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The five elements of the moored array 
were set in a 50-km 2 pattern centered at 
15°30'N, 61°30'E. The central mooring was 
the most heavily instrumented. Two meteoro
logical packages aboard the buoy measured 
wind velocity, incoming shortwave and long
wave radiation, barometric pressure, air tem
perature, sea temperature, relative humidity, 
and precipitation. Subsurface instrumenta
tion included current meters and sensors to 
measure temperature, salinity, f luorescence, 
oxygen, photosynthetically available radia
tion, and light transmission. The vertical reso
lution of some of these variables was finer 
than 5 m near the surface. The east side of 
the moored array was composed of two sub
surface moorings, each carrying a profiling 
current meter. By profiling vertically every 4 
hours, the profiling current meters measured 
water velocity, temperature, and salinity in 5-
m bins. The two western moorings were light
weight surface moorings carrying 
m e t e o r o l o g i c a l sensors , a c o u s t i c Doppler 
current profilers (ADCPs) and tempera
ture recorders . The m o o r e d array was de
s igned to resolve hor izonta l gradients of 
ocean ic quantities and thus to calculate ad-
vection. 

Our moorings were set as part of the Ara
bian Sea Experiment, sponsored by the Of
fice of Naval Research (ONR). Other 
measurement programs in the experiment in
cluded the surveying of the upper ocean us
ing towed vehicles and the shipboard 
profiling of various physical, biological, and 
chemical variables. Aircraft and satellite ob
servations, and modeling activities comple
mented the in situ measurements. Related 
experiments included the Arabian Sea Expe
dition of the Joint Global Ocean Flux Study 
(JGOFS) and the Indian Ocean component 
of the World Ocean Circulation Experiment 

(WOCE), both sponsored by the National Sci
ence Foundation (NSF). 

M e t e o r o l o g i c a l O b s e r v a t i o n s 

As the SW monsoon strengthens in sum
mer, the wind changes direction in a counter
clockwise direction (Figure 2 ) . At its 
strongest in July, the wind is concentrated in 
a feature often called the Findlater Jet [Find-
later, 1969] . The array was located near the 
climatological axis of the Findlater Jet in July 
in order to measure the strongest winds in 
the Arabian Sea. Typical wind speeds were 
5 m s"1 during the NE monsoon, while speeds 
were more than 10 ms" 1 throughout the SW 
monsoon, sometimes exceeding 15 m s"1. The 
periods between monsoons were marked by 
weak and variable winds. Because the wind 
stress is a quadratic function of wind speed, 
the peak wind stress during the SW monsoon 
was roughly 4 times that during the NE mon
soon. The increase in wind speed and 
change in direction has important implica
tions not only for the local forcing of the up
per ocean , but also for the gyre-scale wind-
driven circulation. For example, the Somali 
Current intensifies, and upwelling along the 
coast of Oman begins during the SW monsoon. 

The air was generally cooler than the sea 
surface, except during the summer when the 
SW monsoon brought warm air from lower 
latitudes (Figure 2 ) . Two periods of low sea 
surface temperature occurred during the 
year. The low in summer is unique to the Ara
bian Sea; the heat budget during this period, 
a subject of continuing analysis, includes 
contributions from turbulent entrainment, 
surface cooling, and advection. 

The dominant signal in shortwave radia
tion was of course diurnal, but a biannual cy
cle occurred as well. An unusual feature was 
a low in summer due to cloudiness and aero
sols during the SW monsoon. A day of mini
mum insolation took place early in the 
record during an intense squall apparent 
also in wind speed. 

An increase in incoming longwave radia
tion during the SW monsoon was due to 
warm, moist air near the surface and clouds. 
The interesting result was that the net long
wave radiation loss from the ocean was quite 
small at about 20 W m"2. The specific humid
ity peaked just before the SW monsoon, at 
least partly because of warm air tempera-

from October 1994 through October 1995 has 
yielded the first year-long time series of at
mospheric and ocean ic variables spanning 
both monsoons in the Arabian Sea. The ob
servations have revealed the processes re
sponsible for the transfer of momentum, 
heat, and fresh water across the air-sea inter
face, and the influence of the monsoons on 
the physical and biological systems of the up
per ocean. 

The monsoons that affect the Arabian Sea 
are stronger and steadier than the storms that 
dominate midlatitude locations, which 
makes the Arabian Sea a laboratory for the 
study of steady wind-driven processes. Two 
monsoons occur each year: the weaker mon
soon in boreal winter, which comes from the 
northeast, and the stronger monsoon in bo
real summer, which comes from the south
west. Unlike midlatitude storms, the 
monsoons result in two periods of mixed-
layer deepening followed by restratification 
during the intermonsoon lulls (Figure 1). The 
air-sea heat flux is very different during the 
two monsoons, affecting the two mixed-layer 
deepenings. 

The moored observations col lected in 
1994 and 1995 are unprecedented given the 
harsh environment of the Arabian Sea, espe
cially during the southwestern monsoon. The 
moorings withstood sustained winds as high 
as 18 ms" 1 . They were recovered and rede
ployed after 6 months because of concerns 
about leaving them unattended for a year. 
Overall, the data return was good consider
ing the conditions and remote location. 
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[Fairalletal, 1996] .Thea t 
mosphere to ocean heat 
flux was most negative and 
prolonged during the NE 
monsoon primarily be
cause of the latent heat flux 
(Figure 2 ) . Two additional 
brief periods of ocean ic 
heat loss occurred during 
the SW monsoon, associ
ated with latent heat losses 
during high winds and min
ima in insolation due to 
clouds. The air-sea heat flux 
had a strong effect on up
per ocean stratification as 
discussed below. 

P h y s i c a l O b s e r v a t i o n s 
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Fzg. 7. Time-depth sections of temperature and salinity as measured on the University of Washington southern 
mooring in the Arabian Sea, from profiles every 4 hours with 5-m depth resolution. Salinity is indicated by color; 
temperature is contoured at intervals of2°C. Original color image appears at the back of this volume. 

tures, while the lowest humidity occurred 
during the NE monsoon. The greatest oce
anic heat loss through evaporation was thus 
in the winter. 

The net heat flux consists of latent, sensi
ble, shortwave, and longwave components , 
which were either measured directly or esti
mated through bulk parameterizations 
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Fig. 2. Daily averages of meteorological variables, as measured on the central Woods Hole 
Oceanographic Institution mooring, and net downward heat flux computed using bulk formulae. 
From top to bottom, the variables are wind speed and direction, air and sea surface temperature, 
and net downward heat flux. The gap in mid-April is due to the recovery and redeployment of the 
mooring. 

Surface fluxes of heat 
and freshwater, turbulent 
mixing, and advection con
trol the temperature and sa
linity of the upper ocean . 
Each of these processes 
was apparent in a time-
depth section of tempera
ture and salinity from the 
southern UW mooring (Fig
ure 1). Two periods of 

mixed-layer deepening coincided with the 
beginning of the two monsoons in December 
and June (Figure 3 ) . The deepest mixed layer 
of the year was about 100 m during the NE 
monsoon in January. In contrast, the much 
stronger SW monsoon produced a mixed 
layer with a maximum depth of only 70 m. 
The mixed layer was deeper in the winter be
cause of intense surface cooling due to the 
air-sea temperature difference and the result
ing latent heat flux. Restratification occurred 
during the periods between monsoons, and 
in the spring, much of the winter's deep 
mixed layer was isolated from the atmos
phere. After persisting through the summer, 
this deep isothermal layer was eventually ad-
vected away. 

In many locations, the relationship be
tween temperature and salinity is stable 
enough to make reasonable inferences of 
density from measurements of temperature 
alone. However, in the Arabian Sea, c lear 
changes in the temperature-salinity charac
teristics of the water occurred; that is, salinity 
(denoted by color in Figure 1) was not uni
form between temperature surfaces. While sa
linity generally decreased monotonically 
with depth, patches of anomalously fresh 
water were found in the thermocline in No
vember and December . These patches were 
likely related to the concurrent episodes of 
strong flow (Figure 3 ) . The highest salinity 
during the spring intermonsoon period was 
caused by evaporation. Further analysis will 
focus on the heat and salt budgets of the re
gion, taking advantage of the horizontal reso-
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Fig. 3. A time-depth section of shear, a time series of mixed-layer depth, and a velocity stick plot 
as measured on the southern Scripps Institution of Oceanography mooring. The 4-hour average 
shear magnitude is plotted as a color image, with a vertical resolution of 4 m. The mixed-layer 
depth (black and white line) is defined by a 0.1 °C difference from the surface. Daily averaged ve
locity at 20-m depth is represented by sticks with upward being to the north. Note the region of 
high shear beneath the relatively unsheared mixed layer. The velocity has temporal variability 
unrelated to the local wind. Original color image appears at the back of this volume. 

lution provided by the moored array and 
ship surveys to estimate advective fluxes. 

Measurements of water velocity and wind 
allow the examination of the momentum 
transfer to the ocean by the monsoons. If the 
ocean were driven only by local wind, the 
current would be nearly steady during the 
monsoons. However, the strongest variations 
in current (Figure 3 ) were apparently unre
lated to local wind and were likely geostro-
phic. The swiftest currents of more than 
1 m s"1, which occurred in October soon after 
deployment, were caused by a mesoscale fea
ture. Another example of geostrophic flow oc
curred near the beginning of August, when 
the current abruptly changed direction from 
eastward to southward. The shift in current di
rection coincided with a change in stratifica
tion seen in temperature and salinity. A 
dynamic picture that includes only local ef
fects is clearly inadequate to describe the 
ocean ' s response to the monsoons. 

Velocity shear may arise in near-inertial 
motions and also in geostrophically bal
anced flows. The inertial shear often leads 
to intense vertical mixing. Geostropic shear 
is proportional to the horizontal density gra
dient. Both sources of shear were apparent 
in high-resolution measurements by ADCPs 
on the SIO moorings (Figure 3 ) . As assumed 
in the simplest bulk models [Kraus and 
Turner, 1967] , the mixed layer was rela
tively unsheared during periods of deepen

ing. Thin regions of high shear were located 
just benea th the mixed-layer base (defined 
by a 0.1° C difference from the surface) , sup
porting the notion that turbulent entrainment 
is strong there. The co l loca t ion of high shear 
and the mixed-layer base was most obvious 
during mixed-layer deepening as the mon
soons began blowing. The mixed-layer base 
was somet imes above the region of high 
shear during the spring lull, when diurnal sur
face heating and vertical density gradients 
due to salinity structure b e c a m e important. 
The shear in the stratified o c e a n was notice
ably higher than in the mixed layer. High 
shear well benea th the mixed layer, coincid
ing with the change in current in early Au
gust, indicated that the current was 
geostrophic. Continuinganalysiswil lexam-
ine the relative locat ion of the maxima in 
stratification and shear, the transfer of mo
mentum from the atmosphere to the o c e a n , 
and the identification of geostrophic currents 
and their effect on physical and biological 
budgets. 

B i o l o g i c a l O b s e r v a t i o n s 
Measurements of bio-optical variables re

vealed a variety of timescales. A biannual cy
cle in chlorophyll was observed, with the 
highest levels occurring in the later periods 
of both the NE and SW monsoons (Figure 4 ) . 
The passage of mesoscale features with high 
biomass is also evident during the early 

phases of each monsoon. The lowest chloro
phyll concentrat ions occur during the latter 
portions of the intermonsoonal periods. High 
chlorophyll concentrat ions were often ac
companied by strong currents and isotherm 
excursions (Figures 2 and 3 ) . Ship surveys 
and satellite images suggested that much of 
the variability in chlorophyll resulted from 
mesoscale features on scales of 10-100 km as 
opposed to broad regional variation in wind 
stress. Coupling of physical forcing and bio
logical productivity and biomass was seen 
also in the diffuse attenuation coefficient of ir-
radiance kPAR. During the NE monsoon, 
kPAR varied from about 0.07 to 0.11 m"1 (Fig
ure 4 ) . Thus, the radiant heating rate and ra
diative penetrative heat flux at depth were 
strongly affected by biomass concentrat ions 
on monthly timescales. Phytoplankton pro
ductivity may have played a significant role 
in setting the thermal stratification of the up
per ocean . 

Oxygen measurements on the central 
mooring indicated variations in biological 
productivity associa ted with physical 
changes in the water co lumn. Two observa
tional results suggested that primary produc
tion affected oxygen concent ra t ion . First, 
oxygen had a coheren t diurnal cyc le at 2 m 
and 10 m, with increasing concent ra t ion 
during daylight. S e c o n d , the oxygen con
centration reached its daily maximum at a 
fairly constant light intensity (31 ± 18 uE m"2 

s"1) from Oc tobe r to March. Taken together, 
these two p ieces of information provided 
compel l ing ev idence that daily variations 
in oxygen concent ra t ions were control led 
predominantly by biological processes . At 
depths of 2 m and 10 m, the dawn-to-dusk in
c rease in oxygen concent ra t ion AO2, which 
varied from 2 to 8 mmol m"3, was correlated 
with kPAR and chlorophyll concent ra t ions 
(Figure 4 ) . A lack of co r re spondence be
tween the large AO2 and kPAR signals and 
chlorophyll in late Oc tobe r 1994 may be un
derstood given the observed high b e a m at
tenuation coefficient of greater than 0.6 m"1. 
The magnitude of kPAR could have been 
caused by high particle abundances with 
low chlorophyll content . 

The periods of increas ing AO2 and ch lo
rophyll were a s soc ia t ed with shoal ing iso
therms (Figure 1) and high levels of shear 
(Figure 3 ) . The required gain of nutrients 
in the euphot ic zone may have b e e n due 
to both advec t ion and turbulent entrain
ment. Decl in ing AO2 was a c c o m p a n i e d by 
sinking isotherms. The three per iods of e le
vated AO2 and phytoplankton b iomass in 
Oc tobe r , D e c e m b e r , and February 
through March co r r e sponded to per iods of 
e levated par t ic le flux at a nearby sedi
ment trap [Dymond and Prell, 1 9 9 5 ] . 
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Hg. 4. (TopJ r/me series of the dawn-to-dusk increase in oxygen concentration (AO2) flf^m and 
10 m, and the attenuation coefficient ofphotosynthetically available radiation kPAR as meas
ured on the central mooring. The record from the surface oxygen sensor (black line) is consid
ered suspect from December to February, and is not shown here. (Bottom) Time-depth section of 
chlorophyll fluorescence measured at the central Woods Hole Oceanographic Institution moor
ing. The white dashed lines enclose times and depths where the moored fluorometers were sub
ject to fouling. The data during these times have been augmented by shipboard observations. 
Original color image appears at the back of this volume. 

Several analyses of the biological data are 
planned. From oxygen dynamics, estimates 
of net community production will be made at 
t imescales from the diurnal to the seasonal. 
One-dimensional mixed-layer models will be 
used to simulate the physical and biological 
response to the monsoons. Finally, data from 
the various moored, towed, and profiling bio-
optical sensors will be compared. The supe
rior spatial resolution possible from towed 
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Geochemists have long sought a low-cost, 
reliable instrument for analyzing trace ele
ments in situ. After a quiet start in the mid-
1980s, laser ablation inductively coupled 
plasma mass spectrometry (LA-ICPMS) has 
steadily captured the imagination of geo
chemists all over the world and is now be
coming "standard equipment" in the modern 
geochemica l laboratory. In recognition of 
this phenomenon, a special session on "Ana
lytical methodologies and geochemica l appli-

and profiling platforms will aid in interpret
ing the moored time series. 

S u m m a r y 
The importance of the monsoon system, 

which strongly affects the ocean, atmosphere 
and land, to the local environment and the 
global climate is unquestioned. The comple
tion of the first stage of data collection and 
analysis for the surface mooring component 

cations of LA-ICPMS" was held at the Fall 
AGU meeting in San Francisco. 

LA-ICPMS owes its rapid growth to a 
happy co inc idence of long-building events. 
In 1984, the first commercia l solution nebuli-
zation-ICPMS instruments began appearing 
in geochemical laboratories. These ma
chines, which are primarily used by geolo
gists to analyze the compositions of whole 
rock specimens, rely on introducing a sam
ple into an Ar plasma as dissolved constitu
ents in an aspirated solution. The rapid 
scanning capability of a quadrupole mass 

of the Arabian Sea Experiment is shedding 
new light on the ocean ' s response to the mon
soons.. The year-long time series of meteoro
logical, physical, and biological 
oceanographic variables have allowed an un
precedented look at the ocean ic response to 
the monsoons. Dominant processes have 
been identified, but considerable efforts will 
be required to accurately quantify these 
processes. 
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spectrometer coupled to the ICP allows pre
cise multielement concentration measure
ments. 

The excel lent performance of the ICPMS 
instruments led to a boom in sales through
out the 1980s and into the next decade. In 
1985, laser ablation, which has been studied 
by physicists s ince the 1960s, was first suc
cessfully coupled with ICPMS. This tech
nique uses a laser beam to vaporize a small 
amount of solid material from the flat surface 
of a sample. That material is then injected 
into the ICP torch. By 1991, several custom-
built LA-ICPMS labs were up and running 
and, about the same time, major ICPMS ven
dors began selling lasers as front-end attach
ments for existing ICPMS instruments. 

New Technique Using Laser Ablation 
Blasts Into Geochemical Labs 
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Fig. I. Time-depth sections of temperature and salinity as measured on the University of Washington southern 
mooring in the Arabian Sea, from profiles every 4 hours with 5-m depth resolution. Salinity is indicated by color; 
temperature is contoured at intervals of 2°C. 
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Fig. 3. A time-depth section of shear, a time series of mixed-layer depth, and a velocity stick plot 
as measured on the southern Scripps Institution of Oceanography mooring. The 4-hour average 
shear magnitude is plotted as a color image, with a vertical resolution of 4 m. The mixed-layer 
depth (black and white line) is defined by a 0.1 °C difference from the surface. Daily averaged ve
locity at 20-m depth is represented by sticks with upward being to the north. Note the region of 
high shear beneath the relatively unsheared mixed layer. The velocity has temporal variability 
unrelated to the local wind. 
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Fig. 4. (Top) Time series of the dawn-to-dusk increase in oxygen concentration (1::.02) at 2 m and 
10m, and the attenuation coefficient of photosynthetically available radiation kPAR as meas
ured on the central mooring. The record from the surface oxygen sensor (black line) is consider
ed suspect from December to February, and is not shown here. (Bottom) Time-depth section of 
chlorophyll fluorescence measured at the central Woods Hole Oceanographic Institution moor
ing. The white dashed lines enclose times and depths where the moored fluorometers were 
subject to fouling. The data during these times have been augmented by shipboard observations. 

Page 121 


