Colour figure can be viewed at
wileyonlinelibrary.com]
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period between 5.5 and 2.7 cal ka was characterized by a
weaker monsoon, increasing dryness, and lowering of the lake
level. This was followed by intensified drying (precipitation of
aragonite), resulting in the onset of modern‐day conditions after
c. 2.7 cal ka (Mishra et al., 2015). The Tso Moriri pollen record
suggests that alpine steppe vegetation was dominant through-
out the entire Holocene, with an admixture of alpine tundra
and desert elements (Leipe et al., 2014). Pollen‐based moisture
reconstruction indicates an overall trend towards drier condi-
tions during the past 10 cal ka, paralleling the reduction in
the Northern Hemisphere summer insolation.

Methods

To investigate the temporal stability of the proxies, we have
applied techniques that quantify the simultaneous variability
of selected proxies representing erosion/inflow (lithogenics),
evaporative (carbonate %, δ13Ccarb, δ

18Ocarb), and biological
processes [TOC (%), C/N, δ13Corg, δ

15Norg] within the lake.
Although additional proxies (mineralogy, biomarkers, amino
acids) are available, they have been excluded from data analy-
ses because of their low temporal resolution. As seen in
Figures 2a and b, not all proxies are continuously available
throughout the Holocene. Hence, investigations in both lakes
are limited to 8.4 cal ka.

Multiplex recurrence network

This method constructs an m‐layer network from m time series
(Eroglu et al., 2018). Each layer of an MRN consists of a recur-
rence network (RN) (Marwan et al., 2009) where the layers are
connected to each other with the same time‐labelled nodes.
An RN is a binary square matrix Awhere the columns and rows
represent time and entry one represents a time pair when the
same state appeared at these time points (recurrence), an entry
with zero which mean that there are different states at these
times. In contrast to standard time‐series analysis techniques,
an MRN considers and evaluates the synchronous variability
of several proxy records at the same time; however, the values
of the proxies can still differ significantly. By applying a
moving‐window approach, entrapped climate transitions in
data can be identified.

From an m‐dimensional multivariate time series (with length
N), we have constructed a large adjacency matrix describing
the entire multiplex network denoted by

A ¼

A 1½ � IN ⋯ IN
IN A 3½ � ⋱ ⋮
⋮ ⋱ ⋱ IN
IN ⋯ IN A m½ �

2
66664

3
77775

where IN is the identity matrix of size N. We denote the adja-

cency matrix of the RN at the κth layer as A κ½ � ¼ a κ½ �
ij and aκij ¼

1 if nodes i and j are connected in layer κ, aκij ¼ 0 otherwise.

A connection of nodes i and j corresponds to a recurrence of
the states at times i and j (i.e. the states at i and j are very sim-
ilar). In order to quantify the coherence (the synchronous
dynamical variability) of the original multivariate system by
the MRN, we use the average edge overlap

ω ¼ ∑i ∑j > i ∑K a
K½ �
ij

m∑i ∑j > i 1 � δ
0;∑K a K½ �

ij

� �

where δij is the Kronecker delta symbol. This measure com-
putes the average existence of edges over all layers of the mul-
tiplex network (Lacasa et al., 2015).

Since the proxy record is irregularly sampled, we have first
interpolated the data into N =2100 points, leading to the time
resolution Δt= ti+1�ti≈5.53 years ∀i∈[1,N�1]. In order to
analyse the temporal variation in the environmental dynamics,
we applied a sliding‐window approach consisting of 100 data
points per window. With this choice, each window covers
about 547.8years and is suitable to represent regime changes
in the environmental dynamics. MRN is created for each win-
dow one by one as the window slides over the time series with
90% overlap.

Principal component analysis

The proxies are representative of processes in the catchment
(lithogenics and terrestrial organic matter) or the lacustrine envi-
ronment (evaporative minerals, aquatic organic matter). To dis-
entangle the different components from the proxies, we have
applied PCA to the same set of proxies used in theMRNanalysis.
Employing the PAST programme (version 4.02) (Hammer et al.,
2001) we have used the PCA to decompose the original set of
time series to a new set of normalized time series that are

Figure 3. Illustration of derived average edge measure calculated in
moving windows for Lonar (a) and Tso Moriri (b) multiproxy data. The
shaded grey area marks the upper 95% confidence interval. The brown
vertical bars indicate prolonged drier periods identified by mineralogi-
cal changes – darker colours indicate intensity. The solid blue circles
along the age axis indicate peak events in the discharge of IRD in the
north Atlantic (Bond et al., 1997). All IRD events coincide with intervals
of less dynamical behaviour (i.e. drier events). Yellow stars indicate
additional drier events. Downward‐facing arrows on the age axis
indicate radiocarbon dates. [Colour figure can be viewed at
wileyonlinelibrary.com]
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uncorrelated with each other and provide information on the
contribution of each proxy to these decomposed time series.

Results and Discussion

The results of MRN analyses are shown in Figure 3. The aver-
age overlap ω quantifies the similarities in the dynamics of
the components of the multivariate data. Higher ω indicates
synchronous or more similar behaviour of proxies. This does
not necessarily mean that the values of the components of the
data go in the same directions, but that, for example, periodical
variations are similar, because one environmental factor acts as
the main driving force. Low ω values indicate, in contrast, less
synchronous, less similar dynamic behaviour. This can happen,
for example, when the system is seriously disturbed (tectonic
activity), leading to altered proxy response to forcings, or a
change in boundary conditions (e.g. catchment) or a different
climate driver.

Lonar Lake

The results of the MRN analysis (Figure 3a) can be broadly
divided into two distinct intervals: 8.4–6.2 cal ka (wetter), char-
acterized by more synchronous proxy dynamics (higher ω), and
6.2 cal ka to present (drier), marked by low synchronous proxy
dynamics (lower ω). Interestingly, in contrast to the early Holo-
cene wet phase, both intervals of prolonged droughts (PD1 and
PD2) shown in Figures 2 and 3 (brown bars) are characterized
by low ω values indicating less similar dynamic behaviour. The
MRN analysis indicates a sharp regime shift at 6.2 cal ka, coin-
ciding with a known insolation forced shift towards drier condi-
tions. If the criterion of less similar behaviour is associated with
drier intervals, then additional drier events can be identified
centred at c. 8, 5.9, 5.2, 4.3, 2.7, and 1.4 cal ka. Though not
prominently represented in the litholog (Figure 2a), these
events have been identified using spectral changes in amino
acids pointing to enhanced oxygenation and organic matter
degradation, enhanced δ13C of organic matter, and higher
lithogenic matter as indicators of lower lake levels and drier
conditions (Menzel et al., 2014).

Tso Moriri Lake

Barring short excursions between 5.8–5.5 and 1.9–1.7 cal ka,
low ω values indicating that less similar dynamic behaviour
persist from 7 cal ka to present (Figure 3b). Unlike Lonar Lake,
lower ω values do not coincide with the onset of drying periods
(brown bars in Figure 3b). This denotes that the lacustrine pro-
cesses represented by the proxies respond to different (multiple)
environmental forcings in this lake.
The most notable similarity between the two lakes from

different climatic zones is the regime shift at 6.2 cal ka in
the central Indian Lonar Lake and at 7 cal ka in the
high‐altitude Tso Moriri Lake. This discrepancy in timing can-
not be attributed to chronological uncertainties as an earlier
shift is observed in several other proxy records in the
high‐altitude Himalaya (Mischke and Zhang, 2010; Kasper
et al., 2015; Zhang et al., 2016; Ahlborn et al., 2017). Since
there is no evidence for Holocene tectonic activity in the
Tso Moriri Lake, we attribute the difference in timing of this
extrinsic regime shift to two probable factors: (i) solar insola-
tion forced earlier withdrawal of the ISM and the increasing
influence of the westerlies (An et al., 2012; Mishra et al.,
2015) in the high‐altitude Himalayas; and/or (ii) a change in

provenance and catchment contribution which introduced a
local forcing that modified the environmental impact pre-
served in the sediments.

We note that the MRN analysis investigates the variation of
the multiple proxy records together. To identify the reasons
underlying changes in dynamic behaviour, individual contribu-
tions of different proxies to ecosystem change must be deter-
mined, and links to climate processes established. The PCA
provides decomposition based on a linear model. The associa-
tion of proxies with specific principal components could repre-
sent a certain climate or environmental signal. The mixing
matrix (loadings) derived by the PCA can be used to interpret
the separate contribution of each proxy to the principal
components.

Identifying PC and links to proxies

We have set 50% of the declared variance as the boundary
value (corresponding to a loading >0.7) for interpreting the
factors.

Lonar Lake
The first five components of the PCA explain 94.44% of the var-
iance in the original data (Table 1) for Lonar Lake. The bound-
ary value constraint (Table 2) confines our interpretation to the
first two PCs that together explain 70.35% of the variance in the
Lonar proxy data.

PC1 shows positive loadings with carbonate content,
δ13Ccarb and δ18Ocarb (indicators of evaporation), and negative
loading for lithogenic content (indicator of lake level) (Table 2).
TOC and TN in lake sediments are derived from both terres-
trial vegetation brought in by surface runoff and aquatic pro-
ductivity. All of these proxies are indicators of hydrological
changes. We conclude that PC1 is an indicator of I/E (inflow/
evaporation)‐controlled lake‐level changes with positive
values during wetter periods. We note the C/N, a productivity
indicator, is close to (but does not cross) the 0.7 threshold in
PC1 – we attribute this to the organic matter being a combina-
tion of terrestrial and aquatic components. PC2 shows high
loadings prior to and during periods of strong evaporation
(Figures 4e and f), and is therefore considered to be an
indicator of salinity changes.

Tso Moriri Lake
The first five components of the PCA explain 98.23% of the var-
iance in the original data (Table 1). However, as with Lonar
Lake, the boundary constraint (Table 2) limits us to the first
two proxies that explain 78.79% of the variance in this lake.
PC1 shows positive loadings with carbonates, δ13Ccarb and
δ18Ocarb (indicators of evaporation), and negative loading for
lithogenic content (%) (Table 2). Interestingly, PC1 also shows
positive loading for δ15N, which further hints at a change in
N sources accompanied by a shift to a more evaporative regime

Table 1. Percentage of total variable variance contained by the
individual principal components in the Lonar and Tso Moriri lakes

Factors

Lonar Lake Tso Moriri Lake

% variance % variance

PC1 54.80 53.66
PC2 15.55 25.13
PC3 10.14 11.33
PC4 8.37 6.01
PC5 5.58 2.1

3847CLIMATE FORCINGS IN HOLOCENE INDIAN SUMMER MONSOON

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 45, 3842–3853 (2020)



(increasing δ18O) in the late Holocene (Figure 2b). Hence, we
conclude that PC1 is an indicator of I/E‐controlled lake‐level
changes. PC2 shows positive (>0.7) loadings for TOC, TN, with
less significance for C/N, and negative for carbonate content.
As TOC and TN may be contributed both by terrestrial and
aquatic vegetation, the positive (albeit <0.7) loading for C/N
implies PC2 to be indicative of the relative contribution of
terrestrial versus aquatic organic matter.

Climate forcing of regime shifts in lakes

Meteorological data suggests interannual to decadal‐scale ISM
variability under the influence of remote forcings induced by
SST and/or land surface conditions (Webster et al., 1998;
Ummenhofer et al., 2016). ENSO is one of the major forcings
that influences the interannual variability of summer monsoon
rainfall over India. The time series of year‐on‐year variations
in the summer monsoon rainfall over India for the period AD

1871–2009 indicates that a majority of droughts have occurred
during ENSO events, while several wet monsoons have accom-
panied La Niña episodes (i.e. the cold phase of ENSO) (e.g.
Goswami et al., 2006; Ummenhofer et al., 2011; Kurths et al.,
2019). Monsoon droughts over India can also arise from
interactions between the monsoon convection and the

mid‐latitude circulation (e.g. Ding and Wang, 2007; Krishnan
et al., 2009). Several studies have reported persistent intrusion
of cold and dry northwesterly winds from the mid‐latitude
and subtropical regions of west‐central Asia into the
Indo‐Pakistan region during intense ‘monsoon breaks’ (e.g.
Ramaswamy, 1962; Keshavamurty and Awade, 1974; Raman
and Rao, 1981; Kripalani et al., 1997; Joseph and Srinivasan,
1999; Krishnan et al., 2009). This advection of cold and dry
northwesterly winds into the monsoon region produces anom-
alous tropospheric cooling, reduces the meridional tempera-
ture gradient, and can weaken the monsoon convective
activity in central India while the Himalayan foothills receive
enhanced rainfall.

While the long‐term ISM variability is linked to solar insola-
tion (Fleitmann et al., 2003; Gupta et al., 2005), the
short‐term (multidecadal to centennial) fluctuations and
extreme events are triggered by a variety of forcings – for
example, ENSO, launch of ice rafted debris (IRD) in the north
Atlantic (Bond et al., 1997), and the corresponding southward
shift of the westerlies (Sinha et al., 2005; Narasimha and
Bhattacharyya, 2010; Sun et al., 2016; Srivastava et al.,
2017). Regional hydrological patterns resembling ENSO
(Prasad et al., 2014) or ‘monsoon breaks’ (Sinha et al., 2011;
Anoop et al., 2013b; Misra et al., 2020) have been identified
during the Holocene.

Table 2. Factor loadings for the Lonar and Tso Moriri lakes. Values with declared variance in excess of 50% (i.e. >0.7) are shown in bold

Lonar Lake Tso Moriri Lake

Variable PC1 (I/E) PC2 (Salinity) PC1 (I/E) PC2 (Terrestrial/aquatic organics)

TOC (%) 0.88 �0.16 0.48 0.85
δ13Corg (‰) 0.008 0.82 0.65 �0.0007
δ15N (‰) 0.45 0.70 0.90 0.22
TN (%) 0.75 0.03 0.46 0.77
C/N 0.57 �0.33 0.23 0.53
Carbonate (%) 0.89 0.09 0.79 �0.52
Lithogenic (%) �0.94 0.11 �0.81 0.49
δ13Ccarb (‰) 0.81 0.23 0.95 �0.03
δ18Ocarb (‰) 0.82 0.17 0.93 �0.27

Figure 4. Lonar Lake. (a) Illustration of derived average edge measure calculated in moving windows. The shaded grey area marks the upper 95%
confidence interval; (b) PC1, indicative of I/E; (c, d) variation in lithogenic (%) and carbonate isotopes, respectively; (e) PC2 is indicative of salinity
changes; (f) isotopic composition of bulk organic matter; (g) isotopic composition of alkanes, indicating shift to C4 vegetation at c. 6.2 cal ka (grey
arrow); (h–l) detrended forcing mechanisms (references in text). The dashed grey boxes indicate two intervals when the effect of decreasing seasonal
solar insolation [grey arrow in (h)] was amplified by internal forcing mechanisms. R and IR indicate externally and internally forced regime shifts,
respectively; suffixes ‐a, ‐b, ‐hy, and ‐h indicate shifts in atmospheric regimes, biological productivity, hydrology, and human influence. Blue arrows
in (i) indicate intensified high‐latitude cooling. Coloured bars indicate (independently inferred) prolonged droughts (PD1 and PD2), with darker
colours indicating higher intensity. [Colour figure can be viewed at wileyonlinelibrary.com]

3848 S. PRASAD ET AL.

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 45, 3842–3853 (2020)

http://wileyonlinelibrary.com


To link the proxies to climate change, a clear understanding of
proxy sensitivity and their leads and lags within the lacustrine
system is essential, as not all proxies uniformly register the
impact of climate change (Menzel et al., 2014; Prasad et al.,
2016). The decomposed signals derived from the PCA of the
Lonar and Tso Moriri cores (Figures 4 and 5) are used to identify
temporal variability of sensitive proxies. We have compared the
PC scores to the proxies for the following known forcings: solar
insolation (Berger and Loutre, 1991), IRD events (Bond et al.,
1997), ENSO strength (lithic %, Rein et al., 2005) and frequency
of its occurrence (sand%, Conroy et al., 2008), and high‐latitude
temperature changes (Marcott et al., 2013). It must be noted that
these forcings may not operate in isolation. Modelling studies
have linked the IRD events to a southward shift of ITCZ along
with changes in the trade winds and an asymmetric response
of the Hadley circulation (Broccoli et al., 2006). The Atlantic
meridional overturning circulation (AMOC) weakening is also
associated with a southward movement of the ITCZ and associ-
ated changes in precipitation (e.g. Stouffer et al., 2006; McGee
et al., 2014). Using grain size data from multiple cores,
Thornalley et al. (2013) demonstrated that AMOC was weaker
during the early and later part of theHolocene, but was strongest
between 8 and 6ka, largely coincident with the early Holocene
ISM intensification. However, a detailed comparison for shorter
ISM events is presently not possible due to limited time resolu-
tion of the Holocene dataset on AMOC changes.
In the following section, we compare PCs with proxies to

identify links with climate change, environmental and
ecosystem shifts. The PC (proxy) linked with climate
change is compared with known ISM forcings to understand
mechanisms/pathways triggering climate change and charac-
terize an extrinsic regime shift. We proceed on the premise that
any progressive change in the lacustrine system, when inde-
pendent of forcing mechanisms, and representing an intensifi-
cation of pre‐existing trend is an intrinsic regime shift. Human
impact, either in the form of vegetation changes or external
nutrient supply, is considered an extrinsic forcing.
In the following, sequential (1, 2, 3) extrinsic (R) and intrinsic

regime (IR) shifts are related to changes in atmospheric circula-
tion (a), hydrology (hy), biological productivity (b), and human
impact (h).

Lonar Lake
The Lonar Lake PC1 scores show a wetter interval (positive
values, Figure 4b) between 8.4 and 6.2 cal ka corresponding
to the solar insolation‐forced northward migration of the ITCZ
(Haug et al., 2001). However, no impact of IRD (Figure 4j) or
ENSO events (Figures 4k and l) are evident from PC1 scores
(Figure 4b) that show high values and PC2 scores (Figure 4e)
that show lower salinities during the wetter early Holocene.
The expected gradual ISM weakening during the late Holocene
based solely on decreasing solar insolation is not borne out by
the Lonar Lake data that is punctuated by two prominent
droughts. We propose that the IRD event between 6.2 and
5.2 cal ka (Figure 4j) led to a southward shift of the westerlies
causing a reorganization of precipitation pathways/sources
and biological productivity as preserved in the isotopic data
of carbonates (R1‐a, Figure 4d), bulk organic matter (R1‐b,
Figure 4f), and biomarkers (Figure 4g; Sarkar et al., 2015),
respectively. A weaker ISM coupled with intense ENSO events
(Figure 4k) results in a decreasing lake level at c. 5.2 cal ka (R2‐
hy, Figure 4b). Interestingly, the two intervals of prolonged
droughts (PD1 between 4.6 and 3.9 cal ka and PD2 between
2 and 0.6 cal ka with intensification between 1.3 and
0.6 cal ka) (Anoop et al., 2013a; Prasad et al., 2014) character-
ized by the precipitation of evaporite gaylussite in saline waters
are not reflected in the PC1 scores, suggesting that their forma-
tion was linked to summer evaporation‐induced salinity (PC2).
A comparison with the forcing mechanisms indicates intensi-
fied high‐latitude cooling (Marcott et al., 2013) coincident with
intense but not very frequent ENSO events (Rein et al., 2005)
during PD1. A similar coincidence of frequent, intense ENSO
events during high‐latitude cooling (Figures 4i, k, and l) is
observed during PD2. Interestingly, IRD events centred around
2.7 and 7.5 cal ka (Figure 4j), though causing environmental
changes (Figures 3a and 4a), did not trigger droughts in the
Lonar Lake. Our results show that during the late Holocene a
coincidence of at least two different forcings was needed to
amplify their effect on ISM and trigger prolonged droughts.

PC2 scores however, as indicators of salinity, show
above‐average values only in the two intervals at 6.2–4.6 and
1.3–0.1 cal ka (Figure 4e) with no obvious link to lake‐level
changes. The former event is characterized by increased

Figure 5. Tso Moriri Lake. (a) Illustration of derived average edge measure calculated in moving windows. The shaded grey area marks the upper
95% confidence interval; (b) PC1, indicative of I/E; (c–e) variation in lithogenic (%), carbonate (%), isotopic composition of carbonates, respectively;
(f) PC2 is indicative of terrestrial vs aquatic organic matter; (g) A/C represents Artemisia/Chenopodiaceae, grey arrow marks a shift to lower values;
(h–l) detrended forcing mechanisms (references in text). R and IR indicate externally and internally forced regime shifts, respectively; suffixes ‐hy
and ‐b indicate shifts in hydrology and terrestrial/aquatic organic matter content. Blue arrows in (i) indicate intensified high‐latitude cooling. Yellow
and orange boxes indicate (independently inferred) drier intervals with darker colours indicating intensity. [Colour figure can be viewed at
wileyonlinelibrary.com]
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biological productivity in a saline lake (Figure 4f). The second
interval is additionally accompanied by increasing human
influence in the Lonar catchment c. 1.2 cal ka (Mishra et al.,
2018b).
We can identify three limnological regime shifts in the Lonar

proxy data. The first extrinsic regime shift that began at
6.2 cal ka was triggered by decreased solar insolation and
increased IRD in the north Atlantic, and had a twofold impact:
(i) a change in precipitation pathways (6.2–4.6 cal ka, R1‐a)
and lake‐level lowering at 5.2 cal ka (R2‐hy) culminating in
PD1 (4.6–3.9 cal ka, IR1). It is albeit likely that PD1 was an
intrinsic regime shift representing a nonlinear response to previ-
ously accumulated primary climate forcings (cooler high lati-
tudes and IRD event), as a similar coincidence of climate
forcings during the early Holocene (7–6.2 cal ka, Figures 4i
and j) did not result in a prolonged drought; and (ii) resulted
in an increased biological productivity in a saline lake (6.2–
4.6 cal ka, R1‐b). The catchment also showed a shift from C3
to C4‐type terrestrial vegetation at 6.2 cal ka (Figure 4g),
confirming a shift to drier climate in response to R1‐a.
The second extrinsic regime shift began at c. 2 cal ka (R3‐hy,

increase in salinity, Figure 4b) during drier climate triggered by
frequent and intense ENSO events (Figures 4k and l) during an
interval of high‐latitude cooling (Figure 4i). However, it is diffi-
cult to conclude whether the intensification of drier conditions
in PD2 (1.4–0.6 cal ka, IR2) is a response to threshold changes
or to persistent ENSO (Figure 4l). An overlapping third regime
shift marked by increasing biological productivity in the Lonar
Lake extends from 1.2 to present (IR‐b, h, Figure 4f) when
increasing human influence is observed in pollen and nitrogen
isotope data from 1.2 cal ka (Mishra et al., 2018b).

Tso Moriri Lake
An expected trend of insolation‐forced hydrological changes
(R1‐hy, Figure 5b) is observed with an increase in carbonate
precipitation c. 5.5 cal ka (Figure 2). The decrease in I/E at
5.2 cal ka lags behind the solar forcing at c. 6.2 cal ka
(Figure 5h). The coincidence of δ18O with δ15N (Figures 5d
and e) from 5.5 cal ka suggests a change in dominant inflow
to the northern source, indicating that the MRN shift at
7 cal ka (Figure 3b) is likely a result of climate change (increas-
ing westerly influence) rather than a provenance change. A
concomitant decrease in vegetation Artemisia/Chenopodiaceae
(A/C, an indicator of precipitation/evaporation; Leipe et al.,
2014) confirms the trend towards drier climate. Intensified dry-
ing, characterized by aragonite precipitation, is seen from 2.7
cal ka to present (Mishra et al., 2015). Barring a short interval
1.2–0.6 cal ka, marked by decreased inflow (R2‐hy,
Figure 5b) and higher evaporation that coincides with frequent
ENSO events, the Tso Moriri palaeorecord was primarily dom-
inated by insolation and does not show any impact of ENSO or
IRD events. The shift to drier conditions at 2.7 cal ka appears to
be a response to progressive decrease in I/E that began at
5.2 cal ka. PC2, an indicator of terrestrial versus aquatic
organic matter (Figure 5f), has lowest scores from 5.4 to
2.7 cal ka (R1‐b) and 1.2 to 0.6 cal ka (R2‐b) due to decreased
influx of terrestrial organic matter from reduced inflow.

Regional differences in proxy response to climate
forcing

Based on the proxy data it appears that terrestrial vegetation
shows the earliest (c. 6.2 cal ka), though gradual, response to
insolation forcing in both climate regions. In Lonar catchment,
we observe the beginning of change from C3 to C4 grass in

pollen of moist deciduous forest that was still present (Prasad
et al., 2014; Sarkar et al., 2015). Similarly, the Tso Moriri pollen
record shows decreasing A/C around 6 cal ka. However, the
hydrochemical and productivity responses differ in both
regions. Firstly, salinity and productivity changes in the Lonar
Lake are concurrent with vegetation shifts, followed by a drop
in lake level at 5.2 cal ka. However, in the Tso Moriri Lake,
the fall in lake level and increase in salinity at c. 5.5 cal ka
lag behind vegetation changes. Secondly, the productivity sig-
nal in Tso Moriri is related to changing terrestrial organic input
rather than lacustrine productivity shifts. We attribute the
inter‐regional hydrological differences to the large size of the
Tso Moriri Lake and multiple inflow sources that resulted in
the ‘damping’ of the climate forcing. In addition to the
insolation‐induced shift at 6.2 cal ka, the only other common
event in both the lakes is reduced I/E between c. 1.3 and
0.6 cal ka, coincident with frequent, intense ENSO and
high‐latitude cooling.

In the Tso Moriri Lake, the proxy data indicate two extrinsic
limnologic regime shifts, the first beginning c. 5.5 cal ka
(R1‐hy, Figure 5b) was a response to insolation‐forced decreas-
ing I/E, while the second occurring between 1.2 and 0.6 cal ka
(R2‐hy) coincides with frequent ENSO conditions (Figure 5k).
Both shifts were accompanied by a decrease in terrestrial
organic matter influx (Figure 5f, R1‐b, R2‐b) but without major
change in the terrestrial vegetation cover. The intensification of
the drying trend beginning 2.7 cal ka, without an apparent
additional forcing (ENSO or IRD), represents an intrinsic regime
shift (IR1‐hy) as the threshold for precipitation of aragonite is
reached. The apparent insensitivity to climate‐forced regime
shifts in the Tso Moriri proxy data could probably be related
to the large lake size and its location in a cold desert, meaning
that lake level is inflow (snowmelt) dominated, and any small
change in precipitation would not have a significant impact
on its hydrology.

Summary and Outlook

Our investigation into the efficacy of data analyses techniques
in extracting the inherent proxy response to climate forcings
and environmental change, and in detecting regime shifts, pro-
vides useful insights into their potential and limitations. We
have used MRN, which considers all proxy data together, to
investigate critical regime transitions occurring synchronously
in multivariate time series from two lakes located in different
climate regions. This method, which identifies entrapped criti-
cal climate transitions in proxy data, successfully identified cli-
mate shifts in the ISM‐dominated Lonar Lake. Synchronous
dynamics in all proxies (higher values of ω) are associated with
strong climate forcings, felt by all lacustrine ecosystem pro-
cesses, and less similar dynamical behaviour of the proxies
(low values of ω) are associated with drier periods. However,
in the Tso Moriri Lake we have not been able to find extended
synchronous dynamics in all proxies, in particular during drier
periods (no association of ω with drier periods). This indicates
equal impact of several concurrent external forcings. The
hydrology of this lake is governed by the ISM, westerlies, and
meltwater inflow. A change in any of these sources will result
in a modified environmental forcing and an altered proxy–
climate relationship. Therefore, the MRN‐based similarity indi-
cator ω can be interpreted as an indicator of a single environ-
mental forcing.

The results of a PCA provided insights into the role of individ-
ual proxies, enabled comparison with forcings to document the
progressive impact of climate change, and distinguished
between extrinsic and intrinsic regime shifts.
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Our results show that regime shifts caused by climate forc-
ings are more common during the late Holocene in central
India due to the disproportionately large impact of any small
change in precipitation during drying intervals. In contrast,
larger lakes located in cold deserts on the fringes of the ITCZ
appear to be relatively immune to climate forcings. Clearly,
there are regional differences in the impact of climate forcings
based on archive location and sensitivity. This also places lim-
itations on the potential of data analysis techniques in identify-
ing overarching climate forcing mechanisms.
As the proxies are measured on samples from the same depth

(age), it is possible to discuss leads and lags in the ecosystem.
The biosphere is most sensitive to climate forcings with
changes in terrestrial vegetation, followed by hydrochemical
changes. Therefore, a potential role of vegetation–atmosphere
feedback will need to be considered in triggering droughts in
central India in future modelling studies. In contrast to central
India, there is no dramatic change in the Tso Moriri catchment
vegetation, excluding a significant influence of vegetation on
the local climate.
We acknowledge that due to data and chronology limitations

our study could not adequately focus on other factors affecting
the ISM (e.g. changes in the position of the Indo Pacific Warm
Pool, changes in Eurasian snow cover, or vegetation–climate
feedback mechanisms – particularly in central India). However,
our investigations can provide a conceptual model to explain
links between forcings and regional climate change that can
be tested in climate models to provide an improved under-
standing of the ISM dynamics and their impact on ecosystems.
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