


understanding the mechanisms controlling SAM variability. Anthropogenic greenhouse gas forcing

increases the land‐sea temperature and pressure gradients over South Asia (Sutton et al., 2007), which

is thought to be one driver of monsoon intensification (Turner & Annamalai, 2012; Wu et al., 2012).

However, many instrumental data sets indicate a decrease in monsoon rainfall (Guhathakurta &

Rajeevan, 2008; Kitoh et al., 2013; Zhou et al., 2008) and circulation (Krishnan et al., 2013; Tokinaga

et al., 2012) since the 1950s. One possible explanation for this discrepancy is that precipitation is highly

heterogeneous in time and space, and these results depend to some degree on the exact region and time

interval, and even month or threshold of rainfall intensity being studied (Naidu et al., 2015; Turner &

Annamalai, 2012). Some researchers do find increases in monsoon circulation and extreme rainfall events

over the past several decades (Goswami et al., 2006; Wang et al., 2013), but a recent decrease in summer

monsoon rainfall nonetheless appears to be the more common finding in instrumental records

(Guhathakurta & Rajeevan, 2008; Kitoh et al., 2013; Krishnan et al., 2013; Tokinaga et al., 2012; Zhou

et al., 2008). Another explanation for the discrepancy between models and observations may lie in the

increase of sulfate aerosols over this period, which serve to offset the effects of warming and decrease

monsoon rainfall by reflecting incoming solar radiation (Guo et al., 2016). These uncertainties underscore

the need for reliable long‐term records of monsoon circulation to clarify the controlling mechanisms and

improve model simulations of current and future monsoon variability (Roxy et al., 2015).

Observations and mesoscale modeling of wind over the Red Sea reveal seasonal, cross‐axis wind jets that

routinely develop through gaps in the western coastal mountains (Jiang et al., 2009). The most prominent

of these is an eastward blowing jet that develops in summer and is funneled through the Tokar Gap on

the Sudanese coast (Figure 1). Gridded observations of summertime (June–August) surface wind from

1950–2010 show consistent SW winds in the Tokar Gap region associated with the large‐scale SAM circu-

lation and Intertropical Convergence Zone migration (Davis et al., 2015; Jiang et al., 2009; Vareed Joseph

et al., 2013). Comparison of Tokar Jet wind speed and the Indian Monsoon Index (Wang et al., 2001) from

2000–2009 shows significant correlations for monthly mean and August‐only anomaly data (Figure S1 in

the supporting information; r = 0.91 and r = 0.52, p = 0.15, respectively (Zhai, 2011). The Tokar Gap

wind jet therefore represents a novel proxy for the overall intensity of the SAM circulation. The Tokar

Jet generates dust storms originating from the Baraka River delta (Goudie, 2008; Hickey & Goudie, 2007;

Figure 1), which can last for several days, depositing dust onto the Red Sea (Engelbrecht et al., 2017;

Kalenderski & Stenchikov, 2016) and influencing surface water chemistry (e.g., Chen et al., 2008). A

record of dust input to the south central Red Sea therefore has the potential to reconstruct long‐term pat-

terns of change in Tokar Gap winds and SAM intensity. To produce such a record, we analyzed the trace

element geochemistry of two long‐lived Porites spp. corals collected at Coral Gardens and Canyon reefs off

the Saudi Arabian coast across from the Tokar Gap. Specifically, we use barium‐calcium ratios (Ba/Ca) in

the coral skeletal aragonite, which have been previously used to reconstruct riverine sediment flux to the

ocean (McCulloch et al., 2003). Fine‐grained floodplain sediments that enter the Red Sea via eolian trans-

port from the Tokar Gap are also expected to release Ba into the seawater. Barium is incorporated into

coralline aragonite in proportion to seawater concentrations (Lea et al., 1989). Coral Ba/Ca, therefore,

should record changes in the flux of dust through the Tokar Gap and the large‐scale circulation patterns

that control that flux.

2. Methods

2.1. Coral Sampling and Analysis

Massive colonies of Porites spp., living at 3‐ to 5‐m depths, were sampled between 2008 and 2010 from sites

along a north–south transect on the eastern edge of the Red Sea. Coral cores were drilled using a 10‐cm dia-

meter underwater hydraulic drill and SCUBA. The corals were located on the southeast platform of the reefs

at Coral Gardens (21.78°N, 38.83°E) and Canyon (19.89°N, 39.96°E; Figure 1).

At Woods Hole Oceanographic Institution (WHOI), cores were halved, and a 1‐cm thick slab was cut from

the center of the core. The coral slabs were X‐rayed at Falmouth Hospital (Figures S2 and S3). These corals

display annual density banding and linear growth rates of 1 to 1.5 cm/year, providing precise age models.

The Coral Gardens core covers the time period from 1771–2008, and the Canyon core covers 1761–2009.

Approximately 15 years of high‐resolution (approximately biweekly) samples were drilled at 0.5‐mm
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increments from each coral core using a dental drill bit affixed to a drill press. Care was taken to align the

drill path parallel to the axis of coral growth. Each sample consisted of ~250 μg of coral powder. Low‐

resolution (annual) samples were cut from the slabs using a diamond‐coated cutoff wheel attached to a

Dremel tool for the entire length of the coral cores. X‐rays were overlain on the coral slabs to visually

Figure 1. Geographic context of the Red Sea study area. (a) Regional map showing the study area. The black rectangle

shows the area covered in (b). Map was created in ArcGIS online (https://www.arcgis.com). (b) Combined topographic

and bathymetric map (ETOPO1 Global Relief Model) shows locations of coral cores as red dots. Shading indicates eleva-

tion and depth, and the black rectangle shows the area covered by the satellite photo in (c). The Tokar Gap is indicated by

the arrow. (c) NASA MODIS satellite image taken 26 July 2012 shows a dust plume originating from the Tokar Gap. The

locations of Canyon and Coral Gardens reefs are indicated by red circles. NASA = National Aeronautics and Space

Administration; MODIS = Moderate Resolution Imaging Spectroradiometer.
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identify annual layers. Annual samples were chemically cleaned using a procedure based on methods

described in Shen and Boyle (1988) (supporting information Text S1). Chemical cleaning removes any

nonlattice‐bound trace elements, isolating the dissolved seawater [Ba] signal. The high‐resolution samples

were not chemically cleaned and as such may include potential signals from particulate or adsorbed phases.

All samples were dissolved in 5% nitric acid (Optima grade) and analyzed for trace and minor element con-

centrations by inductively coupled plasma mass spectrometry on a Thermo Element 2. Coral Gardens high‐

resolution, drilled samples were analyzed at the University of Colorado Institute of Arctic and Alpine

Research. All other samples were analyzed at the WHOI Plasma Mass Spectrometry Facility. Annual sam-

ples were diluted to ~80‐ppm Ca to avoid matrix‐related effects, although tests revealed no significant matrix

effects for Ba/Ca or Sr/Ca. Samples were run in a randomized order, with a blank and standards every eight

samples. Elemental intensity ratios were converted to molar ratios using standard curves consisting of grav-

imetrically prepared multielement standards. An in‐house coral powder standard (Bunaken Coral Powder)

was analyzed as part of each run to monitor long‐term consistency; relative standard deviations over the

course of all runs was 2.4% for Ba/Ca and 0.54% for Sr/Ca. Long‐term instrumental or standard solution drift

was monitored and corrected using the Bunaken Coral Powder standard.

2.2. Red Sea Dust as a Barium Source

We confirm that dust deposited on the Red Sea is a significant source of labile Ba, which can readily dissolve

in seawater, by experimental addition of dust collected near the coral locations to filtered seawater. Dust was

collected from meteorological equipment that had been deployed on the Red Sea coast north of Jeddah,

Saudi Arabia, for 3 years. Varying amounts of dust were then added to high‐density polyethylene bottles

along with 20 ml of 0.2‐μm filtered seawater from Vineyard Sound near WHOI. A sample bottle with filtered

Vineyard Sound seawater with no dust added was used as a control. The bottles were placed on a shaker

table for 3 weeks, after which the seawater was filtered again to remove all dust. The seawater was diluted

20 times with 5% nitric acid (Optima Grade) and analyzed for elemental concentrations (Ba, Ca, Sr, Fe,

Al) by inductively coupled plasma mass spectrometry at the WHOI Plasma Mass Spectrometry Facility.

Ba, Ca, and Sr concentrations increased with increasing dust additions. Fe and Al were not significantly dif-

ferent from blanks for all samples. With each dust addition, [Ba] increased proportionally more than [Ca],

such that the Ba/Ca ratio increases with increasing dust addition (Figure S4). In contrast, Sr/Ca decreased

with increasing dust addition due to a proportionally larger increase in [Ca] than [Sr]. The relationship

between seawater Ba/Ca and the amount of dust added is somewhat logarithmic, suggesting that either

the solution was nearing saturation or the kinetics of cation exchange are impacted by the very high particle

content in the samples with the largest dust addition. However, the eolian dust collected from the Red Sea

clearly contains labile Ba that is easily released upon interaction with seawater.

X‐ray diffraction analysis conducted at WHOI on the dust samples indicates the presences of quartz, gyp-

sum, halite, calcite, and kaolinite, suggesting that Ba may be sourced from an adsorbed phase, rather than

from the dissolution of Ba‐rich minerals such as barite, and is released to seawater through the same ion

exchange reactions that operate in estuaries (Coffey et al., 1997). However, there is some variance in the con-

centration of Ba between the different dust samples. The samples that have gypsum as a major mineral have

higher Ba concentrations, followed by those that contain halite. One sample, which only contains quartz as a

major mineral, has the lowest Ba concentrations. These results suggest that the evaporite minerals are the

most likely potential Ba source.

3. Results

3.1. Coral Ba/Ca Records

High‐resolution (biweekly) analysis of the two coral cores for the interval 1994–2009 shows a distinct seaso-

nal cycle in Ba/Ca that is strongly correlated with local sea surface temperature (SST), from National

Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed SST version 4 (ERSST; Huang

et al., 2015), and coral strontium‐calcium (Sr/Ca), a known proxy for SST (Figures 2a, S5, and S6; Beck et al.,

1992). A negative relationship between temperature and the incorporation of Ba into aragonite has been pre-

viously suggested for corals (Lea et al., 1989) and demonstrated in abiotic aragonite (Gaetani & Cohen, 2006).

The seasonal cycle in coral Ba/Ca can best be explained by the temperature influence on Ba incorporation.
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Superimposed on the seasonal SST cycle are Ba/Ca peaks that reflect changes in seawater Ba/Ca due to the

addition of Ba to the Red Sea by Tokar Gap dust storms (Figure 2a). Ba/Ca measured at annual resolution

extends over the length of the coral cores. To isolate the changes in seawater Ba/Ca from the temperature

influence in the coral cores, concurrent Sr/Ca measurements, and the observed recent Ba/Ca‐Sr/Ca

relationship were used to remove the temperature component from the Ba/Ca records (Figures S5 and S6

and Text S2). The resulting records of temperature‐corrected Ba/Ca in seawater in the eastern Red Sea

(hereafter Ba/CaSW) show striking agreement over the last ~250 years (Figure 2b). Both records reveal

large multidecadal variability superimposed on a long‐term trend and are strongly correlated at annual

and decadal timescales (r = 0.66, p ≪ 0.0001; and r = 0.96, p ≪ 0.0001; respectively). As expected, the

southern coral (Canyon) closest to the Tokar Gap dust source contains higher time mean values of

Ba/CaSW, particularly after 1850. The close agreement to each other of these two records from sites

separated by more than 200 km confirms that coral Ba/CaSW is responding to a mutual large‐scale climate

forcing, rather than local effects.

3.2. Connection to Monsoon Circulation

To investigate the large‐scale climate patterns associated with our reconstructed Red Sea dust variability, we

mapped the linear regressions of gridded seasonal sea level pressure (SLP) over the period 1871–2015, using

the NOAA 20th Century Reanalysis version 2 data set (Compo et al., 2011), onto the Ba/CaSW indices. A

coherent pattern of anomalously low pressure over the Indian subcontinent during the summer season

Figure 2. Tokar Gap dust signal recorded by coral skeletal barium. (a) High‐resolution (biweekly) Ba/Ca (blue), Sr/Ca

(orange), sea surface temperature (SST, black) data from the Coral Gardens location show Ba/Ca spikes caused by mul-

tiday dust storms superimposed on the seasonal SST cycle. (b) Annually resolved records of coral Ba/Ca with the tem-

perature component removed for Canyon (red) and Coral Gardens (blue) locations show changes due to Ba/Ca in seawater

(Ba/CaSW). The records reveal centennial‐scale increasing trends and pronounced multidecadal variability. Thin lines are

annual measurements and thick lines are 11‐year running averages. The average of the two corals is shown in black (11‐

year average only).
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(June–August) is found to be associated with high Ba/CaSW (representing a stronger Tokar Jet and greater

dust input; Figure 3a). This reconstructed pattern is highly consistent with that of the summer SAM

(Turner & Annamalai, 2012; Webster et al., 1998). Similarly, regressing gridded SST observations onto the

Ba/CaSW signal using NOAA ERSSTv4 (Huang et al., 2015) reveals a coherent pattern of anomalously

warm summertime SST in the northern Arabian Sea (Figure 3c). To further examine these relationships

between our dust reconstructions and key surface climate fields associated with the monsoon system,

time series were computed for the zonal SLP gradient between South Asia and northeastern Africa, corre-

sponding to the western transverse limb of the SAM (Webster et al., 1998), as well as the meridional SLP gra-

dient between South Asia and the Southern Tropical Indian Ocean, corresponding to the lateral main limb of

the SAM, and for northern Arabian Sea SST (Figures 3b and 3d). The Ba/CaSW signal shows very strong cor-

relations to both the zonal SLP gradient and the meridional SLP gradient (r = 0.65, p≪ 0.0001, and r = 0.58,

p≪ 0.0001, respectively for annual data, and r = 0.96, p≪ 0.00001 and r = 0.96, p≪ 0.0001, respectively for

decadal averages). While the correlation to themeridional SLP gradient is driven by the long‐term increasing

trend, the correlation to the zonal SLP gradient remains present (r = 0.19, p = 0.02) for annual data and

strong (r = 0.72, p ≪ 0.0001) for decadal averages when the time series are detrended. Ba/CaSW is also

strongly correlated to Arabian Sea summer SSTs (r = 0.59, p ≪ 0.0001 for annual data and r = 0.94,

p≪ 0.0001 for decadal averages). Stronger SLP gradients are indicative of stronger monsoonal and regional

circulations, while warmer SST in the Arabian Sea yields greater potential for evaporative flux which sup-

plies the monsoon with the necessary water vapor and latent heat. The strength of the Indian low pressure

system together with the warmth of northern Arabian Sea SST are both fundamental and physically consis-

tent components of the SAM dynamic circulation and thermodynamic processes. These processes are inti-

mately linked to moisture transport and precipitation that affects the livelihoods of billions of people

(Shukla & Misra, 1977). Red Sea Ba/CaSW captures much of the variability in this dynamic system, particu-

larly on decadal timescales, and therefore offers an opportunity to extend our understanding of the SAM

beyond the instrumental record.

Figure 3. Comparisons of coral monsoon record with gridded climate data. (a) Regressionmap of summer (June–August)

sea level pressure (SLP) against average of Canyon and Coral Gardens Ba/CaSW for the time period 1871–2008. SLP data

are from the NOAA 20C Reanalysis v2. Black boxes show the regions over which SLP is averaged to compute the zonal

pressure gradient (SLP dx) and meridional pressure gradient (SLP dy) time series shown in b. (b) Normalized average Ba/

CaSW (black) plotted with the summer SLP gradient between North Africa and India (magenta) and summer SLP gradient

between the southern Indian Ocean and India (blue). Thin lines are annual values and thick lines are 11‐year running

averages. (c) Regressionmap of summer‐gridded sea surface temperature (SST) data fromNOAAERSST v4 against annual

average Ba/CaSW data for the period 1880–2008. The white box shows the domain used for the Arabian Sea SST index

in d. (d) Same as (b), except Ba/CaSW (black) is plotted with summer Arabian Sea SST (green). NOAA =National Oceanic

and Atmospheric Administration; ERSST = Extended Reconstructed Sea Surface Temperature.
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4. Discussion: Long‐Term Trends and Decadal‐Scale Variability

We now turn our attention to the different timescales of variability present in the reconstructed Red Sea dust

records, and their possible connections with well‐known modes of large‐scale climate variability. Ba/CaSW
shows a positive trend over the length of the record, increasing by ~10% from the end of the Little Ice Age

(LIA), ~1800–1850, to the present (Figure 2). The strong regressions between Ba/CaSW and India‐North

Africa SLP gradients for both average summer and monthly mean data (not shown) suggest that changes

in Ba/CaSW predominantly reflect wind strength during the summer monsoon season, rather than changes

in the monsoon duration. These results are consistent with records of monsoon wind intensity based on the

abundance of the upwelling indicator foraminifera Globigerina bulloides in Arabian Sea sediments, which

show an increasing trend over the past several centuries (Anderson et al., 2002). Records of monsoon rainfall

from stable isotopes in Indian speleothems also show an increase of Indian summermonsoon rainfall during

the nineteenth and early twentieth centuries following LIA weakening (Sinha et al., 2015). Arabian Sea SSTs

were cooler during the LIA (Boell et al., 2014), which would have helped reduce evaporation and moisture

transport and therefore reduced the strength of convective rainfall. This would have acted as a positive feed-

back on the intensity of the cyclonic circulation over India and the transport of moisture from the

Arabian Sea.

Power spectral analysis of both coral monsoon records shows prominent peaks in variance at periods of

about 30 and 60 years, and minor peaks around 6 and 12 years, with the records significantly coherent

and in‐phase at periods of 30 years and longer (Figure S8). The variance in the records also changes through

time; it is highest in the late nineteenth century and decreases throughout the twentieth century. This

decline in variance occurs across the spectrum of frequencies (Figure 4) but is particularly evident at longer

periods, where large multidecadal oscillations are clearly evident in the first half of the records but become

muted during the twentieth century. The elevated variance near 30‐ and 60‐year periods is reminiscent of the

Atlantic Multidecadal Oscillation (AMO; Gray et al., 2004), which has been tied to monsoon variability with

increased SAM rainfall during positive AMO phases (Krishnamurthy & Krishnamurthy, 2016; Zhang &

Delworth, 2006). Although the coral SAM records and the AMO share 30‐ and 60‐year periodicities of var-

iance, the records show no coherence at these frequencies, and there is no correlation between detrended

Ba/CaSW and the AMO. Further, wavelet analysis shows that the multidecadal power in the AMO has

increased over the past couple of centuries (Figure S9), in contrast to that of Ba/CaSW which has decreased.

This suggests that the AMOmay contribute to pacing multidecadal variability in SAM intensity, but the rela-

tionship is either nonlinear or other forcings are more important in setting the amplitude.

5. Summary

Current GCMs struggle to capture some processes involved in monsoon variability, impacting predictions of

how SAM circulation and rainfall will respond to future anthropogenic warming (Guo et al., 2016; Sutton

et al., 2007). The coral Ba/CaSW records presented here reveal a long‐term increase in mean intensity of

Figure 4. Evolution of South Asian Monsoon variability through time. (a) The Morlet wavelet power spectrum (Torrence

& Compo, 1998) of Canyon Ba/CaSW reveals decreasing multidecadal variance at 30‐ and 60‐year periods in the recent

century. The contour levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level, respectively.

The cross‐hatched region is the cone of influence, where zero padding has reduced the variance. (b) Same as (a), except for

Coral Gardens Ba/CaSW.
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the SAM during the late nineteenth and twentieth centuries, likely linked to Northern Hemisphere mean

summer warming following the LIA. Although this finding contrasts with instrumental records of Indian

precipitation, which show multidecadal variability but no longer‐term trend (Turner & Annamalai, 2012),

long‐term, centennial‐scale monsoon variability has also been found in previous reconstructions of SAM

winds from Arabian Sea sediments (Anderson et al., 2002) and monsoon rainfall from Indian speleothems

(Sinha et al., 2015). We propose that the spatial heterogeneity of instrumental precipitation records or their

limited duration is masking lower‐frequency signals in the spatially averaged rainfall indices. In fact, a long‐

term decline in SLP over the Indian subcontinent can indeed be seen in reanalysis data (Compo et al., 2011;

(Figure S10), supporting the potential for long‐term precipitation trends as well. Our Red Sea coral‐based

monsoon records also capture strong multidecadal variability, which is perhaps paced by teleconnections

to the AMO. This history of multidecadal variability in the SAM circulation shows a pattern of long‐term

modulation suggesting that such pronounced variability may return in the future. However, this multideca-

dal variability in the monsoon has weakened consistently during the last century, and if the trends revealed

here continue, we would expect a strong, stable SAM circulation for the next several decades.
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