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1.  Introduction
The thermal contrast between the Indian subcontinent and the Indian Ocean drives the Indian monsoon 
circulations (Naidu et al., 2020; Roxy et al., 2015; Schott & McCreary, 2001; Wu et al., 2012). The south-
west Indian monsoon (SW monsoon, Figure S1) typically peaks in boreal summer (July and August) and 
provides most of the total annual rainfall on the Indian subcontinent. During the SW monsoon season, 
strong alongshore winds along the Arabian Peninsula generate coastal upwelling in the Arabian Sea (Bar-
ber et al., 2001; Brock & McClain, 1992; Tudhope et al., 1996). The Arabian Sea upwelling pumps cold, 
low-salinity, and nutrient-rich water from the lower thermocline to the surface (Barber et al., 2001; Brock & 
McClain, 1992; Roxy et al., 2016; Tudhope et al., 1996). This cold water modulates the heat-budgets of the 
Arabian Sea and leads to a pronounced cooling (down to 24°C) of surface waters in the SW monsoon season 
(Figure  S1). Upwelling-driven nutrient supply makes the Arabian Sea the highest primary productivity 

Abstract Upwelling in the Arabian Sea driven by the Indian summer monsoon pumps deep, 
cold, and eutrophic seawater to the sea surface every summer. The Indian summer monsoon and the 
Arabian Sea upwelling were expected to intensify with global warming, following the hypothesis that the 
Eurasian landmass would warm faster than the Indian Ocean. Contrary to expectations, the northern 
Indian Ocean currently warms faster than the Indian subcontinent. A weakening of the Indian summer 
monsoon circulation is reported, which possibly weakens the Arabian Sea upwelling. However, a lack of 
observations limits understanding of current and historical changes of the Arabian Sea upwelling. Here, 
we reconstruct the Arabian Sea upwelling over the past millennium using modern and fossil corals. Our 
coral records show that the Arabian Sea upwelling intensity was very stable over the last millennium 
and unprecedentedly declines at present. Our finding implies anthropogenic forcing likely weakens the 
Arabian Sea upwelling.

Plain Language Summary The climate on the Indian Ocean is characterized by the 
seasonally reversing wind (Indian monsoon), driven by the difference in air temperatures between the 
Indian Ocean and the Indian subcontinent. During the Indian summer monsoon, strong southwesterly 
winds along the Arabian Peninsula push surface water away from the coast and drive the Arabian Sea 
upwelling. The Arabian Sea upwelling pumps cold, nutrient-rich, and low-salinity seawater to the surface 
and substantially impacts fisheries and weather. Originally, the Arabian Sea upwelling was expected to 
intensify following the hypothesis that the continent would warm faster than the Indian Ocean. Contrary 
to the expectations, the Indian Ocean currently warms faster than the Indian subcontinent. However, a 
lack of observations due to social instabilities around the Arabian Sea limits understanding of current and 
historical changes of Arabian Sea upwelling. Here, we reconstruct the Arabian Sea upwelling over the past 
millennium using modern and fossil corals collected from the Arabian Sea. Our coral archives show that 
the intensity of Arabian Sea upwelling was very stable over the last millennium and significantly declines 
at present. Our finding implies that current anthropogenic forcing (emissions of greenhouse gases and 
aerosols) likely weakens the Arabian Sea upwelling.
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ocean in the tropics. The high primary-productivity in the Arabian Sea is 
important for commercial fishing in the Indian Ocean (Roxy et al., 2016). 
The SW monsoon circulation and the Arabian Sea upwelling are a key 
factor for climate, ecosystems, and socioeconomics in the densely popu-
lated region surrounding the Indian Ocean (Izumo et al., 2008; Krishna 
Kumar et al., 2004; Roxy et al., 2016).

Originally, the SW monsoon and the Arabian Sea upwelling were ex-
pected to intensify with global warming (Anderson et  al.,  2002; Gup-
ta et al., 2003), since it was hypothesized that the Indian subcontinent 
would warm at a faster rate than the Indian Ocean, due to the larger heat 
capacity of oceans (Goes et al., 2005). However, in contrast to the origi-
nal expectation, the recent study (Roxy et al., 2015; Swapna et al., 2017) 
reports weakening trends of the summer monsoon circulation over the 
Indian Ocean during the past 70  years (−0.30  ±  0.05  m  sec−1/decade; 
r  =  −0.58; p  <  0.01; n  =  68; Figure  1c). Besides, the northern Indian 
Ocean is warming more rapidly in the recent century than the Indian 
subcontinent (Figure 1, Roxy et al., 2014), which is also inconsistent with 
the original hypothesis (Anderson et al., 2002; Gupta et al., 2003). The 
observed trend of the monsoon circulations is considered to be due to 
the rapid/slow warming on the Indian Ocean/Indian subcontinent (Roxy 
et al., 2015). The weakening of the monsoon circulations over the Indi-
an Ocean possibly results in a weakening of the Arabian Sea upwelling. 
However, a lack of reliable observational data limits understanding of 
recent and historical changes of the Arabian Sea upwelling. Direct ob-
servations of the Arabian Sea upwelling are scarce prior to the satellite 
era, and political instability in surrounding countries currently hinders 
continuous monitoring of the Arabian Sea upwelling. Reliable proxy data 
of the Arabian Sea upwelling would therefore significantly improve our 
understanding of the response of the SW monsoon and the Arabian Sea 
upwelling to the current anthropogenic warming.

Seawater oxygen isotopes (δ18Osw, a hydrological tracer) in coral skele-
tons infered at a high-resolution (weekly to monthly) could provide 
reliable estimates of intra-seasonal oceanic processes like the Arabian 
Sea upwelling, since the Arabian Sea is located in an arid climate zone 
(rainfall <8 mm/month). Coral records at a high resolution allow us to 
separate the intra-seasonal signal from the annual cycle (e.g., Tudhope 
et  al.,  1996), which is an advantage compared to low-resolution proxy 
records that lack seasonal resolution. Here, we present various time-win-
dows of δ18Osw records calculated from fossil and modern Porites corals, 
as an indicator for the Arabian Sea upwelling intensity during the past 
millennium. The coral records derive from the medieval climate anomaly 
(MCA), the little ice age (LIA), the mid-twentieth and the 21st centu-
ry, and allow us to compare natural climate variability during the warm 
(cold) period of the last millennium with the recent changes resulting 
from anthropogenic warming.

2.  Method
The coral samples were collected from Masirah Island (the Sultanate of 
Oman), a remote Island located in the Arabian Sea (>10 km off the Ara-
bian peninsula; Figures S1 and S2). Our fossil corals were screened by 

X-ray diffraction analyses along the entire analytical paths at ca. 10 mm intervals and observing microstruc-
tures with scanning electron microscopy to assess potential diagenetic changes. Well-preserved samples 
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Figure 1.  Warming trends of the northern Indian Ocean and the Indian 
subcontinent. (a) Color map of warming trends in July–September (GISS 
temperature, 1880–2019 CE) (Hansen et al., 2010). The star indicates 
the sample site of our modern and fossil Arabian Sea corals. The map is 
computed with the web application KNMI Climate explorer and plotted 
using GrADS 2.2.0. Correlations not significant at the 10% level are 
masked out (gray shading). (b) Anomalies of surface temperature (10-year 
moving averaged GISS; relative to 1880–1900 CE) in the northwestern 
Indian Ocean in summer and winter (red line: July–September; blue 
line: December–February; averaged over 5°S–20°N, 50°–65°E, black box 
in Figure 1a) and the central Indian subcontinent in summer (green 
line: July–September; averaged over 20°–30°N, 70°–85°E, green box in 
Figure 1a). Dashed lines show the warming trend in each region. (c) Wind 
stress curl (data from FNMOC; blue line) from near our sample site and 
the Indian summer monsoon circulation index (black line) in June–August 
(Webster & Yang, 1992). Dashed lines show trends of wind stress curl and 
the monsoon index.
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(Figure S3) were selected for geochemical analyses. U-Th age determinations (Shen et al., 2012) showed 
that the four fossil corals provided time windows from the past millennium: the MCA (1167 ± 4 CE), the 
LIA (1624 ± 28, 1703 ± 32 CE), and the mid-twentieth century (1968 ± 20 CE) (Table S1).

To obtain coral skeleton powder for geochemical analyses, 2 mm thick ledges were formed along the maxi-
mum axis of coral growth. The coral skeletal powders for Sr/Ca (a proxy for SST), oxygen isotopes (δ18Ocoral: 
SST and δ18Osw), and carbon isotopes (δ13Ccoral: δ13C in dissolved inorganic carbon, δ13CDIC, and insolation) 
analyses were collected at 0.2–0.5 mm interval using a drill and a PC-controlled X-Y stage. The sampling 
intervals were determined to get biweekly resolution records (over 24 samples per year). δ18Ocoral and δ13C-
coral were analyzed using stable isotope ratio mass spectrometers installed at Hokkaido University. δ18Ocoral 
and δ13Ccoral in the modern coral were analyzed using 90–110 μg coral powders with a Finnigan MAT251 
and Kiel II. δ18Ocoral and δ13Ccoral in the fossil corals were determined using 20–30 μg coral powders with a 
Finnigan MAT253 and Kiel IV. Sr/Ca was determined using an inductively coupled plasma optical emission 
spectrometer, Thermo scientific iCAP6200, installed at Hokkaido University. 90–110 μg of coral powder 
were dissolved in 25% nitric acid and diluted to a Ca concentration of 7 ppm with Milli-Q water (Watanabe 
et al., 2020). The precisions of Sr/Ca and δ18Ocoral were ±0.07%RSD and ±0.05‰VPDB(1σ), respectively.

The age models for the modern coral records were developed using the maxima (winter/summer) and the 
minima (spring/autumn) of Sr/Ca values in any annual cycles as anchoring points, since SST showed the 
semi-annual cycle (seasonal cooling in both summer and winter) in the Arabian Sea (Figure S4). The an-
choring points were tied to maxima (winter/summer) and minima (spring/autumn) of the OISST v2.1 (Ban-
zon et al., 2020). A Sr/Ca (δ18Ocoral)-SST dependency in the Arabian Sea was established using ordinary least 
squares regression based on the anchored data (Figure S5). For fossil coral records, we inserted time-series 
using Sr/Ca and carbon isotopes in coral skeletons (δ13Ccoral). Seasonal maxima (minima) of Sr/Ca were 
tied to February 7th or August 3rd (May 21st or October 27th) as anchor points. We inserted time-series by 
assuming the equal growth rates between each anchoring point. We linearly interpolated to obtain biweekly 
resolution time series using the AnalySeries software, version 2.0.8 (Paillard et al., 1996).

We calculated δ18Osw records at a biweekly resolution based on paired measurements of Sr/Ca and δ18Ocoral 
using the centering method (Cahyarini et al., 2008), based on the assumption that contributions of SST and 
δ18Osw to δ18Ocoral were linear and constant through time. Centered values of Sr/Ca and δ18Ocoral (values rela-
tive to the mean for each specimen) were used for the δ18Osw estimation to avoid inter-colonial differences in 
mean values (Cahyarini et al., 2008). We used the slope of our Sr/Ca-SST dependency in the Arabian Sea and 
the slope value of the δ18Ocoral-SST relationship (−0.18‰VPDB/°C; Cahyarini et al., 2008; Gagan et al., 1998). 
The error of δ18Osw (1σ) was 0.06‰VSMOW. Then, δ18Osw anomalies were calculated as values relative to the 
average δ18Osw in wintertime (November–April) after removing low-frequency variations (lower than 0.002 
cycle/days) from the δ18Osw records. The δ18Osw anomalies in the SW monsoon season (May–October) were 
defined as summer δ18Osw reduction (δ18Osw-reduc). We took the minimum values from the δ18Osw-reduc values 
(i.e., maximum reduction: max-δ18Osw-reduc), as an indicator of the maximum Arabian Sea freshening in the 
SW monsoon season of any given year. The confidence intervals (CI) of max-δ18Osw-reduc in each coral were 
defined as 68th percentiles (1σ) which were estimated by a simple Monte-Carlo method (20,000 loops). The 
CI was combined with year-to-year changes of max-δ18Osw-reduc and the error of δ18Osw. We tested the statisti-
cal significance of the differences in the max-δ18Osw-reduc using the bootstrap approach modified from Grothe 
et al. (2020) (Text S1). The statistical analyses were conducted using the R software (R Core Team, 2020)

3.  Results and Discussions
3.1.  Modern Coral Calibrations: Freshening of Surface Water Caused by the Arabian Sea 
Upwelling

The Sr/Ca record of the modern coral showed the semi-annual cycles typical for the Arabian Sea SST from 
2009 to 2015 CE (Sr/Ca vs. SST: r = −0.77; p < 0.01; adjusted-R2 = 0.69; n = 157) (Figures 2a and S5). The 
modern coral from Masirah Island recorded reductions of δ18Osw and δ13Ccoral in every SW monsoon season 
(Figures 2a and S4). For calibration, we compared the monthly coral δ18Osw record with monthly data of EN 
salinity (Good et al., 2013) and mixed layer depth (MLD: the depth with 0.8°C lower temperature compared 
to SST; Kara et al., 2000) measured by the Argo float system. The seasonality of coral δ18Osw-reduc reflected 
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the seasonal variation of salinity (r = 0.79, p < 0.01; adjusted-R2 = 0.59; 
n = 12) (Figure S4). The coral δ18Osw-reduc negatively correlated with MLD 
in the SW monsoon season (from May to October; δ18Osw-reduc vs. MLD: 
r = −0.44; p < 0.01; adjusted-R2 = 0.17; n = 36) (Figure 2c). There was a 
strong negative correlation between values of max-δ18Osw-reduc and MLD 
in August, that is, during the peak of the SW monsoon season (max-
δ18Osw-reduc vs. MLD: r = −0.82; p < 0.05; adjusted-R2  = 0.59; n = 6) (Fig-
ure  2c). The mean value of max-δ18Osw-reduc was −0.31‰VSMOW with CI 
[−0.36; −0.25] in the modern coral. However, the coral δ18Osw anomaly 
record weekly correlated with MLD in boreal winter (from November 
to April; δ18Osw-anomaly vs. MLD: r = −0.26; p = 0.10; adjusted-R2 = 0.05; 
n = 35) (Figure 2c).

The calibration of the modern coral indicates that δ18Osw-reduc reflects a 
freshening and a deepening of MLD in the SW monsoon season along 
the coasts of Somalia and Oman driven by the Arabian Sea upwelling 
(Figures  2 and  S6). In addition, max-δ18Osw-reduc, that is, the maximum 
freshening in the SW monsoon season, reflects year-to-year variations 
of the Arabian Sea upwelling intensity. Coral δ18Osw agrees with in situ 
δ18Osw and salinity data of surface waters, which are significantly lower in 
the SW monsoon season than in boreal winter (Figures 2, S4 and S6). The 
low δ18Osw and freshening cannot be attributed to precipitation in the arid 
climate of Masirah Island (Figure S4). The Arabian Sea upwelling erodes 
the thermocline and mixes low-salinity water of the lower thermocline 
into surface waters, that is, MLD deepens. This results in a decrease of 
δ18Osw and the development of a uniform, low salinity profile down to 
300  m depth in the SW monsoon season. The low-salinity seawater of 
the lower thermocline originates in the equatorial Indian Ocean and is 
transported to the Arabian Sea by the south-equatorial current and the 
coastal currents of eastern Africa and Somalia (Somali Current; upper 
200  m depth) (Prasad & Ikeda,  2002; Schott & Fischer,  2000; Swallow 
et al., 1983). Reductions of δ18Osw in the SW monsoon season agree with 
those of δ13Ccoral which likely results from inflows of depleted- 13CDIC 
or an increase of turbidity by upwelling (Felis et  al.,  1998; Watanabe 
et al., 2017). The winter cooling and the dry winter monsoon cause the 
formation of high-density Arabian Sea water at the sea surface (Morrison 
et al., 1998; Schott & McCreary, 2001), that is, surface salinity (0–75 m) 
is higher than subsurface salinity in the Arabian Sea (Figure  S6). The 
high-density surface water deepens MLD, but the surface water does not 
mix with the low salinity water from the lower thermocline.

3.2.  Five Time-Windows of Coral Records: The Arabian Sea Upwelling During the Past 
Millennium

All fossil corals from Masirah Island recorded the semi-annual cycles of Sr/Ca, and reductions of coral 
δ18Osw and δ13Ccoral in the same season as seen in the modern coral (Figures 3a and S7). We developed time 
series of fossil coral proxy data by using Sr/Ca to determine the anchor points and δ13Ccoral to identify coral 
data from the SW monsoon. The five time-windows of modern and fossil corals covered 38 annual cycles in 
total (Figures 2 and 3). The mean of max-δ18Osw-reduc in the fossil corals was −0.41‰VSMOW with CI [−0.43; 
−0.38]. Values of max-δ18Osw-reduc in the modern coral were significantly higher than in the fossil corals (Text 
S1; Figures 3 and S8; p < 0.05; n = 38). Values of max-δ18Osw-reduc in the LIA (early LIA: −0.40‰VSMOW with 
CI [−0.45; −0.35]; middle-LIA: −0.42‰VSMOW with CI [−0.46; −0.37]) did not significantly differ from any 
other periods of the last millennium (MCA: −0.41 with CI [−0.45; −0.37]; mid-twentieth: −0.39 with CI 
[−0.43; −0.36]). Over the past millennium, max-δ18Osw-reduc positively correlated with various multi-proxy-
based northern hemisphere temperature reconstructions (r = 0.77–0.96; n = 5) and the PAGES2k global 
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Figure 2.  Modern coral records at a biweekly resolution from the Arabian 
Sea. (a) Sr/Ca (red line) and OISST v2.1 (black line, Banzon et al., 2020), 
δ18Ocoral (purple line), δ18Osw anomaly (blue line; values relative to the 
wintertime mean after detrending) and mixed layer depth measured by 
Argo float (black line). Yellow/green shadings indicate one year (January–
December). Red shadings mark August. (b) Sea surface salinity anomalies 
in August 2013 relative to February 2014 (Aquarius OISSS; 1 × 1° grid). 
Note the freshening (blue colors) of the surface waters along the Somalian 
and the southern Arabian coast. Charts are computed with Live Access 
Server LAS8.6. The star indicates the sample site of our fossil and modern 
Arabian corals. (c) Scatter plot of mixed layer depth versus monthly 
δ18Osw anomalies and max-δ18Osw-reduc (purple: SW monsoon seasons, blue: 
winter months, black: max-δ18Osw-reduc). The dotted black (purple) line: 
linear regression line of mixed layer depth versus max-δ18Osw-reduc (δ18Osw 
anomaly in the SW monsoon seasons).
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temperature reconstruction (r = 0.93; p < 0.05; n = 5) (Figures 3b, S10 and S11) (Hegerl et al., 2007; Neu-
kom et al., 2019).

δ18Osw of the fossil corals show seasonal cycles similar to the modern coral, with an intra-seasonal fresh-
ening in the SW monsoon season (Figure  S7). Therefore, max-δ18Osw-reduc is used as an indicator of the 
Arabian Sea upwelling intensity during the past millennium (Figure 3b). The statistical test comparing the 
max-δ18Osw-reduc values of modern and fossil corals indicates that the Arabian Sea upwelling is significantly 
weaker at present than in the last millennium (95% confidence level). This significant difference in the 
max-δ18Osw-reduc does not randomly arise from the process of reconstruction using the short coral records 
(Text S1 and Figure S8). However, the last millennium, that is, the period before the global warming onset, 
was an era with a stable intensity of the Arabian Sea upwelling, as the max-δ18Osw-reduc values in the LIA 
are very similar to those in the MCA. The current weakening of Arabian Sea upwelling inferred from our 
corals is consistent with the weakening trends of the wind stress curl (i.e., upwelling forcing; FNMOC data 
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Figure 3.  Modern and fossil coral records from the Arabian Sea. (a) Sr/Ca (red lines), δ18Ocoral (purple lines), and δ18Osw 
(blue lines). Black dotted lines indicate low-frequency variations of δ18Osw (bandpass filtered data). (b) Comparison of 
max-δ18Osw-reduc (minimum values of δ18Osw-reduc) as a proxy for the intensity of the Arabian Sea upwelling, northern 
hemisphere temperature, and external climate forcing. Upper panel: max-δ18Osw-reduc (blue circles: mean values; blue 
and purple vertical bars: 68th and 90th percentiles of mean values; horizontal bars: errors of U-Th age; sky-blue crosses: 
individual values from each coral sample), and the northern hemisphere temperature relative to 1880–1900 CE (gray 
line: HadCRUT4 data; Jones et al., 2012; black line: multiproxy data, e.g., tree rings, sediment cores, ice cores; Hegerl 
et al., 2007). Lower panel: solar irradiation (black line: Schmidt et al., 2011), volcanic forcing (orange line; unitless; 
Toohey & Sigl, 2017), and atmospheric CO2 concentrations (red line; Meinshausen et al., 2017).
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set) and the Indian monsoon circulation index in the past 50 and 70 years (−0.084 ± 0.017 × 10−6 N × m−3/
decade; r = −0.56; p < 0.01, n = 53; −0.30 ± 0.05 m × sec−1/decade; r = −0.58; p < 0.01; n = 68) (Swapna 
et al., 2017). In addition, the current wind stress curl is significantly weaker than during the mid-twentieth 
century (p < 0.05) (Text S1 and Figure S8). The current weakening of Arabian Sea upwelling would also 
be supported by a decrease of primary productivity along the southern Arabian coast for the past decades 
(Roxy et al., 2016). The increase of max-δ18Osw-reduc in recent years could not be explained by an increase 
of salinity in the source of the Arabian Sea subsurface water during the past century. Coral δ18Osw records 
from the south-equatorial Indian Ocean show a trend toward more negative δ18Osw/less saline water during 
the past century (Figure S12; Pfeiffer et al., 2019; Zinke et al., 2008). This freshening in the south-equatorial 
Indian Ocean is consistent with the expansion and freshening of the Indo-Pacific warm pool observed since 
the 1950s. We note, however, that our coral record does not agree with proxy data from the Arabian Sea sed-
iment cores (populations of Globigerina bulloides) (Figure S13) (Anderson et al., 2002; Gupta et al., 2003). 
The records from the sediment cores suggest pronounced variations of the Arabian Sea upwelling dur-
ing the past millennium and an intensification since the seventeenth century. There is no instrumental or 
proxy-based evidence that supports the trend of G. bulloides populations from the little ice age to 1986 CE 
(Anderson et al., 2002; Fleitmann et al., 2004; Roxy et al., 2016; Swapna et al., 2017; Zinke et al., 2009). The 
discrepancies between the corals and the sediment core records could be due to the poor age control and the 
low temporal resolution (13–38 years/data point) of sediment cores (Text S2 and Figure S13).

The current weakening of Arabian Sea upwelling likely results from the weakening of the SW monsoon 
due to anthropogenic forcing. The land-sea thermal gradient is declining in the recent century due to the 
faster warming on the northern Indian Ocean compared to the Indian subcontinent (Figure 1) (Chung & 
Ramanathan, 2006; Ramanathan et al., 2005; Roxy et al., 2014, 2015). The rapid warming in the north-
western Indian Ocean is more pronounced in the SW monsoon season (1.02 ± 0.02°C/century; r = 0.97; 
p < 0.01, n = 140) compared to the winter (0.79 ± 0.02°C/century; r = 0.95; p < 0.01, n = 140; Figure 1b). 
This rapid warming of the northwestern Indian Ocean during the past century highly correlates with the 
greenhouse-gas-induced warming of the northern hemisphere (field correlation analysis; r > 0.8; p < 0.1; 
Figure S14) (Alory & Meyers, 2009). While a causal link between the recent northern hemisphere warm-
ing and the Indian Ocean warming is currently under investigation (Naidu et al., 2020; Roxy et al., 2014), 
anthropogenic forcing plays an important role (Alory & Meyers, 2009). In contrast to the northern Indian 
Ocean, anthropogenic aerosol emissions over South Asia may absorb solar irradiation and slow the current 
warming over the Indian subcontinent (0.24 ± 0.03°C/century; r = 0.53; p < 0.01, n = 140; Figure 1; Ra-
manathan et al., 2005). As our corals suggest, although the intensity of Arabian Sea upwelling fluctuates 
inversely with the northern hemisphere and global mean temperatures (Figure 3b), the recent weakening 
of Arabian Sea upwelling is much more pronounced compared to the changes from the MCA to the LIA 
(Figure 3b). The current asymmetric warming due to anthropogenic forcing (emissions of greenhouse gases 
and aerosols) would appear to have a stronger impact on the SW monsoon and the Arabian Sea upwelling 
than temperature changes due to natural forcing (Figure 3b; volcanic eruptions; insolation, Anchukaitis 
et al., 2017; Neukom et al., 2019) during the last millennium.

4.  Conclusions
Our modern and fossil corals from Masirah Island provide the first direct evidence that the Arabian Sea 
upwelling was stable during the last millennium and significantly weakens during the current anthropo-
genic warming. The reduction of the land-sea thermal contrast due to the faster warming of the northern 
Indian Ocean compared to the Indian subcontinent likely weakens the SW monsoon and the Arabian Sea 
upwelling. Our findings imply that the Arabian Sea upwelling will likely continue to weaken during the 
current and future anthropogenic warming with important climatic (e.g., SST, monsoon rainfall, sea level, 
and primary productions) and socioeconomic (e.g., agricultural productions, and fisheries) impacts.

Data Availability Statement
All coral data are available on the data repository at KIKAI Institute for coral reef sciences (https://coralogy.
kikaireefs.org/C-1%20Scientific%20data.html)
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