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On the causes of climate variations

By M. 1. BUDYKO Main Geophysical Observatory, Leningrad

ABSTRACT

The problem of causes of climate variations at the present time and in the geological
past has been considered. Physical explanation of the regularities of climate variations
has been suggested which is based on the general ideas of factors determining the genesis

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. AncsTroM (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;
Fronn, 1961, 1964; MitcueLL, 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
m.strumental 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 presented 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 natural
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 other
natural phenomena in the past were the same
as at the present time. Though such an as-
sumption is not always unquestionable the
variety of natural 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 one can be
sure of the reliability of the most general
features 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
presented as the following conclusions.

1. During the last several hundreds of
millions of years the climatic conditions great-
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ly different from the present ones have pre-
vailed. During that time, except for the last
relatively short quarternary period, the
difference 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 observed at
present.

2. The development of considerable con-
trast in temperature between 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 difference 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 latitudes decreased sharply,
which fact was connected with the forma-
tion of polar glaciation. The glaciation ap-
peared in the northern hemisphere underwent
considerable 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 ago and after 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 latitudes 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.

Without 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 effect of which on the climate changes
is more or less evident. If these causes are
sufficient to explain 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 external 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 factor 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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external 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 9. 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 (the 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. Davitava
(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 WILLET
and MitcHiELL who had 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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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 9%, it should be considered
that the total radiation decreases in this
case by 2 9. 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
and high latitudes were noticeably greater
thgn analogous variations in the tropics.
It is evident that analogous effect 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
of radiation regime on the transparency con-
ditions 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 available
that during the last 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 that took
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 West Siberia.

With further rise of continents this strait
disappeared and the Polar sea was mainly
connected with the 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 (Bubvko, 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.

Thus, the changes in meridional heat trans-
fer in the hydrosphere should affect consid-
erably the climate 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 (BubpYyko
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 between the equator and the North
Pole 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 currents to the polar
area this difference will be only 15—20°.
In this case the transfer of the 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 the high latitudes with
increasing the meridional heat influx in the
hydrosphere is explained to a considerable
extent by inevitable melting of polar ice.

In this connection one can imagine the
following picture 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 latitudes 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
temperature in the polar sea should approach
the freezing point and then small additional
cooling could cause the formation of ice
cover,

Since the 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 temperature between the pole and
equator became several times as great as
that in the previous periods, which corres-
ponded to formation of the marked meridio-
nal thermal contrast that exists now.

The polar ice of quarternary period was
very unstable and changed its surface both
on the 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 the 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
during 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, Wwhich
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.

If 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 9 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
t!lat the coincidence of several tens of erup-
tions during 5 years will decrease the direct
l‘gdiation, as compared to the norm, 3 to 5
.tlmes and the total radiation by 10 to 20 9
In the low latitudes and by somewhat
larger value in the high ones.

i When several hundreds of eruptions coin-
cide for 5 years a dust sheet appears which,
?\ccording to calculation, will be practically
Impenetrable to direct radiation. In this
case the total radiation in the low latitudes
decreases by approximately 50 9, and in the
high latitudes by 80 9% 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 times led to a decrease
in the mean temperature of the Earth for a
century by several degrees for the period
of time of hundreds of thousands of years.
The value of decrease 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 development of quarternary
glaciations.

With the above mentioned high instability
of polar ice the relatively small temperature
decreases as a result of volcanic activity had
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 the
land and seas retreated. New volcanic ac-
tivity could result in resumption of glacia-
tion.

If 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 the
earlier period such decreases could not create
lasting changes in climate.

However, it can be supposed that if a
decrease in temperature 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 successive faunas
during the history of the Earth.

As modern palaeontologic investigations
have shown, the different biological groups
of animals belonging to different oceological
types often died out simultaneously. Thus,
in particular, most of extinct orders and sub-
orders of reptiles and amphibians vanished
during three critical moments of geological



ON THE CAUSES OF CLIMATE VARIATIONS 13

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
large 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 effect 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 effect 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 effect 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. KONDRATYEYV and G. A. NIKOLSKY, Universily of Leningrad

ABSTRACT

The results of the actinometric balloon sounding V. 1962-X1. 66 are used to analyse
the irregularity of extinction of the direct solar radiation in the troposphere and stra-
tosphere. The beginning of this period is characterized by the great extinction (up to
8 9%) above the sounding level; later the influence of the ‘“upper” extinction becomes
somewhat less but there appears another source of extinction, that is, volcanic dust.
The aerosol structure of the atmosphere up to the heights of 30 km and its rela-
tionship to the temperature profile are discussed. The solar constant for the period

stu_dies is evaluated.

1. Introduction

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 International
Quiet Sun Year (I1Q S Y).

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 1is 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 u spectral range the window
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F1a. 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, 1862, 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/cm®min., the lower one tends
to 1.795 cal/cm?min. 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/cm?min) which can be regarded as
““normal”’ for the period under consideration
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(1962—66) is far smaller than the calculated
value (1.94 cal/cm®min.) therefore, the whole
period should be considered anomalous.

M. I. Bupvko (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/em®min. If the cause of the
anomalous phenomena considered is supposed
to be the same their appearance should be
refered to the end 1959—spring 1962.

In the troposphere profile 7 markedly
differs 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 h@ (about 56°), yet,
the difference in S at the height of 28 km
attains 0.125 cal/cm®min. In the lower 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 but noticeably differ in the troposphere
(curves 12 and 13).

From the 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
profile 12 describes a comparatively pure and
cool air mass (above 3 km). The comparison
of profile 12 at the levels above 23 km with
autumn profile 17 as obtained at hg =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 S,=2.00 cal/cm®min.

Profile 13 is of interest since it character-
izes attenuation properties of a very humid

2—670613

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. Work (KoNDRATYEV, NIKOLSKY,
and Esipova, 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 N11 Nov. 22, 1962

N17 Oct. 23, 1964
N18 Oct. 1, 1965
N19 Oct. 21, 1965 he ~27° —24.2°
N20 Nov. 15, 1966 he ~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 S'7 are smail
(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(he =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
but in different years. The difference in S

ho ~16.5°—17.7°
ho ~26.3°—22.5°
ho~33° —35°
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Fi1c. 3. Vertical profiles of the direct solar radiation fluxes from autumn flights, 1962—66.

corresponding to profiles 17 and 19 in the
lower troposphere has been discussed (S!7 <
S19). For the upper troposphere we have the
reverse picture: S!? << S'7) 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 wvalues 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 ho >30°. If we assume this to be

17
true, then 829 km = 8 omEmin
garded asthe possiblemaximum for the heights
of 29—30 km. On the other hand, since thehg
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 effect

can be re-
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F16. 4. Comparison for frequencies of attenuating
layer and air temperature inversion occurrences
at various heights from 16 flights.

1.—curve for frequency of inversion occurrences.
2.—curve for frequency of attenuating layer
occurrences.

Zones for most probable occurrence of layers are
marked attenuating by slope lines on the right,
thickened lines marking central parts of these
zones.

of some outer factors wvariable 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

19

values for the level of 4.5 km and upwards.
Further it will be demonstrated that the
stratospheric S'* and S9 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 but also for other
heights. Yet, the layering structure 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 9%, and in 20 days
—3.6 9%. For flight 17 the layering is rather
distinct but the power of layers is markedly
smaller (aerosol stratospheric attenuation is
less than 1 9%,).

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 layers. Aerosol
attenuating layers are usually located above
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F16. 5. Logarithmic dependence of the direct solar
radiation flux on the atmospheric mass from 1962—
66 flights.

1 (O)—data for 22 km.

2 ([J)—data for 26 km.

3 (A\)—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
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particle transfer at these heights: gravita-
tional settling and turbulent diffusion. With
this, the turbulent diffusion effect is limited
by the local layer boundaries. Mixing in
large vertical extensions in the stratosphere
does not occur (DyERr, 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,
Bapinov, and LipaTov, in press).

Atmospheric investigations up to 70 km
with a searchlight method by L. ELTERMAN
(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 §
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 18S on m=sec Z@ and extrapolate the
dependence derived beyond the atmosphere.
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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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 22km
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/cm?min being the Ilargest
throughout the entire period of the balloon
investigations is by 0.09 cal/cm?min smaller
than the calculated S$=1.94 cal/cm®’min for
the same conditions. S,extrap=1.918 cal/cm?
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 9,). 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. Stair 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-
STENCCOFT and Rosg, 1967). The size of a
dust particle is about 0.5 u, the concentra-
tion being approximately, 100—1000 km-3.
The particles, most probably, consist of Fe
and SiO,. 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
atmosphere 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 S, =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. MaTsusHIMA et al. (1966)
has investigated the variation in the photo-
metric attenuation coefficient for the visible
(Bv) 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 fv was only twice as much as
the standard. Towards October 1964 the
approach to the standard was observed. A
peculiar variation in Sy 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 9%,. Yet, we suppose that besides the
influence of the volcanic dust largely localiz-






Experiments with automatic interpretation of
meteorological forecast charts

By OLOV LONNQVIST, Swedish Meteorological and Hydrological Institute, Stockholm

ABSTRACT

A method has been tried for automatic translation of the information contained in
prognostic charts into weather parameters such as surface wind, surface temperature
and precipitation. The method is described and exemplified. Results from two test

periods are presented.

1. Introduction

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 prepared
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
forecast 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 referred to as
numerical weather prediction. This term—
if used at all—should of course bereserved for
a combined numerical process including
real weather forecasting, for instance of the
type presented in this paper.

One method for forecast 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 technique, however, does
not seem to be very convenient for the
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 require
quite alot of predictors in the regression equa-
tion, the significance of which would conse-
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quently 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, a real
functional 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 different 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 the 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 during the last few 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
forming 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 forecasting 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 difference between
the average pressure in the surrounding
points and the pressure in the centre.

Each one of these four 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
14 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 four classes.

If the predictors are not correlated, each
type will contain approximately the same
number of cases. If 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 effect 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.

Now, new predictors can be added. We
have used relative topography, 4 @, for the
layer 1000—500 mb, and vertical velocity,
w, both referring 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, AD, T_, equal to1 3 31 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 affect
the applicability of the type climatology on
a new material. Means to avoid this effect
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.
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Fic. 1. Average surface pressure distribution and
winds in the Swedish westcoast area according to
classification 1441, Dccember 1949—1964.

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
Goteborg at the Swedish west coast and let
the stations Hanstholm, Malmé, Oslo and
Link6éping 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
nW nw ne nE
sW  sw se SsE
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



AUTOMATIC INTERPRETATION OF FORECAST CHARTS 27

STATION MEAN DEVIATIONS FROM THE MEAN
VALUE IN IN
DECEMBER JANUARY
o
o o 7

VINGA 20° oo °
0] 10 ]
1] o ]
° oo

T

VARBERG X %4%7,570%
A

JONKOPING S0O° o| || ololofo

GO LA
2G5

F16. 2. Mean values of the cross-isobar angle of
surface wind, and deviations from the mean value
at four Swedish stations. Classification pattern 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 (Type 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 effect.

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

3. Type climatology

Within 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

MEAN ISOBAR
ORIENTATION

Fic. 3. Frequency of wind directions at Jﬁnk(’iping,
December 1949—1964, for surface-pressure dlS!.l‘l-
bution of the type “se’’, according to classification
1441. The mean direction of the isobars is also
shown.

report 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.
‘We will concentrate on a few striking exam-
ples. In order to demonstrate the significance
of the results we will compare the findings
obtained from the December data (496 cases)
with the corresponding results obtaingd
from the January data (496 cases). A certain
amount of similarity should be expected.
Since the data themselves for these iwo
months are practically unrelated, similar-
ities when obtained prove to a certain extent
the significance of the results. The differenc-
ies obtained, on the other hand, could
either reflect true differencies 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.

(@) Wind direction

For each separate case we determine .the
angle, @, at which the wind crosses the 150-
bars according to the pressure observed at the
four surrounding stations. Within 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 minimum,
no such deviation being counted as more than
180 degrees.

Fig. 2 presents the results, at 06 GMT,
for four wind stations, viz. Viderébod,
Vinga and Varberg at the Swedish west
coast and J6nkoéping located in the inland
at the southern end of lake Viittern. 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 January 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 features found from the Decem-
ber data are repeated in the January resuits.
The local exposure, the general orography,
and the fetch area could be the reasons for
the station characteristics. The strikingly
diverging figures for the weak southeasterly
type at Jonkdping (—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
thisreason a regression equation is determined
for each type. As an example, the equation

f=3.14+0.66 G 6))

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

f=5.24+047 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
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STATION GALE-GRADIENT WIND SPEED
IN IN
DECEMBER JANUARY

u—-’;ﬁf 13——}{/:

W

|-|-|13

12| - —%
WWl=1]=-112 B|—=]—=]1%

ﬁ 12 13 112

F16. 4. Wind speeds in m/s at 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 f=13.9 m/s, i.e. the limit used in Sweden
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 Viderobod and
Vinga. The similarity between the two
months is not as striking as for the cross-
isobar angle discussed above. Nevertheless
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) Amount of precipilalion

In forecasting precipitation one could ei-
ther forecast the 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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Fi1c. 5. Amount of preciptation in mm/6 hours at
Dalsjofors according lo classification patterns
13311 and 13313, respectively. 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 different 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 Dalsjofors, 65 km east of Gote-
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 the
description.

Taking into account the fact that the
amount of precipitation is a very difficult
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F16. 6. Maximum-temperature anomalies at Gote-
borg according to classification patterns 133111
and 133113, respectively. The figures in the patterns
stand for P, W, S, C, w and 49.

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

(d) Maximum temperalure

For the maximum temperature at Gote-
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 49
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 efifects 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 classificalion

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

A good 48km 300m —

B rather good 1.6 km 150 m A not

applicable

C ratherbad 0.8km 60m A or B not

applicable

D bad — — A,BorC

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 forecasts
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 Géteborg/
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
divide the 496 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 few cases in each type, there
is a large amount of consistency when we go
step by step from low values to high values

OLOV LONNQVIST

Ad

5060 5290
. N ] . B
: B : 8|8
B 488
B|B
S ERE
5190 W E 5320
B|B
2B
Fgé/' 7B
B|B 7 ZIRE
8le[s|
5230 5360
. B
: B|B ] B
: B
: BlB B B
Ble[s B|B
5270 5400
. B B[ B B
: B B ;
: B # B
: B|B B B
IR B(B|B
5290 5530

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

of relative topography. There is also a cer-
tain consistency from the point of view of
surface-pressure configuration as shown with-
in each square. Obviously the seriousness of
flight weather in Goéteborg 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 but 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.

(f) Smoothing

When 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 effect
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 effect 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 Minimum lemperature at Géleborg in
December

Classifica- Number RMS Vari- Rate
tion of Error ance of
pattern types °C) reduc-  suc-
PWSC4PT., tion cess
(%) (%)
111111 1 4.56 0.0 50.0
Pressure only
122111 4 3.88 27.6 71.0
133111 9 3.88 27.6 70.8
144111 16 3.75 32.3 73.2
155111 25 3.79 31.0 74.0
Thickness only
111131 3 3.56 39.0 71.3
111141 4 3.48 41.8 71.6
111151 5 3.41 44.1 72.1
111181 8 3.32 47.0 72.8
Pressure and
thickness
311141 12 3.19 51.1 77.8
131141 12* 3.14 52.5 78.0
113141 12 3.45 42.8 72.2
111341 12 3.41 44.1 74.5
331131 27* 3.06 55.0 80.2
313131 27 3.25 49.1 76.6
133131 27 3.10 53.8 79.7
Persistence only
111114 4 3.16 52.0 80.7
111118 8 3.02 56.1 81.4
All combined
111134 12 2.54 69.0 84.7
111138 24 2.44 71.4 85.6
311133 27 2.59 67.7 84.0
131133 27+ 2.39 72.5 87.3
113133 27 2.62 67.0 83.3
311138 72 2.32 74.1 87.4
131138 72* 2.16 77.5 89.3
331134 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, his 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 Géteborg in Decem-
ber. The quality marks used are the RMS
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Fic. 8. The goodness of type classification of mini-
mum temperature at Géteborg in December, given
in terms of the relative variance reduction, as a
function of the number of types used for the 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 Dbest
predictor. Then comes the relative topo-
graphy. By combining these two predictors
with surface 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 few 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 cle-
ment by element and station by station as
follows:

Winds:
Vinga: 06 GMT NNE 6 m/s
12 GMT N 8 mfs
18 GMT NNW 12 m/s etc.

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

06 GMT:

Vinga: NNE 6 Moderate rain Temperature +6
Goteborg: N 3 Heavy rain Temperature -+3
ete.

A third possibility—not too difficult to
achieve—would be to use 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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Fi1c. 9. Accuracy in forecasting wind direction
(RMS error in degrees) during test periods given as
a function of time. Dotted line shows simple clima-
tological forecast. Broken line shows persistence
forecast. Full line shows conventional forecast.
Cross-dotted line shows automatic forecast. Thin
line shows 50—50 9, compromise between conven-
tional and automatic forecasts.
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F1a. 10, Accuracy in forecasting wind speed (RMS
error in m/s) during test periods. For legend, see
Fig. 9.

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 forecasts made at
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F1c. 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 Goteborg, 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, but 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 safe
conclusions. Unfortunately none of the test
periods were particularly typical. During
the summer test, for instance, low pressure
situations did not occur at all while anticy-
clonic high pressure situations were clearly
overrepresented.
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legend, see Fig. 9.

It is worth noticing that in almost all
cases a compromise (50—50 9,) 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 wvaluable 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,

TABLE 3. Aerodrome forecasls for Géleborg-
Torslanda issued 29 December 1966 and based
on observations for 12 GMT (Allernalives in
brackets)

Time of Ordinary Automalic  Weather
validity forecast forecast observed
18 GMT B (C) B (C) B
00 GMT B (D) B (C) G
06 GMT B (C) C(D, A) D
12 GMT B A A
18 GMT A (B) A A

RELIABILITY INDEX
1.0

GOTEBORG
DECEMBER

0.9

0.8

0.7

0.6

0.5

0 10 20 30h

NUMBER OF CASES:
31 31 N N

F16. 14. Accuracy in forecasting acrodrome weath-
er at Goteborg—Torslanda during December
1966. For legend, see Fig. 9. The line at the 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.

REFERENCES

BERGERON, T., 1930, Richtlinien einer dynamischen
Klimatologie. Met. Zeitschr., 47, pp. 246—262.

Hess, P., and Brezowsky, H., 1952, Katalog der
Grosswetterlagen Europas. Ber. Deutschen Wel-
terdienst, U.S. Zon, 33, 33 pp.



Some observations of snow melt

By ALF NYBERG

Swedish Meleorological and Hydrological Instilule, Stockholm

ABSTRACT

By use of a recording snow melt-meter the hourly amount of melt water has been
studied in relation to meleorological factors. In general there is a good agreement
between theoretical and observed values. However, during strong isolation deviations
have been found which call for further studies. The amount of liquid water in the
melting snow is found to be only a few per cent of the mass of the snow layer when
there is frec drainage whereas in laboratory experiments without free drainage a
percentage of 30 9% 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 principle
it consists of a balance. On a rotating drum
a pen is recording the level 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 funnel manufactured of transparent
plastic material filled with snow and ending
in a pipe from which melt water runs down
into a bottle placed on a movable platform.
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 funnel was 1000 cm?2,

The melt-meter was placed 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 close 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 AnasTroM 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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F1c. 1. Diagram showing the melt meter. 1, Record-
ing drum. 2 and 3, Damping arrangements. 4,
Edge of balance. 5, Vessel (arca 1000 cm?) with
pipe. 6, Bottle for collection of melt water. 7,
Snow.

We have E=A;-p:—-—-

where A; is the coefficient for eddy exchange
of water vapour at the level z, p is the air
pressure, o the density of the air and e,
the vapour pressure at the level z. We also
have

oT.
W=A'z.cp.e.a_zz

where A’; is the eddy conductivity, ¢, the
specific heat of air and T, the temperature at
the level z. All temperatures are in degrees
Celsius.

‘We assume that A,=A’, and substitute
Q.Az-% and Q.Az.aa:l:z by A4'+B L.zy)(e,—ea)
ang A B (Ta—T4)

z
where u is the observed wind velocity,
¢s, T, are the values of vapour pressure and
temperature at the snow surface and e,
and T, are the corresponding values as
measured in the observation screen at the
level z=1.5 m.

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

If 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

We put — . =A+Bu

ALF NYBERG

Equation (1) may then be written

M-S—-Q _
= (c,—ea)—(A+Bu)

8:p

(2)

CI) (Ta— Tg)—L'

3. Data

In Table 1 is given observed values of
S, Q, T4, ¢s and e, for 44 cases, when the in-
struments all functioned well. Values of
(A 4 Bu) have been computed from equation
(2) and they are shown in fig. 2. A line of
best fit to these values has been drawn giving
A =5 and B=1.2 and from this line values of
S have been computed and these are also
shown in Table 1. It is remarkable that the
value of B i.e. the increase of the ecddy
conductivity with the wind is small.

4. Discussion of errors

Before discussing the results a discussion
of the errors of observation of various ele-
ments seems approriate.

a) The amount of hourly mell waler 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 wvarious investigators
as from 1 9% to 30 9% 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 net rudialion Q

The values of Q are fairly reliable. How-
ever, in some cases the instrument gave
too small values due to rime deposit. At some
occasions the sky was cloudy and thus the
radiation varied rapidly with time. It is then
uncertain over which period mean values
should be computed.

c) Temperature values

The temperature in the screen is following
the air temperature with a certain lag.
This lag, however, was not very large at
11% 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 may amount
to 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 during 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 but no outgoing radia-
tion losses and no evaporation occur. That
happened 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 pE 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 the 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. However, it has been mentioned by
Hoeck (1952) that wet snow is absorbing
more radiation than dry snow. It is conceiv-
able that repeated reflexion and absorption
can take place in water films and droplets
thus lengthening the path considerably
and thereby increasing the absorption. This
question has to be studied 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 decide upon this question from the data
available.

d) The evaporation 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 the screen than in the free air. Values
of e, are therefore considered to be fairly
correct.

The vapour pressure over the snow is
more depending on the snow temperature.
Surface temperature errors may therefore
cause considerable errors in e;.

5. Results

In the first phase of melting at the surface
the water pouring down into deeper and cold
layers will freeze again and no run off will
be observed. Therefore there 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) but the water
froze again in the cold deeper snow and no
melting was recorded. The amount would
have 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 but there was no melt recorded. On
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F16. 2. Values of (A-Bu) as function of u. The
figures indicate the same numbers as in Table 1.
The equation is (A+Bu)=5+1.2 u.

24 April the air temperature reached the 0°
level a few minutes after 8*. 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 9, of the snow mass.

In this study we have tried to avoid cases
when the snow was being heated or when the
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
but 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 layer has been heated to 0°.
Fig. 3 shows such a situation. It is a record
of the melt on 3 May. The temperature during
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Fic. 3. Recorded meit water on 3 May in the
morning. The distance between two horizontal
lines corresponds to 0.04 mm water.

the night was below 0° during 6 hours.
The minimum temperature was about —2°
and the temperature rose to 0° at about 4
o’clock but there was outgoing radiation.
At 8 a.m. the air temperature was +2.6°
and the snow temperature 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 value at
about 9.40.

From the equation (2) one can compule
the melting from 8» 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 9, of
the total mass of snow above the melt meter.
This is of course only an estimate as the den-
sity of the snow was not measured. Further
the cloudiness varied so that the radiation
value is somewhat uncertain but still it is
clear that there was not a large percentage
liquid water held by the snow.

Observations of fresh snow in a cold labor-
atory with a temperature a few degrees
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Fic. 4. Hourly water melt and air temperature.

below 0° and a radiating lamp giving an ener-
gy of 0.9 cal/cm?/min gave similar results.
In these cases the temperature of the snow
was measured in various levels below the snow
surface and the density of the snow was also
measured. The liquid water content in a layer
of large ice particles was found to be 1.5 9
and in light snow 6 to 12 9%. 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 9% 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 but 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 112 on 11 May.
Actually the last observed value, No 44,
amounts even to 5.6 mm/hr but 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 but also by the
evaporimeter. There was good agreement
between the two meters. In general the dif-
ference of daily values did not surmount
15 9 and the mean difference was 4 %,
the evaporimeter giving the higher values.
The largest amount, measured on 29 April,
was 5.5 liter/1000 cm? 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 Forsman (1963) in
Northern Sweden near the Polar circle by
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Fig. 5. Daily maximum and mean temperatures,

measured melt water and run off in the 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 temperature
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 the
(A + Bu) values would be quite inline 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 had
been 1 or 2 degrees above zero.

If we study Table 1 and take the differ-
ence between observed 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. Meteorological paramelers are
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Q, the nel radiation given as read off values which mulliplied by 11.1 give the value in

cal{cm3hr.

Ta, the air temperalure in degrees Celsius measured in the thermomeler screen.

(es—ea), the difference between vapour pressure in mb at the snow surfade e; and in the thermo-
meler screen eq.
So, observed amount of melted snow in mm water per hour. .
S¢, compuled value of melted snow derived from average values of (A+Bu)=56+1.2 u oblai-
ned from fig. 2

No. Date Hour Q Ta u (es—ea) So Se So—Se¢ (A4 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. 0.5 —0.30i 0.96 0.63 +0.331 9.75

11 28.4 13 +0.3 +9.0 2.5 0.351 2.60 2.562 +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 +0.4 +9.2i 2 0.90 3.00 2.33 +0.67i 10.04

16 17 +0.0 +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 +0.8 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 4-0.00 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 +0.9 +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 +1.9 1 2.58 0.38 0.65 —0.27 8.82

40 14 +2.3 +5.0 3 1.80 2.06 3.78 —1.72 neg.*

41 17 +1.5 +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 (6.55) 3.84 (+1.71) (12.30)

* values not plotted in fig. 2.
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by the fact that at the time of this observa-
tion so much snow had melted that there
was a considerable heating from below.
Some negative values are rather large. 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/em®min 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 S..

On the other hand it does not seem likely
that the temperature of the water film on
the snow crystals would raise to as much as
2°, There 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 A;=A’; 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-
ture 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
few 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

Measurements of the oulgoing emitted longwave radiation and the reflected solar
radiation were obtained for the first time over the entire globe from the Nimbus II
meteorological satellite. These data were obtained during the period 16 May—28
July, 1966 and covered the onset and development of the summer and winter seasons
in the Northern and Southern hemispheres, respectively.

Nimbus II carried a five-channel medium resolution radiometer, two channels of
which received longwave radiation and reflected solar radiation in wideband spectral
intervals from 5.0 to 30.0 microns and 0.2 to 4.0 microns, respectively. From these
“filtered beam” measurements the outgoing “unfiltered” radiation fluxes were cal-
culated using empirical integration techniques. The method of WaRk et al. (1962) was
applied in principle to compute the outgoing flux of emitted 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 results of the outgoing longwave radiation, the albedo, and the 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 the period 1—15 July,
1966 over both polar regions arc presented and discussed in the form of maps in this

paper.

The albedo over the central Arctic north of 80° N diminished continuously from May
to the end of July from 68 % to 50 % due to the melting of ice and snow surfaces. The
radiation balance only during the first half of July became slightly positive (+0.012
cal cm-? min-?) there. During all other subperiods, it resulted in a net radiation flux

toward space.

Over the Antarctic during this season the radiation balance is almost entirely deler-
mined by the outgoing longwave radiation flux.

The global albedo for all five subperiods was found to be about 30 %. This value is
considerably less than earlier accepted values ranging betwecen 33 % and 43 9. The
radiation balance over the entire globe resulted in a slight energy gain of +0.002 cal
cm-2 cm-! during the second half of May and a deficit between —0.003 and —0.007 cal
cm-? min-! during the other four subperiods.

1. Introduction

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:

! On leave from the University of Munich,
Germany, as a National Academy of Sciences
Post-Doctoral Resident Rescarch 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 to a 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 (ArLt 1929; Baur
and PuiLLieps, 1934, 1937; Bubpvyxko, 1963;
HoucnrtoN, 1954; Lonpbon, 1957; Simp-
soN, 1929; VowiNnkeLr and ORrvic 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 requiring an energy exchange between
low and high latitudes by the atmospheric
circulation and also by ocean currents. These
investigations, however, were based on ob-
servations whose reliability was not very
satisfactory over both polar regions and over
oceanic areas (ANGSTB(‘)’M, 1925). Moreover,
the computations of the fluxes of absorbed
and emitted radiation, could take into account
only in very simplified models all physical
processes taking part in the radiative trans-
fer within the atmosphere and at the ground.
Thus widely differing results were obtained.

Radiometric measurements of reflected
solar radiation and of emitted 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; Housg, 1965; RasooL
and PraBHAKARA, 1966). These satellites
however, “observed” the earth no farther
poleward than 60° N and 60° S. Nimbus II,
launched on May 15, 1966 and the suc-
ceeding satcllites ESSA 3 and ESSA 5
performed the first radiation measurements
over the entire globe. Considerable compu-
tational efforts are necessary to determine
from the filtered beam measurements of the
radiometer the desired quantities, namely
the outgoing fluxes of reflected solar radia-
tion 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 (RAscHKE and PASTERNAK,
1968).

2. The Nimbus II measurement

The satellite Nimbus II was launched on
May 15, 1966 into a sun-synchronous, nearly
polar orbit (NorRDBERG, 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 II 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 (at a nadir angle of 40 de-
grees). A calibration source aboard Nimbus
IT 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

The net radiation flux or radiation balance
Q at a surface element, whose geographic
coordinates on the earth’s surface are 2
and @ is defined as the algebraic sum of all
radiation fluxes crossing it:

Q4,®, d)=S(4,®, d)—R(4,0, d)—E(4,2, d).(1)

In Equation (1) S, R and E are the fluxes
of incoming and reflected solar radiation and
of emitted longwave radiation, respectively.
The letter d designates that day, for which
Equation (1) applies. The reference area is
assumed to be perpendicular to the earth’s
radius vector passing through it.

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:

2x pal2
Flux=f J N(8, v) sin 6 cos 0 d0 dy. (2)
0 0

In this general equation @ and y 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 II
radiometer.

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
radius 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-
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F16. 1. Nimbus II: Relation between the “‘filtered”
(5.0—30.0 microns) and ‘“‘unfiltered” radiance of
outgoing longwave radiation.

tered” radiances due to the wide filter range
(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 determined
statistically by Lienescu and WARKk (1967)
from radiation data of TIROS satellites.
An assumption of symmetry of emitted
longwave radiation with respect to the
azimuth angle p was made in this study.

The thermal radiation outgoing from an
area is strongly correlated with the tempera-
ture of the underlying surface (MSLLER 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 II 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
solarradiation 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 w)
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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Fic. 2. Dependence of the ratio X=rjo on the
angles 6 and p of the measurement at very low sun
(60 < ¢’ < 80°).

1966). This required, as mentioned above,
the 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; MOLLER, 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 method of calculating the flux of reflect-
cd solar radiation between sunrise and sunset
is only briefly outlined here. From the meas-
ured ‘‘“filtered”’ radiance Ny the bidirectional
reflectance o, is obtained by means of Equa-
tion (3):

N;(0, y) _
/000" @y o0 T Dt @

Here ¢’ is the solar zenith angle at the mo-
ment of measurement. The “filtered” irra-
diance S; of incoming solar radiation is ob-
tained by integrating the product of the
extraterrestrial spectral irradiance of solar
radiation (JoHNSON, 1954) and the filter
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Fic. 3. The relative change of the directional
reflectance, r, of the carth-atmosphere system with
the sun’s zenith angle, ¢’.

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
¢r' in Equation (3), which refers to the “fil-
tered” radiation only, is equal to the mean
reflectance p’ over the entire spectrum.

To determine the ratio r between the radia-
tion reflected into the entire hemisphere and
theincident solarirradiance at the zenith angle
& an integration is needed over 0 and y ana-
logous to Equation (2). Therefore diagrams
were derived from many measurements of
reflected solar radiation (ARkING, 1965;
BARTMAN, 1967; CHERRIX and SPARKMAN,
1965; SaLomoNsON, 1966) showing the ratio
X=rfo (where g=n-¢’) versus 0 and .
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°<{'<80°) the ratio rfe is
very small for y but large 0, corresponding
to a bright horizon in the direction of the sun
and also a relatively high radiance of back-
scattered radiation for values of y near 180°.
The reflectance ¢ =x-¢’ is small in the nadir
and larger towards all points of the horizon.
The integral of rfe over the hemisphere is z.
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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Fi1c. 4. Nimbus II: Albedo [ 9] of the earth atmosphere system over the northern hemisphere during the

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. With 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 S, was assumed to be 2.0 cal cm™
min~! although recently Drummond et al.
(1967) found from airplane measurements a
lower value of 1.95 cal cm~ min-.

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 effects in the results.
The albedo of an observed area was then
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Fi1c. 5. Nimbus II: Total outgoing longwave radiation flux [cal cm=-2min-!] over the northern hemisphere

during 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
the 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 the incoming (S) and absorbed (S—R) solar radialion, the emitled
longwave radiation (E), the radiation balance (Q) and the albedo (R/S) over Lhe northern hemisphere.
Periods 1—5 are lisled in Table 11.

Latitude Period R/S S S—R E Q
o,
%
All in cal cm-2 min-?

85° N 1 66.3 0.682 0.230 0.284 —0.054
2 65.7 0.746 0.256 0.296 —0.040
3 61.9 0.762 0.290 0.312 —0.012
4 56.6 0.738 0.320 0.308 +0.012
5 55.2 0.670 0.300 0.310 —0.010

80° N 1 68.9 0.675 0.210 0.282 —0.072
2 67.9 0.736 0.236 0.296 —0.060
3 61.6 0.756 0.290 0.310 —0.020
4 57.7 0.728 0.308 0.309 —0.001
5 56.1 0.660 0.290 0.312 —0.022

75° N 1 67.7 0.662 0.214 0.286 —0.072
2 64.6 0.724 0.256 0.300 —0.044
3 58.9 0.740 0.304 0.306 —0.002
4 55.8 0.715 0.316 0.310 +0.006
5 48.8 0.648 0.332 0.310 +0.022

70° N 1 60.3 0.650 0.258 0.296 —0.038
2 52.3 0.705 0.336 0.312 +0.024
3 47.2 0.720 0.380 0.315 +0.065
4 45.7 0.696 0.378 0.320 +0.058
5 44.9 0.635 0.350 0.315 +0.045

65° N 1 47.8 0.644 0.336 0.305 +0.031
2 39.9 0.690 0.415 0.327 +0.088
3 39.3 0.700 0.425 0.322 -+0.103
4 41.1 0.680 0.400 0.327 +0.073
5 40.7 0.632 0.375 0.327 +4-0.048

mean cloud coverage of 6/10 to 10/10*
caused more than 50 9% 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 9, isoline follows (ex-
cept south of Greenland) closely the climato-
logical boundary of a mean ice coverage of
0.8—1.0 of the arctic ocean during this
period (U.S. Navy HYDROGRAPHIC OFFICE,
1958). The same position of that bound-
ary is confirmed by the Nimbus II AVCS
photographs of the same period. The albedo
over the Norwegian Sea and over the Barents

! 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 Applica-
tions Center, Washington, D.C.

Sea, which were icefree but 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 has a reflectance of less than 109
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 9, measured
by KAsTEN (1963) over the Greenland ice
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F1Gg. 7. Nimbus II: Radiation balance of the earth atmosphere system over the northern hemisphere dur-

ing the 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 lower 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;
VowiNkEL and ORvig, 1964). Maxima of the
deficit occur over Greenland and over the
East Siberian Sea. They remain deficit arcas
even during the first half of July, when over
all other areas the amount of absorbed solar
radiation slightly exceeds the emitted ra-
diation (Figure 7). Zonal averages in Table
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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Fic. 8. Nimbus II: Total outgoing longwave radiation flux [cal em-2min-!] over the southern hemisphere

during Lhe period 1—15 July, 1966.

above the horizon. These results do not agree
with studies of other authors. VowWINKEL and
Orvril (1964) found positive values for the
radiation balance over the central arctic
in their very detailed analyses only for June,
while FLErcHEr (Figure 10 in (FLETCHER,
1965)) has obtained a positive balance also
for the months May and July. VOWINKEL
and Orvia (1964), perhaps might have under-
estimated the 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. Thus 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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Fic. 9. Nimbus II: Equivalent blackbody temperature [°K] of infrared radiation in the spectral range
10—11 microns emerging over the southern hemisphere during the period 1—15 July, 1966.

is very close to the temperature of the under-
lying 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 HybRo-
GrRAPHIC OFFICE, 1957). Over the continent
the isolines 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 level, surface
temperatures of less than 210° K (see also
Figure 77 in ATLAS OF THE ANTARCTIC, 1966)

cause a minimum in the field of outgoing
longwave radiation. High cloud surfaces
over the west coast of South America and
east of the Antarctic Peninsula are clearly
associated with areas of low temperature in
Figure 9 and therefore 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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during the 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 latitudes.

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 north
of 10° S. Maxima of energy gain occur over
the relatively cloudless northern subtropical
oceans. The large desert areas of North
Africa and Arabia in contrast show a deficit,
which has been predicted by Bubvko (1963)
for the annual average. This deficit is caused
by the high values of the albedo (30 9, to
40 %) and by the high surface temperature
of those areas. Over the entire southern
hemisphere south of 10°S the radiation
balance everywhere is negative. The deficit
over land was found to be somewhat higher
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Fic. 12. Nimbus 1I: Radiation balance of the carth atmosphere system over the entire carth during the
period 1—15 July, 1966. The deficit over Greenland exceeds 0.12 cal cm® min-!.

than over the surrounding oceanic areas at
the same latitude.

The numerical values in Figure 12 clearly
differ from the figures obtained by MOLLER
(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 II measurements
during the same period.

Table IIT summarizes the global averages,

of the albedo, of the absorbed solar radiation,
of the emitted longwave radiation, and of the
radiation balance. These values in contrast to
the zonal averages shown in Tables I and II
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 9%
which is considerably less than all values be-

TaBLE 11. Zonal averages of the radiation balance over the southern hemisphere. Values in cal

cm™ min~l.
Period 85° S 80° S 75° S 70° S 65° S 60° S 55> S
Nimbus II 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 June —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 June -—-0.186 —0.200 —0.225 —0.240 —0.250 —0.247 —0.233
(in DWYER, July —0.180 —0.195 —0.225 —0.235 —0.250 —0.243 —-0.230
1960)
SiMpPsoN June —0.253 —0.254 —0.245 —0.226
(1928) July —0.253 -—0.253 —0.240 —0.213
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TasBLE IIl. Global Radialion Balance from
Nimbus 1I Measurements.

Albedo Ab- Out- Radia-
% sorbed going  tion
Solar Long- Balance
Radia- wave
tion Radia-
Lion
all in calem-2 min-?
May 16—31 30.1 0.341 0.339 -+0.002
June 1—15  30.6 0.337 0.342 —0.005
June 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 9% and 43 9, obtained by several
authors in earlier studies (ALpricH, 1919;
Baur and PHiLLIPPS, 1934;1937; FriTZ, 1949;
SimpsoN, 1929; ANGsTROM, 1962). The global
average of the radiation balance was slightly
positive at the end of May, and ranged be-
tween —0.003 cal cm™? min~! and —0.007
cal cm™min~! during all other periods. This
slight radiation deficit was earlier suggested

by SmvupsoN (1929) for the same season.
But due to uncertainties in our computational
methods as well as due to the incertainties
in the true value of the solar constant, these
values do not allow definite conclusions about
the heat budget of the earth-atmosphere
system. They indicate, however, that a
revision of the hitherto-given models of the
budget of solar and terrestrial radiation
appears necessary. Unfortunately, the period
of available radiation measurements from the
Nimbus IT satellite was too short to correlate
our results on the radiation balance with
indices describing typical features of the
circulation (Huscuke, FLercuer and Rarr,
1967).
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Transmission of solar radiation in the spectral region
0.55 to 0.64 pm and the Angstrém turbidity coefficient

By G. D. ROBINSON. Meleorological Office, Bracknell, Berks England

ABSTRACT

Some hitherto unpublished measurements of solar radiation in the yellow—orange region
of the spectrum, made in 1947/48/49 at Kew Observatory are examined in relation to
the extinction by atmespheric aerosol, the Angstrom Lurbidity coefficient, the visi-
bility and the scale height 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, but
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. Because 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. AxcsTRoM (1929,
1930) provides a very convenient 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 some of the measurements
and the corresponding newly computed
Angstrom 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 limiting aperture subtended an angle
of 10° at the centre of the thermopile. Two
of the thermopiles were equipped with glass
filters—Chance OY2 and Chance ORI.
The transmission properties of the filters
were determined by spectrophotometer after
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 equivalent sharp
cut-off wavelengths of the filters were 0.553
#m and 0.641 ym and within this band the
ratio of incident to transmitted energy was
1.13. This factor can be shown to vary only
negligibly for all reasonable spectral distri-
butions of the incident light. The thermopiles
were standardised in sunlight against Ang-
strom compensation pyrheliometers on the
uncorrected Angstrém scale. The measure-
ments have not been converted to the sub-
sequently introduced I.P.S. 1956 since the
uncertainty of the solar constant is compa-
rable with the difference between the scales.

3. The Angstrém turbidity coefficient g is
defined in the following way. The intensity
of the solar beam measured by an instru-

ment sensitive to wavelengths in the range
Atod,is

I=[310(2) exp. m[ —ap(A) - ac(A) — ap(A)]dA

where Io is the intensity outside the atmos-
phere—the solar constant multiplied by the
correction for solar distance, m is the air mass
traversed by the radiation, ap(l) is the ex-
tinction coefficient for Rayleigh scattering
by molecules, ag(A) is the extinction coeffi-
cient for gaseous absorption and ap(d) is
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TasLe 1. Transmission of the Direct Solar Radialion in Wave Length Range A 0.55 pm—
0.64 ym al Kew.

Sine of No. of Frequency 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
Altitude Examined 1.00 088 0.78 0.68 0.58 0.48 0.38 0.28 0.18 0.08 Trans-
mission
0.1—0.2 70 — — — —_ .03 12 .26 40 .09 .01 .26
0.2—0.3 117 — — — .03 .20 .20 .20 .21 .14 .01 37
0.3—0.4 100 — — .03 15 .25 .20 12 .15 .04 —_ 45
0.4—0.5 83 — .01 .10 22 27 .18 .08 12 .01 —_ .52
0.5—0.6 99 .01 .04 21 .25 .20 14 .08 .06 — — .57
0.6—0.7 84 .01 12 24 .25 .19 13 .05 .01 — — .62
0.7—0.8 78 .01 24 33 22 .09 .09 .01 — — — .70
>0.8 39 — 34 A1 .08 .05 .08 .02 .02 — — 71

the extinction coefficient for dust. Angstrém
then defined 8 by

an(1)=pi—i3

where 1 is expressed in units of 1 um so that
for a measurement of I in the range A, to
A, at air mass m we have

1={}10-T(m,?) exp. (—mpa—13)dA

where T(m,A) is the transmission of air mass
m of clean atmosphere. In the case of the
Kew observations the factor

T(m) = [ § 38 16(A) T(m,2)dA] 0.5 1o(4)dA

had been computed for the appropriate
Io(A) and m, assuming NICOLET’s (1951)
distribution of the extraterrestrial radiation,
a solar constant of 1.38 kWm-2, a total ozone
content of 0.2 cm, Cralc’s (1950) values
of the absorption coefficients in the Chappuis
band of ozone, and Rayleigh scattering ac-
cording to the Smithsonian Meteorological
Tables. Making the simplifying approxima-
tion
§0.641,—1342/0,088 0.6—13~1.95
we have
exp. (—1.95mp)=1{Io- 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. [t must be emphasised that this Table
does not give an unbiassed assessment of the

atmospheric transmission properties at Kew
in 1947—1949. The fact that an observation

is included in the Table implies a period of at
least 30 minutes 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/1o 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 § corres-
ponding to various values of I/Io in the wave-

TaBLE 2. Angstrom’s turbidily coefficient f for
various solar clevation angles (h) and fraclio-
nal transmissions in the wavelength range 0.55
pm to 0.64 um (I/Io), assuming Nicolel’s
extralerresirial solar speclrum and 0.2 ecm 0,

I/T,
Sinh .8 7 .6 5 ) 3 2 1
.8 04 10 17 .24 33 45 .62 .90
i 04 09 15 23 .31 44 59 .86
.6 03 .07 a1 17 .24 .33 .45 .67
5 .02 .04 .09 .14 .19 .27 .37 .55
A (.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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F1g. 1. Transmission of solar radiation in the range
0.553um < 4 < 0.641 um, and Angstrém’s turbi-
dity coefficient 8, with observations at Kew Ob-
servatory in 1947/49. The crosses mark the median
of the observations, the circles enclose 80 per cent
of all the observations.

length range 0.553 um<Ai<0.641 um as
computed from Eq (I). The value of T(m)
i.e. I/Io for f=0, is also included, the 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 f 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 f
can be computed are still comparatively rare:
the only universally made observation related
to atmospheric turbidity is the visibility
(or meteorological optical range). Visibility

depends on atmospheric extinction by scat-
tering; if « is the scattering coefficient, and
if we make the usual assumption that the
smallest detectable relative brightness differ-
ence is 0.02 it can be shown that

visibility (V)=1/a

If the turbidity is entirely due to scattering
we may replace a by fA—1:3 (i.e. 1.95 f for the
wavelength range 0.55 um to 0.64 um)
remembering that £ is now in units of (air
mass)~! so that the expression

V=4/1.958

will express the visibility in units of the scale
height of the scattering medium. We see
from Fig. 1 that for solar elevation > sin—!
0.3 the median £ for Kew can be taken as 0.1
with 80 per cent of occasions having f
between 0.025 and 0.25. The corresponding
visibilities are 80R 20R and 8R, R becing the
appropriate scale height of the dust layer.
No direct comparison can be made with ob-
served visibility, but the median visibility
at Kew at noon in July over a period of years
covering the observations of § was between
10 km add 20 km and at noon in December
between 3 km and 6 km so that a scale length
for the scattering layer of 0.5 km to 1 km is
indicated. This is a very rough estimate for
various reasons, one being that the extinction
of the solar beam by dust almost certainly
includes a component of absorption as well as
scattering (e.g. RoBinsoN, 1966). Neverthe-
less it is quite a reasonable value for the scale
height of the dust layer at Kew; use of the
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-General of the Meteorological
Office, Bracknell, Berks. England.
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Studies on the effect of lake regulation on local
climate

By BERTIL RODHE

Swedish Meteorological and Hydrological Institute, Stockholm

ABSTRACT

This is a bricf reporl on the essential resulls achieved at the investigations which
during the past twenty years have been performed by the Swedish Meteorological and
Hydrological Institule on the subject mentioned in the heading. The temperature and
humidily conditions are discussed. The most oulstanding effect is the increase of fog
frequency in winter when ice formation is prevented in the river because of increased

stream velocily.

1. Introduction

Since the nineteenforties, the water flow
of a great deal of the rivers in the northern
pPart of Sweden has been modified for electric
Power production.

The natural annual maximum of river
Water which is primarily due to melting snow,
secondly related to summer rains, is collected
in a lot of lakes in the upper parts of rivers.
The lake areas are considerably enlarged by
Mmean 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 difference is up to 20 m or even
more, The lake water is discharged during
the cold season. The water level is generally
found at the lowermost limit at theend of the
winter,

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

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

water is released during 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 during 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 effect 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 particular type of climate which
prevails there. Any modification of water
level and river flow which may have an
effect upon the above-mentioned merging
of atmosphere and surface and thus may
change the climatic conditions, is a matter of
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Fic. 1. The annual variation of the water tempera-
ture along a river (Indalsdlven). Postive diffe-
rences involve a downstream increase 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
but 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

BERTIL RODHE

the conditions of Indalsilven are shown.
The curves of the diagrams join points of
monthly mean temperature differences be-
tween a station of water temperature measure-
ment and the next downstream station.
The values are positive if there is a down-
stream increase of temperature.

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

‘When the river passes through a lake, the
outlet is cooler than the inlet from the time
of the thaw in spring until August (Kvitsle-
bron—Hissmofors at the lake of Storsjon,
and Stugun—Kringede 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 changes 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 warmer than the
inlet. Downstream the outlet, the water of
the river gets successively cooler (e.g.
Hissmofors—Kattstrupeforsen—Litsniiset).
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 weather
conditions.

The effect of water storage upon the tem-
perature of a stream 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 the
season between summer and autumn.

In the most downstream part of the river
Indalsiilven, a power station (Bergeforsen)
was started in 1955. Before that year, the
temperature variation along the river (Stads-
forsen—Ostrand) 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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The dispersion of the dots around the lines
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 unaffected.

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-
ly fallacious, and such periods are excluded
from the study.

The climate station (Ostersund) 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 Ostersund
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
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parts on the wind conditions. We have dis-
regarded the wind effect. The five-day
period is assumed to be long enough to keep
the error so introduced in the mean values to
a minimum.

4. The water mass receives heat by short-
wave radiation. According to records during
1957—65 at Ostersund (Frosén), 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 the diagrams
is surely in parts due to variations of the
shortwave radiation about the quoted mean
values.

5. A part 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 follow-
ing formula which is based upon the well-
known suggestion made by ANGSTROM (1916).
The constants are those used by GE1GER(1961).
Qs=0.97 ¢ Ty* —

0Ta(1+kN?) (0.820—0.250.100.0945 €) (2)
where ¢ =Stefan-Boltzman’s constant,
k =a factor depending upon cloud
conditions,
N =cloud amount, 0.0—1.0,
¢ =vapour pressure in mbs.

At the monthly mean conditions of tem-
perature, humidity and cloud amount at
Ostersund, 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 the long-
wave radiation around these mean values.

Now, suppose the mean water temperature
is increased by lake regulation, say one
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 effect of long-
wave radiation, i.e.

dQs
dTy

=0.97-4 ¢ T,
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The rest is related to convection and eva-
poration. According to our estimations this
rest is in September 7, in October 8 and in
November 9 cal cm-2 day-! per centigrade
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 referred to as the
Bowen ratio. The ratio may be computed in a
theoretical 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

Tw o (L
A= TJ [c,, + Ts-,l-,(?r)]dT (3)

where T,, = the water surface temperature,
Ty = the wet-bulb temperature of the

air,

r =the saturation vapour mixing
ratio at temperature T,

¢p = 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 eday,

B-’=rw—0.01 .Rra (4)

R is the relative humidity originally found in
eddy. The subscripts w and a indicate that the
saturation vapour mixing ratio r refers to
the temperatures Ty and T, respectively,
T, 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 transferred,
and a constant k is applied:

A Tw—Ta
BL ew—ECq (5)

5—670613

20

a0’

5,
w0 C

) + + ' 4 + +
-30 =25 20 15 -0 -5 4 +5

Fic. 3. The variation of B/A, see (3) and (4).
Two examples, a) Tp=-+410°% b) T,y=0°C.

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

Theoretical values so computed are found
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, and the smaller the difference
between Ty, and T,. 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-!in September to November.
Applying the normal values of B/A in Oster-
sund, this increase indicates that the monthly
evaporation increases 2 to 3 mm.

WALLEN (1966) has computed the evapora-
tion by means of PeEnman’s formula with
reference 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 ratio B/A, A in cal g™}

Tw—-Ta R Tw= +20° Tw= + 10° Tw=0°

+5° 90 9% 1.28-10-* 1.02.-10-* 0.72-10-?

70 % 1.39-10-* 1.15-10-* 0.85-10-°
50 % 1.46-10-% 1.24-10-* 0.95-10-2

+10° 90 9% 1.17-10-* 0.90-10-* 0.61-.10-2
70 % 1.24-10-* 0.97-10-* 0.67-10-2
50 9% 1.29-10-* 1.02-10-* 0.72.10-°

+15° 90 % 1.10-10-* 0.81-10-* 0.54-10-°
70 % 1.14-10-* 0.85.10-* 0.57-10-2
50 9% 1.17-10-* 0.89.10-* 0.59-10-°

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

The increase found by us is rather small
in relation to the normal total evaporation in
summer and autumn but 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. When
very cold weather conditions prevail, the
monthly evaporation from a water surface
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—Ta R Tw=+4+20° Tp=+10° Typ=0"
+5° 90 9% 0.54 0.59 0.62
70 % 0.52 0.58 0.61
50 9% 0.51 0.58 0.61
+10° 90 % 0.56 0.60 0.62
70 % 0.56 0.60 0.62
50 % 0.56 0.60 0.62
+15* 909 0.58 0.61 0.63
70 % 0.58 0.61 0.63
50 9% 0.58 0.61 0.63
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Fic. 4. The change of daily maximum and min-
imum temperatures at Ljusnedal, caused by en-
largement of the lake.
Station close to the submerged area: Ljusnedal I1.
Reference station at 2 km distance: Ljusnedal I.
{zr—ts: Difference between daily maximum and
minimum temperatures at Ljusnedal I, giving an
idea about the actual radiation conditions.
The figures within the diagram are mean differ-
rences and their standard errors.
August and September.

The air temperature is mostly unaffected
by such a small change of the water tempera-
ture.

The influence of lake regulation upon air
temperatures is greatest where areas are
submerged and new banks are formed. The
local climate of a bank is rather 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 climate
originally found in the area if the distance
between the new and the original bank is
great.

For example, a great lake is created close to
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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 km?) has
now been enlarged and a great area (in total
23 km?) 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 II, once close to the river, now
50 m from the bank of the new Ilake,
is shown in Fig. 4. The temperatures at
Ljusnedal II 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 unaffected 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 Ljusnedal I and II are grouped
according to the incident difference 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 differ-
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,

OTw O%Fw
Y _g_?
ot oz
8 _OF
=_(mﬁ+£ﬁ)
ox oy

dry ofw|[—~ 16(eK)
().

Ty\2 Tv\2 6T
+k|a(®E) 1 a (_s__.,) +B——”+C]
oz )4 z

~22+p )

ro, =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.

¢ =the density of dry air.

L =the latent heat at evaporation.

Ty=the wet-bulb temperature.

K =the coefficient of eddy exchange.

u, v, w=the vecolcity components in hori-

zontal (z, 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_\_r_aria-
tions, e.g. Ty, is very small, i.e. T'y=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 10-8 sec-!. 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 effect of vertical motion. When the
vertical displacement is 1 m sec~!, the term
is about 10-¢ sec-l. In convective clouds of
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Fi1G. 5. The diurnal variation of vapour pressure.
Nilsbsle (Indalsidlven). July—September 1953—
1961.
The curves refer to samples considering only days
when the relative humidity at 14.00 is less than 70 %.
The wind speeds and directions are those observed
at a close station (Bolestrand) at 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
dr
(ﬁ) which is the increase of liquid water
ad
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,
0Ty (dr,,,)
é z> dz /aa-

This may for instance happen below a
Stratus cloud after 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.

16 (eK) . . -

The derivative o is the vertical varia-

e
tion of the coefficient of eddy 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. Thus, 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

2 2 T
K[A (6 T”) +A(‘S T") +B T”+c]. (7
oz oz / 6z

The coeffcients A, B and C depend mainly
on temperature and only slightly on pressure.
They are described by RopHE (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 surface, 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 — x%

does not reach the magnitude of 10-% sec!
in clear air but when there are aerosols, these
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operate as black bodies raising the net loss
of heat at night and in winter. The factor
depends on temperature and pressure, and
ranges from 0.07 (—30°C) to 0.42 (0°C)
and 0.85 (430° C) at 1000 mbs. See for fur-
ther details RopHE (1966).

5. The last term P represents the fall-out
of precipitation. Say, P is —10-¢ secl,
This is equivalent to a precipitation of 0.5
mm per hour when the fog or cloud layer is
100 metres deep, or 5 mm per hour when the
depth of the cloud is 1000 metres.

Summing up, all the terms mentioned
represent processes of fog and cloud forma-
tion and dissolution, as identified by %’%
Their integer result depends upon the bound-
ary conditions. In dry conditions r,, 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
62Ty
oz
>0 somewhere and precipitation may fall
out (P<0).

conditions since it is necessary that —

7. The diurnal variation of absolute humidity

The diurnal variation of vapour pressure
in July, August and September, is shown in
Fig. 5. The site of investigation is Nilsbéle
at the lower part of the river Indalsilven.
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 Bergefor-
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. 5represent the station,
at the 34-metre level. The records are grouped
according to wind conditions. There is a
curve, or a set of curves, for each Beaufort
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
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FF1c. 6. The diurnal increase (12—18 hours) of
vapour pressurc at different heights along the slope
of the valley. Nilsbole 1953—1955, 1956—1961.
Sce legend to 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 upon 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 effect of
turbulence predominates and the net loss of
vapour in the boundary layer starts early
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FiG. 7. The relation between the diurnal increase
(07—19 hours) of vapour pressure and fog frequency
in July, August and September. The increase of
vapour pressure is the mean value of days when the
windforce and the relative humidity at 13.00 are
one Beaufort and less than 70 9%, 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 differ 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
the valley. The diagram is subdivided into two
parts, the right-hand part referring to the
records when the water level of the river had
been raised to the 10-metre level.

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
before and six years after the change of
river conditions. The decrease is surely due
to random variations of weather conditions
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Fi1c. 8 b. The distribution of fog probability with
air temperature close to a river which is always
free_of ice in winter because of stream velocity.
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Fi1G. 8 c. The distribution of fog probability with
air temperature close to an ice-free water in differ-
ent sky conditions. November to February,
1956—62, Lycksele (Norrland).
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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 effect 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.
Ostersund and Stensele being places close

F1c. 11. Annual variation of relative humidity at
19.00.

(A) Within 24 hours after a fall of precipitation.
(B) On days without precipitation.

Ostersund and Hiirndsand, 1931—1960.

to large lakes, but 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 limits hardly affects 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 discharge from a regulated
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Fic. 12. The relation between the fog probabilily
and the difference belween the water surface tem-
perature and the air minimum temperature at
night. August and September. The mean values
cover twelve stations.

o=1he standard error. The curve S, is based upon
the coefficient A in (7) and is adapted to the
empiric 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, the curve S, in Fig. 13 a shows the
fog probability distribution along the tem-
perature scale. The curve S; represents the
temperature frequency distribution. The
monthly fog frequency F is the integral of
the product of S, and S, along the abscisse.
This integral depends upon the average
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Fi16. 13 a. The fog probability (curve S,, evaluated
in Fig. 12) and the frequency distribution of the
differences between water surface temperature and
nocturnal air minimum temperature (curve S;).
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Fic. 13 c. The increase of monthly fog frequency
caused by change of the mean water surface tem-
perature: o

Sy=—dF|d(Ts—Tw)

2%

difference between the air and water tem-
peratures. T,—T,. Its variation is shown in
Fig. 13 b. o
Now, say the mean difference To—Ty 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 ¢ shows how great the
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Fic. 14. The annual variation of the correlation
between the fog frequency and the monthly mean
temperature.

increase in fog frequency is per unit increase
of the water temperature T,. In northern
Sweden, the average difference (T,—T)
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 between 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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F16. 15. The annual variation of the correlation
between the precipitation frequency and the month-
ly mean temperature.

Mostly there is a positive correlation in
autumn and winter. In some places, e.g.
Ostersund 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. Since
the observers take better care of their pre-
cipitation gauges than current weather ob-
servations, these curves agree better with
each other than the curves referring 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 the
monthly mean temperatures since the start
of observations at Stockholm (1756), Upp-
sala (1773), Gothenburg (1804), Harnosand
(1859), Ostersund (1861) and Haparanda
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The temperature of physically well-defined bodies
under the influence of various meteorological elements,
particularly radiation

By KARIN SCHRAM and J. C. THAMS Ticinese Observalory of the Swiss Central
Meleorological Slation. Locarno-Monti

ABSTRACT

A knowledge of the temperature which a body may assume under the influence of
solar radiation in air layers near the ground is of major significance in problems of
heliotherapy. The attempt has here been made to explore these conditions with the
aid of recordings extending over more than a year on solid copper spheres placed 10 cm
and 160 cm above the ground. The results show that in the climatic conditions prevail-
ing just south of the Alps very high temperatures may be attained which are of impor-

tance from a physiological viewpoint.

1. Introduction

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 O. 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 iiber 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 effective 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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TaBLE I. Maximum hourly means of the femperature of black copper spheres al heighls of 10 cm

and 160 cm above the ground measured in the various months, logether with air lemperalures and

wind velocilies of the corresponding hours and the relalive duralion of sunshine for the whole day,
measured al Locarno-Monti.

Date Hour T max. T max. T air v rel. © %
(a.s.t.) (10 cm) (160 cm) (m/sec) (day)
26. 1.1962 13—14 31.1 28.4 16.4 0.9 98.3
6. 2.1962 12—13 32.8 29.0 18.3 1.2 98.6
12. 3.1962 13—14 32.7 29.4 15.9 1.2 90.1
24. 4.1962 13—14 42.4 39.1 24,7 11 95.6
10. 5.1962 12—13 40.9 37.0 22.2 1.2 70.9
25. 6.1962 12—13 49.4 44.7 30.2 1.1 70.4
17. 7.1962 12—13 45.9 42.5 29.3 1.1 67.0
14. 8.1962 11—12 45.9 42.5 28.8 0.9 88.0
13. 9.1962 14—15 44.5 40.9 30.2 1.3 98.4
4.10.1962 12—13 40.1 36.3 23.0 0.8 97.0
2.11.1961 13—14 31.2 27.7 15.3 0.9 99.7
13.12.1961 13—14 34.1 31.1 19.1 0.6 90.0

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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Fic. 2. Diurnal variations of the temperatures
[°C] of black copper spheres at heights of 10 cm
and 160 cm above the ground and of the air on
24.4.1962 and on 2.5.1962 (rel. () %: relative dura-
tion of sunshine, v: wind velocity, z: short-wave
radiation incident on a spherical surface).

ture, which takes place in summer and winter
alike as soon as the body is exposed to the
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 little wind, but 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
¢m in June, but even in winter the tempera-
ture may rise to more than 30° C. The sphere
at a height of 160 ¢m above the ground is
exposed to higher wind velocities and there-
fore becomes less warm. It is a striking point,
as revealed by Table 1, that the maximum
temperatures, particularly in summer, did
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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FIG. 3. Diurnal variations of the Llemperatures o p
[°C] of black copper spheres at heights of 10 cm -
and 160 cm above the ground, of the air and of the
duration of sunshine [h] on 10.7.1962 and on 12.7. 0 : ! : ! ! -
1962 at Locarno-Monti (rel. ()%: relative duration 0 10 20 30 4“0 50 -10°
cal/day

of sunshine, v: wind velocity).

days 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
differed by about the same amount. Before
the 24th April the weather was cloudy and
temperatures dropped very little in the night,
while the 2nd May had been preceded by a
period of Nordféhn 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

6—670613

Fic. 4. Relationship between the maximum tem-
perature rise [°C] per day of black copper spheres
at heights 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], measured at
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 lemperalures of the black copper
spheres at heights of 10 cm and 160 cm above the ground were 36.5° C, 40.0° C 45.0° C or more
al Locarno-Monti in the year 1962.

Month As.t,
10 cm above ground 160 cm above ground
o = ¥ Tz o8 oe o2 c = 2= zZom o2 ooz
T O S S e A A S
l l < — o o - [tr) o ~ [~} - o™ [¢] - [tr] = 1~
@ o — — — — — Ll — — =~ =] v ™ - — — — — —
April 4 5 5 3 4 3 3 3 3
©  May 4 5 6 8 6 3 1 1 1 1
f:; June 5 10 14 15 19 19 16 11 8 3 1 7 9 9 8 10 10 7 3
2 July 3 17 23 24 25 24 22 18 9 1 4 13 22 18 18 16 8 2
A August 3 21 24 25 25 24 24 25 20 1 4 20 21 22 21 22 19 8
& September 3 11 12 14 14 13 8 3 3 6 7 6 4 3 2
October 4 6 6 3 1
April 3 4 2
©  May i 1 1 1 7 3
& June 1 5 10 9 8 11 12 9 2 1 3 2 4 4 4 3 1
S July 5 15 19 19 19 16 19 7 2 3 7 4 3
/A August 3 19 20 21 21 22 3 2 1 7 10 9 6 3
& September 3 6 7 6 5 1 1
October 1
© June 2 2 2 2 1 1
< July 1 4 3
2 August 2 2 2 3
again and the temperatures which the ed from the spheres by conduction and con-

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. Wind con-
ditions and precipitation both have an in-
fluence on the range of the temperature rise.
At high wind velocities more heat is extract-

vection than at low wind speeds. Above all,
however, the heating and evaporation of
precipitation on the spheres represents a
considerable loss of energy.

The question now arises of how often high
temperatures are attained in the spheres in
the sunny and not very windy climate of
Locarno. Table 2, in which the frequency
of high temperature recordings in 1962 is
summarized, confirms the long-known fact
that the Ticino is one of the warmest regions
of Switzerland and one of the richest in
radiation. Even in April the temperature
of the two spheres was above 36.5° C at
noon on approximately a tenth 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 this 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






Rayonnement (Tiros IV) et pluviosité au Congo’

Par WALTER SCHUEPP

Astronomisch-Meteorologische anslall der Universildl Basel

ABSTRACT

From charls of daily precipitation, of the daily sum of global radiation and from infra-
red radiation in the region 8—12 xz (HRIR) measured by satellite TIROS IV, the me-
teorological evolution over Central Africa during the period 1st to 3rd May, 1962, is
analyzed. Table 1 shows that a relatively strong correlation exists between radiation
intensity in this range and precipitation. Even between the daily sum of global radia-
tion from sun and sky and precipitation a similar relation exists (Table 2). A radiation
chart taken from a satellite and distributed sufficiently fast may greatly facilitate the

synoptic information.

Le satellite météorologique TIROS IV
a collectionné dans la période du 26 avril
jusqu’au 9 mai 1962 un grand nombre d’ob-
servations au-dessus de I’Afrique.

Tandis qu’en latitudes moyennes l'intérét
se rapporte en premier lieu aux photos des
nuages, les données de rayonnement infra-
rouge 8 4 12 y sont plus significatives dans les
tropiques humides. En effet ce rayonnement
indique grossiérement le niveau ou se trouve
la surface moyenne des nuages dans le sec-
teur visé. Méme en régions tropicales il faut
en général que les nuages pénétrent liso-
therme de 0° pour provoquer des pluies
importantes. Cette isotherme se situe vers
les 5000 m d’altitude, tandis que la tempéra-
ture au sol varie entre 20 et 35°. Les régions
de pluie se trouvent donc principalement aux
endroits ou le rayonnement 8 4 12 y indique
de basses températures. Alors une corréla-
tion entre la carte synoptique et les zénes
de faible ou forte radiation infrarouge est
indiquée.

Le nombre de stations pluviométriques
munies de pluviographes qui permettraient
I’évaluation de Pintensité et la quantité
de pluie tombant au moment du passage
du satellite est trop faible pour attaquer
le probléme ainsi. Mais la république du
Congo dispose d’un réseau de stations plu-

1 Cette étude était faite au « Service Météoro-
logique, Kinshasa, République Démocratique 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 a la disposition.

viométriques ou la quantité journaliére est
évaluée 4 06 GMT le matin, tandis que le
passage du satellite a lieu entre 08 et 12 GMT.
S’il pleut A la station au moment du passage,
il est fort probable qu’une partie de la pluie
a été mesurée 4 06 GMT du jour et que le
reste ne sera lu qu’a l’observation prochaine
du lendemain & 06 GMT. Beaucoup plus
représentative aurait été la quantité de pluie
tombée entre 00 et 12 GMT. Néanmoins le
tableau 1 montre déjd une relation étroite
entre le rayonnement infrarouge 8 & 12 u
et la quantité de pluie mesurée a 06 GMT
(donc précédent le passage) ainsi que celle
mesurée 2 06 GMT du lendemain (tombée
pendant et aprés le passage du satellite).
S’il n’y a que 14 A4 16 9% de risque de pluie
pour un rayonnement 8 4 12 u supérieur a
37 unités, il y a 100 % de risque quand ce
rayonnement est inférieur a 21 unités.
Méme en classant en deux groupes unique-
ment, le risque de pluie augmente de 36 %
pour rayonnement infrarouge > 31 unités
a 74 9% pour rayonnement < 30 unités.
Cette relation prouve que les systémes de
nuage de grande étendue et a surface élevée
relevés par le detecteur TIROS IV sont de
premiére importance pour le régime de pré-
cipitation au Congo.

Un autre moyen de caractériser la densité
du systéme nuageux est la somme journaliére
du rayonnement global (du ciel et du soleil)
mesurée a 30 stations environ. La variation
journaliére n’est enregistrée qu’a 3 points,
il n’est donc pas possible d’en déduire la
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statistique de JonnsoN (1962) du réseau
pluviométrique Est-Africian confirme 1’in-
dépendence des stations éloignées de plus de
200 km, tandis qu’une faible correlation
est indiqueé entre stations distantes de 50
km seulement.
b) A Iéchelle du satellite la situation se
présente tout autrement. Encore il arrive
que parfois a un lieu de rayonnement infra-
rouge élevé une pluie tombe dans les 24
heures avant ou aprés le passage, mais on
constate qu’il doit exister des systémes
nuageux trés étendus et assez réguliers se
déplagant d’une facon ordonnée pour que
I'image momentanée soit représentative pour
une période d’au moins 12 heures avant et
aprés le passage. Donc l'individualisme
arbitraire frappant l’observateur au sol est
en réalité englobé dans des systémes assez
ordonnés & l’échelle supérieure. L’ensemble
des cellules convectives avec leur courte
durée de vie et ses motions arbitraires forme
un collectif. Déja les cartes journaliéres du
rayonnement global ( ScuUepp 1963) ont
montrés qu’aux cas d’insolation nulle, le
rayonnement de plusieures stations voisines
était fortement réduit. Un autre phénoméne
marqué particuliérement bien 4 Léopoldville
—XKinshasa (ScuUEeprp, 1956) est le fait, que
les cellules orageuses épargnent certaines sta-
tions a le premiére occasion—surtout les
orages d’aprés-midi évitent le large du bassin
du Stanley-Pool — tandis que les lignes de
grains suivantes — surtout les orages de nuit
— y passent par préférence. Enfin les lignes de
grains matinales souvent ont I’aspect assez
compacte et ne sont pas déformées par I’oro-
graphie.
Il resulte donc un parallelisme trés marqué
entre
a) la carte rayonnement 8 4 12 g lors du
passage du satellite TIROS 1V

b) la carte dela somme journaliére du rayon-
nement global, et

¢) la carte de pluviosité journaliére RR sur
les 24 heures précédent — ou suivant le
passage du satellite.

Ceci est illustré par les 10 figures indiquant
I’évolution du 1er au 3 mai 1962 entre 10°
latitude N et 15° latitude S, ainsi que les
longitudes de 10 & 35° E. Pour bien pouvoir
suivre I’évolution il faut voir ’ensemble des
10 tableaux.

Les 3 tableaux TIROS sont des prises
« momentanées » composées des passages
captés pendant deux ou trois vols entre 10
a 12 GMT le 1ler,entre 9 et 11 GMT le 2 et
entre 8 et 10 GMT le 3 mai; ce qui correspond
a4 midi local le premier, 11 heures local le 2
et 10 heures local le 3 mai.

Le carte du rayonnement global pour la
journée du ler mai est assez représentative,
car le passage du TIROS se situé au mileu
de la journée. Pour la carte du 2 mai et
encore plus pour celle du 3 mai il faut tenir
compte, que le rayonnement global est
mesuré surtout aprés le passage du satellite.

Enfin les cartes de pluies sont celles de
06 GMT de la veille 24 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 tombée
du ler au 2 période ol se situe le passage
TIROS du 1er, il faut donc s’attendre a une
correspondance entre la carte TIROS du 1er,
et la carte rayonnement global du 1ler et la
carte précipitations lue le 2 4 06 GMT.
En effet aucune précipitation n’est observée
du 1er au 2 au Katanga, région oiile rayonne-
ment en général dépasse les 400 cal/cm? d,
bien qu’a cette époque le soleil soit assez bas
avec seulement 60° 4 midi, et le rayonnement
8 a 12 u indique entre 30 et 34 unités.
Par contre la région centrale et occidentale
du pays indique (sauf la station de Banane
au bord de la mer) une forte pluviosité
dépassant 10 mm et sur de vastes régions
méme 40 mm. De méme le rayonnement glo-
bal est en dessous de 300 cal/cm? d dans toute
la partie centrale du Congo avec des noyaux
en dessous de 200 cal/em? d au Mayumbe,
dans la région du Lac Léopold et au Kwilu,
aux mémes endroits ou le rayonnement 8 a
12 u est en dessous de 26 unités.

Toute différente est la situation du 2 au 3
maij 1962. La région de faible rayonnement
8 412 u < 26 unités s’est déplacée vers le
nord, tandis que la zone avec rayonnement
>33 unités s’est avancée au dessus de la
capitale. De méme la carte du rayonnement
global ne montre plus qu’une zone au N et
4 I'E ot la valeur n’atteint pas les 300 cal/
cm? d. Regardant les deux cartes de la plu-
viosité du ler au 2 mai et du 2 au 3 mai on a
Pimpression qu la zone de pluie se soit dé-
placée vers le NE. Derriére cette zone le ciel
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s’est éclairci au SW du pays, laissant le
rayonnement global au dessus de 400 cal/
cm® d au W de 25° longitude et au S de
I’équateur; la méme région ot le 2 4 11 heures
local TIROS indique un rayonnement 8 a
12 x4 au dessus de 30 unités. Par contre le
NE de la République pratiquement sans pluie
du ler au 2 mai regoit beaucoup du 2 au 3
mai avec le systéme nuageux centré le 2 &
5° N et 20°E et le 3 mai 48 Net30°E.
Ce changement brusque de la pluviosité
sur un pays si vaste apparait selon les ob-
servations TIROS en premier lieu comme
simple déplacement d’un systéme nuageux.
Mais avant que ce systéme disparaisse au N
un nouveau systéme apparait au SW indi-
qué sur la carte du 3 mai le long du 5&me
paralléle S aussi bien dans la bande 8 4 12 g
au TIROS qu’au rayonnement global et
déja la carte de pluviosité du 3 mai indique
de nouvelles précipitations au Bas-Congo
et a quelques stations du Kasai. La carte de
pluviosité du 4 mai montre cette nouvelle
zone pluvieuse assez étendue tandis qu’un
petit noyau de Il'ancien systéme persiste
encore au NE.

La comparison entre carte TIROS et carte
rayonnement global du 3 mai indique que
la zone de nébulosité assez élevée au N ne
persistait pas toute la journée, car le rayon-
nement global y était assez fort, de méme
cette région restait en grande partie sans

précipitations. Est-ce que c’était des couches
Ac trés transparentes pour le rayonnement
solaire mais assez denses pour l’infrarouge 8
A12 p?

Il est curieux de constater que tandis que
les lignes de grains se déplacent en général
avec le vent d’E en altitude vers 'W, i
P’échelle supérieure les zones nuageuses et
régions de pluies indiquent un déplacement
du SW vers NE, phénomeéne déja signalé par
BuvrTot (1952).

Un détail particulier apparait fréquement
sur les cartes TIROS analysées, c’est une
singularité dans la région du Lac Victoria
centré 4 2° S et 33° E ol le rayonnement était
en dessous de 28 unités le 1er. Cette singula-
rité est bien connue des métérologistes qui
ont observé une pluviosité et activité ora-
geuse nocturne maxima au centre du lac
Victoria (Jounson, 1962). L’extension du
cumulonimbus se formant fréquemment pen-
dant la nuit sur le lac atteint donc ’échelle
du champ de vision du détecteur infrarouge
utilisé par le TIROS IV.

Ainsi des balayages reguliers de la surface
terrestre par les éléments infrarouges de
satellites TIROS, NIMBUS ou ESSA aidera
sensiblement a I’étude synoptique dans les
régions tropicales ol ni le champ de pression
ni celui de la température peuvent servir
d’indicateur sur la situation générale.
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A modified method to determine the annual precipitation
in the Scandinavian mountains

By CARL CHRISTIAN WALLEN, Swedish Meleorological and Hydrological Inslitule,
Stockholm

ABSTRACT

Various methods have been applied earlier to determine the annual precipitation in
Swedish mountain areas outgoing from measurements of precipitation and run-off as
well as from estimates of evaporation. A modified method is described to map precipita-
tion in the Scandinavian mountains based on a study of the relationship between cal-
culated precipitation on the one hand and height above sea level and distance from
the sea on the other. A map showing the annual precipitation is constructed with the

aid of the relationship found.

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
precipitation 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 9,
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
for or 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. WAL-
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-ofif
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.

BERGSTEN (1950) made a thorough investi-
gation of the increase of the evaporation in
Sweden which had 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 9%, It
is reasonable to assume that a corresponding
increase must have taken place in the
mountain areas. The values of Melin refer
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.
Tamn (1959) in his extensive investigation of
the evapotranspiration in Sweden found by
making use of his 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 strongerin 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 confirmed by recent calculations of potential
evapotranspiration in Sweden carried out by
the author (CC WALLEN 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 values 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 so 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 but still consider-
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Fig. 1). Station numbers are given for rainfall stations (dots) and gauges (crosses).






TaBLE 2. Hydrological data and estimates of precipitation for calchmenl areus in the Norwegian mounlains belwzen 64° 30’ and

68° 30" N 1931—¢60

Gauge Center of gravily Mean altitude  Catchment Discharge LEvapo- Annual
of catchment area (m above sea arca (km?) (mm/ycar) transpira- precipitation
Latitude Longitude level) tion (mm)
(North) (East) (estimated) (calculated
appr.values)
686 Limingen 64° 517 2" 52 600 653 1324 200 1530
1077 Landbru 64° 56’ 3° 13 750 56 1348 200 1550
687 Namsvaln 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 1460 M 240 1700
690 Tunnsjoplass 64° 43’ 2° 36’ 510 475 1072 240 1310
691 Otersjo ovf. 64° 26' 2° 517 590 573 829 240 1070
946 Trangen 64° 29 2° 427 580 852 1042 240 1280
694 Salsvatn 6-° 41’ 1° 10’ 280 425 1636 M 300 1940
697 Abjervatn 65° 06° 2° 13’ 610 384 2452 270 2720
698 Strompdal 65° 27’ 2° 15’ 620 196 3020 270 3290
699 HundAlvatn 65° 45° 2° 15° 500 150 2479 M 280 2760
700 Hattfjelldal 65° 25° 3° 35 770 1831 967 180 1150
701 Laksfoss 65° 25° 3° 05’ 650 3647 1331 200 1530
880 Unkervatn 65° 25’ 3° 55 750 780 663 210 870
703 Kapskarmo 65° 17 2° 34’ 540 475 1973 M 230 2200
705 Fustvatn 65° 55’ 2° 49’ 440 520 2006 M 225 2230
706 Storvaln 66° 07’ 2° 327 460 43.5 3770 M 260 4000
708 Tustervatn 65°r45" 3° 30’ 670 1500 1400 200 1600
833 Sjofoss 65° 50 3° 25° 640 1880 1436 180 1620
710 Lille Mdlvatn 66° 04" 3° 37 760 273 1798 M 200 2000
711 Store Akersvatn 66° 09’ 3° 417 630 129 1258 200 1460
989 Krokstrand 66° 24 4° 37 870 736 1325 190 1520
712 Nevernes 66° 30" 4° 25’ 820 1849 1441 190 1630
713 Reinfosshei 66° 35" 4° 05’ 770 3113 | 1859 180 2040
836 Jordbru 66° 12’ 4° 17 800 337 1169 190 1360
890 Storglimvatn ndf. 66° 437 3° 30" 890 230 3392 250 3640
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TaBLE 2. (Conl.)

Gauge Center of gravity Mean altitude  Catchment Discharge Evapo- Annual
of catchment area (m above sea arca (km?) (mm-year) transpira- precipitation
Latitude Longitude level) tion (mm)
(North) (East) (estimated) (caleulated
approx.values)

715 Fykanvatn 66° 44’ 3° 29’ 830 288 3230 250 3480

716 Agnes 66° 517 3° 28’ 560 200 2504 260 2760

717 Selfoss 66° 51° 4° 04’ 730 790 1632 M 240 1870

718 Arstadfoss 66° 56’ 3° 44’ 760 195 2722 M 280 3000

719 Oldereidvatn 67° 05’ 4° 10’ 460 50 1535 280 1810

720 Skarsvatn 67° 01’ 4° 19’ 500 141 1156 M 280 1440

721 Russdnes 66° 45’ 4° 50’ 820 1151 1067 180 1260

990 Junkerdalselv 66° 48’ 5° 04’ 880 422 1032 180 1210

360 Fjell 67° 04 5° 18’ 790 695 1223 180 1400

363 Daja 66° 59° 5° 12’ 780 411 1082 180 1260

727 Lakshola 67° 27’ 5° 12’ 550 220 1972 M 260 2230

728 Sorfjordvatn 67° 33’ 5° 22’ 600 111 1828 M 240 2070

729 Kobbvatn 67° 39’ 5° 28’ 660 390 2089 M 220 2310

730 Storvatn 67° 52’ 4° 57 460 72 2274 M 380 2650

731 Rotvatn 67° 49 5° 17 450 233 1602 280 1880

733 OQvre Sarfjordvatn 68° 01’ 6° 01/ 750 64 2165 250 2420

734 Forsavatn 68° 15 6° 08’ 370 150 1373 250 1620

738 Kjardaelv 68° 09’ 6° 36° 800 68 1352 200 1550

739 Gamnes 68° 08’ 7° 08’ 1000 804 1155 160 1320

740 Sorelv bru 68° 03’ 7° 06’ 990 373 1011 M 170 1180

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 Nygard 68° 30’ 7° 11 510 30 1210 240 1450

Figures marked M are mean values based on observations during the period concerned. All other figures have been oblained by reducing mean

values valid for the period 1901—30 to the more recent normal period. This reduction was made by means of a map showing the geographical distri-
bution of the quotient between the normals concerned.
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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 but also the
topographical features.

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.
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Turbidity at Uppsala from 1909 to 1922 from

Sjostrom’s solar radiation measurements’

By F. E. VOLZ Astronomisches Institul der Universilit Tiibingen,
Aussenslelle Weissenau bei Ravensburg:

ABSTRACT

In the course of investigations on altenuation by dust from vielent volcanic eruptions,
the blue filter measurements of direct solar radiation at Uppsala by SsosTROM from
1908 to 1922 have been evaluated. For about 2,5 years, attenuation by the dust
from the Katmai eruption (1912) was well above normal turbidity, while dust from
weaker eruptions and from an Indonesian volcano was hardly delectable. Further-
more, the annual and daily courses of normal turbidity at Uppsala are compared with
those at Stockholm in later years. There are also indications of an increase of turbidily
by industrial activity in the course of the years.

1. 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 Pelée
(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 ¢, 1922; 5, 1932). From
these series, turbidity has recently been
evaluated (Vorz, 1968). One of the earliest
series of pyrheliometric measurements in
different spectral ranges has been obtained
by Si6sTROM (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 large volcanic eruptions took place

t Veroffentl. Nr. 103 des Astronomischen Insti-
tutes der Universitit Tibingen.

2 Now with Air Force Cambridge Research Labo-
ratories, Hanscom Field, Bedford, Massachussctts,
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

SJ6sTROM has measured the solar radiation
without filter as well as with blue and yellow
filters of spectral transmissions different
from today’s standard filters. We derived the
turbidity coefficient only from the blue filter
intensities because of the negligible influence
of ozone absorption and since the other filter
had much stronger secondary transmission
in the infrared. For construction of a turbidity
diagram, pure air intensities of the blue filter
range for different air masses M were calcu-
lated by multiplying Scutiepp’s (1949) tabu-
lated intensities IAO for small spectral ranges
by the transmission T, of the blue filter
(which also included a water cell). The
integrated pure air intensities

b (M) =1, di
b

follow the relation

dlog I2/dM=0.108

for M < 4, i.e. the filter rangeof half
width 80 mg can be considered mono-
chromatic, and the effective wavelength
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30 per cent smaller than the computed
30 JFMAMJ JASOND 13, has been checked by us by extrapolating
B 1912 KATMAI a sufficiently large number of measurements
25 l on Summer days to M=0. Up to 1910, a
.20 value of 0.074 (SidsTRoM’s tabulation) has
. AW been used, and later on has been changed to
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Fic. 1a. Turbidity in the year of the Katmai
cruption,

(equivalence to pure air attenuation) is
440 my. The near infrared transmission
amounted, even at M =4, to only 1.6 per
cent of 12.

The turbidity diagram was then construct-
ed for the turbidity coefficient B, i.e. the
decadic haze attenuation coefficient at A
500 my, by subtracting log I=1,21.B-M
from log 13 (M) assuming a A—1.5 dependency

—1.5
of haze attenutation ((g;gg) =1,21). The

extraterrestrial intensity 1}}' of the blue filter

0.070. This variation is roughly in agreement
with the course of the calibration factor for
total radiation as obtained by SJOSTROM
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. 1a. For conform-
ity with our other turbidity investigations,
only the daily minimum value Bmia (if it
seemed reliable) has been plotted if more than
one observation had been made.

3.1. Turbidity in normal years. In Figs 1and
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 typicalseasonal course
which will be discussed in Sect. 4 in more
detail.
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Fi1c. 2. Seasonal course of turbidity 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 (ANGsTRGM, 1930);
Experimentalfiltet (St-E), 1938 to 1940, and City
(St-C), 1941 to 1950 (ScuUepp, 1959): Ostersund:
(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 Bx0.30, 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 wvalues of B=x0.15,
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 (4B=x0.04) 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,
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colored purple lights were not observed in
Germany before Fall 1912, because the initial
turbidity was too strong. They ceased by
February 1914, but sky polarization was
still abnormal in this year. (Brief accounts
and references on visual twilight observations,
measurements on sky polarization and neu-
tral points regarding abnormal 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 Italy, 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 (4B=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 qnly 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 ANGsTROM (1930) from only 46
measurements, mainly in Spring, between
1921 and 1929 in Stockholm City. ScHUEPP
(1950) evaluated measurements at Stockholm
Experimentalféltet (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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F1c. 3. Daily course of turbidity, May to August.
U at Uppsala, undisturbed years between 1909 and
1920 (x 1920 and 1911, 116 measurements on 41
days; @ 1909, 1915, 1918, 1920 (72 measurements
in 25 days). St-E,C at Stockholm (1938—1950,
ScHUEPP, 1950).

maximum in Spring, but ScuUerpr’s data
give a strong maximum in July resp. August.

Although a more or less continuous turbi-
dity increase may have occurred during 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 during 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 turbidity

In Fig. 3, the daily course of B at Uppsala
has been compared with that at Stockholm
(ScuuEepp, 1950), each for the period May to
August. Since measurements at Uppsala
were seldomly made throughout the day,
the daily course had 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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FiG. 4. Annual turbidity (all data between April
and August) at Uppsala (o, number of measurements
indicated), and at Stockholm ([]] St-E, 1938—1940).
Measurements at Ostersund (and Stockholm)
from 10 July to 20 August 1958 (A, Oe).

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 turbidity 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. Exciuding 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 Ostersund (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 0.038:.

1 Added during proof reading: A similar turbitity
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 by 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).
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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
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studies of daily, seasonal and annual course
of turbidity are the pyrheliometric measure-
ments at Stockholm-Experimentalfiiltet from
1930 to 1936, since the rough data (Ana-
STROM, 1937) have not yet been evaluated.
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