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ABSTRACT 

The monthly mean vertical flux of heat at the earth’s surface is parameterized using a 
simplified representation of the atmospheric thermal eddy diffusivity in terms of the 
temperature lapse rate. The formula obtained expresses the dependence of this mean 
vertical heat flux not only on the mean temperature difference between the surface 
and the free atmosphere (as is specified in several statistical-dynamical models of the 
zonal climate and the diabetically-forced standing waves), but also on the intrinsic 
properties of the earth’s surface (albedo, conductive capacity, and water availability) 
and O ~ A  the free atmospheric variance of temperature associated with synoptic air ma.ss 
movements. These latter factors enter as “rectifier” effects associated with the diurnal 
and synoptic temperature oscillations; they lead to significant net upward fluxes of 
heat, particularly over the continents in summer and lower latitudes in all seasons 
(the diurnal effect) and over the oceans off the east coasts of the continents in winter 
(the synoptic effect). A calculation of the heat flux from the formula expressing all 
of the above combined effects, for January and July mean conditions, shows good 
agreement with the distributions obtained independently by Budyko. 

1. Introduction 

In  a previous article (Saltzman & Ashe, 1976, 
henceforth called S-A) we suggested a simple 
parametric representation of the mean vertical 
heat transport to the earth’s surface, crudely 
taking into account the dependence of the eddy 
diffusivity K on the lapse rate. The resulting 
formula shows that the monthly mean vertical 
heat flux is a function not only of the mean 
temperature difference between the surface 
and the free atmosphere (as is the basis of 
several dynamical studies of atmospheric 
response to nonhomogeneous heating: e.g., 
Doos, 1962; Sankar-Rao & Saltzman, 1969), but 
also of the mean diurnal and synoptic variances 
of surface and atmospheric temperature. These 
variances give rise to significant “rectifier” 
effects leading to net upward fluxes of heat. 

The diurnal variance effect is strongly de- 
pendent on the magnitude and latitudinal 
distribution of solar heating and the intrinsic 
properties of the earth’s surface, resulting in a 
maximum upward heat transport in lower 
latitudes, in summer, and over the continents. 
The synoptic variance effect is dependent on the 
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passage of air masses over surfaces of relatively 
fixed temperature, leading to a maximum 
effect where strong air mass temperature varia- 
tions occur over the oceans (e.g., off the east 
coasts of continents in winter). 

The combined contributions of all these 
processes are shown to lead to plausible seasonal 
distributions of the net vertical heat transport 
at the earth’s surface due to small-scale con- 
vection, suggesting the applicability of such a 
representation in statistical-dynamical models 
of climate. 

2. Theory 

The upward flux of sensible heat due to 
eddies of time scales less than are resolvable 
by the usual “representative” synoptic mearjure- 
ments (i.e., less than about a half hour) can 
be represented by, 

H = ec,, w*T* 
- 
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where the wavy bar denotes a half-hourly 
average, the asterisk a departure from this 
average, e is air density, c p  the specific heat 
of air at constant pressure, w the upward air 
speed, T is temperature, K the eddy diffusivity, 
z the height above sea level, r the dry abiabatic 
lapse rate, and yc a counter gradient flux 
factor (cf. Deardorff, 1972). 

Let us now set 

? = T + T * + T '  

K = K  +K* + K !  

where (=) is the monthly mean, ( )" is the depar- 
ture of the daily mean, (-), from the monthly 
mean (i.e., ( )" =(-) -(=)) and ( )' is the depar- 
ture of the half-hourly mean value from the 
daily average (i.e., ( )' = (-)  - (-)). Thus, 

(2) 

We shall apply this equation to an extended 
planetary boundary layer reaching from the 
surface (denoted by subscript s)  to a height 
2 (denoted by the subscript 2). Thus, we 
assume, 

aT - T z  - T ,  
az 2 (3) 

Moreover, let us now msume that for this 
extended PBL we can express K as a simple 
linear function of the departure temperature 
lapse rate, i.e., 

K = K O  - &($) 
PBL 

where K O  is the minimum value of K ,  corre- 
sponding to purely mechanical mixing under 
isothermal conditions, and E is a positive 
constant. For mean inversion conditions, 
T ,  <Tz, we set K = K O .  Thus we can write 
- 

If 2 is sufficiently large we may set the diurnal 
atmospheric temperature variation to zero 
(i.e., TL = 0 )  so that 

With these approximations we can write (2) 
in the form, 

+ 2 [(T$ - + TF] 
-- =I 

or 

where a, b, and c are given by, 

a =  - e c , m  -7J 

b = ec,Z-lK 

c = @CpZ-*& 

A formula of the "Newtonian" type represented 
by the first two terms of (7) has already been 
taken as the basis for parametric representa- 
tions of H in several studies (e.g., Doos, 1962; 
Sankar-Rao & Saltzman, 1969; Saltzman & 
Vernekar, 1971). 

Some attempt to include the synoptic "recti- 
fier" effects embodied in c ( c  -T",)* were 
made by Saltzman (1967) and Sankar-Rao 
(1970) in which an additional term depending 
on the horizontal thermal advection, 7 * V T ,  
was postulated. However, wo now have at  our 
disposal some recent results by means of which ~ 

we can relate both the synoptic - variance Pbg) 
and the diurnal variance (T'*) to the climato- 
logical mean state and hence "close" the formu- 
lation of the parameterization. 

First, concerning the synoptic variance, _. it  
follows from S-A (1976) that ~ (c -fz)' 
can be approximated by ( 1  - ~ ) ~ ~  where B 
represents the ratio of the amplitudes of T," 
and @;, and is given by 

___- 

- ..-- 
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- - 
V ' = [ (r  + k,)'+ ki]"2 

The formulas for y ,  F ,  and k,, are given below 
along with the formulas arising in the expres- 
sions for the diurnal variance; these may be 
seen to embody the physical parameters and 
properties of the earth's surface and atmosphere 
that influence the surface synoptic temperature 
oscillations. In general, @ has values ranging 
from 0.2 to 0.7 over land and a near-zero value 
over water. Moreover, it was shown by Saltzman 
(1973) that, as a first  approximation, we can 
write, 

where A is a horizontal Austausch coefficient 
and a is a low-level Newtonian cooling coeffi- 
cient. Thus, we have 

Concerning the diurnal variance, we have also 
from S-A (1976) the approximate form, 

where B, is the amplitude of the jth harmonic 
of solar - radiation at  the top of the atmosphere, 
and p, F ,  and k,, embody the physical para- 
meters and properties of the earth's surface 
and atmosphere that influence the surface 
diurnal temperature wave. These quantities, 
and those appearing in (S), are defined as 
follows: 

p = (1 -%)(l -Ga)(l -;& 
y = v +(cp  - c s W ) [ l  -c,(b)ng] 
Y - @ C J l  +c,W)Z-'K 
k,, - ( iwJWC 
k, - (w, /2PC c = pc(k)*, "conductive capacity" 
w ,  = 2n/P1 ( P I  = 1 day) 
wp = 2n/P, (Pp = 1 week) 
x 
rs = albedo of surface 
ra = albedo of atmosphere 
w = water availability 
n = fractional cloud cover 
k 
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= opacity of atmosphere to solar radiation 

= thermal diffusivity of surface medium 

and ca(g), c4, c8, cp are constants given by S-A 
(1976). 

Our final form for can, therefore, be 
written 

H = HI +HI, + H I , ,  

where 

H I  = a + b(T, - F,) 
H,, - c(1 -B)wT"Z)  
HI,,  = cuy Ti) 

in which, 

and 

3. Values of Parameters 

First, let us identify the atmospheric variables 
at  the top of the extended PBL, denoted by the 
subscript 2, with the conditions prevailing at 
roughly 2 km above the surface (i.e., at about 
800 mb if the surface is near seal-level). Then 
we can adopt the following values of the fixed 
constants appearing in (12) given by Saltzman 
(1973) and S-A (1976): 

e = 1 kgm-' 
cg = 10'J Kg-' K-' 
I' = 9.8 K km-1 
yc = 5 Kkm-' 
2 = 2 k m  
E - 1 200 m* sec-1 K-1 
KO = 1.0 mr sec-' 
A = 2 x 108 ma sec-' 
a = 2 x 10-6 sw-1 

4. Results 

In order to evaluate the heat flux it remains 
to _ _  specify - - the physiogeographic parameters 
w, rs, ra, x ,  c, 5, T ,  and T,. In this study we will 
use the same values as were used previously by 
Saltzman (1973) to evaluate f; and by S-A 
(1976) to evaluate and B, for summer (i.e., 

_ -  - - 

- 
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Fig. l a .  Field of H I ,  for January, in units of (10 Wm-2). 

Fig. l b .  Field of H I ,  for July,  in units of (10 Wm-P). 
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Fig. 2a. Field of HI, ,  for January, in units of (10 Wm-*). 

Fig. 2b .  Field of HI, ,  for July, in u n i t s  of (10 Wm-*). 
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Fig. 3a. Field of HI,,, for January, in units of (10 Wm-*). 

Pig. 3b.  Field of HI,,, for July, in units of (10 Wm-*). 
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- 
Fig. 4a. Field of H ,  for January, in units of (10 Wm-P). 

Fig. 4b. Field of H, for July, in units of (10 Wm-*). 
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~ 

Fig. 5a. Budyko’s field of H ,  for January, as summarized by Schutz & Gates (1971), in units of 10 Wm-2, 

~~ 

Pig. 5b .  Budyko’s field of H ,  for July,  as summarized by Schutz & Gates (1972a), in units of 10 Wm-P. 
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July) and winter (i.e., January) mean conditions. 
The hemispheric fields of these two quantities 
are given in the above cited papers. The field 
of I VTzl  was approximated using the 800 mb 
data of Schutz & Gates (1971, 1972~) .  Using 
these fields, the values of F ,  and Tz given by 
Schutz & Gates (1971, 1972, 1973, 1974) and 
Crutcher (1971), and the constants given in 
section 3 we can compute and map the fields 
of H I ,  HI , ,  H,,,, and their sum H. The results 
are shown in Figs. l a ,  b, 2a, b,  3a, b, and 4a, b, 
respectively. For comparison we show in Figs. 
5a, b, the independently derived fields of H 
for January and July reported by Budyko 
(1963) and summarized by Schutz & Gates 
(1971, 1972~) .  

5. Discussion 

It can be seen that there is generally good 
agreement between the two independent esti- 
mates of the total mean vertical heat transfer, 
2. I n  January the main positive centers are 
located over the oceans off the east coasts of 
the continents in upper middle latitudes; the 
magnitudes compare very favorably with those 
of Budyko. I n  July the main positive centers 

are located over the subtropical continents, 
notably the southwest United States and the 
Sahara; in this case the magnitudes are slightly 
lower than those of Budyko. The importance 
of the two “rectifier” terms, H I ,  and H,,,, in 
determining the location and magnitudes of 
these main centers is apparent. 

It would thus appear that  our new para- 
meterization represents a considerable improve- 
ment over the purely “Newtonian” forms 
used previously. A promising area of applica- 
tion is in the theory of the global standing waves 
of the atmosphere forced by non-homogeneous 
heat sources and sinks (e.g., the monsoons). 
I n  particular, i t  should be possible to  investi- 
gate with greater fidelity several plausible 
hypotheses concerning the manner in which the 
global standing waves are related to large-scale 
sea surface temperature changes (cf. Namias 
1972) and large scale albedo changes (cf. 
Charney et  al., 1975). 
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I IAPAMETPH3AqMH CPEAHEMECHYHOrO BEPTHHAJIbHOI'O IIEPEHOCA 
TEnJIA HA IIOBEPXHOCTH SEMJIM 

C p e ~ H e M e C f l q H b I f i  B e p T H K a J I b H b l f i  IIOTOK T e I I J I a  

ACI IOJIb30BaHHH y I I p O W e H H O I ' 0  I IpeACTaBJIeHHf l  
K O 3 @ @ H q H e H T a  T y p 6 y J I e H T H O f i  TeIIJIOIIpOBOA- 
HOCTH aTMOC@epbI  B T e p M H H a X  B e p T A K a J I b H O r O  

B b I p a m a e T  3aBHCHMOCTb 3TOrO B e P T H K a J I b H O r O  
I IOTOKa T e I I J I a  H e  TOJIbKO OT C p e A H e f i  p a 3 H O C T H  
T e M I I e p a T y p  MeHcAy IIOBepXHOCTbIO H CBObOAHOfi 

THCTHKO-AHHaMH9eCKHX MOAeJIef i  3 0 H a J I b H O r O  

6 y W A a e M b I X  CTORqHX BOJIH) HO H OT B H Y T P e H H H X  
CBOfiCTB IIOBepXHOCTH 3eMJIH (aJIb6eA0, TeIIJIO- 
IIpOBORHOCTb,  BJ IaMHOCTb)  H OT H 3 M e H e H H f i  

H a  n o s e p x H o c T H  ~ ~ M J I H  n a p a ~ e ~ p a 3 y e ~ c ~  n p ~  

r p a a H e H T a  T e M n e p a T y p b I .  I I o n y s e H H a R  @ o p M y n a  

a T M o c @ e p o i  ( K a K    TO A e n a e T c H  B p q e  c T a -  

K n m a T a  H B M o R e m x  ~ e a ~ ~ a 6 a ~ a s e c ~ a  B O ~ -  

T e M n e p a T y p M  B amoc@epe, C B R ~ ~ H H ~ I X  c CH- 
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