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A proper understanding of the paleoclimatic variability in the Southern Peninsular India demands a high-resolution paleoclimate reconstruction record. Hence, in this paper, we compiled all the available paleoclimate records from various locations across the Southern India that receives the southwest and the northeast monsoon. We delineated the southwest monsoon (SWMR) and Northeast monsoon (NEMR) variations within the Holocene Period based on the existing paleoclimatic record from this region. Paleoclimate records are primarily based on various paleoclimate archives and proxies. A detailed study of these variations unravels, (i) that SWMR gradually intensified since the younger dryas during the Early Holocene period. On the contrary, NEMR records indicate a dry phase during the same period. (ii) During the mid-late Holocene, precipitation in SWMR-dominated regions decreased, whereas precipitation in NEMR-dominated regions shows an increasing trend. (iii) Then, in the late Holocene Period, SWMR exhibits an overall wet phase with a few drier periods, and NEMR shows an intense dry period with shorter wet phases, which can be correlated to the demise of Chola dynasty, in the Southern India.
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INTRODUCTION
The tropical climate system in India is dominated by the Indian Summer Monsoon (ISM), which is characterised by regional irregularities in the general circulation of the atmosphere caused by land-sea contrasts and seasonal reversal in wind direction. The primary cause for monsoonal variation in the Indian subcontinent is differential heating of land and sea and/or manifestation of the seasonal migration of the intertropical convergence zone (ITCZ) (Charney, 1969). However, during the winter dry cold winds from Asia blow offshore (Colin et al., 1998). The interaction of these moisture regimes with various teleconnections (El Niño, La Nina, and IODM) have resulted in decadal to millennial-scale precipitation variations over India (Singhvi and Kale, 2010; Rajeevan et al., 2012).
The southwest or the summer monsoon (SWMR) and the northeast or winter monsoon (NEMR) are the two monsoons that bring copious amount of rain to South Asia. While the summer monsoon accounts for the majority of annual rainfall in India. Rainfall obtained during the northeast monsoon is also significant, particularly along the Coromandel Coast, South India, and Sri Lanka (Figure 1). During the summer monsoons withdrawal phase, lower-level winds in South Asia migrate from southwest to northeast (Rajeevan et al., 2012). This shift can be attributed to the southern trend of the tropical convergence zone. Hence, low-level winds over India switch their direction from southwesterly to northeasterly during the NEMR, and the region becomes a subset of the northeast trades, which is dry, persistent, and has a smaller vertical extent than the southwest monsoon. Hence, NEMR has a significant impact on agricultural practises in southern peninsular India (Rao Krishna and Jaganathan, 1953).
[image: Figure 1]FIGURE 1 | (A) Represents Large-scale topographical maps with dominant seasonal hemispherical airflows (after Mishra 2014, Resmi and Achyuthan, 2018). (B) Geographical location of the selected site.
On a regional and temporal scale, several studies have been attempted to reconstruct the Holocene paleoclimatic variability (Stubwasser et al., 2003; Trauth et al., 2003; Ponton et al., 2012). From the Indian subcontinent, various records viz. lacustrine (Rajagopalan et al., 1997; Juyal et al., 2004; Prasad et al., 2014; Sarkar et al., 2015; Rajaminkam et al., 2016), marine (Gupta et al., 2003; Thamban et al., 2007; Achyuthan et al., 2014), and fluvial records (Kale, et al., 2010; Resmi et al., 2016; Resmi and Achyuthan, 2018) have been used to reconstruct the paleomonsoon variability during the Holocene period.
Geographic distribution in the monsoon rainfall are of particular implication; for instance, the southern region of India which receives both SWMR and NEMR, perhaps, is the only region that experiences both the monsoons (Figures 1A,B, 2A,B). In the Holocene period, the southern peninsular India witnessed multiple cultural and adaptive innovations, transitions, as well as the rise of several civilizations (Figure 2C; Gupta et al., 2003; Walker et al., 2012). These ancient civilizations developed and disappeared in tandem with climate shifts, the monsoons have caused a significant socioeconomic ramification.
[image: Figure 2]FIGURE 2 | (A) Maps showing the monsoon precipitation during (A) June−September and December- February. (B) Monsoonal History (SWMR & NEMR) (C) Tanks and climate in India, District-wise ratio of tank irrigation to net sown area. The Chola and Pallava tank kingdoms mostly expanded across regions (modified after Gunnell et al., 2007).
DATA COLLECTION
Climatic reconstructions data considered for the present study is based on the following criteria: (1) The sites are located only in the Southern Peninsular India which is experiencing either NE or SW monsoon. (2) The proxy data were interpreted originally in terms of dry phase or wet phase (3) The records are within the Holocene period. However, owing to the paucity of high-resolution climatic records from the southern peninsular region, chronological uncertainty was not considered as the criteria for selection. We included and compiled all the records of lacustrine, fluvial and marine sediments. All records used in the compilation met the above-said criteria. To enable the comparison, the precipitation records were subdivided into the Southwest monsoon (SWMR) dominated region and Northeast monsoon (NEMR) dominated region. This strategy was adopted in the present study because of the spatial variability of SWMR and NEMR in the southern Peninsular India. Some of the precipitation records include isotope data, pollen data, sedimentation rate, geochemical records, clay mineralogy etc. We solely used proxy records of inferred climate shifts documented in previous records for the present study, and we did not reinterpret any original proxy data to a climate signal.
DATASETS
The Corg/N and δ13C ratio help to differentiate the paleoenvironment in the catchment of a lake region (Chen et al., 2002). Corg/N ratio records are available from Shantisagara Lake (Sandeep et al., 2007) and Kukkal Lake (Rajamanickam et al., 2016) spanning the Holocene period. Lake sediments from Shantisagara, Sandynallah, Parsons Valley, and Akalagavi Cave Deposits have been assessed for δ13C value (Sukumar et al., 1993; Rajagopalan et al., 1997; Yadava et al., 2004; Sandeep et al., 2017; Raja et al., 2018a). High rainfall periods are characterized by depleted δ13C values (C3 plants), whereas low rainfall periods are marked by less negative or enriched δ13C values (C4 plants). Speleothem records are available from Akalagavi cave, δ18O value of the speleothem layers are a proxy for the past variations of precipitation (Yadava et al., 2004). Enrichment and depletion in δ18O are the indicative of the past deficiency and excess in rainfall of Akalagavi cave deposit (Table 1). δ18O variation in foraminifera is also used as proxy indicator for paleoclimatic studies (Thamban et al., 2001). Intensity of Chemical weathering (CWI) is also a proxy for understanding precipitation (Sun et al., 2010). In this review, CWI records from the Palar River (Resmi and Achyuthan, 2018) and Kukkal Lake (Rajamanickam et al., 2016) are also included. CWI is often higher in warm and humid climates than in cold and dry climates. The Cao/MgO, Rb/Sr records were used in this review: Under warm and dry climate conditions, increased CaO/MgO values in the Palar River (Resmi and Achyuthan, 2018) and Kukkal Lake (Rajamanickam et al., 2016) demonstrated higher carbonate of authigenic origin (Wang et al. 2004). Magnetic susceptibility (Xlf) is a major tool for assessing climatic variations (Da Silva et al., 2014). Low (Xlf) values suggest less rainfall, and vice versa (Bhattacharyya et al., 2015). Magnetic susceptibility (Xlf) data are available from Shantisagara Lake and Thimmannanayakanakere tank (Table 1).
TABLE 1 | List of proxy records (major) from terrestrial and marine climate archives compiled in this study.
[image: Table 1]Pollen inferred climate records from Shantisagara Lake, Pookode Lake, Ashtamudi- Sasthamkotta Lake, Kukkal Lake, Sandynallah Basin, Parsons Valley, Peat deposition in Kerala and Konkan coast and mangrove vegetation of Northern Konkan region provide a high-resolution paleoclimate data during Holocene (Sukumar et al., 1993; Rajagopalan et al., 1997; Kumaran et al., 2005; Nair et al., 2010; Limaye and Kumaran, 2012; Rajamanickam et al., 2016; Sandeep et al., 2017; Raja et al., 2018a) (Table 1). Arboreals and non-arboreals pollen provides insight into its climatic conditions of the past. Prevalence of non-arboreal pollen with sparce vegetation suggests wet, dynamic, and non-static climatic conditions, and vice versa. Clay mineral assemblages can be used to deduce paleoclimate. This review also includes clay mineralogy records from the Bay of Bengal and Kaliveli Lake (Pattanaik, 2009; Chauhan et al., 2010) Thecamoebians record from the Pichavaram Estuary used in this review, A high abundance of thecamoebians indicates a better marine environment, and vice versa (Srivastava et al., 2011) (Table 1).
DISCUSSION
Southwest Monsoon
Greenlandian Stage (Early Holocene)
Sukumar et al. (1993), Rajamanickam et al. (2016), and Sandeep et al. (2017) presented a detailed southwest monsoon variability on peat and lake sediments from southern Indian Peninsula spanning the Holocene period. Based on a high content of carbonate, Corg/N ratio, Corg, N, and depleted δ13C values along with dominant C4 plants indicate an overall dry phase as presented in Shanti Sagara Lake in the initial stage of the early Holocene period (11.1–10.7 ka) (Sandeep et al., 2017) (Figure 3) (Table 1). This decreasing tendency was perhaps due to the gradual transition from the Younger Dryas to the early Holocene wet phase (Figure 3). Subsequently, enhanced precipitation phase is marked during 10.7–8.6 ka, reflecting high abundance of C3 plants as studied in the Shanti Sagara Lake (Sandeep et al., 2017), Kukkal Lake (Rajamanickam et al., 2016) (Figure 3), and peat deposits in the Nilgiris (Sukumar et al., 1993). The interpolated ages from the pollen data of Parsons Valley Lake, Nilgiris, indicate a dominance of arboreal, with a subsequent shift to a significant increase in non-arboreal, suggests a decrease in precipitation in the early Holocene (Raja et al., 2018a) (Table 1). Based on the δ13C record, Sukumar et al. (1993) have marked a high dominance of C3 vegetation at ∼10.6 ka which indicate an intensified rainfall during this period, followed by a predominance of C4 vegetation suggesting a dry period from 10 to 6 ka. Various terrestrial proxies, such as magnetic susceptibility and element concentration in marine core sediments extracted from the Arabian Sea (Thamban et al., 2007), have observed a sudden rise in the intensity of SWMR during 9.5–8 ka (Table 1), which is coeval with the maxima in the Kaveri River discharge (Kale et al., 2010) and the formation of thermocline anoxia in the Arabian Sea (Staubwasser et al., 2002). Sedimentological, palynological, and stable isotopes of sediments from the Kallada Bay Delta suggest a rise in sea level during the early Holocene period due to intense rainfall (Padmalal et al., 2013). The beginning of early Holocene, optimum ∼ 10.65 ka, can be manifested from several parts of southern India (Sukumar et al., 1993; Rajagopalan et al., 1997; Caner et al., 2007; Kumaran et al., 2008; Sandeep et al., 2017; Raja et al., 2018b). Thamban et al. (2007) observed the cessation of the early Holocene climatic optimum (HCO) event occurred gradually at ∼8.5 ka. Summer monsoons were intense in the early Holocene times, as shown by lake (Rawat et al., 2015a, 2015b; Sarkar et al., 2015) and sea (Kessarkar et al., 2013; Saraswat et al., 2016) sediments from the other part of Indian subcontinent. High-resolution speleothem records from northern Oman and the Oman margin support the view that Early Holocene is marked by intense precipitation (Neff et al., 2001; Gupta et al., 2003; Fleitmann et al., 2007).
[image: Figure 3]FIGURE 3 | Schematic diagram of climate variability during the Holocene from records in the region which experiences SWMR.
Northgrippian Stage (Mid Holocene)
During 8.6–4.5 ka, the high Corg/N ratio and the prevalence of C4 plants indicate an overall decreasing trend of monsoon during the mid-Holocene period, which corresponds to the 8.2 ka cold event (Sandeep et al., 2017). Moreover, southward shift of the Inter-Tropical Convergence Zone (ITCZ) can be linked to a long-term drop in precipitation during the mid-Holocene (Fleitmann et al., 2007) (Figure 3). The period between 8 and 6 ka is marked a rise in sea level along the Kerala Coast and sinking areas of the mangroves which were flourished at that time, followed by a major regression at ∼5 ka (Cronin et al., 2007).
Increased carbon (TOC), total nitrogen (TN), and the C/N ratio of Kukkal Lake are pointing towards an aridity at ∼8 ka (Figure 3). On the contrary, the paleoclimatic data from the flood plain of the upper Kaveri River indicate that a major flood occurred at ∼8 ka (Kale et al., 2010) (Figure 1) (Table 1). Enriched C/N ratio and dominant C3 terrestrial input indicate an intense rainfall during 8.4–4.9 ka with short drier phases (Raja et al., 2018b). As a continuation of early climatic optimum in the Sandhyanallah Basin experienced an intense rainfall till 5 ka, gradually an increase in C4 vegetation indicating a decreasing trend of monsoon during mid-Holocene (Sukumar et al., 1993; Rajagopalan et al., 1997) (Figure 3). High CaO and CaO/Al2O3 values indicated a lagoonal and/ or estuarine conditions between 6400 and 2600 cal year BP, which later on shifted to fresh water conditions at 2600 cal yr BP (Banerji et al., 2021).
Intense rainfall in southwest coastal plains during 6.5 ka leads to the enormous growth of forest in the abandoned river channels. The occurrence of pollen and peat deposits in these palaeoforests along the southwest coast of India suggests a warmer climate, which is consistent with a mid-Holocene thermal maximum (Kumaran et al., 2014). Studies based on geochemical proxies such as Fe, Al, and Ti, indicated that a most significant weaker monsoon during 6–5 Ka (Thamban et al., 2007) that corresponds with the foraminiferal oxygen isotope data from the sediment cores studied from the southwest coast of India (Sarkar et al., 2000; Thamban et al., 2001).
A substantial decrease in summer monsoon rainfall is also marked by a decrease in the kaolinite/chlorite ratio during 5.6 ka (Thamban et al., 2001; Table 1). In the mangroves of southern Konkan, Limaye and Kumaran (2012) suggested an increased rainfall and higher sea level from 5.6 to 5.33 ka. The marine sediment samples of Bay of Bengal marked a decrease in the intensity of SWM from 5 to 3.6 ka, which at ∼4.8 ka signify an arid climate conditions (Chauhan and Suneethi 2001).
Southern Indian palaeo-monsoonal records indicate a dry climate phase throughout the mid-Holocene (Sukumar et al., 1993) followed by wet spells and a high sedimentation rate during late Holocene (Padmalal et al., 2013). Short-term abrupt climatic fluctuations of enhanced monsoon have been inferred at 8.5, 8.4, and 8.2 ka (Thamban et al., 2007; Kale et al., 2010; Limaye and Kumaran, 2012). However, the 8.2 ka cold event relates to the abrupt weakening of ISM and during this time, solar insolation shows a decreasing tendency (Sandeep et al., 2017).
Southwest monsoon paleo-records from the other part of the Indian subcontinent are also characterized by decreasing monsoonal precipitation during the mid-Holocene. Eventhough the records reveals that during the mid-Holocene, the monsoon precipitation was waning, a few climate records show an increasing trend in monsoon strength (Prasad and Enzel, 2006; Staubwasser and Weiss, 2006). Construction of man-made dams, ponds, and other structures along the slope of the river or on tributary courses allowed water to be stored during the drier periods of the SWM-dominated regions. Around 5 ka, archaeological evidence indicates that local populations were affected, and providing alternatives to rice which was the main staple, alternative development of tilling-based agriculture caused a surge in sedimentation rates near the foot of the continental slope in the Arabian Sea. It is striking that the change in sedimentation rates roughly corresponds to the early Bronze Age’s significant cultural shifts and massive population migrations (Gourlan et al., 2020).
According to speleothem studies conducted by Fleitmann et al. (2007), the ITCZ migrated southward during the middle to late Holocene, and monsoon precipitation decreased gradually in response to decreased solar insolation; the same trend is also evident from the Indian and East Asian monsoon areas. Regardless of the fact that all monsoon records reveal unexpected and extreme monsoon events, they are short and dramatically superimposed on the consistent pattern of decreasing monsoon precipitation during mid- Holocene.
Meghalayan Stage (Late Holocene)
The high Corg/N ratio during 4.5–3.3 ka indicates a constant shift from plankton-dominated deep-water environments to entirely terrestrial vegetation as observed in the Shanti Sagara Lake. The paleomonsoon records of the Shanti Sagara Lake indicate a fluctuating monsoon condition from the beginning of late Holocene and decreasing trend from 4.5 ka, which corresponds to the 4.2 ka cold aridity event (Sandeep et al., 2017) (Figure 3 and Table 1). In Kukkal Lake, an increase in the intensity of chemical weathering, together with enhanced preservation of arboreal pollens and ferns, suggests a period of increasing rainfall during late Holocene ∼3.5 ka (Figure 3). Subsequently, a decrease in the sand deposition at ∼1.7 ka and replacement of forest vegetation largely by grasslands point towards a rapid increase in SWM intensity during this period. This is further corroborated by the establishment of Shola Forest during 3.5–1.70 ka (Rajamanikam et al., 2016) (Figure 3). Veena et al. (2014) noticed an increase of evergreen and semi-evergreen pollen taxa like Apocynaceae, Arenga, Artemisia (2.6%), and Calophyllum (2.5%) and an increase of panicoid, chloridoid, and festucoid suggesting a wet climate phase during 1.4–0.760 ka (Figure 3). Bhattacharyya et al. (2015) suggest that the significant high Xlf along with high influx of sand and low influx of clay in Pookot Lake during 3.1–2.5 ka indicate high precipitation during this period. Pookot Lake also indicates an overall dry period during 2.5–1 ka, with a brief episodes of intense monsoon as indicated by a rise in Xlf, sand deposition, and a reduction in clay content. The high-rainfall environments in Pookot Lake from 1 to 0.5 ka enhanced the growth of vegetation, which resulted in increased pollen formation and preservation; this time period is most likely the Medieval Warm Period (MWP) in Pookot Lake. The 0.6–0.3 ka period is marked by lower Xlf values, possibly indicating LIA with a cold and arid climate. Pookot Lake witnessed substantial rainfall during the MWP and low rainfall during the LIA, the SWMR becomes more intense after the LIA (Bhattacharyya et al., 2015). Shankar et al. (2006) marked that aridity conditions prevailed between 1.55 and 2.5 ka in the Nilgiris region, while an intense SWMR is noted at ∼1.7 ka BP (Raja et al., 2018b). Rajagopalan et al. (1997) noted the abundance of C3 plants in the Sandynallah Basin, Nilgiris, while the lake sediment samples from Parsons Valley Lake indicate a period of weakened SWM.
Along the Kerala–Konkan Coast during the beginning of the late Holocene period, ∼4 Ka, a decline in the distribution of the mangrove pollen, especially of Cullenia exarillata, and decrease in the organic matter content signifies an intense arid conditions (Kumaran et al., 2005) (Table 1). Recent studies carried out on mangrove vegetation from Northern Konkan suggest a reduced rainfall and drier climatic conditions (Limaye and Kumaran, 2012) in the late Holocene period (Figure 3).
Yadaava et al. (2004) noted that the stalagmite deposit of Akalagavi Cave shows an enrichment of δ18O values that indicate a deficient in rainfall events (which occurred during the years AD 1982, 1979, 1941, 1925, 1918, 1915, 1905, 1899, 1877, 1854, 1777, and 1796), and a depletion of δ180 designate an excess rainfall event (AD 1988, 1975, 1961, 1956, 1953, 1917, 1910, 1894, 1893, 1884, 1878, and 1664). The records shows that all deficient and excess rainfall years can be linked to countrywide rainfall as well as that the same extreme events occurring across the country (Figure 2B).
From the decadal averages, the SWMR shows a significant trend of increasing rainfall. From 1813–1820 to 1911–1920, there were 25 deficit years against 11 surplus years, but upto 2006 (86 years), there were 16 surplus years against seven deficit years, suggesting a trend of increasing rainfall than deficit. According to Verma and Bhatla (2021), the interannual variation in SWMR precipitation has been linked to El Nino in recent years, and this had a significant impact on the Eastern Ghats in the southern peninsular region. During the La Nina years, however, SWMR rainfall variation from the mean was large in the southern peninsular region. As a result of this, future flooding situation in the aforementioned places can be linked to the recurring and prolonged occurrences of La Nina events. Hari et al. (2020) suggested an increase in SWMR since 2002 because of the variations in the dynamics of the ITCZ that propagated northward since 2002.
North-East Monsoon (NEMR)
Greenlandian Stage: Greenlandian Stage (Early Holocene): Resmi and Achyuthan (2018) studied the Palar River paleochannel sediments to reconstruct NEMR variability over the Southern Indian Peninsular spanning the Holocene period (Figure 1). It is observed that during the Early Holocene period ∼10 ka, a decrease in CWI values and higher CIA, Rb/Sr ratio of sediments indicate an enhanced NE monsoonal precipitation (Figure 4). During 10 to 4.83 ka suggests an increase in CWI values along with a decline in CIA values, and Rb/Sr ratio, pointing a decrease in rainfall in this period. However, some short pulses of enhanced NEM were also reported during this period (Resmi et al., 2017). Pollen data from the Cauvery delta sediments reveals that deposition occurred in a sub-aerial environment at the bottom of deltaic incised valleys between 11 and 9.3 ka (Mohapatra et al., 2021) (Table 1). This reveals that sea level was advanced during the LGM, as the region was 19 and 13 m below current mean sea level. From 9.3 to 6.5 ka, a rapid transgression occurred in this area, pushing the coastline 10 km inland.
[image: Figure 4]FIGURE 4 | Schematic diagram of climate variability during the Holocene from records in the region which experiences NEMR.
Northgrippian Stage (Mid Holocene): During ∼7.3 ka SE coast of India witnessed high stand sea level recorded from the emerged coral colony at Rameswaram (Banerjee, 2000). Later on, ∼6.5 to 5 ka mangroves had established in the nearby region might be due to stabilization of sea-level. Subsequently, an increase in NEMR precipitation is noted during ∼5.1 ka-2.5 ka from the high abundance of Poaceae, Cyperaceae along with the occurrence of aquatic taxa. Significant increase in CaO/MgO and CWI value are observed during 4.8-3.59 ka from the Palar River and its paleochannels implies a progressive rise in the precipitation. This inference is substantially corroborated by low Rb/Sr and Ba/Sr ratios (Resmi and Achyuthan, 2018).
Meghalayan Stage (Late Holocene): Resmi and Achyuthan (2018) noted a fluctuation in elemental concentrations with high sand percentage, Rb/Sr, K/Al, Ti/Al ratios and Lower CaO/MgO ratios during 3.59-3.26 ka indicating a rise in NEMR precipitation during this period. The period from 3.26 to 1.88 ka shows a significant decrease in elemental ratios of CaO/MgO, Ti/Al, CWI, and CIA values that indicate a reducing trend of NEMR. During 3.5 ka period, Srivastava et al. (2011) observed a decline in the abundance of thecamoebians studied from the Pichavaram Estuary (Figure 4). This was accompanied with significant tidal input from the Bay of Bengal and freshwater intake from the inland, indicating an increase in the monsoon conditions. This is further corroborated by smectite/kaolinite and Lower 10Be content in Kaluveli Lake representing a semi-arid to humid climate around 3.4 kyrs and humid to present day semi-arid conditions at ∼2.24 ka (Patnaik, 2009; Figure 4). Chauhan et al. (2010) inferred that high contribution of chlorite and kaolinite into the Bay of Bengal during NEMR. Hence an enhanced flux of chlorite and reduced K/C ratio indicate a high monsoon precipitation during 2.2-1.8 ka, ∼1 ka, ∼0.45 ka-0.6 ka. Likewise, a weakening of NEMR is noted from 1.8-1.1 ka BP to 1.44 ka (Figures 4, 5).
[image: Figure 5]FIGURE 5 | Paleoclimate variability in Southern Peninsular India during Holocene.
Only a few studies have been conducted around the globe to reconstruct the NEMR (winter) monsoon. Using chemical, biological, mineralogical, and physical proxies in coastal sediments from the Panama, Okanda, and Kirinda estuaries, Ranasinghe et al. (2013) noticed that intervals from >7.3 to 6.75, 4 to 3, 1.1 to 0.5 ka were marked by decreased NEMR, a short-wet interval around 6.5–6.25 ka, and a semi-arid interval between 6.25 and 4.6 ka were marked by decreased NEMR (Figure 4).
The decrease in NEMR intensity has a significant influence on paddy farming, mainly in the Cauvery delta. The Grand Anicut, also known as Kallanai, is a historic dam that spanning the Cauvery River in Srirangam in the Thiruchirapalli District. During the Sangam period (Singh, 2003; Hill, 2008), the dam was built to manage water for paddy agriculture and irrigation during the reign of Chola king Karikalan (c. 100 BC–c. 100 AD). It is India’s oldest and still operational water-regulator construction. With the reduction in NEMR during the Pallava period in the 9th and 10th centuries AD, the region around Chennai, Kanchipuram, and Chengapttu witnessed warmer conditions (1000 AD). Further, the impacts of rainfall on the Chola Kingdom’s wealth and prosperity (850–1280 ce) can correlate well with the Medieval Warm Period. However, instrumental and proxy climate data reveal that recurring El Nino-like events occurred between 850 and 1300 CE, which can be linked to a rise in NEMR, although SWMR suffered severe deficit during this time. The development of water harvesting infrastructure in the Chola Kingdom was concentrated in the NEMR-dominated area of southeastern India, with construction peaked during El Nino-dominated intervals. Because of the monumental architecture and proliferation of tanks in South India (Figure 2C), the Chola rulers are widely regarded as great supporters of culture, art, and architecture, and their dynasty is known as the ‘Golden Age of Tanks’ (Barah, 1996). Temple tanks were built to collect rainwater and supply it for home and agricultural use during the non-rainy season (Pandey et al., 2003; Ramachandran, 2006; Rajan, 2013; Meter et al., 2014). In addition to temple tanks, the Chola rulers favored the construction of multifunctional man-made lakes, also known as tanks, which were primarily used to collect runoff water for irrigation for example Veeranam Lake and Chembarambakkam Lake are two major man-made water bodies during the Chola period (Shanmugasundaram et al., 2017). Overall, the Chola’s territory strengthened and adapted to the declining NEMR conditions. As a result, it can be concluded that the Chola Dynasty’s water management system and infrastructure helped them to sustain extreme climatic conditions such as droughts and floods in the later part of its history.
The NEMR is connected to the ENSO and IOD ocean–atmospheric phenomena, and the variability of NEM rainfall reflects year-to-year change. NEMR rainfall variabilities reveals different period of high and low rainfall during the last two centuries. Furthermore, rainfall episodes near the tropical Indian Ocean be therefore a decade or more. As a result, there are no long-term trends in NEMR. In contrast, the variability of the Indian Ocean dipole moment (IODM) has shifted from a predominantly negative phase in previous decades to a predominantly positive phase in recent decades. The northeast monsoon activity is enhanced by the IODM’s positive phase. Winds are converging in the positive phase of the anomalous flow pattern, indicating moisture transport from the southeast Indian Ocean and the Bay of Bengal to southern India. In the negative phase, however, winds diverge and moisture is moved away from the southern Indian subcontinent. A negative correlation between Indian NEM and the Southern Oscillation Index (SOI), as well as a positive relationship between NEM and El Niño, which is opposite of ENSO’s relationship with Indian SWM rains. The anomalously warm SST in the western Indian Ocean, the cold SST in the eastern Indian Ocean, and the related large-scale convergence extending towards South India are all factors in the development of NEM rains during the positive dipole phase (Pattanaik and Mohapatra, 2017).
Overall, the NEMR and SWMR monsoon shows variability with important climatic events which demonstrates that the region’s geographical positions have a considerable influence on monsoon strength (Figure 5). Furthermore, our review suffers from a lack of temporal data in many regions, particularly those experiencing NEMR. When comparing multiproxy data from various archives from different locations, there can be discrepancies in interpretation. It may be due to the sensitivity of the proxies used.
CONCLUSION
To get a comprehensive picture of climatic variations of SWMR and NEMR in southern peninsular India, we have considered all available terrestrial and marine records. SWMR paleoclimatic record shows a wet period in the early Holocene and a gradual decline in monsoon precipitation in the Mid-Holocene period. However, the NEMR reveals a rise in precipitation at the beginning of the Early Holocene, followed by a decrease in the Early Holocene period. The NEMR-dominated region experienced a significant increase in precipitation during the Mid Holocene. Then, SWMR indicates an overall wet phase with a few drier episodes in the late Holocene Period, but NEMR shows an overwhelming dry period with shorter wet phases, which corresponds with the demise of the chola dynasty. During intense NEMR; IODM and El Nino exhibits a positive correlation. However, NEM shows a opposite relation to Southern Oscillation which is opposite to the relation that ENSO exhibits with the SWM rainfall. Hence, we inferred that since Holocene an antiphase relationship has been existed between NEMR and SWMR as stated by Resmi and Achythan (2018).
The SWMR records suggest that the globally known climate event ‘Younger Dryas’, HCO, MWP and LIA is reported from Southern India also but not evident in all paleoclimatic records. NEMR records, on the other hand, reveals little evidence of major climatic events apart from the MWP. Since the region is experiencing both monsoon (mostly SWMR) though intensity is less, NEMR also plays a major role in especially in the SE part of India but most of the paleoclimate reconstruction record from this region is predominately considering SWMR influence not NEMR. Hence, the present study is pointing to the need of reconstructing high-resolution NEMR and SWMR records using a multi-proxy approach, and the role of monsoon in the demise of major dynasties has yet to be explored.
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