
Reply to the Referee #1 comments 

The authors are thankful to referee for his/her critical and constructive comments which helped 

in improvising the manuscript. The necessary changes in view of the comments made by the 

referee has been incorporated in the manuscript and would be send along with those as would be 

suggested by other reviewers. Here, we provide replies to the comments. 

Comment: I found the data/results relatively straight forward but the results were slightly 
over-interpreted in conjunction with other datasets. I think part of the issue might be resolved 
in annotating the figures with specific intervals better (e.g. YD and BA). 

Reply: The biogenic silica flux has been primarily used as proxy to reconstruct the Somali 

upwelling with SST records as secondary/supporting proxy. The data has been compared with 

the long-term trend of available palaeoclimatic records and have been summarized to the most 

appropriate conditions prevailed in the region. As suggested, the B/A and YD intervals have 

been marked in the figures 5 and 6. 

Comment: One of my major concerns is using TEX86 values as sea surface temperature in an 
upwelling region. TEX86 values record variable temperatures in upwelling regions (see 
Hertzberg et al., EPSL 2016). TEX86 essentially records subsurface conditions in upwelling 
regions so interpreting the Huguet et al., 2006 record purely as sea surface temperature is 
incorrect.  I would recommend excluding this temperature record from the regional climate 
discussion. This would change the discussion section significantly. In particular, much of the 
YD and BA discussion hinges on the TEX86 record. 

Reply: We agree that the TEX86 proxy records surface or sub-subsurface sea surface temperature 

on longer time scales dependant on the nutrient availability and surface productivity. The 

suggested publication Hertzberg et al., EPSL 2016 from east pacific region indicates the TEX86 

record co-vary with Mg/Ca SST during modern and Holocene, but differs during the LGM. 

However, our aim is to decipher the changes in SST with respect to the biogenic silica variation 

as recorded in the present study. Since we are not discerning quantitative changes in SST or the 

inconsistencies between various SST proxies, only the relative trend of increase / decrease in 

SST has been considered. Moreover, as seen in Fig.5, the Mg/Ca based SST record by Saher et 

al., 2007 also shows co-variance with minor amplitude. As suggested, we have modified the 

discussion accordingly. 



Comment: For comparisons of specific events like the YD and BA, I have some concerns 
about the age models. Many of the regional records are relatively low resolution. Are the age 
models, and frankly the sampling resolution, adequate to make the regional interpretations for 
the YD and BA? I think annotating these specific intervals on the figures would help the 
reader and the authors evaluate these interpretations. 

Reply: The sampling resolutions of the studies discussed were sufficient enough to make 

comparison and interpret multi-millennial scale events like B/A & YD. Although, the age models 

of the discussed sediment cores are of low resolution, but reasonably high for events like B/A 

and YD, thus we have not attempted to compute any correlation plot between regional records. 

The B/A and YD intervals have been marked in the figures 5 and 6 as per referee’s suggestion. 

Comment: Could the authors clarify the selective preservation within the upwelling region 
(Lines 125-135)?  In addition to the upwelling diatoms being more heavily silicified, 
presumably the flux of diatoms to the sediment during upwelling when nutrients are abundant 
also enhances their preservation? I’m not certain how the authors determined the 
preservation efficiency in the core. Is this based on the types of diatoms within the sediment? 

Reply: For determining the preservation efficiency of diatom in the core, we have used findings 

of previous study by Konning et al., 1997 and 2001 from the Somali basin, wherein preservation 

efficiency is based on sediment traps and surface sediment studies. They observed “two well-

silicified upwelling species, T. Nitzschioides and the solution-resistant Chaetoceros, make up 

~60% of the sediment, and dominate sediments both in the core tops and down core, thereby 

preserving a residual upwelling signal”. The estimated preservation efficiency is derived from 

the productivity and type of diatoms preserved in sediments (Konning et al., 1997 and 2001). 

Detailed discussion has been incorporated in the manuscript. 

Minor Comments: 

Comment: Please refer the reader to the specific figure (or figures) within the text. Figures 
should be labeled with region (e.g. Western Ghats) in addition to the author. 

Reply: The suggested corrections have been incorporated in the text as well as in the figure 

captions of the revised manuscript. 

Comment: Line 15:  “positive to negative” is ambiguous.  Could you make this sentence a 
little more clear?   

Reply: The suggested change has been made. 



Comment: Line 25: SST not defined write out sea surface temperature 

Reply: Sea surface temperature is introduced at line 25 of the revised manuscript.  

Comment: Lines 170-175:  I think it would be best to start this line of argument with the 
colder SSTs in the LGP are related to global cooling and not a change in upwelling strength. 

Reply: The statement has been modified as suggested. 

Comment: Line 175: use suggested instead of envisaged 

Reply: The change has been made. 

Comment: Line 188: I don’t see a reduction in temperatures during the B/A 

Reply: The B/A event marked between 15-13 ka BP shows prominent reduction in temperatures 

both by Anand et al, 2008 and Huguet et al., 2006, though, Mg/Ca SST by Saher et al., 2007 

shows minor change comparatively. This is noticeable with B/A events marked in the 

comparison figures.  

Comment: Lines 209-211: I don’t see this pronounced SST decrease in the Mg/Ca SST 
records, this is a TEX signal?  

Reply: Thanks for the observation as there is no pronounced SST decrease in the Mg/Ca SST 

records, however, Mg/Ca SST record of Saher et al., 2007 indicates only a marginal decrease at 

the beginning of Holocene period. The amplitude in the SST change differs between Mg/Ca and 

TEX86 records, with latter showing prominent change. Necessary modification made in the text. 

Comment: Lines 231-235:  I would recommend omitting this impact statement. 

Reply: This statement has been made to highlight the significance of the present study. However, 

the statement being emphatic in nature has been toned down and appropriately modified as “The 

Somali upwelling can possibly have a negative impact on southwest monsoon rainfall over 

south-western India throughout the Holocene. This finding would have implications in context of 

the modeling study by deCastro et al. (2016), which shows that Somali upwelling would increase 

during the twenty-first century.”  

 



Reply to the Referee #2 comments 

The authors are thankful to referee for his/her critical and constructive comments which helped 

in improvising the manuscript. The necessary changes in view of the comments made by the 

referee have been incorporated in the manuscript and will be sent after the editor’s decision. 

Here, we provide replies to the comments. 

Comment: The comparison of the productivity record with the SST records is misleading. As 
the authors state, high productivity could be expected during periods of strong upwelling, i.e. 
low temperatures. The SST records, however, are dominated by the strong glacial-interglacial 
temperature increase. So during this phase it looks like SST and productivities are positively 
correlated. The authors discuss this (chapter 4.2.1.) and thus start the comparison with a 
phase when it does not work; so the Figure still does not help much with the data 
interpretation. A comparison of other productivity records, concentrating on the Somali and 
Oman upwelling areas could be more illustrative. The SST records of the Holocene (after the 
strong glacial-interglacial) may be plotted with reversed scale in order to better illustrate 
whether and when there is an anti-correlation. In addition: there is some discussion in Huguet 
et al. (2006) about the TEX86 temperatures; it may not represent annual average temperatures 
but has a SW monsoon bias. This needs to be addressed and could actually support the 
authors. 

Reply: The high productivity is expected during the periods of strong upwelling and low SST, 

but only during southwest monsoon. Previous studies have shown that the southwest monsoon 

was weak/absent during LGM. Hence, modern relation of productivity and upwelling would not 

exist during LGM. The Mg/Ca based SST records are dominated by glacial-interglacial signal as 

it was measured in planktonic foraminifera G.ruber, which occurs throughout the year. But 

biogenic silica flux is dominated by southwest monsoon signal. The biogenic silica flux thus 

serves as a better proxy for upwelling rather than SST. This major observation is being 

underscored by comparing biogenic silica flux and SST and has been further elaborated in the 

revised manuscript. The other productivity records from Somali and Oman upwelling regions 

which record annual signal are either based on calcareous microfossils or organic matter. 

Therefore, comparison of biogenic silica flux with other productivity records would be improper. 

The TEX86 proxy related points of Huguet et al., (2006) have been included in the revised 

manuscript.  



Comment: The comparison of the biogenic opal fluxes form the Somali upwelling and the 
delta18O (precipitation) records is a new idea (not published by Tiwari et al.) but is too vague 
to be the main part of the paper. The anti-correlation of Western Ghats precipitation with 
western Arabian Sea upwelling was modelled for the present Arabian Sea and the authors cite 
only one paper (Izuma, see above). As the authors also discuss, differences in evaporation and 
also surface water inflow from the Bay of Bengal have impacted the salinity off the west coast 
of India during the past so that much of the changes are related to several different processes 
(see Vijit et al., 2016; Mahesh and Banakar, 2014). Furthermore, even the present 
relationship between precipitation on the Indian Subcontinent and upwelling/productivity in 
the Arabian Sea is not very clear (see Levine and Turner, 2012) so this topic needs at least 
some further discussion. 

Reply: Though the anti-correlation between western Arabian Sea upwelling/SST and rainfall in 

southwestern India is still open for investigation but few studies show evidence (Shukla, 1975; 

Arpe et al., 1998; Vecchi and Harrison, 2004; Izumo et al., 2008; Gimeno et al., 2010; Levine 

and Turner, 2012). Based on these modern observations, the comparison of upwelling and 

rainfall on longer time scales becomes an important aspect towards its understanding. As per 

reviewer’s suggestion more studies on the modern climate are included in the revised 

manuscript.  

Comment: In the paper by Tiwari et al. (2010), which the authors cite, more data on core 
SS4018 are available such as carbonate contents and stable isotopes of carbon and nitrogen. 
These data can be utilized to better understand the processes in the Somali upwelling and 
would help to better understand the Holocene productivity changes. Tiwari et al. come to 
similar conclusions, e.g. that productivity does not decline during the late Holocene despite the 
decreasing insolation, based on a multiproxy study. The authors have now additional evidence 
that this is the case and can prove what Tiwari et al. suggested: the decline of carbonate could 
be due to the replacement of carbonaceous by siliceous primary producers. The 
carbonate/opal ratio could show this and strengthen the authors‘ point. The published data 
need to be included and elaborated on. 

Reply: Yes, there are more proxy data available in the same core. We also agree that Tiwari et 

al., 2010 have suggested siliceous productivity as an alternative for calcareous. The whole core is 

composed of carbonaceous sediments with some minor variations. The carbonate content 

variations in this case is a function of nutrient availability and upwelling due to southwest 

monsoon variability. Carbonaceous productivity requires nutrients and micro nutrients. Oceanic 

regions (like Southern Ocean) deficient in micro nutrients, equatorial regions and high upwelling 

regions are known to experience high siliceous productivity (Lizitzin, 1971). Somalia basin 



known for strong upwelling, receives excessive nutrients brought from the sub-surface waters, is 

one region which results in relatively high primary productivity as a function of upwelling 

(Burkill et al., 1993). Synchronous increase of B.Si/carbonate and biogenic silica flux (Figure r1) 

attests to increasing upwelling in the Somalia region. However detailed discussion on the 

findings of Tiwari et al., 2010 have been included in the revised manuscript, as per reviewer’s 

suggestion. If the referee still suggests the inclusion of previously published data by Tiwari et al., 

2010 is necessary, then we are ready to incorporate in the revised manuscript. 

Minor Comments: 

Comment: The authors use the term “glacial” and “deglaciation” without giving references 
for these phases. They should also give the correct time for the beginning of the Holocene. I 
think that the use of LGP is rather uncommon but LGM is more common and can be 
referenced (Clark et al, 2009). 

Reply: The time for beginning of Holocene is modified from 11 ka to 11.7 ka BP in the revised 

manuscript text and figures. We agree with the referee that the use of LGM is more common, 

however, in this paper LGP has been used as it is a cumulative period comprising Heinrich event 

1 and part of LGM, also explained in the beginning of chapter 4.2.1. 

Comment: Lines 55-59: it does not become clear why biogenic silica appears after carbonate, 
clarify in more detail. 

Reply: Biogenic silica productivity as mentioned earlier are typical for regions like Southern 

Ocean, Equatorial Regions and high upwelling regions (like the present study site Somalia 

Basin). Silicate is low as compared to nitrate in surface and the intermediate ocean. Generally, in 

normal conditions in presence of nutrients and micro nutrients (Fe etc mostly supplied by 

terrestrial input or aeolian dust) or during the initial phase of upwelling (which brings high 

nitrate and low silicate water), it is mostly carbonaceous productivity which is dominated. But 

during high upwelling periods, due to excessive pumping of nutrients (silicate) to surface ocean 

by sub-surface waters (Haake et al., 1993), after initial carbonaceous productivity, depletion of 

micro nutrients to sustain excessive nutrient utilization and presence of more silicate results in 

siliceous productivity. 

Comment: Line 68: Is the age model used here different from the one used by Tiwari et al. for 
the same core, if yes, why? Is the same rate of sedimentation used for the whole core, despite 
available C14 ages? Why? 



Reply: Yes, we have used constant sedimentation rate to compute the flux. We considered that 

the variation in the sedimentation rate between 3-23 cm.ka-1 in our 4018 core as published by 

Tiwari et al., (2010), is a result of age control point selection. To minimize this effect, we 

computed an average sedimentation rate for the whole core. 

Comment: Lines 130-134: difficult to understand, explain in more detail. Why should 
variations be three times greater? 

Reply: If the observed variation in the biogenic silica flux is dominated by changes in burial 

efficiency (BE), low BE can be attributed to low flux and high BE to high flux i.e. result of low 

flux divided by low BF should be equal to high flux divided by high BE. High and low BE were 

assigned as per modern observation by Konning et al., 2001. In the present study, it was 

observed that the ratio of flux to BE was three times greater at the top as compared to the bottom, 

indicating the absence of preservation effect and the change in silica flux is exclusively a 

function of upwelling. Detailed explanation is presented in the revised manuscript. 

Comment: Lines 145-148: very short and therefore difficult to understand, explain in more 
detail (see also general comment on the comparison of SST and productivity records above). 
When do you expect a correlation, when an anti-correlation, why? This cannot be explained 
in two sentences. 

Reply: During southwest monsoon, with increase in upwelling anti-correlation exist between 

biogenic silica flux and SST. However, there is no relation between biogenic silica flux and SST 

in absence of southwest monsoon during LGP (18.5-15 ka BP). Detailed discussion on the 

comparison between biogenic silica flux and SST is now included in the revised manuscript. 

Comment: Line 181: I find the use of the deglacial period (DP; 15-11 ka BP) rather 
problematic as it covers the Pleistocene/Holocene boundary. 

Reply: We have used the deglacial period as the connecting phase between Holocene and LGP. 

The time range for deglacial period has been modified as 15-11.7 ka BP in the revised 

manuscript.   

Comment: Line 185: what does “entrainment of the SW monsoon” mean? 

Reply: We want to state that the northern limit of southwest monsoon was attained at the 

beginning of deglacial period onto the study site. The sentence has been modified as suggested. 



Comment: Lines 197-204: these lines again show that the comparison of moisture and 
upwelling does not work (see above). So when does it work and is it at all useful to show it for 
the whole period? 

Reply: The change in the relationship between upwelling and rainfall (moisture) at ~11 ka BP is 

the major finding of the present study. The upwelling-rainfall interaction was different during 

deglacial period than Holocene as well as modern. So the comparison for the whole period is 

necessary.  

Comment: Lines 221: very short and not convincing. How does the record from the Qunf 
Cave come into the picture? How is rainfall related with the monsoon on the Arabian 
Peninsula? Is chronology such a big problem that the correlation does not work? 

Reply: This part has been elaborated in the revised manuscript. Fleitmann et al., 2007 have used 

Qunf cave record as indicator of southwest monsoon rainfall. The location of the Qunf 

speleothem is very close to the study area. If southwest monsoon was the reason for rainfall in 

southern Oman then western Arabian Sea must be the moisture source and is the basis for 

comparing upwelling and Qunf cave record. This aspect is now included in the revised 

manuscript. Chronology limits the comparison of short time variations in upwelling and rainfall 

records, however, long-term trend comparison is possible.  

References suggested: 
1. Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., Clark, J., Wohlfarth, B., 

Mitrovica, J. X., Hostetler, S. W., and McCabe, A. M.: The Last Glacial Maximum, 
Science, 325, 710-714, 2009.  

2. Levine, R. C. and Turner, A. G.: Dependence of Indian monsoon rainfall on moisture 
fluxes across the Arabian Sea and the impact of coupled model sea surface temperature 
biases, Climate Dynamics, 38, 2167-2190, 2012.  

3. Mahesh, B. S. and Banakar, V. K.: Change in the intensity of low-salinity water inflow 
from the Bay of Bengal into the Eastern Arabian Sea from the Last Glacial Maximum to 
the Holocene: Implications for monsoon variations, Paleogeogr. Paleoclimatol. 
Paleoecol., 397, 31-37, 2014.  

4. Vijith, V., Vinayachandran, P. N., Thushara, V., Amol, P., Shankar, D., and Anil, A. C.: 
Consequences of inhibition of mixed-layer deepening by the West India Coastal Current 
for winter phytoplankton bloom in the northeastern Arabian Sea, J. Geophys. Res.-
Oceans, 121, 6583-6603, 2016. 

Reply: Suggested studies are included in the revised manuscript.  
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Abstract. The history of the Somali upwelling during the last 18.5 ka has been reconstructed using biogenic silica fluxes 

estimated from a sediment core retrieved from the western Arabian Sea. Surface winds along the east African coast during 

southwest monsoon causes the Somali upwelling and therefore the intensity of this upwelling has been related to the southwest 

monsoonal variability. Variations in biogenic silica fluxes suggest The reconstructed record demonstrates periodic weakening 10 

and strengthening of the Somali upwelling during the past 18.5 ka. Variations in biogenic silica fluxes suggest A weakened 

upwelling during the last glacial period (18.5-15 ka BP) and. Sstrengthened upwelling during the Bølling-Allerød period (15-

12.93 ka BP) points tosuggest post-glacial onset of the southwest monsoon. Whereas tThe Younger Dryas (12.93-11.7 ka BP) 

is again marked by reduced upwelling strength,. Iintensification of the Somali upwelling at the beginning of the Holocene and 

a decline at 8 ka BP are have been observed. Increases in upwelling strength recorded since 8 ka BP suggest strengthening of 15 

the southwest monsoon during the latter part of the Holocene. These upwelling variations when compared with the southwest 

monsoon precipitation record, a reversal in the relationship between the strength of the Somali upwelling and southwest 

monsoon rainfall is observed at the beginning of Holocene.Linking these upwelling variations with southwest monsoon 

precipitation, a major shift in the relationship between the strength of the Somali upwelling and southwest monsoon rainfall 

from positive to negative has occurred during the pre-Holocene to the Holocene. The observed shift is attributed to the variation 20 

in the southwest monsoon strength due to the latitudinal shift of the Intertropical Convergence Zone (ITCZ) associated with 

changes in moisture sources. 

1 Introduction 

The greater part of the world’s population inhabits the tropical region, where climate is mainly controlled by monsoon rainfall. 

Understanding the causes of past changes thus plays a critical role in deciphering past, present and future monsoon variability. 25 

The economy of India, which is a tropical country that contains a significant part of the world’s population, is dependent to a 

large extent on the southwest monsoon (SWM) rainfall; hence, slight changes in SWM rainfall can lead to immense societal 

impacts. Several attempts have been made to identify the factors responsible for SWM rainfall variations. SWM rainfall 

variability is correlated with several global phenomena, such as ENSO (Goswami et al., 1999; Annamalai and Liu, 2005), 
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Atlantic Sea Surface Temperature (SST; Goswami et al., 2006; Yadav, 2016), Eurasian snow cover (Hahn and Shukla, 1976; 30 

Pant and Rupa Kumar, 1997; Bamzai and Shukla, 1999), the pre-monsoon 500 hPa ridge (Mooley et al., 1986), the Indo-

Pacific warm pool (Parthasarathy et al., 1988; Parthasarathy et al., 1991), the Pacific decadal oscillation (Krishnan and Sugi, 

2003), and the Atlantic multi-decadal oscillation (Krishnamurthy and Krishnamurthy, 2015). In addition to these factors that 

influence SWM, the Indian Ocean Warm Pool (IOWP) has been identified as the prominent source of moisture for SWM 

rainfall (Ninomiya and Kobayashi, 1999; Gimeno et al., 2010). During its maxima, the IOWP extends throughout the northern 35 

Indian Ocean during the pre-monsoon period (April), and it almost reduces to half during the SWM (Izumo et al., 2008). The 

extent of the IOWP is primarily affected by the Somali upwelling and partly by the latent heat flux increase in the Arabian Sea 

during the SWM season (Izumo et al., 2008). The Somali upwelling, as well as SWM rainfall, are caused by the SWM winds 

during boreal summer.  

Upwelling of deep water during the SWM brings nutrients up to the photic zone, enhancing surface productivity in the western 40 

Arabian Sea. Paleoproductivity variations in the coastal regions off Somalia and Oman have been extensively studied to 

understand past changes in SWM-related upwelling (Sirocko et al., 1993; Naidu and Malmgren, 1996; Gupta et al., 2003; 

Tiwari et al., 2010). However, variations in siliceous productivity in the western Arabian Sea, which have direct implications 

for the strength of upwelling in the past, have not been understood. The present study thus aims to understand past variations 

in siliceous productivity in the Somali upwelling region, as well as paleo-upwelling strength and its relationship with the 45 

southwest monsoon rainfall, using a sediment core retrieved from the western Arabian Sea (Fig.1). 

1.1 Modern Oceanography and Productivity 

The surface water circulation in western Arabian Sea is controlled by seasonal changes in atmospheric wind pattern related 

with annual migration of ITCZ (Wyrtki, 1973). During boreal winter, ITCZ stays south of equator and shifts to north during 

boreal summer. This northward shift of ITCZ during southwest monsoon (SWM, June-September) season drives the southern 50 

hemisphere eastern trade winds across equator that turns clockwise and becomes southwest winds (Findlater, 1977; Fig. 2). 

These southwest winds help to form the Somali current along the east African coast towards north. The Somali current is 

generally associated with near shore upwelling and eddies such as southern gyre, great whirl and Soccotra eddy (Schott et al., 

1990; Beal and Chereskin, 2003; Schott et al., 2009). These eddies induce intense upwelling which pumps out the low 

temperature and nutrient rich subsurface water to the surface along the east coast of Africa (Young and Kindle, 1994). 55 

Productivity in the western Arabian Sea reflects the seasonal changes in surface ocean characteristics (Qasim, 1977; Brock et 

al., 1991). More than half of the annual productivity in the western Arabian Sea occurs during southwest monsoon due to 

intense upwelling (Haake et al., 1993). Total flux (biogenic + dust) also peaks at the same time when productivity is at its 

maximum, means indicating that SWM not only causes high productivity in the western Arabian Sea but also contributes to 

high dust flux (Sirocko and Lange, 1991; Haake et al., 1993). Bhushan et al., 2003 observed that the concentration of nitrate 60 

and phosphate increased at the bottom of the mixed layer at the core location, whereas, significant increase in silicate 

concentration occurs only at the depth of thermocline. During the onset of SWM upwelling, nitrate and phosphate rich waters 
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surfaced more compared to silicate due to the upwelling of shallow waters. In presence of high nitrate and phosphate along 

with the micronutrients (derived by dust flux), the calcareous primary producers dominated the surface productivity. Sediment 

trap studies in the western Arabian Sea recorded recorded that during the onset of SWM, high biogenic carbonate dominates 65 

particle flux, at the onset of SWM upwelling (Haake et al., 1993). During the late phase of SWM upwelling, the surfacing of 

deeper waters increased silicate concentration in surface waters. High silicate content and depletion of micro-nutrients to 

sustain excessive nutrient utilization results in siliceous productivity and subsequent biogenic silica flux to the sediments while 

the end of SWM is dominated by biogenic silica flux (Fig.3; Konning et al., 2001). This late SWM appearance of biogenic 

silica flux is caused by the increased surface silicate concentration of upwelled deep water. Initially, this upwelled deep waters 70 

surfaced at Somali coastal upwelling zone and transported towards the mouth of Gulf of Aden (core location) through the 

Socotra channel i.e. between the Socotra Island and Somalia (Young and Kindle, 1994). 

2 Material and methods 

Sediment core SS4018 was collected off the Horn of Africa (north of Socotra island), in from the western Arabian Sea (13° 

12.80’ N, 53° 15.40’ E; water depth 2830 m; core length 130 cm; Fig. 1) during FORV Sagar Sampada cruise SS-164 in 1998. 75 

Sub-sampling at 2-cm intervals was carried out. The age-depth model (Fig. 43) as well as the calcareous and organic 

productivity proxies of this sediment core have been presented elsewhere (Tiwari et al., 2010). Dry bulk density (DBD) was 

computed using an empirical equation based on the calcium carbonate concentrations (Clemens et al., 1987). The flux rate was 

estimated using an average sedimentation rate computed based on the age-depth model given by Tiwari et al., (2010). However, 

the published ages of the individual samples were considered. The sedimentation rate at the core site as given by Tiwari et al., 80 

(2010) is variable, the lowest being 3.5 and highest at 22.7 cm.ka-1. Since the age model depends on the sample selection 

criteria and may change according to depth of age control points, an average sedimentation rate was computed for the entire 

core. 

The biogenic silica concentration was measured in each sample using the method described by Carter and Colman (1994). 

Dried homogenized samples weighing 50 mg were placed in centrifuge tubes. Five milliliters of 10 % H2O2 was added to each 85 

sample at room temperature, and the samples were stored for 2 hours to remove organic matter. Five milliliters of 1N HCl was 

added to each tube. After acid treatment, 20 ml of distilled water was added, and the samples were centrifuged for 15 minutes. 

Sample tubes were kept in an oven after removal of the supernatant. Thirty milliliters of 2 M Na2CO3 was added to each sample 

tube, and the tubes were kept in a shaker bath at 95⁰ C for 5 hours. After 5 hours, the samples were centrifuged for 5 minutes, 

and 3 ml of hot supernatant was pipetted out of each sample and added to exactly 30 ml of distilled water in pre-cleaned sample 90 

tubes. These solutions were was acidified by adding 0.9 ml of concentrated HNO3. Sample tubes were sealed after 

effervescence. Silicon and aluminumAluminium concentrations were measured in these samples using ICP-AES (Jobin-

Yuvon, Model 38S at Physical Research Laboratory, Ahmedabad). The silicon concentrations were then corrected for clay 

mineral dissolution by using the formula given by Carter and Colman (1994) (Eqn 1):  
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∆𝑆𝑖 = 𝑆𝑖 − (𝐴𝑙 ∗ 1.93)           (1) 95 

Where, ∆Si is the corrected silicon concentration, Si and Al are the measured concentrations of silicon and aluminium in the 

sample, and 1.93 is the Si to Al ratio in smectite. Smectite is an abundant clay mineral in the northern Arabian Sea (Sirocko et 

al., 1991). Biogenic silica concentrations were calculated using the formula given below (Eqn 2): 

𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 𝑠𝑖𝑙𝑖𝑐𝑎 = ∆𝑆𝑖 ∗ 𝒦           (2) 

Where, K is a constant that equals 2.4, which accounts for the ~10 % water content in biogenic silica (Mortlock and Frolich, 100 

1989). Overall, the error associated with the biogenic silica measurement is less than 5 % based on repeat measurements. The 

biogenic silica flux is calculated by multiplying the biogenic silica fraction by the sedimentation rate (SR) and the dry bulk 

density (DBD) (Eqn 3), 

𝐵. 𝑆𝑖. 𝑓𝑙𝑢𝑥(𝑔. 𝑚−2. 𝑦−1) = 𝐵. 𝑆𝑖 ∗ 𝑆𝑅(𝑚. 𝑦−1) ∗ 𝐷𝐵𝐷(𝑔. 𝑚−3)      (3) 

The uncertainties associated with the biogenic silica concentration (B.Si) is estimated from the error in Aluminium and Silicon 105 

concentration based on measurements of repeat and standard material. The maximum error in biogenic silica concentration is 

within 5%. Dry bulk density (DBD) is calculated from CaCO3 concentration using an empirical equation suggested by 

Clemens et al., 1987. The standard uncertainty in DBD calculation is 0.091 g/cm3. The uncertainty in average sedimentation 

rate (SR) is 0.12 cm/ky. Finally the uncertainty associated with biogenic silica flux (B.Si flux) is propagated using the below 

equation, 110 

𝜎𝐵. 𝑆𝑖 𝑓𝑙𝑢𝑥 = 𝐵. 𝑆𝑖 𝑓𝑙𝑢𝑥 ∗ √{(𝜎𝐵. 𝑆𝑖
𝐵. 𝑆𝑖⁄ )2 + (𝜎𝐷𝐵𝐷

𝐷𝐵𝐷⁄ )2 + (𝜎𝑆𝑅
𝑆𝑅⁄ )2}     (4) 

Where, prefix “” stands for uncertainty. Uncertainty in biogenic silica concentration is below 5%. But the uncertainty in flux 

are up to 15%. This increase in uncertainty is due to the high standard error associated with empirical derivation of Dry bulk 

density. 

3 Results 115 

Biogenic silica concentrations varied from 3 % to 15.2 % during the last 18.5 ka (Table 1), with the lowest concentrations (3–

4 %) being observed at the bottom of the core between 18.5 ka and 16 ka BP. Subsequently, it increased continuously up to 

13.5 ka BP (~9 %) and decreased to 6.5 % at ~13 ka BP. No significant variations in biogenic silica concentration s were 

observed between 13 ka and 11.3 ka BP. After 11.3 ka BP, biogenic silica increased from 6.5 % to 10.5 % and remained stable 

for a period of almost 1000 years until 10 ka BP. The biogenic silica concentration increased from 10.5 % to 12 % during 10–120 

9.5 ka BP, and it decreased subsequently to 8.5 % at 8 ka BP. From 8 ka to 7.3 ka BP, it changed from 8.5 % to 9.5 % with a 

peak at 7.7 ka BP (13.3 %), then further it remained stable until 6 ka BP. From 6 ka to 5 ka BP, the biogenic silica concentration 

increased from 10 % to 12.5 % and then decreased at 4 ka BP. After 4 ka BP, a continuous increase to a maximum value of 15 

% biogenic silica at 1.5 ka BP and a subsequent decrease to 12 % at 1 ka BP were observed. Biogenic silica concentrations 

showed no variations during the last 1 ka BP. 125 
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 The variations in biogenic silica fluxes show an overall increasing trend from 18.5 ka to present (Fig.54). The fluxes varied 

between 1.4 to 6.8 g.m-2.y-1. The minimum values  flux (<2 g.m-2.y-1) occur  was observed at the bottom of the sediment core, 

i.e., between 18.5 and 16 ka BP, and the maximum flux value is observed at 2 ka BP. Five distinct peaks in biogenic silica flux 

during the last 18.5 ka BP were observed between 14–13 ka, 11–10 ka, 10–9 ka, 6–4 ka and 2.5–1 ka BP. Uncertainties in 

biogenic silica concentrations and fluxes are below 5 % and up to 15 %, respectively. The increase in uncertainty in the flux 130 

is due to the high standard error associated with the empirical derivation of the dry bulk densities. 

4 Discussion 

4.1 Biogenic silica flux as an upwelling proxy 

The surface waters of the world ocean are mostly deficient in bioavailable silica (Hurd, 1973), which is a major nutrient for 

siliceous productivity. Apart from the Southern Ocean, high siliceous productivity can be observed in the major upwelling 135 

regions, where upwelled nutrient-rich water causes high primary production (Koning et al., 2001). The ocean is under saturated 

with respect to silica, and thus biogenic silica flux preservation in sediments is a function of its export flux, which is controlled 

by its production at the surface and dissolution  both in the water column as well and at the sediment water interface (Hurd, 

1989; Broecker and Peng, 1982). Thus, using biogenic silica as a proxy for the study of paleo-upwelling requires understanding 

of its production and burial efficiency. Sediment trap studies from the western Arabian Sea indicated biogenic silica flux 140 

mimics the SWM upwelling (Fig. 3; Nair, 2000; Haake et al., 1993). Studies of sediment trap data and surface sediments 

(Koning et al., 1997; Koning et al., 2001) of the Somali basin provides better estimates of the burial efficiency of biogenic 

silica i.e. ratio between diatom abundance in surface in to its concentration in the sediment, in the western Arabian Sea. Only 

6.8–8.7 % of diatom (biogenic silica) productivity is preserved in the sediments of the Somali basin; the rest is dissolved  

remineralised in the water column as well asand at the sediment water interface (Koning et al., 2001). One of the major findings 145 

from sediment traps in the Somali basin by Koning et al., (2001) is the selective preservation of upwelling-indicating diatoms 

in the sediments of the Somali region. This is linked to the silicification of diatom frustules; most pre- and post-upwelling 

produced diatoms are weakly silicified, enhancing their dissolution in the water column and leading to their low preservation 

in sediments. Better preservation of upwelling indicating diatoms may also be linked to the increased downward supply due 

to high surface production. Nutrient availability (Si:N) and concentration of dissolved iron can also affect diatom silicification 150 

that leads to variation in preservation (Hutchins and Bruland, 1998). In general, it is noted that high silicate concentration 

along with micro-nutrient depletion leads to more silicified and faster sinking diatoms (Hutchins and Bruland, 1998), which is 

most plausible scenario during the late phase of SWM upwelling. If burial efficiency (BE) is the primary controller of biogenic 

silica flux variation, ratio of low flux to low BE should have been similar to the ratio of high flux to high BE. However, in the 

present record using the modern high and low BE values (Koning et al., 2001), the ratio of high flux to high BE (top) is almost 155 

three times more than the ratio of low flux to low BE (bottom), thereby indicating the absence of preservation effect in the 

biogenic silica flux.  Despite attributing the lowest preservation efficiency to the low biogenic silica fluxes observed at the 
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bottom of the core and the highest preservation efficiency to the high biogenic silica fluxes at the top, the variation is still 

approximately three times greater. Hence, the influence of preservation efficiency on our core record is minimal. 

Apart from biogenic silica production and preservation efficiency, sediment redistribution can also influence the biogenic silica 160 

flux. However, considering the sediment core location and average sedimentation rate, it is likely that the influence of sediment 

focusing/winnowing on the flux record is minimal. The location of the sediment core is far from the continental slope (Fig. 1) 

and not directly influenced by coastal currents or fluvial systems that would lead to redistribution of the sediment flux. The 

chronology of the sediment record is based on the published age-model given by Tiwari et al., (2010). The model, however, 

shows sizeable variations in the sedimentation rate. Because the calculated sedimentation rate is a function of the selected 165 

sampling depths (which may vary), the average rate of sedimentation has been considered in estimating the fluxes of biogenic 

silica. The high surface production of biogenic silica during SWM upwelling (Fig. 3; Haake et al., 1993; Koning et al., 1997), 

together with the increased burial efficiency of upwelling-indicating diatoms (biogenic silica) in the western Arabian Sea 

sediments (Koning et al., 2001), makes biogenic silica flux as a potential proxy for SWM-related upwelling in the study area. 

4.2 Biogenic silica flux vs SST 170 

Similar to biogenic silica flux, the paleo-SST reconstructions can serve as proxy for upwelling, as upwelling increases siliceous 

productivity with reduction in SST. However, the inverse relation between siliceous productivity and SST is valid only during 

the SWM season and not even on annual scale. Mostly the SST reconstructions are based on biomarker (TEX86 and UK’
37; 

Brassell et al., 1986; Schouten et al., 2002) or from planktonic foraminifera shell chemistry (18O and Mg/Ca; Emiliani, 1955; 

Chave, 1954). However, the annual mean signal of SST or its reconstruction on seasonal scale depends on the signature of the 175 

productivity proxies for the region. The 18O value of foraminifera shell is not only dependent on the SST, but also gets 

modulated with the preservation of shell, carbonate ion concentration, salinity and 18O (ice-volume) of the original seawater 

(Lea, 2003), which makes the reconstruction rather complex. The SST reconstruction based on Mg/Ca ratio is affected by 

species-dependency and dissolution (Lea, 2003). In most of the cases, it is foraminifera based SST which preserves better 

signature of annual mean signal due to the foraminifera production throughout the year (Conan et al., 2000; Dahl and Oppo, 180 

2006), but the possibility of preserving seasonal signal sdepends on local hydrography and productivity. While, the biomarker 

based SST records may preserve seasonal signal, because they are mainly produced during monsoon season (Huguet at al., 

2006). However, there are other limitations with the biomarker based SST records. Major limitation for the application of 

alkenone UK’
37 in low latitude regions is that it saturates around 28◦C (Prahl and Wakeham, 1987). While, the TEX86 based 

SST are valid in the range of 5 to 30 C (Kim et al., 2008), with better estimates above 15o C (Kim et al., 2010). However, there 185 

are numerous evidence suggesting TEX86 records sub-surface temperature rather than SST (Hertzberg et al., 2016; Lee et al., 

2008; Lopesdos Santos et al., 2010; Seki et al., 2012; Wuchter et al., 2006). The nutrient availability and variation in 

productivity may also influence the TEX86 temperature (Hertzberg et al., 2016). Comparing the SST reconstructed using UK’
37 

and TEX86 from a sediment core in the western Arabian Sea, Huguet et al., 2006 suggested that the UK’
37 SST are in phase 

with northern hemisphere dynamics during NE monsoon, while, TEX86 SST are controlled by SW monsoon. All SST proxies 190 
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tend to record annual mean signal with varying fraction of seasonal signal. Glacial boundary conditions have strong influence 

on the annual mean SST in the Arabian Sea irrespective of monsoon upwelling (Broccoli, 2000; Dahl and Oppo, 2006). While, 

the biogenic silica flux has been controlled by the SWM upwelling signal due to the fact that it is produced during southwest 

monsoon season and preserves upwelling signal. Hence, the biogenic silica flux can be identified as a better proxy than SST 

to understand SWM upwelling in the study area. Comparison of biogenic silica flux with other paleo-SST records (Anand et 195 

al., 2008; Sahar et al., 2007; Huguet et al., 2006) from nearby locations are shown in figure 6 and 8. There is no definitive 

relation between biogenic silica flux and SST records on temporal scale. Also, the SST using different proxies show 

inconsistent changes in the studied time span, the TEX86 SST is always higher than Mg/Ca SST (Fig. 6&8). A general 

observation is that both biogenic silica flux and SST were low during 18.5 to 15 ka BP, later showing an anti-correlation (Fig. 

6). The anti-correlation is strong between biogenic silica flux and TEX86 SST during 15 to 11.7 ka BP (Fig. 6). However, 200 

during the last 11.7 ka the Mg/Ca based SST shows a strong anti-correlation with biogenic silica flux record, indicating 

variation in influence of the seasonal signal for different proxies (Fig. 8). Temporal relation between biogenic silica flux and 

SST is discussed in the following section.  

To validate this we have compared the SST records (Huguet et al., 2006; Saher et al., 2007; Anand et al., 2008) from the 

Somali upwelling region with our biogenic silica flux record (Fig. 5). Synchronous but opposite (upwelling induce high 205 

biogenic silica flux and low SST) changes in biogenic silica flux and SST indicates the potential of biogenic silica flux as 

important proxy for upwelling in our study area. 

4.32 Somali upwelling strength versus southwest monsoon rainfall 

The wWestern Arabian Sea surface temperaturesSSTs during SWM are directly related to upwelling strength (enhanced 

upwelling results in lower SSTs and vice versa; Fig. 3). Previous studies have shown that northern Indian ocean and in 210 

particular the Arabian Sea to be an important source of moisture for SWM rainfall over India (Ninomiya and Kobayashi, 1999; 

Gimeno et al., 2010). There are several kind of relationship observed between SST, moisture and SWM rainfall. First order 

relation would be positive, i.e. reduced SWM winds would cause reduced upwelling as well as reduced rainfall and vice versa. 

However, the relation between Arabian Sea SST and SWM rainfall is complicated due to the fact that SST modulates the 

moisture availability as well as the meridional temperature gradient (Levine and Turner, 2012). Modelling study by Shukla 215 

(1975) showed that the cold Arabian Sea SST during SWM tend to reduce the SWM rainfall through reduced moisture 

transport. However, Webster et al (1999) and Clark et al (2000) showed that the SWM rainfall has stronger connection with 

winter and spring SSTs rather than summer, and suggested a delayed influence of SST on rainfall. A modelling study by Arpe 

et al (1998) demonstrated that warmer northern Indian Ocean leads to increased SWM rainfall over India through enhanced 

evaporation and moisture supply, while indicating the strong influence of pacific SST anomalies on monsoon. It was also 220 

suggested that Arabian Sea SST modulates the impact of ENSO on monsoon precipitation (Arpe et al., 1998; Lavine and 

Turner, 2012). An observational study by Vecchi and Harrison (2004) observeddetected a strong positive correlation between 

western Arabian SSTs and SWM rainfall over the Western Ghats Mountains in India from 1982 to 2001. Overall, it has been 
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suggested that any isolated cooling of the Arabian Sea will reduce SWM rainfall through reduced moisture supply, in absence 

of other large-scale forcing (Lavine and Turner, 2012). An observational and modelling study by Izumo et al (2008) signals 225 

the causes for the variations in western Arabian Sea SSTs and their influence on SWM rainfall over the Western Ghats. 

According to Izumo et al (2008), increased Somali upwelling during the SWM late spring reduces the westward extension of 

the IOWP during summer, which decreases moisture availability to the air mass that delivers rainfall to the western part of the 

Indian sub-continent. Though, the upwelling-rainfall connection is not fully understood and difficult to model, the observations 

suggest an anti-correlation between Somali upwelling (western Arabian Sea SST during SWM) and SWM rainfall. Both, 230 

Somali upwelling and SWM rainfall, were caused by southwest monsoonal winds during SWM season, hence their anti-

correlation indicates a negative feed-back within the system. 

 

Did this anti-correlation exist between the Somali upwelling and SWM rainfall in the geological past? To answer this 

question, we need to investigate the record of paleo-upwelling in the Somali region and paleo-rainfall in the western part of 235 

India and adjoining areas. There is no continuous terrestrial records of paleo-rainfall covering the last 18.5 ka from the Western 

Ghats, but there are several paleoclimatic records based on marine sediment cores from the eastern Arabian Sea. The biogenic 

silica flux temporal variability is compared (Fig. 7 & 10) with paleo-rainfall records (18Ow IVFof surface water by (Anand et 

al., 2008), surface water salinity (Govil and Naidu, 2010)) from the eastern Arabian Sea and a speleothem record from Oman 

(Fleitmann et al., 20037; Fig. 6). The 18Ow IVF is the Ice Volume Free oxygen isotopic composition of seawater based on the 240 

18O of G.ruber. Anand et al. (2008) showed that the reconstructed 18Ow IVF during the last 19 ka from a sediment core (Sk-

17) in the eastern Arabian Sea was mainly controlled by the SWM rainfall in the Western Ghats. The Qunf speleothem record 

from Oman (Fleitmann et al., 2003) had been widely used as an indicator for SWM variation. The location of Qunf speleothem 

is very close to the present study area i.e. downwind side to the present study area during SWM season. If the SWM was the 

reason for the rainfall in southern Oman, then western Arabian Sea must be the moisture source. Though, there are no 245 

observational study on the relation between upwelling strength and rainfall in Oman, a comparison is made to give a 

preliminary assessment. Since records are from different regions and have irregular temporal resolutions, we only examine the 

long-term trends have been examined.  

4.32.1 Last Glacial Period (18.5–15 ka BP) 

The biogenic silica flux record does not show any distinct variation between the previously identified Heinrich event 1 and the 250 

Last Glacial Maximum (LGM; Clark et al., 2009),. So the period between 18.5 and 15 ka thus is considered here as the Last 

Glacial Period (LGP). Both biogenic silica concentrations (3–5 %) and fluxes (~2 g.m-2.y-1) were lowest during the LGP (Fig. 

54), which is similar to earlier findings of low productivity during glacial periods from the western Arabian Sea (Burckle, 

1989; Sirocko et al., 1991; Sirocko et al., 2000; Ivanochko et al., 2005; Tiwari et al., 2010). Based on the modern pattern of 

biogenic silica productivity and its burial efficiency in the western Arabian Sea, the observed low fluxes of biogenic silica 255 

indicate that the Somali upwelling was very weak during the LGP. However, the lowest SSTs recorded in the last 18.5 ka were 
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recorded in the Somali basin during the LGP (Huguet et al., 2006; Saher et al., 2007; Anand et al., 2008) are related to basin 

wide cooling and not connected with upwelling strength, is contrary to our interpretation (Fig. 65). These low SSTs in the 

Somali basin might have been caused by a basin-wide reduction in SST by at least 2–4° C during the LGP (Dahl and Oppo, 

2006), rather than by the SWM upwelling observed a reduction in Arabian Sea SST of 2–4° C during LGP. Thus, it is unlikely 260 

that the formation of the IOWP (SST>28° C) formed during the LGP can be ruled out. In absence of IOWP, any relation 

between the Somali upwelling and rainfall is unexpected. Paleo-rainfall record from the eastern Arabian Sea shows high 18Ow 

IVF values indicative of reduced freshwater flux and rainfall during this period (Fig. 7)Weakened SWM rainfall during the 

LGP has also been envisaged by Anand et al. (2008) based on high 18O in sediment core off Goa, while Govil and Naidu. 

(2010) observed evidence of high salinities in a sediment record from off Goa that was attributed to high evaporation and low 265 

fresh water influx. Based on the weak upwelling in the western Arabian Sea and the increase in evaporation and reduced fresh 

water influx to the eastern Arabian Sea, it is can be concluded that the SWM was weak/absent during the LGP. 

4.32.2 Deglacial Period (15–11.7 ka BP) 

The Deglacial Period (DP) is a connecting phase between two entirely different climatic periods, the LGP and the Holocene. 

The DP is actually basically a composite of two bi-millennial scale events between 15–12.913 ka and 12.913–11.7 ka BP. 270 

Thise period occupied by these two events nearly coincides with well-known climatic events phases, specifically the Bølling-

Allerød (B/A) eventperiod and the Younger Dryas (YD) event. The beginning of the B/A is marked by an abrupt increase in 

biogenic silica flux (Fig. 65a) is, which we attributed to the effect of northern limit of southwest monsoon,  was attained ontoat 

the study siteentrainment of the SWM at our core site and thewith subsequent increase in Somali upwelling strength. This is 

further supported by investigation of Zr/Hf in two independent sediment cores near our core site, which shows an increasing 275 

flux of windborne dust from the Horn of Africa (an indicator of the SWM) at the onset of the B/A (Sirocko et al., 2000; Isaji 

et al., 2015). The reduction in TEX86 SSTs during the B/A in the Somali basin (Huguet et al., 2006; Saher et al., 2007; Anand 

et al., 2008) also suggest increased upwellingsupports our view (Fig. 5), however the Mg/Ca SST does not show this change 

(Fig. 6). The inconsistencye between the two SST records (TEX86 and Mg/Ca) mightcould be related to the control on seasonal 

production of the proxy material. 280 

The 18Ow
 IVF record from core SK-17 ( Anand et al., 2008) shows depleted values, indicating higher influx of fresh water 

from the Western Ghats caused by high SWM rainfall, during the B/A (Fig. 76c). The AAS9/21 record (Govil and Naidu, 

2010) shows decreased sea surface salinity during the B/A caused by increased fresh water flux into the eastern Arabian Sea 

that was derived from SWM rainfall (Fig. 6d). The positive correlation between Somali upwelling (high biogenic silica fluxes 

and lower SSTs) and SWM rainfall in the Western Ghats (high fresh water influx to the eastern Arabian Sea) during the the 285 

B/A contrasts with the present-day scenario as observed by Vecchi and Harrison (2004). Presently, the moisture source for 

SWM rainfall is the Arabian Sea and the central Indian Ocean (IOWP), which is affected by SWM upwelling (Izumo et al., 

2008). If the central Indian Ocean were the only source of moisture for SWM rainfall during the B/A, then the observed co-

variation is possible. Thus, it is proposed that the moisture source for SWM rainfall over Western Ghats during the B/A 
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eventperiod was different from the modern source. The other possibility, that rainfall in south-western India was enhanced due 290 

to a strong NE monsoon during the B/A , is unlikely because the siliceous productivity in the western Arabian Sea related to 

the NE monsoon has not been reported (Koning et al., 1997; Ramaswamy and Gaye, 2006). In contrast to the B/A, the 

upwelling in the western Arabian Sea was weak during the YD, as revealed by the low biogenic silica fluxess and high SSTs 

(Fig. 6; Huguet et al., 2006). This is in agreement with the previous studies from Arabian Sea which showedn decreased 

productivity during YD due to reduction in SWM (Altabet et al., 2002; Ivanochko et al., 2005). Furthermore, the high 18Ow 295 

IVF and high surface salinity values in the eastern Arabian Sea (Anand et al., 2008; Govil and Naidu, 2010), which were 

caused by low freshwater influx, also points to weak SWM rainfall (Fig.7). 

4.32.3 Holocene (11.7–0 ka BP) 

The beginningonset of the Holocene is marked by an abrupt increase in biogenic silica flux (Fig. 86a). This sudden increase 

in biogenic silica fluxes between 11.7 ka and 9 ka BP might could have been caused by the intensification of the SWM 300 

(extended season) may have caused byresulting in the due to a northward shift of the ITCZ, following the peak in Northern 

Hemisphere solar insolation (Fleitmann et al., 2007). Somali basin SST records (Saher et al., 2007; Huguet et al., 2006; Anand 

et al., 2008) also shows a marginalpronounced decrease at the onset of the Holocene, but not up to the levels seen during the 

B/A (Fig.8). The TEX86 SST show more variation than Mg/Ca at the beginning of Holocene, however, the Mg/Ca SST 

givesshows a mirror image like pattern witto theh biogenic silica flux pattern during Holocene, indicates the dominance of 305 

seasonal signal in Mg/Ca SST during this period (Fig. 8b). Based on the stable isotopic composition of organic carbon and 

nitrogen in the 4018 core, Tiwari et al (2010) alsotoo suggested an increase in productivity during Holocene and attributed it 

to the strengthening of Somali upwelling. The synchronous changes in the biogenic silica flux with biogenic silica/carbonate 

ratio (Fig. 9) indicates a change in dominant plankton community (carbonaceous to siliceous) due to increased upwelling, such 

as that suggested by Tiwari et al. (2010). The 18Ow IVF and salinity records (Anand et al., 2008; Govil and Naidu, 2010) 310 

display values similar tolike those of the YD during the early Holocene (Fig. 106c and 6d), indicating reduced rainfall (lower 

fresh water influx) over the Western Ghats. This negative canti-correlation between Somali upwelling and SWM rainfall over 

south-western India during the early Holocene (11.7 ka to 9 ka BP), marks the establishment of the modern-day climate system. 

The increased Somali upwelling in the western Arabian Sea during the early Holocene (11.7 to 8 ka BP; Fig. 10a) might have 

reduced the IOWP expanse during the SWM season, thereby resulting in lower moisture availability and subsequent reduced 315 

rainfall over the Western Ghats. Oman speleothem record also shows decreased precipitation during early Holocene (Fig. 10b) 

and supports ourthis interpretation of low moisture availability. 

At ~8Upwelling strength decreased after 9 ka BP (Fig. 106a), in the western Arabian SeaSomali upwelling strength has 

decreased as compared to the early Holocene, but persisted above YD and B/A levels, indicating the presence of the SWM 

with reduced wind strengths relative to the early Holocene. The SST record also shows an increased value at ~8 ka BP (Fig. 320 

8b) indicatinges reduction in Somali upwelling. This reduction in upwelling at 8at 9 ka BP mightcan allowed support the 

westward extension of the IOWP during the SWM season, thereby  that increaseding both, moisture availability over the 
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Arabian Sea and rainfall over the Western Ghats. The SK-17 and AAS9/21 records show decreases in the 18Ow IVF of surface 

watevalue  has decreasedr and surface salinity, respectively, after 9at 8 ka BP, pointing towardsindicating an increase in fresh 

water influx from the Western Ghats at this time (Anand et al., 2008; Govil and Naidu, 2010) due to increased SWM rainfall 325 

(Fig. 10c). Oman speleothem record alsotoo shows and decreased 18O value at 8 ka BP (Fig. 10b) which suggesting increased 

SWM rainfall.  

Somali upwelling had a gradual increase Dduring the last 8 ka with minor positive changesexcursion at around 5 and 2 ka BP 

(Fig. 10a). The increase in SWM induced Somali upwelling during the last 8 ka contrasts the idea that SWM followed the 

northern hemisphere insolation during Holocene (Gupta et al., 2003; Fleitmann et al., 2003 and references therein). However, 330 

ourthis interpretation is well in agreement with other studies from the Arabian Ssea which shows that SWM hasdid slightly 

increase during Holocene (Agnihotri et al., 2003; Tiwari et al., 2010). These short termshort-term increase in Somali upwelling 

is at 5 and 2 ka BP iscan also be observed bywith reduction in the Mg/Ca SST record (Fig. 8b). Oman speleothem record 

shows an increase in 18Od18O during the last 8 ka that suggest theing reduction in SWM rainfall (Fig. 10b). The hiatus in 

Oman speleothem record at 2 ka BP coincides with the strengthened Somali upwelling, however, it is difficult to explain (Fig. 335 

10a & b). , along with the gradually increasing upwelling trend, there are two events showing enhanced upwelling centered on 

5 and 2 ka BP, marked by slight increases in biogenic silica fluxes in our record from core 4018 and decreases in Somali basin 

SSTs (Huguet et al., 2006; Saher et al., 2007; Anand et al., 2008). However, tThe SK-17 record (Anand et al., 2008) shows 

slight increases in the 18Ow
 IVF of surface waters during the last 8 ka (Fig. 106c) indicating reduction in SWM rainfall. The 

opposite trend in upwelling and rainfall record during the last 8 ka indicates the negative impact of Somali upwelling on SWM 340 

rainfall through changing the area of IOWP and moisture availability. However, the short term variations in upwelling is not 

observed in the eastern Arabian Sea rainfall record record. . The asynchronous short variations may be due to dissimilarities 

in sampling intervals and chronology. The core AAS9/21 (Govil and Naidu, 2010) shows low salinity values for the last 8 ka 

BP, with a noticeable period of low salinity between 5 and 3 ka BP. The low biogenic silica fluxes observed in our core during 

the same time period (5 to 3 ka BP) indicate lower upwelling but more rainfall during the SWM (reflecting a wider IOWP). 345 

The speleothem record from Oman (Fleitmann et al., 2007) also exhibits anti-correlation with the Somali upwelling record 

(Fig. 6b), indicating the influence of Somali upwelling on rainfall over the Arabian Peninsula during the SWM. 

The Somali upwelling possibly had a negative impact on southwest monsoon rainfall over south-western India and Oman 

throughout the Holocene. This finding would have implications in context of the modelling study by deCastro et al. (2016), 

which shows that Somali upwelling would increase during the twenty-first century. Overall, it has been noted that the Somali 350 

upwelling had a negative impact on southwest monsoon rainfall over south-western India throughout the Holocene. This 

finding becomes more alarming in context of the modelling study by deCastro et al. (2016) which shows that the Somali 

upwelling would increase during the twenty-first century. 
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5 Conclusions 

The present study demonstrates the use of biogenic silica fluxes as a proxy for the temporal variations in the strength of the 355 

Somali upwelling during the last 18.5 ka. Some of the salient findings of the present study are summarized below: 

1. The Somali upwelling was weak during the LGP coeval with the weak southwest monsoon. 

2. The post-glacial onset of the southwest monsoon was marked by an increase in the strength of the Somali upwelling 

at 15 ka BP, with the eastern Arabian Sea records showing increased southwest monsoon rainfall. 

3. The Somali upwelling was weak between 12.913 and 11.7 ka BP, indicating another phase of weak southwest 360 

monsoon similar to that of the LGP. Overall, records of the Somali upwelling and southwest monsoon rainfall exhibit 

positive correlations between 18.5 and 11.7 ka BP.  

4. A change in correlation fromShift in positive to negative correlation between the strength of the Somali upwelling 

and southwest monsoon rainfall occurred at 11.7 ka BP at the beginning of the Holocene, which marks the 

establishment of modern day climate system. 365 

5. Enhanced Somali upwelling during the last 11.7 ka BP, except for the decline at 8 ka BP, had a negative impact on 

southwest monsoon rainfall. 

6. Both, latitudinal shifts in the Intertropical Convergence Zone (ITCZ) and changes in moisture source regions act as 

causative factors for the reversal in the relationship between upwelling and southwest monsoon rainfall. 

7. Future observational and modelling studies on southwest monsoon rainfall reconstruction and prediction should 370 

incorporate variations in the moisture source region. 
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Figure 1: Location of sediment core SS-4018 (filled star) in the Arabian Sea. Also shown are the sites discussed in the paper: NIOP-

929 (Saher et al., 2007), NIOP-905 (Huguet et al., 2006), SK-17 (Anand et al., 2008), Qunf cave (Fleitmann et al., 2007)., AAS9/21 

(Govil and Naidu, 2010). 
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Figure 2: Location of our sediment core SS4018 in the western Arabian Sea. Also shown are the sites discussed in the manuscript. 

Bottom figures shows the seasonal changes in Wind speed, Precipitation and SST during southwest (SWM) and northeast monsoon 

(NEM). ECMWF-ERA-Interim data (Berrisford et al., 2011) used and the image obtained using Climate Reanalyzer (http://cci-

reanalyzer.org), Climate Change Institute, University of Maine, USA. 555 
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Figure 3. Modern oceanography of western Arabian Sea. Synchronous change in upwelling intensity and biogenic silica flux clearly 

indicate that the siliceous productivity in western Arabian Sea is controlled by SWM upwelling. Upwelling strength data is used 

from Nair, 2000 and Opal flux from Haake et al., 2003.  560 
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Figure 43: Age depth model of the sediment core SS-4018 (adopted from Tiwari et al., 2010). The error bars marks one sigma 

uncertainty in calibrated age. 
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 565 

Figure 54: Temporal variation of Biogenic silica flux with two sigma uncertainty in sediment core SS4018. Filled triangles at the 

bottom of the plot marks the age-control points with one sigma uncertainityuncertainty. 
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Figure 6. Comparison of biogenic silica flux with SST records from western Arabian Sea for pre-Holocene time (18.5-11.7 ka BP). 

a)Biogenic silica flux, b) Mg/Ca based SST from NIOP-905 core (Anand et al., 2008), c) Mg/Ca based SST from NIOP-929 core 570 
(Saher et al., 2007), d) TEX86 SST from NIOP-905 core (Huguet et al., 2006). 
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Figure 7. Comparison of biogenic silica flux with rainfall record from eastern Arabian Sea for pre-Holocene time (18.5-11.7 ka BP). 

(a) Biogenic silica flux (present study), (b) 18Ow IVF (Anand et al., 2008). 
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Figure 85: Comparison of Somali upwelling with western Arabian Sea SST records. a) Biogenic silica flux, b) Mg/Ca based SST 

from NIOP-905 core (Anand et al., 2008), c) Mg/Ca based SST from NIOP-929 core (Saher et al., 2007), d) TEX86TEX86 SST from 

NIOP-905 core (Huguet et al., 2006). Grey arrow indicate the trend of proxy records during the last 8 ka.Shaded region marks the 

Deglacial Period (DP). 580 
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Figure 9: Comparison of biogenic silica flux with silica to carbonate ratio in 4018 sediment core. Synchronous changes in both 

parameters indicate the dominance of biogenic silica flux on the ratio.  
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Figure 106: Comparison of Somali upwelling with southwest monsoon rainfall records during Holocene. (a) Biogenic silica flux 

(present study), (b) Oman speleothem record, (c) 18Ow IVF data from sediment core SK-17eastern Arabian Sea. Grey arrow indicate 

the trend of proxy record during the last 8 ka. 
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,  (d) Salinity record of sediment core AAS9/21. Shaded region marks the Deglacial Period (DP). 595 

Age (ky) B. Si 

(%) 
B.Si B.Si flux 

(g/m2/y) 
 B.Si 

flux 

Age (ky) B. Si 

(%) 
B.Si B.Si flux 

(g/m2/y) 
 B.Si 

flux 

0.00 12.58 0.22 5.51 0.79 12.23 6.41 0.11 3.29 0.41 

0.54 12.58 0.25 5.44 0.80 12.54 6.49 0.16 3.36 0.42 

1.09 12.58 0.28 5.05 0.80 12.86 6.49 0.20 3.40 0.42 

1.63 15.20 0.20 6.62 0.96 12.95 7.76 0.13 4.03 0.49 

2.17 14.81 0.14 6.80 0.93 13.04 7.37 0.18 3.76 0.47 

2.72 13.06 0.05 5.70 0.82 13.13 7.24 0.09 3.77 0.46 

3.26 11.70 0.21 5.34 0.74 13.22 7.74 0.13 3.99 0.49 

3.81 10.23 0.17 4.66 0.65 13.47 9.06 0.21 4.68 0.58 

4.35 11.79 0.10 5.33 0.74 13.72 8.23 0.16 4.27 0.52 

4.90 12.49 0.13 5.78 0.79 13.97 6.83 0.11 3.56 0.43 

5.44 11.64 0.22 5.59 0.74 14.22 6.83 0.22 3.52 0.44 

5.81 10.52 0.17 5.19 0.67 14.47 5.41 0.10 2.84 0.34 

6.18 9.74 0.04 4.74 0.61 14.72 6.11 0.16 3.16 0.39 

6.55 10.52 0.29 5.21 0.68 14.89 5.74 0.09 3.04 0.36 

7.29 9.59 0.12 4.76 0.61 15.06 5.49 0.19 2.64 0.36 

7.93 9.59 0.15 4.71 0.61 15.24 5.24 0.14 2.59 0.34 

8.20 8.31 0.19 4.23 0.53 15.41 5.07 0.15 2.27 0.32 

9.02 9.35 0.10 4.73 0.59 15.58 5.08 0.04 2.21 0.32 

9.29 11.88 0.09 6.03 0.75 15.83 4.94 0.08 2.24 0.31 

9.56 12.28 0.19 6.17 0.78 16.09 4.53 0.17 2.07 0.29 

9.84 11.57 0.14 5.72 0.73 16.34 3.66 0.11 1.65 0.23 

10.12 10.43 0.21 5.26 0.66 16.85 3.54 0.13 1.63 0.23 

10.29 10.57 0.10 5.47 0.67 16.94 4.75 0.20 2.22 0.31 

10.46 10.82 0.14 5.58 0.68 17.03 4.17 0.15 1.92 0.27 

10.63 10.59 0.20 5.38 0.67 17.11 4.04 0.17 1.89 0.27 

10.80 10.45 0.11 5.27 0.66 17.20 4.17 0.08 2.02 0.26 

10.97 9.47 0.12 4.89 0.60 17.29 3.05 0.12 1.44 0.20 

11.28 7.04 0.17 3.59 0.45 17.87 3.52 0.09 1.68 0.22 

11.60 6.59 0.09 3.48 0.42 18.44 3.25 0.11 1.57 0.21 

11.91 6.92 0.17 3.45 0.44      

Table 1: Biogenic silica concentration and flux data.  
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