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THE DYNAMICS OF THE BOTTOM BOUNDARY LAYER OF THE DEEP OCEAN*

LAURENCE ARMI
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, U.S.A.

ABSTRACT

Profiles of salinity and temperature from the center of the Hatteras
Abyssal Plain have a signature that is characteristic of mixing up a
uniformly stratified region: a well-mixed layer above the bottom, bounded
by an interface. The penetration height of the mixed-layer varies from
about 10 m to 100 m and has been correlated by Armi and Millard (1976)
with the one day mean velocity, inferred from current meters located
above the bottom boundary layer.

Here the dynamics of such layers is discussed. A model of entrainment
and mixing for a flat bottom boundary layer is outlined; this model is how-
ever incomplete because we find too little known of the structure of tur-
bulence above an Ekman layer. An alternate model is suggested by the es-
timate, from the correlation of penetration height with velocity of the
internal Froude number of the mixed layer, F v 1.7. This value indicates
that the large penetration height may be due to the instability of the well-

mixed layer to the formation of roll waves.

INTRODUCTION

In a recent study of the bottom boundary layer of the deep ocean Armi
and Millard (1976) have described aspects of this layer as observed with
a CTD profiler. An example of a salinity and potential temperature profile
taken over the smooth Hatteras Abyssal Plain is shown in figure 1. Here
the well-mixed region extended to about 55 meters above the bottom and was
bounded by a sharp interface across which the salinity, potential temper-
ature and potential density changed. Above the interface there was a

nearly uniformly stratified region.

* Contribution No. 3857 from the Woods Hole Oceanographic Institution,
Woods Hole MA 02543.
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Figure 1. A salinity, potential temperature profile (from Armi and
Millard, 1976) in the middle of the Hatteras Abyssal Plain.
Dotted line indicates structure could have formed by mixing
up the stratified region above. The traces from both the
lowering and raising of the profiler are shown.

The signature of the bottom boundary layer, with its well-mixed region

bounded by an interface and a stratified region above, is distinctive.

signature like that of Fig. 1 is also seen in laboratory experiments in

A

which a uniformly stratified fluid in a tank is mixed up by stirring with

a grid as in the experiments of Cromwell (1960) and Linden (1975), or a

surface stress as in the experiments of Kato and Phillips (1969). The

signature is typical of a mixing process, the penetration of which is

bounded by the interface which forms as a result of mixing the uniformly

stratified fluid.
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The thickness of the characteristic well-mixed region of the bottom

boundary layer on the smooth abyssal plain was correlated by Armi and
Millard (1976) with the one-day mean velocity measured just above the

layer to show that the layer is of dynamic origin. The region does not
form a pool or have a distinctive water mass characteristic. The thickness
of the layer is large compared with estimates of the turbulent Ekman layer
height.

Some quantitative relationships. Quantitative data characterizing the

observed bottom mixed layers and the adjacent stratified fluid are as
follows. A correlation of penetration height and velocity for the smooth

Hatteras Abyssal Plain gives
h/U v 1.2 x 10° sec; (1)

typical values of h and U being 50 m and 4 cm/sec. The celerity of
long interfacial waves can be calculated knowing the Brunt-Vaisala frequency

in the stratified region above the mixed layer. The Brunt-Vaisala frequency,

N=Vg 0 (2)

paz

is .4 c.p.h. (7 % 10" * sec ') and is nearly constant for all the profiles
taken over the center of the Hatteras Abyssal Plain. By continuity of mass

the reduced gravitational acceleration for the mixed layer is given by

& =g %9 - A, 3)

1=

Neglecting the stratification above the interface, the celerity of a long

wave on the interface is
c = /g’h, (4)

about 2.5 cm/sec for the typical penetration height of 50 meters. An
internal Froude number, F, can be defined for the bottom-mixed layer,
c.f. Turner (1973, p. 12):

F = Ulc (5)

Using (3) and the ratio of penetration height to velocity we find F " 1.7.
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Turbulent Ekman layer and stratified Ekman layer models. Theories for

the bottom boundary layer have considered the effects of rotation alone and
in combination with the stabilizing effect of the sharp interface formed

by entrainment of the stratified fluid above. We will now review these
theories for the bottom boundary layer, limiting the review primarily to
those theories for a flat bottom.

Can the bottom mixed layer be treated as a classical turbulent Ekman
layer? Such a treatment has been suggested by Wimbush and Munk (1971) and
Weatherly (1972, 1975). The experiments of Caldwell, Van Atta, and Helland
(1972) and Howroyd and Slawson (1975) give the height of the turbulent

Ekman layer, he' as

u
h, = .42 (6)
(For the experiments of Caldwell et al. he = 899, the height at which
the velocity is 99% of the geostrophic velocity; for the experiments of
Howroyd and Slawson he is defined as the height at which the velocity is
parallel to the geostrophic velocity.) Biscaye and Eittreim (1974) report
that photographs on the Hatteras Abyssal Plain display a monotonous, flat,
mud bottom showing only some "lebenspuren'" with relief of about 1 cm. With
the Coriolis parameter f = 7 X 107° sec ' and the friction velocity u

*
for a smooth bottom given by

u, = (1/30)U, (c.f. Csanady, 1967) (7

the Ekman layer height to velocity ratio is

h
Te W 2 x 10% sec. (8)

Using the empirical result of (1), we see the penetration height of the
mixed layer is about six times the turbulent Ekman layer height. The

Ekman layer can thus constitute only the lower sixth of the well-mixed
region of the bottom boundary layer. For the typical velocity of 4 cm sec !
the Ekman height is only 8 meters.

The effects of unsteadiness are discussed by Wimbush and Munk (1971) who
note the time scale for the entire Ekman layer is 27m/f; therefore those
features of the boundary layer, in particular the logarithmic layer, with
time scales very much less than 2m/f can be approximated by steady-state

theory. As suggested by Munk, Snodgrass and Wimbush (1970), the simplest
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procedure is to reinterpret the turbulent Ekman height (6) with u, de-

pendent or the local mean current. FEven if u, were dependent on the
maximum value of the velocity, the Ekman layer height given by (8) would be
larger by at most 6 m since the most energetic inertial or tidal velocities
are v 3 cm/sec.

We must also be cautious about using an Ekman layer to model even the
lower portion of the bottom boundary layer on a slope of only one in a hun-
dred. Then an advective term, say Vv %%,
motion, will scale in the Ekman layer like aU2/he, where o is the slope.

in the mean value equations of

The Rossby number in the turbulent Ekman layer can then be found using (6)
and (7). It is of order 10%c. The Rossby number is therefore of order
unity for a slope of only 10" ?; inertial effects then must be included in
a model of this layer. Nonetheless, the vertical length scale defined by
(7) is probably still important. It is the length scale for which the
Rossby number of the most energetic bottom generated turbulence is of order
unity. At this length scale the effects of rotation will be felt by the
largest turbulent "eddies".

A model, of the bottom boundary layer, combining the effects of strat-
ification and rotatioi. has been proposed by Thompson (1973). This is a slab
model of the homogeneous well-mixed region, with the penetration height
given by a bulk Richardson number closure assumption based on the height of
the layer and jumps across the sharp interface of density and velocity.

The velocity difference is that between the geostrophic velocity above and
the mean velocity ir the layer. This bulk Richardson number closure is
also used by Pollard, Rhines and Thompson (1973) to whom Thompson refers
for a detailed explanation. The penetration height of 8 meters, for
uv5cmsec !, as suggested by Thompson is much too small.

Csanady (1974) finds the parameterization of interfacial stability, used
by Pollard et al. (1973) and Thompson (1973), unattractive because the
control of the mixed layer depth may be independent of the mechanism that
maintains the stability of the interface. Csanady suggests that a limit to
entrainment is set by the turbulent length and velocity scales in the
mixed layer and the density difference across the interface. This asymp-
totic limit for the entrainment is deduced from the experiments of Kato
and Phillips (1969). The limit used by Csanady is given by

gh_ 509 (9)

2
Uy

where g~ 1is the reduced gravitational acceleration at the interface,
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h is the layer thickness, and u, is the friction velocity or turbulent

velocity scale. We note however that with u*7 =10 ° U7, used by Csanady,
equation 9 is equivalent to a Froude number closure of F = 1.4, not very
different from the value chosen by Pollard et al. (1973) of unity or the
empirical result found here of F v 1.7. The existence of an asymptotic
entrainment limit, such as expressed by (9) above and used by Csanady, is
certainly not established and must be questioned in light of the experiments
of Turner (1973, p. 291) in which no tendency towards a limit is actually
observed.

Effects of convection. The effects of convection due to geothermal heat

flux on the ocean bottom have been estimated using the Monin-Obukov length,
LM’ by Wimbush and Munk (1971). With a geothermal heat flux

H=1.5x10 ° cal cm ? sec ' and ul = .l cm sec_], LM = —10% m. This
scaling must however be approached with some caution since the dimensional
argument used to derive the Monin-Obukov length contains neither the effects
of the smaller length scale, he = Ku*/f, due to rotation, nor the exis-
tence of a well-mixed layer bounded by an interface.

We note also that the time required to raise the temperature of a well-
mixed layer 50 m in height by 1 m°C due to geothermal heating alonc is
about 40 days. Temperature variability due to the mesoscale variation on
a time scale of 40 days can be as large as 40 m°C.

One might argue that convection due to tle variability of 25 m°C of the
background temperature gradient moving acrosc a consiant temperature bottom
might create the 50 m thick layers bv penetrative conveccion into the
ambient .5 = ¢ .. eu:, However such convection due to a constant
o= L . Lomperature aaa varying temperature due to advection of the mixed
layer by mesoscale motions will also fail to explain the unusually large
penetrative heights of the mixed layers because of the short diffusive
length scale and hence small heat content within the sediments, over the
time scale of the eddy. The available maximum temperature contrast due to
variability of the background temperature field will only penetrate the
sediments to a depth scale L Vv vkt or about 50 cm in 20 days. Indeed a
small depth compared with a typical layer depth of 50 m. The signatures of
the profiles also do not support such an argument.

Differential advection. We can estimate the slope of the interface that

would be associated with any differential advection within the mixed layer
and above the bottom Ekman layer, assuming such differential advection is a
gostrophic flow and no interfacial stress exists. A change in height of the

interface, on the order of the mixed-layer depth, h, will then occur over




a distance, x, given by

S (10)

If the assumed differential velocity is only one tenth the geostrophic
velocity, U, we can use typical values c¢ = /E’H = 2.5 cm sec_l, h =50 m,
U =4 cm sec and find x 2 km and h/x v 1/50. Variations over this
short a length scale were not observed, and we conclude that any geostrophic
differential velocity above the Ekman layer must be slower than about

.4 cm sec '.

Some preliminary thoughts on modeling the bottom boundary layer. The

treatment, of the entrainment by turbulence at an interface in terms of
estimated turbulence velocity and length scales at the interface (c.f. Tur-
ner, 1973, chap. 9) is attractive. The idea is particularly attractive if
a strong feedback mechanism exists between the entrainment mechanism and
the generation mechanism for the turbulence. It is useful therefore to ex-
plore the possibility of characterizing the turbulence in the well-mixed
region of the bottom boundary layer and testing the feasibility of estab-
lishing either an entrainment velocity that is small but finite, or even a
hard entrainment limit based on the turbulence reaching the interface.

The well-mixed region of the bottom boundary layer has been shown to con-
sist of a lower part, about one sixth the total height, which can be modeled
as a turbulent Ekman layer. The turbulence level in a turbulent Ekman
layer has been measured in the expériments of Howroyd and Slawson (1975)
and Caldwell et al. (1972). But what of the turbulence above the height of
the Ekman layer and below the interface? Here the experiments of Howroyd
and 3lawson indicated that the turbulence velocity fluctuations approach a
nearly constant value of u” % .025 U; Tatro and Mollo-Christensen (1967)
and more recently Ingram (1971) have reported similar results. Some con-
troversy regarding these experiments has been pointed out by Cerasoli
(1975). Tatro and Mollo-Christensen attribute the dominant frequency of
the fluctuations, which is just less than the inertial frequency, f, to
inertial oscillations in the interior region. They suggest that an in-
stability in the Ekman boundary layer, which always has a frequency higher
than the inertial frequency, can excite a first subharmonic with less than
the inertial frequency, and the resulting inertial wave is found to pro-
pagate throughout the region above the Ekman layer. It should be noted
that in a turbulent Ekman layer the largest turbulent fluctuations may also

have the correct velocity and length scales to excite radiating inertial




u
waves. With a turbulence frequency, w = 0( K—) , and the length scale,
{ u (S
h =0 iif\ , the turbulence frequency is given by w = 0(f); the tur-
e

bulence could thus excite inertial waves and it will become difficult to
distinguish between such waves ar® true turbulence.

With, as yet, so little known about the fluctuations which may occur in
the mixed region above the turbulent Ekman height, it is perhaps premature
to attempt to characterize an entrainment limit. Perhaps it would be more
appropriate to characterize the stability of the radiated inertial waves.
Nonetheless, if the fluctuations (either turbulent or radiated) scale with
U, and their vertical length scales with he’ the Ekman height, then the

value of the turbulent Richardson number, Ri”, (c.f. Turner, 1973, p. 291)

Ri” = (11)

that corresponds to the observed empirical bulk Richardson number of

Rio v .4, is Ri” ~ 70. Turner (1973, fig. 9.3) finds that for this tur-
bulent Richardson number the entrainment velocity has decreased to about

5 x 10 * times the unstratified entrainment velocity. Perhaps entrainment
just matches the rate at which the mixed layer interface is eroded. We
believe the erosion mechanism is likely to be internal waves Hreaking at
the interface, a region of higher relative Brunt-Vaisali frequ.ncy.

The instability of the bottom well-mixed region to the formation of roll

waves; a possible mechanism controlling the penetration height of the well~

mixed layer. The immediate purpose of the arguments to be presented below
is to suggest a possible mechanism by which a limiting vertical penetration
height may be established. The appeal of the mechanism is that it does not
depend on a detailed understanding of the entrainment and mixing mechanisms
within the well-mixed layer; it was shown in the previous section that the
details of this mixing are somewhat elusive. We are strongly attracted by

the empirical correlation which yielded the result that the internal

Froude number of the bottom boundary layer, F " 1.7. What kind of mechan~
ism has an internal Froude number with a limiting critical value given by

B ol e ?

We suggest that the mechanism may be the instability of the mean flow, in
the well-mixed layer, to the formation of intermittent surges or roll waves.
Such roll waves have been known for many years to occur in open channel
flows on supercritical slopes; a classic picture of them can be found in

the book of Cornish (1934). [See also Dressler (1949) and Stoker (1957,
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p. 465) for the same photograph.] Roll waves or intermittent surges form
when the Froude number of the flow is sufficiently supercritical that the
balance between slope, or pressure gradient, and friction is no longer
stable; the critical Froude number for formation is F = 2 when the Chezy
resistance law is assumed and F = 1.5 if the Manning formula is used (c.f.
Lighthill and Whitham, 1955). Analyses of roll waves can also be found in
many texts, for example Stoker (1957, p. 466) and Whitham (1974, p. 85).
All of the analyses closely follow the original of Dressler (1949, 1952).

We tentatively picture the growth of the bottom well-mixed region pro-
ceeding as follows: The layer first grows to the Ekman layer height by
normal turbulent mixing generated at the bottom. The internal Froude num-
ber of the well-mixed layer is given, using (3), (4) and (5) by

F=’§%. (12)
At the penetration height of the Ekman layer, h 1is small, approximately
one sixth of the final penetration height observed; yet above the Ekman
layer height the velocity must always approach the geostrophic velocity.
Therefore, the internal Froude number is large, F v 10. As long as the
internal Froude number of the layer is larger than the critical value for
the formation of roll waves, these intermittent surges or bores form. The
bores have mixing associated with them which continues until the mixed
layer is deepened sufficiently that the internal Froude number is just less
than the critical value for the fprmation of the roll waves.

Although the instability of the mean flow to the formation of roll waves
is a candidate for the mechanism which controls the unusually large pene-
tration height of the bottom boundary layer, the instability does not pro-
vide an explanation for how a once-formed layer may decrease in height when
the geostrophic velocity gradually decreases. The mechanism of roll wave
formation only provides an explanation as the velocity increases or
remains constant. We note however that any interface formed at the bottom
of the ocean will be a region of relatively high Brunt-Vaisala frequency.
It is at such regions of high relative Brunt-Vaisald frequency that internal
waves will break; c.f. Turner (1973, p. 120) for a discussion of shear in-
stability produced by internal waves at interfaces. The breaking of

internal waves at the interface is an eroding mechanism which may always

be present.
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CONCLUS ION

We have reviewed a number of existing models for the bottom boundary
layer and find that none predict the large penetration height of the well-

mixed region. This region extends about six times the height of what is

considered to be a typical turbulent Ekman layer height. Because of the

large penetration height, differential advection between the mixed layer

and the water immediately above must be small; the layer is, we believe,

| advected over the flat Hatteras Abyssal Plain with the mesoscale motions.
We have outlined how one might model mixing and entrainment in the homo-
geneous layer; unfortunately we find that too little is known about the
structure of turbulence above a turbulent Ekman layer for us to complete
such a model. The correlation of penetration height with velocity has
allowed us to estimate, knowing the Brunt-Vaisald frequency of the strati-
fication which was mixed to form the bottom layer, the value of the internal

s Froude number of this layer: F x 1.7. This value suggests that the pene-

tration height may be controlled by the instability of the mean flow, in

the bottom mixed layer, to the formation of roll waves or intermittent

surges.
ACKNOWLEDGMENTS

I am very grateful for financial support as a postdoctoral scholar from
the Woods Hole Oceanographic Institution, and for the assistance of the
W.H.0.I. Buoy Group with the collection and presentation of these results.
The data used was collected with support from the Office of Naval Research
under contract NOOO 14-66~C0241 NR 083-004 and from the International
Decade of Ocean Exploration Office of the National Science Foundation
(GX 29054).

My sincere thanks to the University of Liege for making available to me
a travel grant to participate in the Eighth International Liege Colloquium

on Ocean Hydrodynamics.
REFERENCES

Armi, L. and R. C. Millard, Jr., 1976. The bottom boundary layer of the
deep ocean. J. of Geophysical Res., 81,27, 4983-4990.

Biscaye, P. E. and S. L. Eittreim, 1974. Variations in benthic boundary
layer phenomena: Nepheloid layer in the North Atlantic Basin, In:
ﬁ Suspended solids in water, R. J. Gibbs, Ed., Plenum Publ. Co., N.Y., 227-260.




HOHIN

[ASETN

Caldwell, D. R., L. W. Van Atta and K. N. Helland, 1972. A laboratory
study of the turbulent Ekman layer, Geophys. Fluid Dyn., 3, 125-160.

Corasoli, C. P., 1975. Free shear layer instability due to probes in
rotating source-sink flows. J. Fluid Mech., 72, 559-586.

Cornish, V., 1934. Ocean Waves and Kindred Geophysical Phenomena,
Cambridge University Press.

Cromwell, T., 1960. Pycnoclines created by mixing in an aquarium tank.
J. Mar. Res., 18, 73-82.

Csanady, G. T., 1967. On the "Resistance Law'" of a turbulent Ekman layer.
J. Atm. Sciences, 24, 467-471.

Csanady, G. T., 1974. Equilibrium theory of the planetary boundary layer
with an inversion lid. Boundary-Layer Met., 6, 63-79.

Dressler, R. F., 1949. Mathematical solution of the problem of roll-waves
in inclined open channels, Comm. on Pure and Applied Math., 2, 149-194,

Dressler, R. F., 1952. Stability of uniform flow and roll-wave formation.
U. S. Nat. Bur. of Standards, NBS Circular 521, Gravity Waves, 237-241.

Howroyd, G. C. and P. R. Slawson, 1975. The characteristics of a laboratory
produced turbulent Ekman layer. Boundary-Layer Met., 8, 201-219.

Ingran, R. G., 1971. Experiments in a rotating source-sink annulus,
Massachusetts Institute of Technology and the Woods Hole Oceanographic
Institution Rep. 71-001N (unpublished manuscript).

Kato, H. and 0. M. Phillips, 1969. On the penetration of a turbulent layer
into a stratified fluid. J. Fluid Mech., 37, 643-55.

Lighthill, M. J. and G. B. Whitham, 1955. On kinematic waves I. Flood
movement in long rivers. Proc. Roy. Soc. of London, A229, 281-316.

Linden, P. F., 1975. The deepening of a mixed layer in a stratified fluid.
J. Fluid Mech., 71, 385-405.

Munk, W., F. Snodgrass and M. Wimbush, 1970. Tides off-shore: Transition

from California coastal to deep-sea waters. Geophys. Fluid Dyn., 1,
161-235.

Pollard, R. T., P. B. Rhines and R. Thompson, 1973. The deepening of the
wind-mixed layer. Geophys. Fluid Dyn., 3, 381-404.

Stoker, J. J., 1957. Water Waves, Interscience Publishers, Inc., New York.

Tatro, P. R. and E. L. Mollo-Christensen, 1967. Experiments on Ekman layer
instability. J. Fluid Mech., 28, 531-543.

Thompson, R., 1973. Stratified Ekman boundary laver models. Geophys Fluid
Dyn., 5, 201-210.

Turner, J. S., 1973. Buoyancy effects in fluids, Cambridge University Press.




164

Weatherly, G. L., 1972. A study of the bottom boundary layer of the
Florida Current. J. Phys. Oceanogr., 2, 54-72.

Weatherly, G. L., 13975. A numerical study cf time-dependent turbulent
Ekman layers over horizontal and sloping bottoms. J. Phys. Ocean., 5,
288-299.

Whitham, G. B., 1974. Linear and Nonlinear Waves, Wiley~Interscience,
New York.

Wimbush, M. and W. Munk, 1971. The benthic boundary layer, -The Sea, Vol. 4,

Part 1, 731-758, Wiley, New York.

- . o ———




— O\

MANDATORY DISTRIBUTION LIST

FOR UNCLASSIFIED TECHNICAL REPORTS, REPRINTS, & FINAL REPORTS
PUBLISHED BY OCEANOGRAPHIC CONTRACTORS
OF THE OCEAN SCIENCE AND TECHNOLOGY DIVISION
OF THE OFFICE OF NAVAL RESEARCH

(REVISED FEBRUARY 1973)

Director of Defense Research
and Engineering

Office of the Secretary of Defense

Washington, D.C. 20301
ATTN:

(Research)

Office of Naval Research
Arlington, VA 22217

ATTN: (Code 460)
ATTN: (Code 102-0S)
ATTN: (Code 102IP)
ATTN: (Code 200)

CDR J. C. Harlett, (USN)
ONR Representative

Woods Hole Oceanographic Inst.

Woods Hole, MA 02543
Office of Naval Research
Branch Office

495 Summer Street
Boston, MA 02210

Director

Naval Research Laboratory
Washington, D.C. 20375
ATTN:

Library, Code 2620

Office Assistant Director

12

National Oceanographic Data
Center

National Oceanic § Atmospheric
Administration

330C Whitehaven St., N.W.
Washington, D.C. 20235

Defense Documentation
Center

Cameron Station
Alexandria, VA 22314
Commander

Naval Oceanographic
Office

Washington, D.C.
ATTN: Code 1640
ATTN: Code 70

20373

NORDA 430
NSTL Station, MS 39529
CO NORDA

NSTL Station, MS 39529




¥5062 X3
400-£90 wN

— J3ke) Asepunog woljog

LEITTLTVEY

b i e
F

— — — — — —

45062 X3
%00-£80 wn

43Aeq Asepunog diyaueg

U |NgIny

-
|

£1920~3-99-110008
Puaine ‘jmy -

J3ke) Asepunog d1yiveg

£1920-3-99-710008 *

Pvaine| 'jeay -

43ke1 Asepunog wojjog

QINJISSYIONN S! poed Siyy

i

03141SSYIINN S) pred sy

— ™ et e e i s s i e

*S3AEM | |04 jO
UO|IPWI0) Byl O3 JaAe| PINtw-| |9 JyI JO Ad1|1QRISU] Yl OF anp 3q
Asw 34613y uoyIPaIauad 35I| 4D 1YY SAUED|PUL I |BA S|yl LT A 4
‘asdm| paNiw IY) JO JIGuNU IPNO. Y |EWINU) YT O AIID0|IA YIim JyBiay
VOIIRII3UAd 4O UOIIR[III0D Y WOJ; ‘ANRWI1SI Y1 AQ PeISAEOns s
19P0U 3IPUIIY|€ Uy  “IIAP| UEWN] UE IAOQE IIUI(NGINT JO 2uAIINULS I
JO WUy 3[J11| 003 pulj IM ISNEDIQ ITI|AWOIY] JIAIMOY S| |Ipaw S1Yd
1PpOu)|In0 5| Jake| Asepunoq w0110q Jeyy ® 4Oy Buixiw pue JuIL|RJIUD
40 19P0u v pAsSAISIP 5| SJ3AR| WONS JO s jweudp a3 ey

“Jade| Alepunoq wWOI10Q IY) IA0QE PAIEIO| SIIAW IUBIIND WOJ)
PRIIBJuL “A3120134 ueaw Aep U0 I YIIA (9L61) PITLL!IW PUe 1wy Aq
PRIT|30I00 UIIQ SEY pUR W 0| O1 W Q| INOGE WOJ, SIIIEA JIAR|-PIx|w I
340 W61y uolIesIuad Ay  "37e4u33u) Ue AQ PIPuNOq ‘wOI10q I
Baoqe sake| panjw.|jam ® :u0163J payrjiiesls Ajwiojjun @ dn Buix|w
30 2138 1J100aeyd 51 Ieyd dunjeubis @ aaey uie|g |esSAQy SeJIlley

I JO JUID Y] wOI) IINIEIICWI) pue AJ1u)|eS JO SI|1)0.g

*OL6T TYIdY 45067 X9 IUEJY JIPUN UOIIEPUNOY DU |I§
1oU0IeN Y] JO UO!IIes0|dN] UEIDQ JO PEIIQ |RUOC!IITUIIIU| YL SOy puR
400-£80 N *(4Z0-1-99-91000N 3I€JIIUC) JIPUN YOIEISIY |BABN JO 301330

") 1oy pasedaiy  “n9|-fS| 99 ‘[[6] 7 1weuApoipAy UBIDQ UO WNINDO||0)
1PU01IPUIATU| YIg Y] JO SDUIPIINOJY,, WS PAIULsday  “ruiy Iduane Aq
NV3I0 4330 3HL JO WIAY] AYVONNOQ WOLLO® 3HL 30 SIIWYNAQ WL

T-gL-10Mn
o 1IN 13ISU) d1ydesBoueadg |04 SPOOR

“S3aBm | |04 jO
wo|3eWi0) 3yl 03 Jake| PIXw-| |3 3yI 3O AI)[1qeISUL Y3 O3 Inp e
Asw 34619y vojieslauad abue| Iyl IRyl SAIEDlpur IN|eA S1yL L] A4
‘sohe| pIN(W IYI O JIquUNu IPNOL3 [eu2ITU! Y O AI1d0(aA yIim ybray
U0 1s33uUad JO UO!IIR|III0D Iy WOJ ‘IJew!IsI 1 Aq pI1sIbbns s
19P08 2JeUIAT|® Uy -IIAR| Uewy] UE IAOQE IIUI|NQUNI JO INIINIIS YT
3O WeOwy 31311| 001 puUlj Im ISNEIIQ 31| GWOIU| JIAIMOY 3! |Ipaw S1YI
pouy (N0 $1 sade| Asepunoq wO10Q 1e(j * 205 Buix)w pue JUALIEIIUD
3O |9pow y  "pISSNISIP S| SuIAR| YONS jo sOweudp I iy

“s33Ae| Asepunoq wO3J0Q Yl IAOQE PI1EIO| SJITAW JUILUND WOJy
PIssajuy *A3130(9A veas Aep Juo IyI yI1m (9L61) PILLIN PuB Juiy Ag
POIC|31100 UIIQ SeY pue w O] O3 W (| INOGE WO.Lj SIIJEA JdAe|-pawjw 3
30 4613y uo11es33u3d Iy  "IJe AU} ue AQ PIPUNOG ‘wOI10Q I
3a0qe sade| pIaxiw-j|am ® :u0163J parjilesls Ajwiojiun e dn Burxiw
40 21IS14310es0y> $1 Jeyy unjeubis B IAey UIR4 (PSSAQY selddley

Y3 JO JAIUID IYI wOs) IunjesICwI] pue AJjul|eS O SI|1j0u4

*8L6T TYAdY "4506Z X9 IULJY JIPUn UOIIRPUNOY DUI|IS

{euorIeN Y3 jO uoileso(dx3 uUEIDQ ;O IPEOIQ |PUOCIIRUIIIU| Y] 4Oy pue

#00-£80 ¥N *14Z0-7-99-71000N 308J1UC) JIPUN YOIEISIY (BAEN JO 331330

W3 Joy pasedasy “n9(-£§| "9d ‘[[6]*sd1weudpoipAy ueIZQ UO WNINbO||0)

|PUO) JRUIIIU] YIg Y1 JO SDUIPIITOIY,, WO PIIUIAAY  1way Idudune) Aq
NVII0 4330 ML 40 ¥IAVY AVONNOZ WOLI08 IHL J0 SIINYNAG WL

T-8L- 10K
vo1In1)Isu| drydesBoueadrg I(O4 SPOOH

__ G3141SSYIINN S| PI®d siyy
i

_ 700-£80 WN
*1420-2-99-71000N

%S06Z X2

— duaune) ‘Juiy -

JeAe Auepunog d1yluag

— J9Ae7 Asepunog wollog

duanquny -
r — — — — —

—

—_

i

_ 03141SSY1INA S| PI€D SiyyL

n506Z X9

%00-£80 ¥N
*1920-3-99-41000N

— ouainey ‘juay ¢

J9Ae Asepunog d)yluag
_ Js3Aey Asepunog woljog

3ua(nqing

i, S Ea

‘Saaem (|01 joO
UO!IRWIO0) Byl O JIAR| PaNlw-||@m Iul 4O A11|1QeISUl Iy O Inp 3g
Aew 34813y uo|IRIlauad abue| Byl IEYD SIIEDIPU; N |eA LI TR Al SR
‘iske| paxpy 3l 4o A3qUNU IPNOS4 (PUIITUL YT 3O A312013A yiim By
UO11RJI3URC 4O UOIIR (U0 Iyl W44 ‘IIRW!ISP I AQ paisalbag sy
(PO BIQUIIT(® Uy “IIAR( UBLXT UR IAOQE IDUSINQINI JO BINIDNIIS By)
JO UMOUY B113)| 003 PUlj Im ISNEIIQ 13| AWODU| JIAIMOY S| [IPAN S14d
PRV |INO $| JIAe| Asepunoq wOII0Q 1E| ® 4oy Buixiw pue JuIwUIeIIUD
4O |9pOW ¥ "PISSNIS|P S| SIAR| UINS O SO WeUAP I iy

“a9Aw| AJepunog woIIOQ Yl IAOQE PIIEIO| SIIIW JUIIIND WOS
P1id4uy ‘A3130134 uraw Aep U0 Y3 YIim (9L61) PIEILIW Pur twsy Aq
PR1®(2440) ua3q SPY pue w Q| O3 W Q| INOQE WO, SIIIEA JIAR|-PINIW FY)
40 613y uoijleslauad Yy *3I€,u33ul ue Ag PIPUNOg ‘wol10g Ay)
3A0qe sdAe| paXjw.|jam ® :u0163s PRI 11esls Ajwiojrun @ dn Burxiw
30 d1as1a91deueyd s Jeyl dunjeub s ¢ aaey uje|g |eSSAQY SESINIey

I JO JAUID I WOSy IINTIEIACWI] pur AJIuU)|eS 4O SI[ 14049

“BL6T TYIdY “§SO06Z XD 1UESY JIPUn UOIIEPUNOS IIuD1DS
|SUOIIeN 3yl JO UO)1PJO|dx] UEII( 4O IPEII (PUCIIPUIIIU| IY) JO; pue
700-£80 ¥N ‘1%Z0-1-99-4(0CON 1I€J1U0) J3pun YI.easay |eaeN ;0 31550

Byl JOj pasedaly “ng(-£§| "dd "[[E|*SOI1WeUAPOIPAY UEIIQ UO wnindoy o)
|eUO}IRUIIIU] YIG Y] O SDUIPIIVOLY,, WOJ, PITULIGaY " lwiy Iduaune Ag
NV3I0 4330 3HL 40 YIAVY ANVONNOE WOLLO0E 3IHL 40 SIIWYNAG 3wL —

T-8L-10Wm
uo| 1INl |Isu| d1ydesBouradg 2|04 spoom

— — — — — — — — S—

“ssaem ||0J jO _
UOIIewJOy Iyl O3 Jdhe| paxjw.||am 3y} 4O Al!|1QeISuU!l 3yl O anp g
Aew 314613y uoiles1auad FBue| Yl IPYL SIIEDIPUL IN[RA Siy L] A 4 —
‘soAe) paxiw 3yl 4O JIGUNU IPNOS4 |RUIIIUI YT JO A21D0|AA yIim Jubray
UO131es13uad 4O UO11R[3JJ0D Iyl WOJ; ‘I1ewilsI Iy AQ paisIbins sy
19P0W 3jeusd|® Uy ‘IIAE| UBWNI UE IAOGE IDUI(NQUNI JO IINIONIIS W) —
3O UMOUY (11| 003 Pul; ImM ISNEIIQ I1I|CWODU! JIAIMOY S| |IPOU SIYY
tpaul|Ino s Jake; Asepunog wollog 1e|; € 10j Buixiw pue JudwulesIud
4O (30w y  -paIsSSNISIP S| SIIAR| YONS 4O S weuAp gl Iy —

*a9Ae| Aiepunog wO3II0Q Yl IAOGE PIILIV| SIA1I JUIIIND WOS
P31idjuy “A3)30)3n ueaw Aep 3u0 I YlIrm (9/6)) PIe||IW Pue usy Aq
P10 (3.J00 u33q Sy pur w Q| O w Q| INOGE WO SIIIEA AR |-PINIu W)
40 613y uorlesiauad By 9I IIJul ue AQ PIPUNDQ ‘wO110Q YL
dAoqe JdAe| paxjw-[|am ® U063 P31 r1esls Awiojrun @ dn Buixiwe
30 3135)a931004eyd ) Jeyl unjeubis w Iaey UIR|4 (PSSAQy SPadlley

Y3 JO JIIUID YT wosy IIN1esICWI] pue AJlul|eS 4O SI| 140y

"8L6T TT2dv “#S06Z X9 IUeI9 J3pun UOIIEPUNOS DU 1S

JeUOjleN 3yl JO UD!1eJO|dX] UBADQ O IPEDIQ |PUOIIPUIIIU| ) IO pue

%00-€80 ¥N ‘(4Z0-1-99~41000N 1J€J1U0] JIPUN YOUEISIY |eARN 4O 331330

Y3 4Oy pasedasy -y9|-€G| "dd ‘[[6]*SOIweuAPOIPAN URIIQ wo wninboy|0)

|2UO)1IRUIIU| YIg Yl 4O SDUIPIIN0IG,, WOJJ PIAIUIICIY " lway Iduasne) Ag
NY320 4330 3ML 40 ¥3IAVT AYVONNOE WOLLO0® 3HL 40 SIIMYNAQ 3L —

T-8L-10Mm

wo1IN] jasu) d1ydesbouradp @04 spoop

lllllllllll |_




[}
« odite

e g










e e




