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Abstract

- P St

A mathema*tical model of a simplified atmosnhere is described

]

which 1s cuitable for considering certzin processes of heat euxchanze,

o

The model is set up for an zinost incompressible atmosnhere, that

is, the variations in densjty are ne-slected except in the term
representing gravitational force, Only the dynamics, not the ther..o-

dynamics, of the prohblem 1s considered. The resulting equations of

motion are simplified by perturbation methods regarding the ratio

of atmospheric thic'ness to tie radius of the earth as the perturb-
tion parameter, Given a density distribution in the atmosphere as

an arbitrary function of latitude and height, the model determines

the zonal velocity component and the meridional circulation, A

simple nunerical example is ziven to illustrate the type of flow to

be expected fro- the model,
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1. Introduction

Althouzh nucii effort has bcen devoted to constructing
nathematical and iechianical rodels of the atmosphere with the aim
of exnlaining the general features of the atmosplieric circulation,
there is at present no setisTactory manner of lin'"ing the observed
behavior of the atmosphere tco the fundamental sources of energy
responsible for that behavior. The ultimate source of energy for
atmospheric circulation must be solar radiation. The motion in the
atmosphere derives its enerzy from the unequal distribution of heat
produced by the different ratec at which heat energy is absorbed
from and radiated into outer space at different parts of the atmos-
phere., The notion in turn furnishes processes of heat exchange
which tend to produce a uniferi: distribution of heat,

The circulation is observe? to be near a quasi-equilibrium
state at all times so that larsge surniuvses or deficits of heat
energy in the atmosphere do nct occur, There are, however, signif-
icant departures of the circulation from the mean state which do not
seen to depend unon a particular distribution cf nheat energy in the
atmosphere but rather suvggest a dyne~ic instability of the basic
zonal circulation in at least some of its modes.

The problew of the stability of zonal flow 1s of great im-
portance and has received a good deal of attention in the past few
years. Xuo (1950), for exaiwnle, has considered the stability problem
in considerable detail and has discussed a possible role which
stability plays in iniaintaining and regulating the general circulation.
Studles of the stability problem, however, do not give very much in-

sisht into how the general circulation 1s maintained since the
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conversion cf hest into YWdnetic and notertial enevgy i3 not con-
sidered,

Much ol the difficultv in constructinag a theory of the
general circulaticon is cncountercd in croosing a sirmple, meaningful
nmodel in which the thermodyn:zitics of the atmosphere may be included,
The mathenatical models witic have been developed for the study of
dynamic stability of zonal circulation are not sultable for the
thermodynamic problem because nost of them either do not explicitly
include the effects of vertical structure in the atmospnere or are
appl-.cable only wiaen the thoruodynamic processes are hegligible.

The classical Hadley model is rore suitable but is difficult to
construct methematically.

In the classical Hadley model it can be shown by qualitative
recasoning that at least thrce meridional circulation cells must
exist to correspond arprcxiratcly to the ohservesd zonal winds, The
subtropic and arctic cells arc driven thermally while the middle
cell 1s driven indirectly by the other two cells through lateral
friction. The argumcnts leading to this ricture ¢of the circulation
consisting of three eclls and the dynamics of the middle cell have
been given by Rossby. A semi-empirical model of a three cell type
has been constructed by Dorodnitsyn, Izvelov, and Schwetz (1939)
from the observed temperature distribution in the atiiosnhere and
the surface pressure distribution, using a method developed by
Kochin (1935), Rossby (1941) gave an excellent discussion of the
Hadley model and pointed out somne of the difficulties encountered

in attempting to explain certain features of the circulation with

this model,
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A model of a simpliiic” atisosrhere is constructed here in
order t'.at scme »rocesses of uneat exchange can be stulled znalyticale
ly. 7he .urpose of this model is to give the distribution of zonzl
ana meridional velocity components correspondinz tc a ziven density
Yield and revresentinz a balance of pressure-zradient, Coriolis,
gravitational, znd frictional {orces., Asswaing the density field
to be Xnown, the velocity ficld is determined. Using the energy
equaticn and the equation of state, the distribution of heat sources
and sinks necessary to maintain the particvlar density field in the
steady state can he celculated., T"he thermodynamics of the model
can be considered ~s a separate problem znd, therefore, is not taken

up in detail here.

2, Simnlifying Assurptions

- -

The equations of mass oand momentum conservation serve as the
basis for the model considered in the following @nalysis. It is
necessary to make simplifyinz assuvmntions at the outset in order
to obtain a model sufficiently simple for analytical treatment,

The atmosphere is considere” to be an almost incompressible
fluid covering a smooth eartin to a mean denth h which is very small
in comparison with the earth!s nean radius 2 , The motion of the
atmosphere is considered in thc steady state and is assumed to be
driven by a known density distribution, It is assumed that the
density variations arce small encugh to be sufficiently accurately
represented in their effect on the fluld motion by considering a
variable zravitoetionzl force., TI'rictional forces are assvmed to

arise from Reynolds stresses and are talen into account by introducing
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& constant, isotrcric kinemztic eddy viscesity. 1In adopting an
eddy viscosity, it is irnlicitly assum-i that tuc ste:d motions

are arrived at tv ar averszin¢ process, The non-lincar terms ore
neglected to simrlify the matiematical analysis so tiat conclusicns
based on this model would be wvalid only when these terms are rela-
tively small, The motion is s2ssumed to be independent of longitude
since otherwise the motion docs not appear to hzve any obvious
pnysical significance unless surface irregularities of the earth are
taken into accouat,

The cocridlinctes of 2 roint in the atmosnh:ere may be specified
by giving the distance z of “lie point from the geoid measured along
the local vertic2l direction, the latitude ¢, and the longitude A
at the geold., It is assumed that this coordinate syster: can be
sufficiently well anproximated by a spherical coordinate system
(N, 9, T) in which gravitational {crces act in the radisl direction,
Here, A\ 1s the lonjitude mcasured eastward from a refercnce meridian,
¢ the latitude measvred from tihe equatorial plane and r measured
from the origin at the center of the earth. The radial distance r
of a point at heignt 2z above the reoid is azpproximated by a + z,
where a is the mean radius of the ecarth, The velocity components
(u, v, W) are chos»n sc that u is the eastward component, v the

northward comronent, and w the upward component of velocity.

3. Eguations of liotio

- ~

On the basis of the ossumptions above, the equations of

motion can be written in the following form
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' -22cos pu= -2 L o(p,r) +klpw - 2¥ L5 X
p or ’ 2 12 ag
+2tanoy j (3)
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g o dcos v 4.15 _Qginﬂ =0 ()
‘g- I COs g 39 . ar
? where @ is the earti's anzulsr velocity, p is the density and is

considered constant while ;(@,r ), the unit-mass sravitational force,
is modified to inciude the erlrects of small variztions of the density.
The nressure is siven by p, ond the “incomatic eddy viccosity by Y,

The Laplacian opcrator in this coordinsite systeir is

2 1 3 3 1 2 2 2

F = = . [cos 92T @ R s

r2cos:p a9 o9 ;-éar[

A stream ruoction ¢ is introduced for t!:e meridional cir-

culation so that

- i 3
o (5)
WV T w cee 1 .Q‘Q (6)

r2cos o 99

The equations can be e:pressed wore compactly by introducing

~

the quantities M, x, D2, and &, where

M

r cos @ U

¥ = gin ¢
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end M is the unit-mass relative angular momentum of the zonal flow,

and D2, G ave commutative diffcrenticl orerators, The equations

bhecome
v e
- 2260 = X DT(M) (7)
+2Qx =21 =2)3p 4+ K 3 [0°)] (8)
r pr 9x r Jr *
2 g M= L1op . - XK 3 2

Eliminating the pressure from (8) and (9) yields

2QG(M) = {1 - x2) 3 + K o () (10)

The boundary conditions at the earth's surface are that
normal and tanzential velocity components are zero, At the upper
surface the comnonents of torque are zero, The condition of con-
tinuity requires zero net volume transport in the steady state a-
cross all latitude circles, Irn terms of i’ and ¥ , these boundary

conditions become

<
"
"
O
T
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The matiermatical problem is snecified once g is given as

a function of x and r,.

4, Dimensional Anclysis

Unfortunately, it i1s difficult to solve equations (7) and
(10) regardlerss of the choice of g, Further simplification of the
equations is achicved by dimensional analysis. The equations are
converted into non-dimensicnal form by introducin-: the non-dimen-

sional quantities a, 2', M', ¥', g', and p', where

a, = h/a

2' =z/horr=a(l+az')
M' = M/au

ALY

g' = 3/8

p' = p/pg h

and U, ¢, § are characteristic values of the zonal velocity component,
stream function, and gravity respectively.
By choosing
2
? = K7 /4Q
U ao/Z /29

e= /20 h2



‘ equations (7) and (10) ¢~n be written in the fcllowing non-iimen-

sional ferm, the onrimes now “eing omitted

r\)

| - 3@) = DG (11)
~pady 32 241, 5
G(1) = (1 - x°) g& + DY) (12)

where the differential operators in non-dimensional form are

o)
; n° = 945 vl 1= 8P
‘_ az" NG aozi2 dx

o 0
J—X-a.?:-*!'ab

2

[ ]

1
]

+ a,2 oxX

The order of maznitude of the various terms can ve estinoted

by chcosing renresentative values of the dimensional constants, For

|
-
&
F
b
E

example, the valucs

a = 6371 km

h = 10 km

K = 107 cmlsecl
g = 103 em sec"2
p = 1073 g om-3

7.3x10'5 secl

Q
n

yileld the following characteristic constants

U= 110 m sec™!
P = 5x109 m3500’1
dy = 0.0016
€ = c,C007




‘ 5. Ferturbation Equations

The investinition of equatiors (11) and {1%) can be simpli-

fied considerably by regarding a, as a rerturbation prrameter and

’» expanding the solutions and the differenrtial enuation =2s perturba-

tion series in Ao

The functions M, ¥, znd g are expanded as power series in

aO
:‘ : S L.X4 2)(
‘g P-’='O-‘-ao;:1+co2+.........
¢=¢O*ao‘b1+a;¢'2+ooooooooo
2
g=go+cogl+aoz2+o [ ] (] ° ] . [} . ]

These series are substituted into equations (11) and (12) and all

terms arc collected as coefficients of terms in a power series in

ao. Considering d, as an arbitrary parameter, the power series can

have a sum function identically zero only if all the coefficicnts

of powers of G, arc z2ro. This condition leads to an infinite set

of differential equations for HJ and da. In the following analysis

only the equations corrcsponding to the zero and first order terms

in a, are considerced,

The equations of zero-order in a. are

o
52.5*""__1_:9_,(_6_”_0:-(1_,(2)3_8_0_ (13)
0z 0z ax
2,.
0" M, No
~5;§ R 0 (14)

with the boundary conditions
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l d b = 0 /825 = O
an Y. = W z =
. ° L I at z = 1,
| (
dMg/82z = O |
The equations of first-order in a, are
Iy & L 0 oM ac
y 2 07y o 2 0 51
[|? R G SR S o + (15)
: | ox = Ox
‘ E 3z az ._ i
|k 2
™M '
. -_,;l + X f&l = - (1 - x2) =2 (16)
o An a: ax

b
3

with the boundary conditions

by = oy /0z = ol
aA.

lip

i
o
—

and ‘L‘l = O, 52431/522

]
[\]
2
o
~
Q
N
!

aMl/ 9z =

!

n

=
(A

The perturbation equations for the pressure can be obtained
in a similar manner from equaticns (8) and (9) after converting them

into non-dimensional form,
“8z- = = Bo (17)

(I-X)-—~-=-xMo+e2—;§- (18)
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€. Solutions
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{f the Zero-order Equations.

- ——-

Solutions to thec zcro-order equatione can be obtained in
closed form for the special casc that 8g,/dx is a2 function of X
only; so for the rurroses of studying simple flows predictcd by the
present model, this spccial case is considered in detail. The more
general casc where 8g,/8x 1s a function ol both z and x can be
solved in terms of an intesral over a Green's function or by bound-
ary-layer mcthods.

The solutions to the zero-order equaticns may be written

in the form

v = = L= x) 2o g (5,10 (21)
X Ox
2
My =.CL§%2L);§9 ® (z,¥) (22)
where
4
Alzyk) =1 - T Ay exp (A 2) (23)
3=1 ]
2
® (z,1) = / g(v,k) dv (24)
(o

and Xj (§ =1,2,3,%), represent the four roots of the equation

L
Ay = - x2/e2 = o bt



t
2
i
¥
E
k

Slee
The roots are
N = - k(1 - 1) )\3=+k(1+i)
Ny = = k(1 + i) N, =+ k(1 - 1)
where k = [Lg§-l]l/2 i-= (‘1)1/2

The function #(z,%) can be found by solving the four
simultaneous algebraic equations arising from the boundary condi-

tions for the coefficients Aj. The function is found to be

#(z,k) = 1 - ﬁsin}?k 2 = ?R-} 4 [cos k cosh k{1-2z) sin kz

- cosh k sinh kz cos k (1-2)]
+ [cosh k cos ¥ -~ sinh Xk sin k ] [ cosh k(1-z) sin k(1-z) ]

- [cosh X cos k + sinh % sin k J [ sinh k(1-2z) cos k(1-z) ]:}7
(25)

There are two cases for which this expression is closely approximated
by a much simpler form:

Case I, k>%5
P(zyk) ~1 = (2)* exp(-kz) cos (kz ~n/4) - exp(-k(1l-2z)) cos k(l-z)

Case II, k(<1

2
(z. k) ~ (kz)"(1-2)(3-22
Blz,k) lz_lﬁ__l
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Frcfiles of ®(z.%) and #(z,%) sre given for several values of k in
fig. 1 and fig. 2 respectivelr,

The zerco-order pressure distribution can be calculated from
equations (17) and (10). If 3g,/3x 15 a function of x only,

g8,(2yX) may be written as
Bo(2,X) = goy(2) + goo(x)
and from equation (17), the wressvre p,, as
Po(2yX) = py(2) + g o(x) [1 + 0(x) = 2z ] (26)

The equation for n(x) is obtained by substituting from (21), (22)
and (26), the expressions for wo, Mo, and Pq respectively, into

equation (18). The resulting equation is

= k(sinh 2X - sin 2k}

%21 - 282 1 . -cosh 2k + cos 2k - 2 cosh k cos k
6)( 8x .

(27)

The boundary condition for n(x) is

1l

I n(x) dx = O,

o]
The function n(x) represents the departure of tre upper surface
from the surface z = 1 necessary to bring the pressure-gradient
forces into equilibrium with Coriolis and frictional forces,

The horizontal pressure gradient can be expressed as follows .

-
52 = & [gea(l+ n-2)]

%02 cosh 2k + cos 2k - 2 cosh k cos k _ > (28)
ax X (3inh 2k - sin 2k)




~1b.

’ It is clear that the horizontal comronent of the pressure gradient
must change sign in the lower fricticnal layer and will be zaro

along the surracec

]

l ' 5 = cosh °k + cos 2k -~ 2 cosh k cos k (29)
' ! (sinh 2k -~ sin 2k)

for any choice of ago/ax whiclh depends only on x, Along this sur-

face the Coriolis and frictional forces are of equal magnitude.
7. Surface Torque

It is of interest to note that equation (14) can be integrated

with respect to z directly, The resulting equation is

OMO
B2 N0 (30

This implies that the meridional transport at a given latitude is
directly provortional to the vertical gradient of the zonal angular
momentum, Since aMo/az is also proportional to the torque exerted

by the zonal flow, equation (30) may be interpreted to mean that the

volume transport per unit time in the meridional direction below a

certain height is proportional to the torque exerted by the zonal

__

flow above that height., Since there is no volume transport below
the surface z = C, the zonal flow given by the zero-order equations'
cannot exert any torque on the earth's surface in the steady state,
The solutions to the first-order equations can be obtained
‘ in terms of a Green's function, but as these solutions cannot be
expressed 1n the sirple form found from the zcro-order solutions,

they are not consl!dered in detail here, However, it is possible
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to draw some conclusions about the torque on the earith's surface
from the [irst-order difterentisl ecquations., Intesrating equation
(16) with respect to z throu,hout the atuiesphere gives the result

that tnc surface torque must ve

2
T = - -Q_ l - x
g 5% | M

(32

]
o]

-— —

Since Mo(l,x) is zero at the noles and at the equator, the torque
must change sisn in the interval O < |x | ¢<1. This, in turn implies
that the zonal flow must reverse itself in some region between the
poles and the equator., As this reversal of the zonal flow is con-
tributed by the first-order equations, and consequently 1s small
relative to the zero-order torms, the region of reversal will not

extend beyond the lower layer of frictional influence,

8. A Simple Numerical Example

Most of the features of this model can be illustrated by
considering a numerical example in which ago/bx is assumed to be a
simple polynomial in x, Since g, is functionally dcpendent on
density in the approximation adopted in this modcl, assuming 8g,/8x
to be known is equivalent to assuming the distribution of the hori-
zontal density gradient throuchout thc atmosphere to be known, The
density gradient is chosen to be anti-symmetrical about the equator,

tc vanish at pecles, and to be proportional to

0
= = 31 - @) (32)
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The cffects of friction are mecasured by the dimensionless constant
€, which in this example Is chosen to hive the valuc & = 10"3 lto
simplify numerical calculations,

The corresponding zero-order solutions are

Yo = - Bx(1 = x2)? B(z,k) (33)
My = B2(1 - x2)2 ®(z,k) (3k)
8o = T(2) + f% xu(3 - 2x7) $35)

where P is a dimensionless constant, and f(z) is an arbitrary func-
tion of z.

Mcridional cross-secctions have becn drawn showing isotachs
of the zonal velocity component in figure 3, and streamlines of
the meridionzl circulation in figure 4. The normali:ation factor
for the zonal velocity comnonent is u, .. = 19,0 f m scc'l, and for

the stream function, ® = 6.85x1093 m3sec™l, The maximum values of

the veclocity components obtained in *he numcrical example ares

16,0 B m sec™F

Unax =

Vpax © 0,59 B m sce™l 1n tho.upper frictional layor

Viiax = 0,38 B m sec™l in the lower frictional layer
Wpax = 0.001% Bm sec™L,

9., Discussion

The simple example of zonal and meridional flow givern above

illustrates the type of flow to be expected from this mod2l, The
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flow pattern is essentially different from the flew to te cxpected
o2a the basis of the classical Hadley mod~l since the transport coi
rclative angular romentum by the meridional circulation is not
taken into account, The castcerly winds near the cquator predictec
bty the model are not due to horizontal meridionsl currents as sug-
7estcd by the Hadley model but are due tec a net vertical motion
throughout the atmosphere in the equatorial recgions. The casterly
winds have an apprcciable horizontal extent only in the casc that
meridional density sradients are vcry small in the equatorial regions.
Thus; a density gradient varying as x or x2 in the wicinity of the
equator would require very strong east winds within 2 or 3 degreces
of the equator. Since the derivation of the perturbation equations
implicitly assumes that no such rapid changes in veloecity occur,
the density gradient in the cxample trcated above is chosen to vary
as x3 near the equator,

The exariple given above is not intended to rcscmble the
actual circulation in the atmosnpherc. It would not be difficult
to choose a density distribution which would give a more realistic
zonal velécity nrofilej however, such a choice could not bc justi-
fied from the dynamics of the model alonc and would require the
investigation of the thermodynamic proccsscs assocliated with the

notion for its justification,

10, Plans for Future Wo:

———— - -

The basic purpose of pursuing this analvsis was to construct

a model in which heat cxchanges could be considercd analytically.



The model described here is sonsidered as the first‘appTOXLmatﬁon
to a more realistic model and would ha&o to be zencralised aceord-
ing to tho problem vnder consideration. Many generalizaticns can

be suggosted; for cxample, it may bé-ﬁécessary to take into account
the compressibility of the stmosphere before significant thermo-
dynanic processes can bc considered. Also the cffcets of lateral
stresses can be tallen into account by considering a nonisotropic
eddy viscosity., Both of these generallzations make the mathematics
of the model more complicated but, it is hoped, not impractical.

The cffccts of the non-linear terms would have to be considered
seriously as they arc not always rclatively small and may invalidate
conclusions madc from the lincar models, It is not proposed to
study models with longitudinal depcendence because in such models
time dependent terms wbuld have to be consldercd asnd the analysis
would bec much morc complicated.

The immcdiate plan is to apply this model to the investiga-
tion of the dynamics and thermodynamics of the Antarctic Circum-
polar Current because only minor changes of ¥ present model are
necessary in applying it to the ocecan. In particular it would be
necessary to compute the solutions to the zero-order equations cor-
responding to a given distribution of surface torgque exerted by the

prevalling winds.
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Fige 1. The function $(z,k), defined bv eq. (25),
is plotted for several values of k, For the nunmerice
al example discussed, this function is proportional
to the zonal velocity corponent along a verticeal
line throusi. the atmosphere,
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Fig. 2, The function g(z,k), defined by eq. (26),
is plotted for several values of k., For the numeric-
al sxasple discussed, this function is prcportlional
to ths stream function of the meridional circulation
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Fig. 3. A meridional crozs-section showing {sotachs of the zonal velocity
component (solid lines) normalized to unit meximum speed at z = 1, The sur-
face along which the horizontal pressure gradient vanishes {s marked by a
broken 1ine., The hatched reglon indicates the horfsontal extent of the east-
orly winds as given by tie first-order equations,
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Pig. L. A meridionsl cross-section showing streamlines of tne rer{dional
circulation normlized to unit mexirmum value of the stream fanction at g = 0.°

¢

L]



R

e

- - —————

-

Chlef of Nuva! bLeneapr:

Navy Department

Washington 25, D,C,
Attn: Code 5t'r

Naval Research Tahoratery
Technical “rrvices
wWashingten 25, C.C.

Asst, Naval Attache for Research

Ameritan Embsssy
tavy 100

Yleot Post CIifice
New York, N.Y.

Chief, Bureau of Ships

Navy Department

wWesn.ngton 25, I.C.
Attna: Code éh?

Commander

Naval Ordnance Laboratory
White Oak

Silver Spring 19, ¥d,

Command!ne General

Pesesrch & Development Division
Department of the Alr Force
washington 25, D.C.

Research & Development %oard
ational Militery Esteblishment
washington 25, D.C. :
Attn: Committee on %Gecphysics
and Teograpghy

Director

Office of Naval Resesrch
150 Csuseway Street
Boston 14, Mass.

Director

Office of Nsval Hesearch
841y North Rush Street
Chicago 11, I11.

Director

Office of Naval Research
1000 Geary Street

San Francisco 9, Califl,

Chief of Naval Research

Navy Department

washington 25, D.C.
Attn: Code L66

U.S. Navy Myldrographic Office
washington 25, ".cC.

Attn: Division of Ocesnogrephy

Cirector
U.S. Naval Flectronics
Laboratory
San Diego 52, Calif.
Attn: Codes 550, 552

Chief, Puresu of Yards % Docks
Lavy Department
¥ashington 25, D.C.

Commanding General

Research & Development lUivision
Department of tha Army
washington 25, L.C.

SUS TR T S8 T $R-CB3-C5u

o, L d

Cormrnding Nfficer
Afir Force Canbricge Fesearch
Center
23C Altany Street
Camtridege 39, Mass,
Attn: CRMSL

“atinnal Hagearct Clouncil
2171 Tonsrttetinsn Avenie
wasaington 25, T.C.
Attn: tLommittwe or ‘n.larsea
narcaro

Uirecter

Grfice o!f Naval ficacarch
346 Rroadway

Yew York 13, N.T.

Cirecter

Crfice of MNavel %eses °ch
130 E. Green Sirest
Pasalena 1, Calif,

Corrandanst (O
U.3., Coust “a
vashineton 2§,

AC)
ard
BLC.

Circctor

.5, Coast and “eodetl it Survey
Cerartrent of Cormerce
washircton 25, D.C.

Cevartment of “ngineexring
niversity of Californie
Terweley, alif,

Tre Cceanofreaphic Institnte
“loride State “niverskly
Tallshassee, “lorids

U.S. Fish and wWildlife Sarvice
P.0. Box 3830

m

t‘onolulu, T.ii.

U.S. Fish and Wildlife Service
woods lole, Mass.

D!rector

Woods ole Oceanocraphic
Insti{tution

Woods FKole, Mass.

Clrector

Chesapeake ‘ay Institute
kox ;2bA, RFD 2
Annspolis, Md.

Oirecter

Nsrragancatt Marine Lsboratory
‘niversity of Rhode Island
Kingston, R.i.

Hez4d

Department of Oceanography
Univeraity of wWashington
Seattle, Wssh.

Binghan Oceanographic Laboratory

Yale University
New Eaven, Conn.

Department of Conservstion
Cornell niversity
Ithace, N.Y.

Attn: Or. J. Ayers

pary

Ciroctor
Lamcnt leolopicewl Cuservatory
Torrey CliCf
Fulisacdes, X\.Y.
Director
.5, Tish and wilclife Service
Lepartment of the Intariur
»ashirgton 25, D.C,

Attn: Lr. L. A. Walford

U.Z. Army Reaci: Frnsion Roard
5221 Little Falls Road, N.W.
nashinnton 1€, 2.C.

Allen rencock Foundation

linfvorsity of Soutncern
Cal2fornia

23 Anteles 7, Caltf,

U.8, 7ish und Wildlife CZaervice
irt Crockett
Selveston, Texas

2. Tlsh arnd Wildlife Service
€C B Jordsn =all

Stanford University

Sturnford, Calif.

Tirector

Seripps Institution of
Sceanography

La Jolls, Cslif,

Lirector

rawaii Marine Laborato:ry
University of lawaiti
fonolulu, T.4.

~irector

Marine Laboratory
University of Miami
Coral Gables, Florida

read

Lepartment of Oceanography
Toxas A, & M. College
College Station, Texas

Lepartment of Zoology
Rutgers University
Yew “runswick, N.J,

Attn: Dr. H, H, YHaskins

Institute of Oceanography
University of British Columbia
Vanrouver , Cansdg

Pacific Oceanographic Oroup
c¢/o Pacifiz Riological Station
Kanuimo, B.C., Canada

National Institute of
Ocesanography
Guildford, England



	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028



