AD-A128 723

UNCLASSIFIED

SPEC"W ANALYSIS OF
D ON ANALYZED W.
ml!l!v CA N D GURA

INERTIAL AND SUBINERTIAL ”HDNS
'UI;G“‘:;'. POSTGRADUATE SCHOO!

F/G 8/3




e

7

FEFE
HEEE] 43_
m_mmw_unuuhm |m

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS ~ 1963~ A




NAVAL POSTGRADUATE SG¥00L

Monterey, California

()

THESIS

SPRECTRUM ANALYSIS OF INERTIAL AND SUBINERTIAL MOTIONS
BASED ON ARALYZED WINDS AND WIRD-DRIVEN CURRENTS
FROM A
PRIMITIVE EQUATION GENERAL OCEAN CIRCULATION MODEL

by
Nicholas D. Gural

December 1982

Thesis Advisor: R. L. Haney

hessesmmasssmnen o’
Approved for public release; distribution unlimited.

88 04 14 098

DTIC

ELECTE}
APR141983 |1

A




"t e e e e s e e s et n.

| g : SECHMTY CLAMITICATION OF Vi PAGE (Uiven Duse Bsererd
L"\ M|
b REPORT DOCUMENTATION PAGE READ Lyt I
t . ' AYALOS NuuSE R
¥ [ A1267
8. TITLE rand Subuwe) o
Spectrum Analysis of Inertial and Subinertial | Master's Thesis >° covenee
Motions Based on Analyzed Winds and Wind-driven December 1982
Currents from a Primitive Equation General [ PURFOMNNG ORG. REPORT nUBOEE ]
Ocean Circulation Model
LR T LT ; Wmnrmmh

Nicholas D. Gural

3. PURTORnS ORI TATIOn NAnT AND ACORESE - T T DA Y AR
: Naval Postgraduate School
4 Monterey, California 93940
1. CONTROLLING OFPICE NANE AND AODRESS 12. NEPORYT DATE
Kaval Postgraduate School ﬂf‘-ﬁt‘%’i“"m&
Monterey, Californmia 93940 ' 73
T " 00) | 1. SECURITY CLAES. (of Whis riper)
yosuica NERAGING

T8 BEYIMGU 10N SYATERENY (of Sie Nepern)

Approved for public release; distribution unlimited. Vi

”. nﬁmwm STATRUENT (of the shatrast encarad in Biook 20, i1 ditfesent bam Repart)

. S A 34 1
]
T SORSE ot o Tovores s T/ Seeessy B8 T e ey {

Fourier and Rotary Spectrum Analysis
Modeled Inertial and Subinertial Motiom
Primitive Equation General Ocean Circulstion Model

G5, ABSVRACT (Conttins o rovercs oo if Rosoeoioy Gnd Ity Uy GIooh mumbes)

The relationship between the applied wind stress and currents predicted
by a primitive equation ocean circulation model was analyzed and compared
to theory and observatioms. Three one-year data sets were examined using
FPourier and rotary spectrum snalysis techniques. The Pourier analysis
revealed three spectral pesks in the predicted currents with nome in the
wind stress. These pesks correspond to synoptic variability at low

frequency, the inertial response at an intermediate frequency and a
mhwtgal response at hﬂ &wl due to the finite time diffcms ‘

0D 53 W3 cmmen or 1 nev 8 s esstrETR

R ST R TR B R EaYin 57 Vol P 7 s Bowen
1
e -—“__—— -
D . . . e




umyv a it & [~

procedure employed. This response st high frequency was two orders of
megnitude smaller than the peaks at the synoptic and inertisl periods.

The inertial motion was the same order of magnitude as the symoptic motion
near the surface, but much weaker below. It was identified by the rotary
spectrum, and it was slightly shifted toward lower frequencies in direct
proportion to the time step used by the model. The Ekman motion appeared
to be restricted to the baroclinic response above 70 m. The time-varying
"gecstrophic” flow below 70 m was aessentially barotropic.
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ABSTRACT

The relationship betveen the applied wind stress and
currents predicted by a primitive equation ocean circulation
aodel vas analyzed and comparel to theory and observations.
Three cne-year dJdata sets verz exasined using Pourier and
Totary spectrum analysis technigues, The Pourier analysis
revealed three spectral peaks in the predicted curreants with
none in the wind stress. Thess peaks correaspond to synoptic
variability at low frequency, the inertial response a:* an
intermediate freguency and a nonphysical response at high
frequency, due to the (finits time differencing procedure
eaployed. This response at high fraquency was two orders of
magnitude smaller than <the peaks at the synop*ic and iner-
tial periods. The inertial motion was the same order of
magnitude as the synorptic motisn near the surface, but much
veaker below. I* was identifiad by the rotary spectruam, and
it was slightly shifted toward lower frejuencies in direct
proportion to the tise step used by the aodel. The Ekman
moticn appeared to be restrictad to ths baroclinic response
above 70 n. The tile-varying{kéZOstrophi§">flow below 70 a

vas essentially barotropic.

R ikt




TR R e T

SRR TN T Ry T B 5

I.
II.

III.

Iv.

v.

4 e i i e et v - A A 4 S AR P, . At A Yl Pem s 4

TABLE OF CONTENTS

IETRODUCTION o o o « o o o o o o o o o
MODEL DESCRIPTION « « « « o o o o o o o
MODEL OUTPUT o « o « o o o o o o o o o
A. HODEL INITIALIZATION AND SINULATION
B. COARSE GRID OUTPUT . o+ « « « « o+
C. PINE GRID OUTPUT .« « « « o o « «
BESULTS « « o o o o « o o a o o o o o o

A. ANALYSIS PROCEDURES « « ¢« ¢ ¢« ¢ o o

B PINE HESH RESULTS « « ¢ = « « « « o«

1. General Description of Some Output

Parameters .« « ¢« o« « o o o o o

2. Spectrum lpalysis . . . . « . .

3. Inertial Hotionh . « ¢« ¢ ¢ o o

4, Wind/current Relation . . . . .
C. FINE HNESH INTERANNUAL COMPARISON .

D. COARSE GRID COMPARISON . . . « « »

Co .c LusI oi L L] L] L] * L] [ ] *® L] - L d L] L L

lpp !'nn ‘ * L] L] L ) L ] L J [ ] L] L L J L ] * L] L] L 4 L J L ] L]

LIST or x!n!z'c!s L4 L L] L4 L] [ ) -* L L] L] L] L -

INITIAL DISTRIBUTION LIST . ¢« « ¢ o o o o o o

5
v e o ...W aofhaat

10

13

18

18

19

22

25

25

29

29

35

37

44

50

56

61

66

71

72




Figure

: Pigure
Pigure

Figure

¥ Pigure
i Figure
Figure
Pigure
Pl gure
Figure
Pigure
rigure
Pigure
Plgure
Pigure

Figure

13.

14,

15.

16.

L e T n R+ s e s e BT SN T e e e s e oot s

LIST OF PIGURES

gtidpoint Position Relative t> NORPAX Drifter

a a. L 4 [ - L L] e o L4 Ld L L L L4 L . L ] L L 4 L *

;%?o Mesh Temperature Structurs (JUL 76 - JON

Richardson Xumber based on Total Currents for
Pine Nesh Nodel (JUL 76 - JUN 77). .« ¢ « «

Richa dson Nusber based on Nean currents vith
Inertial Cblgonon S gelovnd for Pine HNesh
Nodel (JOL 7

East-West Current -o.gonent from Fine Nesh
HOQCI(JUL"G'J e ® e o ® o o ° o o

North-South_ Current Component froa Pine Nesh
Hod.l (JUL 76 - J“ 17). o e o ® e © o & o o

Bner Spectrus of Applied nind stress in
rinog‘.sg Nodel (JULPgS - JON . e o o & o

Bnorg; Spectruam of U-Component Current in
Fine Mesh Model (JUL76 = JUN 77) e o o o« o « o«

Ener Spectrua of -Conponont Current in
Fine Hesh Nodel (JUL 76 ~ B 77)e o ¢ o o

Pine Mesh Rotary Spsctrum for Surface (5 m),
L76’Ju17...-.-oocoooooo

Pine Hesh Rotor; Sgac*run for Level 03 (31
.)' JUL 76 -

Pine Nesh Rota ;g.ctrul for Level 05 (71.5
.,'JUL76‘J e ® e o e & s o ® e e o

Pine u.c Rotas; Spectrur for Level 10 (313
n), JUL 76 J

* - [ J * - L] * * Ll L] L4 L) L)

Energy Spectruam of lpgliod #ind Stress in
FPine lesh Hodel (JUL 69 - JUN 70). . « « « .

er Spectrum o5f U ~-Com onont Current in
rinog‘ Bodel (JOL 69 - ? W 70)e o o ¢ o« o

Ener Spectzum of V-Component Current in
rin.qlc Nodel (JUL 69 - 4 JUR 70)e ¢ ¢ o o «

21

30

3

33

33

34

38

39

40

43

44

4s

ué

52

Sa

55

. S R




e Fismtren s

e

riguze 17. fuergy Spegtiuacef JoRperedfCHFIIL | | se

Figure 18. Bnergy Spectrua of -cOlgonont Current in
Coarse Grid Nodel (JOUL 76 - JON 77). . . o - 59

AW e e ave L n

R ot 2

R

el ST, U
—

o st
w




TABLE I.

- AT

5

TABLE II.

Pl S50t

TABLE III.

5 TABLE IV.
¥ TABLE V.
TABLE VI.

TABLE VII.

LIST OF T ABLES

gn&Sistg‘: 58{‘3"1ugﬁ'fqlnésgiéi‘ﬁol1%8‘:0:
J 41

ne Mesh 76 -

Pover ssccttal Bnergin

(cn® /sect

ortial uolion for

Bandwidth or HNode
ino%uh ‘JB 5 ]' e o o o o
Half Pover s ectral Energy (ca®/sec®) and
Bandwidth éc bLt T !odel ;9ertial Motion for
Coarse Gri 5 Ye o o ¢ o o o @
gotary s trum Rasults for Surface (5 m),

c
£t
otar Spectrum Results for
ne aesh Dat

Rotar trun Results for
n), Pige §:§ 1976
Rota ctrum Rasults for
n), sh Data (JON 1976

a (JUN 1975 -~ JOUL 1

Level 5 (71.5
- JUL 19 7)0 e

Level 10 313
JUL 1977

53

57

67

68

69

R T T




T e,

P FIRE 34

e e e oy

ACKNOWLEDG BNENT

I would like to thank Mr. Dennis Nar at the W. R. Church
Computer Center, Naval Postgraduate School, Monteray, Ca.
for his assistance and guidance in installing the updated
version of the BHDP, P-series library, for creating a spe-
cial procedural file to allow access to the spectrum analy-
sis rrocedure I needed and also for helping me understand
its use. I would further like to expt?ss my appraciation
and thanks to Dr. C. N. K. HNo>ars for his guidance and con-
structive suggestions during the course of ay research. His
input mas guite beneficial in selecting and utilizing the
analysis techniques used +> study the model features in
question.

Finally, I would like to a2xtend ay siicere graditude and
appreciation to Dr. R. L. Haney for his assistance and sup-
port vher I was forced to change ay research +“opic in mid-

strean. His patience, gui dance ani criticism wera

invaluable during this analysis effort. They wvere the key‘

“> completing this prcject during the allotted time.




L e s

ol

e
o 2

S e

Len, UL

e

BRI e NSt

N

g

I. IEIRODUCIION

Traditiornally, general ocean circulation models have
been verified against the tamperature sr density structure
of the ccean. This approach was mainly 2stablished because
of the availability of ocean maasursments. Temperature and
density, <through salinity values, are the ocean variables
recorded over the largest area of the world's oceans today.
As the number of bathythermograph recordings and occean ste
«ions increased, a pocl of temperature and salinity seasur
ments became available, forming a general ocean
climatology which could be used to gauge =21 ocean circul.
tion model's performance. Once reasonable confidence was
established in the wmdel's capability to reproduce known
ocean thermal and/or density characteristics, sensitivi:y
experiments could be conducted to test the effects of cer-
+ain changes in various modal parameters on different
nodeled features.

Since the ocean is a vast sensible haat source or sink
£or the atmosphere, ocean circulation 1%daling is not a
field mnto itself, but it is also tiad to improve atmos-
pheric modeling. This is a two way link because both fluids

can be modeled by the same genraral set of physical equations

10
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and, depending on *he time scile examined, each forces the
other in their overall joint circulation. As a result, a
better understanding of the o5c2an's thermal structure, espe-
ctally its upper profile and effects which modify it, could
lead to 1improvements in an oce2anically coupled atmospheric
circulation model over <the relatively data sparse areas of
the worid's oceans.

The objective of this thesis is to analyze the currer:s
predicted by an ocean circulation model a3 part of a general
model verification prograa. This analysis is expected to
improve the ability ¢o model and predict changes in the oce-
an's motion, thermal fields and its response to atmospheric
forcing on a2 weekly tc sSeasonal time fraae. Besides their
own intrinsic importance, currents play an impor%ant roll in
irfluencing *he thermal structure in <+the ocean. In this
respect, their contribution may be twofsli: turbulent mixing
and large-scale advec*ion. Strong shear currents are res-
ponsible for turbulent mixiny :through convec+ior, while the
large~scale Bkman/geostrophic flow contributes to advectior.
Besides improving its thermal profile, an ocean circulation
nodel vhich correctly depicts mass +ransport would have a

greater overall applicability <+than one which is dJust

1
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concerned with displaying <the thermal structure of a water
colusmn.

One of +the reasons currents have not been examined in
verification studies earlier was the lack of available open
ocean current data. But as part of NORPAX (North Pacific
Experiment), 2 data base of opsn ocean ld>ag-*erm currents is
rov becomning available, NcNally (1981). ks part of this
ongoing experiment, Gerald J McNally of Scripps Institute of
Oceanography, lLa Jolla, California placed a number of drif:-

“ers, bo+th drouged at various depths and undrouged, ir the
North Pacific Drift Current. Bach buoy was equipped with a
transmitter and wvas tracked for as long 2as six months by
RANS (Random Access Measurement Systeam) onboard NINMBUS 6.
Several results of this ongoing investigation are nov avail-
able. One, the apparent lack of difference between current
observations at the surface and at 30 m, vwill serve as= a
good test for examining *he current profile produced by an
occan circulation model. The observed statistical raslation-
ship betveen winds and currents also nesds to be investi-

gated from a theoretical or modaling point of view.
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II. HODEL DESCRIPIION

The sodel evaluated was dasveloped by Robert L Haney,
Naval Postgraduae School, HNonterey, California (Haney et
al, 1978). It is a primitiva equation model applied to a
baroclinic ocean in a rectargular basin. It contains 20
levels in the vertical with 8 in the upper 200 m. The model
is based on the hydrostatic anl Boussinesq approximations.
A rigid-14i4 approxilatioh iz made at the surface anid salin-
ity 4is neglected. The effects of subgrid or asasoscale
moticn are parameterized by vertical and ncnlinear horizon-
+al ¢ddy viscosities and conductivities.

The model is driven by heating and 3tresses applied a*
the surface. The downward flux of heat and nmoaentunm is
determined by the following time-dependent variablas: the
predicted ocean surface teampa2rature, ths prescribed values
of 6-hourly surface wvinds and a>nthly mean: air temperature,
specific humidity, fractional cloud cover and incoalng
shortvave radation. These gquaatities ars used *o calculate
the shortwave and longwave radiation, sensible and latent

heat and surface wind stress., The bulk aersdynaaic

13
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. equations for determining wvwind stress froa marine winds
along vith the primitive egquations of motion, the continuity
equation, tae first law ‘of thermodymanics and the equation
of state can heé found in Haney, et al (1978). The governing
solar radiatior equations can also be found in this refer-
ence with one exception. A new approach as outlined in
Haney (1980) allows scme of the solar radiation to penetrate
to depths greater than 20 a rtather than being totally

absorbed in this layer as wvas the case with the 0ld radia-

tion equation. !

To handle the transport o>f heat and momen*um which |
b ¢ occurs dn scales too =mall to be resolvel by the grid spac-
ing employed, paraseterizations of these ad>-ions are made on
scales vhich are discernible by the nmodel. Since eddy flow
é is iwmportant, especially in was*ern boundary curreats and
é their extensions, this wmotion must not be neglected in an i,

ocean circulation model. UOntil model grils are reduced to a

size sufficierntly small to allo>w addy representation, vari-
ous theories aust be applied to approximate eddy nmo*ion.
The Haney model uses the aixiny length and somen“um bypothe-

sis of classical turbulence thaory. This approach intro-

% A L et it Bn

duces coefficients of horizontal eddy wviscosity and
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conductivity. Vertical diffusion is approximated through
saall coefficients of vertical eddy viscosity and conductiv~
ity, see Haney, et al (1978).

Active turbulent wvertical aixing of hea* and momentua in
*he model is based on a parameterized "dymanic adjustaent®,
The key to *he adjustment is “he 1local gradient Richardsor
number. This number is a non-dimensional measure of stabil-
ity as it relates the local hydrostatic stability or densisy
stratification to the square of the local shear. When *he
vater columr is neutral, <the 1local RichardsonAnnnber takes
on its critical value of 0.25. This values was *theoratically
aestablished 2nd is justified through observations presented
in Thoapson (1980). The adjustment consists of checking the
vater column at all 1levels balow +he surface for dynami
instability. This condition exists if the 1local gradient
Richardson number computed between two adjacent model levels
falls below its critical value, In this case, a vertical
nixing oaf both temperature and velocity components betwean
the adfacent levels transpires in such a way that: (a) heat
and momentum are conserved, (b)) the aixing ratios for heat
and momentum are set egqual and (c¢) the adjusted gradient

Bichardscn number is set equal to its critical valus. The

15
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specifics of this adjustment procedure can be found in aAda-
mec, et al (1981). It is throagh this paraseterized aixing
mechanisa that +the model predicted currents affect the ver-
tical turbulent mixing of both heat and momentua. This is
because the gradient Richardson number depends on the ggyaze
of the shear of the mcdel predicted currents.

Baroclinic (or shear) currents are hardled through
direct calculations from the horizontal ejuations of motion.
The vertically averaged currents are defined by a stream-
function derived Dby a vertical average of the horizontal
equations of motion and govern2ad by the vorticity egquation.
These average currents are then added t¢> the resulis of the
primitive equations to yield the total currents. The model
runs on & staggered grid with the temperature and streasm-
function gridpoints establishad at the aodel indices and
somentus gridpoints offset by half a grid length, Time dif-
ferencing is accoaplished by using tha leap-frog scheae
vwith a Buler-backvard scheme inserted every 8 <*“imesteps to
reduce “time-splitting®.

The rectangular 4domain covsred in the aodel is in the
¥orth Pacific. It 1is 90° of longitude in width, running

from 1489 P 0 125% W and is 659 of latitude in length,

16
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rtanning from the equator to 65° W. This domain allows the
sodel to siaulate the circulation pattern of the interior
¥orth Pacific Ocean. The general surface flovw includes the
equatorial flovw pattern, the ¥>rth Pacific gyre and the Sub-
polar gyre systeas. The coaplex flov around the Japanege
and Aleutian Islands are not revealed because these intrud-

/

ing land masses are not included in the bo>undary conditions.
The bpottom is flat at a uniform 3epth of & Kka. AQ th

la teral boundaries, there is parfect insulation of both heat
end somentum vith zero velocity except at the equator whers
a free slip corndition is imposai. The bottom is also ther-
mally insulated but a saall stress is impr>sed through a sia-

: ple guadratic drag lav, see Weatherly (1972).
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III. NODEL QULRUT

A. HMODEL INITIALIZATION AND SINULArION

The model simulation vas primarily driven by 10 ysars
(fxrom 01 Jan 1969 througlk 31 Dec 1978) 9f 6-hourly msarine
wind analyses performed by FNOC (Fleet Numerical Oceanogra-
phy Center, Bonterey, California). These winds are the
variable input <to the bulk formsula used to calculate the
surface vind stress and the latent and sensible heat fluxes
in the model. The other atasospheris forcing variables:
solar radiation, clcud ceover, air temperature and vapor
pressurs; are all prescribel by aonthly climatslogical
values. The ‘sources of these values are given in Haney, et
al (1978).

The aodel started froam an initial state with zero cur-
rents and a temperature structure wvhich decreased linearly
with depth ranging from a valu2 equal t> the local air temp-
erature at the surface to 20 C at the bottoa. It then ran
for 3.5 years from 01 Jan 197% :through 30 Jun 1977 with the
forcing being supplied by ¢tha PNOC wini analyses and the

son+thly atamospheric climatolosgies. During ¢this dinitial
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phase, the model used 25 fixed levels in the vertical (12 in
the upper 200 a) running on a coarse gril.vith a spacing of
approximately 62 of longitude and 49 of latitude.

After this initial "spin up® was complete, “he model was

ran to simulate “hree decades of ocean circulation usiag the

10 years of wind data available. The first 10 years of
simulation was run on a coarse grid (6°x4°) and the succeed-
ing 20 years wvere run on a fins grid (39x29), Bach time 2
nev decade of simulation was started, 2 samoothing wvas
applied to the model variables (currents and temperatures)
in order to reduce "model shock® when the wind forcing was
shifted back to 01 Jan 1969, This saodthing consisted of
averaging the silglated variables over th2a last 2 veeks of
that particular decade and using these average values vhen
the sodel vwas reinitialized to Jan 1969 to start the next
decade 5f sisulation. When the model was switched to the
fine mesh grid, the grid siza wvas cut in half and values

were linearly interpolated to the new grilpoints.

B. COARSE GRID OUTPUT
The coarse grid uwed for the initial decade of ocean
simulation consisted of 17 points in both ¢the longitudinal

and latitudinal direction. As a result, the grid spacing

19
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vas approximately 6° cf longitale and.l° 9f latitude. The
e3del vas run with 20 1levels in the vertical vice the 25
levels used in the initializati>n phase. The levels used in
this simulation (for both the c=oarse and fine grid) wvere as
follows: 5, 16.5, 31, 49, 71.5, 100, 136.5, 182.5, 240, 313,
805.95, 522, 669, 855, 1090, 1385, 1760, 2235, 2830 and 3580
a belov the undisturbed surface.

The variable coefficents of horizontal eddy viscosity
and conluctivity as displayed in Haney, et al (1978) conme

from the following equation -
A AJirrivs|(as)] o)

vhere 3 is the relative vorticity of ths vertically aver-

aged current and AS represents a constaat vhich i3 a mea-

-0
sure of the grid size. In the present model ¥ =4 x 10

sec/cl‘. For the coarse grii, the background value for

monentum is A, = S5 x 10° ca'/sac and for heat is 1 x 10° ca’

/sec, The ver:tical eddy viscosity is X, = 5 cn’ /sec and
conductivity is K, = 0.5 cn‘/sa: . The coarse gril is run
using a 6 hour time step.

During this first decade, one samplas of model output for
all 1levels in the vertical at a single gridpoint was

extractad for analysis. The 3Jridpoint choosen was located

20
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Figure 1. gfigpoint Position Relative to NORPAX Drifter
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* 42.66° ¥ and 150.31° ¥. See Fig. 1. The analysis period
? vent from 01 Jul 1976 002 through 30 Jun 1977 182, This l?
: +ime frame and location was choosen for a preliminary analy- |
sis of <he model's reporss bacause it corresponds tc the
space and tise domain of the 4dri f*er data collected by G. J.
BcNally for NORPAX and is in the major strom track across
the Borth Pacific. It is possible that the ipitialization

of the asodel and the transition to the first Jdecade affectaed

MR 2. b ety om0
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+the quality of the output used in the analysis., But since
the 2048l had run through 8.5 years of continuous siamulation
before the output wae extracteld, and because +he analysis
was only oonducted dcwvn to 313 g, it wvas felt that any
influence of the initial conditions would have 1loag since

been dispersed froam the current s*ructure.

C. TPFINE GRID OUTPOT

The fine grid roérosentation was established to improve
the horizontal resolution of the predicteld variables and the
{nertial response in <the model. This was accoaplished by
reducing both the qfid spacing and the tize step used in the
finitg differencing schene.

The fine wmesh version uses 33 gridpoints in both the
longitudinal and latitudipnal directioms. This reduces the
grid spacing to approximately 39 of longitude and 29 of
latitude or twice the resclution of the coarse grid. Once
again, a staggered grid is us23 with the temperature values
deterained at *he model indices and the momentum values off-
gset by half a2 grid length. The time sta2p used in integra-
tion was also halved ¢to 3 hours t> wmaintain 1linear

coamputational stabili+y.
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The only other change is in ths magnitude of the hori-
zontal eddy viscosity and conductivity co;tficicnts. These
constants are reduced by a power of ten to a value of A, = S
x 10 ca®/sec for viscosity and 1 x 10 ca®/sec for conduc-
tivity. The governing equation may be f5and in ¢he previous
section covering the coarse griil.

A1l the other model parasetsrs and criteria are the saame
as the coarse grid version. The same 20 levels are used for
vertical resolution. The ralatively saall coefficients of
eddy viscosity and conductivity in the vertical have also
been left unaltered.

The fine mesh simulation of ocean circulation consisted
of tvo decades of model execution. After the two week aver-
age from the end of December 1978 vas applied to +the coarse
grid at the conclusion of the first decads: modeled, the grid
length vas converted to the fine gmesh length. A linear
interpolation of the averaged u and v currents and teampera-
tures vas performed to assign values to the newly created
intervening gridpoints. Ths second decale of current simu-
lation vas <hen conducted reusing the 10 years of marine
wind analyses supplied by FNOC. To use 3 3-hour tise step

in the fine mesh run, a linear interpolation of the 6-hourly
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synoptic vinds vas performed. The other atmospheric forcing
paraseters s:tlll came froa ths same monthly climatology as
used in the coarse grid run.

When the second decade (first vwith th2 finer resolution)
vas cospleted, a third decade was run. dnce again, the two
veek average smocthing procedure was employed on the ocean
variables betveen dJdecades before the winls wvere reinitial-
ized to 01 Jan 1969. It was from this third decade 5f simu-
lation that the two fine mesh samples of model output for
data analysis.

The firs* fine grid data set ran from 01 Jul 1969 032
through 01 Jul 1970 00Z. It consisted of 2 single gridpoint
with all the values in the vertical beiag extracted as in
+he coarse grid case. The gridpoint extracted in this case
wvas located a2t 43.67° N and 148.91° W, See Pig. 1. The
analysis of this data allowed an interannual comparison in
studying the model's fine mesh performancs.

The final dJdeta set natch2d +he <+imafrase and gensral
location of the coarse grid set. It was located at 41.64° N
ard 151.72° W. See Mg. 1. This set was studied in *he
greatest detall ipn an attempt :> understand “he model's res-
ponse and compare i1+ to some of the preliminary resulss

available from the NOERPAX drif:iar data.
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IV. BESULIS

A. ANALYSIS PROCEDURES

Each model data set extracted from the siaulation was
analyzed using a nev Biomedicil Coaputer Program, P-series
subroutine, BDMPIT - Univariata and Bivariate Spectral Ana-
lysis. This program package became available in tha begin-
ning of 1982. It uses cosine +transforms in a fourier
aralysis approach to reduce input data into its spectral
components at all ¢the analyzable frequensies, from 0.0 <o
0.5 (the Xyquist frequency). The subroutinets output fre-
quencies are dimensicned per unit data time step and as a
result must be converted to bz meaningful to the particular
data set analyzed. The spectral packags runs its analysis
using three different bandwidths: narrow, medium and wide.
These bandwidths may either ba individually specified or
assigned by the program if left to the default mode. 1In *he
default mode, the bandwidth size is dependent on the number
©f values in the inpu+ data set. Since this study was only
concerned with the large-scale trenrds displayed by the Haney

gsneral circulation model, only the widest bandwidth resul:s
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vere utilized. These results ware also the smoothest curves
produced by the subroutine and are statistically the most
stable. Por a complete description of this program package,
refer to Engelman, et al (1981, This spectral option was
chosen over the other program libraries available at +he
Naval Postgraduate School because of the ease in interpret-
ing its output, variety of analysis options available,
detailed descrip+ion in the user's manuil and clarity in
diagnostic messages produced.

A detailed analysis of tha fine mesh 1976-77 data sae+
was performed. It involved a dascription of the temperature
and stability profile of +he siamulated upper ocean dver the
annual cycle, a spectrua anealysis of the predicted currents,
a lowpass ;pectral analysis to axamine th: model's wind/cur-
rent relatior and a rotary spactrum analysis “o examine :i+s
iner-tial respcnse. The lowpass analysis was a two step pro-
cess, Pirst, the model curren+ data was run *“hrough an
eleven-point lowpass filter to9 remove the energy above the
inertial frequency as deterainsd by *he original specirua
analysis. The weights used by this lowpass filtsr werae:
0.0166, 0.0402, 0.0799, 0.1231, 0.1561, 0.1684, 0.1561,

0.1231, 0.0799, 0.040Q2, 0.0166. After lowpass filtering,
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the 3-hourly data vas resaspled twice a day and spectrally
analyzed once again. This procedure resulted in increasing
the discernible analysis range produced by the Biomed spec:-
ram analysis package. With 2 sampling interval of 12 hours,
the analysis period was increased to 1 t> 20 days as com-
pared to the 6 to 120 hour ranjys depicted by the 3-hour %ime
step data of *the general study. The relationship between
the input wind stress and near surface currents was then
examined at this extended frsquancy range.

The rotary spectrum analysis produced a2 decomposition of
the model spectral curments intd> their cyclonic and anticy-
clonic components. This procedure utilizad the autospectrua
of the u and v current components and their gquadrature
spectrua at sach of the model lsvels studisd. The result of
this anmalysis is a ratio of the cyclonic to anticyclonic
circulation wkich can then be compared %> <*he theoretical
ratio using +he analyzed frequencies and “he d{nertial fro-
quency. According to theory (Mooers, 1973), the value of
*his ratio approaches one 2at the very highest and lovest
frequencies (compared to the inertial freguency) and is zero
at the inertial frequency. Bacause of this, +he model's
inertial frequency will be indicated by = ainimum in the

ratic. The equation used ig -
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the cyclonic spectrum: S(s) = 0.5 (Guu(s) +Gvy (s)+2Quv (s))

anticyclonic spectrum: S(=-s) = 0.5 (Guu(s) +Gvv (s)-2Quv(s))

vhere s20 is a given frequency, f is the iner+ial fregquency,
Guu(s) and Gvv(s) are the autospectra 5f u and v respec-
tively and Quv(s) is the imajyinary part (quadrature spec:-
ram) of the cross spectrum betweer u and v.

The results of these 2analysis procedures will be
described and interpreted in the following sec*ions. The
first data set “reated is the finz mesh 1976-77 data. A
general description <¢f the ralevant model characteristics
vill bYe presented, followel by the spectrum analysis
results. The model's inertial frequency will then be dis-
cussed, followed by suppor:ing results from the rotary
gpectrua. Then the wind/currant relation will be presented
using the lowpass filtered analysis.

Once the analysis of the 1976~77 f£ins mesh data is pre-
ssented, a coaparison will be male with th» 1969-70 fine mesh

data, After this comparison, the 1976-77 data set will be
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compared to its coarse grid counterpart. The results sug-
gest there is little difference Detveen the <+wo different
years of fine mesh data but some important Jdifferences

betveen the coarse and fine gril data sets exist.

B. FINE HESH RESULTS
Y. Genersl Descripiiop of Some Qutpyt Parameters

Bach of the da‘ta 3sets was analyzed at four model
levals: level 1 (5 n, called the surfacs level in the res-
luts), level 3 (31 a), 1level 5 (71.5 a) and level 10 (313
z). These particular levels ware chosan to discern the
model's characteristics through its approximate mixed layer
representation, in the transition zone 5r thermocline below
+*he surface mixed layer and in <+the interior of the mcdel.
This decomposition of <the wvatar coluwn a*+ the gridpoint
selected is suppor+ed by the teamperature, stability and cur-
rent structure produced by the model.

The temperature structure duriny 1976-77 is dis-
played in Pig. 2. It shows a typical mixed layer structure
going from a very vars, shallov (approximsately 10 a) aixed
layer in the summer months of Juns, July and August <0 a
deep isothermal 1layer in ths winter and early spring,

approximately Pebruary through April. The namixed layer
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Figure 2. ;*§? Mesh Temperature Structure (JUL 76 - JUN

extends to at least 30 m from October through May supporting
the selection of 30 m as a good depth for approximating *he
central part of the mixed layar. The selaction of depth
71.5 ma as the mean transition zone is supported by the loca-
tion of seascnal thermocline, which is below 71.5 a from
August through January. The seasonal tharmocline does no+
reach +hat depth in the summer and vanishes in the winter,
as expected. At 313 a, the :amperature is relatively con-
stant throughout <the year, placing it below the surface
thermal effects and indicating that it represents “hse coamon

vater in the interior of the mo>del ocean.
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The dymanic stability of the water coluan, as
represented by the Richardson nuuber, also supports the
thermal structure breakdown criterion szalected. Pig. 3
shovs the gradient Richardson aumber (Ri) in increments of

0.5 based on the total current, vhere -
3T [rsau\t  r3v)f
R: = =932 [(3;) +(3!) J (+)

and « is the thermal expansion coefficient, g is the gravi-

tational acceleration and T is the temperature. The contour

intervals plotted represent Ri=0,S. The smallest value
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contour of Ri=0.5 indicates that the turbulent portion of
the water coluamn is above this line. The critical value of
Ri=0.25 (vhere <the water column becomes neutral) lies in
+his upper region and marks the base of this surface turbu~-
lent structure. As the Richardson nusber increases, the
stability of the water column increases. The largest value
contocured represents Ri=S5.0. Using the 1epth of tha2 criti-
cal Richardson number as ac indication >f the <+ransition
zone below the well nmixed layar, it is noted that this
level is deeper than 71.5 m in the winter and shallover in
SuUmmer. This shovs the selection of 71.5 m as an average
for the transition zone wvas reasonable. The iaportance of
the shear of the inertial aotion ir determining the stabil-
ity can be displayed using a plot (Pig. U4) of the gradient
Pichardson number calculated from averaged currents with the
interial frequency resoved. As can be seen, *he unstable
zone does not penetrate as deeply as it does in Pig. 3. The
depth of turbulent mixing that would exist in the absence of
inertial motion is somevhat less accordirg %o this coampari-
son. Thus, these motions make an iaportant, though perhaps
not crucial, con¢ribution +to the turhulent mixing in this

sodel.
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The above result is also supported by <the curcrent
profile produced by the model. As seen in Dboth the east-
vest coaponent, Fig. S, and the north-sdouth component, Pig.
6, the major current fluctuations occur above approximately
30 m. Belov this depth, the currents show little change in
the vertical and are reduced in msagnitude. Pig. 6 displays
a periodic dicection reversal balow about 70 a, as demons-
“rated by the heavy vertical 1line representing a zero
north-south velocity. This pattsrn despicts a basically
barotropic response belowv the mixed layer which is also seen

in the spectrum analysis presented in the next section.

Northward Curtrent {cm/sec)

o _4ZV150VV
o B RS 2 SR : =2
g - §1-:t§( i =
B IR =Y
4l i
31111
g 100 i
200
400
600 +- T

Ji Aug Sep Oct Nov Dec Jan Feb Mar

Apr May ' Jun
18768 o 1977 :

Pigure 6. WNorth-South Curren® Jomponent from Pine Nesh
g aoﬁof (JUL 76 - JON 79)?"
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2. Specirua Apalysis
A spectral anmlysis of both the irput wind stress

ard the currents produced by the model was made, The band-
vidth used wvas 0.2816 cycles/day (cpd). The wind stress as
seen in Pig. 7 was analyzed to deteraine if a spectral peak
vas present vhich could be transmitted to the ocean and show
up in the current simulation. With no peak found, it can be
ceafely assumed that any spectral peak in the currerts is not
2 direct result of the wind stress forcing and =must be due
to some oceanic "natural selection® process. PFigs. 8 and 9
display the power spectrum of the u and v current compo-
nents, respectively. Three spactral peaks can be seen. The
first is at relatively lovw frequency 2nd represeit# the
transient flow produced by atmospheric synoptic forecing in
*he model. This peak will b3 examined in the wind/current
relation section. The barotropic motiosn in the interior of
*he modeled water column displayed in PFPig. 6 is represented
by this por*ion of the spectrum. At frsquencies lass than
0.30 cpd, the energy levels a“ level 5 (71.5 m) and level 10
(313 n) are the same indicating <*hat most of “he energy in
this frequency range is confined above 71.5 m and the model

response is basically baro*ropic below <+his deph. The
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upper portion of the ocean displays barsclinic conditions in
contrast to this baro*ropic response in the model interior.
At the lowest frequencies ({0.1cpd), the 2nergy spectra in u
and v are of the order of 2.653 x 10’ and 1.761 x 10° at the
surface and 5.679 x 10 and 3.799 x 10 cn‘/sec‘ at 71.5 n
and below, respectively. This indicates RNS currents at
these freguencies of about 27.3 and 22.3 ca/sec at the sur-~
face, vith 4.0 and 3.3 cas/sec at 71.5 a and below.

The dominant peak in the spactrum is centered in the
0.9576 - 1.0256 cpd range. Its amplitude is of the same
order of wsagritude as the low frequency peak in <the upper
three lavels analyzed. This peak is also evident at 313 =,
but here its amplitude is much smaller than 4¢hat of the low
frequency motion. Since the inertial frejuency represents a
high energy level in the ocean compared <o the frequencies
around i¢, i+ ig concluded that ¢this p2ak is the model's
inertial response. This response is discussed in greater
detail in the next section. The last peak visible is very
enall in amplitude, located at relatively high frequency and
appears only in the urper levels studied. This peak is out-
side tha objectives of this study and is only investigatad

because of <the marked effect in the rotary spectrua
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associated with it. It appears at a frequency corresponding
to a period roughly 2.5 times the model time step. It is
felt this high frequency peak is an artifact of the finite
difference scheme and not the result of any real physical
phenomenon. Because it is at least tvo osrders of magnitude
suailcr than ¢the other significant features in <“he model,
ths overall effect of this peak on the model's performance
should be ssall.
3. Ipextial Heticn
Using the coriolis parameter calculated from the

latitude of the gridpcint as input, the inertial period is

R E

1.3289 cpd. The nmodel's insrtial response 1lies in the

0.9576 - 1.0256 cpd range according to the spectral results i
E and is further refined by the rotary spectrusm to 1.0256 c¢pad.
This shift toward lower frequencies appears to be due *o the ‘ !
trapezoidal implicit time differencing schese employed by
the model and is directly depandent on ths length of the
tisme step used (see comparison with coarse grid model
beslow).

As stated in the previous sectisn, +*he inertial
soticn in the ocean vill be associated vith 2 dominant spec-

¢ral peak vhen the currents ara studied o>ver a year. This
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is due to the *endency for interamittent ocean motion at *he
irertial frequency. The signature of inertial motion in the
nodel can be seen in the spectrum analysis through 313 a.
The energy associated with this nmotion appears somevhat
sasked in the surface level, is dominant in the mid levels
and falls off at 313 m. The spectral energy associa‘ed vith
half the height of each inertial peak a* 1.0256 cpd is
listed in the table below along with ths frequency band over

vhich this energy is distributai.

TABLZ I

Half Pover Spectral Ener ca® /sec?) ana B id*h (c

for Model Inecelal uctiogyfgr'P ne uLsﬁ (JOL n - U‘ 99;
U-COMPONENT V-CSMPONENT

LEVEL EBERGY . BANDWIDIH ENERGY . BANDWIDIH

sfc (5a) 6.918 x 10 0.238 3.981 x 10 0.446

103 (31m) 1.087 x 16°  0.349 7.943 x 10’  0.365

L05(71.5a) 1.096 x 10’  0.360 7.204 0.376

1L10(313a) 7.2644 x 10°  0.287 6.507 x 10-  0.303

The spectral phase information produced wvhen <the a and v
comporents were analyzed shows that *he inertial adotion in
the model was anticyclonic. The v-component leads the
u-component by approximately 93° (from 89.79 at the surface
+o 90.6° at 313 m) for all four levels studied, as expected

from theory.
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The rotary spectrum confiras this spectral peak as
the sodel's inertial responss. The theory behind this ana-
lysis approach (Mooers, 1973) dictates that the ratio
betveen the cyclonic and anticyclonic fl>v components in a
vater column go to zero at the inertial frequency where the
motion is purely anticyclonic. The results of +the rotary
spectrua calculated from equation (2) £>r each 1level ana-
lyzed are depicted in Pigs. 10 - 13 respectively. The
theoretical curve calculated from equation (3) using %he
actual inertial frequency calcula+ed from the gridpoint's
coriolis parameter is also plotted for comparison. It can
be concluded from these curves that the a>del's best perfor-
mance, according to the supporting <+he>ry for <*he rotary
spectrua, is in the frequency range of 2pproxima+ely 0.3 -
2,2 cpd. From the *ables 5f analyzed frequencies used %o
produce these curves, it can be seen that t*he aminimum in *he
calculated ratio is at 1.0256 cpd vhich corresponds to the
inertial frequency determined from <the spectral analysis
covered in the previcus section. The tables used in the
rotary spectrua may be found in Appendix A. Since most of
the model's erergy at each leval is contained at frequencies

lover than 2.2 cpd, its response is gsnerally good when
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examined by this methcd which is based 51 inertial-internal

vave theory, £< o'<N.
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Figure 10. ;%no 53§h7¥otary Spectrum for Surface (5 a), JUL

According to *he rotary spectrum, the high frequency
peak visible in the spectrum analysis (near 3.2 cpd) appears
t> be asscciated with strong cyclonic motion at all levels

studied. Bu*- the BMS velocitias at this freqguercy are: 1.8,

5 S o i

0.7 and 0.3 cm/sec at the surface, 31 » and 71.5 a, respec-
+ively. There is no peak evident a¢t 313 a. As alluded *to

earlier, this motion, having a period near 24at, may be the

T P v
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Figure 11. S%gc7go§haggt9§! Spactruam £or Level 03 (31 m),
regult of time splitting in the leapfrog time diffarencing
schene. The nmodel's performance can bz improved if this
peak is removed; but because of the very small amount of
energy associated with it, its impact on *he model's general
ocean circulation characteristics should be ainimal.
4. §ipd/curzent Belation

The 2ainm of this part of <+hs study is to inspect the
nodel’s performance in regards to Ekman theory (wind drivaen
flov to +the right of the surface stress in the WNor“hern

Hemisphere). Accordingly, the output current sitructure will
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Pigure 12. 5%%o7ge§hdggt§;! Spectrum for Level 05 (71.5 m),

e
0.0 0.5 1.0

be examined vhere <there is hiyh coherence between the cur-
rent and its orthogonal wind stress. The point at which
this relation breaks down in 3oing towari high freguencies
indicates the limit of steady Bkman response and the transi-
tion in governing physics ¢t> time iependan* Ekman response
to the applied wind stress. This transition will be sup-
ported by an increase in the coherence vwith <the parallel
wind stress. It is also expected that thea coherence between
the current and its orthogonal wind stress will rapidly

decrease vwith depth belov the addel's aixsd layer, 2assuming
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iguze 13 Su%e7go§hasg 9;{ Spactrum £for Level 10 (313 m),

this level is a good first order approxisation of the Ekman
depth. At this depth, +the fricticnal effect of “he applied
wind stress falls off +to 4 percent of its surface value.
Belowv this depth, the geostrophic component of *he current
should be removed from the flow before an evaluation of any
relation betveen the applied wind stress and currents is
nade.

The results of the coherence stuly between the cur-
rents at the selected model dep-hs and the applied wind

stress using the lowpass filtared 3ata running fros 0.05 -
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1.0 cpd generally cenformed to the hypothesis presented
above. The coheérence vwas gensrally high between the u-com-
ponent of the current and *he y-coap>nent of ¢the wind
stress. This coherence pattern was aimicked by ths v¥-cur-
rent and x-wind stress except at lower coherence values.
As expected, the <coherence falls off with depth with a
narked dacrease between level 3 (317 m) and level S (71.5 m).
Recall that 1level 3 provided a satisfactory indication of
the tase of the aixed layer when averagsad over the entire
year of data and level S provided a satisfactory indication
of the tramsition zone or seasonal tharmccline below the
aixed layer. According to th2 coherence results, it main-
*ains a coherence of less ¢than 0.4 over most of ¢the fre-
quency range examined and therafore appears to be primarily
below the Ekmen depth in the =model. Because of “he strong
gseascnal signal, a spectrum 2analysis of seasonally strati-
fied data may be bereficial in the future.

The coherence values betveen the surface u-current
and y-vind stress ranged from a high of 0.966 to a2 low of
0.193. The coherence is over 0.90 ir tha frequency range
from 0.0 - 0.625 cpd and £inally drops below 0.80 at 0.87

cpd at level 1 (5 m). After +this point, +he coherence
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continues to fall through the rest of the analyzed fregquency
range. This overall pattern is reflected in the level 3 (31
a) analysis, only with lover coherence values, The maxinum
value is reduced to 0.853 with a aminimam of 0.090. The
values stay above 0,75 froa 0.0 - 0.516 cpd and finally drop
below 0.65 a* 0.90 cpd. This trend complstely disappears at
level 5 (71.5 #). The coheran:s§ are all below 0.375 except
at tvwo peaks - one centered at 0.57 cpd, the other at 0.856
cpd. These peaks increase to coherences of 0.650 and 0.575
respectively, and may reflect Ekman puaping/suction. They
are also visible at level 10 (313 m). Froam this analysis,
it appears <hat the msodel currents follow Bkman theory at
the surface and level 3 at fraguencies as high as 0.90 cpd.
A* higher frequencies and at or below 71 a, there is little
neaningful relationship between *the steady Ekman response
and the currencts.

The phase information produced by the correlation
study betveen the wind stress and <tha 1odel currents was
examined to investigate the deflection angle produced by the
sodel’'s Bkman response. Only the phase angles at’f's 0.0
cycles/day corresponding to the annual signal were ussd, but

the results are valid in the sodel for time scales auch
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greater <than a day. Graphical solutisn techniquas vere
éaployed using the spectral anergy at 0.) cpd as “he magni-
tude of each component to determine the deflection angle
betveen the total wind stress and the currents at the sur-

face through level 5 (71.5 m) . There is a lot of varia*ion

in the resul+s because¢, though the coherence is high between.

the currents and their orthogonal wind stress (approximately
0.88 above 31 a), it is low in the cross-correlation between
both the current components and the wind stress cosponents
themselves (abou: 0.18).

In the three levels exasined, the phase was 0.Q°
between the u and v-currents; betwveen u and the y-wind
stress, and be*wveen the x-strass and the y-stress. The
v-current and x-vind stress vere 180° sa* of phase. The
v-current leads both the u-current and x-wind stress. The
Y~vipnd stress leads the u-current. When the wind and cur-
rent components were plotted, some interasting results were
roted which confirmed the conclusions reached above. The
surface currert wvas deflected roughly 83.0¢ to the right of
the wind stress, with the current at 31 @ deflected 14.5°
further for a total of 97.5° to the right of the wini. Bu*

the current at 71.5 a was approximately 24,49 to *he left of
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the 31 a current or 73.12 to the right >f the wini. The
expected Bknai spiral representation breaks down at 71.5 =.
But, recall the coherence study revealed very lit+le corre-
lation between *he wind stress and the currents at this
depth. This may be a further indication that the Ekman
depth in the model is above 71.5 a. It is fel* this depar-
ture froas Ekman *heory is due to the inclusion of the geos-
trophic currents in this study. The geostrophic current*s
should be removed before any concrete cornclusior is reached,
but it appears from this analysis that the open ocean cur-
rents are consistent with PEkman theory at lowv fraquency.
The deflection angles near 909 are reas>nable because the
nodel assumes a vell mixed upper layer (i.2. a uniforam vel-
ocity, not uniform eddy viscosity) and therefore the cur-
rents equate to the mass *ransport at each level. They do
rot indicate a surface current wvhich would be deflected 45°

to the right of the wind accoriing to Ekman *theory.

C. TPINE MESH INTERANNJAL CONPARISOR

The sajor £finding in the interannual comparison was that
the spectral features establisghel in the 1976-77 da*xa
remained virtually unchanged in the 1969-70 data. Just the
magnitude of <the spectral intensities wvere reduced in

1969-70.

50




"

e e T gan g

Once again, the input wind stress was analyzed to deter-
aine if a spectral peak vas prasent which could be reflected
in the model currents, see Fig. 14. w®her no peak was found,
a cosparison vas made with the 1976-77 wind data. The pat-
tern was siamilar, but the spactral energy associated with
the 1969-70 winds was consistantly lower than i+s 1976-77
counterpart (except at frequencies below 0.2 cpd where the
x=-components were egqual). This demsonstra*ed an intensisy
difference in the 1low <€frequency winds frqn one year %o
arother.

The reduced intensity in %he spectral snergy associated
vith the winds is reflected in the predicted model currents.
The three spectral peaks assoclated with Ekman flow, the
inertial frequency and the time differencing error at high
frequency appear in bcth +he u current, Fig. 15, and v cur-
rent, Pig. 16, analyses. Tha inertial frequency is still
shifted toward lower walues compared to the frequency calcu-
lated from the ccriolis parameter associated with the grid-
point's 1latitude, The «calculated inertial frequency is
1.3806 cpd vhile the model's inertial response is at 1.0256
cpd, as it was in the 1976~77 rasults. The spectral energy

is reduced at all 1levels and is generally confined in a
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narrower frequency band than its 1976-77 counterpart. This
result is evident vhen the energy from half the beight of
the spectral peak at 1.0256 cpd and the bandwidth over wh:ica

it is distributed displayed in Table II is compared to those

in Table I.
TABLE IT
alf p eC 1 BEner ca” /sec and Bandwidth (cpd
or 4 e g iai ogyfér Pine ugsh (JULn - Ué 90;
U~-COMPONENT V-COMPONENT
LEYEL EEERGY R BANDWIDIH ENERGY . BANDWIDIH
sfc (5a) 2.754 x 10 0.195 1.995 x 10 0.338
L03 (31m) 6.607 x 10'  0.314 5.754 x 10'  0.337
105 (71.5a) 3.020 0.41) 2.754 0.411
-d -
L10 (313a) 3.631 x 10 0.246 3.631 x 10‘ 0.223

The high frequency peak is at the same frequency as the
peak obtained in the 1976-77 data set study. This fact is
consistent with the hypothesis that i4 is dque to a time 4if-
ferencing error. The low fragquency peak corresponding %o
Ekman flow is virtually unchanged in the two data sst ana-
lyses. The RMS u and v curraats are respectively: 23.5 arnd
20.6 cm/sec at the surface and 4.0 and 3.8 cm/sec at 71.5 m
and lelow.

These res@lts indicats that though the energy associated
vith the model depicted currents may change froam year to
year, its response +to the forcirg pacamters appears to be

consistent, at least in the two years analyzead.
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D. COARSE GRID CONPARISON

WShen the 1976-77 3~hourly fine mesh 1ata wvere compared
*0 its 6-hourly coarse grid counterpart, some interesting
conditions were obssrved. The axpected spectral pattern wvas
repeated in the coarse grid analysis; but the signal associ-
ated with the spsctral peaks was storngar compared to tha
backgrourd spectral energy than it wvas in <the fine mesh
spectral results.

The spectral peak associated with ths: modeled inertial
response vas the most dominant feature visible in both the u
and v current componert analyses, Pigs. 17 and 18, respec-
tively. This model characteristic is the same as the fine
aesh response; but it is shif+ad awvay from the true inertial
pericd tovard even lcwer frequencies than +he sShift in +he
fine mesh. Recall that the calculated inertial frequerncy
for the fine mesh gridpoint was 1.3289 cpd and the aodel's
response was at 1.0256 cpd. In *+he coarse grid reprasenta-
tion, the calculated inertial frequency is 1.3549 cpd and
*he model's response is at 0.7220 cpd. The results of this
analysis suggest thata timestep >f one (1) hour nmay be
required to sisulate the inertial motion a* much more nearly

“he proper fregquency. The en2rgy associated with half the
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height of the spectral peak at 0.722 cpd and the bandwidth

over which it is distributed is displayed in Table III.

TABLE IIT

Half Spectral r : s +h

s iRy En o R o TR OE TFod R {205 ko202 (GO0 ¥E%R, 4579, .
U-COMPONENT V-COMPONENT

LEYIL EEERGY . BABDVIDTLE EEERGY . E&!DEIRIH

sfc (5m) 7.079 x 100 0.100 5.888 x 10°  0.123

103 (31m) 8.511 x 10'  0.156 7.413 x 10’  0.163

105 (71.51) 8.710 0.168 8.710 0.123

L10(313a) 5.888 x 10°  0.120 6.607 x 10~  0.108

When the above values are compared ¢o their fine mesh courn-
terparts in Table X, it is notad that the energy is slightly
lover but is ccnfined in a narrowver band in the coarse grid
model.

The high frequency peak found at roughly 2.5 times the
time step in the fine nmesk run was at nearly 3 <times the
time step in the coarse grid run. Plus, i+ vas amplified in
the interior layers and became a dominant fsature at 71.5 a.
Because it was located at roughly the sam2 poin+ relative “o
the time step and its magnitule wvas dependent on the model
resolutiorn (including the timestep), this high frequency
peak sesms to bz due to the +time splitting characteristics
of the leapfrog time differencing scheme used in “he model.

One apprcach to test <this hypothesis would be to run *he
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model using the Buler-backward-step every iteration rather
than every eight steps, ¢to ra3move the "tige-splitting” in
the model soultion. If this hypothesis is correct, this
sethcd upuld remove this peak from the spactral profile.

The lov frequency motion is consistent with the motion
displaysd in “he fine mesh simulation. The upper portion of
the model ocean shows a Dbaroclinic respsase wi*h barotropic
motion below 71.5 a. The u .and v power spectrum respec-
tively display RHS currents of the order 5f 23.1 and 19.4%
ca/sec, respectively, at the surface and 2.5 and 1.2 ca/sec,
respectively, a* 71.5 a and balow. These values are some-
vhat lover than <those obtained from the fine mesh solution
vhich is consistent with the reduced amplitudes despicted in
the coarse grid inertial response.

The result of doubling ths resolution is mul<ifaceted.
The frequency of the inertial motion is closer +¢ *he calcu-
lated value in the fine mesh m>del, but it is smeared over a
broader fregquency range. The saffect of the high frequency
"time-splitting® is reduced by increasiig the resolution.
The Eksman response 4is similar in both cases but the energy

levels are slightly higher in *he fine mesh simulation.
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V. GCONCLUSION

The Haney ocean general circulation model consistently
produces thres spectral peaks vhen analyzed over a sne-year
period. These peaks are located at the lowest discernible
frequencies, at roughly a sii-range valae and at the high
frequency end. They respectively correspond to the aodel'’s
Ekman rssponse to atmospheric synoptic f£osrcing, inertial
motion and a possible numerical error due to the finite 4if-
fetencinglléthod used. This overall pattern retained its
structure vhenr an interannual comparison was conducted
using the fine mesh simulation. Orly the magnitude of the
spectral energy changed in both the analyzed input wind
stress and the predicted currants. Thiz dJemonstrates *he
variation 4in both atmospheric forcing and model response
from year-to~-year., #hen a comparison between the coarse
grid and the fine grid vas mads over the sz2me timeframe, the
th:;c-ponk spectral pattern was repeatad but aaplified,
shifted +toward lower frequencies and c>ncentrated over a

narrover frequency band.
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The inertial moticn in the w®model simulation was shifted
tovard lover frequencies in both the fine and coarse grid
representations. The frequancy 9f the model's inertial
sotion vas verified by a rotary spectrum analysis as deter-
ained by the wminimum value of the ratio >f the cyclonic to
anticyclonic energy. In the 1976-77 fine grid simulation,
the inertial motion vas shiftel approximately six hours froam
a true period of 18,06 h to 23.40 h in the model. Ir the
1969-70 data the shift was froa 17.38 h to 23.40 h. This
shift was even greater in the coarse grid resolution, but
the inertial energy was confiped to a narrover frequency
range. The coarse 4grid response was shifted about 15.5 h
from a true period of {7.11 h ¢o 33.24 h. This shift'is
partially due to the stability criteria >f ¢the finite 4if-
ferencing scheme, which depends on fAt. With a 3-hour tinme
step in the fine mesh represeatation and an inertial period
of approximately 18 hours, this accounts for roughly 3/18 or
a 16% shif:, A 6~hour time step 1in the coarse grid
accounts for about 6/18 or a 33% error.

The sodeled inertial smotion does display some character-
istics observed in “he ocean. The spectral enargy associ-

ated with this sotion is high 1in the surface levels and
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falls off with depth. One goveraning condition appears to be

vhkether the analyzed level is above or below the seasoral
thermocline. The inertial enargy in the currents falls off
rapidly belowv the sur face layer. Such 2 decrease in iner-
tial motion energy vith depth was obsecved off Vancouver
Island, British Columbia (Thomson and Huggett, 1981).
Through +he Richardson number study depicted in Pigs. 3 and
4, it vmas demonstrated that, though the contribution may not
be large, the inertial motion d0es 2dd to the turbulent aixz-
ing in the model. The depth of the <*urbulent layer is
reduced if the inertial amotion was filter=d out of the total
mnodel predicted currents vhen calculating the gradient Rich-
ardson nusber.

The 1low fregquency responsa is consistent with Ekman
flow. This vas confirmed through a corra2lation study using
lovpags filtered data. This study showed a2 high correlation
(a coherence on the order of 0.88) between the predicted
currents and the orthcgonal wind siress componen: down to 31
n. The next level amlyzed, 71.5 a, shd>ved considerably
less correlation (a ccherence of 0.37) with the orthogonal
winds. This matches <the preliminary findings from the

NORPAX d4rifter data vwhich demonstrate 1little change in
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current observations over the first 30 a of the analyzed
vater column. The phase information from the correlation
study indicated a aass transpict > the right of the wind
stress as expected frcm Ekman Theory. The deflection angle
vas roughly 83° at the surface increasing to 97.59 at 31 a.
But it decreased to 73,19 at 71.5 s, indicatinrg some other
physics (possibly geostrophic flow) was also involveld.

To further delineate the nodel's currert response <to
wind stress, the predicted currents could be divided in%o
seasonal groups. This would allov a better study of the
currents in relation to the 2ixed layer than car be done
over an entire annual cycle. If all the 1levels were ana-
lyzed vice a2 few selected ones, the bottom of the surface
response could be located and compared to the NORPAX driffer
data and other current measureaents in the ocean. Since the
geostrophic current components can be calculated exactly by
the model, they could be subtractel from the total currents
leaving the ageostrophic current. This ageostrophic field
could then be analyzed to investigate the model's character-
istics in the reala of Ekman dynamics. The curl of the wind
stress could also be calculated ¢to determine areas 5f Ekman
suction and pusping. Plus, complex transfar functions could

give an indication of their frasgjuency dependence.

64




The high frequency peak found in the spectral resul:s
wvas unexpected. It is located at a period roughly 2.5 times

the time step in the fine mesh model and Adisplays vigorous

cyclonic motion. In the coarse grid resolution, it is

shifted to approximately three times the time staop. Its

asplitude is magnified in <the coarser resolution configura-

tion. A possible explanation is that it is related to the

"time splitting*® problems inharent with the leapfrog tinme

differencing scheme. To test this hypothesis, an Buler-

backward procedure could be insserted every time step to damp

out this "time splitting® in +the numerical solution. This
would remove this peak from the spectrua. It should be |

noted that the energy level associated with this time split-

ting is very small in comparison with the currents simulated
in the model. ‘
Furt her investiga*+ion is rsquired +to5 fully understand
i this model's circulation characteristics. Once analysis of
the BORPAX drifter data is complets, a varification of the %
model's performance should be conducted. The results of
these studies will validate the mcdel and make i+ a viable i

*00l in understanding the structure and time-varying general

circulation of the North Pacifi:z.
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APPERDIIX A

The following tables show the results of the rotary
spectrum analysis performed on the 1976-77 fine nmesh data
set., The model and theoretical values 1isplayed in these
results are from a ratio of the cyclonic to anticyclonic
components in the motion analyzed. The larger the value
listed, the stronger the cyclonic motion at that particular
frequency. Recall from theory that a value of zerc equates
to the irertial frequency vwhile a value of one corresponds
to rectilinear motion. the variables prasented in the fol-
lowving tables correspcnd to:

PREQ = frequency (cycles/day)

GUU = u-current autospectrua

GVV = v-current autospactrua

QUV = quadrature or iaaginary cr>ss spectrus
of u apd v

MODEL = model rotary spectrum (ejuation 2)

THEORY = thecretical rotary spectrum (eguation 3)
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