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Dr. Anders Ångströ111, 80 years on February 28, 1968 

Dr. Anders K. Angström was bom on 28 
Fcbrnary 1888. Both his falhcr and grand­
fa thc r wcrc world famous professors o f 
physics a t thc nnivcrsily of Uppsala and 
d cvotcd much of thcir scicnlific ac livily lo 
solar radiation. Ande rs Angslröm thus h ad 
a good back ground for work in th c fi c lcl 
o f radialion and startcd carly his s tudies 
in various parts of the world . I-le is by 
now so wcll known in the mctcorological 
community !ha l it scems unneccssary lo 
discuss hc re lhc numcrous scienlifi c papers 
!hat h c has publis hcd. Jt may sufficc to 
mcnli on !hat many of his papcrs cspecial­
ly on raclialion and climatology includ ing 
cnergy transformations in lhc a lmosphere 
h ave bccn of pionecring charactcr. 
Dr. Angström has bccn 11111ch apprcciatcd 
for his contrib11li ons lo intcrnational mc­
tcorological w ork in thc lntcrna lional Union 
o f Gcodesy and Gcophysics as w ell as in 
thc W orld i\lc tcor ological Organiza tion and 
ils prcdcccssor thc Intcrnnlionnl i\letcor ologi­
ca l Organizntion ( J:\10) . . In 19fi2 h c got the 
sevcnlh DIO p ri zc "in rccognition of his 
dis linguishcd contrilrnlions lo thc atl van cc-

ment of mctcorological kn owletlgc in the 
fi cld o f actin omctry, heat balancc, agro­
mcteor ology and c limatology and his pio­
n ccring works on instruments and observa­
tions of solar radiation and his services to 
the causc of intcrnalional collaboralion in 
mctcorology". 
Dr. Angslröm has s p ent a }a r ge pa1·t of his 
lifc at lhe Swedish Meteorological and Hy­
drological Inslitute in various positions and 
finally as d irector. His activity has been of 
gr eat impo rtancc for the s ucccssful fun ction­
ing and developmcnt of the inslitutc. His 
p ositive a ttitucle toward s bis coop crators 
and lhcir e fforts and his genlle and fricnd­
ly manncrs c r eated an excellent atmosphcre 
highly appreciated by the s taff. 
Dr. Ångstr öm is s till activc as n scicntis l 
giv ing valuable con tr ibutions to the fi cld 
o f raclialio n. It is a grcat plensure for his 
s tuden ts, coop era tor s and fricnds lo h onour 
him b y dcdicating this ,•olumc of arlic lcs 
lo him a t thc occnsion o f his 80th anniver­
snrv al lite same lime as wc bring him our 
bes·t w ishes for a s uccessful continuation 
of his work. Alf Xy/Jerg 



On the causes of climate variations 

By M. I. BUDYKO Main Geophysical Observatory, Leningrad 

ABSTRACT 

The problem of causes of climate variations at the present time and in lhe geological 
pasl has been considered. Physical explanation of the regularities of climale variations 
has been suggested which is based on the general idens of factors determining llrn gcncsis 
of the Earth's climate. 

One of the basic trends in modern physical 
climatology is connected with studying the 
income of solar radiation and its transforma­
tions in the atmosphere and hydrosphere. 

The works by A. ÅNGSTRÖl\l (1920, 1925, 
1935 and others) have made an important 
contribution to the development of investi­
gations of this kind. In these works the first 
data on the heat balance of the earth's 
surface were obtained, factors determining 
the climate genesis studied and the influence 
of the radiation regime changes on the climate 
variations investigated. 

During recent years in connection with the 
rapid progress of physical climatology the 
possibilities of applying the methods of this 
science to the study of climate variations 
have considerably widened (WEXLER, 1953; 
FLOHN, 1961, 1964; MITCHELL, 1961, 1965 
and others). 

In this work we shall proceed with dis­
cussion of the problem on the causes of cli­
mate variations, using the data available 
on the transformations of solar energy in 
the atmosphere and at the Earth's surface. 

When dealing with this problem we shall 
start with the survey of the empirical data 
on the climatic conditions of the past. As is 
well known, there are three main sources 
of such an information. 

The most accurate data available on the 
climatic regime are those for the period of 
instrumental meteorological observations. 
Since mass meteorological observations with 
the help of instruments started in the second 
half of last century, this period does not ex­
ceed a hundred of years. 

Some information on the climatic regime 
for the period of several thousands of years 

can be obtained from the data of non­
instrumental observations presentcd in dif­
ferent historical sources. 

And at last the data on the climate of 
remote ages of up to hundreds of millions of 
years can be found in the palaeographic 
investigations in which to determine the 
climatic conditions of the past the dependen­
ces of biological, hydrological processes and 
the processes of lithogenesis etc. on meteoro­
logical factors are used. 

Interpretation of the data on the natura! 
conditions of remote ages, for reconstruction 
of the climatic regime of that time, is connect­
ed with great difficulties some of which are 
of principle character. Among them, in parti­
cular, is the necessity to use the principle 
of actualism in such investigations. In this 
case it means to accept an assumption that 
the relations between climate and othcr 
natura! phenomena in the past were the satnP. 
as at the present time. Though such an as­
sumption is not always unquestionable the 
variety of natura! processes depending on 
climate makes it possible to verify indepen­
dently the results of restoration of climatic 
conditions of the past by different palaeo­
graphic data. In this connection onc can be 
sure of the reliability of the most general 
f eatures of climatic conditions in the geolo­
gical past that have been established in 
palaeographical investigations, though some 
particular results of these investigations are 
disputable and require additional study. 

The main results of empiric investigation 
of the climatic conditions of the past can be 
prcsented as the following conclusions. 

1. During the last several hundreds of 
millions of years the climatic conditions great-
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ly diff erenl from the present ones have pre­
vailed. During that time, except for the last 
relatively short quarternary period, the 
diff erence in temperature between the low 
and high latitudes was comparatively small. 
The temperature in the tropical latitudes 
was close to that of present time, and the 
temperature in temperate and high latitudes 
was much higher than that observcd at 
present. 

2. The development of considerable eon­
trast in temperature bctween the equator 
and the poles began 70 million years ago, 
at the beginning of. the tertiary period. This 
process developed quite slowly and till the 
beginning of the quarternary period (about 
a million years ago) the diff erence in temper­
ature between the high and low latitudes 
was still far smaller than the present one. 

3. In the quarternary period the tempera­
ture in high Iatitudes decreased sharply, 
which fact was connected with the forma­
tion of polar glaciation. The glaciation ap­
pcared in the northern hemisphere underwent 
considcrablc fluctuations in the course of 
which it increased several times, extending 
to the temperature latitudes, and then it 
receded again to the high latitudes. The last 
onset of glaciers in Euroasia finished about 
10 thousands years aga and af ter that per­
manent ice cover in the northern hemisphere 
(except for mountain regions) remained 
only in the Arctic Ocean and on the islands 
of high latitudes. 

4. In the post-glacial period the climatic 
conditions in the high and temperate lati­
tudes changed several times in the direction 
of warming and cooling, which fact was 
connected with the corresponding variations 
of the polar ice area. 

5. In the last century according to the in­
strumental observations the fluctuations of 
climate continued, warming taking place in 
the first half of our century that was partic­
ularly marked in the twenties and thirties. 
In the forties the warming stopped and cool­
ing began but it does not achieve the size 
of preceding warming. The present climatic 
changes were most noticeable in the temper­
ate and particularly in high latitucles of the 
northern hemisphere. 

To explain the above features of climatic 

fluctuations, many hypotheses were suggest­
ed that connected the climate changes with 
various terrestrial and space factors. 

,vithout aiming at the discussion of many 
suggestions on factors causing the climate 
changes, we shall dwell upon this problem 
basing on the data available and on the 
methods of physical climatology. In the course 
of this consideration causes can be singled 
out the eff ect of which on the climate changes 
is more or less evident. If these causes are 
sufficient to cxplain the above-mentioned 
regularities of climate changes, the use of 
additional hypotheses will not be necessary 
for interpretation of the phenomena under 
study. 

It is generally known that the climate of 
the Earth is determined by the solar radia­
tion coming to the outside boundary of the 
atmosphere as well as by the structure of the 
underlying surface. The previous widespread 
opinion that the atmospheric circulation is 
also a factor forming climate cannot be 
accepted, since the motions of the atmospher­
ric air are one of the elements of climate 
and not an externa! factor with respect to 
climate. 

Admitting that the given chemical compo­
sition of the atmosphere, the solar radiation 
and the structure of the underlying surface 
are the basic factors determining the cli­
mate, the meaning of term "the structure of 
the underlying surface" as a f actor of genesis 
of climate should be explained. 

It is evident that the climate gcnesis in 
the broad sense of the word involves not only 
the processes occurring in the atmosphere 
but also physical processes in the hydrosphere 
and the whole complex of hydrometeorological 
processes at the surface of land, including the 
development of glaciation if it takes place. 

Thus, the underlying surface as a factor 
of genesis of climate should be understood 
as the relief structure determining the values 
of the surface and depth of seas and oceans, 
as well as the values of the continents surface 
and height. Though the change in the under­
lying surface due to, for example, glaciation 
can be considered as a factor of genesis of 
the given epoch climate in some particular 
investigations, when dealing with the problem 
in general it should be regarded as one of the 
climate elements which is caused by the same 
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externa! factors forming climate-the radia­
tion income and the relief structure. 

Now we shall dwell upon the question to 
what extent it is possible to explain the prin­
cipal features of the climate change, taking 
into account the information on the change of 
factors of climate genesis. 

Let us begin with the nearest period of 
instrumental meteorological observations for 
which there is a detailed information available 
on the climatic regime. 

It is evident that during the period under 
consideration there were no changes in the 
condition of the' underlying surface that could 
influence the climate of the Earth as a whole. 

At the same time, as the analysis of the data 
on radiation regime shows, the solar radiation 
income to the lower atmosphere for the last 
century was not constant. 

To clear up this problem, one can use the 
data on the secular radiation variation which 
were prepared by the results of actinometric 
observations from 1883 to 1920 by KIMBALL 

(1924), from 1910 to 1938 by WILLETT (see 
MITCHELL, 1961) and for the later period 
were supplemented with the data available 
at the Main Geophysical Observatory. These 
data characterize the average for a number 
of stations values of the intensity of direct 
solar radiation incident on a normal surface. 

It is seen from the above-mentioned data 
that the direct radiation grew from the 
beginning of our century to the forties, 
increasing by about 5 %, Then its value 
began decreasing. 

Apart from these comparatively slow 
changes, several shortterm but sharp de­
creases in radiation are clearly seen on the 
curve of the secular radiation variation. 
Four such decreases accounting for 12 to 
22 % of the normal values of direct radiation 
took place at the end of the 19th and at the 
beginning of the 20th centuries. HuMPHREYS 

(1929) and other scientists have established 
that these decreases in radiation were 
observed after great volcanic eruptions of an 
explosive character, and as a result of them 
considerable amount of dust came to the 
lower stratosphere that remained there and 
was spread by stratospheric wind either over 
the whole planet or within the hemisphere 
where the eruption occurred. After the last 
of these eruptions that took place in 1912. 

(the Katmai volcano eruption on Alaska) 
there were no great eruptions for several 
decades and a new large eruption of explosive 
character occurred only in 1963 (thc Agung 
volcano in Indonesia), the effect of this erup­
tion on the radiation being less than that of 
the eruptions at the end of the 19th and at the 
beginning of the 20th centuries. 

One can think that an increase in radiation 
in the twenties-thirties was explained by 
gradual purification of the atmosphere from 
the fine volcanic dust (WEXLER, 1953). 
The causes of the radiation decrease started 
in the forties are less clear. Probably, it was 
due to penetration of dust into the atmosphere 
from industrial air pollution that increased 
in those years. 

It should be noted that a sharp increase 
in the atmosphere pollution during the last 
decades has been established in the experi­
mental investigations by F. F. DAVITAYA 

(1965) and other authors. 
Let us analyse the influence of the change 

in the solar radiation intensity on the thermal 
regime of the Earth. For this purpose we shall 
use the data on the variations of the annual 
mean temperature of the northern hemisphere 
for the period of 1881 to 1960, that have been 
prepared at the Main Geophysical Observa­
tory. It must be pointed out that unlike the 
analogous calculations made by W1LLET 

and MITCHELL who bad averaged the results 
of observations at individual meteorological 
stations to study the secular variation of the 
Earth temperature, the above data have been 
obtained by using the maps of temperature 
anomalies which were made for each month 
of the period under consideration. 

The analysis of this material shows that 
beginning from the end of last century to 
the end of the thirties of our century the 
temperature of the Earth gradually increases, 
this increase achieving about 0.6°. From the 
beginning of the forties the temperature be­
gan decreasing and by the end of the fifties 
it decreased approximately by 0.2° as com­
pared to the period of maximum warming. 

Alongside with these comparatively slow 
changes in temperature, on the curve of its 
secular variation there can be seen short­
term fluctuations reaching several tenths of a 
degree and relating to the periods of time of 
several months to several years. 
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HU)ll'IIREYS (1929), ÅNGSTRÖ)l (1935) and 
olher authors have est ablished lhat such 
shorl-lerm decreases in Lemperature were 
observed, in parlicular, afler volcanic erup­
lions or cxplosive characler when a decrease 
in solar radiation income occurrecl. 

Tims, the main regularities of the secular 
temperaturc variation are in good agrec­
ment wilh the regularities of the secular 
sola r radiation variation. At the same time 
it can be found lhat the effect of short-term 
sharp clecreases after volcanic eruplions on 
Lemperalme fall is relatively lower than that 
of weaker but longer-term change of radiation 
in secular course. 

The observed regularities of temperature 
changes can be explained quantitatively as a 
r esul t of calculation cletermining the depen­
cl ence of lemperatme of the Earlh on the 
change of clirect raclia tion. 

In such calculation it shoulcl be established 
how the total solar racliation changes wit h a 
certain clecrease of the clirect radialion 
intensily . As numerous observations have 
shown thc slratosphcric dust, through the 
decreasc of direct radiation. considerably 
increases the diffuse racliation. In this case 
clue lo prcva iling diffusion of radiation 
on dust particles in lhe dircction of falling 
ray (Mie effecl) the incrcase of diffuse radia­
lion compensates a considcrable portion of 
the clircct racliation clecrease. If such a 
compcnsation wcrc complete thc changc of 
a tmosphcric transparency woulcl not influen­
ce thc climalic conditions. On thc basis of 
the rcsults of calculations using formul ae of 
atmosphcric optics it is possiblc to say that 
in the given case the total radiation decreases, 
ils clecrease being about 10- 20 % of thc 
dccrease in the intensity of clirect ra diation. 

It shoulcl be borne in mind t hat, as it has 
been established by HuMPHREYS (1929), the 
stratosphcric dust changing the shortwave 
radiation income almost cloes not influence 
the long-wavc racliation clue lo small size 
o[ pa rticles as compared to thc corresponcling 
wave-lcnglh. 

In lhe works on climate lheory ( RAKIP OVA, 

1966 a nd othcrs) the solar constant clecrease 
by 10 % has been provecl lo lower the mean 
tcmperaturc of the Earlh approximately 
by 8°. Taking inlo account lhis result, wc 
shall fincl that lhc increase of lhe clirect 

racliation intensily by 5 % by lhe encl of the 
lhirties that corresponcls to t he total radia­
lion increase by 0.5-1.0 % should result in 
the increase of the Earlh temperature by 
0.4- 0.8°. This conclusion agrees well wilh 
the observational r esulls mentionecl abovc. 

Lct us es timate how t he t emperature of the 
Earth must change with comparatively 
short-lerm sharp decreases in radiation a rter 
volcanic eruptions. It is evident that in this 
case the changes of tempcrature will b e less 
due to considerable effcct of the heat inertia 
of the Earth when it is cooled for a shorl 
p eriod of time. 

Among factors det ermining the heat inerlia 
of the E arth the change of h eat content of the 
oceans is of greatest importance. The influ­
ence of oceans on t he flu ctuations of ther­
mal r egime of the Earth can be es timat ed 
empirically by the data on temperaturc 
changes over the oceans as a result of the 
annual variation of solar raclialion. 

The data available on the radiation and 
th erm al regime show that in t he regions of 
ocean situatecl far from continenls the t em­
perature of the upper water layers and the 
lower air layer decreases by approximately 
1 ° with the decrease in radiation for 6 mont hs 
by 10 o/o. Comparing this value with the above 
eslimation of the effect of solar constant 
changes on the Earlh t emperature, it is easy 
to determine that the thermal inertia of ocean 
diminishes cooling for 6 months 8 times as 
comparecl t o the value reached at stationary 
regime. 

Taking into accounl that Lhe dust of volca­
nic eruptions is maintainecl in the atmosphere 
in consiclerable amounts on an average for 
1- 2 years, the role of thermal inert ia of 
oceans shoulcl be estimated for lowering ra­
diation during that period of t ime. 

Consiclcring tha t under the influencc of 
heat inertia of the ocean water the change of 
t emperature in time with the radia tion cle­
crease is characterized b y the curve of expo­
nent type, the temperalurc decrease within 
a definite in lerval of ils values can be consid­
ered to be approximately proportional to 
lime. In lhis connection it shoulcl be conclucl­
ed t ha l if the radialion decrease by 10 % 
remained for 1- 2 years the corresponding 
clccrease in lcmperature of oceanic surface 
would be 2- 4°. 
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As one can see, this value is 2-4 times as 
large as the corresponding value at stationary 
regime which fact can be considered as ap­
proximate estimation of the effect of oceanic 
heat inertia on the thermal regime after 
eruption. Taking into account this conclu­
sion, we shall compute how individual erup­
tions of explosive type influence the mean 
temperature of the Earth. 

If we assume that after an eruption of 
explosive type the radiation intensity de­
creases by 10-20 %, it should be considered 
that the total radiation decreases in this 
case by 2 %- If such a decrease were of sig­
nificant duration it would lead to the de­
crease in temperature of the Earth by 1.6°. 
Since an appreciable decrease in total ra­
diation after eruption takes place for 1-2 
years the corresponding decrease in temper­
ature should be 2-4 times less, i.e. it should 
have on an average the order of several 
tenths of a degree which is in good agree­
ment with observational data. 

In this connection a conclusion can be 
drawn that the climate changes during the 
last hundred years seem to be explained to 
a considerable extent by changes in the 
atmospheric transparency. 

Basing on this conclusion some peculiar­
ities of thermal regime fluctuations can be 
explained which have been established as a 
result of observations. 

Thus, in particular, it is known that the 
thermal regime variations in the temperate 
an_d high latitudes were noticeably greater 
than analogous variations in the tropics. 
It is evident that analogous eff ect must have 
place with changes in atmospheric trans­
parency since the optical thickness of the 
atmosphere increases with the growth of 
latitude as a result of which the dependence 
o! ~adiation regime on the transparency con­
d1tions increases. 

Now we shall proceed to the problem of 
causes of climatic changes in the geological 
past. 

As paleogeographic investigations have 
shown, the relief of the Earth in the period 
of its geological history changed substantially 
the form and position of continents and 
oceans changing accordingly. 

It follows from the investigations availabJe 
that during the Jast several hundreds of 

millions of years the continents were lower 
and took smaller area than they do at pres­
ent. 

In the mesozoic period the sea tha t look 
the polar zone was connected with tropical 
oceans through wide straits providing free 
circulation of oceanic water. In the tertiary 
period these straits became more narrow as 
the land rose, though up to the middle of 
the tertiary period, alongside with connection 
of polar sea with the Atlantic there was a wide 
strait crossing along meridian the whole 
continent in the region of ,vest Siberia. 

With further rise of continents this strait 
disappeared and the Polar sea was mainly 
connected with tlle Atlantic Ocean and this 
connection gradually weakened as mountain 
ridges became higher at the bottom of the 
Northern Atlantic. 

The change of conditions for the oceanic 
water circulation between the tropical and 
polar zones could be of decisive importance 
for the change of climate in high and temper­
ate latitudes. 

In the works on the theory of climate it 
has been established long ago that due to 
heat advection to the high latitudes the air 
temperature in the polar zone is much higher 
than that which could take place with the 
absence of advective heat income, i.e. under 
the conditions of "solar climate". In the 
investigations of the heat balance of the 
Earth it was established (BuoYK0, et al, 
1962) that under the present climate condi­
tions the meridional heat transfer in the 
hydrosphere is comparable by value with 
the analogous transfer in the atmosphere 
though it is smaller than the latter. 

Tlrns, the changes in meridional heat trans­
fer in the hydrosphere should affect consid­
erably the climatc of high latitudes. 

In the works concerning the genesis of the 
arctic ice cover there was suggested a method 
for estimation of the influence of changes in 
meridional heat flux in the hydrosphere on 
the climatic conditions of polar zone (BuoYK0 
et al, 1962). 

As a result of applying this method the 
above conclusion was confirmed that the 
temperature regime in temperate and, particu­
larly, in high latitudes substantionally de­
pends on the heat amount transferred by sea 
currents in meridional direction. 
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As is well known, under the existing condi­
tions the annual mean difference in tempera­
ture bctween the equator and the North 
Polc is approximately 50°. As the calculations 
have shown, if the amount of heat given by 
the Gulf Stream and in the Northern Atlantic 
is transferred by sea currcnts to the polar 
area this difference will be only 15-20°. 
In this case the transfer of thc corresponding 
heat amount to the high latitudes almost 
will not change the heat balance and thermal 
regime of tropical zone which fact is ex­
plained by the relatively small area of the 
polar zone as compared to that of tropics. 

It should be indicated that a sharp growth 
of temperature in thc high latitudes with 
increasing the meridional heat influx in the 
hydrosphere is explained to a considerable 
cxtent by inevitable melting of polar ice. 

In this connection onc can imagine the 
following picturc of successive changes of 
climate that have taken place since the be­
ginning of the tertiary period. 

After a long period without strong meri­
dional thermal contrast, that corresponded 
to the conditions of free water circulation 
between high and low latitudes. the tempera­
ture in high Iatitudes started decreasing in 
the tertiary period due to fall in meridional 
heat exchange in the hydrosphere. 

As the computation have shown, with 
small income from sea currents the water 
temperaturc in the polar sea should approach 
the freczing point and then small additional 
cooling could cause the formation of ice 
cover. 

Since thc ice cover is characterized by great 
reflectivity for short-wave radiation it con­
siderably decreases the amount of absorbed 
solar heat which fact results in further sharp 
fall in temperature over the ice surface. 

For this reason in the quarternary period 
after the polar ice formation the mean differ­
ence in temperaturc between the pole and 
equator became scveral times as great as 
that in the previous periods, which corres­
ponded to formation of thc marked meridio­
nal thermal contrast that exists now. 

The polar ice of quarternary period was 
very unstable and changed its surface both 
on thc sca and on the land relatively quickly. 
The repeated onsets of glaciers on the land 
of the northern hemisphere gave place to 

their retreats which fact was connected with 
the corresponding temperature fluctuations. 

The substantial cause of instability of ice 
cover was the presence of factors promoting 
its self-development. Among these factors, 
beside the decrease in temperature over ice, 
is the proportionality of solid precipitation 
income on the surface of a large ground 
glacier to its area with the proportionality 
of loss for ablation to its perimeter. 

Without going into details of the theory 
of quarternary glaciation dynamics we shall 
note that this dynamics seemed to depend 
substantially on thc solar radiation changes 
caused by the atmospheric transparency 
fluctuations. 

Some conclusions can be drawn on the 
influence of eruptions on the climate of the 
past, basing on the above data on the effect 
of volcanic eruptions on the radiation income 
and thermal regime under present conditions. 

To this end we shall mention the following 
important regularity of the influence of 
volcanic activity on thermal regime of the 
Earth. If the influence of individual eruptions 
on the Earth temperature is comparatively 
small due to limited amount of dust that 
comes to the atmosphere after each erup­
tion then it is evident that the temperature 
of the Earth will change far more greatly 
at coincidence of many eruptions of explosive 
type for short intervals of time. The possibili­
ty and inevitability of such coincidences 
<luring long periods of time is a consequence 
of general statistical regularities. 

If we consider individual eruptions to be 
independent of each other it can be shown 
that the ratio of maximum number of erup­
tions for some interval is equal to square root 
of the ratio of duration of the period under 
study to the duration of the given time inter­
val. 

For the last century there have been four 
great eruptions of explosive type, which 
corresponds to the mean frequency of 
eruptions of 0.2 for five years. If we assume 
that such frequency corresponds to the mean 
for long periods of time we shall find that 
maximum number of eruptions for one cen­
tury for the period of 10,000 years will 
reach 40, and for 100,000 years about 130. 

Under the same conditions the maximum 
number of eruptions for five years will be 
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approximately 100 for the period of 1 million 
years, and several hundreds for periods of 
tens of millions of years. 

A question of possibility to apply such an 
approach to estimation of maximum number 
of simultaneous eruptions for longer periods 
of time requires additional discussion as in 
this case the number of eruptions becomes 
comparable with the number of existing 
active volcanoes. Though it is well known 
that in the epochs with higher volcanic 
activity the number of active volcanoes was 
considerably larger than it is now, for the 
purposes of this work it is enough to use only 
the estimates given in this paper. 

Let us consider the question how the 
temperature of the Earth should change at 
coincidence of many volcanic eruptions. 

lf during hundred years 50-100 eruptions 
of explosive type take place the order of their 
influence on the thermal regime can be ap­
proximately estimated basing on the fact 
that in this case the direct radiation will 
decrease by 10-20 % during the whole 
century. 

In accordance with the above calculation 
for stationary conditions the mean air tem­
perature showed decrease in this case by 
about 1-3°. Considerable changes of radia­
tion will take place at the coincidence of 
tens or hundreds of eruptions during five 
years. 

Using the above-mentioned formulae for 
the estimation of the atmospheric transpar­
ency effect on radiation it can be established 
that the coincidence of several tens of erup­
tions during 5 years will decrease the direct 
radiation, as compared to the norm, 3 to 5 
times and the total radiation by 10 to 20 % 
in the low latitudes and by somewhat 
larger value in the high ones. 

When several hundreds of eruptions coin­
cide for 5 years a dust sheet appears which, 
?ccording to calculation, will be practically 
1mpenetrable to direct radiation. In this 
case the total radiation in the Iow latitudes 
decreases by approximately 50 %, and in the 
high latitudes by 80 % and more. Under 
such conditions the temperature of the Earth 
could decrease by a value of 10° and even 
by larger values. 

Taking into account the estimates men­
tioned above one can conclude that the vol.:. 

canic activity many timcs led lo a decreasc 
in the mean temperature of the Earth for a 
century by several degrees for the period 
of time of hundrcds of thousands of years. 
The value of decrcase in temperature was 
larger in the higher latitudes and smaller in 
the low latitudes. 

It should be noted that such a conclusion 
can be of great importance for explanation 
of the origin of quarternary glaciations. As 
it has been established in the above calcula­
tions, the shape of relief and the position of 
the coastline of continents formed by the 
beginning of the quarternary period created 
possibility of formation of ice cover in the high 
latitudes with a comparatively small general 
decrease in the air temperature. 

The formation of this ice resulted in a sharp 
additional decrease of temperature in the high 
and temperate latitudes, which was a pre­
condition for the devclopmcnt of quarternary 
glaciations. 

With the above mentioned high instabilily 
of polar ice the relatively small temperature 
decreases as a result of volcanic activity bad 
to increase considerably the area of sea ice and 
promote the formation of ground glaciations. 
Long periods of low volcanic activity led to 
warming during which the ice cover on thc 
land and seas retreated. New volcanic ac­
tivity could result in resumption of glacia­
tion. 

lf in the quarternary period, when the heat 
transfer by sea currents to the high latitudes 
was small, the decreases in temperatures as a 
result of eruptions led to glaciations, in thc 
earlier period such decreases could not crcatc 
lasting changes in climate. 

However, it can be supposcd that if a 
decrease in tempcrature in the prequarter­
nary time did not influence for a long period 
of time the climatic conditions they still 
could be of great importance as a factor 
affecting the change of successivc faunas 
during the history of the Earth. 

As modern palaeontologic investigations 
have shown, the diff erent biological groups 
of animals belonging to different oceological 
types often died out simultaneously. Tims, 
in particular, most of extinct orders and sub­
orders of reptiles and amphibians vanished 
during three critical moments of geological 
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history corresponding to the ends of Permian, 
triassic and cretaceous periods. 

It should be pointed out that all these three 
periods of geological history took place in 
the epochs of high volcanic activity when the 
probability of simultaneous eruptions of a 
Iarge number of volcanoes was the greatest. 

A considerable peculiarity of reptiles and 
amphibians is, as is well known, the absence 
of thermal regulation, which fact makes 
these animals particularly sensitive to tem­
perature regime. As we have noted above, 
the climate of the end of palaezoic and meso­
zoic times was characterized by homogenous 
thermal conditions, higher temperature in 
the low latitudes as compared to the present 
epoch, and by much higher temperature in 
the extra-tropical regions, which fact created 
favourable conditions for the existence of 
animals throughout the Earth that have no 
thermal regulation. 

Without dwelling upon the problem of 
extinction of dinosaurs and some other groups 
of animals in the indicated epoch, we shall 
note that in spite of the large number of in­
vestigations on this question palaeontologists 
consider that this problem has not yet been 
solved. 

One can suppose that the short-term sharp 
decreases in temperature at coincidence in 
time of many volcanic eruptions that are 
inevitable for periods of tens of millions of 
years, could be a sufficient cause for dying 
out of animals not adapted to such cooling. 

Thus, we have analysed in the present 
paper two factors one of which is associated 
with the atmospheric transparency fluctua­
tions, and the second factor with the changes 
in the relief in the geological past. 

The eff ect of both of these factors on clima­
tic conditions can be established as a result 
of quantitative calculations, the obtained 
results being in agreement with the data 
observations of current climate fluctuations 
and with palaeographic materials on climates 
of the past. 

In the light of the results presented here 
it is possible to explain the basic regularities 
of climate changes mentioned at the beginning 
of the paper by the eff ect of only the two 
indicated factors. Such a conclusion does not 
exclude the possibility of influence of many 
other causes on the change and fluctuations 
of climate. It must be, however, supposed 
that the eff ect of these causes, if it takes place, 
occurs on the background of climatic changes 
caused by the factors considered. 
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Direct solar radiation and aerosol structure of the 
atmosphere from balloon measurements in the 

period of IQSY 

By K. Y. KONDRATYEV and G. A. NIKOLSKY, Universily of Leningrad 

ABSTRACT 

The results of the actinometric balloon sounding V. 1962-XI. 66 are used to analyse 
the irregularity of extinction of the direct solar radiation in thc tropospherc and slra­
tosphere. The beginning of this period is characterizcd by the great exlinction (up lo 
8 %) above the sounding levet; later the influence of the "upper" extinclion becomes 
somewhat less hut there appears another source of extinction, that is, volcanic dust. 

The aerosol structure of the atmosphere up to the heights of 30 km and ils rela­
tionship to the temperature profile are discussed. The solar constant for the period 
studies is evaluated. 

1. lntroduction 

In recent years the collaborators of the 
Department of Atmospheric Physics, the 
University of Leningrad, have carried out 
an extensive programme of balloon actino­
metric soundings of the troposphere and lower 
stratosphere. One of the main purposes of 
the investigations was a study of the vertical 
profiles of solar radiation (S) and aerosol. 

Data on S values at various heights are 
accorded due attention since from the verti­
cal profile of the direct solar radiation one 
can determine not only extinction values of S 
and the radiative flux divergence due to the 
absorption of solar radiation but also obtain 
the notion on the aerosol structure of the 
atmospheric portion sounded. Besides, the 
S measurements in the stratosphere allow one 
to understand the reasons of anomalous 
changes in transparency for both the atmos­
pheric portion sounded and the layers above. 
Upon obtaining sufficient amount of data one 
can evaluate the solar constant and its varia­
tions. 

Since the balloon measurements of S are 
usually followed by filter measurements in 
the ultraviolet and by humidity measure­
ments we have the opportunity to obtain the 
aerosol extinction component vertical distri­
bution in the atmospheric layer investigated 
(KONDRATYEV, NIKOLSKY, and ESIPOVA, 
1966). 

The present paper treats the data obtained 
in 1962-66 to find out the peculiarities in the 
extinction of the direct solar radiation 
occurring in the period of the lnternational 
Quiet Sun Year (I Q SY). 

2. Instrumentation 

Since 1965 the measurements of the direct 
solar radiation have been conducted using a 
sealed-in actinometer with a quartz window. 
Simultaneously an exposed actinometer was 
raised. These simultaneous measurements 
permitted us to specify the pressure correction 
of the actinometer which was introduced in 
the data of 1962-64 measurements. The 
S values with the old pressure correction were 
overestimated (KoNDRATYEV, NIKOLSKY, and 
ESIPOVA, 1966). 

Block-scheme of automatic device for a 
continuous measurement of the direct solar 
radiative flux is represented in Fig. 1. 
The biaxial pointing control (5) permits 
simultaneous measurement of the direct 
solar radiation with two actinometers. This 
possibility was used to obtain pressure correc­
tion. The radiation detector-actinometer (1) 
receives solar radiation through the quartz 
window (2) which was carefully examined to 
determine the dependence of transmission 
on the incident light wavelength. In the 
0.25-3.0 µ spectral range the window 
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F1G. I. Block schcmc of lhc clcvicc for lhc a u tomalic 
mcasurcmcnl of Lhc dirccl sola r radialion flux from 
a balloon. 1.- scalccl-in aclinomclcr, 2.- quarlz 
fi llcr, 3.- prcssurc conlrol, 4.- l cmpcraturc con­
lrol, 5.- au lomalic biaxial sola r poinling conlrol, 
G.- conlrol block of biaxial poinling conl rol, 7.­
commula lion a nd chccking block, 8.- rccordcr of 
clcclric qu:rnl iti cs, 9.- optica l recordcr, 10.-power 
s upply . 

lransmitlance is praclically conslan t, e.g. 
!M %- In the waveleng th range smaller than 
0.23 µ the transmittance slowly falls but 
Lhis does not affect lhe results as even 
at t he 32- 33 km heights lhe radiation inten­
sily a t J, < 0.23 f,l is sm all ( l<OXDRATYEV, 

1965). 
T he radialion delector is installed into the 

hermetic shell wh ich is coupled through a 
flexible vacuum-wire with the con trolling 
dev ice (3) allowing the determination of 
varia tions in a fixed pressure value insicle thc 
shell from t he marks on the recorcler band 
(9). For measuring detcctor temperature the 
pla tinum resistance lhermomcter ('I) is 
fastcned to ils back part and through lhe 
programme-block (7) swilched to the recorcler 
of electrical values (8). 

Since the detector sensitivity is dcpendent 
on il s body (cold junctions) temperalurc wc 
had to investigate lhis clepenclencc for a set 
actinometers. The mean clependence of 
sensilivity on body (colcl junclions) lempera­
lure for sevcral instruments is 0.09 ~o per 
degree. 

The recorcling of S values on lhe oplical 
recorder tape (9) was continuously conduclecl 
cluring Lhe enli re ascent and drift (up Lo 
3.5 hours). Zero position of t he recorder gal­
vanometer (eleclrical zero) was checked every 
minute. T he oplical rccorder has t hermo­
stabiliza lion. 

The aclinomelers werc repeatcdly calibra l­
ecl !Jy the sun, i.e. indireclly checkc•d wil h lhe 
U.S.S.R. reference s ta ndard. 

The accuracy of absolu te S measuremenls is 
wilhin t he rangc of 2.5- 3 % for 1962- 64 
fli ghts a nd about 2 % for 1965- 66 fligh ts. 
E rro rs in measurcments are composecl of lhe 
crrors in t hc consicleration of environmen tal 
temperalure and pressure influence (for 
1962-64 data), nonconsidcration of t hc 
instrumental selectivity and t he eITors in t he 
comparison wilh thc standard. It is na tura) 
lhat in lhe comparison of subseq uent verti­
cal profiles of radiative fluxes the errors 
consiclerably dccrcase since in most cases the 
same measuring instruments are used. 

3. Rcsul ts of measurements 

Consider t he general peculiaritics of vertical 
profiles of the direct solar ra dialion in t he 
troposphere and stratosphere from t he data 
of 11 fli ghts (Fig. 2). Soundings were carried 
oul in the middle bell of the E uropean part of 
the U.S.S.R. The S values were r educed to 
the mean dislance b etween t he earth and Lhe 
sun. 

Variations in S at different heighls a re 
chiefl y related to the differencc in solar 
elevations (data are not reduced t o a certain 
solar elevation eilher within t he fli ghts or 
between t hem) and to that in extinction 
properties o f air masses within the fli ght 
period. 

Maxima of S in lhe troposphere a nd stratos­
phere up lo t he heighls or 22 km were deriYecl 
in summer in the noonclay (curves 9, 12). 
The corresponcling S profiles a re m osl bcnt. 
lhe draslic growth in t he lower troposphere 
!Jeing accompanicd by a sligh t increase in t he 
stra losphere. Profiles 11 and 15, with t hcir 
minima of S have been obtained at small 
solar elevations (17° for profil e 11 a nd 20° for 
profile 15 in lhe Jower t roposphere). These 
profiles are less benl because t he change in 
air mass in lhe palh of a ray occurs more 
smoolhly with ascenl. 

This varia tion in S at smalJ solar elevations 
must lcad to higher a utumn temperatures in 
the upper st ralosphere and m esosphere (clue 
lo absorption of solar radiation), summer 
tempera ture a l these le\'cls must be much 
lower Lhan in a utumn. 

Profil e 15 o!Jl.ained in the morning summ er 
hours wilh rapiclly increasing solar elevation 
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Frn. 2. Vertical profiles of the direct solar radiation fluxes from eleven flights, 1962-65. 
Flight 3-May 25, 1962, 5-June 5, 1962, 7-June 22, 1962, 9-July 7, 1962, 10-July 12, 1962, 
11-Nov. 22, 1962, 12-July 6, 1963, 13-July 19, 1963, 15-July 11, 1964, 17-Oct. 23, 1964, 
19-Oct. 21, 1965 

indicates the intensive air heating with its 
subsequent attenuation (in the case of 
summer season after a sunrise in the upper 
stratosphere). 

Thus in summer, in the stratosphere, the 
morning heating wave is to be observed shift­
ing to the west, with the sun rising over the 
horizon. 

One should note the peculiarity of the varia­
tion in some stratospheric profiles (3, 5, 
10 etc.) which is expressed in their distinc-

tion from the general variation. The upper 
branch of the curves (Fig. 2) has the limiting 
value 1.85 cal/cm2min., the lower one tends 
to 1. 795 cal/cm2min. The occurrence of the 
lower branch indicates either a decrease in 
the transparency of the medium between the 
radiation detector and a source or the change 
in radiant intensity of the source. 

The limiting value of the upper branch 
(1.85 cal/cm2min) which can be regarded as 
"normal" for the period under consideration 



DIRECT SOLAR RADIATION FROl\1 BALLOON i\lEASUREMENTS 17 

(1962-66) is far smallcr than the calculated 
value (1.94 cal/cm2min.) therefore, the whole 
period should be considered anomalous. 

M. I. BuDYKO (1966) having compared the 
annual means of S for 1958-59 and 1964-65 
from the data of the U.S.S.R. actinometric 
stations has found a decrease in annual 
means by 0.09 cal/cm2min. If the cause of the 
anomalous phenomena considered is supposed 
to be the same their appearance should be 
ref ered to the end 1959-spring 1962. 

In the troposphere profile 7 markedly 
diff ers from others. The peculiarity of the 
variation in this profile is associated with 
the presence of two-layer semitransparent 
cloudiness at the heights of 7.5-12 km on 
the day of sounding. Cloud layers are separat­
ed by a transparent interval at the heights 
of 9.5-10.25 km. 

Now, consider summer profiles in greater 
detail. Profiles 5, 7, 12, 13 were obtained at 
close solar elevations h0 (about 56°), yet, 
the difference in S at the height of 28 km 
attains 0.125 cal/cm2min. In the Iower stratos­
phere the discrepancy is also large. Lowered 
values in flights 3, 5, 10 can be explained only 
by anomalous attenuation of the direct 
solar radiation above the level of sounding. 
In the troposphere the anomalous attenuation 
is blurred (profiles 3 and 12), at this the inver­
se phenomenon is possible at which the S 
values are close at the height of 27-30 
km hut noticeably differ in the troposphere 
( curves 12 and 13). 

From thc S summer profiles as represented 
in Fig. 2 profile 9 may be considered typical 
for the 1962-64 period. It characterizes 
some mean atmospheric condition, whereas 
profilc 12 describes a comparatively pure and 
cool air mass (above 3 km). The comparison 
of profile 12 at the levels abovc 23 km with 
autumn profile 17 as obtained at h0 =23° 
shows that the S values are not sufficiently 
large in flight 12, i.e., that in this period 
(1963) also exists anomalous attenuation 
with the source of attenuation situated much 
higher than the upper point of sounding. 
Further it will be shown that S values in 
flight 17 are also smaller than those calculat­
ed for a given situation if one proceeds from 
the solar constant S0 =2.00 cal/cm2min. 

Profile 13 is of interest since it character­
izes attenuation properties of a very humid 
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air mass ( 4. 7 cm of precip. water) which 
reached the height of 16 km and more. Most 
strong attenuation in this case is marked in 
the lower 1.5 km tropospheric layer. 

All the above-mentioned vertical S profiles 
possess characteristic step arrangement 
which is most pronounced at the heights of 
8-20 km. \Vork (KoNDRATYEV, NIKOLSKY, 
and Es1POVA, 1966) shows that the main 
part in the stratospheric layer attenuation 
is played by atmospheric aerosol being 
arranged in separate layers. From profile 
12 one can distinctly see that between the 
attenuating layers the optically pure air is 
situated. The presence of the aerosol compo­
nent in the stratosphere is recorded during 
the 1962 (3, 9, 10) and 1963-64 flights. 

Autumn profiles of the direct solar radia­
tion are reproduced in the Fig. 3. Summer 
profile 15 as obtained in early morning at 
small solar elevations (22°42'-38°52') is 
added to the five autumn profiles. The air 
mass on that day (July 11, 1964) was com­
paratively humid (3.57 cm. of precip.water). 

During autumn flights the solar elevation 
varied over a range: 
flight NU Nov. 22, 1962 h0~16.5°-17.7° 

Nl 7 Oct. 23, 1964 h0 ~26.3°-22.5° 
N18 Oct. 1, 1965 h0 ~33° -35° 
N19 Oct. 21, 1965 h0 ~27° -24.2° 
N20 Nov. 15, 1966 h0 ~ 18.6°-17.5° 

The variation in vertical profiles of the 
direct solar radiation in the troposphere 
fully reflects the dependence of S attenua­
tion on humidity and turbidity of the air 
mass on the day of sounding. The smallest 
values as seen from Fig. 3 were obtained in 
flight 15 at solar elevations 23°-26°, which 
is connected with the increased humidity 
and turbidity of the lower 6 km layer 
(compare flights 11 and 15). Profile 17 being 
situated to the right of profile 15 but below 
the level of 4.5 km, the values of su are small 
(compare to profile 11, 17, 19). 

Visual aircraft observations and the anal­
ysis of the values of shortwave radiation 
fluxes testify for the strong turbidity of the 
lower troposphere on Oct. 23, 1964. Profiles 
11 (h 0 = 16.5°) and 19 (27°) correspond to the 
comparatively pure lower troposphere. 

It is interesting to compare profiles 17 and 
19 as obtained at the same solar elevations 
hut in different years. The difference in S 
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Frn. 3. Vertical profiles of the direct solar radiation fluxcs from autumn flights, 1962-66. 

corresponding to profiles 17 and 19 in the 
lower troposphere has been discussed (S17 < 
S19). For the upper troposphere we have the 
reverse picture: S19 < S17 ) at the same heights. 
Such a variation in S for flight 19 is due 
to the increased attenuation in the 13.5-15 
km layer and the decreased S values in the 
upper troposphere accordingly (redistribution 
of attenuation). 

The general resemblance of stratospheric 
profiles is, mainly, explained by small solar 
elevations; their individual peculiarities­
by the differences in the attenuating proper­
ties of the stratospheric air and the anomalous 
attenuation in higher atmospheric layers. 

The cases described by profiles 11 and 20 
(solar elevations are of the order of 17.5°) 
are characterized by the pure air mass at all 

the heights of the layer of sounding. The 
difference in S for the heights of 24-29 km 
is associated with the additional attenuation 
in the upper atmosphere characteristic of 
1962. 

Stratospheric profiles 15, 17, 18 and 19 
above 15 km form a compact group, which 
on the one hand, can indicate the weak 
dependence of the radiative flux on the solar 
elevation for h0 >30°. If we assume this to be 

17 cal 
true, then S = 1.85 . can be re-

29 km cm2mm 
garded asthepossiblemaximum for the heights 
of 29-30 km. On the other hand, since the h 0 
difference in flights 15, 18 and 19 attains 10° 
the mentioned proximity of the profiles can 
be thought to be, to a certain extent, acci­
dental and held as a consequence of the eff ect 
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of some outer factors variable in time. 
By the outer factors one can understand both 
the solar radiation attenuation by the dust 
matter of the cosmic origin and variations in 
the solar constant. 

The values derived in flight 17 are larger 
than any other summer values for the height 
of 23 km and more, and larger than autumn 

values for the level of 4.5 km and upwards. 
Further it will be demonstrated that the 
stratospheric S15 and S19 values are, at the 
same heights, larger than those for the 1962-
63 flights. 

Detailed examination of autumn profiles 
in the 8-22 km layer shows the presence of 
stepped (through the layers) attenuation. 
The change is observed only in the height 
of the location of the attenuating layers and 
in their power (the parameter characterizing 
the vertical layer extension and its turbidity 
is understood by the power of attenuating 
layer). Layering is marked not only for the 
mentioned layer 8-22 km hut also for other 
heights. Yet, the layering structurc is most 
pronounced for 8-22 km. 

Through the layers attenuation as repre­
sented by profiles 18 and 19 is far stronger 
than for other flights. From profile 18 one 
can detect four powerful layers whereas from 
profile 19-only one 12.5-15 km layer. 
The occurrence of anomalous attenuation 
for these two cases is associated with the 
eruption of the Taal volcano, Sept. 28, 1965. 
The additional stratospheric attenuation 
of the direct solar radiation by the volcanic 
dust on Oct. 1, 1965 was 4.3 % and in 20 days 
-3.6 %- For flight 17 the layering is rather 
distinct but the power of layers is markedly 
smaller (aerosol stratospheric attenuation is 
less than 1 %), 

The comparison of profiles 17 and 19 
demonstrates that from the surface observa­
tions one can obtain the erroneous idea on the 
S stratospheric attenuation and miss the 
anomalous stratospheric turbidity (for exam­
ple, profile 19) if the information on the aerosol 
content in the atmosphere and its distribu­
tion with altitude is not available. 

The least turbid air for the entire layer of 
sounding was fixed in flight 11 (Nov. 22, 
1962), which is confirmed by weakly pro­
nounced stepped arrangement of the profile. 

Analysing the peculiarities of the vertical 
structure for the attenuating layers it is 
interesting to study its interaction with the 
specific character of the arrangement of 
inversion levels. This tropospheric and stra­
tospheric interaction was singled out while 
comparing the heights of inversion zones with 
those of the attenuating Iayers. Aerosol 
attenuating laycrs are usually located above 
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Frn. 5. Logarithmic dependence of the direct solar 
radiation flux on the atmospheric mass from 1962-
66 flights. 
1 (0)-data for 22 km. 
2 (O)-data for 26 km. 
3 (.6.)-data for 29 km. 

or below inversion levels (Fig. 4). Similar 
location is most pronounced in the upper 
troposphere and the lower stratosphere. 
The curve of the probability of the occur­
rence of aerosol layers at a given height has 
three basic maxima in the stratosphere and 
two in the troposphere. Most often aerosol 
layers arise at the heights of 2-4 km, 
6-10 km, 12.3-17 km, 18.6-22.4 km, 
23.2-25 km. 

The maxima for these zones are situated 
at the levels of 3.5 km, 6.5 and 10 km, 
13.5 and 16.5 km, 19.2 and 21.8 km, 24 km 
(basic zones possess two centres; the main, 
over-inversional, is in the lower portion of 
the zone and the additional, subinversio­
nal, is in the upper portion of the zone). 
Such a structure of aerosol layers suggests 
the existence of two mechanisms for the 

particle transfer at these heights: gravita­
tional settling and turbulent diffusion. \Vith 
this, the turbulent diffusion effect is limited 
by the local layer boundaries. Mixing in 
}arge vertical extensions in the stratosphere 
does not occur (DYER, 1966). Most flights 
intended for the analysis of the tropospheric 
and stratospheric aerosol structure have been 
conducted in the anticyclonic situation at 
various stages of the development of this 
baric formation. The suggested scheme for the 
layer structure of the upper troposphere and 
lower stratosphere is directly connected 
with the dynamical processes in this part of 
the atmosphere. These problems are treated 
in greater detail in publication (NIKOLSKY, 

BADINOV, and LIPATOV, in press). 
Atmospheric investigations up to 70 km 

with a searchlight method by L. ELTERl\lAN 

(1966), April-May 1964, showed that the 
maxima for the aerosol component density 
are at the heights of 5 and 9 km in the tropos­
phere and of 15.6 (12-23 km layer) and 26 
km in the stratosphere. 

The comparison of these data with the 
balloon results shows that the resolution with 
height in the searchlight stratospheric sound­
ing is not sufficient since the separation of the 
12-23 km layer is not fixed. This comparison 
also permits one to judge on the resemblance 
of the aerosol structure of the lower stratos­
phere over two continents. 

Let us return to the analysis of the direct 
solar radiation fluxes and consider the s 
values dependence at the heights of 22,26 
and 29 km on the solar elevation. The heights 
referred to are chosen in such a manner that 
one might get rid of local influences while 
estimating the possible reasons of global 
changes in the optical properties of the stra­
tosphere. Fig. 5 illustrates the data of most 
successful flights to establish the dependence 
of lgS on m = sec Z 0 and extrapolate the 
dependence derived beyond the atmospherc. 
It is seen from this figure that the optical 
state of the upper atmosphere varies over a 
large range, which is evident from the different­
slopes of the lines. More stable conditions are 
characteristic of the 1963-66 period as 
compared with 1962. In 1964-65 the cases 
of anomalous transparency (17, 19) were 
noticed as compared with the mean condi­
tion of the upper atmospheric transparency 
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in 1!)62- 66 which, in turn, can be considerecl 
much worse if lhc solar constant is supposecl 
lo be S0 = 2cal/cm0 min. Da ta fo r 1962 a re 
a l lhe leve! of the means (9, 11), t he basic 
portion of profiles (3 , 5, 7, 10) giv ing 
lhe small S v alues. From 1963 flights (12 
and 13) t he S values al 29 km a re founcl to be 
close to m eans. From 1964-66 flights 
two give lhe means of S (18 a nd 20) and l hree 
show lhe S values al 22, 26 and 29 km to be 
larger than the means (15, 17 and 19). 

In lhe determina tion of Lhe dependence of 
lg S on m , first , the S values for a certain 
heigh t wilh close values for the almospheric 
mass m have been considerecl. 

The arrnngemcnt of S values a t 29 km, 
flights 11 and 20, suggesls the lack of any 
depenclenee on mass. S values for fligh l 
20 arc much Jarger than for flight 11 which 
shows t he difference in lransparcncy for 
higher a lmospheric layers on t hese days. 
Similar conclusion can be made for S valu es 
for fligh ts 15 and 18, 17 and 19 (for H = 22 
km). 

The lg Son m clependence can b e prelimina­
rily assumecl t o be linear since a t t he consid­
ered heights for the0.2- 4 µ spectral range t he 
seleclive absorption (ozone, water vapour, 
oxygen) is small and the main par t of the 
attenuation is determined by the scattering 
by a ir moleculcs a nd aerosol particles. The 
second reason allowing one lo statc tha t the 
lg S on m dependencc is close t o linear lies 
in lhe fac t t ha t the Iinear dependence is 
" minimizing" from t he v iewpoint of the 
obtained values of t he solar radiation flux . 
lf one t akes in to account possible nonlinear 
dependlence it will be clear t hat in t his case 
S0 cxtrnp will not exceed 1.95 ° cal/cmemin 
(lg S = 0. 29). 

Th e values for the direct solar radia tion 
flu x applied fo r det ecting the lg S on m 
dependence h ave been oblained in different 
seasons and, for mosl cases, in the noonday. 
Therefore, lhe change in solar elevation 
during t he fli gh t is usua lly small. Various 
versions of extrapola tion have been t est ed 
and those Jeacling to real S0 extra,, values 
chosen. 

Ana lyzing Lhe above rcsulls onc can m ake 
cer ta in tha l t he values of Lhe clirect solar 
raclia lion flu xes as oblainccl in 1962 a ltain, 
a t bes t , some mcan leve) (flights 9, 11) 

being, for most cases, considerably lowered 
(flights 3, 5, 6, 8, 10). The reasons of this 
a nom aly a re not quite known but one can 
suppose the anomalous attenuation to be 
associa ted with the effect of high-altitude 
a t omic explosions on the upper atmosphere. 
The comparison of t he b alloon S data with 
lhe time of high-altitude explosions (' VILLARD 
a nd K E1'1'EY, 1963; MEN0N, MEK0K, and 
KunooA, 1963) shows l he S attenuation to 
increase after the explosion reaching m axi­
mum in five-six days. The value for the addi­
tional a fter explosion attenua tion varies 
from 2 lo 8 %- The strongest effect was 
exerted by the explosion about May 25, 
1962 (8 %). 

RAGl·IAVAN and J ADAV (1966) from the data 
of p y rheliometric observations gives t he S 
a ttenua tion values by aerosol component for 
the years of 1961- 65. The increase in radia­
tion a ttenuation, approx ima tely, as much as 
2 limes h ad b een observed since April, 1962. 
The atmospheric turb idity for 1963- 65 
was much higher as compared with 1961. 

F light 13 demonstrat es somewh at lowered 
values relative t o the m ean leve! as deter­
mined by flights 9, 11 , 12. The lowering 
might have been caused by the high m eteor 
activity for May-August 1963 (Mcl:KT OS H 

and MILLMAK, 1964). The solar r adiation 
attenu ation a bove 29 km for the 1964 flights 
(15, 17) is less t ha n for previous years. The 
m aximum S values for the entire period of 
soundings have b cen derived in flight 17. 

The values for t he solar r a diation flux as 
obtained in 1965- 66 (flights 18, 19, 20) 
suggest higher turbidity of the upper a tmos­
p here for autumn seasons of this p eriod as 
compared with 1964. Som ewhat Iowered S 
values for fli ght 18 as compared with fligh t 
19 must have been caused by the erup tion 
of the Taal volcano, Sept. 28, 1965. 

Th e dat a on the d irect solar radia tion atten­
ua lion and the twilight glow intensity for 
October 1965 as presented by F. VoLZ 
(1966) confirms t he dust occurrence in the 
sl ra tosphere over E urope and the H awaiian 
Islands. F. VoLZ does nol single ou t t he 
Oclober 1965 data (Bergen, \ Vissena u) scen 
on the falling branch of t he m aximum of the 
twilight glow intensity as fixed at the end of 
July and August and does not notice t he 
clirect connection of E uropean data wilh 



22 K. Y. KONDRATYEV AND G. A. NIKOLSKY 

that obtained on Hawaii. Explaining the 
occurrence of the August maximum by the 
volcanic dust transfer from the southern 
hemisphere F. VoLz suggests that the inter­
change between the hemispheres occurs only 
late in summer, whereas our data shows 
that the stratospheric (16-30 km) meridional 
transfer from the equator reservoir starts in 
September proceeding in October. 

We believe there is a number of reasons 
giving rise to an increase in twilight glow. 
The balloon data shows that the volcanic 
dust is chiefly concentrated in the lower 
stratosphere and, consequently, only for 
some individual cases responsible for the 
perturbations in twilight glow. 

During flight 19 the data only up to 22 km 
was obtained but even at this height the S 
values show the atmospheric transparency 
above 22 km to exceed the mean level, though 
being somewhat lower as compared with 
flight 17, Oct. 23, 1964. 

S = 1.85 cal/cm2min being the largest 
throughout thc entire period of the balloon 
investigations is by 0.09 cal/cm2min smaller 
than the calculated S =1.94 cal/cm2min for 
the same conditions. s0extrap = 1.918 cal/cm2 

min as derived through extrapolation is by 
0.082 cal/cm2min smaller than F. JoHNSON's 
solar constant. These results permit one to 
suppose the interplanetary dust in the path 
of the solar radiation reaching the actino­
meter to decrease markedly the direct solar 
radiation flux (about 4 %). The interplane­
tary dust, probably, makes up the cloud­
like formations, the clear space in which 
sometimes may result in the considerable 
decrease in attenuation (flights 17 and 19). 
Similar moments have, evidently, been 
used (as the best days) by F. JOHNSON, 
R. ST AIR et al. for determining the solar 
constant. The presence of a substantial 
amount of very small dust particles in the 
interplanetary space was reported by pa­
pers (HIBBEN, 1966; JAMES, 1967; WoL­
STENCC0FT and RosE, 1967). The size of a 
dust particle is about 0.5 µ, the concentra­
tion being approximately, 100-1000 km-3 • 

The particles, most probably, consist of Fe 
and SiO2• The contribution to S attenua­
tion by near the Earth dust cloud, presum­
ably, does not exceed 0.5-0.8 %. Dust 
particles are situated by the layers of various 

thickness (20-80 km) at the heights of 70-
150 km, 200-280 km, 450 km etc. 

The presence of a dust cloud in the upper 
atmospherc and near the Earth space makes 
it difficult to take accurate measurements 
of the solar constant from the Earth's 
satellites. We think the measurements of 
solar radiation from the moon's surface with 
the automatic lunar station or by cosmonauts 
to be most promising. 

Summing up the above-said on the atmos­
pheric optical conditions at the height of 22 
km and upwards for the 1962-66 period 
one should state: 
1. Anomalously small S values during the 

entire 1962-66 period both at the level 
of 29 km and at the atmospheric boundary 
(if one regards S0 = 1.98-2.00 cal/cm2min). 

2. The upper atmosphere was most unstable 
and turbid in 1962. 

3. The values for the direct solar radiation 
flux as obtained in 1963 were close to the 
1962 maxima. 

4. Attenuation of solar radiation in the stra­
tosphere in 1964-66 relatively decreased 
despite unfavourable individual pheno­
mena (the Taal volcano eruption). 

5. Time coincidence (with one year interval) 
for two cases of the largest transparency 
is to be noted (flights 17 and 19) Oct. 23, 
1964 and Oct. 21, 1965. 

The variation in the anomalous stratos­
pheric turbidity for 1963-64 detected by us 
is confirmed, in addition to the above 
results, by the data from other papers. 
For instance, S. MATSUSHll\lA et al. (1966) 
has investigated the variation in the photo­
metric attenuation coefficient for the visible 
(/Jv) from the Chile and Australia measure­
ments. As seen from these measurements since 
the middle of May till December, 1963, 
this coefficient increased as much as 3-4 
times. In 1964 /Jv was only twice as much as 
the standard. Towards October 1964 the 
approach to the standard was observed. A 
peculiar variation in /Jv in the southern 
hemisphere is due to the eruption of the 
Agung volcano. As has been stated the effect 
of the volcanic dust on the stratospheric 
radiation regime has been noticed from our 
balloon data, the value of the effect attain­
ing 4.3 %- Yet, we suppose that besides the 
influence of the volcanic dust largely localiz-
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cd in lhc lowcr slra losphcre olhcr fac lors 
a rc lo be laken in lo accounl (alomic explo­
sions, mcsosphcric and ionosphcric a llcn ua­
lion by dust par l iclcs, space a llcnualion b y 
dus l pa rliclcs). 

T o co ncludc wc s ha ll cm phasizc thc p rclim­
ina ry cha raclcr of lhe rcsulls ob lained as 

wcll as Lhc neccssily for thc furlhcr improvc­
mcn t of lhc accuracy of mcasuremcnls a nd 
l hc cciling of soun cling (up lo thc hcighls of 
lhc order of several hundreds of kilomel res) 
for morc rcliable j udgcm en l conccrning l hc 
factors of thc cl irect sola r raclia tion a llcnua­
lion. 
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Experiments with automatic interpretation of 
meteorological f orecast charts 

By OLOV LÖNNQVIST, Swedish 1.Ueleorological and Hydrological Inslilule, Stockholm 

ABSTRACT 

A method has been tried for automalic translation of lhe information conlainecl in 
prognostic charls into weather parameters such as surfacc wind, surfacc temperalurc 
and precipitation. The mcthod is described and exemplified. Results from two test 
periods are presented. 

I. lntroduction 
As a result of the use of high speed elec­

tronic computers in the weather service the 
human forecaster is now being furnished with 
an increasing amount of information in 
chart form. In addition to forecast charts of 
surface pressure and upper air topography 
new kinds of forecast fields are easily preparcd 
by the computer, such as vertical velocity, sta­
bility, advection, amount of precipitable water 
etc. Furthermore, such forecast fields can be 
presented not only for 24 hours but for validi­
ty times as frequent as may be wished, e.g. 
for 6 hours, 12 hours, 18 hours etc up to 36 
hours as is now the practice at the Swedish 
weather service. This leads to great problems 
for the forecaster to find time for studying 
all this information and for extracting out of 
it a consistent and complete synthesis to 
form in itself or together with various other 
information-and experience-the weather 
f orecast to be presented to the various custom­
ers. 

Automatic interpretation made by a com­
puter and based on climatological informa­
tion grouped in a convenient and systematic 
way, would help considerably. The need for 
this type of climatology was early pointed 
out by BERGERON (1930), who introduced 
the term dynamic climatology for this 
purpose. If the result of such interpretation 
is presented to the forecaster in a concise 
and easily readable way, it will make it 
less vital for the forecaster to study all the 
forecast charts produced by the computer. 

Under certain circumstances the automa-

tic interpretation may be used in its original 
form as a forecast. Such a procedure might 
be the only feasible solution for forecasts at 
remote places or for special purposes. 

Computer preparation of forecast fields 
such as surface pressure and upper air pattern 
is sometimes misleadingly refcrred to as 
numerical weather prediction. This term­
if used at all-should of course be reserved for 
a combined numerical process including 
real weather forecasting, for instance of the 
type presented in this paper. 

One method for f orecast chart interpreta­
tion would be the use of regression techni­
ques. In that case the work could be divided 
in four different steps, viz. (1) search for good 
predictors, (2) determination of a multitude of 
possible regression equations, (3) study of the 
results in order to make a final choice of the 
equation to be used for each particular ele­
ment, and (4) introduction of the use of re­
gression equations as a step in the routine 
computer work, leading to a presentation of 
forecast suggestions, which could be used 
either as guidance or as automatic fore­
casts. 

The regression techniquc, however, does 
not seem to be very convenicnt for thc 
problem. The following reasons can be men­
tioned in favour of this view. Usually one 
should use more than one predictor for each 
element and the relation between each such 
predictor and the element in question is prob­
ably not a linear one. That would rcquire 
quite a lot of predictors in the regression equa­
tion, the significance of which would conse-
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quenlly be reduced correspondingly. Further­
more, there is seldom a question of a real 
functional relationship which means that the 
equation-form of expressing the relationship 
is rather artificial. Sometimes, however, areal 
f unctional dependence could be expected. 
A good example is the relation between pres­
sure gradient and wind. In the author's 
view regression equations should be reserved 
for such cases. 

The alternative to the regression technique 
would be some sort of weather-type classi­
fication technique. If this alternative is 
choosen the work can be divided as follows: 
(1) Historical cases should be classed in 

weather types by means of a number of 
predictors; many diffcrent classifications 
should be carried out by varying the num­
ber of predictors and by dividing each 
predictor in a varying amount of classes. 

(2) A complete climatology, including mean 
values and frequencies of various ele­
ments, should be worked out for each 
type as defined by each classification. 
The quality of each classification should 
be determined in order to facilitate the 
final choice. 

(3) The results should be studied to make it 
possible to decide on which classification 
to use for each element. 

( 4) The choosen classifications and the estab­
lished climatology should be used in the 
routine computer work and the results 
should be presented in a form suitable 
to guide thc forecaster in his work or, 
alternatively, in the form asked for by 
the customer. 

At the Swedish weather service experi­
ments with forecast-chart interpretation have 
been carried out du ring the last f ew years. 
Forecasts of the following elements have been 
prepared automatically: 

surface wind, direction and speed 
probability of gale 
maximum temperature 
minimum temperature 
precipitation 
precipitation amount 
thunder-storm probability 
aerodrome weather conditions 

In the present paper Section 2 will deal 
with type classification methods. The next 
section deals with methods and results of 

weather-type climatology. The question 
how to choose the best classification is 
discussed in Section 4. Aspects on the pre­
sentation method are given in Section 5. 
Finally, in Section 6, results are presented 
from two test periods. During these tests the 
automatic forecasts were compared with 
forecasts specially issued by the ordinary 
forecaster. All computations reported on in 
this paper were carried out on the high speed 
electronic computer Saab D21 at the Swedish 
meteorological and hydrological institute. 

2. Type classification 

The surface-pressure configuration is de­
termined by pressure values in five points 
f orming as closely as possible a rectangular 
cross. A suitable grid size seems to be 150-
300 km which corresponds to the grid 
densities used in numerical f orecasting in 
Sweden. From these five values one can de­
termine four predictors, viz. the pressure in 
the central point, two components of the 
pressure gradient (i.e. the west-wind gradient 
and the south-wind gradient if the surrounding 
stations are located north, south, east and 
west of the central point}, and the cyclo­
nality determined as the diff erence between 
the average pressure in the surrounding 
points and the pressure in the centre. 

Each one of these f our predictors can be 
divided in a number of classes. The division 
is carried out in such a way that an equal 
number of cases fall in each class. Now the 
classification can be characterized by the 
"classification pattern" i.e. four figures in­
dicating into how many classes each predictor 
has been divided. The first figure stands for 
pressure, the second one for west gradient, 
the third one for south gradient and the 
fourth one for cyclonality. Thus the pattern 
1 4 4 1, indicates that pressure and cyclona­
lity have not been used, while the two 
components of the pressure gradient have been 
divided into 4 classes each. In this case the 
number of types will be equal to 16. In com­
parison the pattern, 4 4 4 1, means that the 
number of types has been increased to 64 
by also dividing pressure into f our classes. 

lf the predictors are not correlated, each 
type will contain approximately the same 
number of cases. lf they are correlated ( e.g. 
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pressure and cyclonality) the cases will be 
unevenly distributed. In most cases this does 
not seriously eff ect the usefulness of the 
classsification method. Other methods could 
of course be used instead, for instance the 
descriptive method introduced by HEss and 
BREzowsKY (1952). There seems to be certain 
advantages in using the simple and unpreju­
diced method described above and choosen 
for our experiments. 

N ow, new predictors can be added. \Ve 
have used relative topography, Lf rJ,, for the 
layer 1000-500 mb, and vertical velocity, 
w, both ref erring to the central point. 
Persistence predictors like yesterday's tem­
perature at the station have also been used. 
These predictors are then added to the pattern 
in such a way that the pattern P, W, S, C, 
w, Lf (J,, T _1 equal to 1 3 3 1 4 3 4 means 
that the whole material has been divided 
into 432 types by splitting the two gradients 
and the thickness into 3 classes each, and 
the vertical velocity and yesterday's tem­
perature into 4 classes each. Obviously 
one has to be somewhat restrictive in carry­
ing out the type classification. A divi­
sion in a large number of types means a 
reduction of the number of cases pertaining 
to each type, which might seriously aff ect 
the applicability of the type climatology on 
a new material. Means to avoid this eff ect 
will be discussed later on. 

The use of vertical velocity as a predictor 
involves certain difficulties because of the lack 
of historical data. For some elements (wind, 
temperature, surface pressure) historical data 
might be available for more than fifty years. 
The use of aerological data reduces our possi­
bilities considerably since homogenious data 
will scarcely be available for more than fifteen 
to twenty years. For vertical velocity, 
historical data may not be available for more 
than one or two years, since it requires that 
such data have been determined by routine 
computer techniques. 

The lack of historical vertical-velocity 
data can to some extent be overcome by 
sort of guessing the vertical velocity from 
historical weather maps, using experienc­
es from the few years for which computed 
data are available. This rather unsatisfactory 
method has proven to be of some use for 
improving the accuracy of interpretation. 

Fm. 1. Average surface pressurc distribution and 
winds in lhe Swcdish wcstcoasl area according lo 
classificalion 1441, December 1949-196•1. 

Good results in this respect will not be ob­
tained until there are computed vertical 
velocity data available for about ten to 
twenty years. 

In the experiments carried out by the au­
thor a large number of different classifica­
tions have been tried. An example will be 
given here. Let us take the area around 
Göteborg at the Swedish west coast and lct 
the stations Hanstholm, Malmö, Oslo and 
Linköping determine the square within 
which the atmospheric pressure distribution 
is studied. Then the grid distance is about 
250 km and the coordinate system is orien­
tated approximately in W-E and S-N. 
Choosing then the classification pattern, 
1 4 4 1, we obtain 16 types, which we might 
refer to as follows, small letters being used 
for relatively weak gradients: 

NW Nw Ne NE 
n\V nw ne nE 
s\V sw se sE 
SW Sw Se SE 

An investigation of data for December 
1949-1964 (496 cases), gives for each one of 
these types the average pressure distribution 
shown in Fig. 1. The number of cases in each 
type should be 31, but due to some correla­
tion as well as the random spread of the 
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Fw. 2. l\lcan values of the cross-isobar angle of 
surface wind, and deviations from thc mean value 
al four Swedish stations. Classification pattcrn 1441; 
data from December 1949-1964 and January 
1950-1965. 

relatively small amount of data the number 
of cases varies in reality from 18 (Type NE) 
to 48 (Typc SE) in December. In January 
the maximum and minimum amount of cases 
appear in the same two types. The amount 
varies from 13 cases (Type NE) to 46 (Type 
SE), which shows that the distribution is 
not essentially a random eff ect. 

The example shown in Fig. 1 will be 
further studied in the f ollowing section. 

3. Type climatology 

\Vithin the area used to define the surface 
pressure distribution, a type climatology 
can be determined for any station and for any 
element. 

It is not practicable to present here a full 

............... E 

MEAN ISOBAR 
ORIENTATION 

Frn. 3. Frequency of wind directions at Jönköping, 
December 1949-1964, for surface-pressure distri­
bution of the typc "se", according to classification 
1441. The mean direction of the isobars is also 
shown. 

rep ort on all classifications tried so far, 
nor to discuss in detail all the climatological 
connections which have been established, as 
interesting such a discussion could be. 
,ve will concentrate on a few striking exam­
ples. In order to demonstrate the significance 
of the results we will campare the findings 
obtained from the December data ( 496 cases) 
with the corresponding results obtained 
from the January data (496 cases). A certain 
amount of similarity should be expected. 
Since the data themselves for these two 
months are practically unrelated, similar­
ities when obtained prove to a certain extent 
the significance of the results. The diff erenc­
ies obtained, on the other hand, could 
either reflect true diff erencies in the meteo­
rological conditions (e.g. the amount of snow 
cover and the extent of ice on lakes and sea) 
or could be random effects due to the limited 
amount of cases. 

(a) Wind direction 

For each separate case we determine the 
angle, a, at which the wind crosses the iso­
bars according to the pressure observed at tlle 
four surrounding stations. \Vithin each type 
an "average" cross-isobar angle is deter­
mined. It is defined as the value for which the 
sum of the absolute values of the deviations 
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from the assumed average is a m1mmum, 
no such deviation being counted as more than 
180 degrees. 

Fig. 2 presents the results, at 06 GMT, 
for four wind stations, viz. Väderöbod, 
Vinga and Varberg at the Swedish west 
coast and Jönköping located in the inland 
at the southern end of lake Vättern. The 
mean cross-isobar angles 15, 20 and 30 degrees, 
respectively, at the coast and 50 degrees 
in the inland, were obtained from all Decem­
ber and J anuary data taken together (992 
cases). The figures in the squares show the 
deviations from these mean angles obtained 
in the 16 different types in December and in 
January. For ease of comparison types 
showing negative deviations are hatched. 

Evidently, the four stations are all differ­
ent in this respect. For each station the 
typical main f eatures found from the Decem­
ber data are repeated in the January results. 
The local exposure, the general orography, 
and the f etch area could be the reasons for 
the station characteristics. The strikingly 
diverging figures for the weak southeasterly 
type at Jönköping (-160 and -180 degrees) 
imply cross-isobar angles around --120 de­
grees, which means that the wind blows from 
southwest in spite of the weak southeasterly 
gradient. Fig. 3 shows a polar histogram of 
the wind directions in this type in December. 
There are almost no winds crossing the isobar 
from the right side. The wind direction 230 
degrees shows a very high frequency. This 
is most likely an effect of orography. 

(b) Wind speed 

The wind speed can be expected to be 
closely related to the isobaric gradient. For 
t his reason a regression equation is determined 
for each type. As an example, the equation 

f =3.1 +0.66 G (1) 

was found for Vinga in December, when 
all the cases were taken together, whereas, 
as an example, the equation 

f =5.2+0.47 G (2) 

was found to apply for the 18 cases forming 
the NE-type. Here f is the wind speed in 
m/s; G is the isobaric gradient in mb measured 
over 500 km. 

Of particular interest is the gradient 

VÄDERÖBOD 

VINGA 

GALE-GRADIENT WINO SPEED 

IN 

DECEMBER 

W E 

IN 

JANUARY 

F10. 4. \Vind speeds in m/s al two Swedish stations 
corresponding lo the "gale gradient", 16.3 mb/500 
km, according to wind climatology for classifica­
tion 1441. 

16.3 mb/500 km which according to equ. (1) 
gives (=13.9 m/s, i.e. the limit used in Swcden 
for gale warnings. In Fig. 4 we have investigat­
ed which wind speed will be obtained at 
this particular "gale gradient" according to 
the regression equation for each type. For 
obvious reasons the four types in the middle 
of the square representing weak gradients 
have been left out. A comparison is given 
between the results for December and Ja­
nuary at the two stations Väderöbod and 
Vinga. The similarity between Ute two 
months is not as striking as for the cross­
isobar angle discussed above. N evertheless 
there are certain features that repeat them­
selves, viz. the strong response in wind speed 
at NNE and SW gradients (it means winds 
blowing parallel to the coast) and the poor 
response at NW and SE gradiens. For ease of 
comparison wind speeds 15-17 m/s are 
hatched while speeds >18 m/s are cross­
hatched in the figure. 

(c) Amounl o/ precipilalion 

In forecasting precipitation one could ei­
ther forecast tlie amount or make a qualita­
tive forecast, indicating "yes" or "no" or, 
going a step further, differentiating between 
"slight", "moderate" and "heavy", or some 
other classification. All these possibilities are 
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FJG. 5. Amount of preciptation in mm/6 hours al 
Dalsjöfors according lo classificalion patterns 
13311 and 13313, rcspeclively. The figures in the 
patterns stand for P, W, S, C and w. 

taken care of in the program used by the 
author for finding the type climatology for 
precipitation. 

We shall deal here with the amount only. 
Let us choose two diff erent classifications 
13311 and 13313, where the five figures 
stand for pressure, west gradient, south 
gradient, cyclonality and vertical velocity, 
respectively. As mentioned already, the clas­
sification of the historical data as to vertical 
velocity was made by a subjective method. 

Fig. 5 shows the average amount of pre­
cipitation at Dalsjöfors, 65 km east of Göte­
borg, for the 9 types according to the clas­
sification 13311, and for the 27 types accord­
ing to 13313. A comparison is made for De­
cember and January. 

The figure shows that the westerly and 
southwesterly types are characterized by 
relatively large amounts of precipitation. 
The introduction of vertical velocity as a 
third predictor improves the quality of tlle 
description. 

Taking into account the fact that the 
amount of precipitation is a very difficult 

IRRESPECTIVE OF 
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TOPOGRAPHV 

ACCOUNT TAKEN TO 
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2 o 

s 3 0 

W E 

MEOIUMg 

HIGH ~ 

JANUARV 

FJG. 6. Maximum-temperature anomalies al Göte­
borg according to classification patterns 133111 
and 133113, rcspectively. The figures in the patterns 
stand for P, W, S, C, w and L1'1>. 

element to forecast due to its very large 
variability, the lack of agreement between 
December and J anuary for large amounts 
in particular, is not too serious and might 
moreover partly be attributed to real 
diff erences. 

(d) Maximum temperature 

For the maximum temperature at Göte­
borg Fig. 6 shows the deviations from the 
normal value ( + 1 ° C in December; -3° C 
in January) for the 9 types according to 
classification 133111, and for the 27 types 
according to 133113, where the last figure 
indicates that the relative topography Ll<P 
between 1000 mb and 500 mb is divided into 
3 classes. The agreement between the two 
winter months is very good although there 
are of course certain differencies, whether 
real or caused by random effects might be 
difficult to know from this very first experi­
ment. Evidently both the west gradient and 
the thickness are good predictors for the 
maximum temperature whereas the effect 
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TABLE 1. Flight-weather classification 

Glass Description Visi- Cloud Further 
bility base condition 
not not 
below below 

A good 4.8 km 300 m 
B rather good 1.6 km 150 m A not 

applicable 
C rather bad 0.8km 60 m A or B not 

applicablc 
D bad A, Bor C 

not 
applicable 

of differences in the south gradient is very 
small. Consequently another combination 
including some other predictor would be 
preferable. As mentioned in Section 4, 
yesterday's temperature would be one such 
predictor. 

(e) Flight weather 

In weather forecasting at aerodromes there 
are two elements which are of particular 
interest, visibility and base of low clouds. 
In the experiments with automatic f orecasts 
of flight weather, the author has so far con­
centrated on forecasting a combination of 
these elements. In doing so the flight weather 
is divided into four classes A, B, C and D 
according to its seriousness to aviation. The 
classes are defined in Table 1. 

Because of the disparity between the clas­
ses as far as interval size is concerned, the 
decision as to which of the classes should be 
forecast in each type cannot simply be 
determined by the mode or the average. 
Some sort of weight factor should be used 
instead. 

In doing so for the airport Göteborg/ 
Torslanda in December, and dividing the 
data into 200 classes, according to the pat­
tern 155118, we obtain the results shown 
in Fig. 7. The question whether it is wise to 
di vide the 4 96 cases in as many as 200 classes 
will be further discussed in next sub-section. 
Studying Fig. 7 we should only notice that in 
spite of the very f ew cases in each type, there 
is a large amount of consistency when we go 
step by step from low values to high values 

Aip 
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B B 
. s ~ B B 

5190 w E 5320 

B 

B 

B 

B B B 

5230 5360 

B B 
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Frn. 7. Flight weathcr at Göteborg-Torslanda 
according to classification pattern 155118. Data 
from December 1949-1963. In types where good 
flight-weathcr, A, should be forecast no entry is 
made. B, C and D stand for ralher good, rather bad, 
and bad weather, respcctivcly. 

of relative topography. There is also a cer­
tain con_sistency from the point of view of 
surface-pressure configuration as shown with­
in each square. Obviously the seriousness of 
flight weather in Göteborg is strongly 
related to the relative topography. Maximum 
seriousness seems to occur in cases with 
weak northerly gradients. 

When formulating an aerodrome forecast 
the ordinary forecaster is entitled to indicate 
not only the most probable weather hut also 
a second or even a third weather with lower 
probability. The same can be done when 
formulating forecasts automatically. This 
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will be further exemplified in the last sec­
tion of this paper. 

(() Smoolhing 

,vhen the number of cases is limited and 
when the division into types is carried very 
far, as for instance in the example mentioned 
above under (e}, the number of cases within 
each type might be reduced to very low values, 
even zero. In order to avoid obtaining results 
which would be insignificant it is advisable 
to introduce some sort of smoothing. This 
can be done in various ways. The author has 
choosen to give each case in the type under 
study a weight factor equal to the number 
of cases in the type. Cases in adjacent types 
are given a factor equal to one. The eff ect 
of the smoothing then can be demonstrated as 
follows. If three predictors are used, a type 
is usually surrounded by six adjacent types. 
In that case the adjacent types jointly 
modify an anomaly in the type value by ten 
per cent if the number of cases in each 
type is equal to 60. If instead the number of 
cases per type is equal to 6 the average 
obtained from the adjacent types jointly 
have the same weight as the average ob­
tained within the type itself. 

The eff ect of smoothing on the significance 
of the result is under study. The results of 
the study will be presented in a separate 
paper. 

4. Selection of classifications 

It is impossible to know at an early stage 
in the investigations which combination of 
predictors will give for each element and at 
each station the best possible description of 
the typical conditions. When a regression 
technique is used the selection can be based 
on the variance reduction achieved. In doing 
so one has to consider as well the significance 
of the result, in order not to incorporate 
predictors the influence of which is almost 
negligible. The same holds for type classi­
fication. 

Each classification for which a complete 
climatology has been established has to be 
tested and its quality has to be indicated by 
a figure, e.g. the variance reduction. The 
goodness of a classification can be judged, 

TABLE 2. Comparison of classificalions con­
cerning 1.11 inimum lemperature al Göteborg in 
December 

Classifica- Number RMS Vari- Rate 
tion of Error ancc of 
pattern types (OC) reduc- suc-
P W S CLl<P1'-1 tion cess 

(%) (%) 

1 1 1 1 1 1 1 4.56 0.0 50.0 

Pressure only 

1 2 2 1 1 1 4 3.88 27.6 71.0 
1 3 3 1 1 1 9 3.88 27.6 70.8 
1 4 4 1 1 1 16 3.75 32.3 73.2 
1 5 5 1 1 1 25 3.79 31.0 74.0 

Thickness only 

1 1 1 1 3 1 3 3.56 39.0 71.3 
1 1 1 1 4 1 4 3.48 41.8 71.6 
1 1 1 1 5 1 5 3.41 44.1 72.1 
1 1 1 1 8 1 8 3.32 47.0 72.8 

Pressure and 
lhickness 

3 1 1 1 4 1 12 3.19 51.1 77.8 
1 3 1 1 4 1 12• 3.14 52.5 78.0 
1 1 3 1 4 1 12 3.45 42.8 72.2 
1 1 1 3 4 1 12 3.41 44.1 74.5 
3 3 1 1 3 1 27* 3.06 55.0 80.2 
3 1 3 1 3 1 27 3.25 49.1 76.6 
1 3 3 1 3 1 27 3.10 53.8 79.7 

Persislence only 

1 1 1 1 1 4 4 3.16 52.0 80.7 
1 1 1 1 1 8 8 3.02 56.1 81.4 

All combined 

1 1 1 1 3 4 12 2.54 69.0 84.7 
1 1 1 1 3 8 24 2.44 71.4 85.6 
3 1 1 1 3 3 27 2.59 67.7 84.0 
1 3 1 1 3 3 27* 2.39 72.5 87.3 
1 1 3 1 3 3 27 2.62 67.0 83.3 
3 1 1 1 3 8 72 2.32 74.1 87.4 
1 3 1 1 3 8 72* 2.16 77.5 89.3 
3 3 1 1 3 4 108 2.16 77.5 89.6 

however, in different ways. It is difficult 
to know which mark-setting does best reflect 
the opinion of the user, or, rather, bis eco­
nomical benefit. For that reason more than 
one set of quality marks should be used. 

In Table 2 you will find a summary of the 
combinations tried by the author for the 
minimum temperature at Göteborg in Decem­
ber. The quality marks used are the RMS 
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Frn. 8. The goodness of type classification of n:>-ini­
mum temperature at Göteborg in December, given 
in terms of the relative variance reduction, as a 
function of the number of types used for thc classi­
fication. 

error and the "rate of success". For evaluating 
the rate of success we have divided the tem­
perature values into eight classes and we have 
applied a score table constructed in such a 
way that random forecasts give the figure 50 %­
From the RMS errors we have computed the 
relative variance reduction. The table shows 
that yesterday's temperature is the best 
predictor. Then comes the relative topo­
graphy. By combining these two predictors 
with surf ace pressure predictors, the variance 
can be reduced considerably. This is seen 
even more clearly from Fig. 8, were the 
variance reduction is plotted as a function 
of the number of types ( on a logarithmic 
scale). Where the table contains a group of 
classifications giving the same amount of 
types, only the best one, indicated by an 
asterisk, is plotted in the figure. 

5. Presentation methods 

When the classification climatology has 
been established and the final selection 
made from the point of quality and reliabi­
lity, an extraction and presentation program 
has to be put into operation as an integral 
part of the daily computer work. 

The question how to present this guidance 
to the forecaster is very important. Differ­
ent methods have been tried at the Swedish 
weather service. On this point an agreement 
has to be reached between the programmer 
and the forecaster. A f ew aspects on the 
presentation problem will be given here. 

One way of presentation is to prepare a 
weather-type climatological atlas. In that 
case the daily computer work is limited to 
carrying out a classification from the available 
forecast fields, thus indicating for the next 
6, 12, 18, 24, 30 and 36 hours the appro­
priate figure for the expected weather type 
over various parts of the area of interest to 
the forecaster. 

Another possibility wolud be some sort of 
tabulation. It can be carried out either ele­
ment by element and station by station as 
follows: 

Winds: 
Vinga: 06 GMT NNE 6 m/s 

12 GMT N 8 m/s 
18 GMT NNW 12 m/s etc. 

Or it can be done hour by hour in the follow­
ing way: 

06 GMT: 
Vinga: NNE 6 Moderate rain Temperature +6 
Göteborg: N 3 Heavy rain Temperature + 3 
etc. 

A third possibility-not too difficult to 
achieve-would be to usc the interpreted 
values of wind, precipitation and tempera­
ture for automatic plotting of forecast 
"observations" on the forecast charts in the 
same way as actual observations are plotted 
on ordinary weather maps. 

Another question to be agreed between the 
programmer and the forecaster would be 
whether the interpretation should be pre­
sented in words ready for use in the written 
forecast, or numerically in tabular form, in­
cluding additional information available in 
the type climatology such as probabilities and 
alternatives. 

The forecaster should be aware of the fact 
that, given the climatological interpretation, 
almost any form of presentation can be pro­
duced by the computer through proper pro­
gramming. 
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F10. 9. Accuracy in forccasling wind direction 
(RMS crror in dcgrees) during test periods given as 
a function of time. Dotted linc shows simple clima­
tological f orecast. Broken line' shows persistence 
f orecast. Full line shows conventional forecast. 
Cross-dotted line shows automatic forecast. Thin 
line shows 50-50 % compromise between conven­
tional and automatic forecasts. 
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6. Results from two test periods 

At the Swedish weather service arrange­
ments were made during . December 1966, 
and January, July and August 1967 for a 
comparison between automatically produced 
forecasts and special f orecasts made at 
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F10. 12. Accuracy in forecasting maximum tempe­
rature (RMS error in ° C) during test periods. For 
legend, see Fig. 9. 

approximately the same times and under the 
same conditions by the forecaster on duty. 

During the winter period the forecasts 
concerned Göteborg, during the summer they 
concerned Stockholm. A brief summary of 
the results are given in Fig. 9-14. The fig­
ures would speak for themselves, hut it is 
necessary to notice that, although the amount 
of cases is fairly high, a two-month test 
period is much too short for drawing any saf e 
conclusions. Unfortunately none of the test 
periods were particularly typical. During 
the summer test, for instance, low pressare 
situations did not occur at all while anticy­
clonic high pressare situations were clearly 
overrepresented. 
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TABLE 3. Aerodrome f orecasls for Göteborg­
Torslanda issued 2 9 December 19 6 6 and bas ed 
on observations for 12 GM T ( A llernatives in 
brackels) 

Time or 
validity 

18 GMT 
00 GMT 
06 GMT 
12 GMT 

Ordinary 
forecast 

B (C) 
B(D) 
B (C) 
B 

Automalic 
forecasl 

B (C) 
B (C) 
C (D, A) 
A 

\\'calhcr 
ohservcd 

B 
C 
D 
A 

0 10 20 30 0 10 20 30h 18 GMT A (B) A A 
NUMBER OF CASES: 

60 58 59 60 

Frn. 13. Accuracy in forecasling minimum tempera­
ture (RMS error in ° C) <luring test periods. For 
legend, see Fig. 9. 

It is worth noticing that in almost all 
cases a compromise ( 50-50 %) between the 
conventional and the automatic forecast is 
better than any one of the forecasts themselv­
es. This indicates that automatic forecasts 
could, at least, be used as a valuable tool. 

As an explanation to Fig. 14 it should be 
mentioned that the flight-weather test was 
carried out in December only, The curve at 
the top of the figure and the cross sign closely 
behind represent a test in which the alter­
native weather forecasts are taken into con­
sideration according to the rules used in 
Scandinavia for conventional testing of 
aerodrome forecasts. The other curves in the 
figure refer to the case when only the main 
forecast is taken into consideration. An 
example showing a very good automatic 
flight-weather forecast is reproduced in Table 
3. Alternatives when issued are shown in 
brackets. 

In conclusion, our experiments in automatic 
forecasting are most promising and the work 
will continue. We have found that it is 
relatively easy to produce forecasts automat­
ically which are almost as good as the con­
ventional ones. It is much more dificult to 
really surpass them in quality, and much work 
has still to be done in order to find, if possible, 

RELIABILITY INDEX 
1
·
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GÖTEBORG 
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0.9 1-----+----+---t 

o.s __ __._ __ _.__ _ _.. 
0 10 20 30 h 

NUMBER OF CASES: 
31 31 31 31 

Fm. 14. Accuracy in forecasting aerodrome weath­
er at Göteborg-Torslanda during December 
1.966. For legend, see Fig. 9. The line at lite top 
(conventional) and the cross closely below (auto­
matic) show the results obtained when alternative 
forecasts are taken into account in the test pro­
cedure. 

better combinations of predictors than those 
tried so far. At the same time work is spent 
on improving the quality of the forecast 
charts as to their capability of catching both 
the large-scale development and the detailed 
structure. This is a very important work, 
since-of course-interpretation forecasts 
should never be expected to be any better 
than the prognostic charts on which they are 
based. 
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Some observations of snow melt 

By ALF NYBERG 

Swedish Meleorological and Hydrological Inslilule, Stockholm 

ABSTRACT 

By ~se o~ a recor_ding snow melt-meter the hourly amount of melt water has been 
studied m rela~1on lo metcorological faclors. In general there is a good agreement 
betwcen theorcllcal _and observcd values. However, cluring strong isolation deviations 
havc_ been fou~d wluch call for furthcr studies. The amount of liquid watcr in the 
mcltm? snow 1s ~ound lo be only a fcw per cent of the mass of thc snow Iayer whcn 
lhcre 1s free dramage whcreas in laboratory experiments without frec drainagc a 
percentngc of 30 % or more can be obtained. 

1. Introduction 

In a previous paper (NYBERG, 1965) was 
described an instrument for recording eva­
poration from a snow surface. In principte 
it consists of a batance. On a rotating drum 
a pen is recording the levet of a vessel filled 
with snow. This vessel is moving upwards 
without hindrance of the surrounding snow 
when snow is evaporating. As this instrument 
functioned in a satisfactory way when pro­
perly treated, it was thought that a similar 
idea could be used for the design of a snow 
melt-meter. Such a meter has thus been 
constructed and it has been used during a 
melting period in the Swedish mountains. 

A schematic picture of the instrument is 
shown in fig. 1. It consists to a large extent 
of the same parts as the evaporimeter but 
instead of a movable snow-filled vessel there 
is a funnet manufactured of transparent 
~lastic_ material filled with snow and ending 
m a p1pe from which melt water runs down 
into a bottle placed on a movable platf orm. 
The movements of this platform is recorded 
on the drum. The thickness of the snow was 
kept as close as possible to 30 cm and the 
area of the funnet was 1000 cm2• 

The melt-meter was ptaced at Ljusnedal 
(Lat. 62° 33'N, Long. 12° 36'E, 585 m above 
m.s.l.). Most of the time the observations 
were made by non professionals living ctose by 
the observation site. Due to lack of complete 
instructions and some instrumental shortages 

the record fell out during several short periods. 
None the less useful results were obtained and 
they will be discussed below. At the same 
time an evaporimeter was placed close to the 
melt-meter. However, this functioned in a 
completely satisfactory way during short 
periods only. Other recording instruments 
were giving temperature and relative humi­
dity in a normal screen and wind speed. 
Temperatures were also given by ventilated 
thermometers on a mast in the levels 0.6 m, 
2.2 m and 8 m. The net incoming (or out­
going) radiation was recorded with a radia­
tion balance meter. 

2. Theoretical relations 

Already in 1918 ÅNGSTRÖl\l discussed the 
heat exchange at the snow surface and gave 
the equation of the heat balance, which in 
a modified form is given by equation (1). 
The amount of snow melting in one time-unit, 
S, depends upon various meteorological fac­
tors namely the net radiation Q, the flux of 
heat from the air through convection W, 
the evaporation E and the heat conducted to 
(or from) deeper layers of the snow, G. M 
and L are the latent heat of melting and of 
evaporation respectively, and P the heat from 
precipitation. 

The following equation is valid 

M•S+L·E=Q+W+G+P (1) 
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Frn. 1. Diagram showing the melt meter. 1, Record­
ing drum. 2 and 3, Damping arrangemcnls. 4, 
Edge or balance. 5, Vessel (area 1000 cm11) wilh 
pipe. 6, Bottle for collection of mclt ,valcr. 7, 
Snow. 

5 1 Öez 
We have E=Az·e·-·-·-

8 p az 
where Az is the coefficient for eddy exchange 
of water vapour at the leve! z, p is the air 
pressure, e the density of the air and ez 
the vapour pressure at thc levcl z. W c also 
have 

W A
, ÖTz 

= z•Cp•(?•~ 

where A'z is the eddy conductivity, Cp the 
specific heat of air and Tz the temperature at 
the leve! z. All temperatures are in degrees 
Celsius. 

\Ve assume that Az=A'z and substitute 

A 
Öez d A ÖTz (A' +B'u) (e8 -ea) 

!!· z•- an e· ··- by -------öz - öz z 

d 
(A' +B'u) (Ta-Ts) 

an 
z 

where u is the observed wind velocity, 
es, Ts are the values of vapour pressure and 
temperature at the snow surface and ea 
and Ta are the corresponding values as 
measured in the observation screen at the 
Ievel Z=1.5 m. 

P is generally small and no case with rain 
has been studied here. It is therefore neglect­
ed. 

lf the snow sheet has a uniform tempera­
ture of 0° the term G is also zero. A special 
case when G is not zero will be briefly dis­
cussed later. 

A'+B'u 
Weput --- =.A+Bu 

z 

Equation (1) may then be wrilten 
i\1-S-Q 

(.A+Bu) 
5 (es-ea) 

Cp(Ta-Ts)-L·----
B·p 

3. Data 

(2) 

In Tablc 1 is given obscrvcd valucs of 
S, Q, Ta, es and ea for 44 cascs, whcn the in­
struments all functioned well. Valucs of 
(A +Bu) have been computcd from equation 
(2) and they are shown in fig. 2. A Iine of 
best fit to these values has been drawn giving 
A=5 and B=1.2 and from this linc valucs of 
S have been computed and these are also 
shown in Table 1. It is remarkable that the 
valuc of B i.e. the increasc of the cdcly 
conductivity with the wind is small. 

4. Discussion of errors 

Before discussing the rcsults a discussion 
of the errors of observation of various ele­
ments seems approriatc. 

a) The amount of hourly melt water S 

The values of S are in general rather 
accurate. The percentage error does not 
normally exceed 10. However, certain errors 
are due to the fact that melting snow can 
hold some water as droplets between crys­
tals or films of water on crystals. There 
seems to exist a maximum amount of water 
held and when this stage is reached the snow 
is said to be saturated (DE QuERVAIN, 

1948). The amount of water in the saturated 
stage is given by various investigators 
as from 1 % to 30 % or even more. GERDEL 

(1954) says that the water holding capacity 
during a study of many individual cases 
with free drainage varied between 0. 7 and 
5.5 % with the majority of cases less than 
2 %. It is also possible that the snow may 
be oversaturated for a shorter time when 
melting is very rapid. However, if melting 
then decreases more water will run off than 
the amount corresponding to actual melting 
and the normal saturation stage will be 
reached again within about one hour 
(GERDEL, 1945). 
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b) The ncl radiulion Q 

The values of Q are fairly rcliablc. How­
cvcr, in some cases the instrument gave 
too small values duc to rime deposit. At some 
occasions thc sky was cloudy and thus thc 
radiation varied rapidly with time. It is then 
uncerlain ovcr which period niean values 
should be computed. 

c) Tcmpcralurc values 

The temperature in the screen is following 
the air temperature with a certain lag. 
This lag, however, was not very large at 
111, and 14" when most of the observations 
used were obtained but could be of impor­
tance at other hours. Another cause of error 
was the heating of the screen by radiation. 
By comparison between the screen tempera­
ture with that of the ventilated thermometers 
it appears that the difference måy amount 
lo as much as 0.5°-1 ° during light winds. 

The temperature of the snow is sometimes 
uncertain. Radiation errors of the thermo­
meter on the snow surface are unavoidable 
and not easily determined. The first assump­
tion was that <luring snow melt the snow 
surface temperature was zero. However, 
this is not correct. In some cases the wet 
bulb temperature of the air is considerably be­
low zero as well as the measured snow surface 
temperature. During such cases melting may 
take place below the surface where incoming 
radiation is absorbed hut no outgoing radia­
tion losses and no evaporation occur. That 
happencd e.g. on 5 May at 8" and on 9 May 
at 11". Melting of snow at lower levels when 
the surface temperature is below 0° has been 
described by DE QuERVAIN (1948) and HoECK 
(1952). The exact temperature of the snow 
surface is very difficult to determine in 
such cases. 

There are also cases when it appears that 
the temperature of the snow or rather the 
water film on thc snow is above 0°. I have not 
in the literature found any observations or 
discussions of such cases. However, a certain 
positive temperature in the melt water must 
obviously exist. The question is what 
temperatures we can get. The absorption 
of incoming rays of solar energy by passage 
through a film of 0.1 mm thickness is very 

small. Howevcr, it has been mentioned by 
HoECK (1952) that wet snow is absorbing 
more radiation than dry snow. It is conceiv­
able that repealed reflexion and absorption 
can lake place in water films and droplets 
thus lengthening the path considerably 
and thereby increasing the absorption. This 
question has to be studicd further. 

Another possibility is that by pollution of 
the snow strong local absorption of short 
wave radiation may increase the snow melt 
temperature. It is, however, not feasible 
to dccide upon this question from the data 
available. 

cl) The evaporalion E 

The computed evaporation depends upon 
the temperature observations in the screen 
and at the snow surface. An increase of the 
screen temperature would increase the com­
puted value of the saturated vapour pressure 
but on the other hand this would be partly 
compensated by lower relative humidity 
in thc scrcen than in the frce air. Valucs 
of Ca are therefore considered to be fairly 
correct. 

The vapour pressure over the snow is 
more depending on the snow temperaturc. 
Surface temperature crrors may therefore 
causc considcrable errors in c8 • 

5. Rcsults 

In the first phase of mclting at the surface 
the water pouring down into deeper and cold 
layers will freeze again and no run off will 
be observed. Thcrefore thcre was no melting 
recorded during the period 8-9 April or 
during 19-22 April although the maximum 
temperature was well above 0°. However, 
during most of these days the outgoing 
radiation prevented any melting (in accord­
ance with equation (2). On 20 April in the 
afternoon there was probably some melting 
(estimated to about 1.5 mm) hut the water 
froze again in the cold deeper snow and no 
melting was recorded. The amount would 
havc been sufficient to heat the snow layer 
by 5° which would not have raised the tem­
perature to 0° in this case. A similar situation 
occurred on 22 April. Some melting took 
place hut thcre was no melt recordcd. On 
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Fm. 2. Values of (A+Bu) as function of u. The 
figures indicate the same numbers as in Tablc 1. 
The equation is (A+Bu)=5+1.2 u. 

24 April the air temperature reached the 0° 
level a few minutes after 8h. However, it 
was not until 14.30 that run off was recorded. 
With the aid of equation (2) and the regres­
sion line in fig. 2 the amount of melted 
snow until 14.30 has been estimated to be 
2.75 mm. About a quarter of this was used 
for heating the snow by refreezing melt water 
and the rest for saturating it with liquid 
water. The content of liquid water was then 
about 4 % of the snow mass. 

In this study we have tried to avoid cases 
when the snow was being heated or when Ute 
snow was not yet saturated. It is possible 
that in some cases at the end of the day when 
the snow was supersaturated more water was 
running off than the simultaneously melted 
amount. However, no clear indications of 
such a process have been found. 

When snow is melting the water is not 
running down into the snow quite uniformly 
hut channels are formed in the snow and in 
these channels water with a temperature 
slightly above 0° can reach the bottom even 
before the whole Iayer has been heated to 0°. 
Fig. 3 shows such a situation. It is a record 
of the melt on 3 May. The temperature during 

:- ~~>-:-. :.._: L:==.. -::i.- - ·_··.:-::.:..:f.-..=::-..:::...:-k- _:·_ : 
-::i: '--- f-1'+· ·- ~- '--

- ----i.--... ··+·.-:::=- -- -- - • .,___~I - - -- h •· ~-- · h ·· - - · oh ~ 1,, h - · ._ __ 
8 ::-~~ 9 :~t..! . ·= "------~ 

--Il----+---+---+- --- -.- • -- ~ 

1~ 

" 
______ .,__ 

------- _....,_ •-- --- >-· _._ ___ __..__,_+-
'--

- - - - -- ~- ,.._._ - ----- ··- ----. .,_ ----.--

=-~ ~- L- ---- --

·-'--­---- - • - ~-1,-- ~-·- -
- ,,__.. i---- - ...,__ - - - . ..__ --- ·-~- 1,- .... --L-- L- •·• - L- - ---~ --·- •-~-- .,._.._ - ~--'---

Fm. 3. Rccordcd mclt walcr on 3 ::\lay in the 
morning. The dislancc bclwccn lwo horizonlal 
lincs corrcsponds to 0.04 mm watcr. 

the night was below 0° <luring 6 hours. 
The minimum temperature was about -2° 
and the temperature rose to 0° at about 4 
o'clock hut there was outgoing radiation. 
At 8 a.m. the air temperature was + 2.6° 
and the snow temperaturc probably close 
to 0° and melting started but the run off 
was very small indeed. Only at 9.20 it started 
to increase and reached an expected valuc at 
about 9.40. 

From the equation (2) one can compule 
the melting from 8h to 9.40. We get the value 
1.20 mm whereas the amount recorded was 
0.16 mm. The difference or 1.04 mm was 
therefore used for saturating the snow. The 
liquid water content was less then 3 % of 
the total mass of snow above the melt meter. 
This is of coursc only an estimatc as the den­
sity of the snow was not measured. Further 
the cloudiness varied so that thc radiation 
value is somewhat uncertain but still it is 
clear that there was not a Iarge percentage 
Iiquid water held by the snow. 

Observations of fresh snow in a cold labor­
atory with a temperature a fcw degrees 
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Fm. •1. Hourly watcr mclt and air tcmpcraturc. 

below 0° and a radiating lamp giving an cner­
gy of 0.9 cal/cm2/min gave similar results. 
In these cases the temperature of the snow 
was measured in various levels below the snow 
surface and the dcnsity of the snow was also 
measured. The Iiquid water content in a layer 
of large ice particles was f ound to be 1.5 % 
and in light snow 6 to 12 %- On a piece of 
melting solid ice hanging on a string in a 
warm room was formed a film of water with a 
mean thickness of 0.05 mm or 1.5 % of the 
mass. Another experiment with a snowball 
hanging on a string in a warm room gave a 
liquid water content of 38 %, that is to say 
all the space between the crystals was filled 
with water. In this latter case there was no 
free drainage hut water fell out in drops at the 
bottom of the ball. 

The maximum hourly value of snow melt 
amounted to 4.5 mm/hour at 11h on 11 May. 
Actually the last observed value, No 44, 
amounts even to 5.6 mm/hr hut this is higher 
than the computed value and may have been 
influenced by absorption of energy at the 
bottom of the vessel as the snow thickness 
rapidly decreased. This value is therefore not 
considered reliable. The total daily melt was 
recorded by the melt-meter hut also by the 
evaporimeter. There was good agreement 
between the two meters. In general the dif­
ference of daily values did not surmount 
15 % and the mean difference was 4 %, 
the evaporimeter giving the higher values. 
The largest amount, measured on 29 April, 
was 5.5 liter/1000 cm2 day=55 mm/day 
or with a density of 0.4 a layer of 14 cm 
snow/day. These values are somewhat higher 
than those obtained by FoRSl\lAN (1963) in 
Northern Sweden near the Polar circle by 

15 

,s 

Fm. 5. Daily maximum and mcan tcmpcraturcs, 
mcasurcd mclt watcr and run of[ in thc river 
Ljusnan. 

means of hourly observations of the run off 
from vessels of an area=1 m 2 • That maximum 
hourly value was 3.6 mm water and the maxi­
mum daily value was 29 mm water. 

In fig. 2 we see that in spite of a consider­
able spreading of values there is an increase 
of (A +Bu) with the wind velocity. Some 
values are extremely large and deviating 
very much from the mean line. In some cases 
No. 29, 32, 34 and 35, this could depend 
upon the fact that the convective heat flux 
and the heat used for evaporation were 
about equal. They balanced each other so 
that we got undetermined values. In 
some other cases, No. 36 and 37, the (A +Bu) 
values are too small. The snow temperaturc 
was assumed to be zero but the wet bulb 
temperature was below zero. If the values 
of the wet bulb thermometer were to be 
accepted as valid for the snow surface thc 
(A +Bu) values would be quite in line with the 
other observations. 

In some other cases the values of (A +Bu) 
are very low and even negative. In these cases 
reasonable values would have been obtained 
if the snow or water film temperature bad 
been 1 or 2 degrees above zero. 

If we study Table 1 and take the differ­
ence betweenobserved and computed melt val­
ues we find another expression of this result. 
Positive values are in general small. The 
largest one is No. 44 which may be explained 
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TABLE 1. lHeleorological parameters are 
Q, lhe nel radialion given as read off values which mulliplied by 11. 1 give lhc vuluc in 

cal/cm2hr. 
Ta, the air lemperalure in degrees Celsius measured in the thermometer screen. 

(es-ea), thc difference between vapour pressure in mb al the snow surfade e8 and in lhe lhcrrno-
meter screen. ea. 

So, observed amount o/ melted snow in mm waler per hour. 
Se, compuled value of melted snow derived from average values o/ ( A +Bu)= 5 + 1. 2 u oblai-

ned from fig. 2 

No. Date Hour Q Ta. u (es-ea) So Se So-Se (A+Bu) 

1 24.4 14 +0.2 +3.6 2 0.4i 1.10 1.09 0.01 7.91 
2 17 -0.2 +4.9 1 0.27 0.75 0.60 0.15 7.29 
3 20 -0.2 +4.0 1 -0.13 0.11 0.42 -0.31 2.93 
4 25.4 09 +0.2 +2.6i 2 -0.80i 0.88 1.12 -0.24 5.02 
5 11 +0.2 +3.7 1 -0.73 1.14 1.25 -0.09 5.63 
6 26.4 11 +0.8 +6.3 2 0.56 2.20 2.22 -0.02 7.32 
7 17 +0.2 +5.7 0 0.78 1.24 1.00 +0.24 7.15 
8 27.4 11 +1.0 +7.1 0 0.76 2.90 2.50 +0.40 8.39 
9 14 +1.0 +8.9 0 0.29 3.16 3.33 -0.17 6.82 

10 19.30 -0.05 +5.0 0.5 -0.30i 0.96 0.63 +0.331 9.75 
11 28.4 13 +0.3 +9.0 2.5 0.351 2.60 2.52 +0.08 8.32 
12 29.4 11 +1.0 +8.0 2 0.54 3.16 3.03 +0.13 7.94 
13 14 +1.0 +9.2 4 0.62 3.62 3.71 -0.09 8.17 
14 30.4 11 +1.1 +8.2 2 1.21 3.10 3.07 +0.03 7.47 
15 14.40 +o.4 +9.21 2 0.90 3.00 2.33 +0.67i 10.04 
16 17 +o.o +7.9 1 1.03 1.22 1.31 -0.09 6.45 
17 1.5 06.30 +0.8i +3.8 1 -1.51 1.64 1.46 +0.18 6.91 
18 08 +1.2 +6.1 2 -1.12 3.20 3.51 -0.31 6.20 
19 11 +0.4 +6.9 6 -1.15 3.50 3.89 -0.39 10.72 
20 17 +0.2 +5.2 4 -0.82 2.00 2.15 -0.15 10.51 
21 2.5 20 -0.2 +2.9 2 -0.95 0.84 0.76 +0.08 7.90 
22 3.5 11 +1.0 +4.0 5 1.26 2.14 2.03 +0.11 12.80 
23 16 +1.0i +6.0i 2.5i 1.51 2.76 1.88 +0.40 8.11 
24 4.5 02 0.0 +o.8 0 -0.08 0.12 0.15 -0.03 4.13 
25 05 0.0 +0.5 0 -0.18 0.19 0.13 +0.06 5.50 
26 08 +0.3 +3.1 1 -0.08 1.04 1.04 ±0.00 6.20 
27 11 +1.0 +3.9 2 -0.30 2.68 2.68 ±0.00 7.55 
28 5.5 09 +1.1 +2.2 0 3.02 0.86 1.08 -0.22 7.43 
29 11 +1.8 +4.8 1 2.89 1.61 2.49 -0.88 470.00• 
30 14 +1.8 +6.3 1 2.35 3.05 2.96 +0.09 7.69 
31 6.5 11 +1.8 +3.1 2 1.78 1.60 3.33 -1.63 neg.• 
32 14 +o.9 +2.9 4 1.68 1.32 1.25 +0.07 43.80• 
33 7.5 11 +0.6 +3.5 0 0.55 1.10 0.98 +0.12 3.34 
34 14 +0.6 +3.1 1 1.09 0.88 1.06 -0.18 1.32 
35 17 +0.2 +2.1 2 0.54 0.34 0.56 -0.22 1.97 
36 8.5 11 +1.1 +0.9 2 1.57 1.30 0.97 +0.37 3.35 
37 14 +0.8 +1.1 6 1.97 0.90 0.26 +0.63 2.97 
38 17 +1.2 +1.9 6 2.13 0.85 1.16 -0.31 15.30 
39 9.5 11 +0.8 +t.9 1 2.58 0.38 0.65 -0.27 8.82 
40 14 +2.3 +s.o 3 1.80 2.06 3.78 -1.72 neg.• 
41 17 +1.s +5.4 3 1.37 1.50 2.91 -1.41 neg.• 
42 10.5 11 +2.6 +6.1 3 1.61 3.20 4.51 -1.31 neg.• 
43 11.5 11 +2.5i +9.0i 3 1.68 4.50 4.93 -0.43 6.25 
44 14 +1.3 +9.8 4 1.95 (5.55) 3.84 (+1.71) (12.30) 

• values not plotted in fig. 2. 
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by lhe fact that al the time of this observa­
tion so much snow had melted that there 
was a considerable heating from below. 
Some negative values are rather largc. They 
all occur when the net radiation was large 
and some could be explained as resulting 
from too high values of Q. However, Q was 
always below 0.43 cal/cm2min which is not 
unlikely high and the instrument in general 
functioned well. A moderate decrease of Q 
would anyway not lead to a reasonable 
value of the computed snow melt Se. 

On the other hand it does not seem likely 
that the temperature of thc water film on 
the snow crystals would raise to as much as 
2°. Thcre are also cases with relatively strong 
incoming radiation especially in the beginning 
of the melting period, where the assump­
tion of increased surface temperature would 
lead to larger discrepancies between meas­
ured and computed melt values. We have 
assumed that Az=A'z i.e. that the "Aus­
tausch" values for heat and water vapour 
are identical. If this is not correct a part 
of the discrepancies may be explained as 
resulting from that assumption. Further 
studies will have to be undertaken. 

Fig. 4 shows the correlation between hourly 
values of mean air temperature and melt wa­
ter. When rough estimates of the daily 
run off are wanted the maximum tempera-

ture or the sum of hourly positive tempera­
turc values may be used. The correlation 
will of course vary with local conditions like 
latitude, height above the sea, snow depth 
and density, cloudiness and winds but the 
method may be appreciated for its simplicity. 

As can be seen from fig. 5 the run off in 
the river Ljusnan close by the "melt station" 
shows a slow increase already before the air 
temperature rose to 0°. This may be explained 
by melting of ice in the river by radiation as 
the water reflects less than the snow. There 
is a clear increase in the flow when melting 
starts to be recorded in the meter and this 
increase continues until the melt in the meter 
reaches its maximum on 30 April and still a 
f ew more days. Then the melt decreases 
considerably until 7-8 May and during 
this time the flow in the river is almost 
stationary. The 9 May the melt is again 
increasing and the 11 May the water flow 
increases again. There is a lag of 2-4 days 
from melt recorded in the meter to the occur­
ence of an appreciable effect on the flow. 
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ABSTRACT 

.:\Ieasuremcnls o( lhe oulgoing emitled longwave radialion and lhe reflected solar 
radialion were obtained for the first lime over the entire globe from the Nimbus II 
metcorological satcllite. These data were obtained during the period 16 May-28 
July, 1966 and covered the onset and development of the summer and wintcr scasons 
in the Northern and Southern hemispheres, respectivcly. 

Nimbus Il carried a five-channel medium resolution radiometer, two channels or 
which received longwave radiation and reflected solar radialion in wideband spectral 
intervals from 5.0 lo 30.0 microns and 0.2 to 4.0 microns, respectively. From thesc 
"filtered beam" measurements the oulgoing "unfiltered" radiation fluxcs were cal­
culated using empirical integration techniques. The method of WARK et al. (1962) was 
applied in principle lo compute the outgoing flux of emittcd longwave radiation. The 
flux of reflected solar radiation was computed, utilizing empirically derived models of 
the dependence of the reflection properties of the earth-atmosphere system on the 
zenith angles of the sun and the measured beam and on the relative azimuth between 
the two. 

The res ulls of the outgoing longwave radiation, the albedo, and Ute radiation balance 
of the earth-atmosphere system were obtained as averages for five subperiods, each 
of a half month's length. As an example, results obtained for Ute period 1-15 July, 
1966 over both polar regions are presented and discussed in the form of maps in this 
paper. 

The albedo over the central Arclic norlh of 80° N diminished conlinuously from May 
lo the cnd of July from 68 % to 50 % due to the melting of ice and snow surfaccs. The 
radiation balance only during the first half of July became slightly positive ( +0.012 
cal cm-: min-1) there. During all other subperiods, it resulted in a net radialion flux 
toward space. 

Over Ute Anlarctic during this sea~o~ lhe radialion balance is almosl cnlirely dclcr­
mined by the outgoing longwave rad1allon flux. 

The global albedo for all five subperiods was found lo be about 30 %, This value is 
considerably less than earlier accepted values ranging between 33 % and 43 o/c. The 
radiation balance over the en lire globe resulted in a slight energy gain of + 0.002 ca] 
cm-: cm-1 during the second half of May and a deficit between -0.003 and -0.007 cal 
cm- 2 min- 1 during the other four subperiods. 

1. lntroduction 

The radiation balance of the earth­
atmosphere system over each geographic 
location describes the energy gain or loss of 
the system resulting from two processes: 

1 On lcave from the Universily of l\lunich, 
Germany, as a National Academy of Sciences 
Post-Docloral Resident Research Associale. 

"absorption,, of incoming solar electromagnet­
ic radiation and emission of longwave 
thermal radiation. Absorption, reflection 
and scattering of incident solar radiation and 
the emission of longwave radiation to space 
takes place mainly at the surface and in 
atmospheric layers up toa height of about 50 
km. Therefore, the radiation balance deter-
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mines primarily the net radiation flux at 
the level of about 50 km, and should be 
closely related to all atmospheric processes 
below that level. 

Earlier investigations (ALT 1929; BAUR 
and PmLLIPPS, 1934, 1937; BuoYKO, 1963; 
Houm1ToN, 1954; LONDON, 1957; Srnr­
soN, 1929; VowINKEL and ORVIG 1964) 
showed clearly that in the annual average, 
encrgy is gained at low latitudes and lost at 
high latitudes. This forms a thermal gra­
dient rcquiring an cnergy exchange between 
low and high latitudes by thc atmospheric 
circulation and also by ocean currents. These 
investigations, however, were based on ob­
servations whose reliability was not very 
satisfactory ovcr both polar regions and over 
oceanic areas (ÅNGSTRÖM, 1925). Moreover, 
the computations of Ute fluxes of absorbed 
and emitted radiation, could take into account 
only in very simplificd models all physical 
processes taking part in the radiative trans­
fer within the atmosphcre and at the ground. 
Tims widely differing results were obtained. 

Radiometric measurements of reflected 
solar radiation and of cmitted thermal radia­
tion from artificial satellites should provide 
an ideal basis to observe steadily and very 
accurately the radiation balance on a global 
scale. Such measurements were carried out 
beginning with the launching of the first 
meteorological satellite Explorer VII and 
continuing with different instruments from 
several TIROS satellites (BANDEEN, HALEV 
and STRANGE, 1965; HousE, 1965; RAsooL 
and PnABHAKARA, 1966). These satellites 
however, "observed" the earth no farther 
poleward than 60° N and 60° S. Nimbus Il, 
launched on May 15, 1966 and the suc­
ceeding satellites ESSA 3 and ESSA 5 
performed the first radiation measurements 
over the en tire globe. Considerable compu­
tational efforts are necessary to determine 
from Ute filtered beam measurements of the 
radiometer the desired quantities, namely 
the outgoing fluxes of reflected solar radia­
lion and of longwave thermal radiation, 
leaving the atmosphere to space. 

It is the purpose of this paper to discuss 
the results of the radiation balance and rela­
ted quantities, which were obtained from 
Nimbus II measurements during the period 
16 May to 28 July, 1966 over both polar 

regions. This period was divided into 5 
smaller intervals each of a half month's 
duration, of which one was chosen here 
(1-15 July, 1966) to demonstrate our calcu­
lation methods and the results. All other 
results and the computation methods in 
more detail will be described in a final report 
on this research (RAscmrn and PASTERNAK, 
1968). 

2. The Nimbus Il measurement 

The satellite Nimbus II was launched on 
May 15, 1966 into a sun-synchronous, nearly 
polar orbit(NononERG, McCULLOCH, FosHEE, 
and BANDEEN, 1966). At a mean height of 
1140 km above the earth's surface it crossed 
the equator in the northward direction at 
around local noon and in the southward 
direction on the opposite side of the earth 
at around local midnight. Its orbital period 
of 107 minutes and its height provided that 
generally each area element on the earth was 
observed at least once in the daytime and 
once in the nighttime within a 24 hr interval. 
But difficulties in the data acquisition from 
orbit did not allow the recording of all data, 
thus causing gaps in observational coverage 
of the globe. 

A scanning five-channel medium resolu­
tion radiometer aboard Nimbus Il measured 
the reflected solar radiation in the spectral 
range from 0.2-4.0 microns and the emitted 
thermal radiation in the spectral range from 
5.0 to 30.0 microns. In a third channel in­
frared radiation between 10 and 11 microns, 
a measure of the temperature of the under­
lying surface (clouds and/or ground), was re­
ceived. The instantaneous angular field of 
view of the radiometer of about 2.5 degrees en­
abled a spatial resolution on the earth's surface 
from about 50 km (at the subsatellite point) 
to about 110 km (al a nadir angle of 40 de­
grees). A calibration source aboard Nimbus 
II provided for correcting the measurements 
of infrared radiation for changes in the instru­
mental response. The measurements of re­
flected solar radiation were checked by com­
parison of all measurements obtained over 
cloudless portions of the Sahara. No changes 
in the instrumental response could be ob­
served in these measurements. 
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3. Method of computation 
r • ,,, [ "••'] ... • 

The net radiation flux or radiation balance 
2,.; 

Q at a surface element, whose geographic ·• 
coordinates on the earth's surface are Ä ··· 
and '1> is defined as the algebraic sum of all "' 

.... 
radiation fluxes crossing it: '" 1- _,..#. .. . 
Q(A,<I>, d)=S(A,<I>, d)-R(A,<I>, d)-E(J.,'1>, d).(1) 

..• ,,. .. • 
.-11·· 

,.....t'' . 
·" ,,: 

.•·· 
. 

.IJ ., .» 

In Equation (1) S, R and E are the fluxes i:: 

of incoming and reflected solar radiation and ,,., 
of emitted Iongwave radiation, respectively. ao1-

The letter d designa tes that day, for which 
Equation (1) applies. The ref erence area is 
assumed to be perpendicular to the earth's Frn. 1. Nimbus Il: Relation bclwccn lite "fillcrcd" 
radius vector passing through it. (5.0-30.0 microns) and "unfillcrccl" racliancc of 

The fluxes R and E outgoing from an ob-
served element on the earth's surface have 
been computed by integrating the radiance 
N over the hemisphere above that surface: 

Flux~ s:• J:t• N(6, 'I') sin 6 cos 6 d6 d'/1. (2) 

In this general equation O and 'I' are the zenith 
angle and the relative azimuth angle (with 
respect to the vector of incident solar radia­
tion) of a measurement by the Nimbus Il 
radio meter. 

The computational procedure presumes the 
geometric generalization that the atmosphere 
and surface of the earth form the surface of 
an imaginary sphere, having the mean 
radios of the earth (6371 km), but still hav­
ing the same physical properties as the 
actual earth-atmosphere system. The com­
putational procedures of both outgoing 
radiation fluxes required further generalized 
assumptions to convert the measured "fil­
tered" radiances into the "unfiltered" radian­
ces and to perform the integration over the 
upward hemisphere. 

According to the method of WARK et. al. 
(1962) the unfiltered radiance of longwave 
thermal radiation was computed from the 
measured "filtered" radiance using a rela­
tion, which was found from calculated 
values of the outgoing radiance from a large 
set of atmospheric profiles (LIENESCH, 1966). 
Figure 1 shows as dots calculated radianc­
es in the vertical direction. Encircled points 
mark results computed for a zenith angle 
0=78.5°. These results show a nearly linear 
relation between the "filtered" and "unfil-

oulgoing longwavc radialion. 

tered" radiances due to the wide filter rangc 
(5.0-30.0 microns) of the channel used for 
the measurements. 

A relation which desribes the dependence 
of N on the zenith angle was delermined 
statistically by LIENESCH and WARK (1967) 
from radiation data of TIROS satellites. 
An assumption of symmetry of emitted 
longwave radiation with respect to the 
azimuth angle 'f/J was made in this study. 

The thermal radiation outgoing from an 
area is strongly correlated with the tempera­
ture of the underlying surface (MÖLLER and 
RASCHKE, 1964); thus it is largely dependent 
on daily changes of the cloudiness and on 
the temperature at the ground. Over most 
regions of the earth Nimbus Il measured 
longwave radiation twice a day, close to 
local midnight and local noon. It has been 
assumed that these measured values are 
mean values for nighttime and daytime 
conditions, respectively. The daily mean of 
the flux then was calculated by weighting 
each of both values according to the dura­
tion of the daytime and nighttime periods, 
respectively. 

The calculation of the reflected flux of 
solar radiation during a day from an "observed 
area" is more complicated, since the reflection 
properties of the earth-atmosphere system 
show clearly a strong dependence on both 
the zenith and azimuthal angles (0 and tp) 
of the measurements and on the sun's eleva­
tion above the horizon (e.g. ARKING, 1965; 
BARTMAN, 1967; CouLsoN, 1959; HEGER, 
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FIG. 2. Dependence or Ute ratio X=r/ri on Ute 
angles () and 'I' o( the measurement al very low sun 
(60 < C' < 80°). 

1966). This rcquired, as mentioned above, 
thc determination of the solar radiation 
reflected into the upward hemisphere from 
the measured beam radiance N and an extra­
polation from the moment of measurement 
to the interval from sunrise to sunset over 
the same area. The simplifying assumption 
of a Lambertian surface, as was done in the 
past by several authors (BANDEEN, HALEV 
and STRANGE, 1965; MÖLLER, 1967; RAsooL 
and PRABHAKARA, 1966; WINSTON, 1967) 
probably caused an underestimation of the 
reflection properties of the earth-atmosphere 
system, especially at very low solar eleva­
tion angles. 

The mcthod of calculating the flux of reflect­
cd solar radiation between sunrise and sunset 
is only briefly outlined here. From the meas­
ured "filtered" radiance Ni the bidirectional 
reflectance ,i/ is obtained by means of Equa­
tion (3): 

N1(8, 'I') (srt}. (3) 
,i/(O, 'I',(;') s

1 
(d) cos C' 

Here C' is the solar zenith angle at the mo­
ment of measurement. The "filtered" irra­
diance s I of incoming solar radiation is ob­
tained by integrating the product of the 
cxtraterrestrial spectral irradiance of solar 
radiation (JOHNSON, 1954) and the filter 

J.0 
'((I 
--2.1 
dt •OI 

2 .6 o-o FUNCIION U1tD IN rHIS W0IO: 

2,( •-• 1110S IV (,2,.• S.o,.) ArlU Al~INC., 1967 

2.2 ..... TIJ0S VII (O.S!p • o.n,., AFTtt l[VINt ,1967 

2.0 o--a TII0S r, (0.55,.- o.1s,., IJTfl lUfF ...... 11'67 

1.8 

1,6 

1.4 

1.2 

1.0 

"·' _ ___. _ ___.__........__......___...__ __ ._____._ _ __._ _ _, 
~ . ~ ~ . . - . ~ ~ 

SOLAI ZtNITH ANC.L[ ( 

FIG. 3. The relative change of Ute directional 
reneclance, r, of the earth-atmosphere system wilh 
Ute sun's zenith angle, C'. 

function of the instrument over all wave­
lengths. Because of the wide range (0.2-
4.0 micron) of that filter it was assumed that 
fl/ in Equation (3), which ref ers to the "fil­
tered" radiation only, is equal to the mean 
reflectance ,i' over the entire spectrum. 

To determine the ratio r between the radia­
tion reflected into the entire hemisphere and 
the incident solar irradiance at the zenith angle 
f an integration is needed over (} and 'I' ana­
logous to Equation (2). Therefore diagrams 
were derived from many measurements of 
reflected solar radiation (ARKING, 1965; 
BARTMAN, 1967; CHERRIX and SPARKl\lAN, 
1965; SALOMONSON, 1966) showing the ratio 
X =r/e (where ,i=n•,i') versus (} and 'I'· 
One of these diagrams, which were drawn 
for only three ranges of the sun's zenith 
angle ~• (viz., 0°-35°, 35°-60°, 60°-80°), 
is shown in Figure 2. It demonstrates that 
at low sun (60°<C'<80°) the ratio r/e is 
very small for 'I' but large (}, corresponding 
to a bright horizon in the direction of the sun 
and also a relatively high radiance of back­
scattered radiation for values of 'I' near 180°. 
The reflectance ,i =n •,i' is small in the nadir 
and larger towards all points of the horizon. 
The integral of r/,i over the hemisphere is n. 
The ratio r, often called the directional 
reflectance (BARTMAN, 1967), is still a func­
tion of the sun's zenith angle. Thus for the 
computation of the outgoing flux of solar 
radiation reflected to space from an area 
between sunrise and sunset, a statistical 
relation, obtained from the above mentioned 
measurements, was used. In Figure 3 this 
relation is compared with results recently 
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Fw. 4. Nimbus II: Albedo [ %] of lhe earth atmosphere system over thc northcrn hcmisplwrc <luring thc 
period 1-15 July, 1966. 

obtained statistically by several authors from 
TIROS measurements. 

In a further step the mean daily albedo, 
which is the ratio between daily reflected 
and daily incident solar radiation, was ob­
tained from a single measurement of r by 
integrating over all solar elevations during 
the day from sunrise to sunset. \Vith a 
simple model (Table IX in BAuR, 1953) 
a mean refraction of solar radiation in the 
atmosphere was taken into account in cal­
culations of both the incoming and the re-

flected flux of solar radiation. The solar 
constant S0 was assumed to be 2.0 cal cm-2 

min-1 although recently Drummond et al. 
(1967) found from airplane measurements a 
lower value of 1.95 cal cm-2 min-1. 

All single results were averaged within grid 
fields of the size of 5 degrees of longitude and 
2 to 5 degrees of latitude. Measurements in 
both spectral ranges obtained at zenith 
angles larger than 45 degrees were omitted to 
avoid excessive limb eff ects in the results. 
The albedo of an observed area was then 
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F10. 5. Nimbus II: Total outgoing longwave radiation flux [cal cm·2mhr1] over the northcrn hemisphere 
<luring the period 1-15 July, 1966. 

defined to be the ratio of R over S. The 
difference between S and R simply describes 
the absorbed amount of solar radiation. 

These simplified models, indeed, may cause 
considerable errors in the results, if used for 
specific geographic areas and meteorological 
conditions such as cloudless, partially cloudy, 
and overcast cases. In investigations of 
lhe radiation balance over smaller geogra­
phic locations more sophisticated models 
should be used. These however have not been 
derived so far, due to the lack of observational 
data. It is believed, however, that such errors 

are averaged out in these investigations on a 
global scale. 

4. Radiation balance over the arctic basin 

During that time when data of the Nimbus 
II medium resolution radiometer were avail­
able the sun's declination ranged between 
+19 and +23 degrees. Thus, the earth­
atmosphere system over the North-Pole 
received during a 24 hour interval even more 
solar radiation than regions in the northern 
subtropics. But ice and snow surfaces and a 
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TABLE 1. Zonal averages of lhe incoming (S) and absorbed (S-R) solar radialion, lhc emilled 
longwave radiation (E), the radiation balancc (Q) and the albedo (R/S) over lhe norlhern hemisphere. 

Periods 1-5 are lisled in Table I I. 

Latitude Period RJS s S-R 
% 

All in cal cm-1 min-1 

85° N 1 66.3 0.682 0.230 
2 65.7 0.746 0.256 
3 61.9 0.762 0.290 
4 56.6 0.738 0.320 
5 55.2 0.670 0.300 

80° N 1 68.9 0.675 0.210 
2 67.9 0.736 0.236 
3 61.6 0.756 0.290 
4 57.7 0.728 0.308 
5 56.1 0.660 0.290 

75° N 1 67.7 0.662 0.214 
2 64.6 0.724 0.256 
3 58.9 0.740 0.304 
4 55.8 0.715 0.316 
5 48.8 0.648 0.332 

70" N 1 60.3 0.650 0.258 
2 52.3 0.705 0.336 
3 47.2 0.720 0.380 
4 45.7 0.696 0.378 
5 44.9 0.635 0.350 

65° N 1 47.8 0.644 0.336 
2 39.9 0.690 0.415 
3 39.3 0.700 0.425 
4 41.1 0.680 0.400 
5 40.7 0.632 0.375 

mean cloud coverage of 6/10 to 10/101 

caused more than 50 % of the incoming 
radiation to be reflected back to space. 
Figure 4 illustrates this for the period 1-15 
July, 1966. 

In Figure 4 the 50 % isoline f ollows ( ex­
cept south of Greenland) closely the climato­
logical boundary of a mean ice coverage of 
0.8-1.0 of the arctic ocean <luring this 
period (U.S. NA VY HYDROGRAPHIC OFFICE, 

1958). The same position of that bound­
ary is confirmed by the Nimbus Il A VCS 
photographs of the same period. The albedo 
over the Norwegian Sea and over the Barents 

1 Maps of the mean cloud coverage over the Nor­
thern hemisphere were obtained for the same periods 
of Nimbus II measurements through the courtesy 
of the USAF Environmental Technical Appllca­
tions Center, Washington, D.C. 

E Q 

0.284 -0.054 
0.296 -0.040 
0.312 -0.012 
0.308 +0.012 
0.310 -0.010 

0.282 -0.072 
0.296 -0.060 
0.310 -0.020 
0.309 -0.001 
0.312 -0.022 

0.286 -0.072 
0.300 -0.044 
0.306 -0.002 
0.310 +0.006 
0.310 +0.022 

0.296 -0.038 
0.312 +0.024 
0.315 +0.065 
0.320 +0.058 
0.315 +0.045 

0.305 +0.031 
0.327 +0.088 
0.322 +0.103 
0.327 +0.073 
0.327 +0.0,18 

Sea, which were icefree hut also covered 
with 6/10 to 10/10 of clouds, is remarkably 
less than over the aforementioned areas, 
demonstrating the high influence of the re­
flectance of the ice surface on the total albedo 
and, therefore, also on the radiation budget 
of the earth-atmosphere system. Since the 
ocean water hasa reflectance of less than 10 % 
the albedo of the cloud-ocean surface system 
is strongly diminished even over dense cloud 
covers. The reflectance of the ground contrib­
utes much to the amount of shortwave 
radiation flux emerging from the upper 
surface of the clouds. 

The albedo over Greenland sharply rises 
from the coastline to the interior from 60 % 
to more than 80 %. This corresponds to the 
surface albedoes of 71 % to 79 % measured 
by KASTEN (1963) over the Greenland ice 
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F rn. 6. Nimb us II: Raclial ion balancc of lhc ca rlh almosphcrc system ovcr l hc northC'rn hcmisphcrc d ur­
ing Ute period !G- :l l :\ lay, l !HlG. 

cap. T he albedo as measured from space 
over Green la nd remains nearly eons tant (from 
May to Ju ly), while the average albedo of t he 
norlhem hemisphere (as shown in Table I) 
decreases d ue to mclling o[ ice and snow 
surfaces. This decrease o[ lhe albedo and the 
very high sun during lhe end o[ June and the 
firs t ha l[ o[ July causes lhe amount o[ ab­
sorbed solar raclia lion t o exceed the radia­
lion loss by outgoing longwave radiation 
over lhe pole cluring the first half of July. 

Figure 5 shows the ficld of outgoing long­
wave racl ialion for Lhe sam e period. Due lo a 

4 - 670613 

cloud cover with m ostly sl ra locumulus. 
altoslratus. and slratus t his field is nearly 
unifor m. Only over t he high inland ice o[ 
Greenland a nd over l he thick ice man lle 
on the E ast Siberian Sea a reas or lower 
emission occur. As Table I shows Lhe oul­
going longwave radiation increases only 
slowly during Lhe beginning of the n or th ern 
summer unlil June, lhen rem ains consta nt 
during J uly (period 4 and 5). This holcls also 
for the mean t em perature of the earlh­
a tmosphere syst em. T hus cha nges in the 
a mount or the incoming solar raclialion 
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Fm. 7. Nimbus II: Radiation balancc of thc carth atmospherc system over thc northcrn hemisphcre clur­
ing thc period 1-15 July, 1966. 

as well as changes in the albedo during this 
time of the year solely influence the radiation 
balance of the Arctic. 

Figures 6 and 7 show maps of the radiation 
balance (i.e., the net radiation flux at the top 
of the atmosphere) for two periods. During 
the second half of May (Figure 6) the radia­
tion balance north of 70° N is everywhere 
negative except over the Norwegian Sea, 
where Iower albedoes occur over the icefree 
sea surface. Here clearly the influence of 
the polar ice cap on the radiation budget 

is demonstrated. This subject has been dis­
cussed by several authors (FLETCHER, 1965; 
Vow1NKEL and 0Rvm, 1964). Maxima of the 
deficit occur over Greenland and over the 
East Siberian Sea. They remain deficit areas 
even <luring the first half of July, when over 
all other areas the amount of absorbcd solar 
radiation slightly exceeds the emitted ra­
diation (Figure 7). Zonal averages in Tablc 
I show that the radiation balance becomes 
negative towards the end of July north of 
75° N due to decreasing elevation of the sun 
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Frn. 8. Nimbus Il: Total outgoing longwavc radiation flux [cal cm-=min-1 ] over the southern hcmisphere 
<luring the period 1-15 July, 1966. 

above the horizon. These results do not agree 
with studies of othcr authors. V owINKEL and 
0Rv1il (1964) found positive values for the 
radiation balance over the central arctic 
in their very detailed analyses only for June, 
while FLETCHER (Figure 10 in (FLETCHER, 
1965)) has obtained a positive balance also 
for the months May and July. VowINKEL 
and 0Rvrn (1964), perhaps might have under­
estimated Ute cloud cover in upper layers of 
the atmosphere {HENDERSON, 1967). 

5. Radiation balance over the antarctic 

The Antarctic continent south of 71 ° S 
did not receive any solar radiation from May 
to July. Tims the radiation balance during 
this period consists entirely of the loss of 
radiative energy by emission of thermal 
radiation. Figures 8 and 9 show the fields of 
outgoing longwave radiation and of the equiv­
alent blackbody temperature of infrared 
radiation between 10 and 11 microns, which 
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Frn. 9. Nimbus Il: Equivalent blackbody tempcrature [°K] of infrared radiation in thc spcctral rangc 
10-11 microns emerging over thc southern hemisphere during tllc period 1-15 .July, 1966. 

is very close to the temperature of the under­
Jying surface. The pattern of both fields over 
the southern oceanic areas is almost zonal. 
The 250° K isotherm in Figure 9 closely 
follows the mean climatological pack-ice 
boundary during July (U.S. NAVY HYDRO­
GRAPHIC OFFICE, 1957). Over the continent 
the jsolines follow more or less the geographic 
contours. At the Soviet Plateau close to 
Queen Maud Land with elevations of more 
than 3500 meters above sea Ievel, surface 
temperatures of less than 210° K (see also 
Figure 77 in ATLAS 0F THE ANTARCTIC, 1966) 

cause a minimum in the field of outgoing 
longwave radiation. High cloud surfaces 
over the west coast of South Amerlca and 
east of the Antarctic Peninsula are clearly 
associated with areas of low temperature in 
Figure 9 and theref ore with lower emitting 
areas in Figure 8. 

Solar radiation is available only north of 
71 ° S to compensate for the loss of radiative 
energy. Because of the minimum of longwave 
emission in the central antarctic continent 
and of the increase of emission toward lower 
latitudes the radiation balance shows a 
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F1G. 10. Nimbus II : Radinlion balancc of lhc carlh a lmosphcrc syslcm ovcr lhc soulhcrn hcmisphcrc <lur­
ing lhc period IG- 3 1 ~lay, l!JGG. 

maximum rndiation deficit of more than 
0.24 ca!. cm -~ min-1 in a zonal ring between 
55° and 70° S during May (Figure 10). This 
ring expands slightly during t he first ha lf of 
June, but b eeomes smaller toward July 
(Figm e 11) duc lo deereasing temperalures 
by raclialivc cooling and lhe equatorward 
expansion o f lhe pack ice at its sou thern 
bounda ry and an increase of incoming sola r 
radialion at its northern boundary. 

Zonal averages o[ thc racliation balancc for 
all five periods (Table II) show clearly a 
rapid cooling o[ Lhe inner Antarclic from May 

to l he end of June wilh a reduced ralc during 
July . At 70°-80° S the cooling is nearly 
compensaled for in July by aclvection . 
At lower latitucles the maximum of the r a­
clialion deficil occurs at t he en cl o[ June al 
lowesl elevations of the sun above lhe hor i­
zon. 

GABITEs' ( in Dwvc:n, 1960) and SnrPsoi--'s 
(1929) results on the racliation balance of thc 
earlh-atmosphere system a re adcled for com­
parison in Tnblc II. Gabiles, who uscd ob­
servaliona l materia l from lhe lGY (1957-
1958), oblainecl lhe closcsl agreement wilh 
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Frn. 11. Nimbus Il: Radialion balancc of lhc carlh almosphcrc system ovcr lite soulhern hcmisphcrc 
during lhc period 1-15 July, 1966. 

our results at 60° S and 65° S. Simpson's 
values over the Antarctic continent show a 
radiation loss which is too high, since he 
derived the temperatures there by extrapola­
tion from lower Iatitudes. 

6. Global radiation balance 

The geographic distribution of the radia­
tion balance during the first half of July 
over the entire globe is shown in Figure 12. 
During this time an energy surplus of ab­
sorbed solar radiation over emitted longwave 

radiation is found nearly everywhere norlh 
of 10° S. Maxima of energy gain occur over 
the relatively cloudless norlhern subtropical 
oceans. The large dcsert areas of N orth 
Africa and Arabia in contrast show a cleficit, 
which has been predicted by BuDYKO (1963) 
for the annual average. This cleficil is caused 
by the high values of the albedo (30 % to 
40 %) and by the high surface temperature 
of those areas. Ovcr the entire southcrn 
hemisphcrc south of 10° S the radiation 
balance everywhere is negative. The deficit 
over land was found lo be somewhat higher 
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NET RADIATION nux AT THE TOP OF THE ATMOSPHERE (cal cm·2 min"') 
NIMBUS Il 1-15 JULY ,1966 

FIG. 12. Nimbus II: Raclialion balancc of lhc carlh almosphcrc system ovcr thc cnlirc carlh during thc 
period 1-15 July, 1966. The dcficit ovcr Grecnland cxceeds 0.12 cal cm·• min·•. 

than over the surrounding oceanic areas at 
lhe same latitude. 

The numerical values in Figure 12 clearly 
diff er from the figures obtained by MÖLLER 

(1967) in a preliminary study, mainly due to 
the fact that the careful corrections we have 
developed in section 3 were not applied in his 
investigations of Nimbus I I measurements 
cluring tltc same period. 

Tablc 111 summarizes thc global avcragcs, 

of thc a]bedo, of the absorbed solar radiation, 
of the cmitted longwave radiation, and of the 
radiation balance. These values in contrast to 
the zonal averages shown in Tables I and 11 
show no significant changes with time indicat­
ing that the entire globe changes its radiation 
budget, if at all, only over a longer period than 
that of these satellite measurements. The 
global albedo was found to be only 29-30 % 
which is considerably less than all values be-

TABLE Il. Zonal averagcs of lhe radialion balance oucr lhc soulhern hcmisphcrc. Values in cal 
cm-2 min-1• 

Period 85° s 80° s i5° s 70° s 65° S 60° s 55° s 

Nimbus Il 16-31 May -0.190 -0.194 -0.208 -0.238 -0.250 -0.248 -0.234 
1-15 June -0.185 -0.195 -0.204, -0.233 -0.250 -0.256 -0.245 

16-30 Junc -0.180 -0.185 -0.195 -0.228 -0.252 -0.256 -0.250 
1-15 July -0.176 -0.183 -0.193 -0.222 -0.240 -0.245 -0.238 

16-28 July -0.170 -0.183 -0.193 -0.218 -0.238 -0.240 -0.225 

Gabiles Junc -0.186 -0.200 -0.225 -0.240 -0.250 -0.247 -0.233 
(in DWYEn, July -0.180 -0.195 -0.225 -0.235 -0.250 -0.243 -0.230 
1960) 
Sn.lPSO'.'. June -0.253 -0.254 -·0.245 -0.22fi 
(1 H28) July -0.253 --0.253 -0.240 -0.213 
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TABLE III. Global Radiation Balance from 
Nimbus Il 11:leasuremenls. 

Albedo Ab- Out- Radia-
% sorbcd going lion 

Solar Long- Balancc 
Radia- wavc 
lion Radia-

Lion 
all in ca] cm- 2 min- 1 

May 16-31 30.1 0.341 0.339 +0.002 
Junc 1-15 30.6 0.337 0.342 -0.005 
Junc 16-30 30.1 0.338 0.345 -0.007 
July 1-15 29.1 0.343 0.346 -0.003 
July 16-28 29.5 0.342 0.345 -0.003 

tween 33 % and 43 % obtained by several 
authors in earlier studies (ALDRICH, 1919; 
BAUR and PHILLIPPs, 1934; 1937; Fn1Tz, 1949; 
SIMPSON, 1929; ÅNGSTRÖM, 1962). The global 
average of the radiation balance was slightly 
positive at the end of May, and ranged be­
tween -0.003 cal cm-2 min-1 and -0.007 
cal cm-2min-1 <luring all other periods. This 
slight radiation deficit was earlier suggested 

by SIMPSON (1929) for the same scason. 
Butdue to uncertainties in ourcompulational 
methods as well as due to the incertaintics 
in the true value of the solar constant, thcsc 
values do not allow definitc conclusions aboul 
the heat budget of the earth-atmosphcrc 
system. They indicate, however, that a 
revision of the hitherto-given modcls of lhe 
budget of solar and terrestrial radialion 
appears necessary. Unfortunately, thc period 
of available radiation measurements from thc 
Nimbus Il satellite was too short lo correlate 
our results on the radiation balance with 
indices describing typical f eatures of the 
circulation (HuscHKE, FLETCHER and RAPP, 
1967). 
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Transmission of solar radiation in the spectral region 
0.55 to 0.64 µm and the Ångström turbidity coefficient 

By G. D. ROBINSON . .1.lleleorological 0/fice, Bracknell, Berks England 

ABSTRACT 

Somc hilhcrlo unpublishcd mcasurcmcnts of solar radialion in lhc ycllow-orange region 
of the spectrum, made in 1947/48/49 at Kcw Observalory arc examincd in relation lo 
lhe exlinclion by almospheric aerosol, lhe Angslröm lurbidily cocfficicnl, lhe visi­
bilily and the scalc hcight of the aerosol distribution. 

1. In the years 1947 to 1949 measurements 
of the intensity of direct solar radiation in 
certain wave-length regions were made on a 
continuous basis at Kew Observatory (51 ° 
.05° N; 00.3° W). Results of these measure­
ments have been used in various studies, hut 
they have never been published in detail. The 
observing site is situated about 10 miles to 
the west (prevailing wind westerly) of the 
centre of the London urban area and the 
atmospheric pollution there is typical of that 
in the outer suburbs of a very large city, 
i.e. typical of the conditions in which millions 
of people live. Becau_se of this, and because 
the nature of the atmospheric pollution in 
many areas, including London, has changed · 
in recent years with changes in fuel usage 
it seems useful to put on record some of the 
radiation data in a way which readily allows 
comparison with other observations of atmos­
pheric transmission. The turbidity coeffi­
cient, introduced by A. ÅxGsTRÖM (1929, 
1930) provides a very convcnient way of 
doing this. The Kew results were expressed 
as the fraction of radiation in a limited spec­
tral range transmitted by the atmosphere­
a satisfactory statistic, but one which, unlike 
the turbidity coefficient, allows comparison 
with data for other sites and other periods 
only if the same spectral range is always used. 
This note records somc of the measurements 
and the corresponding newly computed 
Ångström turbidity coefficients. 

2. The instruments used were Moll-type 
thermopiles set normal to the solar beam and 
held there by a heliostat. The collection angle 
was limited by diaphragms; the diameter 

of the limiling aperturc subtendccl an anglc 
of 10° at the centre of thc thermopile. Two 
of the thermopiles wcre equipped with glass 
filters-Chance OY2 and Chance OR1. 
The transmission properties of the filters 
were determined by spectrophotomcter arter 
completion of the measurements. The data 
refer to the spectral region defined by the 
difference between the pass-bands of the 
two filters. The computed cquivalent sharp 
cut-off wavelcngths of the filters were 0.553 
µm and 0.641 µm and within this band thc 
ratio of incident to transmitted energy was 
1.13. This f actor can be shown to vary only 
negligibly for all reasonable spectral distri­
butions of the incident light. The thermopiles 
were standardised in sunlight against Ång­
ström compensation pyrheliometers on thc 
uncorrected Ångström scalc. The measurc­
ments have not been converted to the sub­
sequently introduccd I.P.S. 1956 since the 
unccrtainty of the solar constant is compa­
rable with the difference betwcen thc scalcs. 

3. The Ångström turbidity coefficicnt f3 is 
defined in the following way. The intensily 
of the solar beam mcasured by an instru­
ment scnsitive to wavelengths in the rangc 
A.1 to A.2 is 

l=f1:Jo(Ä) exp. m[-an(Ä)-ac(Ä)-an(Ä)]dÄ 

where I o is the intensity outside thc almos­
phere-the solar constant multiplied by the 
correction for solar distance, m is the air mass 
traversed by thc radiation, an(A) is the ex­
tinction coefficient for Raylcigh scattering 
by molecules, aa(A) is thc cxtinclion coeffi­
cient for gaseous absorption and an(Ä) is 
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TABLE I. Transmission of thc Direcl Solar Radialion in Wavc Lenglh Range ,U 0.55 µm-
0.64 µm al l{ew. 

Sinc or No. of Frcqucncy of transmission in range 
Solar Occasions 0.89-0.79-0.69- 0.59-0.49-0.39- 0.29-0.19- 0.09-0.00- Median 
Altilude Examincd 1.00 0.88 0.78 0.68 0.58 0.48 0.38 0.28 0.18 0.08 Trans-

0.1-0.2 70 .03 
0.2-0.:l 117 .03 .20 
0.3-0A 100 .03 .15 .25 
0.4-0.5 83 .01 .10 .22 .27 
0.5-0.6 99 .01 .04 .21 .25 .20 
0.(i-0.7 8-t .01 .12 .2-t .25 .19 
0.7-0.8 78 .01 .2•1 .33 .22 .09 
>0.8 59 .3-1 ..tl .08 .05 

lite cxtinction cocfficient for dust. Ångström 
lhcn defined p by 

ao(J.)={JJ.-1.3 

where Ä is expressed in units of 1 µm so that 
for a measurement of I in the range Ä.1 to 
Ä.2 at air mass m we havc 

I =fi;1 o· T(m,Ä.) cxp. (-m{JJ.-L3)d). 

wherc T(m,Å) is the transmission of air mass 
m of clean atmosphcrc. In the case of thc 
Kcw observations the factor 

T(m)=Jg:~tlJo(J.)T(m,Ä.)dl/J8JJ!Jo(J.)d). 

had bcen computed for the appropriate 
lo(A) and m, assuming N1coLET's (1951) 
distribution of the extraterrestrial radiation, 
a solar constanl of 1.38 kWm-2, a total ozone 
content of 0.2 cm, CnArn's (1950) values 
of thc absorption coefficients in the Chappuis 
band of ozone, and Rayleigh scattering ac­
cording to thc Smithsonian Mcteorological 
Tables. Making the simplifying approxima­
tion 

J8:~tii-t.:ldJ./0.088 :::::0.6-1·3 ::::: 1.95 

wc havc 

cxp. (-1.95m/J)=l/lo• T(m) (1) 

4. Table I sets out the Kew observations 
in terms of a frequency distribution of frac-
tional transmission for various values of air 
mass. It must be emphasised that this Table 
cloes not give an unbiassed assessment of the 
atmospheric transmission propcrties al Kew 
in 1947-1949. The fact that an observation 

mission 

.12 .26 .40 .09 .01 .26 

.20 .20 .21 .1-t .01 .37 

.20 .12 .15 .04 .-15 

.18 .08 .12 .01 .52 

.1-l .08 .06 .57 

.13 .05 .01 .62 

.09 .01 .70 

.08 .02 .02 .71 

is includcd in thc Tablc implies a period of at 
least 30 minutcs with no cloud within 5° of 
the sun. Furthermore for low solar elevations 
(air mass > 3) occasions of very high tur­
bidity were necessarily excluded as the trans­
mitted radiation was then so small that 
reasonably accurate measurement of the 
ratio I/lo was impracticable-at least in the 
conditions of routine recording. The occa­
sions of highest turbidity are thus excluded. 
The Table is however reasonably representa­
tive of atmospheric transmission on occa­
sions with broken cloud and solar elevation 
>sin-10.3. 

Table II sets out the values of p corres­
ponding lo various values of I/ I O in the wave-

TABLE 2 . . .1ngslröm's lurbidily cocfficicnl P for 
various solar elevation angles (h) and fraclio­
nal transmissions in the wavclenglh range 0.55 
µm lo 0.64 ,,m (I/lo), assuming Nicolel's 
exlraterreslrial solar speclrum and 0.2 cm 03 

I/lo 

Sin h .8 .7 .6 .5 .3 .2 .1 

.8 .0-l .10 .17 .24 .33 .45 .62 .90 

.7 .04 .09 .15 .2:J .31 .44 .59 .86 

.6 .03 .07 .11 .17 .24 .33 .45 .67 

.5 .02 .04 .09 .14 .19 .27 .37 .55 

.4 (.003) .01 .06 .10 .15 .20 .29 .43 

.3 .02 .06 .10 . 14 .20 .32 

.2 .02 .05 .08 .12 .19 

.1 .01 .03 .06 
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dcpends on almospheric cxlinclion by scal­
tering; if a is thc scattering cocfficicnt, and 
if we make thc usual assumplion that thc 
smallest detectable relative brightncss diffcr­
cncc is 0.02 it can be shown that 

visibility (V)=·1/a 

lf thc turbidity is entircly duc lo scallering .. 
E I 
.!:/m 
IQ 

oi 

2 
.9-

~ 

0·4 

o·s 

0·6 

o-s wc may rcplacc a by {3}..-1.3 (i.c. 1.U5 f3 for lhc 
wavelcngth rangc 0.55 µm lo 0.64 µm) 
rcmcmbcring that /3 is now in unils of (air 
mass)-1 so that thc cxprcssion 

0·7 

O·S 

Fia. 1. Transmission of solar radiation in thc rangc 
0.553µm <). < 0.641 µm, and Ångström's turbi­
dity coefficient p, with observations al Kew Ob­
servatory in 194 i /49. The crosses mark thc median 
of the observations, the circles enclose 80 per cent 
of all the observations. 

lcngth range 0.553 µm<Ä<0.641 µm as 
computed from Eq (I). The value of T(m) 
i.e. I/lo for {3=0, is also included, thc entry 
for m = 10 being a graphical extrapolation. 

Fig. 1 combines the results of the two 
Tables, showing the median and first and 
ninth deciles of the observed distribution of 
fractional transmission plotted on a back­
ground of f3 values. This diagram confirms 
that the observations probably cover a re­
presentative sample of turbidity conditions 
with broken cloud except for the exclusion 
of occasions of high turbidity with m >3. 

5. Radiation observations from which p 
can be computcd are still comparatively rare: 
the only universally made observation related 
to atmospheric turbidity is the visibility 
(or meteorological optical range). Visibility 

V =4/1.95/J 

will express thc visibility in unils of lhc scalc 
height of thc scattering medium. \Yc scc 
from Fig. 1 that for solar elevation > sin-1 

0.3 the median f3 for Kew can be taken as 0.1 
with 80 per cent of occasions having /3 
betwecn 0.025 and 0.25. The corresponding 
visibilities are 80R 20R and 8R, R being thc 
appropriate scale hcight of the dust laycr. 
No dircct comparison can be made with ob­
scrved visibility, but thc median visibility 
at Kew at noon in July ovcr a period of years 
covering thc observations of f3 was bet wecn 
10 km add 20 km and at noon in December 
betwcen 3 km and 6 km so that a scale length 
for the scattcring layer of 0.5 km to 1 km is 
indicated. This is a very rough estimatc for 
various reasons, one bcing that the extinction 
of the solar beam by dust almost ccrtainly 
includes a component of absorption as wcll as 
scattering (e.g. RomNsoN, 1966). Ncvcrthe­
less it is quite a rcasonablc value for the scale 
height of thc dust layer at Kew; usc of thc 
same method at other sites might give some 
information on the height distribution of 
atmospheric dust content. 

6. This note is published by permission of 
the Director-Gencral of the Metcorological 
Officc, Bracknell, Berks. England. 
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Studies on the eff ect of lake regulation on local 
climate 

By BERTIL RODHE 

Swedish Meleorological and Hydrological lnslitute, Stockholm 

ABSTRACT 

This is a bricf rcporl on lhc csscnlial rcsulls achicved at the invesligations which 
<luring thc past Lwcnty ycars have been pcrformcd by the Swcdish Mcteorological and 
Hydrological Inslilule on the subjccl menlioncd in lhe heading. The tempcrature and 
humiclily conclitions are discussed. The most outstanding effect is the increase of fog 
frcquency in winler when ice formation is prevcnted in lhe river bccausc of increased 
strcam vclocily. 

1. lntroduction 

Since thc nincteenforties, the water flow 
of a great deal of the rivers in the northern 
part of Swcdcn has bcen modified for electric 
power production. 

The natural annual maximum of river 
Water which is primarily duc to melting snow, 
secondly related to summer rains, is collccted 
in a lot of lakes in the upper parts of rivers. 
The lake areas are considerably enlarged by 
mean of dams at the outlets and the water 
level ranges artificially between an uppermost 
and a lowermost limit, the altitude difference 
between these being approved by a special 
Swedish court (vattendomstol). In some lakes 
the altitude diff erence is up to 20 m or even 
more. The lake water is discharged during 
lhe cold season. The water level is generally 
found at thc Iowermost limit at the end of the 
winter. 

Storing water in the mountain lakes implies 
that the river springflood is cut off and that 
the winter flow, which under natura} condi­
tions is the annual minimum, is considerably 
incrcased and in some rivers reversed to thc 
annual maximum. 

Because the water has to pass the power 
station at the very moment the electricity 
is consumcd, the discharge must be modificd 
in short-range periods, too. This second type 
of watcr flow modification is mostly applied 
at the dams of the power stations. The 

water is released <luring working days and 
spared during holidays and during the nights. 
Consequently, the water level varies in the 
storage behind the dams between day and 
night and between working days and holi­
days. The altitude variation may be up to a 
metre or even more. Downstream, the river 
flow varies in a corresponding way between 
maximum on working days and minimum on 
holidays and <luring the nights. 

A great many people in northern Sweden 
live alongside the lakes and the rivers, and 
they are aware of, and sometimes troubled 
by, natural variations as well as annual and 
short-range modifications of the water level. 
That is why no artificial change of the water 
conditions in lakes and rivers is allowed 
without being approved by the special court 
mentioned above. The companies of water 
power production are bound to indemnify 
property-holders along the lakes and the ri­
vers for any injury involved. 

Local climate is an eff ect of the merging 
of atmosphere, ground surface and vegeta­
tion as well as water surface in lakes and 
rivers. Human habitation and farming along­
side the lakes and the rivers greatly depend 
on the particttlar type of climate which 
prevails there. Any modification of water 
level and river flow which may have an 
effect upon the above-mcntioned merging 
of atmosphere and surface and thus may 
change the climatic conditions, is a matter of 
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Frn. 1. The annual variation of the water tempera­
ture along a river (Indalsälven). Postivc diffc­
rences involvc a downstream incrcase of tempera­
ture. 

vital interest. A paragraph in the special 
Swedish law, which concerns rivers and lakes, 
prohibits any artificial change of the pre­
vailing water conditions if this has an injurious 
effect upon climate. However, up to now no 
court has put this paragraph into practice 
hut a lot of compensation claims are raised 
by inhabitants who live alongside rivers and 
lakes where the discharge is modified. 

Since the nineteenforties, the Swedish 
Meteorological and Hydrological Institute 
has been requested by the special courts in 
question to act as an expert on these matters. 
The problem has been studied for nearly 
twenty years and a report submitted in May 
1967. A brief review of the essential points 
and conclusions in this report will be given 
in the following. 

2. The effect of discharge modification on 
water temperature 

The annual variation of the water tempera­
ture along a river is seen in Fig. 1, where 

the conditions of Indalsälven are· shown . 
The curves of the diagrams join points of 
monthly mean temperature differences be­
tween a station of watcr tempcraturc mcasurc­
ment and the next downstrcam station. 
The values are positive if thcre is n down­
stream increase of temperaturc. 

We see that there is gencrally a down­
stream increase of temperature from spring 
time in April-May until late summer or 
autumn. (E.g. Mörsil-Kvitslebron, Hissmo­
fors-Kattstrupeforsen etc.). 

When the river passes through a lake, thc 
outlet is cooler than the inlet from the time 
of the thaw in spring until August (Kvitsle­
bron-Hissmofors at the lake of Storsjön, 
and Stugun-Krångede at the lake of Ge­
sunden). This matter is obviously due to the 
deep water-mass of the lake which is more 
resistant to temperature changcs than the 
turbulent flow of the shallow river. 

Beginning in September, the lake thus 
forms a storage of relatively warm water and 
consequently, the outlet is warmcr than the 
inlet. Downstream the outlet, thc water of 
the river gets successively cooler ( e.g. 
Hissmofors-Kattstrupeforsen-Litsnäset). 
In winter there is a region of ice-free water 
next to the outlet, the length of which de­
pends upon the temperature of the outlet 
water, velocity of the stream and the wcather 
conditions. 

The effect of water storage upon the tem­
perature of a strcam flow passing through 
is similar to that of a lake. This is obvious 
because the storage is more resistant to 
temperature variations than the river itself. 
The date of shift between the seasons of 
cooling and heating, depends on the magni­
tude of the water-mass stored. When a deep 
storage has a low maximum temperature in 
summer the shift comes rather late in thc 
season between summer and autumn. 

In the most downstream part of the river 
Indalsälven, a power station (Bergeforsen) 
was started in 1955. Before that year, the 
temperature variation along the river (Stads­
forsen-Östrand) followed the features de­
scribed above with downstream rising tem­
perature in summer an falling in autumn. The 
water temperature in the downstream part 
of the storage area is nowadays, in autumn 
about a degree Centigrade higher than in the 
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days bcforc Lhc powcr sl a lion was eslablished. 
An affluenl joining a ma in stream , 

generally raises lhe water Lemperalure of Lhe 
]alter in summer and cools the main flow in 
aulumn. The reason is, obviously, thal lhe 
smaller Lhe river, t he higher the wa ter lem­
peralure in summer and Lhe lower in aulumn. 
( l.:..g. Litsniiset- Midskogsforsen where thc 
affluenls are Längan and H årkan, Gam m el­
~inge-Hammarforsen where Lhe affluent is 
Amm enin). 

surfaee 

The heat loss from a water surface depends 
upon lhe t emperature difference between the 
waler surface a nd t he air. A mean rise of the 
surfaee water t ernperature results in an 
inerease of the net heat loss. A rough esti­
male of Lhe magnilude of Lhe increase of heat 
loss caused by such a rise in Lemperature, 
is the purpose of t he study in the fo llowing 
seclion. 

The sludy is based upon temperature and 
waler m easurem ens m aclc during 1945- 65 
at lwo electric p ower st a tions downstream 
Storsjön in Indalsmven. The stations are 
Hissmofors a nd Kaltstrupeforsen. The distan­
ce between t hem is about 6 km. There is no 
significant a fflu enl adding water to the river 
belween t he stalions. The difference be­
lween Lhe waler tempera tures at the stalions 
is lherefore m ainly caused by t he heat trans­
fer between the water and the atmosphere. 

Knowing lhe water mass passing t hrough 
lhc st ation and Lhc tcrnperature difference, 
wc easily cornpu te t he total heat t ransferred 
from lhe waler m ass to the air. Since we arc 
moslly in terested in hea t loss, our study is 
concenlrated upon lhe months September, 
Oclobcr and November. 

The dots in t he diagrams of the Figs 2 
a- c show the relation between mea n values 
of nct hea t loss and m ean Lemperature differ­
cnces belween Lhe waler surface ( T w) and 
lhe air (Ta)- All mean values cover periods 
of five days. The correlalion coefficienl is 
0.67 ± 0.06 in September, 0.75 ± 0.04 in Oc­
lober Hncl 0.81 ± 0.0-1 in November. T he rela­
l ionship is ob vious. Il incrrascs during 1hr 
aulumn. 
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f-°1G. 2 a. The relalion betwecn l he nel loss of hea l 
from a river and Lhc diffcrence bclwecn Lhc Lcm­
pcrnl.urcs of lhc waler surface and Lhc almosphere. 

The dols refcr to five-day mcan values. Localily: 
Hissmofors-Kallslrnpcforscn, Indalsälven. Scp­
lrmbcr 19-15- 1965. 
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f-°IG. 2 b. Dilto. Oclobcr 1945- 1965. 

The lines of regression are dniwn in t he 
diagrams. Thcir equations are 
in September 

Q = 17.3(Tw- Ta)- 13.0 cal cnr~ day- 1 

in October 
Q = 18.7(Tw-Ta) + 38.!) ca! cnr~ day-1 

in November 
Q = 19.2(Tw- T11) + 33. l ca! cnr 2 day- 1 
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250 t:af ,:m-2 day-l 

-so 

Frn. 2 c. Ditlo. November 1945-1965. 

The dispersion of the dots around the Iines 
of regression is surely caused by the following 
matters. 

1. There is a short-range modification of 
stream flow passing the area so that the 
water masses entering and leaving are not 
equal in every moment. At times, water is 
either stored or discharged. However, the 
storage within the area is small and the modi­
fications mostly cover short ranges. Thus, 
the mean values extending over five-day 
periods are expected to be almost unaff ected. 

2. The subject of the present investigation 
was not in sight twenty years ago, and it is 
not before now when the data of water tem­
perature were studied that the possibility 
of getting the results reviewed here became 
obvious. So, the measurements were indeed 
not arranged for the purpose of the actual 
investigation and therefore, they do not 
completely meet the accuracy required. 
In some years, the measurements are obvious­
Iy fallacious, and such periods are excludecl 
from the study. 

The climate station (Östersund) referred 
to for air temperature readings is not so 
close to the river area as desirable. The dis­
tance is 20 km. Since five-day periods are 
used, the error of applying the Östersund 
temperature readings to the area is mostly 
a systematic one, and the true position of the 
zero point on the horizontal axis of the dia­
grams is unknown. 

3. The convective transfer of heat from the 
water surface to the atmosphere depends in 

parts on the wind conditions. \Yc havc dis­
regardecl the wincl effect. The fivc-day 
period is assumed to be long enough to keep 
the error so introcluced in thc mean values to 
a minimum. 

4. The watcr mass receives heat by short­
wave radiation. According to records <luring 
1957-65 at Östersund (Frösön), the average 
total of sun and sky radiation received by a 
horizontal surface is in September 196, 
in October 79 and in November 20 cal cm-2 

day-1• 

The dispersion of the dots in thc diagrams 
is surely in parts due to variations of thc 
shortwave radiation about the quotcd mean 
values. 

5. Apart of the total heat loss is due to long­
wave radiation. It depends upon the water 
temperature as well as the air temperature. 
No measurements are available in the area. 
An estimate is done by means of the f ollow­
ing formula which is based upon the well­
known suggestion macle by ÅNGSTRÖM (1916). 
The constants are those uscd by GEIGER(l 961 ). 
Gs=O.97 aTw4 -

uTa4(1+kN2) (O.82O-O.25O,100.0945 e) (2) 
where u = Stefan-Boltzman's eons tant, 

k =a factor depending upon cloucl 
conditions, 

N =cloud amount, 0.0-1.0, 
e =vapour pressure in mbs. 

At the monthly mean conditions of tem­
perature, humidity and cloud amount at 
Östersund, the formula gives the following 
approximate values of net heat loss by long­
wave radiation, in September 125, in Octo­
ber 149 and in November 159 cal cm-2 

day-1• 

The dipersion of dots in the diagrams is 
surely in parts due to variations of thc long­
wave radiation around these mean values. 

Now, suppose the mean water temperature 
is increased by lake regulation, say onc 
degree centigrade. According to the regres­
sion lines, this would involve a net increase 
of the heat transferred from the water to the 
atmosphere, in September 17, in October and 
November 19 cal cm-2 day-1• 

A part of this increase is an eff ect of long-
wave radiation, i.e. 

dQs 
--=0.97•4 u Tw3 , 
dTw 



STUDIES ON THE EFFECT OF LAKE REGULATION ON LOCAL CLil\lATE 65 

The rest is related to convection and eva­
poration. According to our estimations this 
rest is in September 7, in Oclober 8 and in 
November 9 cal cnr2 day-1 per centigraclc 
increase of water temperature. 

4. The evaporation from a water surface 

The relation between the transfers of sen­
sible heat and latent heat (evaporation) by 
convection is commonly ref erred to as the 
BowEN ratio. The ratio may be computed in a 
theorctical way as follows, giving the rela­
tion between the total heat of convection 
and the amount of evaporation in mm. 

Say, an eddy mass of air gets in touch with 
the water surface and attains its temperature 
as well as its saturation vapour pressure con­
ditions. The total heat so transferred to a 
unit mass of air is 

f Tw[ a (Lr)] A=Tv Cp+TaTT dT (3) 

where Tro = the water surface temperature, 
Tv = the wet-bulb temperature of the 

air, 
r = the saturation vapour mixing 

ratio at temperature T, 
cp = the specific heat of air at con­

stant pressure, 
L = the latent heat of evaporation. 

Simultaneously, the following amount of 
vapour is added to a unit mass of dry air in 
the eddy, 

B=rw-0.01 R Ta, (4) 

R is the relative humidity originally found in 
eddy. The subscripts w anda indicate that the 
saturation vapour mixing ratio r refers to 
the temperatures Tw and Ta respectively, 
Ta being the original dry bulb temperature 
of the eddy. 

May be, only a fraction of (A) is transferred 
to the eddy. We may assume that the eva­
poration (B) is then reduced to the same de­
gree. So, the ratio between evaporation and 
total heat of convection nevertheless reads 
B/A. 

The well-known Bowen ratio is based on the 
ratio of sensible and latent heats transf erred, 
and a constant k is applied: 

~-t=kTw-Ta (5) 
BL ew-ea 

5-670613 
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Frn. 3. The variation of B/A, sce (3) and (4). 
Two cxamples, a) Tw= +10°, h) T,o=0° C. 

Here e is the vapour pressure in mbs with 
subscripts ref erring to water surface and 
atmosphere. 

Theoretical values so computed are f ound 
in the Tables 1 and 2. In Fig. 3, a diagram 
gives two examples of the variation of the 
ratio B/A with the temperatures Tw, Ta 
and relative humidity R. The coefficient k 
varies about 0.5 to 0.65. It is the smaller, 
the higher T w and the small er the diff erence 
between Tw and Ta. BowEN (1926) derived 
k=0.61. 

Our investigation in the preceding section 
has shown that when the mean water tem­
perature is increased by one degree centi­
grade, then the net loss heat by convection 
and evaporation in average increases about 7 
to 9 cal cm-2 day-1 in Septemberto November. 
Applying the normal values of B/A in Öster­
sund, this increase indicates that the monthly 
evaporation increases 2 to 3 mm. 

\V ALL EN (1966) has computed the evapora­
tion by means of PENMAN's formula with 
ref erence to a grass surface. He found for 
September and October the average totals 
38 and 9 mm respectively. NYBERG (1965) 
has found that the evaporation from a snow 
surface may be in March during 23 days 
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TABLE 1. The ralio B/ A, A in cal g-1 B!:!§.!!H. 

Tw-Ta R T,o= +20° Tw= +10° Tw=0° 

+so 90 % 1.28 • 10-3 1.02. 10-3 0.72• 10-3 

70 % 1.39 · 10- 3 1.15 • 10-3 0.85 • 10-3 

50 % 1.46 • 10-3 1.24. 10-3 0.95 • 10-3 

+10° 90 % 1.17 • 10-3 0.90 -10- 3 0.61. 10- 3 

70 % 1.24 · 10-3 0.97. to- 3 0.67 • to- 3 

50 % 1.29 • 10- 3 1.02 • 10-3 0.72 • 10- 3 

+15° 90 % 1.10. 10- 3 0.81. 10- 3 0.54. 10-3 

70 % 1.14. 10-3 0.85. 10-3 0.57. 10-3 

50 % 1.17-10- 3 0.89 • 10-3 0.59. 10-3 

2.4 mm, in April (30 days) 18.6 mm and 
in May during 7 days 5.8 mm. 

The increase f ound by us is rather small 
in relation to the normal total evaporation in 
summer and autumn hut large in relation 
to the evaporation in winter over a snow sur­
face or a cover of ice. 

In winter, the evaporation conditions over 
ice-free water surfaces are outstanding. \Vhen 
very cold weather conditions prevail, the 
monthly evaporation from a water surf ace 
that is prevented from ice-covering, is esti­
mated to exceed 5-10 mm. 

5. The relation between water temperature 
and air temperature 

We have seen that a lake regulation and a 
modification of discharge may result in a 
change of water temperature, mostly not 
exceeding one to two degrees centigrade. 

TABLE 2. The value of k in (5) 

Tw= +20° Tw= + 10° Tw=0° 

+5° 90 % 0.54 
70 % 0.52 
50 % 0.51 

+ 10" 90 % 0.56 
70 % 0.56 
50 % 0.56 

+15·, 90 % 0.58 
70 % 0.58 
50 % 0.58 

0.59 
0.58 
0.58 

0.60 
0.60 
0.60 

0.61 
0.61 
0.61 

0.62 
0.61 
0.61 

0.62 
0.62 
0.62 

0.63 
0.63 
0.63 
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F10. 4. The changc of daily maximum and min­
imum tcmpcraturcs al Ljusncclal, causccl by cn­
largemcnt of thc lake. 
Station closc to thc submcrgcd area: Ljusnedal Il. 
Referencc station at 2 km distancc: Ljusnedal I. 

lr-ln: Differcncc betwecn daily maximum and 
minimum temperatures at Ljusncdal I, giving an 
idca about the actual radialion condilions. 

The figures within thc diagram are mean differ­
rences and their standard errors. 
August and September. 

The air temperature is mostly unaffected 
by such a small change of thc water tcmpera­
ture. 

The influence of lake regulation upon air 
temperatures is greatest where areas arc 
submerged and new banks are formed. The 
local climate of a bank is rathcr particular 
because of the triple merging atmosphere­
water surface-ground with vegetation. So 
the climate of a bank of a water storage 
may in some details differ from the climatc 
originally found in the area if the distancc 
between the new and the original bank is 
great. 

For example, a great lake is created close lo 
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the village of Ljusnedal on Ljusnan. There, 
Ljusnan is a minor stream originally flowing 
into the lake Lossnen at 13 km distance from 
village. The lake ( original area 8.4 km2) has 
now been enlarged and a great area (in total 
23 km2) is submerged next to the village. The 
change of daily maximum and minimum 
temperature in August and September at 
a site of temperature measurement called 
Ljusnedal Il, once close to the river, now 
50 m from the bank of the new lake, 
is shown in Fig. 4. The temperatures at 
Ljusnedal Il are compared with the readings 
at another climate station, called Ljusnedal 
I and situated about 2 km from the new lake 
and Ljusnedal II. These readings are assumed 
to be unaff ected by the new lake. 

For the statistical investigation of the tem­
perature change involved by the submergence, 
the daily temperature differences between 
the two sites Lj usnedal I and Il are grouped 
according to the incident diff erence between 
the maximum and minimum temperatures at 
Ljusnedal I, this difference being taken as a 
measure for the prevailing radiation condi­
tions. Indeed, it is the conditions of radiation 
which settle the temperature difference be­
tween two adjacent sites having different 
topographic characteristics. 

The diagram of the figure shows that the 
conditions of the daily maximum temperature 
are not changed by the submergence, likely 
because of the advection and turbulent mix­
ing being considerable. Frequently, at noon, 
the winds have such a velocity that the 
atmospheric temperature differences be­
tween sea and land areas are almost eliminat­
ed. This is surely not a common feature but 
rather specific to the mountainous area 
around Ljusnedal. 

When extreme radiation conditions prevail, 
the minimum temperature at night is raised 
at Ljusnedal II since the new lake was esta­
blished. In general, the temperature diff er­
ence between minimum temperatures before 
and after submergence is 0.5 to 1.0° C when 
the most extreme radiation conditions prevail 
i.e. when the most extreme differences be­
tween the maximum temperature at noon 
and minimum temperature at night occur. 
The rise is significant from a statistical point 
of view, the standard error being 0.11 to 
0.18°. 

6. The formation of fog 

In a previous paper (1966), the author has 
described a formula showing the factors oper­
ating to concentrate the liquid water in the 
atmosphere, 

'5rw '5 2rw 
--K-
'5t '5z2 

rw =the content of liquid water per unit 
mass of dry air. Negative values refer to 
the amount of liquid water required to 
saturate the air in the psychrometer pro-
cess. . .. 

e =the density of dry air. 
L =the latent heat at evaporation. 
Tv=the wet-bulb temperature. 
K = the coefficient of eddy exchange. 
u, v, w =the vecolcity components in hori­

zontal (x, y) and vertical (z) directions. 
The bars indicate that the symbols refer 

to mean values covering a spell long enough 
to make sure that the sum of the eddy varia-
tions, e.g. T' v, is very small, i.e. T' v =0. 

There is a spectrum of dynamical processes 
bringing about the concentration of liquid 
water in the atmosphere·. They are fundament­
al to the occurrence of condensation and 
precipitation. The processes are represented 
by the terms in (6) as follows. 

1. The term of advection-e.g. of moving 
clouds or fog drift-easily gets magnitudes 
exceeding 10-s sec-1• It is mostly the largest 
term in the right-hand part of the equation 
and this agrees to the- fact that we quickly 
notice the motion of ·the clouds but longer 
attention is required to observe the change of 
their shapes. 

2. The term of convection specifies the well­
known eff ect of vertical motion. When the 
vertical displacement is 1 m sec-1, the term 
is about 10-6 sec-1• In convective clouds of 
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FIG. 5. The diurnal variation of vapour pressure. 
Nilsböle (lndalsälven). July-September 1953-
1961. 

The curves rcfer lo samples considcring only days 
when the relative humidity al 14.00 is less than 70 %­

The wind speeds and directions are those observecl 
al a close station (Bölestrand) al 13.00. 

Cumulus type the vertical velocity is still 
greater, and then the rate of the vertical 
development is visible to the naked eye simul­
taneously with the horizontal motion of the 
cloud. 

The bracket term includes the derivative 

( d rw) which is the increase of liquid water 
d z act 

content in a closed volume of air at a vertical 
displacement. The total bracket term becomes 

negative if there is a rapid vertical increase 
of liquid water content in the surrounding 
air, 

~rw (dr,o) --> -
6 z dz aa• 

This may for instance happcn below a 
Stratus cloud aftcr sunrise when the air 
next to the ground is heated by diffuse 
radiation. Then, the cloud or the fog is dis­
solved by upward displacements. 

Th d . t· 1 ~ (eK) . h . I . e er1va 1ve - --- 1s t e verhca varm-
e ~ z 

tion of the coefficient of edd.y exchange. 
Below an inversion, it is negative and has the 
same effect as an upward vertical motion. 
It brings about an adiabatic cooling and a 
strengthening of the inversion-and so it 
operates to increase itself. Tims, it works 
in a kind of "chain reactions" strengthening 
the inversion. 

At the base of an inversion, there are-in 
addition to the process specified by the deri­
vative of eddy exchange- -two others which 
both bring about a cloud or a fog. These are 
turbulent mixing in a temperature transition 
zone and net loss of heat by radiation. 

3. The effect of turbulent mixing is shown 
by the term 

+(\~•r+A{\:-•r+B\~•+cJ (7) 

The coeffcients A, Band C depend mainly 
on temperature and only slightly on pressure. 
They are described by RooHE (1966). The 
term (7) is always greater than zero and ex­
plains the formation of steam found also 
elsewhere, for instance over boiling water, 
over a wet warm or hot surf ace, in the smoke 
of a chimney, in the exhaust steam from a 
motor or a jet plane etc. 

The turbulent mixing is the primary stage 
of fog formation when a temperature transi­
tion zone is formed by advection or radia­
tive cooling in the boundary layer next to 
any kind of surface of the earth. When the 
first traces of fog are formed, the long-wave 
radiation operates effectively in further de­
veloping the fog. 

4. The term of radiation - xg 
L 

does not reach the magnitude of 10-6 sec-1 

in clear air hut when there are aerosols, these 
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opcrate as black bodies raising thc net loss 
of heat at night and in winter. The factor z 
depends on temperaturc and pressure, and 
ranges from 0.07 (-30° C) to 0.42 (0° C) 
and 0.85 ( + 30° C) at 1000 mbs. See for fur-
thcr details RoDI-IE (1966). · 

5. The last term P reprcsents thc fall-out 
of precipitation. Say, P is -10-6 sec-1. 
This is equivalent to a precipitation of 0.5 
mm per hour when thc fog or cloud layer is 
100 metres decp, or 5 mm per hour whcn the 
depth of the cloud is 1000 metres. 

Summing up, all the terms mentioncd 
reprcsent processes of fog and cloud forma-

tion and dissolution, as identificd by 
6
;

0 

Thcir integer result depcnds upon the bound­
ary conditions. In dry conditions Tro remains 
negative in spite of the existence of even 
strong vertical motions or considerable tem­
perature transition zones. 

At least one of the terms must be in opera­
tion within clouds and fogs at stationary 

'52Fro 
conditions since it is necessary that - -

t5z2 

> 0 somewhere and precipitation may fall 
out (P<0). 

7. The diurnal variation of absolute humidity 

The diurnal variation of vapour pressure 
in July, August and September, is shown in 
Fig. 5. The sitc of investigation is Nilsböle 
at the lower part of the river Indalsälvcn. 
The river flows here in a valley. The tempera­
ture and the humidity were recorded along 
the slopes at heights 0, 10, 34 and 70 metres 
aboye the level of the river. The investigation 
started in 1953. The power station Bergef or­
sen was built in the area and was ready 
in 1955. Then, the lowermost site of record 
was submerged and the station, originally 
at the 10-metre level, got close to the water 
surface. 

The diagrams of Fig. 5 represent the station, 
at the 34-metre lcvel. The records are grouped 
according to wind conditions. There is a 
curve, or a set of curves, for each Beauf ort 
wind force. In the case of Beaufort 1, 2 and 3 
the records are moreover classified according 
to the wind directions. 

Since the absolute values of the records are 

lfETRES ABOVE SEA UVEL 

m ~ ~ ~ ~ ~ ~ ~ ~ 
I" x I 'I I x 1 x I ~ I ,q 

mm Hg I 1l ]Il 1Z JI ]Il 1Z SITE 
1.0 

CIIL/1 
::~f;LH-~ 
as ,s ~as 3B 

:·~ . ;: 1~·· ==::>~: -~ ~ 

1953-SS 1,s6-6I 

Frn. 6. The diurnal increase (12-18 hours) of 
vapour pressurc at different heights along the slope 
of lhe valley. Nilsböle 1953-1955, 1956-1961. 
Sce legend lo Fig. 5. 

not quite correct, the curves in each set are 
drawn from a common starting point at 
04 o'clock. Thus the curves only pretend to 
show the diurnal variation, not the magnitude 
of the vapour pressure itself. 

The diurnal variation of vapour content in 
the atmospheric surface boundary layer 
depends in parts upon the •evaporation from 
the surface and the heat balance prevailing 
there, in parts up.on the atmospheric tur­
bulence transferring the humidity from the 
boundary layer upwards to higher levels of 
the atmosphere. 

The diagrams show that in total the vapour 
pressure increases from sunrise to sunset 
at light wind velocities during the day. 
However, the increase is not uninterrupted. 

In the early morning, the evaporation is 
considerable but the turbulence is small. 
Then, the vapour pressure in the surface 
boundary layer increases. At about 8-10 
a.m., the turbulence has increased so much 
that there is now a net loss of vapour content 
in the boundary layer. In light winds, the 
decrease ends at noon. Then, evaporation 
adds more vapour to the boundary layer than 
is removed by turbulence. At night, there is 
a loss of vapour content in the boundary 
layer because of dew formation. 

When the wind is strong, the eff ect of 
turbulence predominates and the net loss of 
vapour in the boundary layer starts early 
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Fm. 7. The relation between the diurnal incrcase 
(07-19 hours) of vapour prcssurc and fog frcquency 
in July, August and September. The increasc of 
vapour pressure is the mcan valuc of days when the 
windforce and the relative humidity at 13.00 are 
one Beaufort and less than 70 %, respectively. 

in the morning and lasts until after noon. 
In very strong winds, there is a decrease of 
vapour content during the whole day. 

The curves diff er with the wind directions. 
In E-ly and S-ly wind directions, the air is 
more stable and the eddy exchange is less 
then in W-ly and N-ly winds. Thus, the 
diurnal increase of vapour pressure is greater 
in winds from south and east than from north 
and west. 

Fig. 6 shows that the diurnal increase of 
vapour pressure is greater in the lower than in 
the upper sites of record along the slopes of 
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F10. 8 a. The normal variation of fog probability 
with air temperature. 
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Frn. 8 b. The distribution of fog probability with 
air temperaturc closc lo a river which is always 
frec of ice in winter because of strcam vclocity. 

the valley. The diagram is subdivided into two 
parts, the right-hand part referring to the 100 

records when the water level of the river had 
been raised to the 10-metre level. 80 
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In view of the effect of turbulence on 
vapour content in the boundary layer, the 
upward decrease of the diurnal variation is 
easy to understand. 

The river area was enlarged by the rise 
of the surface level. We might have expected 
that the increase of the area of evaporation 
should involve an increase of the diurnal 
vapour variation. However, the diurnal 
amplitude has decreased. The period of 
investigation was indeed short: three years 
bef ore and six years af ter the change of 
river conditions. The decrease is surely due 
to random variations of weather conditions 
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Fw. 8 c. The distribution of fog probability with 
air tcmpcrature close to an ice-frcc watcr in differ­
cnt sky conditions. November to February, 
1956-62, Lycksele (Norrland). 
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Inland s tations . 

during lhcsc ra lhcr shorl periods. Ncvcrthelscs 
wc nolc thal t hc r ise of the water leve! had 
no considcrablc cffecl on lhc vapour contcnt. 

8. The fog frcqucncy 

\Ve havc shown lhnl lhe a mpliludc of 
diurnal incrcasc of ,·apour pressure at low 
wind velocilies may be a characlerislic 
fcature of Lh c topographic site. The histogram 
of F ig. 7 shows Lhat fog frequcncy rclates to 
lhis amplitudc and so, Loo, is scttled by the 
lopographic condi tions. The verlical scalc 
rcfcrs lo lhc fog frequcncy in July, Augusl 
and Sept ember, thc horizonta l scalc lo lhe 
avcragc incrcasc of vapour pressurc 07- 19 
hou rs on days whcn thc wind forcc at 01 
p.m. was onc Beaufort and Lhc humidity 
less lhan 70 o;. 98 stations a rc included in 
lhc sl a tislics. 

The diagram of Fig. 8 a shows lhc normal 
distribution of fog l'rcquency in a tcmperalure 
diagram. Thcre is an increasc of fog prob­
abilily wilh tcmpcraturc dccrcasing lowarcls 
frcezing poinl. This variation is in agrce­
ment wilh l he variations of thc cocfficienls 
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.A, B and C in (7). Below freczing poinl, 
lhc fog probability abruplly decreascs bc­
causc of t hc snow surface cover, thc !alter 
having a smaller vapour pressurc t han the 
watcr d roplel s in fog. 

Next lo an ice-frcc water surfacc (freczing 
being prevcnted by a rapid stream flow), 
thc temperature differcnce bc lween t he ai r 
and t hc waler surfacc incrcases grcatly 
in cold wcathcr condilions. In consequcncc 
Lhc fog probability increascs whcn t he a ir 
tcmperaturc decreases below - 10° C. At 
-30°, over an ice-free waler surface, fog 
occurs almosl cveryd ay. It is wor lh mcnlio­
ning lha t t hc probability curve shown in F ig. 
8 b has bcen found to fil whercYer thc freezing 
or a river slrcam is prevenled in Sweden. 

Fog form ation is en[orced b y radia th-c 
cooling. Thus, thc probability curvc shown 
in Fig. 8 b rc[ers lo a normal distribution o[ 
cloud frequency . Fig. S c shows the fog prob­
abilily in winler pa rlly under clcar sk y 
(0- 3/10) and parlly under ovcrcasl sk y 
(9- 10/10) conditions. 

9. The annual variation of fog frequency 

The annual varia tion of fog frequency is 
shown in :r-igs. 9 a and b. In agrcement with 
lhc frequency distribution shown in l· ig. 8 a, 
t hc annual maximum appears whcn l hc tcm-
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F10. 10. Annual variation of daily sky conditions 
at 19.00. 
(A) Within 24 hours after a fall of precipitation. 
(B) On days without precipitation. 
Östersund and Härnösand, 1931-60. 

perature is about 0° C, i.e. in autumn and 
spring in the northern part of Sweden, 
in winter in the southern part. In spring, the 
low humidity conditions keep the fog fre­
quency low. 

In order to show the eff ect of annual 
humidity variation on fog frequency, we 
group the observations of fog in two classes: 
One class containing the observations on a 
day with precipitation, the other at least two 
days after a day of precipitation. As seen 
in Figs. 10 and 11, the sky conditions as well 
as the humidity conditions are quite differ­
ent within these two classes. 

The annual variation of fog probability, 
too, is indeed different between these two 
classes. We note the following two interest­
ing features in Figs. 9 a and b: 

1. Within the class specified by the condi­
tions of high humidity, the maximum of fog 
probability in spring is outstanding, especial­
ly by the sea. Surely, it is the frequent tem­
perature difference between the air and the 
sea surface that brings about this maximum 
provided that the humidity is high. 

2. The evaporation from the sea is usually 
not high enough to raise the humidity so 
much that fog is formed for this reason. 
Östersund and Stensele being places close 
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F10. 11. Annual variation of relative humiclily at 
19.00. 
(A) Wilhin 24 hours afler a fall of prccipitation. 
(B) On days without prccipitation. 
Östersund and Härnösand, 1931-1960. 

to large lakes, hut yet fog has hardly never 
been found there on days without precipita­
tion in April, May, June and July during 50, 
respectively, 90 years of observations. 

3. The fog probability is in autumn often 
greater on days without precipitation than 
on days with precipitation, especially at 
inland stations far from the sea. Thus, the 
humidity is in autumn mostly great enough 
for fog to form at night. Nights of low cloud 
amounts and of effective cooling by long-wave 
radiation are therefore those most favourable 
to fog formation. 

10. The effect of lake regulation on fog 
frequency 

·we have already shown that a change of 
river flow and rise in lake surface level 
within moderate Iimits hardly aff ects the 
humidity conditions of the air in summer 
time. Hence, we do not expect any consider­
able change of fog frequency in this way. 

However, if the disrbarge from a regulated 
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Frn. 12. The relation bctwccn the fog probability 
and the difference bclwcen Ute water surface tcm­
pcralurc and the air minimum temperaturc at 
night. August and September. The mcan values 
cover twclve stations. 
a= lhc standard crror. The curve S1 is based upon 
the coefficient A in (7) and is adapted to the 
cmpiric values. 

lake prevents freezing of the river, the fog 
conditions are radically changed from the 
type of Fig. 8 a to that of Fig. 8 b. Surely, 
this is the greatest effect of lake regulation 
on local climate. 

Secondly, a change of the mean surface 
water temperature in autumn may have an 
influence upon fog frequency. The fog prob­
ability next to the river or a lake depends 
on the difference between the nocturnal 
minimum temperature and surface water 
temperatue as shown in Fig. 12 by means 
of an empiric curve based on observations at 
12 stations, supplemented by a theoretical 
one derived by means of the coefficient A 
in formula (7). Fog is formed very often when 
at night the temperature difference between 
the water surface and the air exceeds 15°. 
In consequence, the monthly fog frequency 
in parts depends on the frequency distri­
bution of nocturnal temperature differences 
between water surface and air during the 
month. 

Say, thc curve S1 in Fig. 13 a shows the 
fog probability distribution along the tem­
perature scale. The curve S3 represents the 
temperature frequency distribution. The 
monthly fog frequency F is the integral of 
the product of S1 and S3 along the abscisse. 
This integral depends upon the average 
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Frn. 13 a. The fog probability (curve S1 , evaluated 
in Fig. 12) and the frequency distribution of the 
differences between watcr surface temperature and 
nocturnal air minimum lemperature (curve S1 ). 
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Fm. 13 b. The relation of lhe monthly fog frequency 
(F) lo lhe monthly mcan difference between 
water surface temperature and nocturnal air 
minimum temperature Ta-T,11 : 
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Fm. 13 c. The increase of monthly fog frequcncy 
caused by change of lhe mean water surface tem-
perature: , 11 

S 3 =-dF/d(Ta-T,u) 

diff erence between the air and water tem­
peratures. 1' a-T w• lts variation is shown in 
Fig. 13 b. 

Now, say the mean difference Ta-T w is 
increased one degree centigrade by a modi­
fication of river flow. That results, according 
to the curve F, in an increase of fog frequency. 
The curve in Fig. 13 c shows how great the 
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FIG. 14. The annual variation of lite correlalion 
between the fog frequency and Ute monthly mean 
tem pera t ure. 

increase in fog frequency is per unit increase 
of the water temperature T w• In northern 
Sweden, the average difference (f' a-T w) 
between the nocturnal air minimum tempera­
ture and the water temperature is between 
-5 and -10° in September and October. 
Within this range, the fog frequency in­
creases with one day per month when the 
mean water temperature is raised 1 ° C. 

11. The correlation hetween fog frequency and 
monthly mean temperature 

The Fig. 14 shows the annual variation of 
the correlation between fog frequency and 
monthly mean temperature. The variables 
are the relative frequencies we get by com­
paring each month with the preceding and 
the following ones. Absolute frequencies 
are not reliable because the interest taken by 
the observers in fog observations varies 
very much. 
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Frn. 15. The annual variation of thc corrclalion 
between Ute precipilalion frequcncy and Ute monlh­
ly mean tcmperature. 

Mostly there is a positive correlation in 
autumn and winter. In some places, e.g. 
Östersund and Karesuando, there is a nega­
tive correlation in winter. The latter places 
are close to ice-free water areas so that steam 
fog is formed during cold winters. 

Fig. 15 shows in the same way the correla­
tion between the monthly mean tempera­
ture and the precipitation frequency. Sincc 
the observers take better care of their pre­
cipitation gauges than current weather ob­
servations, these curves agree bettcr with 
each other than the curves ref erring to fog 
frequency. The positive correlation coeffi­
cients in autumn as well as the negative in 
summer are outstanding. 

12. The secular variation of temperature 

The Fig. 16 illustrates the variation of 
overlapping ten-years mean values of thc 
monthly mean temperaturcs since the start 
of observations at Stockholm (1756), Upp­
sala (1773), Gothenburg (1804), Härnösand 
(1859), Östersund (1861) and Haparanda 
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( 1860). The series cover praclically lhe whole 
of Swed en and the diagrams show that lhe 
secular lemperature varialion has the same 
pallern in lhe whole country. A lot of inter­
esting details are outs tanding but we nole 
here only lwo. 

1. Th e July and August lemperatures show 
a maximum in the nineleenthirlies. The 
cooler summer condilions of our days, are 
comparable with lhose in the beginning of the 
cenlury. 

2. There is at present in October a maximum 
mean lemperalure. In most of the station 
series, lhis October maximum is the highest 
ever recorded. 

The climate temperature varia tion involves 
a displacement of the annual seasons. Fig. 
17 presents the m ean date when accord­
ing to the overlapping ten-year mean values 
lhe temperature passed some values as for 
instance 0°, 5°, etc. The curves reveal the 
displacem ent of lhe beginning and end of the 
seasons. There are short-range flucluations 
covering less than thirly years. But there are 

some long-range lrends, loo. In August lhe 
t emperature went below + 15° earlier al lhe 
end than in Lhe beginning of the nineteenth 
century. The arrival of spring comes nowa­
days five to t en days earlier than before 
1890. The summer and the autumn end later. 
In total the summer lime has been prolonged. 

Summing up, we find that the natura! 
temperature variations are large in compari­
son with those which may result out of lake 
regula tions. Because of the temperature rise 
in a utumn a nd the correlation between m ean 
temperature and fog frequency, we assume 
that there has also been a rise of fog frequen­
cy during the last decades. It is not possible 
to see this direclly in the series of fog observa­
tion b ecause the absolute frequencies are 
unreliable and series referring to different 
observers are uncomparable. 

\Ve have seen that the lake regulations 
may result in a small increase of fog frequen­
cy in autumn, but likely there has also b een 
trend in the natura( variation of climate 
going in the same direction. 
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The temperature of physically well-defined bodies 
under the inffuence of various meteorological elements, 

particularly radiation 

By KARIN SCHRAM and J. C. THAMS Ticinese Observatory of the Swiss Central 
M eteorological Station. Locarno-M ont i 

ABSTRACT 

A knowledge of thc temperature which a body may assumc under the influcncc of 
solar radiation in air layers near the ground is of major significancc in problems of 
hcliotherapy. The attcmpt has herc bccn made to explorc thcsc conditions with thc 
aid of recordings extending over more than a year on solid copper spheres placcd 1 o cm 
and 160 cm above the ground. The results show that in the climatic conditions prcvail­
ing just south of thc Alps very high temperatures may be attained which are of impor­
tance from a physiological viewpoint. 

I. lntroduction 

There can be no doubt that research into 
atmospheric radiation phenomena received 
powerful stimuli, particularly in its initial 
phases, from the medical profession. The 
discovery of NIELS R. FINSEN (1961) that 
lupus can be healed by irradiation, and the 
use of the natural ultra-violet radiation of 
the high mountains by 0. BERNHARD and 
A. RoLLIER to cure tuberculosis of the bone 
provided the cue for a thorough investiga­
tion of the highradiation climate, parti­
cularly in the mountains. The pioneering 
work on this subject, "Studie ilber Licht und 
Luft des Hochgebirges" (A Study of the Light 
and Air of the High Mountains) by C. DoRNO 
appeared in 1911. Soon afterwards heliothera­
PY went through a phase of previously uni­
magined expansion and thousands of persons 
were healed of serious illness in the mountains. 
Today heliotherapy plays a minor role only; 
other and more eff ective medicines have been 
discovered for combating tuberculosis, and 
most of the mountain sanatoria have been 
converted into sporthotels. 

The controlled use of solar radiation by 
physicians in sanatoria has today been 
replaced by the uninhibited sun-bathing 
craze of millions of holiday-makers, a move­
ment which is being followed by the medical 
world with ever-growing concern. The sea-

sonal migration to the sunny south was never 
as extensive as in our own day. Here, how­
ever, the non-specific effect of optical radia­
tion, the thermal action complex (LoTz, 1962), 
plays an important part in addition to the 
photo-actinic effect. And this influence is 
still imperfectly understood from a medical 
viewpoint. 

One of the fundamental questions which 
here await an answer is what temperature the 
upright or outstretched human body assumes 
under the influence of the various meteoro­
logical factors, and above all of solar radia­
tion. The question is difficult to answer for 
the human body with its highly developed 
and very complicated control mechanism. 
The temperature ranges involved, however, 
are to a large extent the subject of special 
climatological research. 

2. Test set-up 

If a clarification of the basic problems was 
to be expected, the following requirements 
had to be fulfilled: 

1) The measurements had to be made in a 
climatic region which attracts thousands of 
holiday-makers each year because of its 
high sunshine quota and mild climate. 

2) The instruments used had to be of a 
character qualified to furnish results of an 
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absolulely salisfaclory nalure fro m lhe 
physical and climatological viewpoint. 

The region concerned in lhe presen t 
inslance is lhe soulhern foo t of lhe Alps, 
or to be more exacl t he lower-lying parts of 
the Ticino, which fulfil lhe first r equirement 
in an ideal way. Not only does lhe area enjoy 
a good deal of sunshine; t he air t emperalures 
a re also high comparecl wilh lhose norlh of 
lhe barrier of Lhe Alps. Sunlight therapy is 
also favoured by the wind velociti es, which 
are in genera l low. 

The test sel-up was lhe following: Two 
black solid copper spheres of a diameter of 
75 mm were placecl above a meadow, lhe 
grass of which was kept short, a t heights of 
10 cm (ly ing poslure) and 160 cm (upright 
posture). In lhe inlerior of each sphere was 
filled a lhermocouple, lhe lension of which 
was continuously recordecl by a compenso­
graph (ma cle by Leeds & Norlhrup). 

T his sel-up was frequenlly calibra led. T he 
mean error fo r individual readings was 
± 0.4° C. In Lhe immediale proximity of 
lh ese l wo black boclies was a Bellani spherical 
pyranom eler made in the workshop of lhe 
Physico-i\Ieleorological Observalory in Da-

vos. This inslrumenl m easures the energy of 
lhe shorl-wave radialion from sun and sky 
(clay lolal) falling on a spherical surface. 
The air temperalure was also recorcled very 
close lo lhe test sel-up by lhermo-eleclric 
means in a Stevenson screen. The wind 
velocily was measurcd with a Fuess cup 
anemometer al a heigh t of 1.6 m eters above 
I he ground. 

Evalua lion was based on lhe mean hourly 
figures, in v iew of the problem to be investi­
gated. H igher values may t herefore b e al­
l ained for very shorl times. The period of 
measuremenl extended from August 1961 
to December 1962. 

The Ticinese Observatory is localed aboul 
200 m elres above the Lake of Locarno. 
The situation is lypical of a southward 
facing slope. Il is quile possible lhat still 
higher temperatures are sometimes reached 
on the shores of the Lake of Locarno (200 
metres above sea leve!). 

3. Results 

Continuous recording of lhe t empera t ure of 
lhe black boclies fo r almost a year and a half 
supplied a weallh of material from which a 
few characlerislic figures t hal throw mast 
light on the problem under consideralion 
will be quoted here. " Te shall lherefore restricl 
oursclves in general to sunny clays on which 
it is likely lhal people would take sun­
balhs. Major inleres t allaches to lhe m axi­
mum l ernperatures lhal can be reached. lo 
lhe frequency wilh which lhey occu r and lo 
lhe ra te of temperature rise. 

Two examples will first of all be given. 
one from lhe summer and one from the winler. 
to show in what way the lempera lure of a 
black copper spherc 10 cm or 160 cm abovc 
lhe ground Yaries on a praclically cloudless 
day (Fig. 1). In thc night the temperatures 
fall becausc thc energy loss of the spheres 
due to oulgoing longwaye radiation exceeds 
Lhe heat input by conduction and convection 
and by lhe relalivcly small long-wave 
incoming racliation on clear nights. The nearcr 
Lhe sphere is lo lhe ground, Lhe lower is the 
wind velocily and lims Lhe heat transfer by 
concluclion and conveclion, which repre­
senls a heat gain at nighl, when l he air is 
warmer lhan lhc sphere, bu L a heat loss in 
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TABLE I. Maximum hourly means of the temperature of black copper spheres al heights of JO cm 
and 160 cm above the ground measured in the various months, togelher with air lemperalures and 
wind velociiies of the corresponding hours and the relative duration of sunshine for lhe whole day, 

measured al Locarno-ll!fonti. 

Date Hour Tmax. Tmax. 
(a.s.t.) (10 cm) (160 cm) 

26. 1.1962 13-14 31.1 28.4 
6. 2.1962 12-13 32.8 29.0 

12. 3.1962 13-14 32.7 29.4 
24. 4.1962 13-14 42.4 39.1 
10. 5.1962 12-13 40.9 37.0 
25. 6.1962 12-13 49.4 44.7 
17. 7.1962 12-13 45.9 42.5 
14. 8.1962 11-12 45.9 42.5 
13. 9.1962 14-15 44.5 40.9 
4.10.1962 12-13 40.1 36.3 
2.11.1961 13-14 31.2 27.7 

13.12.1961 13-14 34.1 31.1 

the day. When shortwave irradiation sets in 
at sunrise the temperature of the spheres at 
first rises very quickly, at a rate of up to 
10° C per hour; then it slows down, reaching 
its maximum in most cases one to three 
hours after the sun's culmination. This 
extremely marked and rapid rise in tempera-
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Frn. 2. Diurnal variations of the temperaturcs 
[

0 C) of black copper spheres at hcights of 10 cm 
and 160 cm above the ground and of the air on 
24.4.1962 and on 2.5.1962 (rel. 0%: relative dura­
tion of sunshine, v: wind velocity, z: short-wave 
radiation incident on a spherical surface). 

T air V rel. 0 % 
(m/scc) (day) 

16.4 0.9 98.3 
18.3 1.2 98.6 
15.9 1.2 90.1 
24.7 1.1 95.6 
22.2 1.2 70.9 
30.2 1.1 70.4 
29.3 1.1 67.0 
28.8 0.9 88.0 
30.2 1.3 98.4 
23.0 0.8 97.0 
15.3 0.9 99.7 
19.1 0.6 90.0 

ture, which takes place in summer and winter 
alike as soon as the body is exposed to thc 
short-wave radiation from sun and sky, is of 
course a tremendous load for the organism, 
a fact of which most sun-bathers are of course 
oblivious. The temperature drop in the after­
noon is just as steep as the rise in the morning 
and only flattens out at sunset. 

The diurnal variations of the temperatures 
shown in Figure 1 were recorded on cloudless 
days with Iittle wind, hut they are not by any 
means extreme cases. Considerably higher 
temperatures can in fact be reached (Table 1 ). 
The highest measured hourly mean of 49.4 ° C 
was registered for a sphere at a height of 10 
cm in June, hut even in winter the tempera­
ture may rise to more than 30° C. The sphere 
at a height of 160 cm above the ground is 
exposed to higher wind velocities and there­
fore becomes less warm. It isa striking point, 
as revealed by Table 1, that the maximum 
temperatures, particularly in summer, <lid 
not occur on completely cloudless days. 
This is partly due to the fact that the short­
wave radiation of sun and sky is considerably 
greater when there are clouds near the sun. 
On the other hand, extremely high tempera­
tures can only be reached when the initial 
temperatures are high, or in other words the 
weather conditions prevailing on the pre­
ceding days are also of considerable impor­
tance. This is demonstrated in Figure 2. 
Although the wind conditions on the two 
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clays represented were practically the same 
and the radiation on 2.5.1962 was even 
rather higher than on 24.4.1962, the maxi­
mum temperature measured on 2.5. was 7° C 
lower because the initial morning temperature 
diff ered by about the same amount. Before 
the 24th April the weather was cloudy and 
temperatures droppecl very little in the night, 
while the 2nd May had been preceded by a 
period of Nordföhn with clear nights and 
comparatively low day temperatures. The 
initial morning temperature is thus chiefly 
responsible for the absolute value of the 
maximum temperature on a day of radiation, 
since a given energy supply by radiation can 
only produce a given temperature rise. 
Consequently the heating of the spheres on 
days with a relative duration of sunshine 
between 60 and 100 % is fairly constant and 
amounts to about 30° C for the sphere at a 
height of 10 cm in summer, and 25° C in 
winter, while the corresponding figures for 
the sphere 160 cm above the ground are 
25° C in summer and 20° C in winter. The 
human body is at a temperature of about 
36.5° C at the beginning of exposure and must 
therefore become much warmer than the 
copper spheres. It is clear that its control 
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Frn. 4. Rclalionship belween Ute maximum tem­
perature risc [ 0 C) per day of black copper spheres 
at hl'ights of 10 cm and 160 cm above the ground 
and the daily total of short-wave radiation incident 
on the surface of the spheres [cal), measurecl al 
Locarno-:Monti. 

mechanism cannot deal with this high energy 
supply and that the result must be a build-up 
of heat in the body and possibly lasting 
damage if this overloading is frequently 
repeated. 

The majority of the incoming short-wave 
radiation is due to direct sunlight. If the sun's 
rays are screened off by clouds, the spheres 
cool down comparatively quickly. This can 
be demonstrated very clearly by the example 
of the 12th July 1962 (Fig. 3). The rise of the 
temperatures on the morning of this day,. 
and the drop in that part of the afternoon 
when the sun was practically unobscured by 
clouds, were the same as on the cloudless 
10th July 1962. But from 11.00 o'clock on­
wards the sun was obscured more and more 
by clouds and from 13.00 till 14.00 was not 
visible at all. The temperature of the sphere 
160 cm above the ground sank 15° C in this. 
period, that of the sphere at 10 cm even 
dropping by 18° C. The sky then cleared 
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TABLE 2. Number of cases in which the hourly means of the temperalures of the black copper 
spheres al heighls of 10 cm and 160 cm above lhe ground were 36.5° C, 40.0° C, 45.0-:, C or morc 

al Locarno-.Monti in the year 1962. 

Monlh A.s.t. 

10 cm above ground 

- C'l M L.r;) ~ 
0 i i i i 1 i Cl i I 0 - C'l M L,':) 

QO 0 - - - - -
April 4 5 5 3 4 3 

c.., May 4 5 6 8 6 3 
0 Junc 5 10 1-1 15 19 19 16 11 lt:: 
~ July 3 17 23 24 25 24 22 18 
~ 

!% August 3 21 24 25 25 24 2,1 25 
E-o September 3 11 12 14 14 13 8 

Octobcr 4 6 6 3 1 

April 3 4 2 
c.., .May 1 1 1 1 7 
G June 1 5 10 9 8 11 12 9 0 
0 July 5 15 19 19 19 16 19 -.::-

August 3 19 20 21 21 22 3 A 
E-o September 3 6 7 6 5 

October 1 

UJune 2 2 2 2 1 1 
I\~ July 1 4 3 
e,... ~August 2 2 2 3 

again and the temperatures which the 
spheres would have had with a completely 
cloudless sky were again reached. 

Figure 4 shows the relationship between 
the heating of the spheres and the short­
wave radiation. The days were divided into 
classes based on the relative duration of 
sunshine for each month of the year, and for 
each day the difference between the highest 
temperature about noon and the lowest 
in the morning was calculated. The individual 
points in Figure 4 are the mean values of this 
maximum temperature rise and of the daily 
sum of the short-wave radiation on the sphe­
res, measured with a Bellani spherical pyra­
nometer, for each class and each month. 
The comparatively marked scatter of the 
points was to be expected, since the short­
wave radiation is not the only component in 
the heat balance of the spheres. \Vind con­
ditions and precipitation both have an in­
fluence on the range of the temperature rise. 
At high wind velocities more heat is extract-

160 cm abovc ground 

1' :,0 - C'l M ,:, ~ , .... :,0 

T i 0 .... - i i i i - i Cl - I I I 
~ i- I I 0 - C-1 M ..,. l!°:) ::i , .... - QO 0 - - .... - -

3 3 3 
1 1 1 1 

8 3 7 9 9 8 10 10 7 ~l 
9 1 4 13 22 18 18 16 8 2 

20 1 4 20 21 22 21 22 19 8 
3 3 {i 7 6 4 :~ 2 

3 
2 1 3 2 4 4 4 :1 1 
7 2 3 7 4 3 
2 1 7 10 9 6 :i 

1 1 

ed from Ute spheres by conduction and con­
vection than at low wind speeds. Above all, 
however, the heating and evaporalion of 
precipitation on the spheres represenls a 
considerable loss of energy. 

The question now arises of how oflen high 
temperatures are attained in the spheres in 
the sunny and not very windy climate of 
Locarno. Table 2, in which Ute frequency 
of high temperature recordings in 1962 is 
summarized, confirms the long-known fact 
that the Ticino is one of thc warmest regions 
of Switzerland and one of the richest in 
radiation. Even in April Ute temperature 
of the two spheres was above 36.5° C at 
noon on approximately a tenlh of all days, 
and that of the sphere at a height of 10 cm 
was even above 40.0° C. In June the sphere 
at tllis height already attained a tempera­
ture of 36.5° C in the hour between 8.00 and 
9.00 and did not sink below it till after 18.00. 
In July and August the temperature re­
mained above this level from 10.00 to 15.00 
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on four fiflhs of all days, and on m osl was 
.:ibovc -10.00 C. The s phe re al a hcighl of 160 
cm was also a t a lempcraturc of more lhan 
36.5° C on a !arge number of days, and the 
-10.0° C leve! was exceeded fajrJ y frequ cnlly . 

The s ma ll invesliga lion d cscribed here 
nal11rnlly furnis hes information only on thc 

behaviour of a physically well-defin ed body 
a l variou s heights above the ground under l he 
influence of the meteorologica l elemen ts. 
Trans ference of the resulls to the huma n body 
s till remains an extremely difficult problem 
which can only be solved in close collaboration 
wilh physiologists and ph ysicians. 
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Rayonnement (Tiros IV) et pluviosite au Congo1 

Par WALTER SCHUEPP 

Astronomisch-M.eteorologische anstalt der Universitäl Basel 

ABSTRACT 

From charls of daily prccipilation, of thc daily sum of global radialion and from infra­
red radiation in the region 8-12 µ (HRIR) mcasurcd by satcllilc TIROS IV, lhe me­
teorological evolution over Central Africa during the period 1st to 3rd May, 1962, is 
analyzed. Table 1 shows that a relalively strong correlalion exists bctwecn radialion 
intensity in this range and precipitation. Even between the daily sum of global radia­
tion from sun and sky and precipitalion a similar relation exists (Table 2). A radialion 
chart taken from a satellite and dislribuled sufficiently fast may grcatly facililatc lite 
synoptic information. 

Le satellite meteorologique TIROS IV 
a collectionne dans la periode du 26 avril 
jusqu'au 9 mai 1962 un grand nombre d'ob­
servations au-dessus de I' Afrique. 

Tanclis qu'en latitudes moyennes l'interet 
se rapporte en premier lieu aux photos des 
nuages, les donnees de rayonnement infra­
rouge 8 å 12 µ sont plus significatives dans les 
tropiques humides. En effet ce rayonnement 
indique grossierement le niveau ou se trouve 
la surface moyenne des nuages dans le sec­
teur vise. Meme en regions tropicales il faut 
en general que les nuages penetrent l'iso­
therme de 0° pour provoquer des pluies 
importantes. Cette isotherme se situe vers 
les 5000 m d'altitude, tandis que la tempera­
ture au sol varie entre 20 et 35°. Les regions 
de pluie se trouvent donc principalement aux 
endroits ou le rayonnement 8 å 12 µ indique 
de basses temperatures. Alors une correla­
tion entre la carte synoptique et les zönes 
de faible ou forte radiation infrarouge est 
indiquee. 

Le nombre de stations pluviometriques 
munies de pluviographes qui permettraient 
l'evaluation de l'intensite et la quantite 
de pluie tombant au moment du passage 
du satellite est trop faible pour attaquer 
le probleme ainsi. Mais la republique du 
Congo dispose d'un reseau de stations plu-

1 Cette etude etait faile au o Service Meteoro­
logique, Kinshasa, Republique Democratique du 
Congo ~ avec le concours du U.S. Weather Bureau, 
Dep. Satellite Meteorology, Washington, D.C. 
U.S.A. qui a mis les observations du satellite TIROS 
IV å la disposition. 

viometriques ou la quantite journaliere est 
evaluee å 06 GMT le matin, tandis que le 
passage du satellite a lieu entre 08 et 12 GMT. 
S'il pleut å la station au moment du passage, 
il est fort probable qu'une partie de la pluie 
a ete mesuree å 06 GMT du jour et que le 
reste ne sera lu qu'å l'observation prochaine 
du lendemain å 06 GMT. Beaucoup plus 
representative aurait etc la quantite de pluie 
tombee entre 00 et 12 GMT. Neanmoins le 
tableau 1 montre dejå une relation etroite 
entre le rayonnement infrarouge 8 å 12 µ 
et la quantite de pluie mesuree å 06 GMT 
(donc precedent le passage) ainsi que celle 
mesuree å 06 GMT du lendemain (tombee 
pendant et apres le passage du satellite). 
S'il n'y a que 14 å 16 % de risque de pluie 
pour un rayonnement 8 a 12 µ superieur å 
37 unites, il y a 100 % de risque quand ce 
rayonnement- · est inferieur a 21 unites. 
Meme en classant en deux groupes unique­
ment, le risque de pluie augmente de 36 % 
pour rayonnement infrarouge > 31 unites 
å 74 % pour rayonnement < 30 unites. 
Cette relation prouve que les systemes de 
nuage de grande etendue et å surface elevee 
releves par le detecteur TIROS IV sont de 
premiere importance pour le regime de pre­
cipitation au Congo. 

Un autre moyen de caracteriser la densite 
du systeme nuageux est la somme journaliere 
du rayonnement global (du ciel et du soleil) 
mesuree å 30 stations environ. La variation 
journaliere n'est enregistree qu'å 3 points, 
il n'est donc pas possible d'en deduire la 
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TA HLEAU 1. Rayonncmenl in(raro11ge 8 it 12 µ de T I ROS I V cl pluviosilc au Congo. 

l er<· co lonnl': p luic lomh(•c a vanl Je passage 
2c111c colonn c: pluic lomb<'c pcndanl c l apri•s Je passage. 

Rayonnt·mcnl 1!l it 2 1 22 il 2-1 25 :\ 27 2s it :io 31 il 33 3-1 .i 36 37 c l jusqu 'a 31 cl 
plus 30 plus 

1°1uviosi l c 
0 0 (0) 4 (7) 1-1( 10) 19( 18) -17(27) 33(27) 6(15) 37(35) 86(69) cas 
goulll'S it 0.:1 ll\lH 1 ( I ) 4 (1) 6 (9) 9 (-1) 8 (5) 5 (7) 0 (0) 20(15) 13(12) 
0.-1 .i 1.0 111111 0 (0) 1 (1) -I (2) -I (5) 2 (0) 0 ( I) 0 (0) 9 (8) 2 ( I) 
1.1 il3.0 m111 0 (0) 4 (6) 5 (2) 11( 10) 5 (6) 4 (0) 0 (0) 20(18) 9 (6) 
3 .1 å 10.0 111111 0 (0) •I (9) 7( 11) 11 (9) 6 (8) -I (-1) 1 ( l ) 22(29) 11(1 3) 
10.1 å 30.0 111111 0 ( I ) 9 (:>) 6 (7) 8( 11 ) -I (5) 3 ( I) 0 (2) 23(2-1) 7 (8) 
plus quc 30 111111 1 (0) 3 (5) -1 (2) 1 (:l) 2 (0) 3 (0) 0 (0) 12( 10) 5 (0) 
% jours de 
prccipilaliou 100(100) 75(79) 70(77) 71(70) 37(-17) 37(33) t 4( 16) 7-1(75) 35(37) % 

TABLEAU 2. Rayo1111emc11l global G cl pluviosilc au Congo. 

Pluic lomhcc dans rinlcrval d e 2-1 hcurcs 1w ndanl c l aprcs Je passage. 

Rayonncmcnl jusqu'it 10 1 it 201 il 301 il -101 it 501 cl j usqu ' it 401 cl cal/cm' d 
100 200 300 400 

Pluviosi lc 
0 0 1 5 38 
gou l lcs :\ 0.3 mm 1 0 5 9 
0. -1 å 1.0 111111 0 0 7 7 
I.I il 3.0 llllll 0 0 3 15 
3.1 å 10.0 mm 2 5 9 13 
10. 1 .i 30.0 111111 0 5 11 18 
30 mm cl p lus 0 1 7 11 
% jours clc 
prccipil a lion 100 92 89 66 

dens ite au moment m emo du passage du 
satell ite; m ais le tablcau 2 nous indique quc 
la pluviosite ct le rayonncment global sont 
lies etroitement. Par rayonncment tres fort 
> 500 cal/cm2 d (nebulosite faible pendant 
les heures de jour) il n 'y a que 26 % de 
risquc de pluic; p ar rayonncment faiblc 
< 200 cal/cm2 d le risquc de pluie augmente 
jusqu'a 94 %- Meme si on nc separe le collec­
tif qu'en deux groupes ( > 400 et < 400 ca!/ 
cm2 d) les risques de pluie se chiffrent a 38 % 
par rayonnement fo rt el 75 % par rayonne­
ment faible. Cette r elation prouve q ue les 
systemes de nuages denses releves par les 
pyranometres au sol sont la source principale 
des precipitations au Congo (ScHOEPP, 1963). 

Il parait qu'en regions tropicales humides 
!'evolution du t emps joue a deux echelles 
de caractcre fort different, pour ne pas dire 
conlradictoire. 

a) L'echelle perceptible a l'observaleur au 

500 plus 400 plus 

109 49 4-1 158 cas 
20 1 15 2 1 
.1 2 14 6 

16 6 18 22 
15 6 29 21 
16 1 34 17 
10 1 19 11 

43 26 75 38 % 

sol. On sail que les cellules individuelles 
d'orages et de preeipitations ne depassent 
pas en general les dimensions de 10 a 50 
km de diametre. La duree de v ie d ' une lelle 
cellule ne depasse guere quelques heures et 
souvent les trajets des cellules s' averanl 
assez independan ts l' un de l'autre surtout 
aux journees de vent faible en altitude. 

Par consequence parmi les pluviographes 
de stations voisines, souvent l' un n ' indique 
rien au moment 01'.1 une forte averse se de­
verse sur l'autre. Un exemple particulier pour 
l'independance apparente du temps entre 
deux stations voisines est !'observation du 
rayonnement global journalier a Bukavu et 
L'wiro, dem:: stations situees a u bord du 
lac Kivu a moins de 100 km de distance, ou 
aucune correspondance entre les observations 
a ux deux postes n'a pu ctre detectee. C'est 
a insi que les meleorologistes sont tentes 
de parter d' un climat a utoehtone. Une 
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statistique de JOHNSON (1962) du reseau 
pluviometrique Est-Africian confirme l'in­
dependence des stations eloignees de plus de 
200 km, tandis qu'une faible correlation 
est indiquee entre stations distantes de 50 
km seulement. 

b) A l'echelle du satellite la situation se 
presente tout autrement. Encore il arrive 
que parf ois å un lien de rayonnement infra­
rouge eleve une pluie tombe dans les 24 
heures avant ou apres le passage, mais on 
constate qu'il doit exister des systemes 
nuageux tres etendus et assez reguliers se 
depla~ant d'une fa~on ordonnee pour que 
l'image momentanee soit representative pour 
une periode d'au moins 12 heures avant et 
apres le passage. Donc l'individualisme 
arbitraire frappant l'observateur au sol est 
en realite englobe dans des systemes assez 
ordonnes å l'echelle superieure. L'ensemble 
des cellules convectives avec leur courte 
duree de vie et ses motions arbitraires f orme 
un collectif. Dejå les cartes journalieres du 
rayonnement global ( ScHUEPP 1963) ont 
montres qu'aux cas d'insolation nulle, le 
rayonnement de plusieures stations voisines 
etait fortement reduit. Un autre phenomene 
marque particulierement bien å Leopoldville 
-Kinshasa (ScHUEPP, 1956) est le fait, que 
les cellules orageuses epargnent certaines sta­
tions å le premiere occasion-surtout les 
orages d'apres-midi evitent le large du bassin 
du Stanley-Pool - tandis que les lignes de 
grains suivantes - surtout Jes orages de nuit 
-y passent par pref erence. Enfin les lignes de 
grains matinales souvent ont l'aspect assez 
compacte et ne sont pas deformees par l'oro­
graphie. 

Il resulte donc un paral1elisme tres marque 
entre 
a) la carte rayonnement 8 å 12 µ lors du 

passage du satellite TIROS IV 
b) la carte de la somme journaliere du rayon­

nement global, et 
c) la carte de pluviosite journaliere RR sur 

les 24 heures precedent - ou suivant le 
passage du satelJite. 

Ceci est illustre par les 10 figures indiquant 
]'evolution du ler au 3 mai 1962 entre 10° 
latitude N et 15° latitude S, ainsi que les 
longitudes de 10 å 35° E. Pour bien pouvoir 
suivre l'evolution il faut voir )'ensemble des 
10 tableaux. 

Les 3 tableaux TIROS sont des prises 
<< momentanees 1> composees des passages 
captes pendant deux ou trois vo1s cntre 10 
å 12 GMT le ler, entre 9 et 11 GMT le 2 et 
entre 8 et 10 GMT le 3 mai; ce qui correspond 
å midi local le premier, 11 heures Jocal le 2 
et 10 heures 1ocal le 3 mai. 

Le carte du rayonnement global pour la 
journee du ler mai est assez representative, 
car Je passage du TIROS se situe au milen 
de la journee. Pour la carte du 2 mai et 
encore plus pour celle du 3 mai il faut tenir 
compte, que le rayonnement global est 
mesure surtout apres le passage du satellite. 

Enfin les cartes de pluies sont celles de 
06 GMT de la veille å 06 GMT du jour, donc 
la carte du ler mai indique la pluie tombe 
longtemps avant le passage de TIROS IV, 
la carte du 2 mai indique la pluie tombee 
du ler au 2 periode ou se situe le passage 
TIROS du ter, il faut donc s'attendre å une 
correspondance entre la carte TIROS du ter, 
et la carte rayonnement global du ter et la 
carte precipitations lue le 2 å 06 GMT. 
En effet aucune precipitation n'est observee 
du ter au 2 au Katanga, region ou Je rayonne­
ment en general depasse les 400 cal/cm2 d, 
bien qu'å cette epoque le soleil soit assez bas 
avec seulement 60° å midi, et Je rayonnement 
8 å 12 µ indique entre 30 et 34 unites. 
Par contre la region centrale et occidentale 
du pays indique (sauf la station de Banane 
au bord de la mer) une forte pluviosite 
depassant 10 mm et sur de vastes regions 
meme 40 mm. De meme le rayonnement glo­
bal est en dessous de 300 cal/cm2 d dans toute 
Ja partie centrale du Congo avec des noyaux 
en dessous de 200 cal/cm2 d au Mayumbe, 
dans Ja region du Lac Leopold et au Kwilu, 
aux memes endroits ou le rayonnement 8 å 
12 µ est en dessous de 26 unites. 

Toute differente est la situation du 2 au 3 
mai 1962. La region de faible rayonnement 
8 å 12 µ < 26 unites s'est deplacee vers le 
nord, tandis que la zone avec rayonnement 
>33 unites s'est avancee au dessus de la 
capitale. De meme la carte du rayonnement 
global ne montre plus qu'une zone au N et 
å l'E ou la valeur n'atteint pas les 300 cal/ 
cm2 d. Regardant les deux cartes de la plu­
viosite du 1 er au 2 mai et du 2 au 3 mai on a 
l'impression qu la zone de pluie se soit de­
placee vers le NE. Derriere cette zone le ciel 
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s'est cclairci au S\V du pays, laissant le 
rayonnement global au dessus de 400 cal/ 
cm2 d au \V de 25° longitude et au S de 
l'equateur; la meme region ou le 2 å 11 heures 
local TIROS indique un rayonnement 8 å 
12 µ au dessus de 30 unites. Par contre le 
NE de la Republique pratiquement sans pluie 
du 1er au 2 mai re~oit beaucoup du 2 au 3 
mai avec le systeme nuageux centre le 2 å 
5° N et 20° E et le 3 mai a 8° N et 30 ° E. 
Ce changement brusque de la pluviosite 
sur un pays si vaste apparait selon les ob­
servations TIROS en premier lieu comme 
simple deplacement d'un systeme nuageux. 
Mais avant que ce systeme disparaisse au N 
un nouveau systeme apparait au SW indi­
que sur la carte du 3 mai le long du 5eme 
parallele S aussi bien dans la bande 8 a 12 µ 
au TIROS qu'au rayonnement global et 
dejå la carte de pluviosite du 3 mai indique 
de nouvelles precipitations au Bas-Congo 
et å quelques stations du Kasai. La carte de 
pluviosite du 4 mai montre cette nouvelle 
zone pluvieuse assez etendue tandis qu'un 
petit noyau de l'ancien systeme persiste 
encore au NE. 

La comparison entre carte TIROS et carte 
rayonnement global du 3 mai indique que 
la zone de nebulosite assez elevee au N ne 
persistait pas toute la journee, car le rayon­
nement global y etait assez fort, de meme 
cette region restait en grande partie sans 

precipitations. Est-ce que c'etait des couches 
Ac tres transparentes pour le rayonnement 
solaire mais assez denses pour l'infrarouge 8 
å 12 µ? 

Il est curieux de constater que tandis que 
les lignes de grains se deplacent en general 
avec le vent d'E en altitude vers l'\V, å 
l'echelle superieure les zones nuageuses et 
regions de pluies indiquent un deplacement 
du S\V vers NE, phenomene deja signale par 
BULTOT (1952). 

Un detail particulier apparait frequement 
sur les cartes TIROS analysees, c'est une 
singularite dans la region du Lac Victoria 
centre a 2° S et 33° E ou le rayonnement etait 
en dessous de 28 unites le 1er. Cette singula­
rite est bien connue des meterologistes qui 
ont observe une pluviosite et activite ora­
geuse nocturne maxima au centre du lac 
Victoria (JOHNSON, 1962). L'extension du 
cumulonimbus se formant frequemment pen­
dant la nuit sur le lac atteint donc l'echelle 
du champ de vision du detecteur infrarouge 
utilise par le TIROS IV. 

Ainsi des balayages reguliers de la surface 
terrestre par les elements infrarouges de 
satellites TIROS, NIMBUS ou ESSA aidera 
sensiblement å l'etude synoptique dans les 
regions tropicales ou ni le champ de pression 
ni celui de la temperature peuvent servir 
d'indicateur sur la situation generale. 
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A modified method to determine the annual precipitation 
in the Scandinavian mountains 

By CARL CHRISTIAN WALLEN, Swedish Meteorological and Ilydrological /nslilutr, 
Stockholm 

ABSTRACT 

Various methods have been applied earlicr to determine the annual precipitation in 
Swedish mountain areas outgoing from mcasurements of precipitation and run-off as 
well as from estimates of evaporation. A modified method is describcd to map precipita­
tion in the Scandinavian mountains based on a study of the relationship between cal­
culated precipitalion on thc one hand and height above sea level and distance from 
the sea on the other. A map showing the annual precipitalion is constructecl wilh tllc 
aid of the relationship f ound. 

1. Introduction 

It is generally only with difficulties and with 
a great deal of approximation that the 
amounts of precipitation which fall in moun­
tain areas may be determined and mapped. 
This is particularily true in mountainous 
regions of scarce population where observa­
tion stations may be established only in those 
valleys where the population is concentrated. 
The local topography at the same time is 
so varied that rather a denser network of 
precipitation stations should be required 
in such areas than in flat regions. It is con­
sequently inevitable to try to develop a 
method to calculate precipitation amounts 
at a number of points where no measure­
ments are made so as to increase the net­
work of precipitation values in the area. 

In Sweden A. WALLEN as early as in 1923 
developed a method to calculate annual 
i>recipitation in the Swedish mountains from 
run-off values obtained from a number of 
catchment areas spread over the mountains 
taking into account reasonable amounts of 
evaporation. This method was used also by 
the author in his presentation of maps of 
the precipitation in Sweden for the period 
1901-30 (1951) however in a slightly modi­
fied form. 

In connection with plans to publish for the 
climatological normal period 1931-60 new 
maps of precipitation for the whole of Scan­
dinavia and Finland it has been considered 
necessary to adopt a method by which annual 

precipitation might be calculated not only 
for the Swedish but also for the Norwegian 
part of the mountain area. In fact in 90 % 
of Norway the topographical conditions make 
it impossible to map precipitation only by 
means of data obtained from precipitation 
stations. 

The author consequently has developed a 
modification of the original method to 
determine precipitation from both precipita­
tion and run-off values which seems to be 
acceptable to apply also in the Norwegian 
mountain regions. 

2. Available basic data 

The modified method has been developed 
for that part of the Scandinavian mountain 
area which is situated between latitudes 
64° N and 68° 30' N. In this area all available 
original data of the following kind have been 
used: 
1. Mean annual precipitation values for all 

Norwegian stations giving reliable values 
which could possibly be reduced to the 
normal period 1931-60. 

2. Mean annual precipitation values for all 
Swedish stations giving reliable values and 
which could possibly be reduced to the 
normal period 1931-60. 

3. Mean annual run-off values for all accept­
able run-off stations in Norway calculated 
for or reduced to the period 1931-60. 
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4. Mean annual run-off values for all accept­
able run-off stations in Sweden, calculated 
foror reduced to the period 1931-60. 

5. Values of the mean altitude above sea­
level of the catchment areas corresponding 
to the run-off values in both Norway and 
Sweden. 
In order to increase the number of available 

basic data mean values from certain precipi­
tation stations and run-off stations which 
have been operating during periods of years 
outside the normal period 1931-60 have also 
been applied after having been reduced to 
that period. 

The Norwegian data has been kindly placed 
at the author's disposal by the Norwegian 
Meteorological Institute and the Norwegian 
Water Development Board. 

3. Estimation of evapotranspiration 

All methods of the actual kinds are based 
on the assumption that annual precipitation 
may be estimated from run-off values by 
adding amounts of annual evaporation which 
are reasonable for the area in question. 

The mean annual amount of evapotranspi­
ration over a period of years from catchment 
areas in the Swedish mountains has been 
considerably discussed in the past. A. W AL­
LEN (1923, 1924) who first applied the actual 
method to calculate precipitation in the 
Swedish high mountains estimated the mean 
annual evapotranspiration to be between 
300 to 400 mm based on the relation between 
run-off and evapotranspiration in Swedish 
catchment areas in general. 

MELIN (1942) found in his experimental 
investigation of precipitation and run-off 
conditions in the Malmagen mountain area 
(Lat. 62° 35' N. and Lond. 12° 10' E, height 
781 m) during the 1930-ies the mean annual 
evapotranspiration to be considerably lower 
i.e. around 150 mm. He concluded that this 
value would be a reasonable amount for most 
of the Swedish mountain areas. 

BEnosTEN (1950) made a thorough investi­
gation of the increase of the evaporation in 
Sweden which bad taken place from the 
period of maritime climatic conditions during 
the first decades of this century to the period 
of more continental conditions with warmer 

summers during the 30-ies and the 40-ies. 
In the forest lands of Norrland Bergsten 
estimated the increase to have been from 
around 200 to 240 mm i.e. about 20 %- It 
is reasonable to assume that a corresponding 
increase must have taken place in the 
mountain areas. The values of Melin ref er 
mainly to the 1930-ies and therefore should 
be higher than those occurring in earlier 
decades. According to Bergsten the maximum 
of evaporation occurred in the 1940-ies and 
considering that summer temperature in 
Sweden has declined since then a mean value 
for the period 1931-60 may be estimated to 
correspond to Melin's value i.e. to be around 
150 mm. 

Further investigations indicate, however, 
that this value may be somewhat too low. 
TAl\Il\I (1959) in bis extensive investigation of 
the evapotranspiration in Sweden f ound by 
making use of bis emperical formula based on 
temperature conditions that the annual mean 
evapotransspiration even in the upper fores­
ted region of Swedish Norrland close to the 
mountain region is slightly above 200 mm. 
Considering that the temperature difference 
between this zone and the mountain zone not 
covered by forest is only small in summer while 
the winds must be considerably stronger in the 
upper region than in the lower it is not likely 
that evapotranspiration there is much less 
than in the lower regions. This assumption 
is conflrmed by recent cålculations of potential 
evapotranspiration in Sweden carried out by 
the author (C C W ALLEN 1966). The amount of 
annual potential evapotranspiration calcula­
ted by the Penman formula is between 250 
and 300 mm and considering that from com­
parisons with Tamm's ~alues the relation be­
tween actual and potential evapotranspiration 
in this part of Sweden is around 0. 7 we arrive 
at a value of 180 mm for the Swedish moun­
tain regions. In estimating reasonable values 
for various catchment areas their height 
above sea level and latitude have to be 
considered. In doing ~o we have added to 
the run-off values those evapotranspiration 
values given in table 1 for different catch­
ment areas in the Swedish mountains. They 
all lie between 150 and 200 mm. 

Thus the values estimated in this study 
are around 50 mm higher than those applied 
in my investigation of 1951 hut still consider-
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Frn. 1. Scatter diagram for the relationship betwecn annual prccipitation (in mm, abscissa) and hcight 
abovc sca levcl (ordinate) in thc Scandinavian mountains, Regression lines arc given for diffcrcnl 
areas. Rainfall stations arc indicatcd by dots (Swedish) and triangles (Norwcgian) and gauges hy 
crosses(Swedish,sec tablc 1) and squares(Norwegian, see lablc 2). 
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abl y lowcr l han lhosc applicd b y A. \Yallcn 
in his calcula lion or lhc p rccipila lion in lhe 
m ountains or 1023. 

r\nolhcr reason lo use somewhat higher 
Yalucs ror evapotranspiralion in the Swed ish 
mounlains are lhe valucs or potential cva­
polranspiralion reccnlly dc lennined ror Nor­
way b y \ VE11::--:E11-Jo 11A::--:"ESSE" (1068). For 
lhc laliludes under consideralion which all a re 
moun lainous areas \Verner-Johannesen's 
vnlues ror polenlial cYn polranspiralion have 
renderecl eslimnles or 180- 260 mm o[ aclual 
e\'apolranspiralion for I hose catchment a reas 
silualed al an alliludc abo\'e 500 m (Table 2). 

<1,. Mean a111rnal prccipi tation for calchment 
areas 

The mean annual precipilalion Yalues ob­
lained fo r Swedish an d Norwegian ealchment 
areas by a dding lhe above discussed estimates 
or evapolranspiral ion lo lhe m ean annual 
run-orr values a re a lso given in l.ables 1 and 
2. These values r epresent Lhe mean annual 
precip ila lion over ralher big areas as th e 
calchmenls vary in size between about 
50 km~ and 3 000 km~. They there[ore seem 
nol lo be clearly comparable wilh those 
prccipilalion valucs obtaincd a l precipilalion 
sta lions. IL is clcar cnough on the othcr 
hand lhal l hose \'alues, \\"hich we oblain by 
p recipilalion measurements, also a re repre­
scnling a reas. \ Ve do not know, however, 
lhc size ol' lhesc areas, allhough we suspect 
lhcm genera lly lo be smaller than calchment s. 

Consiclering lhe approximations involved 
in l his m elhod as a whole it has been laken 
ror acccplable lo campare lhe two kinds or 
p rccipitalion valucs wilh rela lion Lo alliludc 
provided lhat lhis comparison only is made 
l'or \'a lucs from stulions and catchment areas 
localcd fa irly close lo each other. T he catch­
menl v a lues in most cascs represenl areas 
sil ualecl at higher elevations than thc areas 
which arc reprcsenlccl by lhc sl a lion values. 

5. Precipitation in r elation to altitucle and 
dis tance from thc sea 

All l hc appl il'cl vn lucs o l' :1nnual precipila­
lion both from sla lions an d calchmcnl areas 
wcre plo tlecl in a n urclinary diagram \Yilh 

height aboYe sea le,·el as ordinatc and pre­
cipitalion as a bscissa. The heigh t above sea 
leYcl or lhe field centres o[ gravi l y were 
used for Lhe calchment areas, so that in fact 
l he prccipitalion values of them a lso represent 
a point. In lhis diagram t he precipitation 
va lues from slations generally are si tua ted 
al lowcr al liludes lhan lhe values represen ting 
lhe catchmenls. Il is now possible t o draw 
a series or slraigh L lines represen Ung the 
increase or precipitation wilh allitude in 
various regions of the mounta in area keep ing 
in mind that values r epresenting poinls 
below each other should be compared. It is 
evident from fig. 1 that lhe inclina lion o[ 
l hese lines is increasing from the continen lal 
inner parls or Sweclen to the Atlantic coast 
o[ Korway and it seems as lhis change of 
inclinalion is almost mathematically regula r. 

The r egions o[ clifferenl increase of precipi­
t ation wilh altitude werc now possible lo 
map for the whole area of the Scanclinavian 
mounta ins under consideralion. Fig. 2 giYes 
a pic ture or lhis map showing that it is possible 
lo draw continuous but of course windling 
lines corresponding Lo each one of the straight 
lines in fig. 1. In l his manner and ir interpol­
ation between t hese lines is all owecl the 
amount of annual precipitation is possible to 
cletermine at ever y point over t he mountain 
area p rovided the a ltitucle is known. 

6. Mapping of the annual prceipitation 

Il is now possible to proceecl to mapping 
of lhe precipitalion in difrerent ways. In the 
fin al mapping a topographical map wilh 
isohypses for equal intervals over the whole 
mountain area wi ll be used but as t his map 
is nol yet availablc it has been neccssar y Lo 
app ly a net of grid points to the area under 
considcralion in lhe lest thal has been carried 
ou l ror this preliminary nole namely the one 
localed belwccn 65° N and 66° N . Bolh Lhe 
inlerseclion poinls o[ rull degree laliludes 
and longitudes as \Yell as intermedia te poinls 
belween lhose were selected for t h is grid 
(fig. 2). 

As a fi rst slcp t he alti l ude or each one o[ 
lhcsc grid poinls was delerminecl fro m Nor­
wegian and Swedish lopographical maps. 
Al ccrlain occasions a gricl poinl happcned 



FIG. 2. lsolines for the interrelationship between annual rainfall and height above sea level (see 
Fig. 1). Station numbers are given for rainfall stations (dots) and gauges (crosses). 



TAUL E 1. Hydrological dala and eslimalcs o{ precipilalion {or ca/chmcnl areas in lhc nor/hcrn par/ o{ /hc Swcdish mo1111/ains. Dis-
clwrge 193 1-19G0 { rom gauges in lhc mounlains 

Gaugc Ccnl cr of gravily ~lcan alli ludc Dischargc Calchmcnl D ischargc EYapo- Annua l 
of ca lchmcn t area (111 abovc sl'a m3 /s a rea km' (111111 /yca r) l ranspira- prccipi lalion 
Lalil udc Longitudc lcvcl Lion (approxi malc 
(:--:orlh) (Easl ) (cslimalcd) val ucs) 

;., 
1-1738 Kummajoki 68° 57' 20° 29' 720 8,5 390 (i87 165 850 ::'. 1-1780 i\lcrt aj ä rvi 68° 16' 22° Q.[' -120 3,8 :170 32-1 190 515 r-: 
4-1739 Lau kujärvi 67° 55' 18° 50' 915 23 1 16G r.21 160 780 -, 
9- 1-128 Silasjaurc u1° 59' 17° 16' 895 41 982 13 17 HiO 1480 C 
9-1811 Aula jaurc 67° 55' 17° 20' 890 ,I:, 110 I 1288 150 14,10 0 
9-1812 Tcusajaurc (i7° 55' 17° 25' 890 51 1339 1 197 150 13:jQ ..: 

9-1790 K å bt:'.ljaurc 67° 19' 17° 58' 1060 17 696 7(i9 150 920 
c 

28-1922 Gaulojau rc 66° 20' 16° 05' 870 :1u 141l8 78-1 160 950 0 
tr: 

28-1630 Gaulräsk 66° 05' 15° 5;';' 845 33 1280 81:l 160 980 
~ 28-1673 Tängvall ncl 65° 51' 14° 45' 790 7. :{ 197 1 Hi7 160 1330 

28-167-1 l'<cdrc J ovallnct 65° 43' 1-1 ° 49' 680 9.8 358 86:l 170 1040 ::::: 
38-1425 Fä lljau rc 65° 19' 14 ° 45' 750 8.0 385 6:,5 180 840 z 
38-1537 Ankarvallncl G,1° 59' 1-1 ° 12' 8 10 16.7 1130 1197 170 1370 r:l 

1-95!) N. Abiskojokk 68° 20' 1 !JO 15' 700 7 1 3290 681 150 830 
._ 
:::; 

1-3 Jukkasjä rvi 68° 10' 1 !J 0 25' 705 !J9.,I 6000 522 l !JO 710 r:l 
1-1271 Pahlajaurc 68° 26' 18° 25' 745 2.7 10:3 825 1-10 965 r. 
4-10 Fj ä llåscn 67° 40' 19° O' 825 -14.-1 2260 620 190 810 "C 

9-7 13 Virihau rc 67° 20' 16° 35' !J50 5 1.2 1380 1 170 l •IO 1310 
..: 
;;: 

9-590 Salisjaurc 67° 45' 18° 5' 805 G9.0 2320 93(i 150 1090 ..., 
9-591 N iavvc 67° O' 17° 25' 880 115.6 1700 3,1,1 160 1000 C 
9-1427 S kalka 67° 1 O' 17° 55' 11 0. 1 11830 718 200 920 z 
9-27 Tjå molis 1 67° 1 O' 18° O' 990 58.1 2290 800 150 950 z 

13-37 S lcn ucl clcn CiG 0 50' 1 j O 5' 8 10 (i,I. 1 2440 826 170 1000 ::: 
20- 1323 Rebncsjaurc 66 :38' 1G0 59' 885 21.2 1000 668 170 840 0 
28-1435 Övernman + C: 

28-435 Umasjö 66° 3' 14° 5,1' 795 22.3 634 11 0!) 180 1290 3 
28-436 Solberg GG 0 O' 15° 28' 820 28.5 1070 838 180 1020 ;;: 
28-440 Slä lv ik 65° 48' 16° 4' 770 9.'I •l07 728 190 920 z 

(/'1 

28-444 H ä ll backen 66° 20' 1 (i0 20' 81:"i 40 .8 1790 718 l !JO 910 
38-72:l Sax näs + 
38-163 1 Kultsjön 65° 10' 14 ° 55' 825 43.3 1720 793 l !JO 980 
38-748 Gädclcdc 1 + 
38-1383 Gäcldcclc 5 6-1° 50' 14° O' 630 78.G 2580 960 200 1160 

As obscrva lions al somc o[ Lhc gaugcs arc avai lablc for on ly a sma ll parl o[ Lhc period l !J31- GO, a rcducl in11 111c l hod has hccn appl ictl lo oblain 
lhc 111Can valucs fo r Lhcsc s la lions. 

<O 
c.n 



TABLE 2. Hydrological dala and eslimales of precipilalion for calchmenl areas in lhe Norwegicm mounlains belween 64° 30' and 
c:.c 
O') 

68° 30' N 1931-60 

Gaugt• Center of gravily l\Ican alliludc Culchmcnl Dischargl• Evapo- Annual 
of catchmcnl area (m uhovt• sea area (km 2) (mm/Yl'Ur) transpira- prccipilation 
Lalitudc Longiludc lcvrl) lion (mm) 
(North) (Eust) (cstimutcd) ( calculatcd 

appr.valucs) 

686 Limingcn 64° 51' 2" 52' 600 653 1324 200 1530 
1077 Landbru 64° 56' 3° 13' 750 56 1348 200 1550 

687 Namsvatn 65) 05' 3° 07' 770 702 1554 200 1750 
945 Bjornstad 65° 05' 3° 00' 730 1051 1544 200 1740 
688 Fiskumfoss o 64° 55' 2° 40' 580 3302 14601\1 240 1700 
690 Tunnsjoplass 64° ·13' 2° 36' 510 475 1072 240 1310 
691 Otcrsjo ovf. 6-f O 26' 2° 51' 590 573 829 240 1070 n 
946 Trangen 64° 29' 2° ·12' 580 852 1042 240 1280 > 
694 Salsvaln 6•1° •ll' 1 ° 10' 280 425 1636 l\l 300 1940 ::X:, 

t"' 
697 Abjorvatn 65° 06' 2° 13' 610 384 2452 270 2720 n 
698 Slrompdal 65° 27' 2° 15' 620 196 3020 270 3290 ::r: 
699 Hundålvaln 65° 45' 2° 15' 500 150 24791\1 280 2760 e? 
700 Hattfjelldal 65° 25' 3° 35' 770 1831 967 180 1150 en 

~ 
701 Laksfoss 65° 25' 3° 05' 650 3647 1331 200 1530 > 
880 Fnkcrvatn 65" 25' 3° 55' 750 780 663 210 870 z 
703 Kapskarmo 65° 17' 2° 34' 540 475 1973 M 230 2200 ~ 
705 Fuslvaln 65° 55' 2° ·19' 4-10 520 20061\1 225 2230 > 

t"' 
706 Storvatn 66° 07' 2° 32' 460 43.5 3770 1\1 260 4000 t"' 
708 Tustervatn 65°r45' 3° 30' 670 1500 1400 200 1600 t:1• z 
833 Sjofoss 65° 50' 3° 25' 640 1880 1436 180 1620 
710 Lille Målvaln 66° 04' 3° 37' 760 273 1798 l\I 200 2000 
711 Store Akcrsvatn 66° 09' 3° 41' 630 129 1258 200 1460 
989 Krokstrand 66° 24' 4° 37' 870 736 1325 190 1520 
712 Nevcrncs 66° 30' 4° 25' 820 1849 1441 190 1630 
713 Rcinfosshei 66° 35' 4° 05' 770 3113 ... 1859 180 2040 
836 Jordbru 66° 12' 4° 17' 800 337 1169 190 1360 
890 Storglåmvatn ndf. 66° 43' 3° 30' 890 230 3392 250 3640 



TABLE 2. (Conl.) > 
..... 
r-1 

Gauge Center of gravity l\lean altitude Catchmenl Discharge Evapo- Annual ...; 
::z: 

of catchment area (m above sea area (km1) (mm·year) transpira- preci pi la lion 0 
Lalitude Longitude level) lion (mm) C, 

(North) (East) (estimated) (calculatecl ...; 
0 

approx. values) 
C, 
t:l 
...; 

715 Fykanvaln 66° 44' 3° 29' 830 288 3230 250 3480 t:l 
=i, 

716 Agnes 66° 51' 3° 28' 560 200 2504 260 2760 ::: 
717 Sclfoss 66° 51' 4° ·04' 730 790 16321\1 240 1870 z 
718 Arstadfoss 66° 56' 3° 44' 760 195 2722 M 280 3000 t:l 
719 Oldereidvatn 67° 05' 4° 10' 460 50 1535 280 1810 "tl 
720 Skarsvatn 67° 01' 4° 19' 500 141 1156 M 280 1440 =i, 

t:l 
721 Russånes 66° 45' 4° 50' 820 1151 1067 180 1260 E3 
990 Junkerdalselv 66° 48' 5° 04' 880 422 1032 180 1210 "tl 

360 Fjell 67° 04' 5° 18' 790 695 1223 180 1400 =i 
> 363 Daja 66° 59' 5° 12' 780 411 1082 180 1260 ...; 

727 Lakshola 67° 27' 5° 12' 550 220 1972 1\1 260 2230 ö 
728 Sorfjordvatn 67° 33' 5° 22' 600 111 1828 M 240 2070 z 
729 Kobbvaln 67° 39' 5° 28' 660 390 2089 1\1 220 2310 z 
730 Slorvaln 67° 52' 4° 57' 460 72 2274 1\1 380 2650 !;;-' 

731 Rotvatn 67° 49' 5° 17' 450 233 1602 280 1880 ö 
733 Ovre Sorfjordvatn 68° 01' 6° 01' 750 64 2165 250 2420 C: 
734 Forsavatn 68° 15' 6° 08' 370 150 1373 250 1620 z 

...; 
738 Kjårdaelv 68° 09' 6.0 36' 800 68 1352 200 1550 > 
739 Gamnes 68° 08' 7° 08' 1000 804 1155 160 1320 z 
740 Sorelv bru 68° 03' 7° 06' 990 373 1011 M 170 1180 t:ll 

741 Nordelvkors 68° 11' 7° 12' 1040 404 1172 150 1320 
746 Hoibakfoss 68° 20' 6° 46' 690 74 1256 250 1510 
747 Sildvikvatn 68° 21' 7° 09' 970 18.5 1605 200 1810 
748 Nygård 68° 30' 7° 11' 510 30 1210 :!40 1450 

Figurcs marked M are mean values based on observations during thc period concerned. All other figures havc becn oblained by reducing mcan 
values valid for the period 1901-30 to lhc more recenl normal period. This reduclion was made by means of a map showing lhc geogmphical dislri-

c.c bulion of the quolienl between thc normals concerned. '1 



Frn. 3. Distribution of annual precipitation with due regard taken to thc relationship between this 
quantity and height above sea level. Observed values are given by numbers in conjunction with crosses, 
computed values by numbers in conjunction with dots. 
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to be located on the top of a mountain or 
even in the sea. In such cases the altitude of a 
more topographically representative point 
somewhat aside the original grid point was 
determined. 

As the second step the annual precipitation 
at the altitudes of the grid points was deter­
mined from the diagram in fig. 1 and the 
values entered on a transparent paper which 
was fixed on the top of a map of the latitude 
zone giving a general outline of the topo­
graphical features. The precipitation values 
from existing stations in the area were also 

entered on the transparent paper in order to 
increase the number of points. The isohyets 
were finally drawn taking into consideration 
not only the precipitation values hut also the 
topographical f eatures. 

The picture of the distribution of the annual 
precipitation as given in fig. 3 indicates that 
the modified method will when applied to 
the whole area of the Scandinavian mountains 
render a much more detailed and as we 
think also more correct picture of the dis­
tribution of precipitation than we have earlier 
had. 

REFERENCES 

BERGSTEN, F., 1950. Contribution to study of 
evaporalion. SM H I, Communications, Series D, 
No. 3. 

MELIN, R., 1943. Nederbörd och vattenhushållning 
inom l\lalmagens fjällområde. SMH I, Commu­
nications, Series Upps. No. 44. 

TAMM, 0. F. S., 1959. Studier över klimatets humi­
ditet i Sverige. Bull. Royal School of Forestry, 
No. 39, Stockholm. 

,VALLEN, A., 1923. L'eau tombce dans la hautc 
montagne de la Suede. Geogr. Ann, Vol. S No. I. 

\VALLEN, A., 1924. Nederbördskartor över Sverige. 
SMHA, Communications, Bd 2, No. 3. 

\VALLEN, C. C., 1951. Nederbörden i Sverige. Medel­
värden 1901-1930. SMH I, Communications, 
Series A, No. 4. 

W ALLEN, C. C., 1966. Global radiation and potential 
evapotranspiration in Sweden. Tellus. Vol. 18, 
No4. 

,VERNER JoHANNESSEN, T., 1968. Climate of Scan­
dinavia and Finland. World Survey of Climato­
logy. (In print) 



Turhidity at Uppsala from 1909 to 1922 from 
Sjöström's solar radiation measurements1 

By F. E. VOLZ Astronomisches Institut der Universilät Tiibingen, 
A ussenstelle Weissenau bei Ravensburg= 

ABSTRACT 

In the course of invcstigations on allcnuation by dust from violent volcanic eruptions, 
the blue filter measuremenls of direct solar radiation at Uppsala by SJösTRÖM from 
1908 to 1922 have been evaluated. For about 2,5 years, attenualion by the dust 
from the Kalmai eruption (1912) was well abovc normal turbidity, while dust from 
weaker eruptions and from an Indoncsian volcano was hardly dctcctablc. Further­
morc, thc annual and daily courses of normal turbidity at Uppsala are comparccl wilh 
those at Stockholm in later years. There are also indications of an incrcase of lurbiclily 
by industrial activity in the coursc of the years. 

I. Introduction 

Old series of pyrheliometric measurements 
of direct solar date are dating back as far as 
about 1884, covering the great eruptions of 
volcanos Krakatoa (1883) and Mount Pelee 
(1902). However, it is difficult to derive from 
these measurements of total radiation tur­
bidity data unaffected by the variable water 
vapor content of the atmosphere. It was not 
before 1930 that filters were introduced in 
regular pyrheliometric measurements for 
direct separation of haze and water vapor 
attenuation. However, a large body of 
spectrobolometric measurements of solar 
radiation at high altitude stations has been 
published by the Astrophysical Observatory 
of the Smithonian Institution from 1906 
up to 1945 (Annals 4, 1922; 5, 1932). From 
these series, turbidity has recently been 
evaluated (VoLZ, 1968). One of the earliest 
series of pyrheliometric measurements in 
different spectral ranges has been obtained 
by SJöSTRö:\1 (1930) at the Solar Observatory 
at Uppsala, from 1909 to 1922. 

An evaluation seems not yet to have been 
made. These measurements, made in a clean 
northern country, are interesting because 
some )arge volcanic eruptions took place 

1 Veröffentl. Nr. 103 des Astronomischen Insli­
tutes der Vniversiläl Tiibingen. 

2 Now with Air Force Cambridge Research Labo­
ratories, Hanscom Field, Bedford, Massachussetts, 
USA. 

during that period, and because normal at­
mospheric turbidity can be studied at the 
start of indstrialization. Daily, seasonal, 
and annual course of turbidity will also 
be discussed, partly by comparison with later 
measurements at Stockholm. 

2. Evaluation of the measurements 

SJöSTRÖl\l has measured thc solar radiation 
without filter as well as with blue and yellow 
filters of spectral transmissions cliffercnt 
from today's standard filters. \Ve derived the 
turbidity coefficient only from the blue filter 
intensities because of the negligible influence 
of ozone absorption and since the other filter 
bad much stronger secondary transmission 
in the infrared. For construction of a turbidity 
diagram, pure air intensities of the bluc filter 
range for different air masscs 1\1 were calcu­
lated by multiplying ScuuEPP's (1949) tabu-
lated intensities I~ for small spectral ranges 
by the transmission T;. of thc blue filter 
(which also included a watcr cell). The 
integrated pure air intensities 

Ig ( M) = f I;. cl). 
b 

follow thc relation 

cl log J~/<lM =0.108 

for 1.1/ < 4, i.e. the filter rangeof half 
width 80 mµ can be considered mono­
chromatic, and the effective wavelength 
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Fm. 1. Turbidily (daily minimum values) al Uppsala, 1909 to 1922 (data of 1912 in Fig. la). 
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FIG. la. Turhidily in the yenr of the Katmai 
eruption. 

(equivalence to pure air attenuation) is 
440 mµ. The near infrared transmission 
amounted, even at JU =4, to only 1.6 per 

0 cent of Jb. 
The turbidity diagram was then construct­

ed for the turbidity coefficient B, i.e. the 
decadic haze attenuation coefficient at Å. 
500 mµ, by subtracting log 1=1,21-B•M 
from log 1g (M) assuming a i-1.s dependency 

((
440)-1.5 ) of haze attenutation 
500 

= 1,21 . The 

extraterrestrial intensity Jg' of the blue filter 

range, which for unknown reasons, is about 
30 per cent smaller than the computed 
it has been checked by us by extrapolating 
a sufficiently large number of measurements 
on Summer days to M =0. Up to 1910, a 
value of 0.074 (SJÖSTRöl\l's tabulation) has 
been used, and later on has been changed to 
0.070. This variation is roughly in agreement 
with the course of the calibration factor for 
total radiation as obtained by SJöSTRÖl\l 
by comparison with other instruments . 

3. Results 
The annual course of B from 1909 to 1922 

is presented in Fig. 1. The values of 1912, 
which are very high because of volcanic dust, 
are shown separately in Fig. ta. For conform­
ity with our other turbidity investigations, 
only the daily minimum value Bm1n (if it 
seemed reliable) has been plotted if more than 
one observation had been made. 

3.1. Turbidity in normal years. In Figs 1 and 
1 a, the seasonal trend of the turbidity 
coefficient has been indicated by freehand 
lines. The years 1909 to 1911, 1915 and 1916, 
and 1920 to 1922 obviously represent only 
normal haziness with a typical seasonal course 
which will be discussed in Sect. 4 in more 
detail. 
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F10. 2. Seasonal course of turbidily at Uppsala 
and Stockholm. Uppsala: (U), all data in undis­
turbed years between 1910 and 1921; (U'), only daily 
minima in undisturbed years; Stockholm: City 
(St-A), all data 1921 to 1929 (ÅNGSTRÖM, 1930); 
Experimentalfältet (St-E), 1938 to 1940, and City 
(St-C), 1941 to 1950 (ScniiEPP, 1959): Östersund: 
(Oe), Summer 1958. 

3.2. Disturbed years. On June 6, 1912, the 
volcano Katmai in Alaska had its most 
violent eruption. Large amounts of dust, 
partly raised up to 30 km, spread mainly 
over the arctic circle. In the Uppsala meas­
urements, the first turbidity increase occurred 
by the end of June, though faint, high dust 
clouds were already observed in the Alps 
at the day of the main eruption. The atten­
uation peak, with B ~ 0.30, was from mid 
July to mid August. At Mount Wilson in 
California (VoLZ, 1968), the turbidity increase 
started a few days later than at Uppsala, 
and seems to have reached the much smaller 
maximum, with peak values of B~0.15, 
before the end of August, shortly before the 
1912 measurements were determined. Thus 
a strong meridional gradient of dustiness 
existed as also indicated by a large day to 
day variability of B at Mount Wilson. In 
the following Summer, the volcanic dust 
component (.dB~0.04) was about constant 
at Uppsala and had by Spring 1914 about the 
same value (0.02) as Mount Wilson half a 
year ago. However, some values were still 
high in Summer 1914 at Uppsala. Bright, 

colored purple lights were not observed in 
Germany before Fall 1912, because the initial 
turbidity was too strong. They ceased by 
February 1914, hut sky polarization was 
still abnorma! in this year. (Brief accounts 
and references on visual twilight observations, 
measurements on sky polarization and neu­
tral points regarding abnorma! atmospheric 
turbidity have been given by GRUNER (1958) 
and JENSEN (1958); publication of a compila­
tion of such data by the author is in prepara­
tion). 

The tropopheric dust cloud by the strongest 
eruption of Lassen Peak (near San Francisco) 
in May 1915 had no effect on Uppsala turbi­
dity. It is doubtful whether the eruption of 
Stromboli, Southern ltaly, on July 4, 1916 
may have caused some high turbidity values 
at Uppsala in 1917. However, high dust clouds 
and colored twilights have been observed in 
the Alps, and in Southern USA, up to No­
vember 1916. Turbidity at Mt. Wilson was 
slightly (LtB~0.015) increased during this 
period. 

A few months after the eruption of the 
volcano Kloet on Java on May 19, 1919, 
both Mt. Wilson and Uppsala show a small 
increase of turbidity. Twilights in Germany 
were slightly enhanced up to the end of 1920. 

4. Normal seasonal course 

The mean seasonal course of turbidity at 
Uppsala, derived from the undisturbed years 
1910, 11, 15, 18, 20, and 1921 is shown in 
Fig. 2 by heavy lines. Curve U is computed 
from all data of these years, while curve U' 
with about 20 per cent lower values, compris­
es only daily minimum values as presented 
in Fig. 1. For comparison, Fig. 2 also includes 
monthly means of turbidity from pyrhelio­
metric filter measurements at Stockholm, 
60 km south of Uppsala. Curve ST-A has been 
obtained by ÅNGSTRÖM (1930) from only 46 
measurements, mainly in Spring, between 
1921 and 1929 in Stockholm City. ScHUEPP 
(1950) evaluated measurements at Stockholm 
Experimentalfältet (St-E, 3 km north of the 
city, 1938-40) and from the City (St-C, 
1941-50). 

Regarding the seasonal course, turbidity 
at Uppsala as well as at St-A had their 
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Fw. 3. Daily coursc of turbidity, l\lay to August. 
U al Uppsala, undislurbed years between 1909 and 
1920 ( x 1920 and 1911, 116 measurements on 41 
days; • 1909, 1915, 1918, 1920 (72 measurements 
in 25 days). Sl-E,C al Stockholm (1938-1950, 
ScuOEPP, 1950). 

maximum in Spring, but ScHOEPP's data 
give a strong maximum in July resp. August. 

Although a more or less continuous turbi­
dity increase may have occurred <luring the 
years discussed here, thus making comparison 
of absolute values difficult, we note that 
turbidity at St-E and U were of similar 
magnitude only <luring late winter, up to 
April, while Stockholm City values (St-C 
and St-A) were much higher. In the second 
half of the year all Stockholm values were 
of the same order, and much higher than U 
data. 

In these comparisons, however, one has to 
keep in mind that the St-E series, and es­
pecially St-A, may have been of insufficient 
duration for elimination of fortuities of tur­
bidity. 

5. Daily course of turhidity 

In Fig. 3, the daily course of B at Uppsala 
has been compared with that at Stockholm 
(ScHtiEPP, 1950), each for the period May to 
August. Since measurements at Uppsala 
were seldomly made throughout the day, 
the daily course bad to be computed mainly 
from days with measurements up to or after 
noon, so the result may be somewhat ques­
tionable. Similar difficulties seem to have 
existed with the Stockholm data. However, 
both series give a slight increase of turbidity 
in the morning hours and practically constant 
values later on, in contrast to high morning 
dustiness common for continental stations, 
especially in industrialized areas. At the 
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~\ "° Å VOLCANIC 
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Frn. 4. Annual turbidily (all data between April 
and August) at Uppsala (o, number of measurements 
indicated), and at Stockholm (0 St-E, 1938-1940). 
Measurements al Östersund (and Stockholm) 
from 10 July lo 20 August 1958 (.6., Oc). 

Swedish coast, a nightly air flow from the 
low mountains to the sea together with the 
prevailing winds from the West could prob­
ably explain the morning dust minimum. 
This seems to be supported by a similar 
daily course of precipitable water vapor as 
deduced by Schiiepp. 

6. Secular increase of turhidity due to 
industrialization? 

Mean turbidity values for Summer periods, 
April to September, at Uppsala for undis­
turbed years between 1909 and 1922 are 
shown in Fig. 4. Exctuding 1921 (and 1922 
because of the small number of data), the 
Summer turbidity shows an increasing trend. 
The countryside measurements at Stockholm 
(St-E, 1938-40) seem to fit well to the trend. 
This seems to be supported by numerous 
measurements by the author during 29 days, 
from 10 July to 20 August 1958, mainly 
near Östersund (730 m altitude, 420 km in 
NNW of Uppsala), and in the outskirts of 
Stockholm. They resulted in a mean B 
of 0,058 with about 20 per cent of the data 
<0.03, whereas the mean turbidity at 
Uppsala for the same season (Fig. 2) was 
only 0.0381• 

1 Added during proof reading: A similar turbility 
trend and its implications have recently been dis­
cussed by R. A. McCormick and J. H. Ludwig, 
Science 156, No. 3780, 1358 (1967). They report an 
increase of mean annual turbidity hy B=0.06 at 
Washington, D. C. since 1903-05 (then B=0.104), 
and by 0.022 at Davos since 1914-16 (then B= 
0.026). 



104 F. E. VOLZ 

7. Concluding remarks 

Although the Uppsala turbidity was rather 
small, it was difficult to detect the influence 
of volcanic dust for more than 2 years after 
a major dust ejection. Regarding the inves­
tigation on seasonal course in Uppsala and 
Stockholm, no typical annual variation could 
be obtained from the different series of ob­
servations. Highly interesting is the likeli­
hood of a considerable turbidity increase 
during the last decades. Not included in these 

studies of daily, seasonal and annual course 
of turbidity are the pyrheliometric measure­
ments at Stockholm-Experimentalfältet from 
1930 to 1936, since the rough data (ÅNG­
STRÖM, 1937) have not yet bcen cvaluated. 
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