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ABSTRACT

The x-y-t, two layer, f-plane numerical model developed by
Hurlburt (1874) is used to examine the upwelling system off Peru. The
region off Peru from 14°S to 15°30'S is one of strong and persistent
upwelling. The most distinctive feature of the Peruvian upwelling cir-
cuiation is a predominant pecleward flow. The Hurlburt model, when

forced by wind stress only, shows no poleward flow. When additional

forcing, due to the effect of the atmospheric pressure gradient, is
applied in the model a dominating poleward flow results. In time, the
effects of wind stress are felt on the upper layer and an equatorward
flow develops near the coast. Two functional representations of the
actual topography are used in the model and compared to a flat bottom
case. Results show that the observed upwelling maximum approximately
40 km north of 15°S is due to the effects of a broad flatish shelr.

The upwelling maximum south of 15°S is the result of a mesoscale topog-
rephic feature, a seamount. Variations of meridional and zonal flow in
cases with E-W sloping topography are explained in terms of conserva-
tion of potential vorticity and conservation of mass transpcrt over the

ceamount. Based on Ekman dynamics, vertical cross sections of the

model results show strong poleward flows with a narrow layer of equa-

torward flow near the coast. As a result of the effects of rotation
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torward flow near the coast. As a result of the effects of rotation

on this poleward flow, the vertical cross sections reveal cffshore flow



in the upper 40 m and in a narrow layer over the shelf, with a thicker
onshore layer between the two. These circulation patterns agree closely

with obeservation.
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1. INTRODUCTION

The need to study coastal upwelling from an ecological and clima-
tic standpoint has been well-known to scientists from many disciplines.
From the viewpoint of the physical oceanographer, coastal upwelling is
an important feature in the study of eastern ocean circulation. Vari-
ous field pregrams, CUE I and II off the coast of Cregon and JOINT I
off the ccast of Northwest Africa, both part of the Coastal Upwelling
Ecosystems Analysis Program (CUEA), have examined the upwelling system
in these regions. More recently, during 1976-1977, the field experi-
ment, JOINT II, has focused on upwelling off the coast of Peru. Peru
is the richest of all the world's upwelling arveas. This is due to the
Tact that upwelling does not migrate up the coast as in other upwelling
regions. Thus the Peruvian coast is dominated by strong and persistent
upwelling. It is the upwelling circulation of this region thzat will
serve as the topic of the present study.

Many investigators have realized the usefulness of numerical
models in understanding the dynamics of coastal upwelling. The model
of O'Brien and Hurlburt (1972) examined upwelling for the f-plane case.
Hurlburt and Thempson (1973) extended the investigation to upwelling on
a B-plane. In the numerical model of Hurlburt (1974), the effects of
various types of coastline geometry and bottom topography were dis-

cussed. Peffley end C'Brien (1976) continued this line of study by in-

various types of coastline geometry and bottom topography were dis-

cussed. Peffley and C'Brien (1976) continued this line of study by in-
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corporating into the Hurlburt model the actual coastline and topography
of the Oregon coast.

The present study uses the Hurlburt model (1974) to investigate
upwelling off the coast of Peru. The upwelling circulation in this re-
gion appears uniquely different from that of Oregon and Northwest
Africa. Smith (1978a) states '"The response of the currents in the re-
gion off Northwest Africa and Oregon is closely coupled to the lecal
wind -- but not so off Peru where distantly caused phenomenon may dom-
inate local effects." Brink et al., (1978) have observed that
though the wind stress in this region is to the northwest, the mean
flow is generally towards the southeast. This flow was previousiy ob-
served by Smith et al., (1971). Smith (1978b) suggests that fluctua-
tions in the current propagating in the poleward direction may be baro-
clinic Kelvin waves, originating equatorward of 10°S and propagating
past 15°S. The fact that fluctuations are not well correlated with the
local winds suggests that a simply wind driven system is not sufficient
to explain the currents observed off Peru. The Hurlburt numerical
model, driven only by wind stress also does not simulate the flows ob-
served off Peru. The cquestion to be answered then is: What is the
Torcing mechanism needed to be incorporated into the model to obtain
the observed poleward flow over the shelf?

Various theories have been proposed to explain the cause of a
poleward flowing undercurrent. Garvine (1971) has shown the dynamic
importance of the longshore pressure gradient to a steady state upwell-

ing model. He provides, however, no physical mechanism for the produc-

tioan Af +hie lTAancchara nrecaenre oradlent. He dnes enocoect that '"wind

ing model. He provides, however, no physical mechanism for the produc-
tion of this longshore pressure gradient. He does suggest that "wind

'piles up' the water in the direction of the wind stress". Hurlburt
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and Thompson (1973) have shown that the B effect serves as a mechanism
to induce a N-S sea surface slope. This, in turn, reduces the baro-
tropic mode, allowing the formation of a lower layer poleward flow. In
the present model, however, the B effect does not appear strong enough
to induce the observed poleward flows.

Another possible mechanism has been suggested by Mittelstaedt
(1978). In studying upwelling off the coast of Northwest Africa,
Mittelstaedt suggests that the large scale atmospheric pressure gradi-
ent contributes "appreciably' to the longshore pressure variation in
the ocean. The undercurrent may be a result of an imbalance between
the local wind stress and large scale meridional pressure gradient.
This is the mechanism chosen to be investigated in this paper.

The present study is the first attempt, using the Hurlburt model,
te study the combined effects of atmospheric pressure gradient forcing
and wind stress forcing on upwelling circulation. A longshore varying
bottom topography will also be incorporested into this model. This
topography will be an idealized, functional representation of the ac-
tual topography. The region of coastal Peru between Pisco (14°S) and
San Juan (15°20'S) was purposely chosen by the JOINT II investigators
as a region of strongest and most persistent upwelling. By using an
idealized topography, representing the major large scale and mesoscale
features in this regicn, the effects of these features on the upwelling
circulation may best be determined.

Several cases will be examined in order to study the onset of

coastal upwelling in a model with a Peru-1like topography which is
FArArA het hatlh 2 Ad adanmamm Am A admAamrh AT A R sacinA Al Ant Trra

coastal upwelling in a model with a Peru-like topography which is
forced by both wind stress and atmospheric pressure gradient. Two

specific regions along the Peru coast are found favorable to upwelling.
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The location of these maximum upwelling regions are determined to be
the result of topograrhic variations. A poleward flow is found in both
upper and lower layers as a result of including atmospheric rressure
gradient forcing in the model. Variations in the strength of this flow
are affected by topography and latitude. Vertical cross shelf sec-
tions based on Ekman dynamics, reveal an onshore flow at mid-depths
with an offshore flow in the upper layer and near the bottom on the

shelf. Similar flows have been observed in the Peru upwelling region.
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2. THE MODEL

The model, cdeveloped by Hurlburt (1874), is an x-y-t, two layer,
primitive equation model on a B8-plane. Driving forces for the model
are both the wind and the atmospheric pressure gradient. The latter is
new for upwelling models. The system of equations defining the model
is nonlinear and the model retains the free surface.

A three diménsional view of the model geometry is shown in Fig. 1.
The Peruvian coast, in the area of concern, is oriented at approximate-
ly a 45° angle in reference to latitude and longitude. The model cocr-
dinate system, corresponding to this orientation, has also been rotated
450, This potation results in a simple and economic way to obtain high
resolution along the entire coast. A right-handed Cartesian coordinate
system 1s used. The origin is determined by the intersection of the
eastern most edge of the fluid, at a specificllatitude, and a bottom
reference level usually located at the greatest depth of the fluid.

The horizontal dimensions of the fluid are LX and Ly. Both the
eastern and western boundaries are straight solid walls while the
nocrthern and southern boundaries are open. These open ended boundary
conditions allow the development of a Sverdrup interior in a basin of
only mesoscale N-S extent. The retention of a Sverdrup interior is of
dynamic importance to the upwelling system. The large-scale wind

Stress curl is small over the eastern side of oceans. The Sverdrup

dynamic importance to the upwelling system. The large-scale wind

Stress curl is small over the eastern side of oceans. The Sverdrup
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balance minimizes the strength of the wind-driven barotropic mode and

permits a more realistic dominance of the baroclinic mode.

a. The System of Equations

The fluid used is assumed hydrostatic and Boussinesq. Thermody-
namics, as well as thermohaline and tidal effects are neglected.
Thompson (1974) has shown the importance of thermodynamics and thermo-
haline mixing when the interface between layers experiences large de-
partures from its initial position. When the interfacial displacement
is small, the exclusion of thermodynamics end thermohaline effects from
the model does not prove a significant problem. In this model, as in
Hurlburt (1974), the interface surfaces in approximately six days.
Thus, without including thermodynamic and thermohaline effects, solu-
tions beyond day five may not be useful and are not included here.
Peffley and 0'Brien (1976), however, have shown that five days of in-
tegration are long enough to understand the effect of topography on
local circulatiomn.

The model equations are the vertically integrated primitive equa-

tions on a B-plane for a stably stratified, rotating ocean:

avy ) . . . .-
F_ + Vl . VVl + k x fVl = - El VPa - gV(hl+h2+D)

T -7 ~

+ Sh I 4 av? v, (1)

Py
8h, .
—a'_t— + V (hlvl) =0 (2)
oh, .
—= + V ¢+ (h,V.) =0 (2)

ot 11
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> - - - 1 -
— . 7 - - —_ 12
Tt V2 VV2 + k> f\2 > P gV(thh2+D)
T_~T N
+ g'Th L hB + AV2 v, (3
Polty
3h,, .
5t TV (V) =0 ()

where the subscripts 1 and 2 denote upper and lower layers, respec-

tively. Other terms are defined:

~ A

V=u.1+v, ]
i i

flx,y) = £+ By - y,) + 8(x - %)

g = g(oz-pl)/.o2

ToE T i Tsy (%) !
|
T = 00y [V) - Vol (v, - V) .
;B - pCBNQ'\;Q
where 1 = 1, 2 denotes layers.

The boundary conditions used in the model are no slip andéd kinema-
tic for the eastern and western boundaries. A quasi-symmetric boundary
condition, after Hurlburt and Thompson (1973), is used for the northern
and southern boundaries. The boundary condition sets longshore deriva-
tives equal to zerc in Egs. (1) - (L), except for the N-S pressure
gradient, ztmospheric pressure gradient and irn the continuity equation.

Two major assumptions are required to determine the N-S pressure

gradient, ztmospheric pressure gradient and irn the continuity equation.
Two major assumptions are required to determine the N-S pressure

gradient. First the v field must be in nearly geostrophic balance such

that;
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£y = 3
*\l =g o (hl + h2 + D)
oh
3
v Zg‘a—;(hl-’th-’rD)-grgx—l'

. 3 . . . . .
Taking 5;- of these equations and integrating over x, along with the
fact that the N-S pressure gradient is set equal to zero at the western

boundary and the atmospheric pressure gradient is constant across the

basin, the equations are

a_ (’h +h +T\) ‘ _ j‘X B ! d,- j')\ f avl ) (
g Gy CPpthotD) = vy dx + Iy dx &)
-L -L
N X
t
- Bhl . ) % 8V2
o \ _ Vo — - - £ = A
Lg 5y (hl+h2+D) e'5; ] 'x {L Bv, dx 4 {L oy~ ax (7)
X p
3 ahT
o P
+ [g 5y (hl+h2+D) gle—= 1] I_LX

Since the longshore derivatives of velocity are assumed small,

v o - s . .
in the continuity eguation, a2 second assump-

with the exception of 3y

—_
b
Hh
[
A
A
——
X
w
<
[a B
X

further simplifies Egs. (6) and (7).

The use of the actual velocities derived from the model in This
boundary condition results in an unstable flow. Consistent with the
geostrophic approximation, the ageostrophic part of the baroclinic

velocity is subtracted from the model velocity in Egs. (6) and (7) and

the instability is removed. Thus the terms, \a and Vo which appear in

the above equations are model velocity minus the ageostrophic part of
' 1

the instability is removed. Thus the terms, vy and Voo which appear in

the above equations are model velocity minus the ageostrophic part of

the baroclinic velocity. This quantity can be obtained by developing
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a modal analysis of the two layer system. The baroclinic velocity is

defined

>

-V, -y (8)

with the condition for the purely baroclinic case

Vlhl + V2h2 = 0 (8a)

The barotropic velocity is given by

7} 7
o Viho o+ Vb, o)
BT B, + b,

with the condition for the purely barotropic case

- - (ga)

The total velocities are then written as a linear combination of the

barotropic and baroclinic components

Vi ® 6 Vee F G Ver
(10)
~ - b
7 = 7
Yo = Cp Vpo * Oy Vpp
Thus, from this system of six equations, it may be seen that
vt (11la)
Cl = C2 =1
Solving for the baroclinic mode yields
C, = h2
1 hl+h2
(11b)
..M
C,, S NN
(11b)
C, = hl
2~ h.,th
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Substituting the C values, the velocities in terms of the two

modes are

h, . A
7 =
Vi 7 nns Vee t Var
1 72
- h, - . (12)
Vo4 - — >y 4y
2 hth, 'BC ' BT

Now the baroclinic velocities may be broken up into two parts,

geostrophic and ageostrophic

) ) ) I T
= 7 - = =
Bc - "Beg T Vaca T F 3wt Vaea

Applying this equation to Eg. (12), the ageostrophic part of the baro-

clinic velocity in layers 1 and 2 respectively are

. h . . N h “
Vo T R +i Veca = V1 " Ver T 1 Li VBeg
R ) 172 S
. h ) ) ) h X (13)
- L, = - L =V, - V. + Ly
h2 £ hl+n2 BCa 2 BT hl+h2 BCg

~1 ~

Thus Vl and V2 of Egs. (6) and (7), representing the barotropic
part of the velocity and the geostrophic part of the baroclinic velo-

city may be written

~ ~ A

= - J
Vo sV - Yy |
7
) ) hl A (1u)
/ =V —_—
Vo =V, F i, Va

Along with the boundary conditions, initial conditions are re-
quired. The model is started from rest. The wind stress and pressure
gradient forcing are applied impulsively at initial time. Incorpora-

tion of these hecundarv and initial conditions closes the svstem. The

gradient forcing are applied impulsively at initial time. Incorpora- {
tion of these beundary and initial conditions closes the system. The

complexities of such a nonlinear system require numerical methods to

obtain a solution.
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b. Numerical Formulation

The finite differencing scheme, incorporated into the model by
0'Brien and Hurlburt (1972) and Hurlburt (1974), is semi-implicit in
the x-direction and explicit in the y-direction. Use of a semi-impli-
cit scheme in the x-direction allows a larger time step than that
usually dictated by the Courant-Friedrichs-Lewy (CFL) linear stability
condition. Use of an explicit scheme in the y-direction places the ap-

proximate restriction on the time step

N

At = (4y min)/ [ g (Hl + HQ) max | (15)

given by the CFL condition. From the economic standpoint, a limit must
be placed on the basin depth and the fine resolution of longshore
scales, in scite of the desire for high resolution, small y and a real-
isticelly deep basin.

Other properties of the finite differencing scheme are use of
leapfrog time differencing for the Coriclis and nonlinear terms and use
of the Crank-Nicholson (1947) scheme, which treats the diffusive terms
semi~implicitly in the x-direction. Other frictional terms are lagged
in time. Advective terms are handled by quadratic averaging (Scheme T)
from Grammeltvedt (19€9).

Reduction of the number of necessary grid points is accomplished
by using a variable resolution grid. The Ax used in the model is a
discrete function of x. In the eastern most 40 km, the value of Ax is
2 km. Moving westward, Ax takes on the values; 4, 10, 40 and 100 km.

In the y-direction, an analytically stretched variable was used. This

mAaam e L L3 Lo f_va L L 3.2 i3 hee OCLaiTemmw— 7077AN 4

In the y-direction, an analytically stretched variable was used. This

stretched variable is defined by Shulman (1970) as
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N a-a

S(a)=Cloa+Z tanh [ —= 7 + b ] (16)
k=1 Yk
where
s(0) = 0, s(1) = 1
and
a = y/Ly |
If g, any dependent variable, is defined :
[
q = q(s(a(y))) :
\
then the first and second derivatives of g are |
%9 . 1 d5 3q
a5y L da 3
y
2% . 1 ds 2 3% 1 &’s | 3g 2
2
g2 12 da 2s2 L 2 442 - 88 ’
y A {
In the model '
N:l,a:S"Y: 2, 0= 2

Implementation of this stretched coordinate approach gives a y grid re-
sclution of minimum Ay = 4.1 km in the center of the basin and maximum
Ay = 13.1 km at the northern and southern boundaries.

Hurlburt and Thompson (1973) have shown that the longshore flow
and upwelling circulation are independent of basin width, if the basin
is wide enough to separate the eastern and western boundary circula-
tions. In order that longshore flows are independent of basin width, a

Sverdrup interior must be created. They have shown that the width re-

tions. In order that longshore flows are independent of basin width, a
Sverdrup interior must be created. They have shown that the width re-
quired is greater than 1000 km for the value of B used in this model.

The width of the present model is 1500 km so that western boundary cir-
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culations have no effect on the eastern boundary end longshore flows

are independent of basin width. In the east-west direction, a 4X < 5 km
is required to resolve the boundary layers. Thus a fine grid is used in
the eastern portion of the basin and a coarse grid used in the western
part of the basin where soluticns are relatively unimportant to this

study.

c. Cross Shelf Physics

One of the assumptions used in the model is that Ekmen dynamics is
important to the vertical structure of the flow fisld. Ekman-like
boundary layers are expected and observed near the surface, pycnocline
and bottom, all regions of large vertical shear. It will be of inter-
est then, to look at a vertical cross shelf section of the flow gener-
ated by the model. This crecss sectional analysis is done using a
method developed by Thompson (1974) in which analytical solutions are
obtained for the departures from the vertical mean of the velocity .
fields. Boundary layers are thus introduced near the internal and ex-
ternal fluid interfaces. The simple upwelling'circulation obtained
from the vertically averaged equations is altered by the mass flux in-
to and out of these boundary layers. If G; is the departure from the

mean velocity within each layer, then the Ekman equations are

2

~1 3 Vj
£ V. = — 7= 3
k x \] A, 2 3 , 2 (17) .

If the sez surface is designated by z = 0, the pycnocline by

1
i

)

b, and the bottom by z c, the statement of the problem becomes

c, the statement of the problem becomes

i

b, and the bottom by z

&3
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M 2
- sw, =0 b<z<0
2 1 - e =
3z
(18)
0 w2 i 5 . ;
2 S Wy = c<z=<
oZ

where

We also require the integral constraint that, when vertically in-

tegrated over the layer, wj is zerc. Four boundary conditions are used.
At the surface, the perturbation velocity shear stress is equal to the
wind stress. At the interface, the total flow is continuous and the
perturbation shears are equal. The final boundary condition states
that the total velocity at the bottom is zero. For a more detailed ex-
planation of the method used, refer to Appendix 2.

The perturbation values are added to the mean flow to obtain the
total velocity. Figures of the flow field obtained by this method for
various sections along the coast will be shown in & later section. It
should be understood that this Ekman flow is calculated &s a device to
demonstrate the vertical details of the flow. The results obtained are

similar to observations off Peru.

d. Bottom Topography
The bottom topography used in this model is obtained from the

O'Brien-Preller (1977) Peruvian nearshore bottom topography and coast-

The bottom topography used in this model is obtained from the
O'Brien-Preller (1977) Peruvian nearshore bottom topography and coast-

line map, Preller (1977), Fig. 2. Data used for this map were obtained

during the 1977 CUEA JOINT II experiment off the coast of Peru. The



70w

Ple det trlicemlio

WCerro Lo Mo 6¢ Dono Morio Fromiisco
o

A\Punta de Olieros

PERU

SCerro Caiterion
5800

15°y

SAN NICOLAS

Pio Son Nicolos
oCerrocc Acori
1550
° 2000

P10 Lomas

scaLy
. 3 0 [ o

LTSI

&I DPRIfN
LIRS A1 XYY & 3
PLI03CALL Miwe3Ta wxTIRACHIDY cryur
. PLOMLa SuRTY umref ety
W s . aveusy 2¢ 1977
e e

1675

Fig. 2. The O'Brien and Preller (1877) Peruvian bottom tovography
map. Contour values are in meters.




17

coastline was taken from the No. 22012 map of the coasts of Peru and
Chile by the Defense Mapping Agency Hydrographic Center. The data ex-
tend from approximately 14°13'S to 16°S in the N-S direction and

‘ 74°3C'W to 76°W in the E-W direction.

Fig. 2 shows the Peruvian topography to be quite complex in the
area or interest. Shelf widths range from approximately 20 km in the
north to approximately 6 km in the south. The shelf slope itself is
variable in the longshore direction as is the continental slope. The
steepest shelf slopes occur south of Punta Santa Ana, in more particu-
lar, south of Punta San Juan. Observations of the coastline from Fig.
2 show it has a general orientation of U5° to latitude and longitude.
Fig. 3 is an enlargement of Fig. 2, rotated at a 45° angle such that
the coastline now is oriented in a N-S direction. In this figure, it
can be seen that the continental slope begins to steepen just south of
the intersection of 15°S and the coast. This steep slope continues to
just south of Punta Santa Ana, where the slope flattens in the vicinity
of Punta San Nicolas. Another major topographic feature seen at this
point is a mesoscale seamount. South of the seamount, the continental
slope again steepens.

The coastline also exhibits some prominent features as Cabo Nazca,
Punta Santa Ana, Punta San Nicholas and Punta San Juan. Peffley and
O'Brien (1976) however, have shown that coastline features are not as
influential as topographic variations in determining the longshore up-
welling circulation. In this simple model, the coastline is assumed to

be straight and the model, as previously mentioned, is rotated 45° to

Wwelling circulation. In this simplie model, the coastline 158 assumed TO
be straight and the model, as previously mentioned, is rotated 45° to
latitude and longitude. Thus the model coastline is a straight line

oriented in the N-S sense of the model.
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The topographies used in the cases examined here are functional
estimates of the actual topography, representing the most distinctive
topographic features. The first topography, shown in Fig. 4, exhibits
- +tywo distinctive topographic features distinguishing the northern from
the southern region of interest. The first is the broad flatish shelf
and gently tilting continental slope in the north and the second, the
steepening of both these slopes below 15°S.

The function used to obtain this idealized topography was a hyper-

bolic tangent function of the form
h(x,y) = ¢ [ ax + tanh (§:%££X)) + b ] (19)

where f is also a hyperbolic tangent represented by

£(y) = k[ tann (£ ) + b1 ]

and
h(0,y) = 74000 = H
lim hix,y) = 0
$reo
such that
b(y) = - af(y) = tanh [ ﬁé:l%ﬁizl ]

B
- af(y) - tanh [ (l_Ygf( ) 1 + tanh [-Yféy) ]

n

c(y)

This hyperbolic tangent topography follows the actual topography
closely. The maximum depth of 800 m is located 35 km from the coast in
the north and 14 km in the south, corresponding to the actual topography.

The functional estimate of the shelf extends to 15 km in the north and

the north and 14% km in the south, corresponding to the actual topography.
The functional estimate of the shelf extends to 15 km in the north and

5 km in the south, again a good representation of the real topography.
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Tunctional representation of the topography of Fig. 3. The
figure is rotated 45° counter-clockwise from North. The right-
hand side of the figure represents the coast and only the nearest
100 km to the coast is shown. Zero, along the ordinate, indi-
cates the intersection of 15° S with the coast. The y extent of
the figure is 300 km centered about 15° s.
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The shelf and continental slope steepen in both Figs. 3 and 4 just
south of the 15° south line._ The hyperbolic tangent fﬁnction proves to
be a good representation of these two important features of the topog-
raphy.

The second topography used is shown in Fig. 5. This case incor-
porates the mesoscale seamount into the previous idealized topography.
The function used to estimate the seamount was an ellipse of the form

2 2

R R ;—2 (y-yg ) 1%+ 2 (20)

2
a

with z representing height above the reference level depth 800 m and

the center of the seamount located at

X, = 8 km Vo = -41 km

The ellipse was incorporated into the previous topography by using the
ellipse value whenever it proved to be larger than the previous hyper-
bolic tangent value. A 1-2-1 smoother in the y-direction was applied
once in order to join smoothly the two functions. Due to the fine re-
solution in x, smoothing is not required.

The functional representation of the seamount differs only slight-
ly from the actual topography. The ellipse extends from 17 km to €7 km
south of 15°8S and 36 km offshore. The actual seamount extends Irom ap-
Proximately 20 km to 60 km south of 15°S and 36 km offshore.

In both of the topographic representations described above, the
values of the isobaths in the northernmost 50 km and southernmost 50 km

Oof the basin are merely extensions of the isobath values at y = 100 km

and v = 10N lm necnertivalsr. Theae racinne Af v indenendent +anno-

of the basin are merely extensions of the isobath values at y = 100 km
and y = -100 km respectively. These regions of y independent topog-

raphy have been included to insure that derivatives in y be small near
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the boundaries, as required by the boundary condition.
The topography with and without the seamount has been used in the
model as representative of the major features of the actual topography.

Flat bottom model cases have also been used as a basis for this study.




CASE DESCRIPTIONS

A number of case studies incorporating the two idealized Feru bot-

tom topographies and flat bottom were made. The parameter values given
in Table 1 were common to all cases.

The dimensions of the basin were chosen on the basis of observa-
tions. The N-S extent of the basin, the area 150 km north and 150 km
south of 15°S, contains the area of interest to the JOINT II experi-
ments. There was a good deal of freedom in choosing the east-west ex-
tent of the basin. As stated previously, Hurlburt and Thompson have
shown that if the basin is greater than 1000 km wide, the upwelling
circulation in the model is not affected by the western boundary solu-
tion. For this model, the actual area of interest lies in the first
100 km from shore, so that bhasin width of lSOO'km, not much larger
than the minimum width, was chosen. The vertical extent of the basin
was chosen to be 800 m. This is deeper than the expected maximum up-
welling depth but was chosen to include flow over the continental
slope and still retain an economical time step. Solutions using basins
of this depth differ little, qualitatively, with basin depths of
0(200 m) as observed by Thompson (1974).

The permanent pycnocline is represented by the layer interface.
Upwelling is then signified by the displacement of the interface from

its initial position. The mean location of the pycnocline may be es-

Upwelling is then signified by the displacement of the interface from
its initial position. The mean location of the pycnocline may be es-

timated by observing the values for this area of Peru. Fig. 6, from

24
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Table 1
Parameter Symbol Value
E-W basin extent Lx 1500 km
N-S basin extent Ly 300 km
Max basin depth (H1+H2)max 800 m
Initial upper layer thickness Hl 50 m
Initial lower layer thickness H2 variable
Ceriolis parameter at y = 0 fo —.3764x10_us_l
and 15°S latitude
of 9T -11 -1 -1
§§,, =~ g 1.56x10 m s
Horizontal eddy viscosity AH 5x103 m2 s—l
coefficient
Vertical eddy viscosity AV 5}-:10_3 m2 s—l
coefficient
. . 3 -3
Upper layer density Py 1.0 x 10 kg m
Lower layer density PN 1.002 x lOBkg m_3
Grevitationel acceleration g 9.8 m 5_2
. , -2 -2
Reduced gravity g 2 x 10 ms
Interfacial drag coefficient CI 1 x 10—5
Bottom frictional drag coefficient CB 1 x lO_d
. oPa -2, -2
Longshore pressure gradient 3y 1.25 x 10 "Nm ~/m
Time step At 36 s
Grid increment in x direction hAx variable
Time step At 36 s
Grid increment in x direction hAx variable
Grid increment in y direction by analytically stretched

variable
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data obtained by Barton (1877), show the vertical variation of Ot. The

most dramatic changes occur from 20 m - 30 m so that a midpoint value

of 50 m was chosen for the upper layer depth.

The heorizontal eddy viscosity value was chosen to be 5 x 103 m2S_l.

This value may appear to be high when compared to the value of

2 -
102 m s . used by Hurlburt (1974) and Hurlburt and Thompson (1973) cr

5 x% 102 m2 s—l, used by Peffley and O'Brien (1976). However, values as

; 3 2 - . . .
high as 2.1 x 10" m s . have been estimated by Stevenson et al. (1973)

off of Oregon in 1972.

- 2 - . . .
The value, 5 % 10 3 m s l, for the vertical eddy viscosity, was

chosen for simplicity of analysis, as a depth independent value. Allen

- > -
(1973) also chose Av = 5 10 3 m s l, however larger values of

_'l_O—2 m2 s™* were used by Hsueh and 0'Brien (1971). This smaller value

was chosen on the basis of calculations of vertical eddy viscosity made
by Tomczak (1970) based on data from the "Meteor" expedition in 1937.
Actual values of vertical eddy viscosity, calculated from daily temper- 1

ature variations on the N.W. Africa shelf, 10°N tc 28°N, show an aver-

- -1
age value slightly below 10 2 m2 s ~ for the first 30 m of water.

According to Kullenburg (1971), the vertical eddy viscosity AV is ex-

Pected to decrease with depth. Incorporating this idea with the ob- !
s -3 2 -1
served values obtained by Tomczak suggested 5 x 10 m s for the

value of Av used in this model.

The difference between the upper and lower layer densities was

chosen to be the commonly used value 2 kg m_3. This value is slightly

high as Smith (1978a) shows the waters off Peru to be somewhat less
-3

QPN +1FIAA i+ wrnlanice AF Asancity Al FfFevenca hoeinoe R ko m

high as Smith (1978a) shows the waters off Peru to be somewhat less

. . . -3
stratified with values of density difference being .8 kg m .



28
The value of the interfacial stress coefficient was chosen to be

-5 _ . N .
10 after Thompson and O'Brien (1973). The bottom stress value of

10~ was suggested by Proudman (1953). The value of At was chosen to
be approximately 80% of the value dictated by the CFL condition.

The wind stress, shown in Fig. 7, is chosen to have zero curl in
the upwelling region. The wind stress component, Tsy, in the x-direc-
tion, was set equal to zero while Tsy attains a maximum value of
.05 Nm—2 in the upwelling region. This value is in agreement with ob-
servation by Smith (1978a).

The value of the pressure gradient term was chosen to agree with
observation. When incorporated into the basic model case, this value
was responsible for creating magnitudes of poleward flow similar to the
observed values. An average pressure change taken from 1977 surface
pressure maps 1s 7mb change over 10° of latitude. Using that value as
an average, the pressure gradient over 300 km, the length of the basin,

in mks units is 2.1 lO_3 Nm~2/m. The value used in the model,

2 Nm_z/m, though somewhat high was chosen as the best para-

1.25 x 10
meterization of the actual flow. The atmospheric pressure gradient in
the x direction was set equal to zero winlle the north-south pressure
gradient remains a constant value through the basin.

Three cases will be discussed in this paper. All cases were
started from rest and driven by the wind stress of Fig. 7, and the at-
mospheric pressure gradient. Case I is a flat bottom, straight coast

case with a basin depth of 800 m and is referred to as the basic case.

Case II, using the topography represented by Fig. 4, has a straight

HHHHH B B 1L - - 3__41u L ONnN e N TTT R T S N e e Ll
Case II, using the topography represented by Fig. 4, has a straight
coast and a maximum basin depth of 800 m. Case III, using the topog-

raphy of Fig. 5, has a straight coast and 800 m basin depth. All cases
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were integrated for five days with wind stress and pressure gradient

values remaining unchanged.




4, RESULTS

Many case studies were made using the model described in Section
2. The results of these cases were observed by comparing five differ-
ent fields determined by the model: the upper layer zonal velocity,
upper layer meridional velocity, lower layer zonal velocity, lower
layer meridional velocity, and pycnocline height anomaly. By observing
the similarities and differences in the various cases, new insights in-

to the dynamics of upwelling may be obtained.

a. Dynamics

The basic dynamics of upwelling on a B plane has been previously
discussed by Hurlburt and Thompson (1973), however a short review will
be beneficial to the understanding of this paper. For a flat bottom
case with an equatorward wind stress, an eguatorward surface jet and
boleward undercurrent appear. The Jjet has been explained by a conser-
vation of potential vorticity argument. The poleward flow is explained
in terms of matching a near-zero Sverdrup interior to an upwelling
boundary layer. In the upper layer, the offshore flow is weaker than
the Ekman drift due to a N-S sea surface slope. In the region outside
the upwelling zone, onshore flow in the lower layer is balanced geo-
étrophically. Inside the upwelling region, geostrophy and Ekman drift

break down to satisfy the boundary condition, u = 0, at the coast.

break down to satisfy the boundary condition, u = 0, at the coast.

31
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Thus an equatorward acceleration appears in the upper layer and a pole-
ward acceleration in the lower layer.

This study is particularly concerned with the development of the
poleward undercurrent. This type of flow has been found when the long-
shore pressure gradient reduces the barotropic mode near the coast.
Hurlburt and Thompson (1873) have shown that a N-S sea surface slope
may be induced by the B effect,

X N 0 ]
{L Bv, dx-gay (hl+h2+D)[X—gW(hl+h2+D)|_LX (21)

In the present case, two important changes appear. First is the

P
introduction of an atmospheric pressure gradient, %———E—. The effects

oy

of this term may be seen by looking at the linear y-momentum equations

avl , aPa 5 TSy
oy + _'1_'U.l = - —O—T - g W (hl + h2 + D) + 5 h (22a)
171
v oP oh T
2 __1%a M1 Ty (22m)
raiig fu, = T g 3 (nl +hy t D) + g 5 50

With the atmospheric pressure gradient positive, the entire term adds
to the poleward flow. Due to the effects of rotation on this poleward
flow, an onshore flow appears. The onshore flow, in turn, induces an
E-W pressure gradient which is then balanced by the longshore flow.

The second change appears due to the 45° rotation of the coordin-

£

. . . 9 . .
ate system. This rotation results in & Ez-term which is of the same

magnitude and sign as %;—. The vorticity equation, in the upper layer,

neglecting longshore derivatives in the velocity field, becomes

vy

neglecting longshore derivatives in the velocity field, becomes




d
v ov ou T -
3 1 d 1 e 1 £ of d sy I
LA . + — ) + —_— —_— T —
ot (ax ) X (ul X ) o= T ay V1 * ox 1 0% ( plhl ) [
|
aSVl (23)
+ A 3
0%

Upon integration of this equation and the y-momentum equation, and re-
calling the fact that the pressure gradient iIs set equal to zero at the
western boundary and that the atmospheric pressure gradient is constant

in x, the following relationship is obtained

+ D)|X (2y)

o
X = _— h
+ ul)dx g 5y (hl t h,

Thus, a N-S pressure gradient is induced by the B effect.
In the downwelling zone, the barotropic Sverdrup balance yields

T

X d X Sy
[F B(v. + uddx = g == (h, + b, + D) R (25)
L 1 1 dy 1 2 X Py hl + n2)

and in the lower layer the following relationship exists

oh
S

5y (26)

® c= g LDy - g
{ 8(V2 + u2)dx - (hl t h, 4 D)IX - g

(.

X

Initially, the N-S pressure gradient and atmospheric pressure
gradient dominate both layers. Slowly the effects of the wind stress
dre seen in the upper layer, causing a weakening of the poleward flow
and finally an equatorward flow near the coast. Test cases made on the
Topography of Case III using atmospheric pressure gradient forcing
@lone and then atmospheric pressure gradient and wind stress forcing,

show a more rapid weakening of the flow near the coast in the case with

dlone and then atmospheric pressure gradient and wind Stress forcing,

show a more rapid weakening of the flow near the coast in the case with
S o . . 2

Wind stress. Test cases run with a wind stress of 1 dyne/cm” and a

Stightly larger pressure gradient, show a much quicker decrease in the
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poleward flow with time resulting from the increase in wind stress. A
test case was also made on topography II with a reverse atmospheric
pressure gradient, showing flows entirely equatorward in both the up-
per and lower layers.

It is of utmost importance to note that when the model was driven
by wind stress only, no poleward flow appeared in either the upper or
lower layer! Thus another type of forcing had to be introduced; the

atmospheric pressure gradient.

b. Upper Layer Flow

Study of the upper layer zonal flow reveals guantitative similar-
ities in all three cases. It should be noted here that the solutions
at the northern and southern boundaries in all of the subsequent fig-
ures shown in this paper, have been excluded. The region of particular
interest to this study lies, at most, 100 km to the north and south of
15°S. As previously mentioned in the discussion of bottom topography,
the model has been designed in such a way that the northern and south-
ern mest 50 km of the basin are of an artificiél nature. Therefore,
the solutions in this region which may contain some effects due to the
model rotation, are, by design, not of importance to this study. Thus
the subsequent figures will range from y = -100 km to y = 100 km only.
The E-W extent of the basin used in the figures will be 100 km from the
coast. This region includes the entire E-W sloping topography and area
of interest to the upwelling system. To avoid confusion, the terms E-W
and zonal refer to the E-W direction in the sense of the model's coor-

dinate system or the onshore-offshore direction. The terms N-S and

and zonal refer to the E-W direction in the sense of the model's coor-
dinate system or the onshore-offshore direction. The terms N-S and
meridional refer to the N-S direction respective to the model or a

longshore direction.
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Flows in all three cases are offshore, increasing in magnitude
outward into the basin. The major deviation in the zonal flow is seen
in Case III, Fig. 8a, over the seamount. North of the seamount axis,
the offshore flow increases. Directly over the center of the seamount
(x = 15 km, y = -40 km), a stronger offshore flow is seen. These flows
may be viewed as compensating for the lower layer zonal patterns in
terms of mass continuity. The effects of the seamount topography are
seen out into the basin at least 50 km. Peffley and O'Brien (1976)

concluded that the longshore dependence of u, is mainly dominated by

1

ccastline variations. Aside from that due to the seamount, little if

any longshore variation is seen in u, since the coastline is straight.

1

Upper layer zonal velocity, as predicted by Ekman dynamics

T
u, = iyf YT -.027 m s
- 171

1

seems to be in good agreement with model values. Data taken during
JOINT II from buoys at PS and PSS, show an average u value cf -.028 mél
at 4 and 12 km offshore and 20 m depth (Halpern - personal communica-
tion). The model values also seem to be in close agreement with actual
data.

The N-S flow in the upper layer shows similar patterns for all
three cases. Initially, all flows are poleward, increasing in magni-
tude away from the coast. In both topography cases, flows are slightly
larger. Topographic features have only a small effect on the upper

layer longshore flow. As mentioned in Peffley and O'Brien (1976), the

close similarity in the N-S velocity fields between a flat bottom and

e e T Ty A L] LB s v At e e e E e - — % — e ——e (— =% -, -

close similarity in the N-S velocity fields between a flat bottom and
topography case is not due to a lack of effect by the topography,

rather a balance between a weaker E-W baroclinic pressure gradient and
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stronger barotropic mode in the topography case. The intensity of the
poleward flow, in all three cases, is decreasing with time as the ef-
fects of the wind stress are more strongly felt. At day 5, Fig. 8b, a
small equatorward flow appears at the coast, in all cases, though only
Case I is shown here.

It is also of interest to note that the results observed from two
test cases made using the topography of Case III. One case was forced
only with wind stress, the other with just atmospheric pressure gradi-
ent forcing. The wind stress only case exhibits a totally offshore
flow while the second case showed a weak onshore flow confined to the
coast. The upper layer zonal flows in Case III show the effects of
wind stress dominating in the upper layer. The N-8 flows in the wind
stress case show equatorward flows that are far weaker than the pole-
ward flows seen in the atmospheric pressure gradient case. Thus the
N-S flows in Case II1 are predominantly poleward. These same patterns

appear in Case I and II.

c. Lower Layer Flow

The lower layer zonal flow shows important differences among the
three cases. Figs. Sa, b, c represent the lower layer zonal flow at
day 5 for all three cases. In the flat bottom case, the flow is off-
shore with an extremely weak onshore flow near the coast. The flow ex-
hibits a uniform pattern in the N-S direction. As expected, due to the
thickness of the lower layer, the vertically integrated flow is visibly
weaker than in the upper layer.

Case II also shows a weaker offshore flow in the western portion

weaker than in the upper layer.
Case II also shows a weaker offshore flow in the western portion
of the basin than in the upper layer. The most noticeable difference

between this case and the flat bottom case is a distinctive onshorz
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flow near the ccast. Fig. Sb clearly shows that topography effects the

longshore variations in u The difference between these zonal flows

o
may be explained in terms of mass continuity and a rising topography.

Considering the y-momentum equation, Eq. (22b)

RY oP oh T
2 . 1 a P 1 By
+fu, = ->% — - g — T -
3T 2 2 3y g5y (hy 0y + D)+ gl o 5 h
p 272
and the kinematic boundary condition, u, = 0 at the coast, it becomes
v
clear that i 0 for the flat bottom case. This change appears in

the model results where the meridional flows become less poleward in
time. In the E-W sloping topography case, the interior transport and
offshore transport over the shelf are approximately equal. Thus the
onshore flow in the lower layer is required to become supergeostrophic

ov
by mass continuity forcing e 0. However, since f < 0,

oV v
| == | =2
ot flat bottom < ot

topography

and therefore, v, increases more quickly with time in the topography

2 .

case until & frictional balance is achieved. Again, the model shows
the poleward flow to decrease with time in this case.

The zonal flow in Case III reveals features similar to those in
Case II. Again there is a weaker offshore flow to the west than in the
upper layer and an onshore flow near the coast. Here however, two max-
imums of onshore flow appear; one in the same location as the maximum
of Case II, and one further south, with a small region of offshore flow

between them. These patterns, caused by topographic variations, may

€till be seen beyond the E-W extent of the topography.

between them. These patterns, caused by topographic variations, may

€till be seen beyond the E-W extent of the topography.
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Before explaining the basic dynamics behind such a pattern of
zonal flow, it will be useful to observe the meridional flow fields for
the three cases. TFigs. 10a, b, c show the flows to be poleward in all
three cases. This poleward flow has been documented and discussed by
Smith (1978b), and Brink, et al., (1978). It is also true that the
poleward flow in the lower layer in all three cases is larger than in
the upper laver. Thus the upper layer feels the effects of the wind
stress far greater than the lower layer, as expected. In the northern
portion of the basin, the N-S flows in all three cases are guite simi-
lar with a slightly more poleward tendency in the topography cases.
However, the meridional flows in Cases II and III, deviate from that of
Case I in the region of change in the N-S slope of the topography. Case
IT exhibits larger poleward flow in this region and south of this re-
gion than in Case I. A comparison of Case III to Case I shows an in-
crease, a decrease and then another increase in poleward flow when
looking from the northern to the southern portion of the basin. Again,
it is apparent that these flows are topographically induced.

The explanation for these topographically induced variations in
both the zonal and meridional flow fields are based on conservation of
potential vorticity and conservation of mass transport over the sea-
mount. The region of large isobathic gradients in Case II is a region
of maximum onshore flow and decreasing poleward flow. These are the
expected characteristics of flow following the isobaths and conserving
potential vorticity. Case III shows similar flow patterns in the hy-

perbolic tangent region.

prLSiiLial vOULTLLGCL LY . Lane Llidi SHUWD SLiiilldl’ L 1LOW }'Jd.\_LCJ.'ilb L1lotlle ]..l_\/—
perbolic tangent region.
Two explanations may be given for the alongshore variations in

both zonal and meridional flow near the seamount. In this region as

——
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well as the hyperbolic tangent region, flow follows the isobaths. In
the northern half of the seamount, where isobaths turn toward the in-
terior of the basin, flow decreases in the onshore direction and in-
creases in the poleward direction. When the isobaths turn toward the
coast on the southern half of the seamount, flow increases in the on-
shore direction and decreases in the poleward direction. These large
alongshore variations may also be explained as due to a conservation
of mass transport. North of the seamount, the lower layer depth, h2,
increases. Flow in this region slows down, becoming smaller in magni-
tude in both onshore and poleward flow. Rising over the seamount,

where lower layer depth, h decreases, the flows increase in magni-

0>
tude in both the onshore and poleward directions. When the layer
thickens south of the seamount, flows decrease once again.

One finél general feature of the zonal flow is apparent in all
three cases; the E-W extent of the onshore flow is larger in the
northern portion of the basin than the southern portion of the basin.
This characteristic may be explained simply as due to the effects of
geostrophy on the lower layer zonal flow. As stated in the discussion

of the dynamics on a R plane, u, is in geostrophic balance. Thus u

2 2

varies inversely with f and would be expected to increase when approach-

ing the equator.

d. Upwelling
It is of utmost importance to this study to note the differences

in amounts of upwelling due to the different topographic features.

Figs. 1la and 11b, show the upwelling patterns for Cases I and II. The

in amounts of upwelling due to the different topographic features.

Figs. 1lla and 1lb, show the upwelling patterns for Cases I and II. The

amounts of upwelling are also referred to as the pycnocline height

I ——— e S . P R o i s -
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Fig. 1lla. Contours of the pycnocline height anomaly at day 5

for Case I. Contour values are in cm.
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anomaly, which describes the displacement of the layer interface from
its initial position.

The flat bottom case shows a simple upwelling pattern with in-
creasing amounts of upwelling close to shore. By day 5, an average of
45 m of upwelling is seen at 25 km with a maximum of 46 m closer to the
coast. Longshore upwelling is rather uniform in appearance.

Case II does not reveal a uniform longshore pattern. Instead, a
maximum now appears at y = 50 km, over the broad shelf region of the
topography. This characteristic is apparent across the basin where
amounts of upwelling are larger in the north than the south. Recall
that in the region of broad shelf the zonal flow was onshore and pole-
ward flow larger than in the south. Thus the tendency observed in
Peffley and O'Brien (1976), for regions of larger poleward flow to also
be regions of larger upwelling and an increased baroclinic mode, is al-
so observed in this model. The amount of upwelling increases rapidly
near the 15° south line and an x value of 25-15 km. This increase,
seen in both Figs. 11b and 13a, is located in the region of maximum on-
shore and poleward flow. Fig. 12 shows the difference in the amounts

of upwelling between Case I and II. The topography case exhibits

weaker upwelling near the coast, due to upwelling induced further out
into the basin by the E-W sloping topography. The region of the most
drastic change in these upwelling differences appears in the region of
largest change in: N-S slope of the topography, the lower layer zonal
flow and the lower layer meridional flow, as expected.

Perhaps the figures of most interest are Figs. 13a and 13b. Fig.

133 ig the amoimt of nnwelline for dav 5 obtained from t+he model for

Perhaps the figures of most interest are Figs. 13a and 13b. Fig.
132 is the amount of upwelling for day 5 obtained from the model for

Case III. Fig. 13b is a representation of mean sea surface tempera-
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tures in the JOINT II region of research from Stuart and Nanney (1978). \
Regions of largest upwelling coincide with regions of coldest tempera-

tures while upwelling minima coincide with warm areas. Case III

shows regions of largest upwelling agree fairly well with the mean map.

The maximum cold temperature lies approximately 35 km north of 15°S,

while the model predicts a maximum at approximately‘SO km. The second \
maximum lies approximately 13 km south of 15°S while the model predicts
the maximum to be near 30 km south of 15°S. The upwelling minimum also
appears south of the warmest temperatures. The fact that these highs
and lows of upwelling do not exactly coincide is due to the fact that
the topography in Case I1II, though a close estimate to the actual
topography, is still idealized. Thus, similar but not exact results
are expected.

Fig. 13a exhibits the maximum in the north as expected from the
results of Case II. The new feature is the addition of another maximum
in the region of the seamount and a resulting relative minimum in the
region between the two maxima. The minimum occurs in the region just
below the 15°S line where the flow becomes less poleward. The highest
values occur where the flow becomes more poleward, again resulting in
an increased baroclinic mode. Perhaps a simpler way to view the cause
of these minima and maxima of upwelling is to think of the lower
layer flow coming from the north and being forced to rise over the sea-
mount, thus inducing more upwelling just north of the seamount and less
upwelling south of the seamount.

The difference between the pycnocline height anomaly fields of

~ e ey 2 ——— -~ - - P — - . - -

The difference between the pycnocline height anomaly fields of
Cases I and III and Cases III and II are shown in Figs. lhia and 1lhib.

Case TII also shows less upwelling near the coast. This again is ex-
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pected due to the introduction of a sloping topography. In general,
the amounts of upwelling in Case III and Case II differ only in the

50 km nearest the coast with Case III having slightly more upwelling.
Both figures reveal that Cases II and III are quite similar in the up-
per half basin. However, the differences in upwelling due to the in-
troduction of the seamount is obvious in both figures. Thus a meso-
scale topographic feature appears responsible for some definite changes
in the upwelling pattern.

From the results of Cases II and III, favored areas of upwelling
seem to be over the broad shelf and very slightly north of the sea-
mount's center. Upwelling contours appear to parallel the isobaths in
most regions. Also the longshore and offshore scales both seem to be
based on the scale of the topography. Thus here, as in Peffley and
0'Brien (1976), it is the topographic variation that dramatically af-

fects the upwelling pattern.

e. X-7 Cross Shelf Section

Cross sectional analyvses of the zonal ana meridional flows, along
the "C" Line (see Fig. 38), for the JOINT II project were done by Van
Leer (1979) from cyclosonde data. Figs. 15a and 15b show the meri-
dional field in cross section based on cyclosonde data from Van Leer
for May 28 and May 31, 1976. Initially, the flow is all poleward, weak
in the upper layer and increasing with depth and weakening over the
shelf. As time goes on, the flow becomes less poleward near the coast,
until finally, after 5 days, a strong equatorward flow is established

in the region nearest the coast while poleward flow is found only fur-

until finally, after 5 days, a strong equatorward flow is established
in the region nearest the coast while poleward flow is found only fur-

thur out on the shelf.
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The model shows quite similar results. TFig. 16a depicts a small
equatorward flow in the upper layer near the coast with poleward flow
below and further out into the basin. The magnitude of the poleward
flow decreases rapidly towards the surface. Thus large velocity gradi-
ents are created in the upper layer indicative of the dominance of the
baroclinic mode. In the lower layer, the flow takes on barotropic fea-
tures changing little with depth. As time goes on, Fig. 16b, the equa-
torward flow is seen to strengthen and expand further into the basin.
The magnitude of the meridional velocity weakens rapidly close to the
shelf due to the boundary conditions. The observed data exhibits this
same feature.

There is some discrepancy between the model and real data when
considering the magnitudes of the flows. The intensity of the ecuator-
ward ccastal flow in the model is approximately five times weaker than
tne observed flow. This could be partly explained by the low value of
wind stress chosen for the model. The poleward flow also seems gener-
ally a bit weaker, however the magnitudes of the meridional velocity in
Fig. 17b may be slightly large as the next day's data show a consider-
able drop in the magnitude to approximately -10 cm s_l. Thus discrep-
ancies in the magnitudes of the poleward flow may be far smaller than
the comparison of Fig. 15b and 16b reveal.

Based on Van Leer's data, a cross section of the zonal compon-

ent of the velocity for May 27, 1976, is shown in Fig. 17. An offshore

flow, which deepens away from the coast, is observed in the upper layer.

At approximately 50 m depth, an onshore flow of larger magnitude domin-

LI10wW, wnicn deepens away Irom the C0asST, 1S observed 1Nl Tthe upper layer.

At approximately 50 m depth, an onshore flow of larger magnitude domin-

ates. This flow is expected to occur due to the effects of rotation on

the type of prodominant poleward flow seen in the four previous figures.
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The onshore flow weakens approaching the shelf, and a weak offshore
flow appears in a narrow region over the shelf.

The appearance of this offshore flow near the shelf has also been
seen by O'Brien et al.,(1879) in calculations done for an adjusted u
field and vertical velocities. Fig. 18 is the calculation of the velo-
city fields for April 11, 1976, obtained using this adjusted u field.
Note an offshore flow near the coast at 4, 12 and 20 km. Also note the
thickening of the offshore layer with distance from the coast as ob-
served by Van Leer. At approximately 40 km depth, the flow becomes on-
shore and remains so until very near the shelf.

The cause of this reversal in flow at the bottom is due to an
Ekman boundary layer. In the lower layer, the flow is geostrophically
balanced. Close to the bottom, viscous terms become large, reduce the
Coriolis effect and cause an offshore veering, or a reversal in the
zonal fiow. The depth of this layer, from Ekman dynamics and using the
value of vertical eddy viscosity chosen in this model, is = 16 m. This
is in good agreement with the observed value from Fig. 17 which shows
an average depth between 15 and 16 m.

Figsf 1%a-d show the zonal velocity field derived from this model
using the x-z cross section method of Thompson previously described.

In all four locations the upper layer flow is offshore, increasing in
its western extent with time. It is also interesting to note that the
thickness of the layer increases away from the coast as seen in the ac-
tual data. This thickening of the upper layer offshore is due to the

effects of the atmospheric pressure gradient. In test cases made using
ArTer adrmammhAnmt A maammatisaa A S AnmdE FAasaa it~ AnehAasva £l A amnmassyme nann

effects of the atmospheric pressure gradient. In test cases made using
only atmospheric pressure gradient forcing, onshore flow appears near

the coast, decreasing in value to about 25 km into the basin and then
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Fig. 18. Vertical cross shelf plot of adjusted u and w
values obtained by O'Brien., Halpern and Smith (1979). Values
to the left of the vertical reference line are negative and

those to %the right, positive.
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becoming offshore. This onshore component combined with the total off-
shore flow in the upper layer due to the wind stress, causes the narrow-
ing of the offshore layer near the coast. An offshore flow dominates
the remainder of the picture except for a narrow region above the shelf.
As expected from previous results discussed, the onshore flow near the
seamount is larger than over the broad shelf as seen in Fig. 2la. At

v = -30 km, the region of sharp changes in topography just north of the
seamount, the flow is seen to be onshore very near the cdast, but be-
comes offshore at distances approximately 20 km offshore. This flow
corresponds to the region between the two onshore maxima of Fig. 13a.
Fig. 19c, at y = -10 km, is the approximate model location of the "C"
Line for for JOINT II. 1In the first 20 km from the coast, an offshore
flow of maximum value, 5 cm s_l, is found in the upper 30 m. A weak
flow, less than 2 cm s_l, appears in a layer 16 m thick above the
shelf. These layer thicknesses correspond closely to Van Leer's data.
The magnitudes of the observed offshore flow is < 5 cm s—l in both
these layers, also close to the model values. ‘The model onshore flow
reaches a maximum of 2 cm s—l, slightly less than Van Leer's 5 cm s_l
Thus along the "C" Line, in both magnitude of the flow and thickness of
the layer, the model values and observed values agree. Fig. 19d, rep-
resents the cross sectional flow over the broad shelf in the northern
portion of the basin. Features of the flow here differ little with the
previous figure except in the thickness of the bottom offshore layer.
The thickness of this laver, proportional to the inverse square root of

the Coriolis parameter, is expected to increase approaching the equator.

the Coriolis parameter, is expected to increase approaching the egquator.




5. GSUMMARY AND CONCLUSIONS

A two layer, x-y-t, B-plane numerical model, developed by Hurlburt
(1974), has been used to investigate upwelling features off Peru. The
model is nonlinear and neglects thermodynamics. Two idealized topog-
raphies have been incorporated into the model. One, a hyperbolic tan-
gent representation of the topography, characterizes the broad shelf
north of 15°S and narrow shelf south of 15°S. The second is an ellipse
added to the hyperbolic tangent topography, simulating a mesoscale sea-
mount. New to this model is the addition of an atmospheric pressure
gradient as forcing along with the usual wind stress forcing.

Ceses using the previously mentioned idealized topography and
forcing functions were compared by viewing model results in the form of
contour and vector plots. The first topography examined, revealed a
maximum of upwelling over the broad shelf due to the effects of wind
stress, a rising topography and mass continuity. With the addition of
the seamount to the topography, a new upwelling maximum appeared just
south of 15°S. This region has been documented by the JOINT II inves-
tigation as a region of large upwelling. Specifically, this study
shows that this region of maximum upwelling is due to a mesoscale
topographic feature, the seamount.

Topography is seen to affect the structure of both the upper layer

and meridional velocity fields. The seamount appears to be the most

Topography is seen to affect the structure of both the upper layer

and meridional velocity fields. The seamount appears to be the most
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influential topographic feature. Its effects are apparent in both the
upper and the lower layer zonal flow. Topographic variations in the
lower layer longshore flow result in variations in the barotropic zonal
flow. The scale of the effects of the topography on these flows is
larger than that of the topography itself.

In general, the patterns of meridional and zonal velocity result-
ing from the model are in good agreement with observation. The verti-
cal cross sections reveal on offshore upper layer of increasing thick-
ness, an onshore layer below and another offshore flow near the bottom
due to Ekman dynamics. The magnitude of the flow fields are also in
g00ad agreement with observation. The zonal velocity has been shown to
be approximately equal to that observed. The meridional flow seems to
be generally larger than the observed flow. A reduction in the value
chesen for the pressure gradient will reduce the magnitude of these
flows.

The method described in Hurlburt (1974) and Peffley and O'Brien
(1976), that is, use of a wind-driven system, -does not serve to cor-
rectly model the observed upwelling system off Peru. Wind stress for-
cing alone produced no poleward flow. The reason for this apparently
lies in the 45° rotation of the model. This rotation reduced the B
effect enough so that a sufficiently large N-S pressure gradient, cap-
able cf reducing the barotropic mode and allowing the development of
a poleward flow, is not induced. Thus another mechanism responsible
for the poleward flow must be found. Atmospheric pressure gradient

forcing was chosen to serve this purpose. Including atmospheric pres-

_ A L lr Ll m M e e=2alh Ll n el A mdmamms FAarvAatm hoe haan

forcing was chosen to serve this purpose. Including atmospheric pres-
sure gradient forcing along with the wind stress forcing has been

shown toc not only induce a lower layer poleward flow, but also induce
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flow patterns that agree with observation in both layers. With the
addition of this mechanism, the model is able to correctly predict the
location of the areas of maximum upwelling.

In summary, it must be remembered that this model is an idealized
model designed to explain the dynamics of upwelling off Peru. Due to
a constant forcing by wind stress and the atmospheric pressure gradient,
this model results in somewhat steady flows. Studies of the time-
varying forcing should provide more realistic solutions. The exclusion
of thermodynamics, which allows only five days of useful integration,
should also be reconsidered when designing a more realistic model. A
more detailed study of the instabilities caused by very large isobathic
gradients may allow for the use of a smaller horizontal eddy viscosity.
Finally, improvement on the solutions at the northern and southern
boundaries could be made.

It may be concluded then, that the choice of the atmospheric pres-
sure gradient as an additional means of forcing to the Hurlburt (1974)
model, serves to correctly simulate the flows seen off the coast of
Peru. It is also concluded that the two upwelling maxima observed are
due to topographic effects, in particular the maximum observed south of

of 15°S is a result of the seamount, a mesoscale topographic feature.




APPENDIX I

List of Symbols

A horizontal coefficient of eddy viscosity

Av vertical coefficient of eddy viscosity

CI’ CB drag coefficients for interfacial and bottom friction
D(x, y) height of the bottom topography above a reference level
f Coriolis parameter

s Coriolis parameter at y = 0

acceleration of gravity

glp -p.)
\ . e 271
g reduced gravity defined as ————
P2
h total depth
hl, h2 instantaneous local layer thicknesses
Hl, H, initial layer thicknesses
Lx’ Ly the dimensions of model in the x and y directions
t time
Uy, U, x-directed components of current velocity
Vis VY, y-directed components of current velocity
P4

Xy Yy Z Cartesian coordinates for a 45° rotated system:; x is

positive north eastward, y is positive north west-
ward, and z 1is positive upward

of £
B IR
BTy value of B simulated by a N-S sloping topogravphy
R valne of R simulated bv a E-W slopine topoegraphv
BTy value of B simulated by a N-S sloping topograbphy
BTx value of B simulated by a E-W sloping topography

7y
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time increment in the numerical integration
horizontal grid.increment in x and y
densities of sea water

3 .
(pS, t, o -1) x 10~ where s t, o is the sea water

density corrected to atmospheric pressure

» directed tangential stresses at the surface, inter-
face and bottom

y directed tangential stress at the surface, inter-
face and bottom




APPENDIX B
CROSS SHELF PHYSICS SYSTEM OF EQUATIONS

The problem discussed in section 2c¢c was

8’2w]
2‘ - s wl =0 b <z <0
0z
and
2
v, 2
- 3w, =0 c <z < b
2 2 - -
0Z

where z = 0 is the sea surface, z = b is the pynocline and z = ¢

is the bottom and

[
I
o
-
[

v

11
o

W

fg Wy dz = fi W, dz = 0

and the boundary conditions

Bwl TS TSV ’

92 B AA T A =7 z=0
v v

w2 = wl + Av = J Z = b

w2 = wl + Av = J z = b

awl ) oW z = b

3z 93z
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= - + 1 = =
v, (u2 1v2) K z c

Av refers to the vertical eddy viscosity. The components of the

. . . . T T
surface wind stress in the x and y directions are sx and sy. Also

1/2
T (—i“) /
2A
v
s = (1 + i)r
Ay = Uy - u2 + 1(vl - v2)

The solution to this system of eguations after Thompson (1974)

yield, for the upper layer,

L 5% g o7S%
vi. = L — + C
‘17 s s 1
where
Pl = P - Bl
B, = peSP - g
A B
b -sb
cosir L s 2a- e ]
1 b 2 2
s s
and
Y - eR - eAv
Q 1 + en
usKy. v, + usa.X
3
Y—XTI_al_a l]'
172 271
nsay
E:
nsoy
e =
¥, T %Y
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K YaseSb
X =
il
1 Y3 s
72 Y3 7 5
Q :—(-Ya)é
3 2
_ sb _ _sc
Yl €
_ e—sb _ e—sc
T2
and
Y3 = b-c
In the lower region
A eSz B e-SZ
W, = 2 S + C
2 s s 2
where
b kg S e 22
2 3 al al
. [KYlYS -0 (J - K + Av):|
2 SACIEAC
4 SC -sc
o o € . BQe
2 s s
4 SC -sc
o iy € . B2e
2 s S
and
7 =R+ (Y - eR - eAv)
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