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ABSTRA CT
P

A one-d imens iona l  model has been used to investi-
gate the effect of inaccuracies in meteorological para-

meters on forecasts  of upper ocean the rma l  s t r uc tu re .  Ver—
P tical eddy f luxes  of heat , salinity, and momentum in

the oceanic mixed layer  are parameterized using the  Level-
2 turbulence closure model of Mellor and Yamada (1974) .
Surface eddy f luxes  of sensible heat, latent heat , and
momentum are related to the imposed meteorological para-
meters through a bulk aerodynamic f o r m u l a t i o n.  Surface
fluxes of solar and infrared radiation are paramaterized

with the formu las of Wyr tk i. (1965).

The t emp e ra Lur e  anomaly in the  ocean f o r e ca s t  pro—
duceci by inaccuracies  in the  meteorological  parameters

d i f fu se s  rapidly  downward from the surface  to w i t h i n  a few
a - ,  

meters of the mixed layer base. Its downward d i f f u s i o n
is much slower below th:i s level and th is  tends to produce
a re la t ively  large vertical gradient in temperature anomaly
near the base of th e mixed layer wh ich may hav e impor tan t

$ . 

impl ica t ions  for acoustic model ing .  Both the depth of the
mixed layer and the magnitude of the mixed layer temperature

anomaly are found to be nonlinear funct ions  of the in-
accuracies in the potential  temperature , h u m i d i t y ,  and wind
speed of the atmospheric mixed layer .

Est imates of the t ime evolution of the inaccuracies
in the air temperature , h u m i d i t y ,  and wind speed dur ing
an actual operational forecast s i tuat ion are made. For
the typical  summertime subtropical stratificat ion considered
here , the temperature anomalies resulting at the end of

a f ive day forecast f rom these ina ccurac ies alone are a
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subs tant ia l  f r ac t i on  of the m i n i m u m  p red ic t ion  performance
p c r i te r ion  for the Navy ’ s Ocean Predic t ion  System .
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1.0 INTRODUCTION

The sophistication of the Navy ’s var ious acous ti c
detec t ion  systems has increased in recen t years  an d ma de
deta iled kn owl edge of the ocean ic env iron ment of pr ime
importance . Presently, however , the Navy ? -is no capability

to fr-recast the internal structure of the ocean and must rely

on coarse analyses of historic and synoptic data for its

needs. The Naval Oceanographic Prediction System (OPS) has

been proposed to provide the Navy with a better knowledge of

the oceanic environment on an operational basis. The goal of

OPS is to provide five—day predictions of the major features

of the wor ld ocean w ith reasona ble accuracy an d deta il an d

two—day p r ed i c t i ons  for smaller regions with h i gh ~~ accuracy
and detail. when it is completed , OP~ will become part of

the Primary Environmental Processing System (PEPS) at Fleet

a Numerical Weather Central. There it w i l l  i n t e r f ac e  w i t h  a
data analysis and initialization system and an atmospheric

predicti on model to prov ide a dy nam ic descr ip t ion of the
mar ine en-.tronment.

- - P
Computed ocean forecas ts  wi l l  be subject to e r ro r .

The reasons for these forecast errors fal l into three bas ic
categories as described below.

P
1) The instantaneous state of the ocean is never
known exactly. Thus, the initial conditions

suppl ied to the ocean forecast mo del wil l di f fe r
p from the true initial conditions.

2) The ocean forecast model cannot reproduce the
internal dynamics of the ocean exactly. This is

I

1—1
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caused primarily by the fact t tm ~~ i the mo del is

• discrete in time and space and cannot resolve all

scales of mot ion .

3) The s t a te  of the atmosphere and t h e r e f o r e  the
4 meteo ro logical forcing of the ocean are not known

exact ly during the forecast period . This is

because the forecast state of the atmosphere is
also sub ject to inaccurac ies , mainly resulting from

* ine ’act knowledge of initial conditions and incor-

rect representation of internal atmospheric dynamics.

An additional source of error is that the forecast

sea surface tem perature , which provides important

P lower boun dar y cond it ions for the model atmos phere ,

will not be perfect .

In this paper we will investigate ocean forecast
• P errors due to the- reasons listed in category 3 above by inves-

tigating the sensitivity of 5—day forecasts to inaccuracies

in cloud cover , tem perature , humidity, an d wind speed above
the sea surface . We will restrict our attention to regions

P of relatively high horizontal uniformity and will concern our—

selves primarily with forecasting the vertical thermodynamic

structure of the upper ocean . Thus, this study can be
accomplished with a one—dimensional model.

P
Almost universally, the upper ocean is character ized

by a mixed layer extend ing from the surface to about 5— 100 rn
depth in which temperature , salinity, and current velocity

exhibit only a very small change with depth . This layer owes

its high degree of vertical homogeneity to mixing caused by

turbulence that is generated by the wind and intermittent

p

1—2
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upward buoyancy f l u x  t h r o u g h  the sea surface . A dynam ica l ly
stable water  mass in which the ve r t i ca l  eddy f luxes  are ve ry
small exists  below the  mixed l ayer .  Dur ing  periods of
r e l a t ive ly  s t rong  wind f o r c i n g  and/ or  s t rong surface  coo l i ng ,
the mixed  layer t e n d s  to deepen because the more dense water
from below is e n t r a i n e d  in to  the laye-r by tur bulence at its
base. During periods of relatively weak wind forcing and/or

strong surface heating, however , the source of turbulent

kinetic energy may become too weak to maintain active entrain—

ment at the mixed layer base, causing the layer to retreat to

a shallower depth. Thus, the problem of model ing the upper
ocean is closely associated with parameterization of turbulent

processes in the mixed layer .

The f i r s t  at tempts at model ing the upper ocean wer e
w i t h  d i f f u s i v e  models .  In th i s  type of approach , ‘.‘e r tic ~~i
turbulent f luxes  are parameterized in terms of the mean f i e lds

a 
using eddy diffusion coefficients which may themselves depend

on the mean fields. An advantage of this type of n~ode1 is

that no assumptions (other than the eddy coefficient assump-

tion) need to be made concerning the behavior of the mixed

layer .

The-first diffusive model that predicted the density

and current  s t ructure  of the upper ocean was that  of Munk and
Anderson ( 1948) . The forms of the eddy coefficients in th i s
model were determined empirically from stratified turbulence

data. Mamayev (1958) and Pandolfo (1969) have also proposed

empirical forms for the eddy diffusion coefficients. More

• 

- recently, models such as those of Vager and Zilitinkevicb

(1968) and Mellor and Yamada (1974) have been developed in

light of modern turbulence closure theory. Martin (1976) and

Jacobs (1978) have performed numerical experiments comparing

several of the proposed forms of the edd y coefficients.

1—3
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We w i l l  use the diffusive (i.e., Leve l 2) mo del of
p Mel lor  and Yamada (1974) in th i s  study .  This mo del has been

applied to the  upper ocean w i t h  good success by M el lo r  and
Durbin  (1975). M a r t i n  (1976) concluded that  it was the most
sui table  model for  s i m u l a t i n g  the upper ocean among those he

• compared and it has been proposed as an important  component of
OPS (Grabowski and floberts, 1978).

We will parameterize the surface eddy fluxes of

• latent and sensible heat using the bulk aerodynamic metbod in

which the fluxes arc related to mean field quantities by

means of bulk exchange coefficients. This technique is based

primarly on the theory of Monin and Obukhov (1954) and has

p been reviewed comprehensively by Businger (1975) and Busch

(1977).

The remainder of this paper is organized as follows:

I Section 2 describes the model ocean . Section 3 discusses the

parameterization of the surface fluxes. Section 4 describes

the design of the experiments. Section 5 presents the

results. Section 6 is a summary~

p

p

1—4
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2.0 DESCRIPTION OF THE MODEL OCEAN

P
2.1 Fundamental Equations

Assuming zero mean vertical motion and horizontal
P u n i f o r m i t y  for  all f i e ld s , the  conservation equations for

heat , salt , and momentum in the upper ocean can be w r i t t e n

- t p

I
~~~~~~~~ (K11 !~ ) 

+ 1 ( 1)at az az 
~~~ ~~~

p

(2)
- - . -

I: ~~~= f ; x~~~+ ~~~~~~ (KM 

~
) (3)

where T is the temperature , S the salinity, V the 1’orizontal

current velocity vector (standard right—handed Cartessian

coordinate system with z positive upward and origin at sea
surface assumed), F the downward flux of solar radiat ion , and
f the Coriolis parameter . Other symbols are defined in the

Appendix and all the notation is standard . Spatial averages

P

2—1 -

P
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$ 
at constant depth taken across a region large enough to encom—

pass a s t a t i s t i c a l l y  s i g n i f i c a n t  sampling of all  unresolved
phenomena are denoted by ( )  and impl ic i t  in ( l ) — ( 3 )  are the
eddy coe f f i c i en t  assumptions

a

. 
w ’T’ = _K

H~~~ (4)

w ’S’ —K5 ~~~~~~ (5)
- t ~3z

• .. -

• w ’y ’ = _K
M~~~~ (6)

where w is the vertical component of the motion , and the
- primes indicate departures from the horizontal averages. The

_ quantities K11, KS, and KM are the eddy diffusion coefficients
- and are determined from the considerations in the next

section . Finally, we note that all horizontal eddy fluxes

are assumed zero.

p
2.2 Determination of the  Eddy Diffusion Coefficients

Through systematic scaling of the equations for the

p Reynolds fluxes and turbulent kinetic energy, Mellor and

2—2

---
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Yamada (1974) developed a set of turbulence closure models

I for planetary boundary layers labeled , in order of increasing

• complexity, Levels 1 through 4. They used hypotheses proposed
I by Kolmogoroff (1942) and Rotta (1951) to model the triple 

- -

correlat ion and dissipation terms in these equations and the

t 
empirical constants arising from the theory were determined

• from neutrally stratified turbulence data.

In the Level 2 model , which will be used here ,

-

; (4)—(6) are recovered with the eddy diffusion coefficients

$ given by

KH = l(2~~~AH (7)

L 
1

KM = 1(2E) ~ A M - (8)

where 1. is a turbulence length scale and ~ is the turbulent
kinetic energy

- 
= ~(u’2 + v ’2 + w ’2) (9)

The quan t i t i e s  A H and AM are stability functions given by

— AH = — 
(1 11 ) 

( 10) 
-

I D -

AM = AH (~3 — (1_R )) 
(11)

~~ 

~~~~ 

2-3
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I ~ 

where the  n 1— n 6 are empir ical  cons tan ts  and

H — —2

Rf A M ~pw az ~z ~~~j _ 2 ,

- Note here that  the mean f i e l d  dens i ty  p in (12) can be related
to the  mean f i e ld  temperature  and s a l i n i t y  wi th  a l inear ized
equation of s tate

= Pw ( l— a( ~~--Tw ) + b ( S—S~~)~ 
- (13) —

where P w is a reference  d e n s i t y ,  T~ a reference temperature ,
S~ a reference salinity and a and b empirical constants. Note

also that , following many others , we assume

K8 = KH (14)

The turbulent  k ine t ic  energy E is calculated f rom

—

O K M ~~~~~ 
_ K

H~~~fa~~~ 
-

(15)

—1 3/2
b~~~az —

- 

2—4
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The three  terms on the r igh t  of (15) represent shear
P production , buoyant damping , and viscous diss ipa t ion  of tur-

bulent kinetic energy respectively.

Finally, an estimate of the turbulence length scale
‘ 1 is calculated from the vertical extent of the turbulence

field according to

I —
~~~n0 , zE dz

1 0

çO~~~~

/ 
E d z

J_w

which closes the model .

Note that  the “mixed layer ” is hencefor th  defined as
the region where E>O. Below the mixed layer we retain weak
vertical diffusion by setting 

-

K} I K S .K M 1Cm 2 S ’ (17)

~a

For a detailed discussion of the scaling which leads to this

turbulence closure theory, see Mellor and Yamada (1974).

2—5
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3.0 P AH A ME T ER I Y4 AT I ON OF TilE SURFACE FLUXES

‘ The t o t a l  f l u x e s  of heat , s a l i n i t y ,  and momentum at
the  ocean su r f ace  are g iven  by

pwcC~~T’)o = F0 + 13~ + H0 + LvQ0 (18)

= S0(P0 — Q0 ) ( 19)

~ 
-ii,

Pw (w ’v ’) o 
- 

(20)

where F is the total solar r a d i a t ion flux , ~3 t h e  infrarcci

radiation flux , H the sens ible hea t flux , L~Q the laten t

hea t f lux , P the precipitation rate and ~~. the w ind stress
¶ P vector . The subscript o indicates evaluation of quantities

at the sea surface and all fluxes are taken positive upward .

Note that implicit in (20) is the assumption of a fully—

developed sea.

H The surface fluxes of sensible heat , latent heat ,

and momentum can be related to mean field quantities using

the Monin—Obukhov theory (see Busch , 1977)
p

-

~ H0 ~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

(21)

p ‘-‘vQo = P a LvCq (U r_tJo) ( qo_qr) (22)

2 v 
-

= PaCm (Ur~~ o) ~ L (23)
l v i

3—1 
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where U is w in d speed , ~ is wind velocity, 0 is p o t e n t i a l
tempera ture  of the air , and q is wate r  vapor m i x i n g  r a t io
(mass of water  vapor per mass of d r y  a i r) .  The subscript  r
ind ica tes  eva lua t ion  of q u a n t i t i e s  at some reference level
Z r and the  subscr ip t  o ind ica tes  eva lua t i on  of quan t i t i e s
at the sea su r face .  A reference dens i ty  for air is denoted
by P a and Cp is the s p e c i f i c  heat at constant  pressure
f or a i r .

The Ccx in (21)— (23) are bulk  aerodynamic drag
coefficients defined by

2Ca = K 
- 

0,q,m (24)

[ Z 
- 

~
] [ i~ 

~~ 
-

where K is vonKarmen ’s constant , Zø~ and z0 are surface
roughness lengths, an d the are def ined by

= 

f  
1 — a (~~) d~ , cx = e ,q, m 

(25 )

with ~~ non— dimensional gradients given by

p C U ~~~~~Z

= 
o p * 260 H~

i
i 
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It . 
. 

-

= 

p U ~~
KZ 

~~~

-. 
(27 )

q Q0 ~z

‘ )
— 

KZ  ~1.J -

‘t’m u~ 
28

and u~ the su r face  f r i c t i o n  veloc ity  in the air de f ined  by

= (i~~i) ~ (29)

- j s

The quantity L in (25) is the Monin—Obukhov stability

- length , given to good approximat ion by
)

L Pa~’*
3 

(30)

- Kg + 0. 61Q

0
-

1~~~~~ 
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Over most of the ocean , t h e  usual s i tu at i o n  is one of upward

• su r f ace  f l u x e s  of sens ib le  an d l a t en t  heat w h i c h  implies  1<0 .
In  t h i s  c~ise an atmospher ic m ixe d layer in whi ch ~~ , q, and ~
are r e l a t i v e l y  homogeneous is observed to exist extending

f rom the to1) of the su r f ace  layer  (at a he ight  of — L) to

• several h u n dr ed  meters  a l t i t u d e .

E v e n t u a l l y  and in support  of OPS , sa te l l ites ~.;il1
routinely supply observations of mixed layer values for
potential temperature , water vapor mixing ratio , and wind
velocity over much of the ocean . Thus, it is appropr ia te  in
this stud y to relate the surface fluxes to mean field quanti—

ties characteristic of the atmospheric mixed layer , wh ich can
be done by taking Zr~~ L.

Mon in—Obukhov similarity theory predicts that the

non— dimensional gradient functions 
~a 

wil l be funct ions of
• only Z/L in the atmospheric surface layer . Proposed forr~is

-~ of the 4) f u n c t io n s  have been reviewed by J-Iogstrom (1974) and
it is general ly  accepted t hat most surface layer data are
well represented by

I-s - 

-.•
~~~4)

~ 
q~~~~

1 _ 9
~~~

- for L < 0 (31)

m 
= (1 - 15

which are the forms used here . Thus, making use of the fact

that  110,Q0, and 
~~ 

are approximately constant in the

•

- __ _ _
- - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
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atmospher ic sur face  la yer , setting Zr~~ L, and using (24),

• (25), and (31), the bul k aerod ynam ic coeff icients  can be
writ ten -

2C0 = Cq 
= 

1 ( ~
) 1.4661 [ln(~~) 

— o.844j 
(32 )

• c = 
2 (33)

m -

[ln(~~~\- 0.844 2

L_ ~~
I-

where , following many others we have assumed

- 

= cx = — 0,q,m (34 )
C

Furthermore , following Clarke (1970) we assume

/O.032u 2
= max i ,z 

~ 1 (35)
g

were Zmjn O.OO1S cm. We set ~o 
equal to the temperature

at the uppermost gridpoint of the model ocean and thus

neglect any skin temperature effects (see Grassi, 1976). We

I
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set q0 equal to the saturatiou value at the sea surface and
for simplicity we take U0 equal  to zero and assuiae t h a t  t he

surface stress vector is in the direction of the mixed layer

wind velocity. Furthermore , since we have set Zr L, 0r ’~~r ’
and U r are g iven  to e x c e l l e n t  app rox ima t ion  by the  values
of these quantities characteristic of the a tmospher ic  mixed

la yer ~~~~~~~ and Urn .  Thus , h a v i n g  spec i f ied  ~~~~~~~
and 

~m (here Y~ is the wind velocity vector characteristic

of the atmospheric mixed layer), ( 21) — ( 2 3 ) ,  (30), ( 3 2) ,  (33),

• and (35) can be solved iteratively to yield i1~ , LvQ0, and i0~

Finally we calculate the surface radiative fluxes

using the expressions presented by Wyrtki (1965)

F 1 Ii — 0. 3 3 ( C4 C 2 ) l  (36 )

B0 = Cb~T04(0.39 — 2.0 q~~ )(l — 0.56C2) +

(37)
4cb~T03(T0 —

where Fi is the surface solar flux in the absence of clouds,
C is the fractional cloud cover , C the infrared ernissivity of

the sea surface , b* the Stefan—Boltzmann constant , T0 t he sea
surface temperature , T1~ the air temperature at 10 m height , and

q10 the water vapor m i x i n g  r a t io  at 10 m h e ig h t .  Since the
sur face  layer w i l l  be th icker  than 10 m for  all cases consid—
ered here (i.e., —L>lO m), T 10 and q10 can be determined by

using (31) and integrating t he  profile relations (26) and-(27)

f rom the surface to the 10 m h e i g h t .
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S

4.0 DESCRIPTION OF THI~ EXPE R IMENTS

To i n v e s t i g a t e  the e f f ec t  of inaccuracies in the
meteorological  parameters  ~~~ q~~, Urn , C) on a one—dimensional

forecast  of upper ocean thermal  s t r uc tu re , a set of 11 exper i—
ments  are performed . The i n i t i a l  cond~~t ions  are the same for
all expe r imen t s , cha rac t e r i s t i c  of the summert ime subtropical
ocean , and given in Table 1. The imposed meteorological

parameters  va ry  f rom exper iment  to ex per iment , however , and

are summarized in Table 2. All  model i n t eg ra t ions  are
carried out five days.

The Control Experiment (see Table 2) can be thought

of as a special case in which the meteorolog ical parameters
are known e x a c t l y  d u r i n g  the  course of the integration . - The

p red ic t ions  for the other  experiments  ivil l  be regarded as
those result ing when the me teoro logical parameters are not
known exactly during the forecast period . Thus, anomal ies
between the predicted thermal  s t r u c t u r e  for the Control
Experiment and the remaining experiments give measures of the

errors in the ocean pred ic t ions  resu l t ing  from various
inaccuracies (

~
0m ’ A q~ , etc.) in the meteorological

parameters .

Exper iments  1—8 are designed to i l l u s t r a t e  the
model ’s response to changes in the meteorological parameters
of s t andard  m a g n i t u d e  ( i . e . ,  b C , 1 gm kg ’, e t c . ) .  Thus , for
this subset of the experiments , these quan tit ies are varied

one at a t ime and held constant  d u r i n g  the forecast  period .

In Ex periments  9 an d 10 we s imulate  a more realistic
forecast situation by allowing the inaccuracies to occur in

4—1
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TAI3LE 1

i 
-

I n i t i a l  Condi t ions  for
all Exper iments-  -

-

~~ z(m) ~ (OC ) ~ (o/oo ) 
~ (ms~~~)

L 0�z�—20 27.65 35 —O .12j

—2O>z~—60 27.65+(z+20)(0.025) 35 0

4.
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• several meteorological parameters simultaneously and grow

with time. The inaccuracies increase during the course of

the integration because ~he errors in the atmospheric forecast

will grow with time. A discussion of the relevance of the

assumed inaccuracies for the meteorolog ical parameters in

Experiments 9 and 10 can be found in  sec - ion 5.2.

Finally, we note that values for the empirical con—

-
~~ stants n1—n8 in the t u r b u l e n t  d i f f u s i o n  model are those

given by Mellor  and Yamada (1974).  All  o ther  consants  can be
found e i t h e r  in s t andard  r e f e r e n c e  books or Table 3. The
numerical  scheme used is forward  in time wi th  the d i ff u s i v e
terms in ( l ) — ( 3 )  t reated i m p l i c i t l y .  A u n i f o r m  gr id  w i t h  a
spacing of 2 m e x t e n d i n g  f rom the  surface  to a depth  of 60 m
is used . The absorp t ion  o C solar r a d i a t i o n  in ( 1) is modeled
using the Type I e x t i n c t i o n  p r o f i l e  from Jerlov (1951).

! ‘

p

p

p 
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TAJ3LE 3

I

Model Constants and Parameters

V 

_ _ _ _ _  _ _ _ _

Qu~nt ity  ~ymbol Value

Coriolis parameter f 6.73 x lO~~ s~~

daily—averaged downward F1 575 ly day~~
flux of solar radiation - 

-

at sea surface for cloud-
less conditions

von Karman ’s constant K 0.4
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5 5.0 RESULTS

5.1 Model Response to Con s tan t  Inaccuracies
in the M e t e o r o l o g i c a l  Para m eters

a
In t h i s  sect ion we present resul ts  from Exper imen t s  1—8

in the  form of t ime—dep th  contours  of tempera ture  anomaly
between th e exper iment in quest ion and the  Cont ro l  Exper iment .
These temperature anomalies can be regarded as errors in the

ocean forecast resulting from the constant prescribed

inaccuracies in the various meteorolog ica l parame ters
(
~
0m ’ ~qrn , etc.) summarized in Table 2.

Fig . 1 shows the results for Experiment 1 (i~Om~~ l°C).

The —2 contour line correponds closely with the base of the
m ixed layer and anoma lously coo l water , caused primarily by
an increased f l u x  of sensibl e heat from sea to air , exists
in the mixed layer . As will be the case for all the experi—

ments , the temperature anomaly diffuses rapidly downward

f rom the surface to w i t h i n  a few meters of the mixed layer
base , where its downward diffusion becomes much slower .

This is d ue to t he rap id decrease in tu rbu len t  kinet ic
energy (and , consequent ly ,  eddy d i f f u s i v i t y )  w i t h  dep th  near
the base of the mixed layer. -

I

Note the relativel y large- vertical gradient in tempera-

ture anomaly at the base of the m ixed layer neai the end of

the five day forecast (see Fig. 1). This result will also

appear in the other experiments and may be significant since

the vert ical temperature gradient near the mixed layer base

is an important quantity in the theory of underwater sound

propagat ion.
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Figure 1. Time-depth contours of temperature In Experiment 1
— (AO —1 0C, ~qm 

0, AU m = 0, AC = 0) minus
P te$erature in the control Experiment . Contour —

units  are 10 2 °C.
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p Also of interest in Fig. 1 is the fact that the magni—

t ud e  of the t e m p e r a t u r e  anoma ly  i n  the m ixed layer increases
more rapidly near  the  b e g i n n i n g  of the  f i v e  day forecast

than near the  end . This occurs , p r i m a r i l y ,  because the

• mixed layer deepens during the period and , consequently,

its thermal inertia is larger near the end of the experiment.

Fig . 2 shows the results for Experiment 2 (A q~ =—l gm kg 1).
- In th is case , the anomalously cool water in the mixed layer

is due primarily to an increased flux of latent heat from

sea to air. Comparison of Fig. 1 and Fig . 2 indicates

j remarkable q u a l i t a t i v e  s i m i l a r i t y .  The base of the mixed
- - l ayer for Exper iment  2 is again well  determined by the  —2

con tou r .  Therefore , Figs. 1 and 2 show t h a t  the t ime
evo lu t i on  of the mixed  layer  d e p t h  is v er y  s i m i l a r  f o r  bo th

Exper iments  1 and 2. Note , however , tha t  the m ixe d layer
* t empera tu re  anomaly grows about 10% fas ter  for  Experiment  2

than for  Experiment  1.

- 
Fig.  3 shows the resul ts  for  Experiment  3 (AU~ =l m s

1).
$ Increased surface f luxes  of both sensible and l a ten t  heat in

th is  case are p r i m a r i l y  responsible for  producing anomalously
cool water  in the mixed layer.  Note , however , that  the
tempera ture  an omaly in the mixed layer ~- ‘ows slower in th i s

$ exper iment  than in e i ther  Exper iments  1 or 2.

Af t e r  day 1, the  mixed layer is generally a few meters
deeper in Exper iment  3 than  in the previous two ex per iments .

• In a d d i t i o n , an an omalous quas i—per iod ic  f l u c t u a t i o n  in
mixed layer depth w i th  an ampli tude of about 1 m , which was
not present in the previous two experiments , is superimposed
on the slow deepening rate  of the mixed layer in t h i s

p -
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Figure 2. Same as Figure 1 but for Experiment 2
(A O m = 0 , A q~ = — 1 gm kg i , AU~ = 0,
AC = 0).
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e x p e r im e n t .  This a n o m a l o u s  f l u c t u a t i o n  in m i x e d  l ayer  dep th
produces  thc q u a s i — p e r i o d i c  v a r i a t i o n  in t empera tu re  anomaly
near  the base of the layer ev ident  iii Fig . 3.

The f l u c t u a t i o n  in mixed  layer dep th  is associated with

the f l u x  of w i n d  ene rgy  from a i r  to sea which  is g iven  by
the  dot product  of the su r face  w i n d  stress vector  and t he
sur face cur ren t  veloc i ty  vec tor , 

~~~~~~ 
Alt hough the

wind stress vector is essentially time invariant in this

ex per iment , t he s u r f a c e  c u r r e n t  v e l o c i t y  vec to r  osc i l la tes

with the inertial period . Thus 
~o~yo 

and , con sequent ly,
the  w i n d  gene ra t ion  of t u r b u l e n t  k i n e t i c  energy  also var ies
with the inertial period . Since the wind speed and , there—

f o r e , t h e  m a g n i t u d e  o .  the s u rf a c e  w i n d  stress vec tor  is
larger in Experiment 3 t han  in the  Cont ro l  Exper iment , an
anomalous component is in t roduced in the i n e r t i a l  f l u c t u a t i o n
of wind  gene ra t ion  of t u r b u l e n t  k i n e t i c  energy. This causes

the  anomalous v a r i a t ion  in mixed  layer  depth.

Fig.  4 shows the  results for  Experiment  4 (A C= 0 . l) .  As
expected , the slightly increased cloudiness produces a cool

- 

- anomaly in the mixed layer. However , the  magni tude  of the
anomaly  produced is much smaller than  that  resu l t ing  f rom
any of the three previous experiments.

Fig. 5 shows the results for Experiment  5 (AO m= 10C).
The warm anomaly in the mixed  layer is , in this  case , caused
p r i m a r i l y  by a decreased f l u x  of sensible heat from sea to
air. Comparison of Fig. 5 to Fig . 1 shows that the rate at
which the magnitude of the mixed layer temperature anomaly

increases is faster in Experiment 5 than in Experiment 1.
Thus, the response of the mixed layer temperature anomaly to —
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(~~0 m = 1 oC , Aq~ = 0, EtUm = 0, AC = 0).

P

P

- 5-8

_ _ _ _ _ _ _  

A-
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.---- . - -  - - - -— 

~~~~~~ _ _  _ _  _ _ _



1’ 

- - - - _

A~~111 is non l inea r . This is caused p a r t l y  by the fact  tha t

the mixed layer  does not deepen as rapidly in Experiment 5
as it does in Experiment 1. For example , at the end of the
f ive  day pc~~iod , the mixed layer  is 32 m deep in Experiment
1 but on ly  26 m deep in Exper iment 5. Thus , more cold water
is en t ra ined  in to  the  mixed layer f rom below in Exper iment  I
than in Exp c~r iment  5. In add it ion , the average thermal
ine r t i a  of the mixed layer  is greater  in Exper iment  1 than

t in Experiment 5 since its average depth is greater.

The dependence of the drag coe f f i c i en t  on s t a t i c
s t a b i l i t y  of the atmospheric surface layer also contributes

to the nonl inear  response mentioned above. Specifically,

• the drag c o e f f i c i e n t  for latent and sensible heat in Experi—
ment 5 is , on the  average , about 15% smaller t h a n  tha t  of
Exper iment  2. This models the fac t t ha t  the  more s t a t i c al l y
stable atmospheric s t r a t i f i c a t i o n  in Exper iment  5 tends to
reduce the i n t e n s i t y  of the turbulence in the lower atmosphere.

- — Fig. 6 shows the results for  Exper iment  6
(A q~=l gm kg—i). The warm anomaly in the mixed layer
evident in Fig . 6 is caused primarily by a decreased flux of
latent heat from sea to air. Comparison of Fig. 6 to Fig. 2

indicates that the response of the mixed layer temperature

anomaly to Aqm Is also nonlinear. However , the n o n l i n e a r i t y
is not as large in this  case as it was for AO m . This is

because the drag coefficient for latent and sensible heat is

not as sensitive to t\q~ as it is to A O m and is only about
2% smaller in Experiment 6 than in Experiment 2. Thus, the
nonlinearity here is essentially due only to the difference
in deepening rate of the mixed layer between Experiments 2
and 6. The mixed layer depth in Experiment 6 behaves almost

5-9
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• Figure 6. Same as Figure 1 but for Experiment 6
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~- e x a c t l y  the same as tha t  of Exper iment  5. Thus , at the end
of the f i v e  day forecast , t he  mixed  layer depth  for  Exper iment
6 is on ly  about 26 m whi le  tha t  of Exper iment  2 is 32 m.

Fig. 7 shows the resu l t s  for  Exper iment  7

~ p (A U m ....l m s 1). The warm anomaly  present in the  mixed
layer In this  case is due p r i m a r i l y  to a decreased f l u x  of
both sensible and la tent  heat f rom sea to air. Not surpris-

ingly, comparison of Fig.7 to Fig. 3 ind ica tes  tha t  the

• 
response of mixed layer temperature anomaly to A U rn is also
nonl inear . As was the case for the previous experiment ,

V th i s  nonl ine~. rit y  is due almost e n t i r e l y  to d i f f e r ences  iii
mixed layer depth with differences in the  drag coefficient

• p l a y i n g  a n e g l i g i b l e  ro l e .  Note t h a t , a f t e r  the f ive  day
forecast , the  mixed l ayer  is 32 m deep in Exper imen t  3 but
only  26 m deep in E x p e r i m e n t  7.

p Also of in teres t  in Fig. 7 is the quasi—periodic varia-
t ion in t empera tu re  anomaly near the  base of the mixed layer .
This is a result  of the same mechanism discussed previously
in connect ion wi th  the quasi—periodic fluctuation in tempera—

-

- • ture  anomaly evident  in Fig.  3.

Fig. 8 shows the results for Experiment 8 (A C=— 0. 1) .
The warm anomaly in the mixed layer is due to the increased

• downward f l u x  of solar radiation at the surface. However ,

as was the case for Experiment 4 , the magn i tude  of the
anomaly is small compared to that  of the other experiments.

P
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1 Figure 7. Same as Figure 1 but for Experiment 7
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5.2 Model Response to Time—Varying Inaccuracies

• in the  Meteor ologic al Parame t-ers

In th is section we will investigate the model’s

I - response when the inaccuracies in the meteorological para—

meters  va ry  in a manner that simulates an actual operational
forecast  s i t u a t i o n .

- $ At the beginning of the forecast period , we
assume that the magnitude of the inaccuracies in the potential

- tempe ra tu re , humidity, and wind speed of the atmospheric

mixed layer are given by nonzero quantities 
~~~ ~ ci~ 

IS
These i n i t i a l  inaccuracies  wi l l  be present because observa-
t i o n s  of the i n i t i a l  a t m o s p h e ri c  s t a t e , wh ich  w i l l  b~ m a d e
by s a te l l i t e s  over a large part of the ocean , will not be
perfect.

4
Estimates for IS0 ,IS q’ and IS can be de te rmined

from the work of Moyer et al. (1978). They compared data
deduced from the Nimbus 6 High Resolution Infrared Radiation

• Sounder and Scanning Microwave Spectrometer to data obtained

- 
f rom weighted radiosonde observations from the east central
U n i t e d  States . They found the standard deviation between

- the sa te l l i t e  and rad iosonde observations of t empera ture ,
h u m i d i t y ,  and geostroph ic wind speed at 850 mb , aT ,
and 

~~~ 
to be about

-

. T 1.S C

= 1.6 gm kg ’ (38)
q

5 m s

5—14 -

• p .

I 
-.•-~~

. 

i-— -— ~~~- -~--—~~~~~~~~~~ - — - _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~ 

-



. L

We w i l l  take
- P

0 ~~°T

(39)

• o u =~~~~ou

Thus 5
~ 

and are set equal to one ei gh th  s tandard
d e v i a t i o n  l imi t s .  Note tha t  because of surface f r i c t i o n ,
U rn is t yp i ca l l y  o n l y  about one half the geostrophic wind
speed in the lower a tmosphere .  As a resu l t , an a d d i t i o n a l
factor of 1/2 arises when r e l a t i n g  IS~j  to a~j .  Therefore ,
the value  assigned to IS~ can also be regarded as a one
e ighth  s tandard  dev i a t i on  l imi t .

Moyer et al .  (1978 ) al so calculated the  s tandard
devia t ion  between the sa te l l i te  and radiosonde observations
of 500 mb geopotential height , a~ , and found -

- 
~~~~~ = l 5 m  (40)

•
This combined wi th  the results  of Baurnhefner and Downey
(1978) can be used to de te rmine  rough est imates for the rate
at which the inaccuracies grow wi th  time . Baumhefner and

• 
Downey did  a forecast  intercomparison study for the Northern
Hemisphere us ing six d i f f e r e n t  i n i t i a l  states and three
d i f f e r e n t  general  c i rcu la t ion  models  of the atmosphere . Data
from the  Na t iona l  Meteorological  Center operat ional  analyses

P
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were used for forecast verification . At the end of a five

• 
day forecast , the  area—averaged s t a n d a r d  d e v i a t i o n  between
the predicted and observed 500 nib geopotential  h e i g h t  was
t y p i c a l l y  110 m . Fur the rmore , a good f i r st  order approxima- .
t ion  to the  results  of Baumhefner  and Downey is to assume

• tha t  the forecast  error  for  geopoten t ia l  he igh t  increases
l i nea r ly  wi th  t ime .  Thus , tak ing the one eigh th  s tandar d
deviat ion l imi t  for IS~ , we have

= ~~~~~~ ( 1 + yt~ (41)

• where A 4 is the inaccuracy in 500 mb height , tS~, = .~~~ Q~~~~ , and

h O r n
Y = — 1 1.27 days 1

5 days (42)

Now , tempera ture , h u m i d i t y ,  wind speed , and geopotential

~ f 
p height  are expected to be well correlated with one another.

Thus , it is reasonable to expect that  the magni tudes  of the
- !~- inaccuracies r e su l t i ng  from imperfect  forecasts of these

q u a n t i t i e s  wi l l  also be well correlated wi th  one another .
F ~ - • Therefore , as a f i r s t  approximation we take -

~~ J~’1rn ~~ m = 
(43)

IS
0 

ISq IS u ~~
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which  implies
p

AG =± 6 ,~ (1 + y t )

Aq =
~
6q ( 1 + y t )  (44)

P 

(1 + y t )

Using (38), (39), (42), and (44), we find the func—

t ional  form for  AO rn , A qm, and A U m given in Table 2.
Note that A0 m and Aq~ are negative and A I im is posit ive
in Experimen t 9 while the reverse is the case for Experi~~ nt

10 (see Table 2) .  Thus , the inaccuracies in Exper iment  9
all combine in such a way as to increase the f l u x  of sensibleIt
plus la ten t  heat from sea to air while the reverse is true
for Experiment  10.

The probabi l i ty  that  the inaccuracies in the atmos—
pheric parameters for a real forecast s i tuat ion wi l l  have
the same signs as and magni tudes  as least as large as those
prescribed for  Experiments  9 and 10 can be est imated as fo l—
lows . First , we d e f i n e  the inaccuracies in temperature ,
h u m i d i t y ,  and wind speed for  a hypothetical forecast situation
to be AG ~~, A q*, and A u’~, respectively, and assume that
they are normal ly  d i s t r ibu ted  about zero . In add i t ion  we
assume that  the standard deviations of these quanti t ies  at
the beg inn ing  of the forecast period on some Nor the rn  Hem i-
sphere grid are given by our earlier chosen values , ~o ‘
and 6 u• Now, if the standard deviations for AG ~ q*~

U
p

~ --- 
-



I

and A U~ increase at least as fast with time during the fore—

• 
cast period as the standard deviation of A~ based on the
linear fit to t h e  r e s u l t s  of Baurnhefner  an d Down ey (1978),
then our p re sc r ibed  values for L U m ’ A q~~, and Urn (see
eq. 44) w i l l  a lways  l ie  w i t h i n  the one e igh th  s tandard
d e v i a t i o n  limi t s  for  AG ~‘, A q*~ and A U~~.

Now , to ob ta in an estimate of the lowe r bound on
the p robabi li ty in quest ion , we will assume for the moment
tha t  AG ~~, Is q*~ an d U~ are completely uncorrelated
with one a n o t h e r .  From p robab i l i ty  theory  th i s  implies tha t

IsO ~~, A q*~ and A U~ are statistically independent which

meaus t h a t  the jo in t  p robab i l i t y  distr ibut ion f u n c t ion for  1 -
these q u a n t i t i e s  can be w r i t t e n  as a product  of the
in d i v i d u a l  p r o b a b i l i t y  d i s t r i b u t i o n  iu n c t i n n ~~. There foro ,

— based on the one e ighth  standard deviation limits , the
probability that the magnitudes of AG ~~, A q*~ and A U~k

• will be simultaneously larger than the magnitudes of our -

- prescribed values for AG m ’ A qm, and A Urn is 93%.
However , the probability that IsO ~~, A q*, and A U ’~ will
also have the -same si~~~ as the prescribed values in

~ • ExperIment 9 is only 93%/8~12%, as Is also the case for

Experiment 10. Thus, even if the inaccuracies in the
atmospheric parameters are completely uncorrelated , we
expect that they will combine to yield inaccuracies in the

• surface flux as least as large as those in either Experiments

9 or 10 over about 24% of the Northern Hemisphere ocean .

In reality, however , we expect that the inaccuracies

P in the atmospheric parameters will be correlated with one
another. For example , IsO * and A q~ should be very well
correlated with a positive correlation coefficient as

P -
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d e m o n s t r a t e d  by t h e  f o l l o w i n g  q u a l i t a t i v e  a r g u m en t .  Bot h

P 

t e m p e r a t u r e  and humidity in the lower atmosphere generally

decrease from equa tor  to pole .  There fo re , if at some
location duri~~ the course of the forecas t  period t he  real
wind in the lower atmosphere develops a stronger poleward

a 
component t han  the forecast wind , hor izonta l advect ion w ill

tend to force both ~,e * and Isq* nega t ive .  The reverse
case wi l l  occur if the real wind  develops a stronger equator —

ward component than  the forecast  wind , and A G * and Li q*

-; w i l l  again  be p o s i t i v e ly  cor re la ted . Corre la t ion  between
inaccuracies in the  t empera tu re  and inaccuracies  in the w i n d
speed is less obvious. This is be’:ause the inaccuracies in

the wind  f i e l d  are re la ted to h o r i z o n t a l  g r a d i e n t s  of the
inaccuracies  in the tempera ture  f i e l d , r a the r  than  the
tempera tu re  inacc~’racies themselves . -

Therefore , as a roug h estimate of the upper boun d
on the p r o b a b i l i t y  t h a t  the inaccuracies will be at least as
bad ( f r o m  an ocean fo recas t ing  po in t  of view) as those pre-
scribed in either Experiments 9 or 10 , we here assume that

ISO * and Is q* are perfectly correlated with each other but
completely uncorrelated with AU *. From arguments similar

to those presented earlier in this section , we f i n d an
est imate  of th i s  upper bound to be 45% . Thus , to summar ize
th i s  analysis, we expect the er rors  in real oceaii forecasts
due to i naccu rac i e s  in the air t empera ture , h u m i d i t y ,  and
wi nd speed alone to be at least as bad as e i ther  those
result ing from Experiments 9 and 10 over roughly 24% to 45%

of the ocean in the Northern Hem isphere .

Fig.  9 shows the results  for  Exper iment  9. In this
case , the  mixed layer becomes anomalously deep and cool
because of increased wind generation of tu rbu len t  k ine t ic
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Figure 9 . Same as Figure 1 but for Experiment 9(IS Om — 0.1 87t 1 + 1.27 day 1 t )  Oc 
-

• ISq~ = — 0.2 [1.27 day ’ t ]  gm kg 1
AIim = 0.312 [1 + 1.27 day 4 t J  m s-1, AC = 0) .
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energy in the upper ocean and increased fluxes of sensible

• and latent heat from sea to air. Note that the mixed layer

tempe r a t u r e  anoma ly grows more r a p i d l y  near  the  end of the

f iv e day forecast than near the beg inning. This is because
the atmospheric prediction becomes progressively worse with

t ime  d u r i n g  the  forecas t per iod (and  hence the m a g n i t u d e s  of
t
~
8m ’ Ls q1~ , etc. becom e progressively larger).

At the end of the f ive  day period , the  mixed layer
is 8 in deeper than that of the Control Experiment. This

accounts for the warm anomal y near the base of the mixed

layer shown in Fig. 9 and represents a significant forecast

inaccuracy. Also of interest on Fig . 9 is the region of

lar ge ver tical gra dient of tem pera tu re  an omal y between 28
an~ 38 m d e p t h  at clay five . As mont lot ted  r~~ r l i er  , t h io
concen tration of the isolines of temperature anomaly near

- 
-
- the base of the mixed layer may have important implications —

for acoustic prediction .

Fig. 10 shows the results for Experiment 10. The

[ mixed layer becomes anomalously shallow and warhl in this

• experiment because the wind generation of turbulent kinetic

ener gy in the upper ocean an d the  surface f luxes  of laten t

and sensible heat are anomalously small. As was the case

for Exper iment 9, the m ixed layer temperature anomaly

• increases faster near the end of the forecast  than near the
beginning. Furthermore , since the average thermal inertia

of the mixed layer is anomalously small in th is  case (because
of its shal lowness)  the e f fec t  is even more pronounced than
it was in Experiment 9.

In add i t i on , comparison of Figs. 9 and 10 shows
that the mixed layer temperature anomaly resulting at the

P
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Fi gure 10. Same as Figure 1 but for Experiment 10

( Is O m = 0. 187 [1 + 1.2’I day 1 t }  °C ,
Aq~ = 0.2 11 + 1.27 day 1 t i  gin

- 
AIim = - 0.312 1 1 + 1.27 day~~ tj m s

1, AC o).
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en d of t he  f i v e  day  forecast is about  t w i c e  as lar~:e in

F :xper irnen  t 10 than in Experiment 9. Since t h e  i n a c c u r a c ie s

• in t h e  atm o sp her  Ic p a r a m et e r~ (AO 
Ifl’ ~ Cilli , and Li U rn )

d i f f e r  betwven Experiments 9 and 10 in sign but not in

m a g n i t u d e  (see Tahie  ~) , t h i s  r e f lec t s  the non i  I ne~~r i t  tes

discu sse~ in  s e c t i on  5 .1.

*
At the end of the five day forecas t , the predic ted

mixed layer d e p t h  fo r  t h i s  e x per i me ut  is 18 in shal  lower t h a n

t h a t  of the  C o n t r o l  E x p e rim e n t . This is a severe f o r e c a s t

in a c c u r a c y and accounts  for  the reg ion  of l a rce  v e r t i c a l

gradient in t etnp~ r a tu r e  ano:-~aly  between 10 and  30 m d e p t h .

- 

-

I
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6.0 S~~~-~:’if l y  AND CONCLUSIONS

P
We have  u sed a one — d i. r n e m i s i o n a l  model  of the  upper

ocean to invest igate the effect of  In a c c u r a c i e s  in the

p o t e n t i a l  t e m per a tu r e , s p e ci f i c h u m i d i t y ,  and w i t -id speed of

• t he atmosp he~’ic  m i x e d  l aye r  and t he  f r a c t i on a l  cloud cover
(wh ich  are al .L r e g a i d e d  as imposed m e t e o ro l o g i c a l  parameters )

on forecas ts  of o e o nn  t h e r m a l  s t r u c t u r e .  V e r t i c a l  e d d y
f l u x e s  of hea t , sa l I n i t y ,  and m o m e n t u m  in the  oceanic mixed
layer are p a r a i ne t e r iz e d  us ing the  L evcl—2 t u r b u l e n c e  c losure
model  of M e i l o r  and Yamada ( 1974) .  S u r f a c e  e~~dv  f l u x es  of

sensible heat , l a t en t  heat , and momentum a r e  p a r a m e t e r i z e d
with b u l k  aerod ynam ic coeff icient s de te rm in ed f r om M on i r i —
Obukhov similarity theory. Surface fluxes of solar and

i n 1ra re~ rad i a t  ion ~re p a r a me t  en v- d  ~‘i th  t~~e ~c’r-~ u1 as ~-~f

Wyrtki ( 1 9 6 5) .

A Con t ro l  F x p e r im en t  is per fo rmed  by imposing t im e—
i n v a r i a n t  values for the  meteorolog ical parameters  and
integrating the model ocean forward in time for five days

f rom an i n i t i a l  s t a t e  c h a r a c te r i s t i c  of the summer t ime
$ sub t rop ica l  ocean.  A set of ten a d d i t i o n a l  exper iments  are

per formed by i n t e g r a t i n g  the  mode l fo r  f i v e  days  f rom the
same i n i t i a l  s t a t e  used fo r  the  Con tro l  Exper iment  but  w i t h
d i f f e r e n t  va lues  for  the var ious  imposed meteoro log ical

P parameters .

The p red icted upper ocean thermal  str u c t u r e  for  th e
Con t ro l Ex per imen t is re garded as a forecas t in wh ich the

P meteorological  parameters  are known exact ly dur ing t he for e-
cast period . The p red ic ted  the rmal  s t r u c t u r e s  for the remain-
ing ten exper iments  are considered to be those re su l t ing  when
these pa ramete r s  are not known exac t ly  d u r i n g  t h i s  per iod .

P
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S

T i m e — d e p t h  c o n t o u r s  of t e m p e r a t u r e  anomaly  be tween  each of

p the ten experiments and t h e  C o n t r o l  E x p e r i m e n t , which can be

t h o u g h t  of as t h e err or i n t roduced  i n t o  the  ocean f o r eca s t
by i na c c ur : -t e ies  in the me teo ro log ical pa ramete r s , are
presented and discussed .

P
In alt cases, t he  t e mp e r a t u r e  anomaly  d i f f u se s

r a p i d l y  downward  f r o m  t h e  surface  to w i t h i n  a few me te r s  of

the  mixed  layer  base . Because of the marked decrease in

• eddy diffusivity there , downwa rd d i f f u si o n  of the anomaly is

much slower below th i s  l eve l .  This r e su l t s  in a relatively

lar ge ver t ica l gra di en t in tem pera ture an omaly  ne ar the base
of the  mixed layer  which may have important implications for

• acoustic model ing. Eoth the depth of the mixed layer and

t he  m~ ~r n i t  ude of t he  mixed layer temperature ano -~ci1 y a r e

found  to be nonlinear functions of the inaccuracies in the

potential temperature , -humidity, and wind  speed. The
P m a g n i t u d e  of the anomalies in mixed  layer  depth  and mixed -

layer t emperature  r e su l t i n g  f rom an inaccuracy  in f r a c t i o n a l

cloud cover of 0.1 is small compared to the anomalies

pro duce d by inaccurac ies in the temperature , humidity, and

wind speed of 10, 1 gm kg—1, and 1 m s 1, respectively.

Est imates  of the time evolution of the

inaccurac ies in the air temperature , hui~iidity, and wind speed

dur ing an actual operational forecast situation are made.

Expected magnitudes of the inaccuracies at the beginning of

the  forecas t  perio d are obtained from the satell ite/r adioson de
comparison study of Moyer et al. (1978). This, combined

with the numerical weather prediction study of Baumhefner

and Downey (1978), i~ used to estimate the rate at which the

magnitude of the inaccuracies grow with time during the fore—

cast period . Then , when the sign of the various inaccuracies
p
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P are chosen , rough estimates of the probability t h a t  the

prescribed inaccuracies will he characteristic of an ac tua l
forecast situation ar e  made. In both Experiments 9 and 10,

for which the i naccu rac i e s  are p resc r ibed  in t h i s  m a n n e r ,
‘ this probability estimate turns out to be about 12—22%.

In Experiment 9 during t he  e n t i r e  fo recas t  period , -

t he signs of the inaccuracies are such th a t the air tem per at u re
and h u m i d i ty  are anomalously low and the  wind  speed is anoma—

lously high . At the end of a five day forecast a mixed layer

dep th anoma ly of 8 m and a mixed la ye r tem pera ture anom aly
of _0.20C results. In Experiment 10, the inaccuracies in

t he three  atm ospher ic parameters each have the same ma gn itu de
an those in Experiment 9 hut  o p p o s i t e  s i g n .  in t h i s  case ,
the mixed  layer depth  anoma ly  an d tem pera ture an omaly
resulting from a five day forecast are —18 m and 0.380C

respectively.

Of course these resul ts  are not general  since the
magnitude o. the anomalies in mixed layer dep th  and tempera—

t ~ ture produced by the inaccuracies in the forecast atmospheric

pirarneters depend on the i n i t i a l  depth of the mixed layer
and the  s t r a t i f i c a t i o n  below it. For example , during the

w i n t e r  when the mix ed  layer may be over 100 m deep , the

I ~ m a g n i t u d e  of the an omalies may be on ly  1/3 to 1/5 of thos e
found here . Nevertheless , the minimum prediction performance 

-

c r i t e r i a  for OPS requires an accuracy in temperature o.

0.5°C (Grabowski and Roberts , 1978). Thus, the present

s tudy ind icates that , at least when the mixed layer is shallow,

errors introduced by inaccuracies in the meteorological forc-

ing alone can amount to a substantial part of the minimum

prediction performance criterion . -
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Errors introduced into ocean forecasts due  to

inaccuracles  in the a t m o s p h er i c  f o r c i n g  w i l l  be largest in

the mixed layer . Fortunately, because of satellite observa—

tions of sea s u r f ac e  temperature , the m i t  ial inaccuracies

in mixed layer temperature fo r  an oe~•n n  torecast will be

re l a t i v e l y  s m a l l .  Thus , a trade off ~itu at io r~ ex ists.

in a c c u r a c i e s  in the atmospheric forcing will introduce

errors into forecasts of the upper ocean , b u t  t~~: initial

conditions for the forecast will be relatively good there.

Inaccuracies in the atmospheric forcing will have little

e f fec t  on the for ecas t s ta te  o t he dee p oce an , but the
initial conditions for the forecast will be relatively bad

: tlrnre.

The present study can b~ cr-~t er~ ic (  ~:: ~~~~~~~~~
Numerical weather prediction studies using data routicoly

generated by an operational forecast model and analysis

program could be done with particular regard for the fields

that are important to the ocean forecast  p rob l em.  In
addition , spatial and seasonal variability of the atmospheric

forecast errors might be obtained . For example , the errors

may be generally small in the trade wind region compared to

those of the midlat itudes , where they may be especially

large in winter .

Upwelling and downwelling are induced in the mid

ocean by surface wind stress curl . Thus, forecast  errors  of
wind stress curl should also be analyzed . If these errors

prov e to be lar ge enough , then a s tudy  s imi l a r  to the
present one should be performed with a three—d imensional

model. -
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APPENDIX

p - LIST OF SYMBOLS

a thermal  expansion c o e f f i c i e n t-  for seawater
Ait ,  A~1 s t ab i lit y  f u n c t i o n s  for  eddy c o e f f i c i e n t s  in

ocea n i c  mixed layer
b saline expansion coefficient for seawater

Stefan-Boitzrnann constant

B0 surface flux of infrared radiation

* 
C , Cp specif ic  heat at constant pressure for  seawater ,

air
C f rac t iona l  cloud coverage
Co~ Cq.Cm drag coeff icient for sensible hea t , latent heat ,

momen tum
E -turhulent kinetic energy
-r Cor iol is  pai’ani€~tej•

F downward flux of solar radiation

~‘o~ F1 downward f l u x  of solar r ad ia t ion  at sea surface ,
da il y-averaged downward f l u x  of solar r a d i a t i o n
at sea surface for cloudless condi t ions

g acceleration of g rav i ty
H0 . surface f l u x  of sensible heat
Kii, Ks, K~i eddy d i f f u s i o n  coef f ic ien ts  for heat , s a l i n i t y ,

* and momentum
L Monin-Obukhov s tabi l i ty  length
Lv la tent  heat of evaporation for water
1 turbulence length scale

empir ica l constants in eddy dif fusion model
P0 precipitation rate at sea surface

~~ q~ water vapor mixing ratio , water vapor mixing
ratio of the atmospheric mixed layer

~~~~~~~~ water vapor mixing ratio at sea surface, reference
- height , ten meters height

surface evaporat ion ra te

I
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___________

fl ex R ichard son number

• S salinity

S~~, S~) reference salinity, salinity at sea surface
T t empera tu re
Tw . To, Tio re ferenn ~’ t e m p e r a t u r e, t emp erature  a t  sea su r f ~ ne ,

p temperature at ten meters height

1 
- 

t ime
Urn win d  speed of atmospheric mixed  layer
U0, U~. w:ind speed at sea surface , wind speed at reference

-

- 

p height

u~ surface f r i c t i o n  velocity in air
wind veloci ty  vector at reference height
wind veloci ty vector of the  atmospheric mixed
layer

cu r rent  veloci ty vector , cur - ~n t  v e l o c i t y  vector
at sea su rface

x ,y. z Cartessian coordinates, x positive eastward , y
positive northward , z posi t ive  upward from the
sea surface

A A A  .i , j , k unit vectors in the x ,y,z directions

Zr ,  z0 reference height , surface roughness length
c in f ra red  emissivi ty of sea surface

~~~~~~~~~ 
i n i t i a l  inaccuracies of potential  temperature,

- 

- 
water vapor mix ing  ratio , wind speed , geopotential
height

K von Karman ’s constant

~~~‘~~~j’~~~j ’~~~~ standard deviation of inaccuracies in temperature ,
water vapor m i x in g  ratio , wind speed , geopotential
height

P dens ity -

~w ’ ~a 
- reference densi ty  for water , air

0’0m potential temperature , potential temperature of
P atmospheric mixed layer

~o~
’ O~ poten tial temperature at sea surface , potential

temperature at reference height

( P  
-
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A

geopotential height of 500 mb surface
:1 • ~o ’ ~ ‘ ~m 

nondimen~ ional vertical derivatives ofq temperature , water vapor mixing ratio ,
and wind speed in the atmospheric sur-
face layer

T surface wind stress vector
p

AO , Ac~~, AU , AC prescribed inaccuracies in & m~ ~~~ Um~and C

~~~ Acj~, AU
* inaccuracies in 0 , ~~~~~ 

and U for am m 
- 

hypothetical fore~ ast m

inaccuracy in ~
( )  spatial average at constant z taken

across a region large enough to encom-
pass a statistically significant sam—
pl ing of all unresolved v -

. - -nomena

( ‘ )  departure from above def ined spatial
- average

• X vector cross product 
-

_ _ _ _ _ _ _ _ _ _
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