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Abstract ~ A coupled, physical-biological model is used to study the processes that determine
the annual cycle of biological activity in the Arabian Sea. The physical model is a 2%-layer system
with a surface mixed layer imbedded in the upper layer, and fluid is allowed to move between layers
via entrainment, detrainment and mixing processes. The biological model consists of a set of
advective-diffusive equations in each layer that determine the nitrogen concentrations in four
compartments: nutrients, phytoplankton, zooplankton and detritus. Coupling is provided by the
horizontal-velocity, layer-thickness, entrainment and detrainment fields from the physical solution.
Surface forcing fields (such as wind stress and photosynthetically active radiation) are derived from
monthly climatological data, and the source of nitrogen for the system is upward diffusion of nutrients
from the deep ocean into the lower layer. Our main-run solution compares favorably with observed
physical and biological fields; in particular, it is able to simulate all the prominent phytoplankton
blooms visible in the CZCS data. Three bloom types develop in response to the physical processes of
upwelling, detrainment and entrainment. Upwelling blooms are strong, long-lasting events that
continue as long as the upwelling persists. They occur during the Southwest Monsoon off Somalia,
Oman and India as a result of coastal alongshore winds, and at the mouth of the Gulf of Aden through
Ekman pumping. Detrainment blooms are intense, short-lived events that develop when the mixed
layer thins abruptly, thereby quickly increasing the depth-averaged light intensity available for
phytoplankton growth. They occur during the fall in the central Arabian Sea, and during the spring
throughout most of the basin. In contrast to the other bloom types, entrainment blooms are weak
because entrainment steadily thickens the mixed layer, which in turn decreases the depth-averaged
light intensity. There is an entrainment bloom in the central Arabian Sea during June in the solution,
but it is not apparent in the CZCS data. Bloom dynamics are isolated in a suite of diagnostic
calculations and test solutions. Some results from these analyses are the following. Entrainment is
the primary nutrient source for the offshore bloom in the central Arabian Sea, but advection and
recycling also contribute. The ultimate cause for the decay of the solution’s spring (and fall) blooms
is nutrient deprivation, but their rapid initial decay results from grazing and self shading. Zooplankton
grazing is always an essential process, limiting phytoplankton concentrations during both bloom and
oligotrophic periods. Detrital remineralization is also important: in a test solution without
remineralization, nutrient levels drop markedly in every layer of the model and all blooms are severely
weakened. Senescence, however, has little effect: in a test solution without senescence, its lack is
almost completely compensated for by increased grazing. Finally, the model’s detrainment blooms
are too brief and intense in comparison to the CZCS data; this difference cannot be removed by altering
biological parameters, which suggests that phytoplankton growth in the model is more sensitive to
mixed-layer thickness than it is in the real ocean. Copyright © 1996 Elsevier Science Ltd

193



194 J.P. McCREARY et al.

CONTENTS

1. Introduction 194
2. The coupled model 196
2.1.  The physical model 196

2.1.1. Layer structures 196

2.1.2. Across-interface velocities 196

2.1.3. Mixed-layer processes 198

2.2.  The biological model 200

2.2.1. Advective-diffusive equations 200

2.2.2. Source-sink terms 200

2.2.3. Vertical fluxes 202

2.3.  Forcing and parameters 203

2.4. Numerics 206

3. The model annual cycle 207
3.1. May 207

3.2, June 208

3.3. July 210

3.4. August 213

3.5. September 216

3.6. November 220

3.7.  January 222

3.8. March 222

4. Processes 225
4.1. Nutrients 225

4.1.1. Balance of terms in the N_ equation 225

4.1.2. Test solutions for processes in the N_ equation 226

4.2. Phytoplankton 231

4.2.1, Balance of terms in the P_ equation 231

4.2.2, Test solutions for processes in the P_ equation 231

4.3.  Zooplankton and detritus 235

4.3.1. Balance of terms in the Z_and D_ equations 235

4.3.2. Test solutions for processes in the Z_and D_ equations 235

5. Conclusions 236
6. Acknowledgements 238
7. References 239

1. INTRODUCTION

In response to the annually reversing, monsoon winds, the circulation in the Arabian Sea
undergoes a remarkable annual variation. Among other things, the Somali Current (the dynamical
analog of the Gulf Stream in the Indian Ocean) reverses its direction, and sea-surface temperature
(SST) has one of the largest annual variations of any region in the world’s oceans (DUING and
LEETMAA, 1980; EVANS and BROWN, 1981; MCCREARY and KUNDU, 1989). From a biological
perspective, crucial variables are upwelling and mixed-layer thickness, and these also exhibit an
extreme annual cycle (SCHOTT, 1983; CADET and DIEHL, 1984; SHETYE, 1986; RAO, MOLINARI
and FESTA, 1989, 1991). During the Southwest Monsoon, there is continuous, strong upwelling
along the coasts of Somalia, Oman (the southern Arabian peninsula) and India (CURRIE, FISHER
andHARGREAVES, 1973;CURRIE, 1992); the mixed layer shallows almost everywhere along basin
boundaries at this time and increases to thicknesses greater than 100m in the central Arabian Sea
(RAO et al, 1989, 1991; BAUER, HITCHCOCK and OLSON, 1991). During the Northeast Monsoon,
the mixed layer increases to thicknesses of the order of 100m in the northern Arabian Sea (RAO
et al, 1989, 1991; BAUER et al, 1991).
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Not surprisingly, the biological response to these variations in the physical environment is also
extreme, varying from being intensely productive in the northwestern Arabian Sea during the
Southwest Monsoon (RYTHER and MENZEL, 1965; BROCK and MCCLAIN, 1992) to being
oligotrophic in the southeastern Arabian Sea throughout the year (BANSE, 1987; BAUER et al,
1991). Based upon field observations and satellite data, there appear to be at least five prominent
phytoplankton blooms throughout the year: three spatially distinct blooms off Somalia, Oman and
India during the Southwest Monsoon, followed by a fourth bloom in the central Arabian Seaduring
the fall, and a fifth one in the northern Arabian Sea during the spring.

During the Southwest Monsoon, nitrate is entrained into the mixed layer in the upwelling
regions, resulting in intense, long-lasting, phytoplankton blooms (CURRIE et al, 1973;
YENTSCH and PHINNEY, 1992). The bloom off Somalia develops a striking wedge shape, as
aresult of advection by the swift flows of the Somali-Current system(SWALLOW, MOLINARI,
BRUCE, BROWN and EVANS, 1983; BROCK, MCCLAIN, LUTHER and HAY, 1991; Fig.22 in
SMITH, BANSE, COCHRAN, CODISPOTI, DUCKLOW, LUTHER, OLSON, PETERSON, PRELL,
SURGI, SWALLOW and WISHNER, 1991). In contrast, the blooms off Oman and India have a
more typical structure, being spread relatively uniformly along the coasts (see plate 3 of
BROCK and MCCLAIN, 1992). Certainly, much of the upwelling in these regions is driven by
the coastal alongshore winds. Several researchers have also suggested that there is consider-
able open-ocean upwelling in a region of positive Ekman pumping off the Arabian coast and
west of the wind axis (e.g. SMITH and BOTTERO, 1977; BROCK et al, 1991; and BAUER et al,
1991); however, this idea is not supported in the present study (see the discussion in Section
3.3).

In Augustand September, a phytoplankton bloom develops throughout the central Arabian Sea
as the Southwest Monsoon begins to decline (Fig.41 of SMITH et al, 1991; BROCK et al, 1991;
BROCK and MCCLAIN (1992). To distinguish it from the upwelling blooms along Somalia and
Oman, it is commonly labelled the “offshore” bloom; here, we also refer to it as the “fall” bloom.
BANSE (1987) suggested that an important nutrient source for this bloom s vertical mixing induced
by the strong winds, which brings nutrient-rich subsurface water into the euphotic zone. Based on
water-mass characteristics, BANSE (1987) also noted that another nutrient source is water
upwelled near the Arabian coast that is subsequently advected offshore into the central Arabian
Sea, and this process has recently been simulated in two modelling studies (YOUNG and KINDLE,
1995; KEEN, KINDLE and YOUNG, personal communication).

A bloom associated with the end of the Northeast Monsoon develops in the Arabian Sea
primarily north of 20°N and in the Gulf of Oman (BANSE and MCCLAIN, 1986; BANSE, 1987). It
generally begins in February, peaks in March, and declines in April (BANSE and MCCLAIN, 1986;
Fig.41 of SMITH et al, 1991), and so we refer to it as the “spring” bloom; other authors have called
it the “winter” bloom. BANSE (1987) attributed this bloom to entrainment of nutrients into the
surface layer during wintertime convection.

In this paper, we use a coupled, physical-biological model to investigate the processes that
determine the annual cycle of biological activity in the Arabian Sea. Our goal is to understand the
processes that cause the growth and decay of blooms, like those noted above. (Throughout the text,
we use the term “bloom” to refer to any increase in phytoplankton concentration that we can relate
to a distinct physical process.) Specifically, we address questions like the following: What are the
relative contributions of upwelling, vertical mixing, horizontal advection, and biological
remineralization in generating nutrient sources for the blooms? What is the role of light limitation
in controlling their onset? Does bloom decay result primarily from predation or from nutrient
deprivation?
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The physical model is the same 2Y2-layer system used by McCreary, Kundu and Molinari (1993;
hereafter labelled MKM)!. Moreover, the physical solution is the same as the one in MKM, except
that it is shown here after 20, rather than 10, years of integration. Among other things, this solution
provides representations of the upper-ocean current, upwelling and mixed-layer thickness fields
inthe Arabian Sea that are in good agreement with the observations. The biological model consists
of aset of advective-diffusive equations for each layer that determine the nitrogen concentrations
in four compartments: nutrients, phytoplankton, zooplankton and detritus (NPZD). It is consid-
erably simpler than the most dynamically sophisticated, biological models currently being used by
other researchers. We selected it because our goal is to understand the interactions between
biology and physics, rather than to simulate ecological complexity, and the simplicity of the NPZD
model allows the important interactions to be isolated readily. Nevertheless, our main-run solution
is still able to simulate the blooms mentioned above, and this success suggests that the coupled
system properly represents fundamental physical and biological processes at work in the Arabian
Sea. On the other hand, the solution differs from the observations in some prominent ways (for
example, the modelled spring and fall blooms are too brief and intense), and these discrepancies
point toward model deficiencies.

2. THE COUPLED MODEL

2.1. The physical model

The physical model is described in detail in MKM. Here, we discuss only its aspects that
determine the coupling to the biological model. Specifically, we describe its layer structure, define
the across-interface velocities that specify how fluid moves from one layer to another, and discuss
how the processes of upwelling, entrainment and detrainment influence biological activity.
A fourth process, mixing resulting from convective overturning, is discussed in Sections 2.2.3 .
and 2.4.

2.1.1. Layer structures. Figure 1 schematically illustrates the model’s two possible layer
structures. Dynamically, the system has two active layers with thicknesses h, and h,, overlying a
quiescent, deep ocean where pressure gradients are assumed to vanish (a 2Y2-layer system). In
addition, it includes a mixed layer of thickness h, imbedded within the upper layer; this layer can
either be thinner than h,, in which case the system contains an extra “fossil” layer of thickness h,
(Fig.1b), or it can thicken until the fossil layer vanishes in which case h = h, (Fig.1a). The
horizontal velocity fields in the upper and lower layers are v, and v,, respectively; moreover, v,
is the velocity in both the mixed and fossil layers so that there is no shear between these layers.
Water is allowed to move across the interfaces between the layers (that is, to entrain into or detrain
from layers) at the velocities w,_ and w. Finally, the system is thermodynamically active so that
the layer temperatures T, , T, and T, change in response to the surface heat flux, horizontal
advection, entrainment and detrainment.

2.1.2. Across-interface velocities. Three processes, defined by velocities w,, W and w,
contribute to w_ and w,. Velocities w, and w_ act at the base of the mixed layer, whereas w  acts
at the interface beneath layer 1.

'Regrettably, serious errors were introduced into the text of MKM at the time of printing. An Erratum can be found
after page 248 of Progress in Oceanography, 1994, Volume 33, Number 3.
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FiG.1. Schematic diagrams illustrating the two possible layer structures of the physical model. In
panel (a) a mixed layer of thickness h, and temperature T, spreads throughout the upper layer. In
panel (b) the mixed layer overlays a fossil layer of thickness h; and temperature T;. In both situations,
the lower layer has thickness h, and temperature T,, the deep-ocean temperature is T, and the
currents v, and v, are both depth independent in their respective layers. The across-interface velocity
at the base of the mixed layer is w,, and that underneath the upper layer is w,. Velocity w,
parameterizes detrainment due to midlatitude subduction, and it is not a biologically significant
process in the Arabian Sea.

Following KRAUS and TURNER (1967), w, is determined by the net production of turbulent
kinetic energy,

P=mu} - %20gQh , (1a)

where u, is the friction velocity generated by the wind, m is an adjustable constant, ¢ is the
coefficient of thermal expansion, g is the acceleration of gravity, and Q, is the net heat flux across
the ocean surface. The term mu? parameterizes the turbulence generated by wind stirring, and
-Y20gQ h,_ is that caused by convective overturning resulting from surface cooling (Q, < 0). Then,
w, is given by

P
viagh AT T 0
x h —h (1b)
mm  P<O,
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where AT is the temperature difference across the base of the mixed layer, At is the time step of

the integration, h- is the thickness of the mixed layer at the previous time level, and

mu,’

h = (1c)
Ya0gQ,

is the Monin-Obukhov depth, the thickness obtained by setting P=0in (1a). According to equation
(1b), when P > O there is entrainment through the base of the mixed layer at a rate proportional to
P, and when P<0the mixed layer detrains “instantly” (in one time step At) to the Monin-Obukhov
depth.

Velocity w_ provides a correction that prevents h  from ever becoming much thinner than a
specified minimum thickness H_=35m. This correction is required in strong upwelling regions like
those along the coasts of Somalia and Arabia, where w, alone is not strong enough to prevent h, |
from thinning to zero, a situation which cannot be handled by the model’s numerics. (See MKM
for a description of how w_ is determined and implemented in the physical model.)

Velocity w is a weak detrainment velocity (w, < 0) included in the model to simulate mid-
latitude subduction. This process is important primarily in the southern Indian Ocean (see MKM),
and does not significantly affect biological activity in the Arabian Sea. Hence, for our purposes it
can be ignored.

Because these velocities act at different interfaces, the definitions of w and w, change
depending on whether the fossil layer is present or absent (that is, on whether h.# 0 or h;= 0).
Velocity w,_ is defined by

W EW +W = 2)
W +W + W, hf=0.
Equation (2) also introduces the velocities w! =max (w_,0) and w_ =min(w_,0), the positive and
negative parts of w_, respectively; they are the entrainment and detrainment rates associated with
w_. Velocity w is
m
w, h#0
W EW +wW = 3)
(W, +w) +w, hf =0,

where (w, + w )* = max (w, + w ,0), and w* = max(w ,0) and w, = min(w ,0) are its entrainment
and detrainment rates. Note that, when there is no fossil layer, w, is equal to w_ only if the mixed
layeris entraining (thatis, w, +w_>0); this difference is necessary since otherwise the mixed layer
could not separate from layer 1 when it is detraining. (Velocities w_and w, are written w, and w,
in MKM. Similarly, w_ and w* are equivalent to the forcing functions h and h* introduced by
FasHam, DuckLow and McKELVIE, 1990).

2.1.3. Mixed-layer processes. The upper panel of Fig.2 schematically illustrates the changes
in layer thicknesses that occur during an upwelling event. Upwelling happens whenever the wind
generates a divergent upper-layer flow field. At continental boundaries upwelling is driven by the
alongshore component of the wind, whereas in the interior ocean it results from suction induced
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by positive Ekman pumping. The left-hand profile in the upper panel shows a typical layer structure
at the beginning of an upwelling event. As time passes, the mixed layer thins untilh  reaches H
(the sequence of profiles 1-4). Thereafter, the fossil layer thins since w_ does not allow h_ to
become much thinner than H_ (profiles 4-6). Eventually, the fossil layer disappears, and w_now
requires the upwelling of fluid from layer 2 (profile 7). Upwelling is a powerful process for
generating biological activity because itis typically associated with very large values of wy; ; equally
important, it results in a thin mixed layer which increases productivity by maximizing the depth-
averaged light intensity in the mixed layer (see the discussion of Eq.6b below). Moreover, its effect
on productivity is particularly strong when h= 0 (profile 7) since layer-2 water is upwelled in that
case, and it typically has a much larger nutrient concentration than fossil-layer water does.

The lower panel of Fig.2 illustrates changes resulting from entrainment. Entrainment of fluid
into the mixed layer occurs whenever there is an increase in turbulent mixing P (due either to
strengthened winds or surface cooling). The left-hand profile shows a typical layer structure at the

Upwelling ———

. @ ® ® @ ® ® @
Entrainment —— <«~——— Detrainment

T ® ® ® ®@ 0 ® o

FIG.2. Sequences of profiles illustrating the changes in mixed-layer thickness h | (light shading),

fossil-layer thickness h; (medium shading) and lower-layer thickness h, (heavy shading) that occur

during upwelling events (upper panel) and during entrainment and detrainment events (lower

panel). For upwelling and entrainment events, the initial state is at the profile at the left-hand edge

of the panels and time increases to the right. For detrainment events, the initial state is profile 5 in
the lower panel and time increases to the left.
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beginning of an entrainment event in whichh_ =H_. Fluid entrains into the mixed layer at the rate
w,, increasing h_ until the fossil layer vanishes (profiles 1-5). Subsequently, lower-layer fluid
entrains into the upper layer at the rate w, (profiles 5-7). Entrainment blooms are typically not as
productive as upwelling blooms, even though entrainment can bring a considerable amount of
nutrients into the upper layer. This is because entrainment thickens the mixed layer, thereby
reducing the depth-averaged light intensity necessary for phytoplankton growth (Eq.6b).

Detrainment occurs whenever there is adecrease in turbulent mixing P (when the wind weakens
or there is surface heating). This process is illustrated in the lower panel of Fig.2 by reversing the
order of profiles 1-5. Profile 5 shows a deep mixed layer, such as is often present after wintertime
cooling. As fluid detrains from the mixed layer, a fossil layeris created that thickens in time (profiles
5-2). Detrainment stops when h_ thins either to the Monin-Obukhov depth b, or to H_ (as in
profile 1). Detrainment blooms tend to be highly productive because detrainment results in a thin
mixed layer, which intensifies the depth-averaged light intensity and favors phytoplankton growth.
However, they also tend to be short lived because detrainment does not inject new nutrients into
the mixed layer, and so they can persist only until the initial nutrient supply is depleted.

2.2. The biological model

2.2.1. Advective-diffusive equations. The biological model determines the concentrations of
nitrogen in four compartments: inorganic nitrogen N (that is, nitrate, nitrite and ammonia),
phytoplankton P, zooplankton Z and detritus D. Let g; be the concentration in compartment q for
layer i, where (here and throughout the text) the index i=m, f or 2 labels the mixed, fossil and
lower layers, respectively. Then, each q; is determined by an advective-diffusive equation of the
form

q,+v;- Vg, -k Vig +x,Vig = 5+ Y, )

wherev, =v,=v,, S5 and ¥/ are source-sink and vertical-flux terms to be discussed next, and
x_ and x, are Laplacian and biharmonic mixing coefficients. Biharmonic mixing is included to
suppress noise that develops in high-speed regions of the Somali Current during the Southwest
Monsoon.

2.2.2. Source-sinkterms. The terms § g contain all the processes that transfer nitrogen between
compartments within a given layer. They are

Su=gLN:P-gBZ-1P, (5a)
Sy=ag%Z-84Z- 17, (5b)
Su=(0-2a-a)gfZ+WP+pZ-eD, (5¢)
Sy=ag%Z+eD gl AP, (5d)

Note in Egs.5 that there is a corresponding negative term for each positive term, so that S, + 5,
+ S +5 . =0. This property must hold since a net gain or loss of nitrogen concentration cannot
result from processes confined within a single layer.
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The quantity ] in Eq.5a parameterizes how the phytoplankton growth rate in each layer is
related to the photosynthetically active radiation (PAR) at the ocean surface I (x,y,t). Following
Evans and Parslow (1985), we assume that at each depth z this relationship has the light-saturated

form

|

I = ——,
\/I§+I§

(6a)

where lis the light intensity atdepthzand is the light-saturation constant. Then, the average value

of I in each layer is
IARI(A 2.7
S T )

1 " I
" J 121 T Lo U1 | @

where z' and z;are the locations of the top and bottom of layer i, I, = F:e%¢*}) is the light intensity
within the layer, I} = (I, ] e =, ] e-nm~kir) i the light intensity at depth z for layers i =m, f and
2, respectively, I; = I'e™"is the light intensity at depth z;, and k, =k _+Kk P, is the light attenuation
coefficient.

Tobe consistent with the physical model, whichis forced by daily-averaged solarradiation, we
alsoneglect the diurnal cycle in the biological model by setting I (x,y,t) toits daily average (Section
2.3). There is, however, no reason why the diurnal cycle of I, cannot be included in a biological
model like ours (EVANS and PARSLOW, 1985; FASHAM et al, 1990), and we report a test solution
in which I varies diurnally in Section 4.2.2. The primary effect of using daily-averaged I is that
the system really does not require light saturation because I never reaches large values (Section
4.2.2).

The quantity Ni in (5a) parameterizes how the phytoplankton growthrate ineach layer isrelated
to the nutrient supply N.. It has the familiar Michaelis-Menten form,

N.
N, = ——, )
N +N_

where N_isahalf-saturation constant. In contrast to the case for I, nitrogen saturation is influential
because nutrient concentrations often have values that are considerably greater than N_(Section
4.2).

The function 7, determines how the zooplankton grazing rate is related to the food supply.
Similar to the FASHAM et al (1990) model, we use the Michaelis-Menten relation

Fi
F = , (82)
F +F,
where the food supply is

F= ¢P+0Z, (8b)
























































































































