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VARIATION OF MONSOONAL UPWELLING:
A RESPONSE TO CHANGING SOLAR RADIATION
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Abstract. In the western Arabian Sea, the
distribution of planktonic foraminifera is
related to coastal upwelling and therefore to
the low-level summer monsoon winds which force
the upwelling. Records of faunal variation over
the past 30 kyr reveal that the Indian Ocean
summer monsoon has been both stronger (9 kyr)
.and weaker (18 kyr). These paleoceanographic
reconstructions and analogies to general i
circulation model simulations suggest that
changes in the distribution of seasonal solar
radiation and surface albedo are responsible for
the changes in monsoon intensity. This study
illustrates that the Milankovitch Hypothesis of
climate change, which changes the seasonal
distribution of solar radiation as a function of
orbital variations, applies to low~latitude as
well as high-latitude climate changes.

Introduction

Paleoceanographic records can be used to
infer the relative importance of various climate
processes in the past. However, such inferences
must be based on a clear strategy that relates
climatic processes with paleoceanographic data.
First, one must select a part of the climate

system that has a well-known forcing that causes.

a specific and strong oceanic response. Next,
the oceanic response must have a geologic record
that can be calibrated to modern envirommental
conditions. If these criteria can be met, then
a time series of the paleoceanic index may be
used to interpret the relative importance of
past climatic processes.,

The Indian Ocean summer monsoon is a distinct
climatic phenomenon associated with a specific
upwelling response that, in turn, is recorded in
deep-sea sediments. This geologic time series
of monsoonal upwelling can be used to address
the following questions. How has the Indian
Ocean summer monsoon behaved over the past
30,000 years? What climatic mechanisms and
processes are consistent with past variations of
the monsoon? Do changes in seasonal solar
radiation affect low-latitude climate, and in
particular, monsoonal upwelling.
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To answer these questions, I have studies the
spatial and temporal distribution of planktic
for aminifers in the Arabian Sea. The patterns
of faunal variation have been related to
patterns of sea surface temperature and cpastal
upwelling and therefore to the wmdfleldg’n\

~data and modern relationships are used t

reconstruct the relative intensity of the Indian
Ocean monsoon over the past 30 kyr. This study
concentrates on the changing direction and
intensity of low-level winds and their effect on
coastal upwelling in the western Arabian sea.

Models for the Intensity of
Indian Ocean Monsoon Circulation Patterns

The Indian Ocean summer monsoon is a global
phenomenon as well as an intense seasonal
variation of climate on the regional scale. The
characteristics and causes of the Indian Monsoon
circulation have been the subject of numerous
books (for example, Ramage, 1971; Miller and
Keshavamurthy, 1968), papers, and intensive
large-scale studies (Garp, 1981). The synoptic
patterns and atmospheric dynamics of the
Southwest Indian Monsoon are extremely complex
and only their large-scale time-averaged charac-

teristics will be examined here.

Past variations in the strength of the
Southwest Monsoon may be interpreted to lect

changes in large-scale boundary conditiol@Fof
the climate. Figure 1 illustrates the major
components of the Southwest Monsoon in
conceptual fashion. In this simplified view of
the Southwest Monsoon, the major boundary
conditions are the Indian Ocean SST, the size
and elevation of the Asian continent, the
surface albedo of the Asian continent, and the
seasonal distribution of solar radiation. The
major response to these boundary conditions is
the near-surface heating of Asia during the
summer . This summer heating, which is due to
the low heat capacity of the continent, creates
the low pressure zone over Asia relative to the
Indian Ocean, which has relatively constant SST
and sea-level atmospheric pressure. This
pressure gradient between the Asian continent
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Fig. 1. Conceptional illustration of the
boundary conditions and climate processes con-
trolling the Southwest Indian Monsoon
circulation. The elevations of isobar surfaces
are somewhat exaggerated to show the gradients.

and the Indian Ocean reverses seasonally and is
the primary cause of the low level Southwest
Monsoon winds.

The relative importance of these various
boundary conditions can be inferred from
synoptic studies and general circulation model
(GCM) experiments. In particular, GCM results
have provided insight into the importance of
topography, albedo, and solar radiation on the
intensity of the Southwest Monsoon. Hahn and
Manabe (1975) used .the GFDL GCM to show that the
great elevation of the Tibetan Plateau in
central Asia was responsible, in part, for the
great intensity of the Southwest Monsoon.
Simulations with no mountains gave a much weaker
monsoonal circulation. Hence, the topography of
the Tibetan Plateau in central Asia is thought
to be an important boundary condition for the
Southwest Monsoon. This continental- elevation
is considered constant over 103 years but may
Dot be constant over intervals of 103 to 106
years, -

The effect of surface albedo over Asia on the
monsoon was demonstrated by Manabe and Hahn
(1977). Their simulation of the last glacial
Daximum produced a weaker monsoonal circulation,
which they attributed to the effect to higher
8lbedo over Asia. An experiment using modern
terrestrial boundary conditions and glacial §STs
(CLIMAP, 1976) generated a monsoon circulation
Vith an intensity similar to modern conditions.
Hence, Manabe and Hahn concluded that albedo
changes were more important than SST changes in
tontrolling the intensity of the monsoonal
Clrculatjon. Importantly, the solar radiation
during the summer at 18,000 YBP is very similar
to modern conditions.
< Recent experiments by Kutzbach (1981) and

UYtzbach and Otto-Belisner (1982) have
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demonstrated the importance of changes in
seasonal radiation patterns. They simulated the
climate at 9,000 YBP by utilizing modern
boundary conditions and imposing the solar
radiation pattern of 9,000 YBP. Their results
showed an intensified monsoonal circulation,
with low level winds ‘over the Arabian Sea
increased by almost 50%. This set of
simulations clearly inficates that simple
changes in the distribftion of seasonal solar
radiation can cause major fluctuations of the
Southwest Momsoon. In light of these
observations and our simple model of the monsoon
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Fig. 2. Top: Boundary conditions and circu-
lation for the modern winter monsoon. The
dashed line over Asia indicates elevations
greater than 3000 meters. The shaded area
shows the distribution of SSTs less than 27°C.
The circulation arrows indicate moderate wind
speeds. Bottom: Boundary conditions and circu-
lation during the modern summer momsoon. Cold
water (shaded area is less than 270C) is con-
centrated along the western Arabian Sea and the
upwelling (diagonal lines show SSts less than
24°C) is active off arabia. The bold arrow re-
presents high wind speeds and intense circulation.
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/igure 1), the geologic data will be
terpreted in terms of changes in Indian Ocean
S§ST, surface albedo, and solar radiation.

Atmospheric Circulation of the Modern Monsoon

The near-surface winds of the Arabian Sea are
characterized by a complete reversal on a
seasonal basis. The winter Northeast Monsoon is
characterized by low seasonal insolation over
Asia and relatively high albedo due to seasonal
snow cover. These boundary conditions produce a
high pressure cell in the low-level atmosphere
over Asia which results in a northeasterly wind
flow over the Arabian Sea (Figure 2a). During
the winter monsoon (December, January, and
February), winds are from the northeast off Asia
with relatively low velocities.

The summer Southwest Monsoon is
characterized by high seasonal insolation over
Asia and relatively low albedo (Figure 2b).
These conditions create a low-level, low-
pressure cell centered at about 309N over Asia.
During this season, the southern Indian Ocean
acts as a high pressure cell and the resulting
wind flow is from the southwest across the
Arabian Sea (see Figure 2b). During the summer
monsoon (June, July, and August), the winds are
from the southwest at extremely high velocities.
Long-term climate records (sixty years) show
that the resultant winds over much of the
western Arabian Sea average >10 ms~1 during this
season (Hastenrath and Lamb, 1979). This
dramatic reversal and increased intensity of the
winds is also associated with major changes in
cloudiness, heat transport, and precipitationm.

Oceanic Circulation.of the Modern Momsoon

The response of the Arabian Sea to the
atmospheric forcing is most clearly observed in
the sea-surface temperature (SST) patterns.
During the winter monsoon, the isotherms of the
Arabian Sea are roughly trend from east-west to
northeast-southwest with lower $STs (239C) to
the north and higher SSTs (279C) to the south
(Figure 2a, Hastenrath and Lamb, 1979). Much of
the Arabian Sea and Bay of Bengal are less than
27°C due to lowered insolation and northerly
wind flow. The cool waters off Africa represent
southward transport in the winter Somali
Current.

This relatively simple pattern completely
changes during the summer monsoon when the
isotherms trend roughly northeast-southwest
parallel to-the coasts of Africa and Arabia
(Figure 2b). During-the summer, a time of
expected high temperatures at this latitude,
long-term average SS5Ts as low as 22°C to 23°C
are observed along the coast of Africa and
Arabia and grade to 27°C to 28°C in the central
Arabian Sea (Hastenrath and Lamb, 1979). The
reason for this abrupt change in the SST pattern
is the coastal upwelling along the coast of
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Fig. 3. Phosphorus content of the surface
waters ( g-atom per liter) for the summer
half-year (May to October) and the winter
half-year (November to April). Redrawn from
Wyrtki, 1971,

- Africa and Arabia. This upwelling brings cooler

waters to the surface and distorts the normal
seasonal pattern (Duing and Leetwma, 1980; ell
and Streeter, 1982). During the Southwes
Monsoon interval, about 66% of the variance in
local SST anomalies along the coast of Arabia
can be explained by simple Ekman transport i
(Prell and Streeter, 1982). Hence, the
monsoonal winds and coastal SST are closely
linked during the summer.

The effect of coastal upwelling is also
observed in various chemical and biotic
measures. For example, the concentration of
nutrients (Wyrtki, 1971) and chlorophyll (Krey
and Babenerd, 1976) in the surface waters show
intermediate values during the winter half-year
whereas they show high values along the coast of
Africa and Arabia during the summer half-year
(Figure 3). These nutrient concentrations
negatively covary with the SST to provide a
geographic pattern for the variation of coastal
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Fig. 4. The percent of G. bulloides in
surface sediments of the Arabian Sea. Note that

G. bulloides maximum abundance coincides with
low SST (Figure 2b) and high nutrient content
(Figure 3) of the surface waters. Samples in
the dotted areas contain less than 10 forams/g
and have not been used to construct species
biogeogr aphy.

upwelling and its associated effects. These
data show that monsoonal upwelling is a strong
and spatially restricted oceanographic response
that can be used as a measure of monsoonal wind
intensity. .

Plankton Patterns

The plankton of the Indian Ocean,
specifically the planktic foraminifers, respond
to the SST and chemical gradients caused by
monsoonal upwelling. Eventually, the
foraminifers are deposited in the underlying
sediments to preserve a record of changes in
monsoonal upwelling. The response of the
Planktic foraminifers can be determined by
mapping their distribution in the surficial sea-
floor sediments and comparing their abundance
and size gradients to various upwelling-
asgociated gradients such as SST.

Among the various planktic foraminifers in
the Indian Ocean, one species in particular,
Globigerina bulloides, seems particularly well
attuned to the enviromments caused by upwelling.
A map of the relative abundance of G. bulloides
reveals that it is most abundant along the coast
of Arabia and decreases in abundance toward the
central Arabian Sea (Figure 4). The abundance

of G. bulloides off southwest India is
2ssociated with another upwelling system (i.e.
lowver S8Ts), which is probably remotely forced.
This spatial pattern is similar to that of the
Summer SST (Figure 2b) and phosphate content

(Figure 3). A lack of suitable samples prevents
us from documenting a similar patterm off the
coast of Somalia. The relative abundance of G.
bulloides versus the sea-surface temperatures
during August, a measure of the upwelling
gradient, gives a correlation coefficient of
-0.91 (Figure 5). Although some scatter exists
in this core-top data -set, the high degree of
correlation clearly docyments that G. bulloides
is associated with the‘fﬁnsoonal upwelling
pattern., -

I have used the abundance of a single
species, G. bulloides rather than the somewhat
standard factor analysis assemblages and SST
estimates for several reasons. First, in the
Northern Indian Ocean, the major factor
assemblage associated with upwelling contains
significant abundances of both G. bulloides and
Globigerinita glutinata (Cullen, 1980). G.

bulloides is clearly associated with

Africa (Ganssen and Sarnthein, 1983 d in the
Cariaco Trench, Caribbean Sea (Rogl and Bolli,
1973 and references thetein). However, no clear
association with envirommental data or upwelling
exist for the species G. glutinata. Second, the
calibration of paleotemperature equations for
the Northern Indian Ocean is complex and in need
of further study. In ocean-wide equations such
as FI-2 (Hutson and Prell, 1980), G. bulloides"
is a sub-polar species and is associated with
55Ts much less than in the Arabian Sea upwelling
zone. Preliminary attempts at local
calibrations (Cullen, 1980) have produced noisy
estimates with low multiple correlation

low-latitude upwelling zones, such e;g‘)ff North
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Fig. 5. The abundance of G. bulloides in the

surface sediments versus August SST (OC),
Filled circles represent open Arabian Sea
samples and open circles represent Chargos-
Lacadive Sea samples. The correlation of SST
and G, bulloides in open Arabian Sea samples is
-0.91.
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coefficients for the Southwest Monsoon season.
In addition, the definition of seasonality is
complicated in the Arabian Sea. In light of
these possible sources of misinterpretationm, I
have elected to use a single species index,
which is imperfect, but at this time probably
the best index of upwelling.

A subset of samples also reveals that the
average size of G. bulloides increases with
cooler temperatures or toward the upwelling
maxima. Hence, G. bulloides is largest where it
is most abundant, another indication that the
upwelling zone is its optimum enviromment.
These abundance data relate the distributon of
planktic foraminifers in the deep-sea sediments
to the envirommental patterns of monsoonal
upwelling, and in turn, to the intensity of
monsoonal winds. Hence, the abundance of G.
bulloides will be used as an indication of the
intensity of monsoonal upwelling. Next, we
examine the geologic record of this index of
monsoonal upwelling.

i Records of Monsoonal Upwelling

The relative abundance of G, bulloides has
been measured in the late Quaternary sections of
nine Arabian Sea cores (Figure 6). The two
transects of cores represent conditions proximal
to the coastal upwelling zone (A-A") and
conditions in the eastern Arabiam Sea and the
central Arabian Sea (B-B”) distal to the
upwelling. Examination of the abundance data
and the oxygen isotope stratigraphy in each core
(Figure 6) reveals several distinct patterms.

The oxygen isotope stratigraphy reveals that
all records extend from the late Holocene at
core-top through Termination I (isotope stage
1/2 boundary), include isotope stage 2 (the last
glacial maximum), and most extend into isotope
stage 31 Termination I is characterized by a
rapid § 80 depletion and has little secondary
structure in the low accumulation rate cores but
displays more structure in cores with high
accumulation rates. Core MD77-203 exhibits a
two—stage termination (la and 1b) similar to
that observed in the Atlantic Ocean (Duplessy et
al., 1981). Here, we are interested in the G.
bulloides abundance relative to the isotope
stratigraphy.

The first major faunal pattern is that G.
bulloides decreases in abundance away from the
coast (Figure 6). Maximum values range from
over 40% near the coast (MD77-203 and RC9-161)
to less than about 10Z in the eastern and
central Arabian Sea (for example, V34-101 and
V19-188). This gradient persists throughout the
30,000-year record but is significantly lower
during certain intervals.

A second major pattern is the relative
abundance peak of G. bulloides which occurs on
Termination I. This acme can be correlated in
cores near the upwelling zone (dashed line in
Figure 6) and is best observed near the coast
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(MD77-203). The abundance peak decreases in
magnitude offshore over several hundred miles
and does not occur in the eastern or central
Arabian Sea. The age of the abundance peak
datum if about 9000 years on the basis of Yag_
dated 618¢ stratigraphy (Dupless¥ et al., 1981;
Prell et al., 1980) and limited 1%C dates of
V34-88. .

A third major pattern i§ the low relative
abundance of G. bulloides atgthe base of
Termination I (correlated bf}the solid line in
Figure 6). At this time, all cores proximal to
the upwelling have about 20%Z G. bulloides with
no apparent gradient within the proximal cores.
The age of this minimum in G. bulloides
abundance is estimated to be <18,000 YBP.
Hence, G. bulloides was less abundant at the
last glacial maximum (18,000 YBP) and, by
inference, monsoonal upwelling was weaker (Prell
et al., 1980). Alternatively, G. bulloides was
more abundant and monsoonal upwelling more
intense during the glacial-interglacial g :
transition. Here, I note that the abundampe

- peak. is-not coincident with so-called hypsi-

thermal (approximately 6,000 YBP) but clearly
falls on the transition between glacial and
interglacial modes. Examination of cores from
the central Arabian Sea (Figure 6) reveals only
small variations in the abundance of G.
bulloides. Hence, monsoonal upwelling
variations are restricted to the western Arabian
Sea, as expected for a coastal upwelling system.

These data provide us with a rough time
series of how monsoonal upwelling has varied
over the past 30,000 years. Of particular
interest is the inference of weaker than present
monsoonal upwelling during the last glacial
maximum and stronger than present monsoonal
upwelling during the glacial-interglacial
transition. Next, I examine what climatic
mechanisms or processes may have changed to
account for the observed variation in monsoonal
upwelling.

Past Monsoons

The geologic data reveal that the Soutiast
Monsoonal upwelling has been both weaker and
stronger. The interpretation of these geologic
data lead us to ask what boundary conditions
have changed. Among the boundary conditions
previously discussed, the seasonal distribution
of solar radiation and the surface albedo are
the most likely to have shown major changes over
this time interval.

The albedo of the Asian continent definitely
changes on both seasonal and long time scales
(103 years). The most obvious albedo changes
are due to the spatial extent and persistence of
seasonal snow cover, which is likely linked to
solar radiation patterns. Albedo changes are
also caused by the succession of vegetational
patterns as the region passes from glacial to
interglacial climates (CLIMAP, 1976, 1981).
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are calculated from Berger, 1979.

% G bulloides

Variation of solar insulation anomalg for July (past insulation-modern
insulation, W/M2) as a function of time (KYR=102yr) and latitude.
A generalized curve of relative percent of G.

Insulation values

bulloides, the upwelling index, is also shown on the same time scale.

Unfortunately, these vegetation and snow-cover
patterns, and hence the resultant albedo, are
difficult to quantify and map for. past
intervals. However, major changes in the
distribution of Himalayan glaciers (Ahmad and
Mayewski, in press) and vegetation patterns
suggest that significant changes 1in albedo have
occurred over Asia during the past 30,000_ye§rs.
The seasonal distribution of solar radiation
has also exhibited significant changes oOver the
past 30,000 years. The pattern of change 1s
related to the shape of the Earth”s orbit around
the sun and has been calculated by numerous
astronomers (for example, Milankovitch, 1941;
Vernekar, 1972; and Berger, 1979). As an
illustration of how solar radiation has changed
with time and latitude, an insola?ion anomaly
(past insolation -~ modern insolatiom) for July
was calculated over the past 30,000 years f9r
latitudes from 60°S to 60°N (Figure 7). This
t ime-space diagram of the July 1nsol§t10n _
anomaly was selected because summer insolation
should be the dominant driving force of the
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Southwest Monsoon. This diagram reveals several

important features:

1. A maximum insolation anomaly occurs in the
Northern Hemisphere at approximatgly 11,000
years B.P. :

2. The insolation anomaly is minimal at 18,000
YBP and is quite similar to the modern
distribution. Hence, during July the
glacial maximum and modern solar radiation
patterns are the same.

3. The insolation anomalies are strongly
related to latitude.

4, The anomaly patterns for winter, not shown
here, are essentially the reverse of the
summer patterns. Hence, the annual anomaly
is approximately zero.

These data show that the pattern of solar
insolation during July undergoes major
variations, which are latitude-dependent, over
the past 30,000 years. Note also that the
pattern of G. bulloides variation (Figure 7),
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Fig. 8. Top: The inferred boundary condi-
tions and circulation of the summer monsoon dur-
ing the last glacial maximum (18,000 YBP) summer
monsoon. Dashed arrows indicate weak monsoonal
winds. Bottom: The inferred boundary condi-
tions and circulation for the summer monsoon at
9000 YBP (the deglacial monsoon). The bold
arrow indicates stronger monsoonal sinds and
the checked area off Arabia indicates stronger
than modern upwelling. '

the index to monsoonal upwelling, is similar to
that of the solar insolation anomaly pattern in
the Northern Hemisphere.

The Glacial Maximum Monsoon (18,000 YBP)

Examination of the geologic and insolation
data for the last glacial maximum about 18,000
years ago reveals that the insolation anomaly
for July was about the same as today”s but that
monsoonal upwelling was weaker (Figure 7).
Albedo was higher (CLIMAP, 1976, 1981). These
observations suggest that the higher albedo led
to less effective heating of the Tibetan
Plateau and Asian continent and therefore the
Tesultant summer low-pressure cell was weaker

than in the modern climate. This weaker low-

pressure cell over Asia created a lower
pressure gradient from the central Indian Ocean
to the Asian continent and hence less intense
low-level monsoonal winds. Thus, the weak
upwelling off Arabia I's' interpreted to reflect
this decreased monsoomal intensity (Figure 8a).
The weaker monsoonal up elling is consistent
with low lake levels tRgoughout the region
(Street and Grove, 1979) and enhanced
precipitation in the equatorial zone (Duplessy,
1982). This interpretation is also consistent
with GCM simulations of the last glacial
maximum (Gates, 1976; Manabe and Hahn, 1977),
which indicate a weaker monsoonal circulation.

The Deglacial Monsoon (9000 YBP)

Examination of the geologic and insolation
data at 9000 YBP reveals that the am t of
solar radiation is greater during théfhorthern
latitude summers and monsoonal upwelling is
stronger (Figure 7). Note, however, that the
maximum of upwelling does not exactly coincide
with the maximum solar radiation in the
Northern Hemisphere. Albedo is thought to be
about the same as modern values. These
observations, along with the results of
Kutzbach (1981) and Kutzbach and Otto-Bliesner
(1982), suggest that the higher summer
insolation increased the heating of the Tibetan
Plateau and Asian continent resulting in a
stronger low-pressure cell. This enhanced low-
pressure cell increases the pressure gradient
between the Indian Ocean and the continental
mass and hence causes the stronger monsoonal
winds and increased upwelling (Figure 8b). The
observation of increased upwelling is
consistent with high lake levels in the
surrounding areas (Street and Grove, 1979) and
the transport of pollen off Africa into the
Arabian Sea by southwesterly winds (van Campo

et al., 1982),
Summary i

In the modern climate, the Southwest Indjian
Monsoonal winds cause distinct areas of coastal
upwelling along Arabia. This coastal upwelling
is characterized by low sea-surface
temperatures and high concentrations of
nutrients. These upwelling conditions support
distinct planktic faunal assemblages which are
preserved in deep-sea sediments to record past
variations in the monsoonal upwelling.
Examination of this geologic record reveals
that, compared to modern conditions, the
Southwest Monsoonal upwelling has been both
stronger and weaker during the past 30,000
years, This clear mechanistic linkage of the
geologic record to the strength of monsoonal
winds allows ome to interpret the intensity of
the Southwest Monsoon and to infer the boundary
conditions which are consistent with the
geologic record.
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sixamination of the large-scale boundary
conditions which control the intensity of
monsoonal circulation suggest that changes in
the distribution of seasonal solar radiation
and surface albedo are responsible for the
changes in the monsoon intensity. Changes in
solar radiation, possibly modified by albedo
feedbacks, are translated into climate change
through their effect on the heating of the
Asian continent and the creation of the
pressure gradient between Asia and the Indian
Ocean. Since the distribution of solar
radiation is controlled by the variations of
the Earth”s orbit, the changing intensity of
the Southwest Monsoon illustrates how small
orbital variations may be translated into
significant climate changes. These data
suggest that the Milankovitch hypothesis
applies to low-latitude climates, especially
the monsoonal circulation, as well as high-
latitude climate changes.
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