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Summary 

The heat budget of a deep stationary January Low in the North Atlantic is 
studied, together with those of a series of peripheral Lows moving around it. 
The atmospheric and surface budgets are calculated from synoptic data. The 
system accomplished heat accumulation in its northern part and a decrease in 
heat storage in the Southwest sector. This was made possible by the effect of the 
turbulent terms in transporting heat from the ocean. 

Zusammenfassung 
Klima~inderung fiber dem Polarmeer 
III. Das Energiebudget einer atlantischen Zyklone 
Die W/irmebilanz eines tiefen station~iren Januartiefs im Nordatlantik wird zu- 
sammen mit derjenigen einer Serie datum kreisender Randtiefs untersucht. Die 
Bilanzen der Atmosph/ire und der Erdoberfl/iche werden auf Grund synoptischer 
Daten berechnet. Das ganze System ffihrte zu einer W/irmeanreicherung im nSrd- 
lichen Tell und zu einer W/irmeabnahme im Sfidwestsektor. Dieses Ergebnis 
wurde durch die Turbulenzglieder beim W/irmetransport vom Ozean her erzeugt. 

1. Introduction 

Short period energy budgets should give information on the 
magnitude of the heat storage changes associated with a particular 
circulation type (Groi~wctterlage), and on the role played by advec- 

The research reported in this paper was sponsored in part by the National 
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tion. Such information illustrates the reaction of the earth-atmos- 
phere system to the synoptic conditions. Once a certain number of 
circulation types have been investigated, over different geographical 
regions, it will become possible to make statements and predictions 
about the influence of particular synoptic sequences on the climate 
and the general circulation. 

PETTERSSEN et al. [5] examined the turbulent terms of a model 
North Atlantic moving cyclone. For climatological purposes the 
energy exchanges should, however, be studied over particular points. 
As the cyclone passes over a certain location, the energy budget 
terms may go through positive and negative phases. The important 
fact is the aggregate influence of the cyclone. This does not mean 
that it is unimportant to know the energy budget of different parts 
of a moving system - -  clearly this is necessary in order to under- 
stand the structure and behaviour of the system. Climatologically, 
however, it is of importance to know the influence a particular 
cyclone family, or a particular stationary High, will exercise on the 
local energy budget. 

MANAGE [3] investigated the energy budget over the Japan Sea 
and gave, in fact, the characteristic parameters of a circulation type. 
The present investigation is somewhat similar, although a larger 
area will be considered, and additional energy budget components 
will be included. The discussion will deal with conditions over the 
North Atlantic between 22 and 28 January, 1967. The synoptic 
situation was very stable and characterized by a deep central Low, 
south of Iceland, around which moved a number of peripheral 
disturbances. These originated in North America and were usually 
rather weak until coming under the influence of the central Low. 
They then intensified rapidly over the Mid-Atlantic and moved 
towards Iceland and Greenland, discernible in the cloud patterns of 
satellite pictures. The circulation type was persistent, and similar 
synoptic sequences repeated themselves so that the period was par- 
ticularly suitable for a study of a typical oceanic energy budget. 

The components of the budget were determined following the 
method previously described by VOWINCKEL and ORVIC. [10]. The 
following elements were calculated for 00 and 12 GMT: 

SGA short wave radiation absorbed at the surface under 
actual cloud conditions 

SGC short wave radiation absorbed at the surface under 
conditions of clear sky 
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SAA 

SAC 

Lt  
L{ 

L*C 

L 300 ]" 
r, 300 c 

L 300 ~. 

AS 
A W  
QE 
Qs 
DSTG 

short wave radiation actually absorbed in the atmos- 
phere 

short wave radiation absorbed in the atmosphere with 
clear sky 

long wave (terrestrial) radiation 

actual long wave radiation from atmosphere to ground 
(ba& radiation) 

long wave radiation from atmosphere to ground 
(back radiation) for clear sky 

actual long wave radiation up across the 300mb level 

long wave radiation up across the 300mb level 
for clear sky 

long wave radiation down across the 300mb level 

sensible heat advection (geostrophic) 

latent heat advection (geostrophic) 

turbulent transport of latent heat 

turbulent transport of sensible heat 

change in ground heat storage 

The 24-hour average value of each element (X) was obtained by: 

X a v =  X_2~. 0 . 2 5 @ X _ 1 2 . 0 . 5 @ X -  0.25 

where X-2~, X-12 and X refer to the values of the element 24 hours 
ago, 12 hours ago and at present. The 24-hour average values were 
combined with the values of: 

DSTAS change in sensible heat content of the atmosphere 

DSTAW change in latent heat content of the atmosphere 

These two values were calculated for each 24-hour interval. The sum 
of DSTAS and DSTAW, equal to DST, was used to calculate the 
net advection, AN, according to: 

A N =  DST + RA @ Q, 

where RA = radiation balance of the atmosphere and Q = sum of 
the turbulent transport terms. 

The advection thus obtained refers to the change in heat content 
between the surface and the 300mb level. However, this heat amount 
also varies with the mass changes as reflected in a changing surface 
pressure. These variations in heat content, due to mass changes, have 
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little influence and in energy budget studies it is more useful to 
observe the effect of temperature and moisture changes only. The 
influence of mass changes can be eliminated as follows, obtaining 
a "corrected" value of advection: 

A N I =  A N  P-P-~' .ST,  
P--  300 

where P = surface pressure, P-24 = surface pressure, 24 hours ear- 
lier, ST = heat storage at the time of P. 

The term DSTG is also a complex element. It measures a genuine 
storage change but also the horizontal heat advection in the water. 
Oceanographic observations were not available to separate the two 
effects whose relative importance will change with location. Using 
sea surface temperatures given by the British Meteorological Office 
[I], and assuming a depth of seasonal cooling of 200 m, the storage 
change in January-February amounts to S0--100 ly day -1 at 50 o N, 
between 150 W and 350 W. 

It is more difficult to estimate the value of ocean heat advection. 
Using the volume transport for the Gulf Stream given by SVERDRUV 
et al. [6] and assuming a cooling of 5 deg., the mean daily advec- 
tion over the Atlantic amounts to 66 cal cm -2. Using MODEL'S [4] 
values for the ocean advected energy used in evaporation between 
60 o and 30~ a value of about 90 ly day -1 is obtained. These values 
would apply for the whole ocean and should be much higher in the 
central part of the Gulf Stream and lower elsewhere, especially in 
the Canary Current. It is likely that the two components of DSTG 
are of the same order of magnitude in the area under considera- 
tion. 

Another complex element is the term L ,~, the atmospheric back 
radiation. A certain portion of it is simply re-emission of absorbed 
terrestrial radiation. Generally, in the following, the components of 
L ~ are not evaluated. Only in a few instances was it of interest to 
calculate separately the component of the back radiation which was 
caused by re-emission downward of absorbed radiation from the 
ground. It was calculated after VOWINCKEL and ORvm [9]. 

2. Surface Energy Budget 

2.1. T h e  R a d i a t i o n  B a l a n c e  

The various components of the balance are given in Table 1 for 
a typical day under this circulation type. The terms AVERTS  and 
A V E R T W  are the vertical component of atmospheric advection of 
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sensible and latent heat, respectively. The first of these has been 
combined with the heat  released by precipitation (PR), the second 
with the latent heat equivalent of precipitation. 

Table 1. Energy Budget Terms, 25 January 1967, 12h 
Point 35/33, cal cm - ~ day - 1 

Surface Atmosphere Whole System 
Sensible Water Sensible 

~176 heat ~176 (heat equiv.) % heat % 

SGA + 115 4.56 
L~ - 7 8 4  31.10 +784 
L~, +693 27.49 - 6 9 3  
QE - 3 2 0  12.69 
QS - 156 6.19 +156 
DSTG +453 17.97 
SAA + 53 
L 300 ~ --432 
L 300 + +68 
AS + 1797 
DSTAS - 4 7 0  
pRAVERTS } -1263  

AW 
DSTAW 
AVERTW 
Pe } 
Total turnover: 2521 5716 

13.72 
12.12 

2.73 

+115 2.31 

+320 40.40 --320 6.44 

+453 9.11 
0.93 +53 1.07 
7.56 --432 8.69 
1.19 +68 1.37 

31.44 +1797 36.15 
8.22 --470 9.45 

22.10 --1263 25.41 

+76 9.60 
--252 31.82 
--144 18.18 

792 4971 

The simplest budget is that for the surface, which is shown in Fig. 1 
for six days at a point situated east of the central Low. During the 
period a number of disturbances traversed this region. The most 
outstanding feature of the radiation balance is the strong dominance 
of the long wave terms, and their constancy. For the terrestrial 
radiation this is a reflection of the constancy of the sea surface 
temperature over synoptic time intervals. The atmospheric back 
radiation is somewhat less constant, but the lowest value is, never- 
theless, still 92 per cent of the highest. The difference between the 
two extremes, however, amounts to 56 ly day -l, i. e., the same order 
of magnitude as the short wave component. 

The lower part of Fig. 1 compares the net long wave flux with the 
short wave term. It is clear that the radiation terms are very nearly 
balanced, in this location and synoptic situation. The greatest differ- 
ence was - -19 ly on the 26th, the day with the least cloud amount 
and with relatively thin clouds. For the same reason, this was also 
the day with the highest short wave radiation. 
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In Fig. 1 the clear sky radiation values are also given, and it can 
be seen how the presence of clouds dampens the net radiative loss. On 
the 26th the clear sky net loss would have been - - 5 4  ly, but clouds 
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Fig. 1. Surface heat budget, point 31/33, January 23--28, 1967, Oh 

reduced this to - -19  ly. On four days the radiation balance was posi- 
tive, due to greater cloud amount resulting in more heat gain from 
L~,, while the short wave radiation gain was kept up due to rela- 
tively high transparency of the clouds. 

Fig. 2 shows a cross section of net radiation for clear sky and actual 
cloud conditions on the western side of the Low. The variations in 
clear sky net flux are caused solely by the air mass changes. In the 
southerly latitudes, where the short wave radiation determines the 
net total, the effect of warm (moist) air advection is to decrease the 
net radiation. Cold air advection will increase it. In the north the 
reverse holds true. It is noteworthy that the latitude is rather constant 
for the change from negative to positive flux under clear sky. The 
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average position of the zero-l ine for this circulation type, for clear 
sky conditions, is: 

Long. oW 50 45 40 35 30 25 20 15 10 5 
Lat. ~ 46 46 47 47 47 48 50 50 51 51 

The  position is about 5 degrees lat. fa r ther  south in the cold par t  of 
the Low than in the warm part.  The  position of this line must change 

North South 

col cm"day" %9 3%0 ~/r 34/~. %5/3 3 3r 4 37~ 3%6 

20C /~ C~eor 

IOC 

2&O h 24.0 N 

Positive change from clear to cloudy conditions 

Ji,;J Negative change from c~eor to cloudy conditions 

26Dh 2Z0~ 28,0 h 

t ~  

~ 2  

-20( 

Fig. 2. Cross sections of net total radiation, surface, for clear and cloudy 
conditions, January 23--28, 1967 

with the season. As a first approximat ion it will depend on solar 
altitude. The  approximate  position of the zero-l ine during the year  
over the Nor th  Atlant ic  will be: 

15 Jan. 15 Feb. 15 March 15 Sept. 15 Oct. 15 Nov. 15 Dec. 
Lat. ~ 49 58 74 79 63 51 44 

The  main changes in the radiat ion balance, however,  are those 
caused by the cloud conditions. Negat ive  clear sky budgets are made 
less negative, or even positive, and strong positive budgets are 
reduced, as is seen in Fig. 2. The  influence of clouds on the long 

Arch. Met. Geoph. BioH. B. Bd. 17, H. 2-3 11 
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wave budget is always to increase the heat gain at the surface, and 
clouds will always reduce short wave heat gain. The difference in 
atmospheric back radiation with clear sky (L ~ C) and with overcast 
of low clouds (L 4) is governed by two factors: 

First, the difference is greater the drier the air, because less radia- 
tion originates in clear, dry air, and introduction of clouds will be 
relatively more effective. Secondly, the difference will be smaller 
with steeper lapse rate. Over the open ocean, surface inversions are 
rare and the lapse rate below cloud level generally uniform. The 
result is that this second factor will cause only small changes in back 
radiation with overcast, over a wide range of air masses and lati- 
tudes. 

The net effect is that the difference between L~, (overcast) and 
L ~ C varies little, numerically, and the difference will decrease to- 
wards the south, where moister air is generally found. The following 
average cross section shows a maximum in the centre of the cold 
air, and a gradual decrease southwards: 

Point N 30/30 31 /31  32/32 33/33 34/34 35/35 36/36 S 
L ~ - L ~ C :  +118 +127 +132 +136 +133 +117 +94 
ly day -1 

For short wave radiation, however, the cloud depletion is a certain 
fraction of the clear sky value. Hence, the actual amount lost is not 
constant but varies with latitude. 

These results can be summarized as follows: 

a) The positive influence of a cloud cover on the net radiation is 
restricted to the area poleward of where SGC-SGA has a numerical 
value equal to the maximum gain by clouds in the long wave budget, 
i. e., where the depletion of short wave radiation by clouds equals 
the maximum increase in long wave radiation caused by the cloud 
layer. 

b) The positive influence of a cloud cover on net radiation over 
open water will increase polewards to a maximum value of about 
120 ly day -1 as the influence of solar radiation vanishes. 
c) The reducing influence of clouds on net radiation in more south- 
erly latitudes will progressively increase, as SGC increases. The 
highest reduction in net radiation which can be obtained in the 
Atlantic Subtropics, in summer, is about 400 ly day-1 

The situation under study demonstrates that the cloud distribution 
of the Low has the effect of increasing the radiation balance in the 
north and reducing it in the south. This is due to the particular 
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location of the cyclone, and to the time of year. Later in the season, 
the influence of the Low would have become gradually more nega- 
tive. Similarly, with a more northerly position, the Low would have 
increased the radiation balance. Fig. 3 shows that a position of the 

col cm "= day "~ 

0" 

Fig. 5. Net total radiation, surface, clear sky, mean for period January 23--28, 
1967, in cal cm -~ day -1 

whole system north of 50~ would have resulted in an increased 
radiation balance in all parts of the cyclone (50~ is the approxi- 
mate position of the isopleth for SGC = + 150 ly day -1, which is the 
position where is obtained a difference SGC-SGA of about 135 ly 
day-~). 

Such simple conditions can only exist over the ocean, with its con- 
servative surface temperature, low and fairly uniform cloud level, 
as well as relatively uniform temperature gradients in the air near 
the surface. 

The synoptic variations of the radiative terms, caused by the passage 
of a peripheral Low, are shown in Figs. 4a--c .  The first of these 
shows short wave radiation actually absorbed at the surface (SGA). 

1l  ~ 
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Fig. 4b. Atmospheric ba& radiation, January 9_7, 1967, 12h 
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Under the heavy cloud shield ahead and to the north of the mov- 
ing cyclone, SGA decreased, while it increased in the clearing area 
behind the cold front. Fig. 4b shows the opposite: back radiation 
(L~) increased ahead and to the north of the peripheral cyclone, 

col crn-Zdau '' 
70 o 

Fig. 4c. Net total radiation, surface, January 27, 1967, 12h 

while it dropped in the rear. The net effect, shown in Fig. 4 c, is 
a weak gradient in net radiation over the whole area, with a ten- 
dency for positive deviations ahead and to the east, and negative 
in the rear and west. 

It thus seems to be of crucial importance for the surface radiation 
balance over the ocean that L]" is, essentially, constant and not 
affected by the synoptic patterns. Accordingly, the variations in the 
radiation budget are likely to be significantly greater than over land 
surfaces, where L~ quickly adjusts to the variable sum of SGA 
plus L ,~. 

It should be stressed that, for the surface radiation budget, a strong 
cyclonic system such as the one under study, is not the most favour- 
able. It is best for the surface balance to have little or no Nb and 
Ns clouds, and mainly middle and high clouds, because the reduc- 
tion in short wave radiation would be less and this would more than 
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compensate for the decrease in L ~ due to the lower radiating tem- 
perature of the clouds. 

Finally, it is of interest to assess the amount of energy actually 
radiated from the atmosphere to the ground when excluding the 
greenhouse effect (that part of L ~" which is absorbed and re-radiated 
downwards). The areal distribution of such atmospheric radiation 
for the average conditions of the central Low turns out to show 
a rather slight latitudinal variation, and the values are very large - -  
about 200 to 260 ly day -1. This is more than the short wave con- 
tribution to the surface radiation balance. Long wave radiation is 
thus the method used by the atmosphere to transfer heat to the sur- 
face, and it is in this way that the energy is made available to the 
ground which has been advected from lower latitudes as sensible or 
latent heat. Advected heat is, of course, essential for maintaining 
the ground temperature, and hence LI", at a relatively high level 
in winter. 

Even in low latitudes, including the tropics, the atmosphere radiates 
appreciably to the surface. This indicates only that the atmosphere 
is everywhere warmer than its radiative equilibrium state. It is thus 
evident that the non-radiative, turbulent, processes must transport 
considerably more energy into the atmosphere than the amount re- 
quired in poleward heat advection. 

Comparing the distribution of total atmospheric back radiation (L ~,) 
and the part of it (L ~, A) which is not due to absorption of terrestrial 
radiation, it is found that the patterns are very similar. Their ratio 
remains remarkably constant: L,~ A/L ~, varies between 0.3 and 0.4. 

2.2. T h e  T u r b u l e n t  F l u x e s  

The striking feature of these terms is that their magnitudes show 
little similarity to the radiative budget. This is evident in Fig. 1. 
The second characteristic is their great variability. The range in 
values, at each point for the whole period, along a W - - E  cross 
section for the various surface budget terms, is shown in the follow- 
ing (ly day-  1): 

Point 38/30 37/31 36/32 35/33 34/34 33/35 32/36 

SGA 79 27 48 72 56 63 37 
L~ 25 26 8 7 7 3 4 
L~ 38 48 49 59 71 80 52 
QE 137 79 176 323 299 150 234 
QS 117 65 98 192 86 93 73 
RNET 35 32 24 33 35 27 34 
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From Fig. 1 it can be seen that the disparity between the turbulent 
and other terms would have been even greater if the values were 
expressed in per cent of the mean of each element. The lack of simi- 
larity between radiative and turbulent fluxes is opposite to the 
results obtained over land or ice surfaces, as shown for example by 
VOW~NCKEL [8]. The two modes of energy transfer are physically 
different but linked by the requirement that the total budget must 
balance. As the ocean is a larger heat reservoir, the energy require- 
ments can almost always be met by drawing on storage. There are 
cases where a certain relationship may be seen between radiative 
and turbulent terms. The 26 January, in Fig. 1, shows a situation 
where the negative radiation balance and the turbulent flux reached 
their maximum values. The storage change term therefore also 
reached its highest value. This can happen if a cold air mass is 
advected over the ocean, causing increased evaporation and sensible 
heat flux as well as cloud and moisture conditions effecting reduced 
back radiation. If a position were chosen at a lower latitude, a high 
positive radiation balance would occur with high turbulent flux. 
In general, the geographic distribution of the turbulent fluxes shows 
a similar picture to that described in other studies (CmsHOLM [2]; 
VOWINCKEL [7]). The differences are caused by the fact that the 
present period was dominated by a central Low. The main belt of 
evaporation then remains fairly stationary in the SW quadrant, al- 
though the 'peripheral disturbances cause changes in the gradient, 
and the associated air masses create expansions and contractions in 
the zone of maximum evaporation. Points in the SE sector of the 
central Low showed markedly lower evaporation rates. Table 2 

Table 2. 24-Hour Heat Equivalent o[ Evaporation and Time of Passage of 
Peripheral Lows, in Two Quadrants 

January 21 22 22 23 23 24 24 25 25 26 26 27 27 28 
12h Oh 12h o h  12h  Oh 12h Oh 12h Oh 12h Oh 12h Oh 

S W  
QE ly day -  1 
Low passing 
point 36/32: X 

SE 
QE ly day -  I 
Low passing 
point 31/35 : X X X 

gives the evaporation heat equivalent for 24 hours, centered at the 
indicated time, and the passage of peripheral Lows over point 36/32 
in the SW sector and over point 31/35 in the SE quadrant. 

522 274 269 336 396 319 307 399 445 411 289 241 

X X X 

210 283 228 98 107 186 128 41 6 24 79 61 
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The lower evaporation in the SE sector is clearly demonstrated, 
and the peak in evaporation after each Low passage is seen to occur 
sooner in the SE than in the SW. The drop in evaporation ahead 

J '  
. r ~ 1 7 6  / 154 //60 53*)// 

io',..&_ 

)t 
: )<,/:) 
- <7  

/ 

Average 0.56 

/ 
/ 

//  4 

I 
/g 
t 

\ 

1'7 \ \  

Ca 

1"8 

Fig. 5. The Bowen ratio QS in per 
cent of QE, mean for period 

of the disturbance results in lower values in the SE than in the SW. 
The flow of air will then be south or southwesterly over the East 
part of the ocean. 

The sensible heat term, QS, follows the same pattern as QE, al- 
though it remains much smaller. Fig. 5 shows the mean Bowen ratio. 
QS takes on greater relative importance on the cold side of the Low. 

2.3. T i m e  S e q u e n c e s  of S u r f a c e  T e r m s  

Fig. 6 shows detailed 12-hourly time sequences for all surface terms 
for three points around the central Low. 

Point 33/35, to the south, saw the passages of well developed Lows 
with different air masses. The sequence begins on the 22nd, on the 
rear side of such a Low. In the strong wind field both QE and QS 
are very large, requiring a high DSTG. The SGA term was only 
moderately high due to extended clouds behind the disturbance. By 
the 24th a new Low had passed, bringing warm air advection ahead 
of it, with clouds and rather low SGA but rising value of L,~ and 
drastic reduction in the Q terms. The rear of this Low brought simi- 
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lar conditions to those on the 22nd, except that the cloud amount 
was less. This resulted in an increase in SGA and decrease in L+. 
It should be noted that L i" remained unaffected by all this activity. 
The 25th and 26th brought another Low passage, with even stron- 

Point 3 3 / 3 5 ,  South Point 2 9 1 3 3 ,  East Point 3 2 1 3 0 ,  North 

22.0h 23.0h 24.0h 25.~t 26.(~ 2"Z011 2&Oh 22.Ca ?.3.1~ 24,0~ 25.01~ 260h 2"~Oh 28.0h 2?_Oh 23.0h 24.0h 25.~ 26Dh 270h 28.0 h 
col crn'ldoy "i 

80(  

70(  

~IDSTG 
5oc ,, 

', f, 
4oc 

f .  

30C ,. ~ , . -  \ , , ' 

20( ' ' V ' " P " "  - ' 

'~ ~ .  

-20( : 

-300 

-400 

- 500  

-60C 

-70( 

Fig. 6. 12-hourly time sequences of surface terms at three points a round the 
central Low 

ger warm air advection. Turbulent heat transport took place from 
air to surface. Although the radiation balance actually became less 
favourable, nevertheless there was an increase in heat storage. 

The second point, 29/33, lies on the east side. The peripheral Lows 
are still discernible, with the cold sides passing on the 22nd, 24th 
and 26th. Although they in principle exhibit the same phenomena, 
the differences are less marked. The air masses involved in this 
location had been modified. Even the cold air arrived from the 
south-west, and no warm sectors were present. Also the wind, which 
partly governs the Q terms, was weaker. 

The third point, 32/30, lies on the north side of the central Low. 
It is just possible to notice the remnants of the distinct cloud fields 
of the peripheral Lows. It can be seen that the variability of the 
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various terms changes drastically from the first to the third point, 
except that the change is less pronounced in the back radiation. The 
reason is that the differences in cloud amount and type between 
front and rear of a cyclone remain more important than those of 
the air masses and wind fields. 

2.4. T h e  C i r c u l a t i o n  T y p e  

The large-scale synoptic situation remained essentially unchanged 
between the 23rd and 27th. This period therefore depicts a circula- 
tion type. Although the discussion has shown that the energy budget 
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will vary substantially with the passage of individual Lows, it is 
nevertheless justified to average over the period. Thus only the net 
effects of the moving Lows is maintained. Fig. 7 shows the areal 
distribution of various elements for this circulation type. Most of 

Fig. 7. Distribution of average surface energy balance terms, January 23--27, 1967, 
cal cm-  ~ day-  1 
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the features have already been discussed. Of particular interest is 
the minimum of L ~,, situated southwest of the centre of the central 
Low, caused by the fairly clear sky in this area. It is a situatior~ 
often observed in satellite photographs, that the clouds seem to swirl 
around a Low with a minimum developing near the centre. Ex- 
tended cloud sheets usually reappear further to the northeast of the 
Low centre. 

The map of DSTG appears as a pattern similar to that of the turbu- 
lent terms. The ground storage change may be considered to be the 
amount of energy expended in excess of income. Only in the most 
northern part of the Low do radiational energy requirements con- 
tribute significantly to heat release from the ocean. 

The average values are shown in the following, of the surface 
budget terms in different sectors of the Low, and for the system as 
a whole (ly day- 1) : 

Sector SGA L} L~ QE QS DSTG 
NW +53 -691 +635 -84 -31 +117 
SW +102 -757 +678 -244 - 113 +334 
SE +I06 --775 +709 --146 --20 +126 
NE +45 -733 +659 -111 -53 +193 
Whole Low +80 -745 +675 -147 -52 +189 

These values show that a weather pattern such as that described 
will put the greatest demand on storage in the SW sector. Assuming 
a demand of about 350 ly day -1 by a winter atmosphere with this 
circulation pattern, and further assuming that at least 50 m of water 
will be affected due to turbulent mixing, the result will be a cooling 
of this water column of about 1 degree C in two weeks. It is thus 
apparent that the heat release from storage can be maintained at 
the required level for as long as the weather pattern is likely to 
persist. 

It is also apparent, however, that a similar surface energy budget 
could not be maintained over another surface, whether ice or land, 
as no such energy amounts could be made available at those sur- 
faces. 

3. Atmospheric Energy Budget 

3.1. T h e  R a d i a t i o n  B a l a n c e  

The atmospheric budget is more complicated than that of the sur- 
face, because additional terms appear, both for long wave radiation 
and advection. Long wave radiation is received from above and 
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below and again emitted in both directions. In the present investi- 
gation the total of L I" was considered as a gain for the atmosphere, 
and the total of L 300 J" as a loss, although in reality part of L 1" 
passes directly through the atmosphere. As this method counts the 
transmitted energy first as a gain and secondly as a loss, the resul- 
tant turn-over of long wave radiation will be exaggerated. However, 
the error will be small over the Atlantic, since cloudy conditions 
prevail and all terrestrial radiation (L ~') is absorbed under overcast 
sky. 

Fig. 8 shows a N - - S  cross section of radiative terms on a day when 
a deep peripheral Low was present. The income side of the atmos- 
pheric radiation budget is completely dominated by LI" which is 
practically constant with time and which increases gradually to- 
wards the South. Even more constant is L 300 ~,, although observa- 
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Fig. 8. N--S cross section of atmospheric radiative terms, January 26, 1967, 12h 

tions above 300 mb were lacking in this investigation and little 
significance should be attributed to these values. It is, however, 
unlikely that the actual variations in this term will have much im- 
portance. 

The short wave contribution shows the expected rise southwards, 
although it remains small. It is interesting that its southward in- 
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crease is less than that of L ]', so that its per cent contribution in fact 
decreases from North to South. It is apparent that the positive side 
of the radiation budget will remain rather stable, regardless of the 
weather pattern over the area. It will therefore be the expenditure 
side whi& will be decisive for the budget. 

In general, L~. increases with temperature and moisture content. 
With higher moisture content the effective radiation level lies closer 
to the surface and, with the usual lapse rate, the higher will be the 
radiative temperature. The relation between L ]', the dominant gain 
term, and L ~ is therefore determined by the relation between stabil- 
ity in the lower atmosphere and its moisture content. For the cross 
section in Fig. 8, L.~ C (clear sky back radiation) is related to L 1" as 
follows: 

North South 

Point: 31/29 32/30 33/31 34/32 35/33 36/34 37/35 38/36 

L~C in ~ of L~: 77 77 77 74 74 76 81 86 

In the northern part of the system, conditions are rather stable 
under the influence of highly modified air circulating around the 
Low. Accordingly, relatively high values are obtained, in spite of 
generally cool temperatures. At points 34/32 and 35/33, unstable 
fresh cool air near the centre of the Low shows lower values. Fur-. 
ther southwards the values rise again as the temperature and mois- 
ture content increase. Fig. 8 shows that the presence of clouds en- 
hances the value of L,~. Towards the southern edge of the system 
the decreasing cloud amount will counteract the increase in moisture 
and temperature. 

Conditions are quite different for L 300 ]'. With clear sky this radia- 
tion shows a gradual rise southwards, which becomes steeper on the 
south side of the cyclone, but whi& remains smaller than the in- 
crease in L Jr C. While the latter increases by a total of 232 ly day-  1, 
the value of L 300]'C gains only 83 ly day -1. The influence of 
clouds on L 300 ]" is opposite to that on L 4; clouds reduce the for- 
mer because no radiation can reach 300 mb from the surface and 
warm air of the lower atmosphere. The cloud top temperature be- 
comes dominant. The effect of clouds on L 300 ]" depends on the 
height of cloud tops, the highest clouds causing the most pronounced 
effect. 

Considering now the net radiation, the cyclone has a significant 
influence, exercised through both the cloud and air mass distribu- 
tions. The atmosphere radiation balance is always negative. Under 



166 E. VOWINCKEL et  al. 

average conditions its magnitude should increase gradually south- 
wards. The cyclone, however, causes the net values to increase in 
the north, with a minimum in the centre and SW sector of the Low. 
Fig. 9 shows two W - - E  cross sections. Here the latitudinal effect 
is largely excluded. The more southerly section shows the larger 
negative values of net radiation on the warm, moist side of the 
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peripheral Low, and smaller negative values some distance behind 
the cold front. Here is found the coldest and driest air. From that 
minimum can be seen a gradual increase in net radiation westwards 
into warmer air. The influence of clouds is most pronounced in the 
west, in the rear of the moving cyclone, as the difference in emissiv- 
ity between overcast and clear sky is greatest if the latter is found 
with dry and cold air. 

The northerly cross section cuts through the central Low only. The 
clear sky net radiation shows little longitudinal change, but the 
actual balance had a markedly higher negative value in the west, 
over the area with the most extensive cloud sheets. The cloud 
amount in the west was 9.0--9.5, while in the east it was only 5.5. 
Fig. 10 shows the average geographical positions of maxima and 
minima in the radiation balance. In the general circulation pattern 
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of a deep central Low there are two areas of maximum loss: in the 
south and southeast, caused by warm air surges carried by peri- 
pheral disturbances, and in the northwest, due to warm air and 
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cloud decks carried around the Low. The average for the period 
shows that the N W  maximum was the stronger, being more persist- 
ent in its position and characterized by lower energy supply from 
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below due to a colder sea surface. Fig. 11 shows the atmospheric 
radiation balance on a particular day, when the SE maximum was 
as strong. 

A pronounced minimum occurs in the SW quadrant, in the average 
as well as in individual cases, due to the predominant cold air 
advection and relatively small cloud amounts. 

3.2. N o n - R a d i a t i v e  T e r m s  

The turbulent components are the only other parameters which do not 
require energy transport from outside. Their magnitude is the same 
as for the surface budget, but their sign is reversed: loss at the 
surface appears as gain in the atmosphere. If the turbulent flux 
values are added to the radiation budget, the result will be the 
amount of energy gain or loss which would occur in the atmosphere, 
if there were no advection. The values for three cross sections are 
as follows, for 27 January at 0 h. 

W-E, southerly section: 38/30 37/31 36/32 35/33 34/34 33/35 32/36 
RA+Q(lyday-~): - 1 2 9  --37 +444  +341 + 6 2  248 --406 

W-E, northerly section : 35/29 34/30 33/3 l 32/32 31/33 29/33 
RA+Q(lyday-1): 188 - 2 0 5  - 1 8 4  - 1 3 9  - 2 3 3  - 1 8 2  

N-S : 31/29 32/30 33/31 34/32 35/33 36/34 37/35 38/36 
RA+Q(lyday-t):  - 1 9 4  - 6 3  - 1 8 4  - 1 1  +341 +277 +192 - 6 9  

It is apparent that the turbulent fluxes are sufficiently strong to 
more than compensate for the atmospheric radiative loss in the rear 
of the cyclone, particularly in the SW quadrant. This is due not 
only to high turbulent values, but also to the fact that the negative 
radiation balance is relatively small in this area. 

It was said in the Introduction that energy budget calculations are 
better served by using for advection a value corrected for the in- 
fluence of mass changes in the column from surface to the top (ANI) 
rather than the value for net advection (AN). The latter is the quan- 
tity usually discussed in meteorological literature. A comparison of 
the two values is given below, for a N - - S  cross section. The values 
are totals for the two advection terms for six days at each point, in 
cal cm- 2 

N S 
Point: 31/29 32/30 33/31 34/32 35/33 36/34 37/35 

AN: - 1 7 4  - 4 2 1  - 8 2 3  +1019 +310 +445 +652 
ANI: - 9 7 4  - 7 3 2  - 3 9 4  - 4 0 2  +474  +1339  +1837 
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In general, ANI is numerically greater than AN, which should be 
expected as cold air advection is usually related to rising pressure, 
and vice versa. 

The radiative and turbulent terms showed essentially un&anged pat- 
terns from day to day. The synoptic situation influenced only their 
magnitude. This was not the case for ANI, nor for the change in sen- 
sible and latent heat content of the atmosphere (DST). When discuss- 
ing advection and storage change it is, therefore, best to consider the 
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Fig. 12. Advection, mean for period 

net effect of the circulation type, rather than distributions for indi- 
vidual days. Fig. 12 shows the mean advection for the period, and 
Fig. 13 the mean sensible and latent heat storage change. These illu- 
strations show that both distributions display a rather similar pat- 
tern, i.e., the change in atmospheric heat content is the result of 
advection, in agreement with synoptic experience. The result of 
a circulation type such as the present is thus to accomplish accumu- 
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lation of heat in the northern parts of the system and a decrease in 
heat storage in the SW sector. 

The advection figures will only take on meaning when considered 
in conjunction with the other atmospheric budget terms. The follow- 
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ing values show the budget terms for the whole Low and for the 
four sectors (positive sign for DST means storage increase). 

Sector DS T A N I  Q. RA 

N W  + 175 -t-339 + 115 - 2 7 9  
S W  - 330 - 460 + 357 - 227 
SE + 2 1 2  + 3 1 6  + 166 - 2 7 0  
NE § 143 -I- 233 § 164 - 254 

W h o l e  L o w  + 6 0  + 1 1 6  + 2 0 1  - 2 5 7  

(ly day - I )  

It is seen that, in the Low as a whole, the advection alone would not 
be able to compensate for the loss by radiation, not to mention the 
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small increase in heat storage. Only in the N W  and SE sectors is 
the advection sufficiently strong to compensate for the radiative 
loss without assistance. For the system as whole, the contribution of 
advection is considerably less than that of the turbulent fluxes. 

It can therefore be said that the main result of a weather system 
such as the present over the ocean is, primarily, a redistribution of 
the heat storage within the system. This is made possible, however, 
by the pronounced effect exerted by the system on the turbulent 
terms. In the absence of advected energy import, the atmospheric 
budget (RA + Q) would be - - 5 6  ly day -1, which is only about one 
fifth of the radiation balance. It is of interest to note that under 
clear sky conditions, RA + Q would actually be very nearly 
balanced in the system. RA for clear sky would be - -207  ly day -x, 
compared to the Q value of +201. An optimum balance for the 
atmosphere would therefore be reached under a strong circulation 
system, such as that being studied, but without clouds. It is obvious 
that this cannot be realized under oceanic conditions. The nature 
of this circulation type is therefore such that a part of its effect in 
releasing energy via turbulence and transporting northward via 
advection will be lost for the atmosphere by the automatic increase 
in cloudiness. 

Also, the effect of clouds will be more pronounced the colder the 
air mass and less its moisture content. With dry air the cloud free 
atmosphere will radiate less, and hence the increase will be greatest 
when clouds are introduced. Thus, the cyclonic cloud development 
will degrade the energy budget most when the system is located in 
a far northerly position, and when it is a winter situation. 

4. System's Energy Budget 

The details of the atmospheric energy budget are rather different 
from those of the surface. Neither of these can stand alone, how- 
ever, and it is necessary to consider the energy budget for the whole 
earth-atmosphere system. If heat loss from ocean storage (DSTG) 
is considered to be a loss for the system, the energy balance can be 
written as: 

--DSTG ~- DST-k ANI § SGA + SAA -k L 300+ -- L 300 I' = 0. 

The term DSTG can also be regarded as an income term if heat is 
given up by the ocean. The system is then defined as extending 
from 300 mb down to just below the surface. 

12 ~ 
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The average values (ly day -n) for the earth-atmosphere system are 
(positive sign for DSTG means heat release from the ocean): 

Sector D S T  A N I  R N E T  DSTG D S T +  DSTG 

N W  sector + 175 q-339 - 282 q- 1 l 7 + 58 
S W  sector - 3 3 0  - -460  - 2 0 4  + 3 3 4  - 6 6 4  
SE sector + 2 1 2  + 3 1 6  - 2 3 0  q- I26 + 8 6  
NE  sector + 143 + 2 3 3  - 2 8 3  q- 193 - 5 0  

Tota l  sys tem + 6 0  q- 116 - 2 4 6  q- 189 - 129 

Thus, if the whole subsurface column is included in the system, the 
central Low causes a decrease in stored energy, located almost ex- 
clusively in the SW sector. 

Over ocean areas, where DSTG includes ocean advection and where 
the heat reservoir is very great indeed, it seems more appropriate to 
regard DSTG as potential energy, available to the system if condi- 
tions are favourable. Solar energy is somewhat similar. Then, the 
energy budget of the system is positive for the Low, as DSTis 
positive. 

The essential point to be made for the system as a whole is that 
the atmospheric part is highly mobile, while the surface - -  even 
over the ocean - -  is essentially stationary. Atmospheric storage 
change is therefore reversible, but this is not true for ground storage. 
Neither turbulent nor long wave processes can cause any appreciable 
amounts of heat to be transported down into the ground. The rare 
occasions when such transport does take place are restricted to cer- 
tain localities and the downward transport is always very small, 
compared to the values of upward transport situations. Terrestrial 
radiation is so efficient in removing turbulent and long wave heat 
from the surface that the only possible re-charging of ground storage 
is by absorbed solar radiation and, in the ocean, by currents. The 
latter contribution can be regarded as a constant, since its variations 
are much smaller than those of atmospheric advection. In the pres- 
ent discussion it is disregarded. It is then apparent that the re- 
charging of ground storage will be seasonal, i. e., it will be negative 
throughout the winter. 

The atmospheric adveetion is highly variable and readily adjustable 
to the radiation budget requirements. A weather type which reduces 
the radiational heat loss from the surface will be the most energy 
conserving for the radiation budget. Thus, the role of advection in 
the energy budget is, essentially, to supply the energy for L ~. and 
L 300 j'. A large value of L ~ is most favourable for the long term 
conservation of the non-replenishable energy source which is ground 
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heat storage. That this also implies a large upward loss, L 300 ]', is 
incidental and only states that conservation of ground heat storage 
is coupled to a strong demand for energy via atmospheric advec- 
Lion. 

All energy fluxes discussed above are summarized in Fig. 14. This 
shows the various fluxes for two sectors of the Low in a manner 
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Fig. 14. The energy balance for two sectors of the Low 

which gives a visual impression of the relative magnitudes of the 
exchange between surface and atmosphere, and between atmosphere 
and space. 
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