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ANl CE S S

ABS TRACT

The specification of the surface heat flux s essential
for synoptic and seasonal predictisn o2£ ths upper cc=2ap
thermal structure. Estimates of thz surfacs h=2at flux have
been prepared for the central North Pacific dJduring Jaruary
1976 through April 1979 using archivad fields from the Fleaet
Numerical Oc2anography Center (FNOC) hemispheric atmospheric
prediction model. Monthly accumulations of thz surface h=at
flux are compared witn the change ian heat contz2nt above 2030
n derived from temperature analyses of the North Pacific Zx-
periment TRANSPAC ship-of-cpportunity progran. Systematic
differsnces are found between the accumulated heat £flux
fields and the oceanic heat content changs. some of the
differznces are due to excessively 1large chanjyes in ocean
neat contents above a fixed level. However, our earlisr
studies have suggested a2 tias of =xcessive upward surface
hea* flux, especially along the southern boundary of the 3o-
main. Assuming local heat balance sver 1 36-mdo>nth period, a
correction field to the FNOC surface heat flux 2stimates is
heating and

({7}

derived. Saparate correction fielis for th
coolingy seasons demornstrate a seasonal variation in “he ac-
cumulated heat £flux versus heat sontant :hgnge v

Thus, six bi-mornthly correction fialds to be a
FNOC heat fluxes are prepared to z=nable thess hsat £
be used fcr ocean predicticn.
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1. INTRODUCTION
Prediction of the upper ocean +*harmal structure re-
1: quires a specification of +he surface heat flux2s. The time i

scale on which the sensible and latznt fluxes, plus the in
coming ané outgoing radiat ive £luxes, must b2 specifi=zd i

n

dependent on +he coceanic thenomena and the type of modal.

Heat flux values resolved cn a time scale of 3 hours or lsss
must be provided if the jiurnal variation in the a*mospheric
fercing is an important consideration ia the =avolution of
+he upper ocz2an *hermal structure (Garwood, 1977). Consid-
erable evidence has been accumulated (2.9., Elsberry and
Camp, 1978; Camp and Elsberry, 1978; Elsberry and Raney,
1978; Elsterry and Garwood, 1978; and others) that +he upper
ocean thermal structure responds siynificarptly tc¢ atmosphsr-
ic synoptic-scale forcing. On seasonal tims scales, +*he

surface heat flux 1is accumulated in the wupper ocean laysrs
during spriny and summer, and subssequently removed during
autunn and wirnter.

Ocean mixed layer models provid2 a means of demonstrat-

»
ing *he two ways ir which +he surfaca heat fluxes affect %hs
prediction of ocean thermal structure profiles (Niiler and ]
Kraus, 1977y . Consider a1 well-mixed 1layer of wvariaple .
dep*h, h, with temperature, T. The heat content (H) vper 3
. . L
unit area in aolayer cf 3ertt (h) is .
H =~£h?c'dez g)) _j
where g is ¢he density, CP is the specific h2at, and z is © 3
“he depth below the surface, The chang2 in 323t conten+t of L
£ *he mixed layer is ?‘
.
d Cp Th CohdT 7dh
‘ d+ i+ d+
5 because “~he changes in pand C; are relativeiy spall. Solv-
g ing Zor the ‘eaperature change foca “he first “erm on the ?‘
i =igh% side of (2) gives
4T _ 1 d(Th) T dh 1 dyg ()
d* n &~ noAs pcpn dt
in mix2d lay2r models (=.g9., Gaczwcseld, 1977y, =h= Last ta2<m g
f iz wriz=21 as
3
]
- 1 -
{ .
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dh /N\_ ¥w'T' (~h)

dt / T
where w!T¢ (~-h) is +the vertical turbulent h2a*t £flux at the

- d(-h ,

base cf *he mixed layer and _A\_, *h2 Heavisiis function, is
defined as

dh
/\_ = 0 for 3; <0 , ’ (4)
dh
= for — > 0 .
dt

The vertical current speed, W(~-h), 2t *he bas2 of +the mixad
layer will b2 neglected. This relationship indicates *haz
entrainment mixing, and thus the downward ha2a: flux a* base
of the layer, is orly associated with despenriny layers. TIkhe
fraction of turbulent kinetic energy that is available for
entrainment aixing in the Garwood model is dependant on boih
the sur face friction velocity and tha surfacs buoyancy €lux,
which is detarmired partly by the sac face heat flux. Conse-
quently, *he surface heat flux contributes to both terms in
(3). The effect In the first term is reflectzd dicectly in
+he change ir heat content due to the surfaca flux. The
thermal structure Is strongly dependzn® on th2 vertical re-
distribution of the heat via entrainment mixing, which is
par+tly due to the upward surface heat flux.

We conclude that specification of the surfacs heat flux
is an essential factor fecr prediction of anomalous ocean

'.l
[}

thermal structure. 1In the next section, we will briefly rs-
view the methcds available for estimating the =surface hea*
£lux over tha ocean. In <the Zfollowiag section, we examine
the role cf the surface heat £lux In “he oczanic hea* budg-
2t., We <hen derive a corc-ection Zield to reaove a bias in
~he surface hea+ flux ¢hat would be detrimen=al <=0 ccsan

thermal struc<ure predicticn.

2. SPECIFICATION OF THE SURFACE HEAT FLOX
Tk bulk aercdyramic me<hod Zor calculating <he sensi-
ari la

nle <en*t heaz fluxes involves +the surfacs wind £i:14
223 <he iiffecencses in <empera*tnussz 214 spscifis huamidisv H3-
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tween the sea and the air. Calculations of th2 incoming and
outgoing radiative fluxes require knowledge of the cloud
cover as well as +the solar altitude. An exampl2 of a systzm
for estimating the surface hea+t fliax from ship observations
is given by CTlark, et al. (1974) , Bunksr (1976) and Clark
(1981). A ccmmon approach is to calculate ths surface flux
from each ship report and then average over some space and
time interval. For example, all ship observations taken
during a month within 5% latitude 2n4d longituie may be used
t0 represent the average heat flux in *hat domain. Husby
(1980) has compared the anomalous heatr flux s>ver six-month
periods a*+ Ocean Weather Station V (34°N, 164°E) with “he
estimate based on merchant ship observations within a 4°
quadrangle. He concludes that ths merchant ship reports
must be carefully screened prior to the heat flux computa-
tiomns.

The accuracy of this method is zlearly 1=2pzndent on the
number of observations. There is no> assurance +*hat the re-
ports will be randomly distributed in space or time. One
problem app2ars to be a "fair weather Dbias"™ because <=he
ships tend “o avoid bad weather. 3arnett (1981) indicates
“hat a set of heat fluxes in the central North Pacific Ocean
estimated by this method had a bias of 30-45 & o>, which
would result in an excessive estimition of the heat flux
into *he ocear.

An estimate of the mornthly heat flux is noz sufficient
for short=-term ocean prediction, which requirzzs information
on diurnal, or 2%+ least synoptic, time scalss. Synoptic
naps 0f heat flux ars difficult <o analyze bzcause of the
sparsity c¢f ship observaticns. An  iadirec* m=2%h0d is pro-
posed here. The a+mospheric prediction modals 21so requirse
a calculation 0f the heat flux at the <ocean surface. Th

(U]

heatirg package Zfor “he Fleet Numerical Jceanographyvy Cent

[}

te
(FNOC) nodel involves bulk aerodyramic zalzulz+icns of :=h

1"

o

laten*t and s2nsible h=za+t fluxes, pluas Tadiativa fluxes *ha

aTe a func=isn of *he model-estimaza24d cleoudinzss (Xesel 223

Ailaningacfs, 197 .
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Our basic hypothesis is that the PNOC atamdsspheric pre-
diction model heating package can provide the heat fluxes
necessary for ocean prediction =zxperiments. Gallacher
(1979) has described the method usz2d for ex%tracting hourly
heat flux estimates from the FPNOC archives, Elsberry, Gal-
lacher and Garwood (1979) have us2d these hzat £fluxes to
predict +he ocean thermal structurs changes during +he au-
tumn of 1976. Budd (1980) also us23d these fi2lis ir an at-
tempt to pra2dict the spring trapsition from the winter to

B C AT

the summer regimes in “he central North Pacifiz Ocean. Budd
"I found 2 systematic bias with a to5 large upward hea* flux
§ near 30°N. Recen*ly, Steiner (1981) als> founi a systematic
bias in these heat flux estimates 3in th2 regisn between Ha-
waii and San Francisco.

& The purpose of <+his paper is to dascribz 3 correctiosn
§ field to the FNOC surface hea* flux fields to> permit their
use in ocean prediction exrperiments. As in “hz case of Budd
{(1980) and Steiner (1981), the aporoach is to derive a cor-
rection field +that assures a long term (annual or longer)
heat balance in the upper ccean. Analyses by Waite and Bera=-
stein (1979) of the ocean thermal structure observa+ions irn
the TRANSPAC ship-of-opportunity program ar2 uszd to calcu-

late the %*ime changes in ccearic h2at content. These are
compared with +he accumulated surfice heat fluxes derived
from the FNOC files. We then derive the corrsction %c¢ :the
monthly surface hea* flux that is n3cessary to assure local
heat balance over *he 1976-1978 peris>d. 1In thz nsxt section

we review briefly some tests of ths2 loczl hea* balancs as-~
sumpt=ion. It is only on the very long time intsrval <%hat we

assume local heat balance. We do no+* rzquirs or 1

or

w

nsur
cal hez+ balance cn monthly or shorter +tims intzrvals ovas

® which we are doiag prediction experiments.

3. OCEAN HEAT BUDGET STUDIES

The gen2cal purpcse in this secticn is <o dz=ermins: =zas
i selative impor=ance <>f the surface heat flax ia  “h2 uppsz
3cean h2a-= hbuige*, Jar primazy Intserest 13 Lo coen=-0czan
; - 4 -
L 4
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regimes that would be similar *o tha2 coniitions in +he North
Pacific EBxperiment (NORPAX) Anomaly Dynamics Study (ADS) re-
gion. We do no* consider regions of bouniacy currents or
near-eguatorial areas in which horizontal and ver+ical ad-
vecticn are likely %o bes significant, Th= space and tiame
scales of iInteres*t are greater than 1000 km and one month.
Many comparisons have been mile betwezn +the seasonal
changes of heat ccnvent of the uppsr oczan and the accuau-
lated heat flux at *the surface. Bcyan and Schroeder (1960)
compared the heat conten*t calculated £from North A+lantic BT
data with the surface heating estimated by Budyko (1955).
They found that the surface heating on a seasonal basis was
about 20% less thar the change in h2at content in the region

between 20°N and about 50°N. By <con“rast, Ba%=hen 1371)
found that the surface heat exchange =2stimatas of rtki
(1966) cculd account for only 29% of +th2 local = h1ly

change in heat content in the Ncrth Pacific Jdcean. GjJ and
Niiler (1973 propose that the h2at input averaged :T
large 2reas and times is mainly stor=zd locally, and horxizon-
tal advection by *he mean £flow is not particularly impor-
tant. They also cite comrarisons by Tabata (12565) and Rob-
inson (1966) using Ocean Weather Ship data which sugges=
that nost of the heat input changss are storzd 1locally.
Gill and Niiler <fur+her suggest that <h: inaccuracy of the
heat flux estimates over large ar<as away £from Jcean Weather
Ships is +he likely cause ¢f some 5f +hs deparcturs from 1lo-
cal hea+ balance,

(@]
=
[77]

A careful study of *he upper o¢czan heat budget rnear

4 o
()]

? basel on two weeks of high-quali“y observatirns during =
1:xed Layer Exveriment (MILZ) has b22n 2portzd by Davis, 2

ol

al. (1981). They found <+hat a onz-dimensional upper lave

(a}

~eat budget may be closed acceptably if <th2 ta2mpera=uze is
4ell-sanpled, and if the vertical velccity ia *he seasonal
thermocline is alsc <aken 3into account.

A cecen=< study by Bacnet® (198N us=d AX3

T
and 170°W between 30%° and 50°N a* aoprexima-zly acn=hly ia-
“c 23s+ima=e +hs Leaz tudge:. 3arnett 2

Wb

arval
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approximately 90-95% of the varianc= ir the szasonal change
of heat storage can be acccunted for by the air/sea heat =x-
change. Horizon*tal and vertical aivection weras of limited
and no use, respectively, in reproducing th2 sszasonal cycle
variarce. Barnet+ also concludes +hat prisr hea%-budget
studies that used an arbitrary lowar depth in ths estimation
of heat con<ent may have inadvertently includ=2d variance on
different space and time scales. ?finally, Barn=tt suggests
that the inability to explain adequately the z2nomalous hea*
content changes ir the central Pacific 1is 1likz2ly due to ia-
precisz knowledge cf the scurce *eras in the hza*t budget.
Oour earlier studies (Elsberry =t al., 1979; Budd, 1989;
Steiner, 1981) have used an oceanic heat budgst to determine
+*he fezsibility of using the PNOC hsat £lux estima*zs for
ocean predicticn. In each case, thsz imbaiancss appear %o be
systematic in space and tinme. Large, short-t=2rm imbalances
are likely due *o0 ocean observational sampliag 2rrors and to
asing an arbitrary lower depth in the estima+z cf hea*t con-
~en+ (Barnext, 1981). However, th2 leng-tzra, sys+*ematic
arror is 1lik2ly due *o a bias 3in the PNOC hea* £flux esti-
mates. In the following sections, #e derive an appropriate
correc-ion field +o0 be added to the PYOC heat flux estimates

<o remove th2 long term bias.

4. CALCULATION CF THE OCEAN HBAT BUDGET

Monthly mean “emperatures dauring 1976-1979 have beszsn

objectively analyzed by White and Barnst2in (1979)

TRANSPAC ship-of-opporzurity XBT's o>aly. Aralyzeé *emp2ra-

syres are avaiiable on a 2° Latitudsz by 5° Iongi=ude grid a-=

2, 20, 40, 69, 90, 120, 150, 200, 252, 300 =2nd 4CO m. The
ula*s :

g2neral dcmain ¢ the hea

ot
o
=

fu
{Q
D
+
Q
w

}.l
9]

“c 50°Y and from 170°E *o 130°W. However, ths number

servations in the northwest and s>i*hw

grid ar2 insufficient to provide c-=2liable 2

3Ccme ROonths. Consequently, these areas
lowin aralvsis, andé will 3ppbear 313 CIross-hatch:zAd

W
zTeas 2n Aall figures.
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To calculate the heat content as in (1), the objective-

——

1 ly analyzed temperatures are first interpolated to 5 =m
4(, depths, The heat content is actually calcula%2d rela*ive %to
p the 200 m temperature, with the inten*t of r21d5ving some 3%

the change ia heat content due to vartical displacemenzs of

the thermccline. SBarnett (1981) has suggestzd tha* selac-
tion of an arbitrary depth such as 290 m may introduce addi-
E tional variance into the heat content calculation due to in-
ternal waves, +ides and so forth. Inspection of
month-to-month heat content values does revszal time changsas
wnich are much 1larger thancan be =reasonably 2ccoun%e2d for
%‘ by surface heat fluxes. Large positive time changes tend to
? be followed by large negative changss. Thus, time intervals
of either two or three months have been test2il in the esti-
mate of *+he oceanic heat ccnternt change,

AR = H(t + A - H(L) . (5)
We expect AH to be positive duringy the perisd of net down-
ward surface heat flux (roughly betw2en April and September)
and nega=ive during the ©period of net upwari flux. The
monthly TRANSPAC analyses are assum=2d “o apply on the 15th
of each month. If At is two months in (5), then AH will
also apply at the 15th of <+he month. For example, “he 4if-
ference between the March 1976 and the January 1976 hzat
content £fiells would be applied at the wmiddls of February.
Notice “hat +his Is the firs*t possible wvaluz tha* can be
calculated because the analyses begin in January 1976. How-
ever, 1f At is three nonths in (5), +tharn AH will apply at
+he mid-pcint of +his interval. Thus, the fi-s* possible
difference would be Detween April 1976 and Januarcy 1976, and
it would apoly on 1 March 1976. Th2 advar+age >f *he longe:
€ In*erval Is tha* shorrter period fluczuztions in hza=
tent tend to be avsiraged ou+ and one ob%aias a acre zoa-
sistent measuce ©f “he seasonal variaticn. Th2 disadvarntags
0Z the longer *ime in%srcval is the grea<src iazccuracy in =he
€ proximaticen *o a1 lerivazivs. Tinally,
it is necessacy “c 2x=end <he AH calculatisn Ziaze 1972 <o

chtain <hree coample=s aanual cvelas, In The zasz o AT =z L

— - — ~ —— ~ —— = =
T___.--~\.,..\-.-_-.A._ v - .

'4

'.‘4




(3) months, <he analyses through Februwary (March) 1979 are
used.

Following Emery (1976), the basic heat balance equation
may be writtzn as

OH Wy (H - pC, 0T )} =

.2 §e - Ve + 6)

> > Q (
where H is defired as in (1) with -h, ¢th2 ix2d layer
depth, <replaced by D which is a (constant) despth below the

main thermocline. In (6), the first term on th2 right rC=2p-
resents the divergence of heat due *t> horizontal divergence,
W, H/D, and vertical advsc+tion W PCpT The sscond term is
the horizental advection of heat and the last tera 1is the
surface heat flux. The suggestion by Barnstt (1981) =and
Davis =t. al. (1981) +that D be the iepth of an isotherm be-
low the main thermocline rather <than a constant depth re-
sults in the divergence term in (6) being z=2r5, and thus
eliminates a source of uncertainty frem the heat budget.
Due to the large vertical sampling in*terval ian the TRANS2AC
analyses, we will use D = 200m throughout this study. Thus,
we assume the fo%%oving budget equa*+ion

Al = Qé+ + Residual = Q. + Residual . (N

[

The integral sign indicates that +h2 z2ir-s2a flux is summed
over the same time in*terval +that A
h g

S evaluated. Qe is
defined as the surface heating. n the A% = 2 month exam-
ple above, the sum would te £rom 15 January “hrough 15
March. The <Tesidual term in (7) includes th2 remaioing
teras (physical effeccts) in (6) “ha* can not be evalua*=d,

plus *he errors in estima<ing +the h2a+ <cont changes and

Y
~he surface fluxes. If “tese observa“ional 2rrorcs ars ran-
dom ovear a sufficiently i¢ng intscval, theirs con+zibution
should »e averaged cu+. In parzizualar, 42 sum cver 36
aonths (or 2 small subser if a seasd>rally vacying corrTeciion
factor is derived) and derive an averaged zorrsction fi:21d
=0 be 3dd2d to *he surface hea+ flux. However, “he phvsical
“erms 1ay nct sum %o zero., 2ersis=z2a% ver*ical and herizon-
-al advsction or 3iffusive 2Iffectsz that acciaula=e juring
bl Tondh
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field. The impact of assuming a 1local (on=2-dimensional)
heat balance via this long-term corraction field will be as-
sessed in the prediction experiments.

The total heat flux Q in (7) ma2y be expressed as

C=0Qg - (Q, +Q * Q) (8)

where the subscripts s, b, 1 and h r2fer to solar, back, la-
tent and sensible heat fluxes *hrough the sea surface. A
description of the calculation of <ecach 2Z these hea* fluxes
in the FNOC atmospheric prediction model is 3Jiven in Kesel
and Winninghoff (1972). The values c¢f these “erms after a
one~pour integration of the model ars taken t> zpply at the
synoptic map time (00 or 12 GMT). Af*ter spatial intervola-~
tion to +he grid points of the ocean analysis, *these irstan-
taneous values are in*erpolated to hourly valuss using tech-
niques described by Gallacher (1979). The reprssentation of
the solar flux is particularly involved. It is this time
series of hourly values >¢€ Qg and Q, (= Qb LA R QI) that
are accumulated in (7). Simply summing <“he instantaneous
12-h FNOC values would not produce the same sum because we
have reconstructed the hourly variation in Q.

Arn example of a field of AH n2ar the baginning of the
ocean heating season is given in Fig. 1. dvsr most (all)
of the domain, +*he heat ccntent change is positive, as zx-
pected. A value of 2 x 104 cal cfﬂ over this *“wc-month
period corresponds to an average increass in t2aperature of
2° Cc over a depth of 100 m, or Uu°C over a dspth of 50 nm.
Less confideance should be given to <the values near the
northern and southern boundaries o2f the domain. The primary
ship-cf~-copportuni+y %«racks lie on thz great zircle c-cute bs-
“Ween Japan and *the USA west «coast ports (Whits and Bern-
s+ein, 1979). During the wiater, th2 tracks t2nd “o be 31is-
placed southward, which makes the northern r=zgion saampling
rather pocr. Somewla* the opposits 2ffect czcurzs during the
summer 2s th2 ship tracks are extenled nocthward. The 5b-
jec*ive analysis procedure (White and Bernsta2in, 1979) us=z4d
=hrcugh 1978 would generates values at 21l g-iipoints Cegaci-

iess cf whe+her any observatiorns fell in +he viziniay nf <he
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poinz. Because the deficient points tend +o lie %*oward the
north and the south, <the fictitious values “end *o resemble
northward or southward exitrapolations from the central re-
gion.

The corresponding integrated surface heat flux for this
pericd derived from the FNOC calculations is shown in Fig.
1c. In contrast to the AH fields, no extrapslation of the
fields toward <the domain boundarizs is involved in the 0,
field. Ir the bard from 40-50% N, <the surfaczs exchange is
approximately equal to the observad ocean heat content
change, which suggests an approximate local h=2at balance.
However, +th2 net FNOC heat flux continues *5 be upward be-
tween 30-35% N during this period. One can ndo%* tell from
this diagram whether the daily valuas of Q in (8) are too
small, or if the upward surface heat flux (Q,) is tooc large.
The fact that +the maximum values ar2 found n=ar the longi-
~ude for which the boundary of the FNOC grid is tangent to
the equa%or (therefore closest to th2 stady region) suggests
+hat the problem may lie irn the bounlary coniitions that are
applied.

The difference between A H and the cumulative hea+ flux
(Qy) is shown in Fiqg. 1. A light filter, with weights
2-4=2 in lati*ude and 1-4-1 in longi+ude, has been passed
h
h
are other ar2as with positive and n=gative valies. In par-
ticular, <*hs residual term in (8) is very large along the
scuthern boundary tecauss of the lack of 2 n2t downward suc-

ot

over *his field to reduce small scal=s noise. Although

[{1]
"
»

ot
(1]
[ ]
)]

are considerable areas with the expz>ted zer> values,

face heat £flux (Fig. 1.

The complete sa* of mecnthly AIi, QT and csﬂ-QT.values
1s cortained ian *the Appendix. Since our desirz is %o obtain
a correcticn fleld, i% is no% appropriate > 3ii

s
each 0f <hese se‘s, ona gerneral featuce iz <ha* ths 9
r
ol

Zields have less eas=-west varia<ioa and aors 1
variation +han do +he AH fi2lis, Therce ars sever
ble causes Zor +his featurse: (2) =he PNOC h22+ f£luxes may

nct con-ain an adedgua<e Cepr2sSentition cf <h:z 2z:st-west vac-
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iations in the anomalous surface fluxes; (b) vartical advac-
tive process2s associated with ocean eddies ars contained inp
the heat content values relative to a fixed dzpth; and (<)
arrors due to inadequate observations or analysis of +he
ocean hea* content. The sgring transition rsgime exampls in
Fig. 1 illustrates one of the worst imbalances in the tinme
series. An excessive upward heat flux also occurs along the
southern boundary during autunmn, However, ths AH field is
negative (upper ocean heat content iimirishing in %+ime) duar-
ing this period. Consequently, +h2 magnituls and sign of
the imbalancz may have a seasonal dzpendence (iiscussed fur-
ther in *he next section).

Similar sets of AN, Qr and A H-Q, were also prepared
with At = 3 months. These £ields (not shown) are not di-
rectly ccmparable with <+the *wo~-month set bzcause of <the
half-month displacement of the central poin+. However, the
time evolution of +the majer featurss using At = 3 months
can be easily associa+ed with the evolution shown by the At
= 2 month series. Therefore, only the corra2c+ion fields
based on the 2-month differences will be discussed below.

S. INTERPRETATION OF THE HEAT BUDGET IMBALANCE

Perhaps *he most important factor to enphasize regacd-
ing these calcula*ions of the local hea* budget (8) is taat
each of “he two terms is subject to largs errors. As noted
above, calculating the heat content changes relative to a
fixed 3epth may produce oscillations equivalenrt to a 1-2°¢c
change averaged over the entire depth. A faulty XBT could
also be the cause of a temperaturz bias with dep+*h. How~-
2ver, we would =xpec+ tha< *he obja-tivs anzlysis +technijue
would tend *o eliminate svch a bias if other correct pr-o-
f£iles are 3in +ha*t <reglon. Based on osur earlier studies
(Elsberry, et al., 1379 ; Budd, 198); 53*ziner, 1991), we 2x-
pect tha+ th2 monthly surface heatiag dc2s no%t have a suffi-
ciently large seasonal amplitaude. Thers is aliso a persis-
<en+* 2ias *cward excessive hea* loss %o the a2:nosphere 2l>ng

=he sou+hern boundary 9£ the domair.
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Because the heat budget imbalances may arise from ei-
ther tera, Table 1 was prepared to indicate th2 various pos~-
sibilities that may arise. It is us2ful to separate the AH
into separate periods when *he oczan heat content is in-
creasing ¢r decreasing. Apart from small <calculation =r-
rors, cone would hope that the corrsspording 2, would be po-
sitive (surface hea*ing) or negativa, respectivaly, so taa*
Cases A-B or E-F would apply. One 2xpects approxima<ely an
equal distribution be+wean A and B or between B and F if the
arrors are random. The percentage of gridpoints with month-
ly AH-Qy differences exceedirg 0.5 x 10I+ cal c:n"‘ are not
eavenly distributed be*ween cases A and B or batween E ani F
when the uncorrected Q; is used in the diff=r=nces. Thare
is clearly a bias toward cases A zand E, which could be a%-
tributed to sxcessive upward heat flux during both the oc=2an
warmingy and cooling periods. Howevar an approximately equal
distribution Is obtained when *he corrected (ss2e description
of six bi-monthly correction fields in <+tha next section)
surfacs heat flux Is used in the differences.

A value of 0.5 x 10' cal co™®
bias ¢f 7.0 «cal cilhf'or a temperature bias of .25° C i1 a

corresponds £5 a heat flux

200 m wa*ter columr. Both of these values ars within the 2x-
pected range of instrument error £>r th2 measurements which
were used in *he analyses. Whereas 65% of all the diff=r-
ances 2xceed this critericn for tha uncorrectzd heat flux,
only uU2% exczed the criterion €for th2 cerrectel heat flux.
Cases C and D in Table 1 ace labelled as drastic imba-
lances because the A H and Q, are of opposit2 tendencies. A
phvsical explana+ion for =such an evant might be “+he advsc-
tiorp of a warm (ccld)y ocean eddy into the =rz23ion *hat has
upward (downward) surface hea* £lux. Ar sxanapl2 0f a compu-
“a+ional explanation is found along the sou<hern boundarcy in
Fig. 1 where Q, < 0 when Ad > 0. The percantagss in Table
1 indicate that drastic imkalances a1r2 rela%ivaly race du--

-

ing oczan cooling periods (Case O - 1% wher “hz uncorrectad

QT is used :in the differences. However, this <is no*% *he

case 3uring =“he ccean wasning periols, when 3 la-ge frzzction
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significant upward heat
Since the heat budget for the
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obta ined when the correc
but not with the uncorrected 2,.
to adjust the

S

for
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fluxes rather
central Pacif-

seasonal tinme

th2 percentages €for Cases C

»

B, E and P.
t2d Qp values
This is a fur-

FNOC surface
dusz

*to the AH

Al+though thece are more

points with A H positive (59%) than negative (¥1%), this as-

ymmetry is pro
periods of oce

tween seasons in Table 1

advec*tion bein

bably within the
an warming versus cooling.

g a primary cause.

T

limits of roughly offsetting

h2 imbalances be-

are not consistent with horizontal
One would expect stronger

Zkman advectior effects during the wintsar (cooling seasorn),

vhereas the larger imbalances are found iuring tte

Ad > 0,
Ocear warming

TABLE 1
A H versus Q,

D s DD W R W W, D WE D A W WD W WA S

>0
(Downwsrd surface
heat flux)

Case A 4;3 >0
Inadequa<e downwari
Excessive ocean warmlng

4% (2.%

Case B A H=Qq 0
-xcoss¢ve downwari Q .
“adeguaue ?ceag rarm:ng

- D A L . =D abem wmaw -

g8 < 0, Case D L\H-Qt <0
Ocean ceccling Drastic imba lance
1.0% (6.5%)
7ossibla physical asscciation for pasitive
imbalances qiven “hat “he hea* contzn+*t or
aIe Dosi<ivé cr negat.ve. Percentals °7I =
acn=hly mpaps <ha-w fall In each ¢at239r7 ac
in_parejthéses were romou‘*i using :gﬂ ceT
521y poInts with |AH- 81 2.5 x_13* cal
diZ%Zarznce are in c 1de a ‘na calcuala“is:
- 13 -
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5. CALCULATION OF CORBRECTION PIELD

Our objective is to determine a correctisn field that
may be applied to the Q values in (3) during the ocean pre-
diction experiments. Because the time step in “he Garwood
model is typically 1 nh, it is desirable that the correction
be in units of cal cam™? houfd. This is done by converting
each of AH-Qy fields ¢to an hourly rate using the proper
number of hours in *he time interval. The sign 4is also
changed because the correction is to be adied +to the o
field.

I© is not within the scope of “his paper to determine
the fraction of this correction which will be applied to Qg
versus the ra2maining three terms in (8). It 2ight be not=a4
that Qg occurs only during the dzytime ard this flux is %o
be distributed exponentially with 31epth by ¢the prediction
nodel. In contrast, the remaining thres terms in (8) apply
only a* the surface and tend to be positive (upward)
thrcughout the day. Thus, one may =2xpect considerable dif-
ferences in the upper ocean predictions as +*hz fraction of
the correctisn that is allcted to Qs is increasead.

For simplicity, one desires 2 single correction field
as in Fig. 2. The basic features in <his corraction f£i=zl4d
are generally consistsnt with the patterr showr in Pig. 1a.
In particular, the correc*ion reduczszs the surface heat flux
(upward is defined to be pcsitive) along the s>uthern bound-
arye. t can be shkown that this correction is equivalent to
calculating the residual :iIn (7) using the difference ia H
between January-February 1979 and Jaauvary-Fehruary 1976, and
the Qp Zor the entire pericd. We may also ragard the single
correction fleld as <+he adjus=menz necessary 3during =zach
hourly time step o0f an in*“egraticn frem 15 Jarnua 1
15 January 1379. If “he correcticn is appii=i ia =hig
we can be assured cf conservaxion oSf heat a%< z:ach
Zor ths entire thre2 year period (assuming ne vartical Jif-

fusior aad no rcund-cff errors).

Each of the 36 maps of AH-Qp is 3iIfzzznt  Zrom <aze
implied by *hsa sitgle corpec=icn Zi:13., W2 n:5-2d4 above %iaa-
- 14 =~
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the seasonal variation in AH or Q. aight be associated with

a modulation in the difference field., A separate correction
field is derived fcr November through April (Pijg. 3a) and
for May through October (Fig. 3b). Each 2f *hase correc-
tions is summed over the three years ard six months, so thaz
a total of 18 values is included in 2ach averajga. Thers is
clearly a seasonal variation in thesa *wo corrsction fielis.
The pattern during the heating season (Fig. 3b) is similar
to the singls correction field (Fig. 2), but the values are
larger. The pat*ern during the cooling season (Fig. 33) is
quite different. Not only are the valuass considerably
smaller than in Fig. 3b, there is mcre of a north-south ori-
entation ¢f the isclines in the north-central ragion.

Based cn the seasonality in PFig. 3, we also examinad
further subdivisicns into quarterly o>r bi-monthly correction
fields. A decision was tben made to adopt the six corrac-
tion fields in PFig. 4 a-f£f. It 1is felt that six maps will
give a better representaticn of the seasonal variation. In-
spectiorn of Fig. 4 b-e reveals a basically =ast-west pat-
tern, whereas the remaining two maps exhibi¢ the norih-south
orientation. Ever though the seasonal variation does not
appear to be a sine wave, +*he six maps appzar to proviis a
relativaly saooth transiticn between <+he two basic pat*erns
in Fia. 3. There are some non-s2asonal f£2atures in these
correction fields. The largest is found along <he westarn
side of the domairn. Larger corrections ars raquired during
Pebruary-March (Fig. 4a and duriang Augus:-Szp+ember (Pigqg.
4d). The transition between the correction £i214 for Decam-
ber-January (Fig. 4s) and Zor Febriary-darch 1s especially
noteworthy along *he western boundary. The cegions of posi-
tive correc-ions (addi+ionzl upwarid heat flux ceguirad) also
<end %o be somewhat ercratic. Howavar, +*“hesz pos
rections are always small, so they will have 1li%:ls effzct
on +the ncean predictions.

Ar exaaple c¢i *he applica“ion »>5f <he h=2at Ilux correc-

tion £1214d a% a specific lccation is givw

en in riz. 5. Tae
seascnal chiznges in aeas ceatant calculatzd freom <hs
- 18 =
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TRANSPAC analyses have relatively constant values during the
heating season. By contrast, tha AH valus2s during the
cooling season tend to reach rather well-defired peaks. The
surfacs heating agrees rather well with the maximum AH val-
ues during each cocling season. Hovwever, <the uncorracted
heat flux during the warming season is clsarly deficient,
especially during 1978. Applying the heat flux corrections
for this location from Pig. 4 improvas the ayrz2ment betwz2en
the surface heating and the A H. The major £eature o be
roticed is that the (AH - Q) dIfferences are indeed sys-
tematic, so thet a2 singls correction in each two-mon+th peri-
od tends +o improve all three years. One £iads periods in
which the AH - Qy remains large after the <correction has
been applied. This indicates that although w2 have had to
correct the surface heat flux we have not fo-ced <+the h2at
budget to be one-dimensional for periods shorter than 36
months. Some examples are the differences during April -

June 1976 and during July - Augus* 1978. Another feature in

Fig. 5 is that the area between the AH and the corrected Qr

curves must sum *o the difference between the final and ini-
tial H values (February 1979 and January 1976, respectiva-
ly). This requirement is a consegaence of the local heat
budget assumption over the 36-month periond,

7. SUMMARY

We have prepared six bi-monthly corresction fields <o bhe
applied %#¢ the F¥OC heat flux valuzs to be used for oc=an
predicticn. The largest corrections are found generally be-
*ween 30 and 38 N durirng April +h-ough Novenmbar. The h12a<
£lux dias is evidently noz serious £or the atnospheric ora-
dic*tions because *hey are limited %> 72 h. Howaver, such 3
bias can ke disastrous (Budd, 1983 €0or 9c2an predicticn
over monthly *ime periods. The corceczion £iz:lds are avar-
aged over <hree vears (1376-1979). Closur=s 92< <hs local

insur2d by zhe uss o°¢

()

hea+t tudget nsver <he entize period L

this correc=icn field. dewaver, =ais iIs oot =o-ue over any
sheor=er =<ime intervalis., I- pac=iczulaz, Ziluctuz<zions in haaz
- 10 -
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content in the monthly TRANSPAC analyses ars not accounted
for by the long-term correction fiell.

The success of these correction fields can only be
judged by th2ir application in +the ocean prediction experi-
ments. Inclusion of the corrections shoull rasult in im-
proved predictions. One of the t25%s will be whe+her the
six bi-monthly correction fields p=rform better than the «wo

semi-annual correction fields. In some of the correction
fields, the 2ast-west variation is not large. I+ is possi-
ble that a correc+ion dependent orly on latituds may perform
as well. Such a correcticn would b2 easier to apply. The
rumerical oc2an prediction experimsnts necessary to demon-
strate the usefulness of the «corrsections are in progress,

and will ke reported separately. J
’
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?ig. 1 The diffarence AH-Q,. and the han e in heat
¢o ontent relative to 20 46;3) and the surface heat-

ing (Q¢) between July 19 and ¥ay 1976. Cross-
hatched areas have insufficzient data for the H
aralysis, Positive values of AH indicate increasirng
heat content, while positive Or lnd;cates a net down-
ward surface heat flux. UnZts: 10% zal cm-*per 2

months.

FPiag._ 2 Corraction f;e’d (cal cm2 B %o pe agpllad
to FNOC heat flux fields dased  on all 36 *ne
monthly sets of (L;lkqfilevalua ced ovar “wo-morth in-
tervals. Negative values indicate that <+he upward
heat fiux is to be reduced by *he amount shown.

Fig As  in Pig. 2, =2xc2pt. separate cqorrection
:leids for Ncvembef through April (%*op and for ¥ay
through October (bottom).

Pig, . 4 As in Fig. 2, exc2pt bi-montaly ceorrectisn
£ields for: Feb ruar%o " March {(top); April - May (mid-
dle); Jure - July (Pottom).

Fige U4  (ccntinued) As in P*g. 2, =xc2pt bi-monthly
correstions for: Au ugust - S=p;emb°r (t:pLi Octoher -
November (middle); December - January (bottom).

Fig. 5 Time series ~han%=s in heat _conten<
(dashzd) uncorrected =urfac= eatin Jsolldga and
gorrﬂctea surface heating (dotted) ac 36°N, 1759W. C8.
is the Eorrected total surface heating. Units are 1
cal over “wo-mcnth intervals.
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Pig. 1 The difference C‘A H-Qy) and th2 change in heat
gontent relative *o 230 44;3) and th2 sucface heat-
-ng (Q,) between July 1976 and May 1976, Cross-
hatchsd areas have Insurffizient data <or the AH
analysis. Positive values of d indicais=2 Increasing
heat content, while positive Q, indicit:s_a nes down=
vard surface heat flux. Units: 10 -al caiper 2

aonths.
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Appendix A
MONTHLY SETS OF AH-Q‘, AH AND Q4

The monthly sets of AH-Q,, AQ H and Q4 based on two-
monthly intervals are included, =xcept for the May - July
1976 set which is in Fig. 1. The form of thess diagrams is
described in the caption of Fig. 1. Positive values (solid
lines) are increasing hea* content in time 223 net surface
heating, and conversely fcr negativa vzlues (dashed lines).
Zero lines are enhancad.
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