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ABSTRACT

A one-dimensional  mixed—layer  model of ocean thermal

structure ( Camp , 1976) was f i r s t  modif ied  to determine the

e f f e c t s  of a sa l in i ty  prof i le  on dens i ty  structure and

seco ndly to observe the added effects of surface salinity

f lu x. The model was tested in Augus t and November-Decemb er

1974 with ( 1) hydrocast  data at Ocean Stations HOTEL and

PAPA and ( 2 )  salinity profiles statistically derived from

historical data for six ocean stations and adjusted to

correspond to an observed BT. Inclus ion of sa l in i ty  struc-

ture did not significant ly affect mixed-layer depth or

temperature predictions during the summer period. During

the winter period , salinity structure tended to inhibit

deepening yielding a slightly warmer , shallower mixed

layer. Surface ~a1inity flux altered significantly the

thickness of the isothermal layer , with decreases in thick-

ness during precipitation (E—P<0) and a tendency for in-

creased thickness during some periods of net downward heat

flux when E-P>0 .
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I. INTRODUCTION

It has been established that the upper layer of the

ocean responds to atmospheric forcing on the synoptic and

diurnal time scales [Elsberry and Camp ( 1978) , Garwood

( 1 9 7 7) 1.  The success of those models which incorporate

only me chanical m i x i n g ,  convective overturning, and vertical

d i f f u s i o n  in p red ic t ing  the time evolut ion of the mixed

layer (Camp and Elsberry , 1978)  has shown the short term

ocean boundary layer response to be predominate ly  one—dimen-

sional in many ocean regimes. Although the general model

[see Camp ( 1 9 7 6 ) ]  contains  both temperature  and sa l in i ty

ef fect s , Camp and Elsberry ( 1 9 7 8)  considered densi ty  as a

func t ion  of temperature only , and assumed buoyancy flux to

the at mosphere to be a t t r ibutable  to the heat  f l ux  alone.

Johnson ( 1 9 7 7)  fol lowed wi th  an evaluat ion of the model ’ s

ab i l i ty  to forecast  ocean thermal s t ructure  based on atmos-

pheric forcing derived from synoptic—scale data. Again ,

due to lack of salinity data , Johnson neglected salinity

effects and therefore had to adjust initial temperature pro-

files to remove positive gradients. It is the purpose of

this research to study salinity effects on the upper ocean

thermal structure using the Camp (1976) model by making com-

parisons wi th  the resul ts  of Johnson ( 1 97 7 ) .

Mil ler  ( 1976)  included sa l in i ty  in the mixed layer model

of Kraus and Turner ( 1 9 6 7) .  Us ing  BOMEX Period III  upper

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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ocean soundings , he showed , for periods up to 10 days , the

effects of salinity on mixed-layer temperatures and depths

and the effects of precipitation on surface salinity and

temperature in the tropical Atlantic. He concluded that

the most significant effect of inclusion of salinity was

the reduced cooling rate of the mixed layer due to reduced

entrainment of water from the pycnocline into the base of

the layer. This is a result of a larger densi ty  j ump at

the base of the layer when a sa l in i ty  j ump corresponds to

a temperature j ump than would be the case if densi ty were

a funct ion  of temperature alone. This type of density

structure can also lead to a posi t ive  temperature gradient

(temperature increasing with  depth ) immediately below the

mixed layer (i . e .  the mixed-layer temperature is cooler

than that of the underly ing water). Miller also concluded

that the effects of precipitation were greatest under condi-

• tions of light winds and heavy rainfall during which a

shallow stable layer is produced at the ocean surface .

Considerin g Mi ller ’s findings , it is apparent that

salinity is important in determining the density structure

when applying a mixed-layer model to the entire ocean . Fur-

thermore , although the relative importance of salinity

effects on the short term evolution of the density profile

may not be significant , one would anticipate that a long

term imbalance between evaporation and precipitation contri-

butes to the buoyancy flux and could lead to significant

density changes . Additionally , sound speed in the ocean

12
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varies by 1.2 to 1.3 ms~~
’ (°/oo)~~ and salinity variations

in the near-surface layers can thus have significant ef-

fects on the sound-speed profile . These effects would be

greatest in reg ions of varying surf ace salini ty flux and

advection (e.g., doldrums, subpolar regions).

The importance of salinity in the mode l and the paucity

of concurrent temperature and salinity data , even at ocean

weather  s ta t ions , raise the question of how to incorporate

salinity effects into the initial conditions and to then

verify the results when the only available information is

a temperature profile from a bathythermograph . It was the

objec t ive  of this  s tudy to test  the sa l ini ty  contr ibut ion

to the density structure observed based on two d i f f e r e n t

approaches: (1) utilization of available hydrocasts when

both temperature and salinity profiles are available , and

(2) ut i l i za tion  of bathythermographs and typical  tempera-

ture/salinity profiles derived from the historical data

files and adjusted to be compatible with an observed ST.

13
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I I .  MODEL MODIFICATIONS

Camp (1976) and Miller (1976) presented the governing

equations for the vertical redistribution of heat and turbu-

lent kinetic energy in the upper ocean . These equations , as

applied to a well-mixed layer, were simplified by appropri-

ate assumptions and closure was achieved by parameterization

of the dissipation and shear production terms of the turbu-

lent kinetic energy budget. At the surface , the boundary

conditions were specified in terms of the wind stress , inso—

lation , sensible and latent heat fluxes , back radiation , and

evaporation minus precipitation. The boundary conditions at

the base of the layer are then computed by the mode l in

terms of the fluxes of momentum , heat , and salt. In develop-

ing the numerical scheme from the expressions , Camp neglected

salinity effects because of a lack of salinity data. For

this study , the model was modified to account for the contri-

butions of salinity to the density structure and the

buoyancy flux .

A linear equation of state was assumed , which , when ex-

pressed in terms of buoyancy , B , is

B cigT — BgS (2—1)

where

1 3p 1 ap
- ~~.- -~~

-
~~~ and B ~~~

— 
~~~~~~

14



-4 o -lare taken as constant; ~ 2.5 x 10 ( C) and B

7.5 x l0
_4
(0/oo)

_1 
after Camp (1976). The assumption that

B is constant is quite good. However , density is not a

linear function of temperature and a can be taken as con-

stant only over a limited range of temperatures. The den-

sity profile is represented in the model as temperature and

salinity pairs to a depth of -N~~Z by N isothermal and iso-

haline slabs of ~Z(~ 2.5 m).

The potential energy (FE) per unit is then expressed as
0

FE -p 0g f (aT — BS) ZdZ (2-2)

-D

where D is a fixed depth greater than the maximum penetra-

tion of the vertical turbulent processes . Assuming advec-

tive processes and the variation due to compressibility are

negligible , the change in potential energy resulting f rom

mixing the layer from a depth -Nt~Z to a depth - (N+1)AZ is

t~PE(N) ½ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . (2-3)

If a(TN
_T

N+l )_B (SN
_ S

N+l
) > 0, the water column is stable

and ~PE~ (N) is the amount of turbulent kinetic energy re-

quired to mix the layer to a depth - (N+l)L~Z. If ct(TN
_T

N÷l
)

— 8(SN
_S

N+l) < 0, the column is unstable and will overturn ,

generating turbulent kinetic energy by free convection (re-

presented as 
~

PEc (N))~

15
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In each one hour time step the mode l f i r s t  accounts

for surf ace f l ux es , and the resulting temperature profile

and surface (N=l) salinity are determined by

T1
(t+~t) Tl(t)+ p~~~~

(_Q
T(0 ,t~~)÷Q 5

(0 ,t~~)-Q 3(—~Z,t~~))

TN
(t+i

~
t) Tw

(t)+
~~~~~[Q5

(_N
~Z,

t*)_Q
5
(_ (N+1)

~ Z,t~
c)] (2—4)

S1
(t~~ t

’) S1
(t)+ S1

(t) ~-~-tE (t~ ) — P(t~~)]

where is solar radiation , Qrn is the sum of latent , sen-

sible , and back radiation , E is the evaporation rate , and

P is the precipitation rate during the interval t’~ t~t.

Insolation is distributed vertically in the water column

by absorbing 50% in the first meter and absorbing the remain-

ing 50% as exp(—yZ). The extinction coefficient , 1, was

assumed constant at 0.002 cm 1 after Johnson (1977).

If the resulting buoyancy profile is unstable , the water

column is mixed according to

T~J~~~
1) 

= (N T~~~ + T~1~~)/ ( N + l )
(2—5)

~(i+l) (NS~~~ +

until the profile is stable . The temperature and salinity

profiles are then isothermal and isohaline to a depth

- ( N ÷ l T h Z .  The po ten t i a l  energy generated by this free con-

vection is foun d from
° NN- l

L~PE c = _ P o~
J 

( c t 6 T — B ô S ) Z d Z~ ~ PE (N )  ( 2 — 6 )

-D 

16 
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where tST and 6S are the changes in temperature and salinity

resultin g from mixing and the depth of free convection is

( N N ) ( ~~Z )  < D .

• If the resulting buoyancy profile is stable , additional

kinetic energy must be expended to further mix the water

column . The total amount of energy , ET, available for mix-

ing the first N levels with the N+l level is

E = E + E — E ( 2 — 7 )T m c p

where Em is the mechanically generated turbulent kinetic

energy , Ec is the convectively generated turbulent kinetic

energy , and E~ is the amount of energy previously expended

to mix the water column to depth -Mt~Z.

Em is calculated by

E ( N )  = [pw q.3 exp (-N~Z/H)J~ t (2—8)

with w .,. = average f r ic t ion  veloci ty  in the ocean over the

time in terval  ~t and H z scale depth of 50 rn . This depth—

dependent formulation follows the approach of Elsberry ,

Fraim , and Trapnell (1976). Setting a scale depth of H=~

would correspond to the original Kraus and Turner (1967)

mode l in which the net generation minus dissipa tion was in-

dependent of the depth of the layer.

is considered to be the fraction of ~PE available

for entrainment and is calculated as

NN- 1
E0 (N )  = — R ~~~ A PE ( N )  ( 2 — 9 )

17
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where R = 0.15 following Camp (1976) and Johnson (1977),

and represents the percentage of convective ly generated

energy not dissipated by viscous forces. E~ is calculated

f rom

Ep
(N) = 

~~~ ~
PEm(i) (2-10)

= NN

If ET > ~~Em for N levels , then there is energy avail-

able to mix to level N+1. If ET 
< 

~~~m ’ 
the level is par-

tially mixed following Thompson (1976) and Camp (1976).

Thus, let

- 

NE
T
(N)

a - (N÷1ThPE (N)
m

= [aQM+l — (N-a) QN I/N (2-il)

~~
‘ = aQN + (1-a) 

~N+l

and set = ~ for i l ,2 ,... ,N and 
~N+l 

= Q’ where Q is tem-

perature and salinity . Note that the mixing algorithms re-

quire that the isothermal and isohaline layers be the same

depth . The mixed-layer depth is determined from the tempera-

ture profile only by defining it as the depth at which the

temperature is 0.2°C less than T1, where T1 has been assumed

to be equal to T0 , the sea-surface  temperature . Li ght wind

conditions , strong heating, or heavy precip itation could re-

sult in some difference between T1 and T0. The pycnocline

is assumed to be weakly diffusive and the change of tempera—

ture and salinity below the well-mixed layer is specified by

18 
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- 
V az2

2 (2—12 )
- A ~- 

V

where the vertical eddy diffusion coefficient , A,,, is taken
2 —l .to be 0.5 cm -sec after Haney and Davis (1976). This

value is consistent  with many observat ions .  It is much

greater than the values of molecular conductivity and dif-

fusion . The processes involved are not well understood but

may be due to breaking of internal waves , double diffusion ,

and/or lateral advection on a small scale.

19



I I I .  DATA

This study used atmospheric and bathythermograph data

extracted from the Fleet Numerical Weather Central (FNWC )

historical data file by Johnson (1977). Additionally , the

12-hour accumulated precipitation field produced by FNWC ’s

primitive equation model was extracted. Oceanographic sta-

tion data for Ocean Station HOTEL were obtained from the

National Ocean Data Center (NODC ) and for Ocean Station PAPA

• from the Institute of Ocean Sciences (1975). The data at

OS HOTEL consisted of 18 Mansen cast observations and the

data at OS PAPA consisted of three hydrographic observations

and 11 STP (salinity-temperature-pressure ) observations for

the time frames indicated in Table I. Additionally , daily

surface salinity samples were available at OS PAPA for the

period 06 December to 31 December 1974.

To take advantage of the more numerous bathythermograph

(BT) observations , it was proposed to use some type of

historical salinity profile in conjunction with a ST to

initialize the model. One possibility was to use a profile

generated from climatological means at different depths.

This proved unfeasible in that the profiles contained very

little detailed information on the salinity structure in

the upper levels of the ocean . Another possibility , us ing

standard temperature-salinity relationships for a water mas s ,

was rejected since these relationships fail in the boundary

20
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layer because of changes caused by the surface fluxes. The

third possibility was to utilize the Hydroclimatological

Data Base Retrieval (‘HYDAT ) system installed at FNWC (Ocean

Data Systems , I n c . ,  1 9 7 7) .  HYDAT retrieves hydrocl imatolog i-

cal data from the historical and synoptic data bases. FNWC ’s

historical  f i les  contain expendable bath ythermograph and

Nansen cast data. The synoptic file contains the most re-

cent 72 hours of BT reports. HYDAT then statistically ana-

lyses these data as described in Appendix A and selects a

temperature prof i le  that  is considered typ ical for the time

period (> 1 month) specified.

If the typ ical prof i le  is a Nansen cast , the sal ini ty

prof i l e  is output  with the temperature prof i le . If the

typical profile is a bathythermograph , then no salinity pro-

f i le  is given.  In this  case , it may still be poss ible to

obtain a s a l i n i t y  p rof i l e  by searching manual ly  through the

HYDAT output  for  a N ansen cast sounding  whose sea-surface

temperature , deep tempera ture , an d heat con tent come closest

to fitting the median values. For this study , the parameters

were weighted such that the fit of sea-surface temperature

and heat content were considered more important than the

fit of deep temperature . In some locations , Nansen casts

were sparse and their parameters deviated from the median

values. Thus , a minimum requirement for considering a Nan-

sen cast as a typ ical p rof i l e  was that  the three parameters

must  f a l l  w i t h i n  the range between the f i r s t  and th ird

qua r t i l e s .  Proceeding in th i s  manner , salin ity profi les

21
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were obtained for all six ocean weather stations in December

and for three ocean weather stations in August (Table I).

These salinity profiles were assumed to be typical for these

ocean station locations and time of year. More ideally , one

would like to have a data bank of hydrocast data and an ex-

tracting system which would take a bathythermograph and

search the historical data for the closest fitting tempera-

ture profile and then use the corresponding historical

salinity profile as the typical profile .

Once the typical profiles were obtained , the question

arose as to how to utilize them. The initial observed tem-

perature profile likely has structural details that should

be re f lec ted  in the in i t i a l  sa l in i ty  p ro f i l e .  These detai ls

include the depth of the wel l -mixe d layer and posi t ive tem-

perature gradients. Thus the typical salinity profile should

be mixed as deep as or deeper than the ST and the salinity

gradient should be such that positive temperature gradients

do not lead to an unstable density profile . The typical pro-

files for a month were therefore treated in two ways to

generate a salinity profile that would correspond to any

specified BT for that month .

The first method was to combine the typical temperature

and salinity profiles , TT(Z) and ST(Z) into a typical buoy-

ancy profile BT(Z), by

cigT~ (Z) — BgS~ (Z) (3—1)
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and the buoyancy profile was checked for stability . Then

the mixed-layer depth , the depth where the temperature is

0 . 2 °C less than the surface temperature , of the typ ical tem-

perature prof i le  and of the bathythermograph were determined.

If the layer depth of the TT ( Z )  p rof i le  was less than that

of the bathythermograph , the buoyancy profile was mixed

according to equations (2-5) to the layer depth of the ST.

This mixing is necessary because of the assumption in the

mode l that the isothermal and isohaline layers are mixed to

the same depth . If the mixing were not done , the model

would use a certain amount of input energy in mixin g the

salinity profile to the level of the temperature prof i le ,

whereas , in reality, it is likely that the actual salinity

profile was already mixed to the deeper level. If the layer

depth of the TT
(Z) profile was greater than that of the BT,

no mixing was done. If a positive temperature gradient was

encountered in the BT before the layer depth was reached ,

the BT was considered to have a mixed-layer  depth equal to

zero. Finally , with any given bathythermograph observation ,

T0 ( Z ) , and the assumed buoyancy prof i le  BT ( Z ) , a correspond-

ing sa l in i ty  p ro f i l e , S0 , was found from

ag T ( Z )  - B ( Z )
S ( Z )  = 

o T (3—2)

Therefore this procedure generates a salinity profile from

an observed p rof i l e  consis tent  wi th  the typ ical buoyancy

prof i le , (3 - 1) .  Since th i s  buoyancy p rof i l e  is based on
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the typical temperature and sa l in i ty  prof i les , it is repre-

sentative of the conditions at that location during the

specified month .

The second method was to take the typ ical sa l in i ty  pro-

• file and match it directly to the bathythermograph observa-

tion . The advantage of the typ ical sal ini ty prof i le  over a

climatological prof i le  is that the typ ical prof i le  is an

actual observation and therefore has detailed structural

features that the climatological prof i le  is lacking.  The

mixed-layer depth of the BT was determined as above and the

typ ical sa l in i ty  prof i l e  was required to be mixed to the same

or greater depth. The resulting profiles gave rise to a

buoyancy prof i le  which was then required to be stable :

B ( Z — i ~Z )  > 3(Z). If the profile was unstable at any leve l ,

Z , the salinity profi le  was adj usted by

a [T  ( Z ) — T  ( Z — i ~Z ) ]
= 

~~~~~~~~~ 
+ ° 

B 
°

which assures neut ra l  s t ab i l i ty. A new 3 ( Z )  was calculated

and the procedure continue d unt i l  the ent ire  prof i le  was

• stable.

The salinity profile resulting from either of these

methods permits posi t ive temperature gradients that would

appear unstable when considered alone. Including salinity

there fore allows the mode l to be used over a much wider range

of oceanic conditions without biasing potential energy as

in Johnson ( 1 9 7 7) .
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IV .  DISCUSSION OF RESULTS

Ini t ia l ly, the sal ini ty  f lux at the sur face  of the ocean

was neglected. This is potent ia l ly  accurate only if there

is a balance of evaporation and precipi tat ion (E-P )  ove r

the time period of model integration . The validity of this

assumption as well as the assumption of one-dimensionality

can be checked by examining Fi gs.  1-3. In Fi g. 1, the

var iabi l i ty  of surface sa l in i ty  at OS PAPA between the

f i rs t STP cast ( 1724 GIlT 23  November 1974 )  and the last

( 1730 GMT 06 December 1974 )  is quite small and one can

safe ly neg lect the advection and surface f lux of sa l in i ty .

However , the variations of temperature and salinity in the

pycnocline appear to be charac ter i s t ic  of advective a f f ec t s

associated with tidal period and internal wave motion.

Also notice that the positive temperature gradients in the

laye r 80- 150 m are exce l len t  examples of the need for  cor-

responding salinity profiles when vertical mixing is bein g

modeled. Variations at OS HOTEL between 1430 GMT 28

November and 1442 GMT 29 December 1974 (Fig. 2) are on the

order of one-half  par t  per thousand and general ly conf ined

to the upper  50 ~~~~. Notice  that there is more var iab i l i ty

in the p y c n o ci in e  here than at OS PAPA . At 05 HOTEL in

August (Fi g. 3), salinity variations are quite extreme even

wi th in  ind iv idua l  soundings . The va r ia t ions  cannot be
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accounted for by realistic surface sal ini ty  f luxe s and

therefore are likely due to advective effects and/or small

changes in ship position and the proximity  to the Gulf

Stream.

A. HYDROCAST VS. BT INITIALIZATION

The f i rs t  mode l run shown us ing hydrocast  data is at OS

PAPA during the period from 1800 GMT 23  November to 1800

GIlT 06 December 1974. Wind stress and total heat f lux ,

Fi gs. 4 and 5 , respectively , for this period were extracted

from the FNWC fields . The total heat flux is the sum of

solar radiation , sensible and latent heat fluxes , and back

radiation and is generally positive for this period , in di-

cating an upward heat flux at the sea surface. Under these

conditions , one would expect a deepening and cooling of the

mixed layer. The initialization and verification profiles

from STP data are shown in Fig.  6 and the predicted time

evolution of surface salinity , surface temperature and mixed-

layer ~~pth are shown in Figs. 7, 8,and 9. The correspond-

ing in i t ia l  temperature prof i le  (wi th  posi t ive gradients

removed to ensure stability ) derived from a ST and the pre-

dicted changes in mixed-layer temperature and depth are

depicted in Figs. 10, 11, arid 12.

Comparison of Figs . 8 and 11 shows a s imilar  cooling

trend and good agreement with the data. Notice that the

in i t i a l  SST from the STP cast was sli gh t ly  warme r than the

SST from the BT. Similarly , in Figs. 9 and 12 , one can see

that the STP initialization predicts a consistently
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shallower MLD as compared to the BT in i t ia l iza t ion but each

forecast agrees well if verified against similar type of

data (see Figs. 6 and 10). This discrepancy in observed

thermal structure is seen to be fairly consistent in that

the sea—surface  temperature averaged 0 . 2 6  °C warme r and the

mixed-layer depth averaged 11.4 m shallower in the STP cast

data than the BT data (Table II). Taking this into account ,

the model performance is very similar throughout the period

as the STP in i t i a l i za t ion  resulted in a cooling of the

mixed layer by 0.8 °C and a deepening of 9.8 m whereas the

BT in i t ia l izat ion resulted in a cooling of 0 . 7 8  °C and a

deepening of 7.1 m . Note that the slab depth (depth of the

isothermal layer) in Fi gs.  9 and 12 retreats and deepens in

a s imilar  manner  in response to weak stress and downward

heat f l ux  as described by Johnson ( 1 9 7 7) .  This would be an

expected feature since salinity , in the absence of sources

and sinks , would have no effect on the shoaling of the iso-

thermal layer.

The major  contr ibut ion of sa l in i ty  in this  cas e is the

s tab i l i z ing  e f f e c t  on the posit ive temperature gradient

• below the thermocline. The salinity gradient that allows

this to occur incre~’ses the density jump at the base of the

• mixed—layer depth and tends to inhibit deepening of the

layer. This case further points out the importance of the

initial profile in the subsequent model predictions , as was

also shown by Johnson (1977).

The next case considers a 31—day period (28 November to

29 December) at OS HOTEL. The synoptic variability of stress

27

L - . ~~~ • • •••
~~~~ 

•.
~~ ——



(Fi g. 13) ari d the corresponding upward heat f l ux  (Fi g. 14)

again indicate a deepening reg ime . The in i t i a l  temperature

profile from the Nansen cast in Fig. 15 and from the BT in

Fig. 19 are essentially identical. The initial salinity pro—

f i le  (Fig .  15) shows a relat ive maximum at approximately

100 m , which should act as a barrier  to deepen ing .  However ,

below this leve l , sa l in i ty  decreases with  depth and would

contribute to vertical overturning if not stabilized by the

temperature profile . A gradual increase of surface salinity

is predicted (Fig. 16) as more saline water is entrained at

the base of the layer. This variation appears to be smaller

than the natural variability in the salinity measurements.

Almost identical cooling rates of the surface of 3.7 °C

during the period were forecast by hydrocast initialization

(Fi g. 17) and BT initialization (Fi g. 20). Qualitatively

this follows the trend indicated by the observations , but

forecasts sea—surface temperature s that are on the order of

1.5 to 2.0 °C too cold. Likewise , a very similar trend in

mixed—layer deepening is forecast by the hydrocast initiali-

zation (Fi g. 18) and by the BT initialization (Fig. 21).

Both forecasts tend to indicate too deep a MLD in the first

14 days as compared to observations but then tend to corre-

spond to the data in the later half of the period. As men-

tioned previously , the slab depth responds identically in

both cases. At the end of the period , the Nansen cast m i —

tialization is approximate i y 7 m shallower than the BT

initialization . This diffe rence is due solely to the

28
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salinity structure because the same forcing is used in each

case and the initial temperature profiles were nearly

identical.

It may seem incons is ten t  that  both mixed layers would

have the same temperatures , since the deeper layer would

have entrained more cold water  from below . However , give n

the relatively weak temperature gradient and a difference

in depth of only 7 in , the extra water entrained in the

deeper layer has an insignificant cooling effect on a water

column that is on the order of 100 m deep.

B. TYPICAL PROFILE INITIALIZATION

The lack of adequate temperature-salinity observations

over large parts of the ocean was motivation for attempting

to use the salinity profiles derived in Section III. Both

procedures were tested in order to determine which , if either ,

was more useful.

The typical buoyancy profile method for deriving a

typical salinity profile , Equations (3-1) and (3-2) was

tested first. This method , while providing initial profiles

that were stable , gave salinity profiles that were not in

general representative of those observed in the ocean . That

is , unrealistic salinity variations were created below the

mixed layer due to the constraint that buoyancy be conserved.

This is shown schematically in Fi g. 22. The typical buoyancy

prof i le in Fi g. 22a is mixed from to Z2 to correspond with

the MLD of the BT. The salinity profile derived from the

typical buoyancy profile is shown in Fig. 22b. In the mixed

29



layer , buoyancy is constant , thus the derived sa l in i ty  wil l

vary according to the temperature by Equation (3-2). At

the base of the mixed layer , mixing of the buoyancy profile

has created an artificially strong gradient between the

level where mixing stopped , Z2, and the next layer below , Z3.

Thus salinity increases to compensate for the buoyancy jump .

Be low level Z 3, buoyancy has returned to a weak gradient

but , this level is still in the thermocline of the observed

ST. Thus salinity again decreases until the temperature

gradient becomes weak . Bel’ow this , salinity again increases

because the buoyancy gradient is greater than ag times the

observed temperature gradient. Thus, the second approach of

using a typical salinity profile and adjusting it to the

bathythermograph was judged superior in general. However ,

notice this approach has the disadvantage of producing a

larger than normal salinity jump at the base of the mixed

layer if the typical salinity profile has to be mixed to a

greater depth to correspond to the BT. Therefore , at deeper

depths , C> 100 m), it might still be more appropriate to

use the buoyancy approach , although this suggestion was not

tested in this study .

The mode]. was initialized with a typical salinity profile

and bathythermograph at OS PAPA and run for the same 13-day

period as above . The results were cooling of the mixed

layer by 0.75 °C and a deepening of the mixed layer by 5.17 m

which agree relatively well with the results obtained by

initialization with a BT alone. One might expect a typical
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profile to work relatively well at this location because

the overplots shown in Fi g. 1 indicate  very l i t t l e  var ia t ion

of salinity .

By the same token , one would not expect a typ ical pro-

file to work as well at OS HOTEL given the variations of

salinity in Figs. 2 and 3. This was tested for the same 31—

day period as above . Temperature and corresponding derived

salinity profiles are shown in Fig. 23. Notice that above

100 in the typ ical sa l in i ty  prof i le  has a stronger gradient

than the actual p rof i l e  in Fi g. 15. Both the in i t i a l  (F ig .

2 3 )  and the predicted (Fi g. 2 4 )  mixed- layer  sa l in i t ies  are

consistently about 1 0/00 too fresh . However , this differ-

ence in salinity has only a relatively small effect on the

predicted mixed-layer temperature in Fig. 25 , which is simi-

lar to the trend in Fi gs. 17 and 20 wi th  a mixed- layer  cool-

ing of 3 . 6  °C. Likewise the predicted mixed—layer  depth in

Fi g. 26 d isplays  a s imilar  deepening trend as in Fi g. 18

and is only ~ in d i f f e r e n t  by the end of the period compare d

to t h •~ model run us ing  the Nansen cast i n i t i a l i za t ion . Thus

the model has made a good forecast even though the typical

s a l i n i t y  p r o f i l e  is ra ther  d i f f e r e n t  then the observed pro-

file in the upper levels. The noticeable difference between

Fi g. 26 and Fi gs.  18 and 21 is that  the m i x i n g ,  as indicated

by the slab depth is strongly inhibited by the salinity jump

at the base of the isothermal depth . Because of the 0 . 2  °C

temperature difference between the slab depths and the mixed—

layer depth definitions , this indicates a weaker temperature

gradient below the well-mi xed layer than is observed.
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Of par t icular  importance in Fi g. 23  is the mode l pre-

dicted development of a positive temperature gradient below

the mixed layer. That is , the model mixed-layer tempera-

ture is 13.78 °C and the temperature increases to 13.91 °C

at 7.5 m below the isothermal layer. A positive gradient

was observed in the verification ST. This type of thermal

structure was also demonstrated by Miller (1976).

C. SOURCES AND SINKS OF SALINITY

In this section , the assumption of a long term balance

between evaporation and precip itation was eased by including

surface salinity flux in the model. The evaporation rate

was derived from FNWC ’s Evaporative Heat Flux (EHF) field.

The precipitation rate was obtained from 12-hour accumulated

precipitation calculated by FNWC ’s primitive equation model

and was assumed to be evenly distributed over the 12 hours .

Incorporating the salinity flux at the surface , the

mode l was initialized with the temperature and salinity pro-

f i les in Fi g. 15. The resulting model profiles , after 31

days , are shown in Fig. 27. The significant changes in the

predicted salinity profile when compared to the salinity

profile predicted neglecting (E-P) are the agreement of pre-

dicted and observed mixed-layer salinities and the absence

of a relative maximum at the base of the mixed layer (refer

to Figs. 15 and 27). The evaporation rate minus the preci-

pitation rate is shown in Fig. 28 and the corresponding sur-

face salinity in Fig. 29. The surface saliriities in Fig. 29

show variations in response to (E-P) as opposed to the
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surfac e salinities in Fig. 16 which show only an increase

with time due to entrainment of more saline water at the

base of the layer. Comparison of sea-surface temperatures

(Fig. 17 without and Fig. 30 with (E-P)] shows indist in-

guishable forecasts. Thus sea-surface temperature changes

due to inclusion of (E-P) are apparently not significant

enough over a layer of this  depth for the model to resolve .

Finally, the slab depth responds d i f f e r e n t l y  under the in-

fluence of (E-P) (Fi g. 31) than when (E-P) was neglected

(Fig. 18). The most significant changes caused by (E-P)

are the enhanced retreats (decreases in slab depth ) during

days 3, 10 , and 18 when precipitation was significant , and

inhibited retreats during days 8, 13 , 17 , 22 , 25 , and 26

when (E - P )  apparently o f f s e t  net  downward surface heat f l ux .

Of particular note is precip i ta t ion  on day 18 which caused

a retreat that corresponded to the observations. The subse-

quent slow deepening of the slab depth represents the gra-

dual mixing of the stable layer formed by precipitation .

Typical profile initialization run s , both with and with-

out (E-P), were made at other  ocean stat ion locations . Due

to the sparsity of observations , no firm conclusions can be

made as to the absolute verification of the forecasts. How-

ever , a relative comparison can be made among results obtained

from the d i f f e r e n t  methods of i n i t i a l i z i n g  the model.  These

results are summarized in Tables III and IV. The length of

the forecast period was determined by the continuous fo rc ing

function data and the longest period possible between initial
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and verifying thermal structure data. The different model

results shown in Table III for August indicate little

variability in predicted SST or MLD due to salinity effects .

This might be expected , in that August is a month of strong

downward heat flux and temperature effects would dominate .

Thus one might be cautious about including a typical salinity

profi le  unde r these condit ions since there is a possibil i ty

of degrading the model performance . Included in Table IV

are the results obtained during a period of net upward heat

flux. One would expect salinity effects to be more important

in a deepening regime . The data in Table IV indicate , for

the most part , that inclusion of salinity results in a warmer

and shallower mi xe d layer than would be the case with  den-

sity as a function of temperature alone. Notice that , at

OS INDIA ( 5 7 N  2 0 W )  and OS MIKE (66N 0 2 E ) , the MLD exceeded

300 m (the bottom of the model). This might indicate that

ei ther  the “typ ical” sa l in i ty  p rof i l e  used was not really

representative of the area or that hor izon ta l  advect ion can-

not be neglected here . However , in high latitudes in winter

the t empera tu re  gradient  is extremely weak . In this  case ,

the slab depth would be more indicat ive  of the depth to which

the mixing processes were penetrating. At OS INDIA , the pre-

dicted slab depths are 212.5 m (TYPPRO), 200.0 m (E—P) , and

2 7 2 . 0  in (BT). At OS MIKE , the respective values are 281.2 m ,

2 7 7 . 5  m , and 2 4 0 . 0  m. Although at OS MIKE the model appears

to have run well on temperature only, the initial BT was cor-

rected for a positive temperature gradient which would have

biased the potential energy of the water column .

34



V.  SUMMARY AND CONCLU SIONS

It was the purpose of this  s tudy  to test the effects of

sa l in i ty  in a mixed- layer  mode l of the ocean thermal struc-

ture . This is desirable in that the ocean therma l s t ructure

in many areas can be exp lain ed only if salini ty is considered.

However , this salinity data is not always available even at

ocean weather stations.

The problem was approached us ing  two methods :  (1) ini-

tialization with hydrocast data , and (2) initialization with

a ST and a salinity profile derived from historical data

and adjusted to correspond to the BT. First , evaporation

and preci p i t a t i on  were assume d to be in ba lance  ove r the

period of in tegra t ion  and the e f f e c t s  of sa l in i ty  s t ruc ture

on the thermal s t ructure  were observed. Then , evaporation

and precip itation were included to observe the effects of

a surface salinity flux on the thermal structure . The in-

corporation of observed salinity profiles into the model did

not result in significant changes in forecasts of SST and

MLD during the August  period t e s t s .  Similarly , for the same

conditions , inclusion of adjusted typical salinity profiles

did not cause any distinct changes. However , the effects of

salinity structure were noticeable in deepening regimes.

Qualitatively , model performance was slightly improved by

using hydrocast data. Use of adjusted typ ical salinity pro-

files and BTs also resulted in slight improvement even when
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the typ ical profi le was somewhat d i f f e r e n t  than the observed

profile . The general effects of sa l in i ty  s t ruc ture  were to

produce a warmer , shallower mixed layer than results when

density is considered a function of temperature only .

Addition of the salinity flux due to imbalances of eva-

poration and precipitation did not show pronounced effects

on SST or MLD in the short term. However , a long term up-

ward buoyancy flux , E>P , tends to offset the slower entrain-

ment rate caused by the inclusion of salinity in the density

profile. The short term effects of (E-P) were most evident

in the response of the slab depth as compared to the response

when only the surface heat flux was considered. The retreat

of the isothermal layer is enhanced during precipitation and

the subsequent deepening rate is slowed. Additionally , the

tendency of this layer to shoal under downward heat flux may

be inhibited by evap~ration .

The addition of salinity effects to the mode l is certain-

ly desirable. However , salinity data are sparse and the

typical salinity profiles must be applied with an understand-

ing of the meteorological and oceanographical conditions of

the area. Thus one would consider salinity data to be far

more important in mid and high latitudes during a deepening

regime than in low latitudes during strong heating. One must

also consider the variations of salinity and the processes

causing these variations. In subpolar region s , salinity

varies markedly with freezing and thawing. In monsoonal

areas , reversal of the wind and thus wind-induced currents ,
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makes advective effects important. Further , an attempt to

app ly the model ocean—wide would require salinity data in

many areas where it is not now available.
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APPENDIX A

HYDROCLIMATOLOGICAL DATA
RETRIEVAL PROGRAM

The Hydroclimatological Data Retrieval (HYDAT) program

was designed by Ocean Data Systems , Inc. (1977) to access ,

process , display , and store hydroclimatological data bases.

Among the outputs available from HYDAT is an option that

produces a typical temperature profile. This typ ical profile

is obtained by specify ing the month (or months) and the loca-

tion of interest. The location specified is taken to be the

midpoint of a circular or square search area , w ith the

ori ginal search distance from the midpoint determined by the

user. If at least six reports are not found in this area,

the area is expanded by fixed increments until six or more

reports are found or until the maximum search distance ,

either default or specified , is reached.

If the search is successful , each report found is sepa-

rated into three parameters : (1) the sea-surface temperature ,

(2) the deep temperature , a temperature at an arbitrary depth

(~ 200 m), and (3) the heat content as computed from

HC ~~~ [T— (—5)]• t~Z (A—l)

i=l

where D is the deepest leve l, N is the number of layers to

depth , D,~ Z is the thickness of each layer , and ¶ is the

mean temperature in the layer. Any sounding not extending
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to D is not considered in the selection of the typical pro-

file. The values of each parameter are then screened to

remove isolated extreme values and the frequency distribu-

tion is checked for the number of modes (< 3) present. All

three parameters must have the same number of modes. HYDAT

then computes an~d prints the median and first and third

quartile values for each mode of each parameter. The

typical profile in each mode is determined by comparing the

parameter values of each profile with the median values and

determining a deviation , D1,

WJP. - M .j
D. Il. i 1 ,2 ,3 (A—2)

where W~ is ~ weighting factor assigned to the individual

parameter , P~ is the value of the parameter , and M 1 is the

median value of the parameter within any one mode . The

typical profile is then the report with the lowest sum of

deviations:

• Sum = E D. (A—3)
1

1
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TABLE I I .  Comparison of STP casts  wi th  BTs at OS PAPA ,
Nove mber-December 1974. Observations are
within one hour and ten nautical miles of
each other.
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TABLE III. Comparison of forecast SST and MLD among
different model initialization runs and
with observations for August 1974 . HC is
hydrocast data , TYPPRO is BT and typical
salinity data , (E-P) indicates inclusion
of surface salinity flux , and ST is tem-
perature data. Veri fying data are from BTs .
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TABLE IV .  Comparison of forecast  SST and MLD among
d i f f e r e n t  mode l i n i t i a l i z a t i o n  runs and
with observations for November-December 1974.
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