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Using a multi-proxy reduced dimension methodology we reconstruct full

fields of summer wind stress curl and rainfall anomalies over the Indian mon-

soon region since the early-Holocene using SST proxies (Mg/Ca and alkenones)

from forty locations scattered across the Arabian Sea, the Bay of Bengal, and
the east and west equatorial Pacific. Reconstructions of summer wind stress
curl reveal that the greatest magnitudes of positive wind stress curl, ~ 30%

greater than present day, off the coastlines of Oman and Yemen occurred at
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GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION X-3

10 ka, suggesting enhanced ocean upwelling and a strong monsoon jet dur-
ing this time. Strong positive anomalies in these regions continued but weak-
ened slightly from 8 to 6 ka, and by 2 to 4 ka, to 10-20% greater than present
day. This pattern is consistent with studies that used the fraction of Globige-
rina bulloides to reconstruct upwelling strength in the western Arabian Sea
over the past 10 ka. Spatial rainfall reconstructions reveal the greatest dif-
ference in precipitation at 10 ka over the core monsoon region (20-60% greater
than present day), and concurrently the greatest deficit in rainfall in North
East India and on the eastern side of the Western Ghats (10-30% less than
present day). Rainfall over the core monsoon region was about 30% greater
than present day from 8 to 6 ka, but decreased to not much more than 20%
greater from 4 to 2 ka. These findings advance the hypothesis that telecon-
nections from the equatorial Pacific could account for greater early- to mid-

Holocene wetness over India as recorded by various paleoclimate proxies.
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1. Introduction

Paleoclimatic evidence from climate proxy data suggests that India has aridified over
the past 10 thousand years (ka) (Figure 1). The predominantly cited explanation rests
on the idea that greater summer insolation in early Holocene time, due to the preces-
sional cycle, caused greater heating of the Indian subcontinent, which increased the land-
ocean temperature gradient and created a stronger early than late Holocene monsoon [e.g.
Kutzbach, 1981; Kutzbach and Otto-Bliesner, 1982; Liu et al., 2000]. This idea relies on
the traditional understanding of monsoon dynamics. The monsoon begins each year in
mid-May due to the intense spring heating of the Indian subcontinent and possibly the
Tibetan Plateau, which creates a temperature, and thus, surface pressure gradient be-
tween the land and the surrounding ocean that forces the monsoon jet [e.g. Li and Yanar,
1996; Wu et al., 2007], at least during the early (mid-May to mid-June) and late (Sep
to mid-Oct) seasons [Rajagopalan and Molnar, 2013]. In principle, over the course of the
entire monsoon season, the degree of the local land warming can modulate the strength
not only of the monsoon jet but also of rainfall. Therefore, a sensible hypothesis follows
that enhanced land warming during the early- to mid-Holocene contributed to greater
wetness over India. Since the mid-1990s, however, surface temperatures over India have
risen dramatically while monsoon rainfall has remained below average [Krishna Kumar
et al., 2011], which suggests that other processes also affect monsoon strength, whether
measured by rainfall or wind speeds.

Teleconnections from the equatorial Pacific phenomena - El Nino-Southern Oscillation

(ENSO) - also modulate the strength of the monsoon on inter-annual time scales. During
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La Nina (El Nino), when central and eastern tropical Pacific SSTs are anomalously cool
(warm), monsoon rainfall commonly is strong (weak). There is an asymmetry in this
relationship [Krishna Kumar et al., 2006] in that La Nifa conditions almost always are
associated with high monsoon rainfall, but El Nino conditions have historically resulted
in either normal or weak rainfall. Krishna Kumar et al. [2006] attribute this asymmetry
to the location of El Nino-related warming in the Pacific and suggest that central Pacific
warming favors drought more than eastern Pacific warming.

Proxy records from the east and west Pacific that reconstruct SSTs throughout the past
10 ka suggest a shift from a more La Nina-like state during the early- to mid-Holocene
to a more El Nino-like state during the late-Holocene [e.g. Conroy et al., 2008; Koutavas
et al., 2002, 2006; Leduc et al., 2007, 2010; Pahnke et al., 2007; Stott et al., 2002, 2004].
Additionally, primary productivity records from the Banda Sea [Beaufort et al., 2010]
and sediment records from lakes in Ecuador and Peru [e.g. Chazen et al., 2009; Moy
et al., 2002; Riedinger et al., 2002; Rein et al., 2005; Rodbell et al., 1999; Sandweiss et al.,
1996, 2001] suggest that ENSO variability increased after the mid-Holocene. Climate
model simulations for Holocene time also suggest a cooler equatorial Pacific and rare El
Nino events until around 6 ka [e.g. Clement et al., 1999, 2000; Emile-Geay et al., 2007].

Assuming the contemporary relationship between ENSO and the monsoon persisted
through the past 10 ka, and given the consistent correlation of La Nina with strong
monsoon rainfall, we advance a second hypothesis that is independent of land-warming
over India: equatorial Pacific cooling (i.e. La Nina-like state) during the early to mid-

Holocene contributed to greater rainfall over India. Following similar logic, the return of
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ENSO variability during the late Holocene could have contributed to aridification in late
Holocene. As these two hypotheses (land-warming and ENSO) are not mutually exclusive,
we aim not to disprove the land-warming hypothesis, but to test the plausibility of the
ENSO hypothesis.

To do so, we exploit SST proxy data from the eastern and western equatorial Pacific
(Tables 1 and 2, Figures 1 and 2) and from the Indian Ocean (Table 3, Figure 3). Gill
et al. [2015, in review| used a reduced-dimension multi-proxy reconstruction approach
to combine magnesium/calcium (Mg/Ca) and alkenone (U%) SST records from the east
and west Pacific to reconstruct full fields of tropical Pacific SSTs and zonal winds. We
found that the coldest eastern equatorial Pacific SST anomalies occurred during the early
Holocene (10 ka), but the largest reconstructed zonal SST differences between east and
west Pacific occurred during 10 and 6 ka. The smallest zonal differences were seen from 4
to 2 ka. This timeline is consistent with an enhanced La Nina-like state during the early-
to mid-Holocene, but not during the late Holocene.

Motivated by the correlation of rainfall over India with La Nina and the scattered proxy
records across the Indian monsoon region in Figure 1 (explained in further detail in the
following section), we ask: Could the aridification of India since 10 ka be attributed, at
least in part, to teleconnections from the Pacific? We use the same reduced-dimension
multi-proxy reconstruction approach [Gill et al., 2015, in review| to reconstruct full fields
of summer wind stress curl over the Arabian Sea and Indian summer monsoon rainfall
anomalies for the past 10 ka using only SST proxy records from the Indo-Pacific region

along with contemporary patterns of variability.
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2. Paleoclimatic Evidence of a Wetter India

Evidence suggesting a stronger early- to mid-Holocene (~ 10-6 ka BP) Indian sum-
mer monsoon includes both continental and marine proxy records from the monsoonal
region of southern Oman across India to the Bay of Bengal (Figure 1). Greater pre-
cipitation during the early- to mid-Holocene than late-Holocene (post 4 ka) has been
inferred [Bryson and Swain, 1981; Swain et al., 1983] from pollen reconstructions [Singh
et al., 1972, 1973, 1974, 1990] and lake-bed sediment records [Achyuthan et al., 2007;
Deotare et al., 2004; Enzel et al., 1999; Kajale and Deotare, 1997; Prasad et al., 1997;
Wasson et al., 1984] from northwestern India. Although the lakes Bap Malar, Didwana,
Kanod, Lunkaransar, Nal Sarovar, Sambhar, Tal Chapar, and Parihara (Figure 1, blue)
did not dry up simultaneously, each shows maximum wetness occurring sometime during
the early- to mid-Holocene, followed by a period of aridification during the late Holocene.
Interestingly, a carbon isotope record obtained from peat located in Nilgiri Hills region of
south India (Figure 1, yellow) shows an arid phase during the mid-Holocene followed by a
wetter phase in the recent period [Sukumar et al., 1993]. Though opposite to those cited
above for the region to the north, his finding is actually consistent with the lake records,
as this region, positioned in the rain shadow of the Western Ghats, is typically out of
phase with the rest of the sub-continent in present-day rainfall [e.g. Gill et al., 2015a].

Marine isotope records from boreholes located just south of the mouths of major Indian
river systems that empty into the Arabian Sea and Bay of Bengal have also been exploited
to reconstruct isotope or sediment records that reflect discharge during the past 10 ka.

In the Arabian Sea, Staubwasser et al. [2003] used 680 from the mouth of the Indus
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River (Figure 1, 63KA) from the last 6 ka to infer a drastic reduction in discharge at
4.2 ka, which is concurrent with the termination of the ancient Harappan civilization
that inhabited the Indus Valley. Farther south, numerous rivers drain from the Western
Ghats into the eastern Arabian Sea. Oxygen isotopes from a sediment core just off the
coast (Figure 1, red 3268G5) has been used to reconstruct Holocene evaporation minus
precipitation, and Sarkar et al. [2000] inferred relatively high precipitation from 10 to 6 ka,
followed by an arid episode from 3.5 to 2 ka. For the Bay of Bengal, Ponton et al. [2012]
used a borehole (NGHP-16A) located at about 16°N (Figure 1, red 16A) to reconstruct
changes in vegetation in the Godavari River basin as well as salinity changes in the Bay.
They report a period of aridity beginning at 4 ka and unprecedented high salinity from 3
ka to present-day, implying lower precipitation and lower river discharge during the late
Holocene compared to either the early- or mid-Holocene. Farther north Kudrass et al.
[2001] used alkenone temperature data [Sonzogni et al., 1998] and 6'®0 data [Rostek et al.,
1993] from SO93-126KL (Figure 1, red 126KL) to reconstruct salinity at the mouth of the
Ganges River in the northern Bay of Bengal. They found that salinity decreased during
the early Holocene, reaching a minimum at 6 ka, and subsequently increased until present-
day. In the same region, Goodbred and Kuehl [2000] analyzed over 50 borehole records
scattered across the coastal region of Bangladesh (Figure 1, purple box) to reconstruct
sediment discharge from the Ganges and found high sediment discharge from 11 to 7 ka.
This, combined with the findings of Kudrass et al. [2001], suggests that river discharge
from the Ganges, which is reflective of precipitation over the Indo-Gangetic Plains, was

high during the early- and mid-Holocene.
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Monsoon variability and strength has also been reconstructed using continental and
marine records from Oman and the western Arabian Sea, where biological productivity and
isotope proxies are used to infer ocean upwelling, wind strength, and precipitation for the
past 10 ka. Speleothem records in Oman from the Hoti Cave [Neff et al., 2001; Fleitmann
et al., 2003, 2007], Qunf Cave [Fleitmann et al., 2003, 2007] and Defore Cave [Fleitmann
et al., 2007] suggest a more intense rainfall during early Holocene but decreasing monsoon
strength during the mid- to late-Holocene (Figure 1, orange). When the monsoon jet
sweeps across the coastlines of Somalia and Oman, it induces upwelling, which enhances
biological productivity. G. bulloides is a planktic foraminifer that thrives in this cold
nutrient-rich upwelling water during the monsoon and acts as a proxy for wind strength
le.g. Curry et al., 1992; Prell and Curry, 1981]. A high-resolution record provided by [e.g.
Curry et al., 1992; Prell and Curry, 1981] from core site ODP-723A reveals a monotonic
decrease in G. bulloides between 10 and 2 ka, which they inferred to imply decreasing
strength of winds during the summer monsoon. Another productivity record (using Ba/Al
ratios from N.dutertrei) off the Somali coast (NIOP-905) also implies decreased upwelling

from 10 ka to present [[vanochko et al., 2005].

3. Modern Data

Contemporary (1901-2013) gridded (2° by 2°) monthly SSTs were obtained from the
NOAA NCDC Extended Reconstruction Sea Surface Temperature (ERSST) version 3b
dataset [Smith et al., 2008]. Contemporary monthly gridded (1.875° by 1.875°) wind
stress curl (107® kg m~2 s72) was calculated using NOAA NCEP-NCAR CDAS-1 zonal

and meridional momentum flux data for the period 1949-2013 [Kalnay et al., 1996] and

DRAFT October 5, 2015, 1:15pm DRAFT



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

X-10 GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION

masked to include the surface wind stress curl only over Arabian Sea grid cells. Monthly
anomalies were calculated for each dataset using the 1981-2010 climatology. Monthly SST
anomalies were then converted to annual averages by averaging from May to the following
April in order to capture the annual ENSO cycle. Summer wind stress curl anomalies
were calculated by averaging June, July, August and September anomalies. Daily gridded
(1° by 1°) rainfall was obtained from the India Meteorological Department [Rajeevan et
al., 2006]. Seasonal average daily rainfall (mm d~!) time series were created for each grid
point by averaging the daily totals from 1 Jun to 30 Sep over the 1901-2004 period.

Two common paleo-proxy records are used: magnesium/calcium ratios in planktonic
foraminifera (Mg/Ca) and an index of unsaturation in alkenones (U}, that are formed
at shallow depths. See Gill et al. [2015, in review] for more information on the use of
these proxies in this reconstruction framework. Lea et al. [1999] and Nirnberg et al.
[1996] summarize Mg/Ca paleothermometry, and Brassell et al. [1986] and Herbert [2003]
describe UL, paleothermometry.

There are 43 total SST proxy records (20 Mg/Ca and 23 U%), but for 3 sites both
types of proxy records have been obtained (Tables 1-3). In those instances, we use the
Mg/Ca records instead of the UL to be consistent with Gill et al. [2015, in review]. As
shown in Figures 2-4, these records are sampled at various temporal resolutions. We,
therefore, smooth the raw SST records using a local polynomial method with a sec-
ond order polynomial and a local neighborhood consisting of 70% of the nearest data
points [e.g. Loader et al., 1996]. These records were then converted to SST anomalies

using the climatological mean temperature from ERSST at the grid-cell closest to the
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location of the proxy record. All paleo-SST records were obtained from the archives
of NCDC (http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets) and

Pangaea (http://www.pangaea.de/).

4. Methodology

During the summer season, SSTs over northern Indian Ocean (Arabian Sea and Bay
of Bengal) are modulated by the monsoon [Krishnamurthy and Kirtman, 2003], wherein
strong winds enable cooler SSTs from coastal upwelling and evaporative cooling. There-
fore, reconstructing the winds obviates the need for SST reconstructions. Indian Ocean
SSTs exhibit a well documented [e.g. Allan et al., 1995; Terray and Dominiak, 2005;
Thara et al., 2008; Roxy et al., 2014] recent warming trend largely attributed to anthro-
pogenic sources. This anthropogenic SST signal, which might have been imparted to the
wind stress curl, must be removed so that only the non-anthropogenic variability is recon-
structed. To this end, first, a principal component analysis (PCA) of 1949-2013 ERSST
Indian Ocean SSTs was performed and as expected the first orthogonal mode accounts
for nearly 70% of the total variability in the data (Figure 5b), and is characterized by a
strong warming trend (Figure 5a). Each of the remaining modes, however, explains only
a small fraction of the remaining variance (Figure 5b). Then we regressed summer wind
stress curl at each of the 262 grid points over the Arabian Sea against the first Principal
Component (PC). The residuals from the regression represent the de-trended wind stress
curl time series at each grid point containing the non-anthropogenic variability.

Interannual variability of monsoonal winds and consequently the Indian summer rainfall

are influenced by the Walker Circulation, which is directly affected by equatorial Pacific
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SSTs [e.g. Krishna Kumar et al., 1995; Parthasarathy and Pant, 1985; Shukla and Mooley,
1987; Shukla and Paolino, 1983; Webster, 1987; Webster et al., 1998] and to a lesser extent
Indian Ocean SSTs. Therefore, to reconstruct variations in monsoon strength, we use
SST proxy records from the Indian Ocean and equatorial Pacific to reconstruct anomalies
both in Arabian Sea summer wind stress curl and in monsoon rainfall over India. The
reconstruction methodology consists of two key steps on the contemporary fields - (i)
using PCA to isolate a small number of leading modes of variability in the contemporary
limited SST field (i.e. SSTs at the locations of the proxy data) and the contemporary
wind stress curl fields of the Arabian Sea, and (ii) using Canonical Correlation Analysis
(CCA) to obtain the best relationship that relates the modes of wind stress curl to that of
SST. Then we use these relationships along with the proxy data to reconstruct the modes
of variability of wind stress curl and consequently its spatial field. The same approach is
employed for reconstructing rainfall over the Indian subcontinent. Von Storch and Zwiers
[2001] provide details of PCA and CCA techniques. A diagram of the main reconstruction
steps is provided (Figure 6) and described in further detail in Gill et al. [2015, in review]
where we used this to reconstruct SSTs and zonal winds over equatorial Pacific during
the past 10,000 years. The approach is based on the methodologies and assumptions of
[Mann et al., 1998]. For the benefit of the readers we briefly describe the methodology

below. Bold-faced uppercase variables denote matrices.

DRAFT October 5, 2015, 1:15pm DRAFT



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION X-13

4.1. Reconstruction of Summer Monsoon Wind Stress Curl Fields

The contemporary de-trended full-field summer wind stress curl obtained as described
above is organized into a matrix, C of dimension N x G, where N (= 65, 1949-2013) is
the number of years, and G (=262) is the number of grid points.

Step (i). A Principal Component Analysis (PCA) is performed on the wind stress
curl field over Arabian Sea, which decomposes the curl data into Principal Components
(PCs), Y, and eigenvectors, U. The first four PCs of the wind stress curl field account
for 22.1%, 10.6%, 9.7%, and 8.9%, respectively, of the total variance of the field (Figure
7a). The spatial patterns of these modes - empirical orthogonal functions (EOFs) - and
PCs - are shown in Figure 8. The first EOF of the wind stress curl shows large values in
the monsoonal jet region over the Arabian Sea, extending from the Somali coast to the
western coast of India

Step (ii). The contemporary limited-field SST data at the locations of paleo-proxy data,
which extend across the Indo-Pacific region (Figures 2-4), is organized as a matrix, T,
of dimension N x P, where N is the length of the contemporary time period as before
(1949-2013 therefore N = 65), and P (= 40) is the number of paleo-proxy records. A PCA
on this limited SST field decomposes the data into PCs, YT, and eigenvectors, UT, and
reveals that the first four modes of the limited Indo-Pacific SST field account for 74.3%,
15.2%, 2.8%, and 1.8% of the limited field variance (Figure 7c). As seen in Figure 9 the
first EOF is heavily weighted by changes in the eastern Pacific.

Step (ii1). We retain a small number of PCs (NPC) from the contemporary full field

PCA (Step i) and the limited field PCA (Step ). To determine the optimal number of
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PCs to retain, we compared the calibration statistics across a number of scenarios that
involved retaining PCs that explain no less than 5% of the variance. With this criterion,
Npc = 8 (75.5% of the full field variance) for summer wind stress curl. A Canonical
Correlation Analysis (CCA) was performed on the first eight retained PCs of wind stress
curl with the first eight PCs of the limited SST field, which decomposes the PCs of each
field into a matrix of canonical components (CCs) and a transformation matrix (A for
curl; B for limited SSTs). Each of the eight pairs of canonical components (S and ST)
explains more of the joint variance than the next and is highly correlated. For example,
the correlation coefficient of first CC, C'C}, of wind stress curl with C'C; of the limited
SST field is 0.81. Each CC of the full wind stress curl field is then linearly regressed
with the corresponding CC of the limited SST field. The solution to the least squares
optimization, B, will be used in Step v to reconstruct wind stress curl PCs.

Step (iv). For a given paleo time-period (e.g. 10 ka), the smoothed proxy data, R, are
contained in a 1 x P matrix (where P is the number of proxy records that have values for
the given reconstruction period). Using the transpose of the eigenvalue transformation
matrix from the PCA in Step (ii), [UT]T, these proxy data are transformed into PCs, Y £.

Step (v). Recall from Steps ii and i, Npc CC of the wind stress curl were obtained and
the regression relationships between the two fields were formed. Reconstructed PCs, Y,
of the full 10 ka wind stress curl field are obtained through expansion by multiplication
of the first Npc proxy PCs, YE, (from Step v) with the canonical transformation matrix
from the canonical correlation, A, and the least squares optimization solution, ﬁ, (from

Step ii1). In order to reconstruct the full field of the wind stress curl we need the remaining
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(G minus Npc) PCs. Since these capture less than 5% of the variance their mean values
from the PCs of the contemporary period in Step ¢ are used. This results in a full vector
of PCs of wind stress curl of length G (=262), corresponding to given paleo time-period
(e.g. 10 ka).

Step (vi). Finally, we obtain the reconstructed wind stress curl anomalies, C, by back
transforming the reconstructed PCs, Y, with the eigenvector matrix of the full curl field,
U. Steps wii-vi are repeated for 8, 6, 4 and 2 ka. To avoid introducing bias, we choose not
to reconstruct 0 ka, since several of the proxy records do not extend to 0 ka. The summer

wind stress curl climatology is also shown on Figure 10.

4.2. Reconstruction of Summer Monsoon Rainfall Fields

For rainfall, the reconstruction process follows that for wind stress curl. There is no
trend in the rainfall data that requires removal prior to the CCA-reconstruction. The
seasonal average daily rainfall data is scaled (using means and standard deviations of
each grid cell) and a PCA is performed. The first four modes explain 18.3%, 7.8%, 5.9%,
and 5.1% of the total-field variance (Figure 11). The only difference in this methodology
from that of the wind stress curl reconstruction is that N = 104 (for 1901-2004 data), G
= 357 (grid cells over India), and we choose to retain the first four PCs (Npc = 4) for
the CCA, which jointly explain 37% of the variance. It should be underscored that this
reconstruction focuses on capturing the variance present in the leading retained modes
(i.e. the dominant ‘signal’). For rainfall, only 37% of the total variance is captured,

which is understandable given the highly variable nature of rainfall.

DRAFT October 5, 2015, 1:15pm DRAFT



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

X-16 GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION

4.3. Model Calibration and Verification

As mentioned above, the reconstructions recover the dominant signal in the wind stress
curl and rainfall fields, which account for a relatively small, but significant, percentage
of the total variance. Thus, comparing the reconstructions to the full original data field
will result in modest to poor skills. To be consistent, we compute the calibration and
validation measures on the signal component of the original field. The signal components
are obtained by projecting the PCs on to the retained eigenvectors. For example, let X
be the original data matrix of size N x GG, Y be the matrix of all the principal components
also of size N x G and, Ug be the reduced eigenvector matrix of size G x G with the first
Npe columns containing the eigenvectors of the first Npe modes and zero for the rest.
The signal component of the original data Xpg is obtained as: Xgr = [Y][Ug].

Model calibration is performed on the signal components at each grid point using the

‘resolved variance’ statistic, 3, given by:

> (y—19)

—1—
& Y y?

(1)

where y is the contemporary signal data obtained in X g above, and ¢ is the recon-
structed signal data for the full period. We also compared the squared correlation, R2,
between y and ¢ at each grid point. These two statistics assess the reliability of the
procedure in reproducing the contemporary signal data (See Gill et al. [2015, in review]
and Mann et al. [1998] for more details on these statistics). The [-statistic serves as a
measure of the resolved variance: for a perfect fit y is equal to y resulting in § =1, for a

bad fit y and y are not equal and uncorrelated, leading to g =-1.
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For reconstructions (Figure 12, top left) of the wind stress curl signal (first eight PCs),
B > 0.25 in most of the monsoon jet region and smaller values characterize scattered
areas across the Arabian Sea. The quality of reconstructions is perhaps better observed
in the R? plot in regions where R? >0.25 (Figure 12, top right). For rainfall (Figure 12,
bottom left) reconstructions the variability of the rainfall signal (first four PCs) are better
captured than those for wind stress curl, for 8 >0.75 and R? >0.8 (Figure 12, bottom
right).

As additional calibration, we compare reconstructions for two example years, (1) 1988-
1989 - a strong La Nina year, and (2) 1997-1998 - a strong El Nifo year [Sontakke et al.,
1993], with observations for them. We remind that the comparisons are made on the
signal the first eight PCs for wind stress curl and first four PCs for the rainfall. For both
periods, the general patterns of winds are captured in the key regions, if the strengths
are underestimated. For example, in the La Nina summer of 1988 (Figure 13, top left),
positive anomalies in wind stress curl, indicative of ocean upwelling, extended from the
Yemen and northern Somali coastlines across the Arabian Sea and along the western bor-
der of India. This zone of positive anomalies was neighbored to the north and south by
negative anomalies, indicative of ocean downwelling zones. The reconstruction captures
the correct signs and similar spatial extents of these anomalies, but with positive mag-
nitudes underestimated in the upwelling zone. In terms of rainfall, the summer of 1988
was interesting: although AISMR, a country-wide average monsoon rainfall index, reports
an above average monsoon season, there was deficit rainfall in the north central region

(Figure 13, top right). Typically, during La Nina, one would expect excess rainfall across
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the core monsoon region, which makes this particular year unusual. Despite this, the re-
constructed rainfall anomaly field shows a similar pattern to that of observed anomalies,
capturing the dry anomalies just west of Bangladesh, albeit with muted magnitudes.

For the El Ninio summer of 1997, a band of strongly negative anomalies of wind stress
curl (-4 x 1078 kg m2 s72) extends from the Yemen and northern Somali coastlines
across the Arabian Sea to the southern half of the Indian border (Figure 13, bottom
left). This zone of negative anomalies, and down welling, is neighbored to the north
by positive (upwelling) anomalies that extend from Oman to the northern half of the
Indian border and to the south by a second zone that encompasses the western half of
the equatorial Arabian Sea. This pattern is mostly captured, with the exception of the
northern positive anomalies (upwelling). Magnitudes of the negative wind stress curl
zone are underestimated. The rainfall reconstruction captures the main signal of deficit
rainfall, but with negative rainfall anomalies across India that are more homogeneous
than observed anomalies (Figure 13, bottom right).

For independent verification we fitted the modes using 1980-2013 for wind stress curl and
1980-2004 for rainfall and then reconstructed the signal for the earlier periods (1949-1979
for wind stress curl and 1901-1979 for rainfall). The verification maps for the two fields
resemble the calibration maps (Figure 14). For wind stress curl (Figure 14, top panels)
the verification skills are poor (f <0) over the Arabian Sea, but for rainfall, values of g

>0.75 and R?* >0.75 show skill across the country (Figure 13, bottom panels).
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5. Multi-Proxy Reconstruction of Holocene Summer Wind Stress Curl and

Rainfall Fields

The summer climatology of wind stress curl over the Arabian Sea region (Figure 15, top)
includes a zone of positive wind stress curl, indicative of ocean upwelling, that is strongest
between Yemen and Somalia, and extends but weakens across the northern Arabian Sea
to the northwest coast of India. South of this, the summer wind stress curl is negative,
with strongest negative values along the eastern coast of Somalia. Reconstructions of wind
stress curl at 10, 6, 8, 4, and 2 ka are presented as percentage change from the present day
climatology (Figure 15, bottom). At 10 ka (Figure 15, bottom right), strongest positive
wind stress curl anomalies (upwelling) of 30% greater than present day are shown off the
coast of Oman and central Somalia, extending and increasing to more than 50% greater
than present day in the northeast region of the Arabian Sea. A band of negative wind
stress curl extends from the tip of the northern Somali coastline (~ 15% less than present
day) to the southern half of the Indian coastline (at least 50% less than present day).
This general pattern remains similar throughout the Holocene, but gradually decreases
in magnitude from 8 to 6 ka. By 4 to 2 ka, both positive and negative anomalies are
minimal, barely exceeding 1 x 1078 kg m=2 s72.

We calculated the percentage change in rainfall from present for 10, 8, 6, 4, and 2 ka
and shown in Figure 16. The 10 ka reconstruction suggests that compared to present day:
(a) most of Rajasthan and northern India should have received 40% greater precipitation,
with some areas parts up to 60% greater precipitation, (b) the regions of the Ganges

and Godavari River Basins (Figure 1) received about 20% greater precipitation, and (c)

the rain shadow region of the Western Ghats, along with North East India, received less
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rainfall (~ 25%). Note that Sukumar et al. [1993] had inferred relative arid conditions
in this region when Rajasthan was wet. Throughout 10 to 6 ka, this pattern changes
little. By 4 ka, percentage differences in rainfall over Rajasthan and Northern India had
decreased to 30% greater than present-day, but the central Ganges and Godavari regions
remain at about 20% greater precipitation than present day. At 2 ka, precipitation across
the core monsoon region does not exceed 10-20% greater than present day.

Although the strength of a CCA method derives from its ability in isolating dominant
signals in a system, its biggest weakness is in dealing with uncertainties. Unfortunately,
uncertainties in the reconstruction of PCs, eigenvalues, and eigenvectors cannot be ro-
bustly treated easily and are difficult to obtain without drowning out the dominant signal
in noise. We quantify uncertainty on the PCs of the dominant signal by calculating the
standard error between the signal for an observed period and the signal of the reconstruc-
tion (Figure 17). Standard errors in both wind stress curl and rainfall are small (within
2% of present day values), which implies that the reconstruction of the signal is robust.
We emphasize, however, that this represents the uncertainty in only the dominant signal,

not the total uncertainty in the entire field.

6. Comparisons of Reconstructions to Proxy Records

Recall from Figure 1 that a reconstruction of G. bulloides has been used to infer en-
hanced upwelling off the coast of Oman (site OPD-732A) during early Holocene, which
has been used to suggest a weakening of the monsoon winds since 10 ka [Gupta et al.,
2003]. The interpretation follows the logic that when the monsoon jet is strong, positive

wind stress curl across the western Arabian Sea coastlines induces upwelling and a flux of

DRAFT October 5, 2015, 1:15pm DRAFT



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION X-21

cold nutrient-rich water to the surface. This nutrient-rich water allows surface dwelling
organisms, such as G. bulloides, to bloom. Reconstructed summer wind stress curl anoma-
lies at the ODP-732A site (Figure 18, blue) compare well to the Gupta et al. [2003] G.
bulloides time series (Figure 18, black), in the timing and trends of suggested upwelling.
The G. bulloides record peaks at 8 ka, but is high from 10 to 8 ka. The reconstructed
wind stress curl is consistently high throughout 10 to 8 ka, and decreases only slightly
throughout that period. Following 8 ka, the G. bulloides record monotonically decreases
to 2 ka. Although the reconstructed wind stress curl does not decrease at a constant rate,
anomalies lessen from 8 to 6 ka, and from 4 ka to present day, with a minimum at present
day.

The proxy data that suggest enhanced early- to mid-Holocene rainfall over the Indian
subcontinent tend to cluster in defined regions of India (Figure 1). For example, most of
the evidence from lakes comes from the northwestern region of Rajasthan, which is also
near the 63KA proxy record recording discharge from the Indus River Basin [Staubwasser
et al., 2003]. Another region is the Godavari River Basin, which extends across central
India from the Western Ghats to its mouth at 16A (Figure 1). As shown in the spatial
reconstructions, the Indo-Gangetic Plains located along the northeastern border of India
saw approximately 20% more rainfall during the early Holocene. With this information
in mind, we define six regions over India, for which we aim to reconstruct mean daily
monsoon rainfall time series: Northern India, Rajasthan, Western Ghats, Indo-Gangetic
Plains, NE India, and Godavari (Figure 19). For each region, mean 1901-2004 daily

summer rainfall time series are averaged over the regions defined in Figure 18. We then
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regressed these time series as functions of the first four limited-field PCs from Step (ii)
(Figure 9). These functional relationships, along with the paleo PCs from Step (i), are
used to predict rainfall for each 1000-year period from 10 to 1 ka (Figure 19). Standard
errors from the regression model fit provide errors on the rainfall reconstructions.
Among interesting features, first, most of the records reveal greater precipitation than
in the present day during the early- and mid-Holocene, as reflected in the spatial CCA
reconstruction (Figure 19). The one record that shows the opposite trend is Northeast
India, which is consistent with both the spatial reconstruction and also contemporary
patterns. North East India is known [e.g. Guhathakurta and Rajeevan, 2008] to be out
of phase with the rest of the core monsoon region in terms of interannual variability (see
the first EOF of rainfall in Figure 11), in that its relationship with ENSO (higher rainfall
during El Nino years) is opposite to that of the core monsoon region (lower rainfall during
El Nino years). Additionally, during the late Holocene when most records in the core
monsoon region suggest aridification, the estimated precipitation for North East India
is near that of the present day, if not slightly above, which would be consistent with a
return of ENSO variability. Second, the seemingly monotonic decrease in rainfall since 10
ka suggested by the spatial reconstruction (Figure 16) looks less monotonic in the time
series reconstructions. For instance, the Indo-Gangetic Plains time series shows greater
precipitation than present day only during 10 to 6 ka. This is consistent with proxy
records representative of runoff from the Ganges River basin: (1) Kudrass et al. [2001]
cite a minimum in salinity from the early- to mid-Holocene that gradually increases to

present day, and (2) Goodbred and Kuehl [2000] cite greatest sediment discharge between
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11 and 7 ka. For the Godavari River Basin, the period of wetness extends to 3 ka, which
is consistent with Ponton et al. [2012] who cite increased salinity past 3 ka. The period of
wetness for Rajasthan extended from 10 to 4 ka, but seems more prominent in the earlier
half of that time period.

A hydrological lake model [Gill et al., 2015b] revealed that average annual precipitation
40-65% greater than present day was necessary to sustain Lake Sambhar in Rajasthan
India (Figure 1). Reconstructions for Rajasthan of both the spatial pattern (Figure 16)
and the appropriate Holocene time series (Figure 19) suggest that, although uncertainty
is large, it is possible that ENSO teleconnections during an early- to mid-Holocene La
Nina-like state contributed enough summer rainfall to Rajasthan to explain the enhanced
wetness recorded by lake proxy records.

The uncertainties on the each time series rainfall reconstruction is large, in part, be-
cause the PC models must predict rainfall outside that of the observed range. In most
cases, the large uncertainties make these trends marginally significant. At the least, these
reconstructions suggest that it is within the realm of possibility for equatorial Pacific SST's

to externally force increased wetness over India.

7. Discussion

A total of forty proxy SST records (Mg/Ca and U%) that span the west Pacific, east
Pacific, Arabian Sea, and Bay of Bengal are used in a reduced dimension methodology to
reconstruct the full field dominant signal of Indian summer monsoon wind stress curl and

rainfall at 10, 8, 6, 4 and 2 ka. The reconstructions reveal greatest wind stress curl and
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rainfall anomalies, as compared to present day, at 10 ka. These anomalies weaken and
lessen throughout the mid- and late- Holocene.

These reconstructions are consistent with a marine proxy record off the coast of Oman
[Gupta et al., 2003] that suggests enhanced upwelling during the early Holocene as com-
pared to late Holocene. Additionally, average rainfall time series for the past 10 ka for
six regions throughout India (Northern India, Rajasthan, Western Ghats, Indo-Gangetic
Plains, Northeast India, and the Godavari Basin) are reconstructed using the PCs from
the multi-proxy limited field. The rainfall reconstructions are consistent with many ma-
rine and continental proxy records that suggest enhanced rainfall during the early- to
mid-Holocene as compared to late Holocene. Although most rainfall time series recon-
structions suggest greatest precipitation at 10 ka, they reveal slight differences in the
timing of each region that can be applied to various proxy records for precipitation and
monsoon strength that have been reconstructed across the Indian subcontinent Figure 1.

The significance of these findings lies in the fact that only the patterns of wind stress curl
and rainfall tied to Indo-Pacific SST's are reconstructed. Therefore, although these findings
do not consider the role on greater insolation over India on winds and rainfall in the early
Holocene, they imply that it is possible that teleconnections from the tropical Pacific wrote
a dominant signal on early to mid-Holocene Indian monsoon wetness. Accordingly, the
return of ENSO variability in the late Holocene might be responsible for the aridification

over India at that time.
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A list of the M g/Ca-based proxy records from the western and eastern equatorial

Pacific used in the SST and zonal wind reconstruction.

Record # | Core | Lat| Lon| Calibration | Reference
Western Equatorial Pacific (Figure 2, left)
1 MD98 - 2176 -5.00 | 133.45 Niirnberg et al. [1996] Stott et al. [2004]
2 MD98 - 2181 6.30|125.83 Niirnberg et al. [1996] Stott et al. [2004]
3 MD9S8 - 2162 -4.69 | 117.90 Hastings et al. [2001] Visser et al. [2003]
4 MDO1 - 2390 6.64 [ 113.41 Dekens et al. [2002] Steinke et al. [2008]
5} MD97 - 2141 8.80 | 121.30 | Rosenthal and Lohmann [2002] Rosenthal et al. [2003]
6 MD97 - 2138 * 1.251146.14 | de Garidel-Thoron et al. [2005] | de Garidel-Thoron et al. [2007]
7 ODP - 806b 0.32]159.35 Lea and Martin [1996] Lea et al. [2000]
8 MDO9S8 - 2165 -9.65|118.34 Dekens et al. [2002] Levi et al. [2007]
9 MD98 - 2170 -10.59 | 125.39 Niirnberg et al. [1996] Stott et al. [2004]
10 MDO06 - 3067 6.51 [ 126.50 Anand et al. [2003] Bolliet et al. [2011]
FEastern Equatorial Pacific (Figure 2, right)
11 ODP - 1242 7.86 | -83.61 Anand et al. [2003] Benway et al. [2006]
12 TR163 - 22 0.52] -92.40 Dekens et al. [2002] Lea et al. [2006]
13 ODP - 1240 0.02| -86.45 Dekens et al. [2002] Pena et al. [2008]
14 V21-30* -1.22 ] -89.68 Dekens et al. [2002] Koutavas et al. [2006]
15 V19 - 28 * -2.51 | -84.65 Dekens et al. [2002] Koutavas et al. [2006]
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Table 2. A list of the U},-based proxy records from the western and eastern equatorial Pacific

used in the SST and zonal wind reconstruction.

Record # \ Core \ Lat \ Lon \ Calibration \ Reference
Western Equatorial Pacific (Figure 3, left)
16 SO139 - 74KL -6.54 | 103.83 Conte et al. [2006] Liickge et al. [2009]
17 GIK 17964 6.16 | 112.21 Miiller et al. [1998] Pelejero et al. [1999]
18 GIK 18252-3 9.23 | 109.38 | Pelejero and Grimalt [1997] Kienast et al. [2001]
19 GIK 18287-3 5.65 | 110.65 | Pelejero and Grimalt [1997) Kienast et al. [2001]
20 MD97 - 2151 8.72 | 109.87 | Pelejero and Grimalt [1997) Zhao et al. [2006]
21 MD97 - 2138 * 1.25|146.14 Prahl et al. [1988] | de Garidel-Thoron et al. [2007]
FEastern Equatorial Pacific (Figure 3, right)
22 MDO02 - 2529 8.21 | -84.12 Sonzogni et al. [1997] Leduc et al. [2007]
23 KNR176 - JPC32 | 4.85| -77.96 Prahl et al. [1988] Pahnke et al. [2007]
24 V19 - 27 -0.47 | -82.67 Prahl et al. [1988] Koutavas and Sachs [2008]
25 MEO005A - 24JC | 1.50 | -89.68 Prahl et al. [1988] Kienast et al. [2006]
26 V21 -30* -1.22| -89.68 Prahl et al. [1988] Koutavas and Sachs [2008]
27 V19 - 30 -3.38 | -83.52 Prahl et al. [1988] Koutavas and Sachs [2008]
28 RC11 - 238 -1.52| -85.82 Prahl et al. [1988] Koutavas and Sachs [2008]
29 V19 - 28 * -2.51| -84.65 Prahl et al. [1988] Koutavas and Sachs [2008]
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Table 3. A list of the Mg/Ca- and Ué“;—based proxy records from the Indian Ocean used in

the summer monsoon wind and rainfall reconstructions.
Record # | Core |Lat | Lon| Calibration | Reference

Mg/Ca-based SST records (Figure 4, left)

30 SK 237 - GC04 | 11.0| 75.0| Dekens et al. [2002] Saraswat et al. [2013]
31 GeoB 10029 - 4| -1.5|100.1 Anand et al. [2003] Mohtadi et al. [2010]
32 GeoB 10038 - 4| -5.9 1103.3 | Anand et al. [2003)] Mohtadi et al. [2010]
33 SK 157 - GC04 | 2.4| T78.0| Dekens et al. [2002] Saraswat et al. [2005]
34 AA S9/21 14.5| 72.7 Bemis et al. [1998] Govil and Naidu [2010]

U% -based SST records (Figure 4, right)

35 MD77 - 194 10.3| 75.1 Prahl et al. [1988] Sonzogni et al. [1998]
36 SO90 - 39KG 24.8 | 65.9 | Sonzogni et al. [1997] | von Rad et al. [1999]; Doose-Rolinski et al. [2001]
37 MDS85 - 668 0.02] 46.0 Prahl et al. [1988] Bard et al. [1997]
38 SO90 - 93KL  [23.6| 64.2| Miiller et al. [1998] Schulz et al. [2002]
39 SO90 - 136KL |23.1| 66.5| Miiller et al. [1998] Schulte and Miller [2001]
40 S093 - 126KL | 20.0 | 90.0 | Sonzogni et al. [1997] Kudrass et al. [2001]
41 TY93 - 905 11.1| 52.0 Prahl et al. [1988] Kim et al. [2004]
42 TY93 - 929/P 13.7| 53.3 Prahl et al. [1988] Rostek et al. [1997]
43 SO139 - 74KL | -6.5|103.8 Conte et al. [2006] Liickge et al. [2009]
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Figure 1. A partial summary of the locations of different types of proxy records that have

been reconstructed through the past 10 ka, and suggest enhanced wetness over India during the

early- to mid-Holocene and aridification during the late Holocene. This figure and the original

studies citing each proxy is discussed in further detail in the Section 2: Paleoclimatic Evidence

of a Wetter India.
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Figure 2. Maps of eastern and western equatorial Pacific Ocean Mg/Ca SST records. The

second row provides raw SST estimations as calibrated by original authors listed in Table 1. The
third row provides the records smoothed by a second order local polynomial method with a local

neighborhood of 70% nearest data points.
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Figure 3. Same as Figure 2, but for U% proxy records. Authors of these records are listed in

Table 2.

DRAFT October 5, 2015, 1:15pm DRAFT



GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION X -47

Indian Ocean Mg/Ca Indian Ocean UK’37

30

20

10

-10

T
40 60 80 100

O &1 [, o 87
= , M/ it ut f
D o v\ 'Mh 2
N — ~
< v ’ <
x
e S
o N o g
©
Q S
) X
= g+ o 8-
©) ©)
0 <
N N
o D _
(32} N
9 O o=~
= - — 8 ’ S --
] - AT T T~ (‘7) /“_’\\’ )“/s..:’—::~\
n REESN "~ss=z-z--zzZC n -7, v T~ -
e} - - S sl -
O X4 - ~ _-
< N _CI:J ~N /75_-
e kS
g e}
0 & % €1
©
Q >
(o)) X
= & 5 &4
© Q
8- 8-
T T T T T T T T T T 1 T T T T T T T T T T 1
07 9 8 7 6 5 4 3 2 1 0 07 9 8 7 6 5 4 3 2 1 0
ka BP ka BP

Figure 4. Nkmsofhuhm10canlN@/CaandC@;SSTIedes The second row provides raw
SST estimations as calibrated by original authors listed in Table 3. The third row provides the
records smoothed by a second order local polynomial method with a local neighborhood of 70%

nearest data points.
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Figure 5. First orthogonal mode of summer (June-Sep) Indian Ocean SSTs from 1949-2013
[Smith et al., 2008]. As shown by the spatial EOF (a, top) and the PC (a, bottom), the most
dominant mode is a strong contemporary trend. The influence of this trend was removed from
summer contemporary wind data prior to paleo-reconstructions. This mode accounts for nearly
70% of the total variance of the data, which can be seen on the eigenvalue spectrum (right,
b), which explains the resolved variance of each of the first ten modes. The 2"¢ and 3" modes
explain 9% and 7% of the total variance, respectively. The 4" mode, and all modes after, each

explain less than 5% of the total variance.
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........................ PCA on Contemporary Data
Steps i-ii: A PCA is performed on both the contemporary curl [C] and SST [T"] data,
decomposing each into principal components [Y] and eigenvectors [U].

1949-2013 JJAS wind stress curl 1949-2013 annual Indo-Pacific SSTs at

(G total points) proxy locations (P total points)
31°N
00000 28°N
(@] 0000
00000000 o0 (O]
000000 @ 00 o (©]
00000000 @) (@) (@)
7°5|000000000 10°S 00 000
35°E 75°E 30°E 75°W
NxG NxG GxG NxP NxP PxP
................................... CCA

Step iii: The first few PCs (

L ]=1

Nx

) from each are retained and a CCA is performed.

s1[4]  [r]-[s][s]

Nx Nx X
A regression is performed between each corresponding canonical component.

................................ PrOXyData.........
Step iv: For a given paleo time-period (e.g. _ T
10 ka), proxy data [R] are converted to PCs [ YR ] - [ R ] Uf
[Y®] through eigenvector decomposition. 1xP 1xP PxP
.............................. Reconstruction " m omomomomomomomomomoEomoEoEoEoEoEoEoEoEoEEEEoEoEoww

Step v: Reconstructed PCs [ Y] are expanded

by multiplication with canonical A
transformation matrix [A] and least squares [ Y ]
optimization solution [f]. Means are used 1x

=[r)[a]] 5]

X-49

for remaining G minus PCs.
A A
Step vi: Reconstructed PCs are transformed [ C ] = [ Y ] [ U ]
to curl gnomalies [C] through eigenvector 1xG 1xG CxG
expansion.
Figure 6. A diagram of the main steps of the CCA reconstruction methodology. The steps

are given for producing SSTs representative of 10 ka. Steps (iii-vi) are repeated for 8, 6, 4, and

2 ka.
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c. Limited SST Field EVS
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Eigenvalue spectrums (EVS) for the (a) full field of Arabian Sea summer wind

stress curl (1949-2013) [Kalnay et al., 1996], (b) full field of Indian summer monsoon rainfall

(1901-2004) [Rajeevan et al., 2006], and (c) limited Indo-Pacific SST field (1949-2013) [Smith

et al., 2008]. The green points represent the variance explained by the first mode of each field.

The grey dots represent all subsequent modes that each explain at least 5% of the total variance

of the respective datasets. This 5% threshold was considered in deciding how many PCs to retain

for each CCA reconstruction.
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Figure 8. First four orthogonal EOFs and PCs of Arabian Sea summer wind stress curl over

the monsoon region from 1949-2013 [Kalnay et al., 1996]. The first four modes of wind stress
curl explain 22.1%, 10.6%, 9.7%, and 8.9%, respectively, of the full field variance. The black

point off the coast of Oman indicates the location of the Gupta et al. [2003] G. bulloides record.
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Figure 9. First four EOFs of the limited SST field using data from Smith et al. [2008]. The

first four modes of the limited Indo-Pacific SST field account for 74.3%, 15.2%, 2.8%, and 1.8%

of the limited field variance.
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Figure 10. First four EOFs of the Indian summer monsoon rainfall field using data from

Rajeevan et al. [2006]. The first four modes account for 18.3%, 7.8%, 5.9%, and 5.1% of the full

field variance.
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Figure 11. Model calibration statistics for wind stress curl (top; using the first 8 PCs), and

rain (bottom; using the first 4 PCs) for the CCA-based reconstruction models. The [-statistic
(left) represents the resolved variance captured by the reconstructed contemporary data (1949-
2013 for wind stress curl, 1901-2004 for rain). The R? (right) provides the correlation between
the observed contemporary data and the reconstructed contemporary data. These statistics are

calculated on the PC signal only, which is further clarified in the text.
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Figure 12. Actual and reconstructed wind stress curl (107® kg m~2 s72) and rain anomalies
(mm d~1) for 1988-1989 (a strong La Nia year and strong monsoon year) and 1997-1998 (a strong

El Nio year and weak monsoon year). Contour lines on rainfall plots indicate zero.

DRAFT October 5, 2015, 1:15pm DRAFT



X - 56 GILL ET AL.: MULTI-PROXY HOLOCENE INDIAN MONSOON RECONSTRUCTION

Wind Stress Curl Verification Wind Stress Curl Verification R?

I I I I I T T I I
40 50 60 70 40 50 60 70

Rainfall Verification f3 Rainfall Verification R?

15 20 25 30 35
15 20 25 30 35

10
10

-1.0 -0.5 0.0 0.5 1.0 00 02 04 06 08 1.0
Figure 13. Model verification performed by training the model on the most recent period

(1980-2013 for wind stress curl, 1980-2004 for rainfall), and using that model to validate the
period prior (1949-1979 for winds and 1901-1979 for rain). The - and R2-statistics are used

once again to quantify model skill and the statistics are calculated in the PC signal only.
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Figure 14. Multi-proxy reconstructed summer wind stress curl anomalies for 10, 8, 6, 4,
and 2 ka over the Arabian Sea region. Reconstructions are presented as percentage departures
from the present day mean. The green point off the coast of Oman in the northwestern Arabian
Sea indicates the location of the G. bulloides productivity /upwelling reconstruction provided by

Gupta et al. [2003]. The present day 1981-2010 climatology is presented at the top of the figure.
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Figure 15.  This is the same as Figure 15, but for the multi-proxy reconstructed summer

monsoon rainfall over India.
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Figure 16. Standard error calculated from the actual 1949-2013 wind stress curl and 1901-2004
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rain anomalies and those reconstructed by the limited proxy field. Grey indicates values greater

than 30%.
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Figure 17. Comparison of the Gupta et al. [2003] G. bulloides reconstruction of (black) to
reconstructed percentage change in wind stress curl (blue) from 10 to 1 ka. A local polynomial

is used to smooth the G. bulloides data and is provided by the dotted line.
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Figure 18. Reconstructed mean daily rainfall (mm d~!) for the monsoon season for six regions:
(a) Northern India, (b) Rajasthan, (c) Western Ghats (green), (d) Indo-Gangetic Plains, (e)
North East India, and (f) Godavari River Basin. The stippled regions inside the larger boundaries
are the grid cells used for each respective reconstruction. Rajeevan et al. [2006] mean daily rainfall
from 1901-2004 is shaded on the map. Rainfall is reconstructed by mean daily monsoon rainfall

from each stippled region as a function of the limited field SST proxies.
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