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CHAPTER r

THE PROBLEM OF ATLANTIC COAST TEMPERATURE PREDICTION

Forecasts of daily maximum and minimum temperature have become of.
increasing importance to both agriculture and industry, and reasonable

accuracy has been attained in predicting these values. The success in

prediction bas been largely due to the persistence ot either a maritime

or continental type of climate. The Canadian Atlantic coast is atfected

by an unceasing change of both continental and maritime types of air;

consequently, a more thorough knowledge of temperature distribution

and related weather conditions is required for successful temperature

prediction.

I. THE FORECASTING PROBLEM

Statement of the problem. The object of this study is (1) to

indicate the nature ot the distribution ot the daily maximum and

minimum temperatures along the Atlantic coast, and the processes effect­

ing i t; (2) to indicate the degree of dependence of the daily maximum

and minimum temperatures on other weather conditions more readily

predictable.

Importance 2!~~. The accuracy ot present temperature

prediction techniques depends on hi~ ideal!zed weather conditions

which may trequently occur aver continental areas, and their use is

mainly restricted to very short periods of tim.e. Application of these

methods to coastal local!ties is frequently impossible inasmuch as
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they do not take into account coastal phenomena. A thorough

knowledge of the air-mass temperature history and absence of

air-mass change are generally required in present forecasting

methods; both restrictions make thése methods of very limited use

in coastal localities.

This study supplements present forecasting methods by pro­

viding a thorough knowledge of the temperature distributions of

the air-masses and circulation types which affect the western North

Atlantic. Such a knowledge of the distributions permits a reason­

ably accurate estimation of temperature when other methods are in­

applicable. By developing the relations between temperature and

other predictable weather conditions, with the influence of the sea

t~ken into account, a more efficient and exact method of temperature

prediction has been obtained.

The development of the problem. The distribution of maximum

and minimum temperature in coastal localities is quite distinct from

that of continental observation stations. T'Wo temperature cycles,

one continental and one maritime, are superimposed on each other to

produce the coastal temperature regime. A clearer insight into the

temperature regime may be acquired by separating the continental and

maritime effects.

This separation has been accomplished by investigating the

maximum and minimum temperatures according to air-mass and to the

direction of the air circulation. Both have been considered since



each surfers frall certain deficiencies. The effect of wind direc­

tion is very pronouncad and for this reason air-mass alone does

not surfice; on the other band air-mass groupings do introduce

such factors as stabillty and humidity which may be overlooked in

a circulation analysis.

The circulations selected for study vere based on polar

diagrams ot the mean maximum and mini.Drum temperature tor geostrophic

wind direction. Tvo major arcs of the polar diagram vere noted in

each instance where there vas no appreciable devi.ation of the mean

temperature, and these arcs vere selected to represent the circu­

lations.

Comentional air-masses vere used vith the exception that the

maritime air-mass ws subdividad according to traj ectory•

Once having segregated the maximum and minimum temperatures

acoordiDg to air-mass and circulation, then the frequency distribu­

tions, the mean temperatures, and the standard deviations vere

determined. In each case these values differed considerably from

those of the whole temperature distribution. This tact alone vould

recommend the use of such an analysis in temperature prediction.

The most inf'luential factors to be considered in relating

veather conditions and maximum temperature are: (1) renection of

insolation back to space; (2) radiation; (3) eddy diffusion;

(4) vater vapor content of the atmosphere; and (5) evaporation.

These factors vere considered and lmestigated either directly or

through their associations. A degree of association of the daily
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meximum temperature vith cloud albedo, vinci speed, and thickness ot

the air stratum nau the ground vas observed.

The relations between the nocturmù minimum temperature and

the following veather conditions vere tnvestigated: (1) cloud t;ype

and amOUDt; (2) wind speed; (.3) dew point; and (4) thickness ot

the air stratum near the ground. Through these relations such

processes as radiation, eddy diffusion, and dew formation vere

introduced. FaTourshle associations of minimum temperature vith dew

point, thickness, and wind speed vere observed.

The relation of water vapor content, cloud albedo, and thick­

ness of the air stratum near the ground to temperature may be treated

roughly as linear, and on this basis partial regression equations

vere developed for bath the maximum and m:! nimum temperatures. These

equatioll8 permit a usetul forecast of temperature, but they do nat

include the run affect of the wind which is non-linear.

Wind speed bas been partial.ly tncorporated into the regression

equations through i ts association vith thickness in sane circmmstances.

To obtain a prediction vhich incorporates the full infiuence ot wind

speed, the bias of the regression equation prediction for ranges of

wind speed wu determined. ApplyiDg a correction for this bias to the

predicted value, a reasonably' accurate forecast of the meximum or

mi.Dimum temperature mq be obtained.

The trequency of maritime cl.rculations decreases markedly vest­

ward trom Hewf'oundland. It vas desirshle to obtaiD as much data as

possible for the maritime air-masses and circulations, and Torbay,



5

situated in the extreme southeast of Newfound1and, permits the best

study in this regard.

August has been se1ected since it is representative of the sum­

mer conditions. An investigation of the other seasons is p1anned for

a further study.

The study, therefore, provides a c1earer insight into the temp­

erature regime and indicates a method of more accurate prediction of

maximum and minimum temperature. The temperature distributions of the

air-masses and circulations al10w a reasonab1e forecast under most

difficult conditions While the regression equations permit accurate

prediction 'When more data are avai1ab1e.

II • DEFINITION OF TERMS USED

Maximum~ minimum temperature. Throughout this study maximum

and minimum temperature refera to the daily value of these quantities

as measured at Torbay unless otherwise stated. The dai1y maximmn

temperature referred to is that used for c1imatological purposes,

and Ls the highest temperature recorded wi thin the twenty-four hour

per10d beginning at 12.030 G.M.T.. The dai1y minimum temperature

is also that used for climato1ogical purposes, and i8 the lowest

temperature recorded in the twenty-four hour period commencing at

003 •JO G.M.T ••

The temperatures were obtained and the dev points determined

according to procedures recommended by the International Meteorological
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Organizatlon. The thermaueters vere housed in a louvered screen

which ls located tour teet above an area ot short grus. Tempera­

tures are given in the Fahrenheit scale unless &tated otherwise.

Air-mass. .An air-mass is broadly detined as an expanse of

air ot large horizoDtal dimension which is relatively homogeneous

vith regard to temperature and humidit)" in the horizoDtal direction.2

The source region ot the air vas also reterred to in this investiga­

tion. It is f'requently impossible to distinguish one oceanic

air-mus trClll another fraD. their surface teatures since all air-masses

quickly assœe the teDlperature ch8racteristic ot the imJIlediate sea

surface.

Air-masses are classitied aceording to latitude and the nature

ot the surtace over which they are travelling. FB.ctors such as

stabillty or humidity lIl81' also be included in the classitication, but

have Dot been used in this study. The tollowing D,(JIleDclature bas

been adopted to describe the air-masses considered in this investiga-

tian:

(1) Polar continental, abbrerlated as PC", is air of tresh

polar origin, usuall.y' arriving directly fram Labrador or northern

Quebec.

{2} Moditied polar continental, abbreviated as MPC, is air

arrirlDg trœ the maritime provinces or soutbern Quebec.

~ov1siOD8l ~ ~ International Meteorologie&! Instrument
!È ObseryiDg Practiee, p. 39.

2.rhe Meteorological Glossar:, p. 9.

6



(3) Polar mar1time, abbrev1ated as PM, 1s air arriving at

Torbay atter a traj eetory aeross the strong gradient of sea surface

tElllperature to the southeast of Newf'oulldlan d. , or tram the sector
o 0

100 to 220 •

(4) Polar maritime 1, abbrev1ated PM1, denotes air arriv1ng

frœ the oceante areas to the north of the sector prescribed for PM.

(5) Polar maritime 2, abbreviated as PM2, is air arriving

. f'rœ the southwest a.t'ter a lengthy sea traj eetory orf the continental

coast.

(6) Tropical, abbreviated as T, is air which bas acquired its

eharacter tbrough a 1engthy trajectory aver the southern UDited

states or over southern portions of' the lorth Atlantic; air arriviJIg

frœ the west is given this classif'ication when history 1nd1cates

that i t bas similar characteristics.

(7) Modif'ied poJ.ar maritime, abbreviated as MPM, is maritime

air which has had a lengthy land traj ectory aver sections of eastern

Canada.

The abbrevia'tion, rather than the tull air-mass DalIle, bas

been used throughout this study to permit greater f'aeility in read-

ing.

Circulation. The direction of' the geostrophic vind is consid­

ered to be the direction of' the circulation; a grouping of' wiDd

directions tram which similar temperatures are experienced,

expressed as an arc or sector of' a cirele, is classif'ied as a circula-

tion f'or the purposes of' this study'. The sectors are given in a

7



clockwise direction. Primarily they represent offshore and onshore

winds, but i t is apparent that instability is also a factor in the

minimum temperature circulations.

Tbroughout this study, with the exception of the discussion

of land and sea breezes, the geostrophic wind direction and speed.

has been used.

Stabilitl and instabilitl. Whenever the vertical temperature

lapse rate exceeds the adiabatic, an air-mass may be described as

unstab1e; whenever the vertical temperature lapse rate does not

exceed the ad1abatic lapse rate, an air-JDaSs may be consldered as

3
stable. In this study the terms have been used in a relative sense

to indicate the tend.ency toward stability or the tend.ency toward

inatabi1ity• Most summer air-masses are stable, but some are much

more so than others; this relative degree of stability is generally

referred to whenever these terms are employed.

Übedo. Albedo is defined as "The proportion of radiation
Il 4

fall1ng on a non-l'UJlÛnous body which 1t dittuaeJ.y refiec"ts.

Tbroughout this study albedo is used in a 100se sense and refera to

the percentage of the solar radiation which is prevented trom reach­

ing the ground through the presence of c10uds. Sunlight is partly

absorbed, partly refiected, and parÜy transmitted through clouds;

therefore, the adopted definition of albedo refera not only to the

3The Meteoro1ogical G1ossary, p. 118.

4
Ibid., p. li.

8



rafiacted sunlight, but also to the absorbed portion.

9

Thickness. Thickness is used throughout this study in refer­

ence to the vertical thickne8s of the air stratUIn betwean the 1,000

and 850 millibar pressure levaIs. It i8 expressed in tans of

geopotential feet.



CHAP1'ER II

REVIEW OF THE LlTERATURE

Literature .!2B temperature distribution. The frequency polygons

of daily maximum and minimum temperature at Torbay show multiple max-

ima which are due to the distinct difference in the averages of the

temperatures for the onshore and offshore circulations.

Mclntyre has obtained frequency polygons of the temperature at

700 and 500 millibars for a selection of Canadian, British, and

American observing stations. Some of these give evidence of two max-

ima which are produced by an effect similar to that observed along

the Atlantic coast. For Tatoosh Island in the state of Washington,

Mclntyre observed that, at 700 millibars, there existed on the average

a strongly baroclinic zone which sepaz-atee two barotropic zones. The

baroclinic zone migrates to the north and south of Tatoosh; therefore,

the temperature distribution at this level shows a preponderance of

values representative of each barotropic zone and a lesser frequency

of those temperatures representative of the baroclinic zone. 5

Literature .!2B processes affecting the maximum and minimum temp-

erature. The earth and its atmosphere absorb solar radiation which

they, in turn, radiate in a spectrum which is largely infra-red. The

warming of the ground and the atmosphere on the receipt of the solar

radiation and the cooling of these by the energy losses through their

5 Mclntyre, D.P., "On the Air-Maas Temperature Distribution in
the Middle and High Troposphere in Winter," Journal of Meteorology,
7:101-07.
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own radiation at night, are the processes which giTe rise to the

diurnal temperature cycle.

A thorough discussion of the solar radiation and its effects

on the earth and atlDosphere bas been giTen by Fritz. He points out

that (1) far the greatest portion of the solar radiation is absorbed

by the earth; (2) when there are extensive cloud systems, indications

are that about 20 per cent of the solar radiation incident upon the

clouds is absorbed by them; (3) 7 to 8 per cent of solar radia-

tion is scattered back ta space by the pure cloud1ess atlDosphere;

(4) Most of the solar radiation refiected back to space is renected
6

by clauds • Fritz ~ determined the albedos of severa! cloud types.

Haurwitz has determined the ratio of the solar radiation reach-

!Dg the ground vith overeast skies to that reaching the ground when

sld.es are clear for the major cloud types. Depending on the cloud

type, these ratios vary from .85 to 15 per cent. They have been deter-
7

mined for different values of the optioal air-masse

Gold made use of the total solar radiation received at the

ground in his method of predicting the daytime maxi.mum temperature

vith the tephigram. His method ia applicable when there are clear

skies and llttle advective change in the type of air.
8

~tz, Sigmund, "Solar Radiant Energy and lts Modification by
the Earth and lts AtlDosphere," Canpendium ~ Meteorology, pp. 13-33.

7
Haurwitz, B., "Insolation in Relation to Cloud Type," Journal

~ Meteorology, 5:110-13. .

8Go1d, E., "Maxi.mum Day Temperatures and the Tephigram,"
Professional Notes, Meteorological Oftice, London, Vol.5, No.3, pp.4f.,
cited by Bungaard, Robert C., nA Procedure in Short-Range Weather
Forecasting," Compendium 2! Meteorology, p. 788.
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Brunt, in diacuaaing the radiative transter of heat in the

troposphere, protfers the following conditions to favor nocturnal

cooling of the ground: (1) clear skies or only high cloud; (2) ab­

sence of windj (3) low atmospheric vapor pressure; (4) low thermal

conductivity and specifie heat of the ground. Using values represent-

ative of these conditions and the radiating temperature of the ground,

Brunt bas developed an equation to determine the minimum temperature

under ideal conditions. He bas also shown tbat the net radiation loss

at the ground on a clear night~ be expressed by the formula RI tr r4
: a + b Je; where crr4 is the black body radiation as determined by

the Stefan-Boltzmann law, e is the atmoapheric vapor pressure, and a

and b are coefficients which may be determined experimentally. The

radiation loss may be reduced by the presence of cloud which radiates

in ail directions as a black body. The intenaity of the radiation

fran the cloud base depends on its temperature; therefore, it ia a

function of the cloud height. The net radiation loss at the ground

increases as the height of the cloud increases.9

Attempts have been made to improve on Brunt 1S equation for min­

imum temperature forécasting aince it doee not allow for the flow of

heat to the ground from. the air above i t,10,il or for the heat gain due

to the deposition of dew.

9 Brunt, David, Physical and Dynamical Meteorology, pp. 124-46.

10 Jaeger, J.O., "Note on the Effect of Wind on Nocturna.l 0001­
ing, If Quarterly Journal .9f. the Royal Meteorological Society, 71:388-90.

Il Knighting, E., "A Note on Nocturnal Coo1ing, If Quarterly
Journal 9f. the~ Meteorological Society, 76:173-81.
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Elsasser12 and Môller have both developed radiation charts

which permit the computation of the radiative exchanges between the

ground and the atmosphere. Of the radiation return1ng to the ground

from the atmosphere, Mailer claims that 37 per cent proceeds fram

the lowest one hundred metres and 88 per cent from the lowest five

hundred metres, under normal atmospheric conditions. Moller also

claims that the effect of the ground inversion is sueh that i t may

reduce the ground radiation loss to four firths, or even as low as

one hal! of its possible value.13

The temperature gradient near the ground and the effect of the

numerous processes affecting maximum and :minilIIum temperature are dis-

cussed in great detail by Geiger. Geiger t s work is in reference to

the micro-climate, but it has much bearing on the temperature at the

screen level which is governed by the radiating temperature of the

ground.14

Saunders has developed a method of predicting the minimum temp­

erature which is based on the rate of cooling of the ground during the

night. The cooling temperature curve is discontinuous and is character-

ized by a steep decline followed by a more gradua! decline. The change

12 Elsasser, W.M., "An Atmospheric Radiation Chart and rts Use, If

Quarterly Journal of ~ Royal Meteorological Society, Supplement
66:41-56.

13 Moller, F., "Long-Wave Radiation," Compendium of Meteorology,
pp. 34-49.

14 Geiger, Rudolph, The Climate Near the Ground, 482 pp.



in cooling rate 1s due to the formation of dew, and Saunders haB

noted that the time at vhich the discontinu!ty occurs 1s independent

of wind speed, but does very vith the season. The lack ot relation-

ship betveen time and wind speed 1s attributed to the affect ot

triction; the eooling within the grass and at the ground surface 1s

apparently relat1vely unattected by the mixing ot the air above the

ground. The use ot Saunders' method 1s restricted to nights when

there are cleu skies, no advective change ot humidity, and .no sea

etfects. l;

Present dey forecasting techniques have been brietly disCUBsed

by Bungaard who states:

The local diurnal teDlperature min::1mum can be predicted quant­
1tatively by means ot tormulas and namograms which relate empiric­
ally the sunset observation ot temperature, humidity, and wind at
the place ot prediction and amd.liary stations sane distance up­
wind to the heat 10ss during the ensuing night tor sYll9}?tic sit­
uations in which no nev air-masses are to be expected.16

Reterring to present ~ methoda of predicting max1mum temperature, he

states that the methods are applicable for at least the hall'~

period frœu one hour atter sunrise to the time of the temperature max­

imum when skies are clear and there are no changes ot air-mass.

Bungaard also outlines hw temperatures may be determined by a method

of graphical integration. l 7

1; .
Saunders, W.E., "Sane Further Aspects ot N1ght Cooling Umar

C1ear Skies," QgarterlY Journal gl~ Royal Meteoro1ogical Society,
78:60,3-12.

16
Bungaard, ~. g!1.

17
~., p. 787-88.
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Defioiencies gf, pz:evious studies. The theoretical aspects of

energy interchange betveen the SUD, earth, and atmosphere have been

well developed generally, whUe temperature forecastiDg methods have

been well developed for very specific circumstances and for very

limited periods of time.

Both maximum and minimum teutperature may be successtully fore­

cast by methods indicated in the current literature, but these methods

are applicable only under very restrieted conditions. Clear skies and

absence of air-mass change are required in most instances. Techniques

using auxiliary stations and historical temperature data for the air­

mass are not generally applicable in coastal localities.

The generally accepted methods of temperature prediction are

unsatisfactory along the Canadian Atlantic coast for the follO'W'ing

reasons:

(1) There is a high incidence of air-mass change in this regiOD.

(2) The variation in length of land traj ectory must be considered

in the use of the tephigram.

(3) Sea breezes may alter the expected distribution of solar

energy.

(4) Land breezes and humidity gradients are trequent in coastal

areas.

(5) It is impossible to consider auxiliary upwind stations for

onshore circulations.

(6) Coastal local!ties experience a much higher percentage of

cloudiness than in1aDd localities.



CHAPTER III

SOURCES OF DATA AND MEI'Hons OF PROCEDURE

1. SOURCES OF DATA

The data used in this study have been obtained from the official

records and charts of the Meteoro1ogical Division of the Department of

Transport. The records and charts consulted were those of the Meteor-

ological Office at Torbay Airport and of the Dominion Public Weather

Office at Gander, Newfoundland.

Geostrophic winds, dew points, cloud type and amount, precipit-

ation type and intensity, isobaric curvature, and air-Blass w,ere ail

determined or obtained from synoptie charts. Aero1ogical data were

extracted from the 850 millibar charts and tephigrams prepared at

Gander. Tephigrams were avai1able for the years 1949-52.

The dai1y ma.ximtm1 and minimum temperature records were obtained

from the Monthly Record18 and from a lIlonthly cli.IIla.tological sUllllJ18.rY

prepared by the Meteorological Office at Torbay,Airport.

Temperature data for st. John's were obtained from the station

abstract which was availab1e at Gander. 'l'he Climatic S'UlllllIBries were

consulted for the t~perature data for the city of Quebec and Chatham,19

18
MgnthlY Record ~ Meteoro1ogica1 Observations iD C'pada §P4

Newfoundland, 1942-51.

19 ClilIlatic Slll'I11J1aries .f2!: Se1ected Meteoro1ogical Stations !B
~ Dominion of Canada, 1,16-27.
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and for the wind. frequencies at Torbay .

A study of the diurnal variation o~ the surface wind vas made

possible through the use of the microfilJn copy of the Airways Weather
21

Record • This record vas availab1e for the years 1942-44,

1947-48, 1950-51. In the intervening years occurrences of a sea

breeze or land breeze vere evident in some instances in the synoptic

charts.

II. METHOœ OF PROCEDURE

Preparation ~~. During the month of August the maximum

temperature at Torbay occurs generallyat 18.30 G.M.T. and the min­

imum temperature at 08.30 G.M.T.. Throughout this study it has been

assumed that the conditions indicated on the 06.30 G.M.T. chart and

the 03.00 G.M.T. radiosonde vere representative of the canditions

which gave rise to the minimum temperature, whi1e the conditions in-

dicated on the 18.30 G.M.T. synoptic chart and the 15.00 G.M.T.

radiosonde vere typical of the conditions vhich gave rise to the

maximum 'tiempera'tiure.

In the determination of 'tihe temperature distribution for the

air-masses, instances vere rej ected vhere air-mus chsDge vou1.d have

rendered the observed maximum or minimum. temperature unrepresentative.

20
Cllmatic Summaries t2t Se1eçted Meteorological Stations !!!

Canada, Nevf'olmd'and ~ Labrador, II, 88.

21Airwa18 Weather Reoord, an official record of the Department
of Transport of veather observations taken for aviation purposes.
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The aerological 1nf'ormation used throughout this study was ob­

tained trom observations made at st. John's and Argentia, both located

in the Avalon Peninsula.

The thickness ot the air stratum betveen 850 and 1,000 lIillibars

obtained tran these observations bas been used extensive1y. In sane

instances errors in the original reports vere in evidence, and these

vere corrected by a recanputation ot the thickness trœ basic data.

The aerological data vere ot use only tor the years 1946-52 when

the reports vere made vith reterence to the constant pressure levels.

For this reason end because ot eccasional deticiencies in other observa­

tions, the number ot data available tor eaoh section ot the illV'estigation

vary, and values givan in the various tables show slight ditf'erences.

The procedure iD aglYsis. The analysis ot the temperature data

has been based on elementary statistics. The annual temperature regime

bas bean studied on the basis ot freqUeDq polygons ot tElllperature.

The temperature distributions ot the air-masses and circulations have

been iuvestigated through trequency polygons, arithmetic means, and

standard dev1aticms. The relations of various weather conditions vith

temperature have been generaJ.ly 1IIV'utigated on the buis ot a linear

relationship tor which correlation coefficients and usef\ù regression

equations vere determined.

SDloothing bas been applied to the trequenc;y polygcm.s and the

polar diagrams ot mean temperature by averaging each value vith the

tvo terms adjacent to it. This bas been done in orcier to eliminate the

atfect of spurions groupings or values.
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Wherever the standard deviation ia given, the value used ia

the best estimate • The data available for most relations investig-

ated vere fev, and, under these circumstances, the ca1culated stand-

&rd deviation tends to be an underestimate. The best estimate

of the standard deriation Rs determined by applying Bessel t s

correction. 22

Linear relations have been assumed to e%ist between the max-

imum and minimum temperature and the erfects of the cloud, dev point,

and thickness of the air stratum near the ground. While dew point

and tbickness have been used directly, albedos have been used in

determining the eftect of cloud on temperature.

The ratios of the solar radiation received vith avercast skies

to that received vith clear skies, as determined bT Haurwitz, baTe been

used extensively in determining the albedo. 24 For conditions which

vere complex or intermediate betveen avercast and clear, the values

of the albedo vere interpolated vith reterence being made to the albed08

25
determined by Fr!tz •

AU correlation coefficiema have been determined by the product­

26
mœent method • The number .t data in many instances i8 sma1l; the

22
Moroney, M.J., Facts !l:!!! Figures, p. 226.

23
Haurwitz, B., "Insolation in Relation to Cloud Type," Journal

2! MeteorolOgY, 5:111.

24m:. Albedo, p. 9.
25

Fr!tz, Sigmund, "Solar Radiant Energy and Its Modification
b;r the Earth and Its Atmosphere," CœpeDdium of Meteorology, p. 26.

26
Hodgman, Charles D., canpUer, Mathematica1 Tables trom

Handbook !lG. Chemistr:y !!!!! PhYsics, p. 288.
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least value of the correlation coefficient that is significant at the

.01 probability leve127has been used as a significance test, and is

referred to as the one per cent or .01 significance level. Further,

the range has been calculated within which there is a 95 per oent

probability that the true value of the oorrelation coeffioieht will

lie. This range was calculated by using Fisher' s "z" transformation2S•

The effect of wind speed on temperature ·i s non-linear, but

through its association with thickness it has been partially

accounted for in the various regression equations which have been cal-

culated. The relationship between thickness and wind velocity prevents

the use of a simple correction for wind speed in the prediction of the

maximum or minimum temperature. In order that wind might be fully

accounted for, the bias of the regression equation prediotions have

been determined for ranges of geostrophic wind speed. A correction

for this bias allows the effect of wind to be taken into account over

the entire range of wind speed,

27 Moroney, ID2. cit., p. 218.

28 Weatherburn, C.E., A~ Course in Mathematical statistics,
p. 200.



CHAPTER IV

TOPOGRAPHICAL CONSIDERATIONS

Newf'oundlend. Newf'oundJ end JDay' be described as an equilateral

triangle with sides some 300 miles in length and the base lying along

the 47
031'

N. latitude. Hare describes it as a tilted plateau rising

northwestwards tram the eaat coast; the height of the western half' of

this plateau rises in places to CRer tvo thousand feet.
29

Air passing aver this plateau from the west has had a brier

trajectory CRer the Gulf of St. Lawrenoe. Its continental character

is generally restored by daytime passage over the island or by the

effeots of the initial litt and subsequent subsidence of about two

thousand feet as it reaohes the east coast.

~ Avalon Peninsula. The Avalon Peninsula is the most east­

erly extension of Newf'oundland. It bas the shape of a letter "R"

with its arma rotated about 30 degrees to the right of true north.

The &mS are about seventy-five miles in length, and land extends

for a distance of eighty-tive miles diagonal.1y" aoross the ''R''.

The meteorological ob8ervation 8tation at Torbay is looated
o

on the northeast a.rm of the Avalon Peninsula at 47 37' N. latitude
o ,

and 52 44 W. longitude, three miles inland trom the Atlantic Ocean.

A lioe of rolllng hills, extending in a north to south direction, la

29Hare, F. Kenneth, "The Climate of the Island of Newf'oundland:
A Geographical Analysis," Geographie&! Bulletin, No. 2, p. 36.
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crested one to two miles west of Torbay. These hills rise to seven

hundred feet near the airport and to one thousand f~et in the centre

of the Peninsula. Another series of rugged hills, five to seven

hundred feet in height, fom the east coast southward from a peânf

four miles to the northeast of the observation station. The arm of

the "H" at Torbay 1s Dine miles wide, and it tapera to a point some

thirteen miles to the north. From the northeast the land slopes

gradually upward from sea level, attaining a height of 375 feet at

the observation station and 600 to 700 feet within one to two miles

to the aouthwest.

Air arriving at Torbay from the arc 2500 to 3300 has been sub-

j ected to the influence of the island proper; air arriving from any

other direction, if it has a straight trajectory, has passed over at

least five hundred miles of ocean. Once having passed over the island,

the air must still pass over the cold waters of Trinity and Conception

Bays; each about fourteen miles wide. The eastern shore of Conception

Bay is six miles west of the observation station; that of Trinity Bay

is thirty-five miles west.

Windsor Lake, a cold spring-fed lake four miles in length and

three quarters to one and one haIf miles wide, lies one and one hal!'

miles to the southwest of the observation station. It is so orient­

ated that winds arriving from the southwest have swept its full

length, but its influence is limited since the normal water level ls

over one hundred feet higher than the observation station.



CHAPTER V

THE INFLUENCE OF THE SE! ON AIR T»fPERATURE

Air in contact vith the sea quickl:r acquires the temperature

of the sea surface. The changes experienced b:r the air depend on

i ts original temperature, the time in transit, and the sea tempera­

ture. The distribution of mean sea surface temperature in the western

North Atlantic is cœplex and subject to small scale changes. The

effect of' the sea on the air is equall:r complex, and the small scale

deviations of' sea temperature may result in monthly or seasonal

deviations in the mean air temperature.

The distribution gl,~ !!!! temperature. The normal latitud­

inal gradient of' mem sea temperature is distorted. in the western

North Atlantic by the influence of the Labrador Current and the Gulf

Stream. The Labrador Current produces a southward displacement of

the sea isotherms about Newfound1and. The northward advection of' very

varm water by the GuJ.t Stream and the ef'fects of the Labrador Current

combine to give an intense gradient of meaJ:1 sea surtace temperature to

the southeast of Nevf'oundland. The etfects of' the two are indicated

in the chart of the lieaD sea surtace temperature for August presented

in Figure 1.

The influence 2! !!! temperature 2!! air-masses. The influence

of the sea on an air-mass varies vith the nature of the air-mass and.

its trajectory. Air-masses arriving tram the southern semi-circle are
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FIGURE 1

MEAN SEA SURFACE ISOTHERMS (Op>.) FOR AUGUSTA

Ir. After Monthly 2!! Surface Temperatures of~ Atlantic ~, p. 10.
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normally very warm and passing over a colder water surface, while

the opposite is true for air arriving froID the northern semi-circle.

Northward maving air is cooled and becomes increasingly stable,

while southward moving air beccmes warmer and increasingly unstable.

The distribution of mean sea temperature has been used in

selecting the maritime air-masses. The air-mass PMl is subj ected. to

a heating of 100 F. at the surface level during the last three

hundred and seventy-five miles of its trajectory; the air-maaa PM is

exposed to a sea surface which cools 170 to 240 F. within the last

four hundred and fifty miles of i ta traj ectory; the air-mass PM2 is

subjected to a aea surface which experiences a drop in temperature

of about 100 F. within the last four hundred and fifty miles. The

difference in mean sea temperature distribution along the trajector­

ies of these air-masses results in substantial differences in air

modification.

The cooling of northward maving air ia generally surficient to

produce saturation with subsequent formation of thick cloud or fog.

Continental air reaching Torbay alter a short marine traj ectory fram

the north shows 11ttle tendency for cloud or fog formation. Air from

Labrador ia relatively dry and, although cooled by the sea, it ia not

cooled to its saturation point. The mean dew point for the month of

August at Goose Bay, Labrador, is 1/30 F., or about five degrees lower

than the mean sea surface temperature off the Avalon Peninsula.

The over-all effect of the sea on the air has been shown by

Jacobs to be annually small but seasonally significant. Annually the



26

sea off NevtoundJ8nd 10ses no sensible heat to the atmosphere. The

heat 10st to the atmosphere tbrough wiater convection is regained by

the W81'IIl1ng of the vater by the air in s\1IIIIIler.30 In August, there-

fore, the net &tfect of the sea is to cool and stabillze the air.

Variations in~ !!!!! sea temperature. Mean sea surface temp­

eratures are statistical averages, and there JII8Y' be large deviations

frœ the mean value dai~ or seasonally.31 At present there appears

to be no satistactory Ilethod of tek! ng into account the ciailT varia­

tions. The s8&sol181 variation otf Torbay is associated vith the

strength of the Labrador Current, wose strength shows a significant

correlation to the north-south gradient of mean sea leve! pressure otf

the Labrador coast.

liewtoundJ 8nd temperatures in the spring of the yeu reflect the

extent of the ice fieJ.ds about the Island, and the ice fields give '

evidence of the strength of the Labrador Current.

Hachey describes the Labrador Current as a river in the sea.

'l'he river nows parallel to the Labrador coast and then tans out over

the Grand Banks, undergoing llt1il.e change enroute. In spr1ng the

river overflows its banks distributiJ:ag large quantities of ice west-

ward and southw8rd, while in summer the river erfectively goes

.3°Jacobs, Woodrow C., "Large-Scale Aspects of Energy Trans­
formation Over the Oceans," Canpendium !l! MeteorologY, p. 1063-64.

31Hawley, William P. and Soule, Floyd M., International~
Qbservation and Ice Patrol Service H~~ Atlantic Q2!!n,
Bulletin No. 29, p. 4.
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Huntsman bas shown that in the month ot June the vater temp­

eratures at tventy-tive to titty tathams otf lfewf'oundland are suft­

iciently cold to treeze non-saline water•.3.3

To iuv'estigate the possibility ot a cold summer tollowing a
. 34

apring vhen the ice seaecn vas heavy, methods used by Schell and

35
Walker have been employed. The number ot icebergs observed. in the

major shipping lanes ott Newf'ollndJand vas ued as a Ileasure of the

spring iee tields. The correlation coeUicient obtainecl tor the

uumber of icebergs and the 1leaJ1 annul l temperature at St. Jolm' s,

Rewtoundlsnd, tor the period 1911-39, was -.41; the one per cent

signiticance leTel is &1so -.41, indicatiDg that a signiticant rela-

tion probab:;Ly exists. On the average, a yea:r w.1th a heavy ice season

bas a lover tban normal mean temperature. More complete data vere

available tor the month of August, and. tor the period 1900-41 a

correlation coetficient ot -.08 and a one per cent signiticance

level ot -.40 vere obtained; therefore, it may be stated that there

does not appear ta be a linear relationsh1p between the mean August

temperature and the ment of the spring ice fields.

32
Hachey, B.B., "Canadian Interests in Aretie Oeeanography,"

Aretic, 2:28-.35 •

.33Hunt sman, A.G., Aretic~ 2!! QB!: Eastern Coast, 12 pp.

34sehe11, LI., "Foreshadowing the Severity ct the Iceberg
Season oft Newtoundlsnd," Quarterb Journal gg,~ !2Z!! Meteor­
0104eal Soeietz, 78:271-72.

35
Willer, Sir Gilbert, "Aretie Conditions and World Weather,"

Q!1arterlz Journal g!~ Royal Meteorological Society, 73:226-56.
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The Labrador Current may alter appreciably during the late

spring, and the ice fields appear to be mainly a function of the

winds experienced off Labrador in February and March. The use of

the iceberg frequency is, therefore, more valid as a measure of the

effect of the ice on thesummer water temperature than as a measure

of the Labrador Current strength during August.

With a strong Labrador Current or with storms "lhich advect

warmer surface "later or upwell colder water, the sea surface temp­

erature may differ appreciably fram the normal. The effects of

individual stonns may cancel out over a period of a month, and not

influence the mean monthly temperature. The Labrador Current devia­

tions are more lasting and produce belo"l or above normal sea temp­

eratures for long periode of time; therefore, it "lould tend to

affect the mean monthly temperature. On the other hand a strong

Labrador Current ia the result of strong and persistent west winds,

which also tend to increase the continentality of the Newfound1and

climate. It is, therefore, apparent that although changes in mean

sea temperature have an influence on the daily temperature, they do

not necessarily have an appreciable effect on the mean monthly temp­

erature for August.



CHAPTER VI

THE ANNUAL TEMPERATURE CYCLE

Although the annual temperature cycle of Newfoundlsnd is not

too dissimilar to that of most of eastern Canada, it ditters in that

i t is a product of two distinot temperature oycles, one continental and

one maritime. The influenoe of the sea becomes more pronounoed fram

west to east aoross Newf'oundland, and at Torbay the influenoe is so

great that the temperature cycle is maritime, with August being the

warmest month and February the coldest.

Canparison~ continental temperatures. A oomparison of the

temperatures experienced at Torbay w1th those of eastern Canadian ob-

servation stations of simUar latitude is given in Table 1. The

winter temperatures at Torbay are substant1ally higher. In sl1JDIIler the

mean and extremes of the maximum temperatures are s1gnificantly lower

at Torbay, while there 1s no apparent differenoe in the minimum temp-

eratures.

Chatham and Quebec have alm.ost ident1cal temperature cycles.

They both have slight maritime influences in their climate due to

their proximity to the Gulf of st. Lawrence, but have definitely a

continental climate.34

34 Connor, A.J ., "The Cllmate of Canada.," reprint f'rom The
Canada Year~ 1948-49, p. 5-6. -



TABLE l

MEAN TEMPERATlJREi AT TORBAY AND CONTINENTAL
OBSERVATION STATIONS OF SIMILAR LATITUDE

Mean Mean Length of
Place Daily Mean Mean Extreme Extreme Record in

Mean Minimum Maximum Minimum Maximum Years

Febru.ary:

Torbay 24 17 30 3 45 li

Quebec 12 4 20 -20 38 72

Ohatham 14 2 25 -23 43 50

August:

Torbay 60 53 68 43 80 li

Quebec 64 54 73 44 84 69

Chatham 64 54 75 42 8S 63

0
NOTE: Temperatures given in aU Tables are in F••

\N
0
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The temperature cycle at Quebec and Chatham 1s s~m:J]ar to tbat

of the continental air which moyes oyer ltevf'ound.1end. With the

exception of the vinter months wen modification O'Ier the sea tbrough

convection i8 rapid and irreversible, this continental cycle ia clearly

evinced in the temperature distribution at Torbay.

It is impossible to obtain a sim1lar canpar1son of the mar1time

temperature cycle, which closely' res_bles that of the msan sea sUrface

temperature about the Avalon Pen1nsula. Since the maritime air is sub­

jected to a ame.ll land trajectory prior to its arriva! at Torbay, the

daytime maximum temperature is sllghtly higher than that of the sea

surface and the JIlin1mum temperature 18 sllghtly' lover.

The degree of the maritilDe innuenee 1B8Y' be ascerta1ned tram

Figure 2, in which graphs of the a.nnual temperature cycle for the

f'ollowing are givan: (a> the mean maximum temperature at Quebec and

'forbq, aDd the mean sea temperature of'f Torbq; (b) the mean minimum

temperature at Quebec and Torbay, and the mean sea temperature off'

Torbay; (c) the Mean daily' temperature at Quebec and 'forbay, and the

mean sea temperat'Ùre ott Torbay. During the late winter aDd early

spring the temperature of the sea surface off Torbay 1a dependent

on the extent of the 1ce fields and the general wind direction, and

f'or this per10d of the year the mean sea surtace temperature bas been

estimated.

It 1s evident f'rom Figure 2 that the annual temperature cycle

at Torba.y follows the sea. cycle sllghtly more closely than that of'

Quebec. The maximum temperature cycle closely resembles tbat of' COJl-
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tinental air in summer and the maritime air in winter, while the min­

imum temperature cycle resembles tbat of the sea in spring and the

continent in autUBm.

Throughout the year the distribution of wind direction is such

that about 70 per cent of the air arriving at Torbay bas an appreciable

laDd trajectory. Summer maritime modification of the air arriving traD.

the west produces a shallow stabillzation which is destroyed in the

oyerl~d trajectory; therefore, the sUlllll1er maximum temperature cycle

o108ely resembles the continental. Winter maritime modification warms

the air; theretore, the daily maximum temperature at Torbay tends

to approach the temperature of the sea surface. The land trajectory

does not have the same effect on the miniDmm temperature, and it shows

a tendency to continentality only in the autumn.

Ià! annual temperature çycle n Torbay. A more complete picture

of the annual temperature cycle of the mean daily maximum and minimum

temperature at Torbay is given in Figure 3. Here, trequency polygons of

the maximum and m::tnimum temperature for each month are shawn, with the

trequency expressed in per cent of the wole. The polygons provide an

excellent method of observing the combined effects of the maritime and

continental temperature cycles.

Most striking in the polygons is the change tram detinite central

tendency to marked di.spersion fram one season of the year to another.

Reference to the temperature cycle curves in Figure 2, page 32, shows

that the definite central tendency occurs when the means of the continental

temperature and of the 8ea temperature are the same, while dispersion



FR EQUE Ne y 1N P E R CE N T 34

90

80

70

60

50

LL 40
o

30

W

0:: 20

::>
JO

1-

<! 70

0::
60

W

Q. 50

:E 4 0

W
30

1-

20

10

o

-10

( ( . ~ ( . ( 1 1 ( 1 ( ) . 0 1 ( 1 0 5 ( 5 ID

) 1\ ~ 1>

il \ \ -.
Î'> I~ 1\

~ . \ J (
v <; 1\D ~5

~ I~ ~ ) ) / f ) ( \ \
1\ r-.. ]

) \ ') <, ( / ) V )
1-.1

\\ :> \/"-.
"'"

l....-

"> ~ J / I( ,~

~
/ r> )~ /~ »>

1 1 r V .J (M li. X 1MUM

( ( 1; il
1\

\ -. \

~
-,

1> -.\ 1\ \-. V / ~ -. )

~ -''z ~~ ~ f >

~ -. \...

~
.> / / ) \ -.<, Î\

--------
-: <,.r ~

> ~ ~ / I~
If -: .:>

L-:( .:
( ~ 1 If 1 rM 1N 1 1\ 'U M

J f li V
1'1

/ .
I~

Dec .Nov.Oc t .Sept.Aug .MayAor.Mar. June July

FIGURE 3

FREOUENCY POLYGONS OF THE DA I L Y MAXIMUM AND MINIMUM TE MPE R A T URE A T TORBA Y

Feb .Monrh Jon .



35

occurs vhen these tvo values dif'fer. Double maxima are in evidence

in many instances; they disappear when the mean temperatures of the

maritilDe cycle and the continental cycle are the same, or when the

modification of the continental air through convection bas been great.

Throughout the temperature cycle the change in central tend.ency and

the appearance ot two maX::tma indicate the influence ot the two separate

temperature cycles, continental and maritime.

August temperature !:!!.4~ annual czele. The distribution ot

August teaperature is inf'luenced by' the simi1arity ot the sea temp-

erature and the continental m:i.nilBum., and by the dom'! DAnCe ot the contin-

enta! character in the maximum temperature.

Because ot the similarity between the Mean sea temperature and

the continental minimum, the Torbay minimum temperature is nor.œally

distributed. The mean mi.DimuJB temperature for the e1even year period

1942-52 is 52.SoF.; the standard deviation is 5.50F.; and the skew,

using the third moment about the Mean divided by the cube of the

standard deviation as a measure,35 is .08 or negligible.

A marked ditference exista between the Mean Bea temperature and

the Mean maximum temperature ot the continental air; theretore, the

maximum temperature at Torbay is considerab1y more dispersed than the

minimum temperature. The Mean daily maximum temperature tor the eleven

year period 1942-52 is 67.7oF.; the standard derlation is 7 .SoF.; and

the skew ot the maximum temperature distribution is -.28 or appreciable.

35aichardson, C.H., AB Introduction 12 Statistica1 Analysis,
p. 101.



Betore smoothing the trequency polygon, there ex1sted a pronounced

maximum at 720F.; the polygon is skewed towards this maximum such

that the median value is 69.6oF. . This primary" ma.x1Dnml is compar­

able to the mean maximum temperature ot the oontinental air (73er.).

A poorly detined secondary maximum resulting tram maritime ciroula-

°tians is located at 61 F••

The domi nance ot the continental temperature cycle in the

maximum tEmlPeratures at Torbay is manitest through the pronounced

dispersion and skev in the temperature distribution. The s1m1larity

in the continental and maritime m~n1muœ. te.peratures renders the tvo

types indistinguisbable duriDg the month of August.

.36



CHAPTER VII

THE DISTRIBUTION OF MAXIMUM AND MINIMUM T»1PERATURE

The canplexity of the temperature distribution at Torbay is due

to the caabined effects of the continental and maritime air. A

study of the teperatures assooiated vith air-masses or wind direction

indicates more distinctly' the role played by the sea and the continent.

An analysis ot the maximum and minimum teaperature according to

air-mass partially takes into account such air properties as stabiilty

and hUlllidity. It does not, however, take into account the direction ot

the surface wind, which is Tery important. On the other band, an analy­

sis strictl;v on the basis of vinci direction f'ails to take into account

the important values accounted for in an air-mass analysis.

Neither air-mass nor circulation provide, in themselves, an

entirely satisf'actory method of' temperature investigation; theref'ore,

bath have been used to study the distribution of the daily maxiJIlum and

minimum temperature.

Ih! variation .2! temperature~ !!!!!!! direction. The extent ot

the land uea about Torbay and the difrerence between the continental

and maritime air-masses result in a marked variation of' the mean maximum

or minimum temperature vith vinci direction.

The mean ot the daily max1Dlum and minimum temperature for each

100 of' the geostrophic vinci direction have been determined f'or Torbay,

and these are presented in Figure 4, page 39, and Figure 5, page 40.

Both Figures 4 and 5 are presented in the f'om of' polar diagrams which
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are superimposed on rough maps o~ the Torbay area; the centre o~ the

polar diagram coincides with the position o~ the observation station.

This method ot presentation permits a comparison ot the mean temp-

erature with the ment ot land about the observation station; in

Figure 5 height contours are given that topographical teatures may

be considered.

The polar diagram of the mean maximum temperature shows a pro-

nounced ditferenee between the land and sea circulations. Over the sector
o 0

200 to .310 , measured clockwise, the mean temperature is virtually
o 0 0

constant at 72 F., whi1e tor the sector.360 to 070 i t lies betveen
o 0 0 0 0

57 F. and 58 F., and tor the sector 080 to 150 it ia about 60 F••

The remaining sectora display mean temperatures which are midway

between those ot adjacent sectora.

The variation in mean minimum temperature with geostrophic w1nd

direction is show in Figure 5, page 40. The distribution is quite

different trom that of the maximum temperature due to the similarity ot

the Bea surtace temperature to the continental minimum and to the

variation o~ stability vith wind direction. With winds arriving ~om the
o 0 0

secbor 120 to 280 the mean minimum temperature is about 55 F., while

vith winds arriving !ram the remaining Bector the mean minimum temperature

o
is about 49 F••

Air-mass ~ circulation temperature distribution. The distrib­

utions of the daily maximum and minimum temperature tor the air-masses

and circulations, tor which the mean temperature is re1atively constant,

are given graphically in Figures 6 and 7, pages 42-4.3, and numerically .
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FIGURE 4

MEAN MAXIMUM TEMPERATURE ACCORDnlG TO WIND DIRECTION

Note: The dashed line describes the mean maximum temperature.
Temperatures are measured in oF. along the 2700 axis and distance in
miles in the southvest quadrant.
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in Table II, page 44. The paucity ot data used in determining the

distributions tor some ot the lesser air-masses maltes these subject

to question. A cœparison ot the air-mus t'requenoies t'rom night to

dey also suggest& that there m.a.y baTe been sQIIle bias in choosiDg

between T and PM and betveen PC and PMl at night. Despite these

possibilities, the distributions do give a Tery luold picture ot the

maximuIn and minimum temperatures.

In seleeting data for these distributions it bas been necessary

to eliDdnate those cases where &ir-mss change has rendered. unrepresent­

ative the maximum or minimum temperature reported for the dey. For this

reason the number ot cases used tor each air-mass bas baen raduced. to

about 80 or 90 par cent ot thosa possible, with the exception of the

PM air-mass tor which i t bas been possible to use only 46 per cent

ot the total number possible. A high percentage ot the incursions of

PM air over Nevf'oundland is associated with rapic:Uy moving storms, and

its presence is normally ot relatively short duration.

Both circulation and air-uss temperature distributions bring

the effects ot the aea and continent into prominence. By day, wester17

circulations are basically continental and the mean temperature exper­

ienced at Torbq approximates those ot other eastern Canadien localitiea;

by night, there appears to be 11ttle distinction between the minimum

temperature in the major continental and maritlme circulations, but the

etfect ot the cold aea to the north of the Avalon Peninsula ia appreci­

able.
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TABLE II

THE MEAN, STANDARD DEVIATION, RANGE, AND FREQUENCY OF OCCURRENCE OF THE DAILY MAXIMUM AND
MINIMUM TE1-1PERATURE ACCORDING TO AIR-MASS AND CIRCULATION

Air-mass Maximum Temperatures Minimum Temperatures
or No. Mean Standard Range No. Mean Standard Range

Circulation Cases Deviation Cases Deviation

MPC 70 69.40 F. 4.50 F. 19° F. 70 53.20 F. 3.50 F. 160 F.

PM 17 66.4 5.1 19 24 53.1 4.5 21

PM! 50 56.5 4.7 19 35 47.3 3.6 15

PM2 39 72.6 2.5 12 42 56.4 3.4 13

MPM 11 66.7 5.5 14 Il 52.0 5.2 17

T 64 76.5 4.1 21 41 60.1 3.6 18

PC 20 61.7 4.8 17 36 45.6 3.3 14

2000 to 3100 176 72.6 5.3 32

0100 to 1500 57 57.6 3.9 20

1200 to ?-800 - - - - 168 55.4 5.0 26

2900 to 1100 - - - - 79 $.4 4.5 21

A1l cases 341 67.7 7.8 39 341 52.8 5.5 27
t
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The complexity of the frequency polygons of the daily maximum and

minimum temperatures
36

are readily explained in the light of these

distributions.

The value of the refinement of the temperature data according

to air-mass and circulation ia evinced by the difference between the

arithmetic mean, standard deviation, and range of these groupings and

those of the parent temperature distribution. The reduction in the

range and standard deviation and the distinct differences in means

indicate that the refinement is a positive asset in temperature

prediction.

36
Cf. p. 34.



CHAPTER VIII

MAXnroM TEMPERATURE RELATIONS

The increase in temperature, by dey, of the air near the ground

ia caused by the receipt of sohr energy at the ground in excess of

the energy lost at the ground through radiation and other processes.

Weather conditions, which may limit the solar energy received or

affect the distribution of the energy received by the air f'r0lll the

ground, also limit or affect the maximum temperature. The influence

of the more signifioant weather conditions such as cloud, wa.rmth of

the air stratum neer the ground, and wind speed is discussed and in-

vestigated in this chapter.

I. PROCESSES ASSOCIATED WITH DAITIME HEATING

Daytime heating is directly ascribed to the energy gained at

the ground through insolation, and weather conditions which limit

the insolation received at the ground bear a relation to the daytime

maximum temperature. Solar radiation may be refiected back to space

by claude, 1ihe earth, and the atmosphere. It i8 partially abaorbed

by the clouds and water vapor present in the atmosphere. While the

bulle of all incaming solar radiation reaches the ground, i t is estim-
. 37
ated that annus.lly 33 per cent is ref'1ected back to space f'rom clouds.

The pure atmosphere, atmospheric pollution, and water vapor refiect

sunlight back to space; but the quantity ref'lected is small, and the

37Geiger, Rudolph, Climate B!E ~ Ground, p. 2.
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variabillt1' of the retlectors is smaller still. Clouds are the

major variable factor which liDit the insolation incident upon

the ground.

Energy received at the ground mq be distributed both within

the ground and the air. The energy distribution within the ground

depends on its thermal conductivit1'and capacity. The rate of

dissipation within the ground. is relatively amall, and the ground

surface ma1' became extremel1' hot as a result. Energy is received by

the air near the ground tbrough radiation fraD the earth t s surface,

eddy diffusion, and conduction. Convection and radiation play a

domi nant role in the interchange of energy betveen the ground and

the air.

II. INVESTIGATION OF THE RELATIONS

Since this study is of exclusive data, many factors associated

with the daytime energy exchange need not be considered. Humidit1' ,

pollution, evaporation and stabillt1' are largely a f'unction of air­

BlaSS or circulation; for this reason, they have been partiall1' con­

sidered. Solar elevation, the tas of heating, and nature of the

grotœd need not be considered since the study ie restricted to a

single location and to a single month.

The aigDificant factors to be considered are: (1) the retlec­

tion of insolation frœ clouds; (2) radiation trom. the ground to the

air; (3) eddT diffusion. The investigation of maximum temperature

relations takes into account directly or indirectl,- these factors



and the influence of the sea, In it the following relations are con­

sidered: (1) the influence of cloud albedo; (2) the warmth of the

near-ground air stratum; (3) the effect of vind speed; (4) the sea

breeze. The albedo relation gives directly the .ffect ot loss ot

insolation through cloud refiection and absorption; the etfects ot

radiation and convection are manifest in the relationship betveen

the warmth of the air near the ground. and the maximum teœperature; the

increasa in eddy diff"usion through wind is considered in the investiga­

tion ot temperature with wind speed.

~ albedo. Clouds are the major variable factor which preventl!l

insolation trOll reaching the grotmd. On the average, clauds refiect

55 per cent ot the soler radiation incident upon them; they may absorb

20 per cent of the incident radiation. Marked derl.ations !rom the

average albedo do oceur, and for overcast skies the albedo may range

fran 15 to 85 per cent depending on the cloud type.38

AssmniDg a linear relation between the cloud albedo and the max­

imum temperature, correlation co&tficients vere determined tor the air-

massell aDd circuJ.ations. These and re1ated data are presented in

Table III. The correlations are generally low and ot small confidence.

the best correlations are obtained tor the maritime circulation and the

PM air-masse

38Frit z , Sipund, "Solar Radiant Energy," Oanpendium of Meteor­
ology, p. 29.



TABLE III

RELATIONS BErWEEN CLOUD COVER, EXPRESSED AS ALBEOO, AND THE t-iAXIMUM TEMPERATURE

Air-mass No. Correlation 95% Probabi1ity .01 Sig- Mean Mean
or of Coefficient of true value of nificance Temp- Albedo

Circulation Cases r r being within : Leve1 erature %

MPC 71 -.36 -.14 and -.55 -.30 69 20

BM 17 -.92 -.78 and -.97 -.61 67 44

au 50 -.28 -.01 and -.53 -.36 56 55

PM2 38 -.27 .06 and -.55 -.41 72 27

T 56 -.39 -.13 and -.59 -.35 76 32

PC 21 -./$ -.05 and -.76 -.55 62 18

2000 to 3100 156 -.28 -.14 and -.43 -.20 73 27

0100 to 1500
57 -.50 -.27 and -.68 -.33 58 51

fè
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The leugth of the land trajectory is probably responsible for

the more pronounced effect of cloud caver on temperature vith mar-

i tille cireuJ.ations. As the period of heating increases, energy

received trœn the ground is distributed through a deeper section

of the troposphere, and the rate of temperature increase in the air

neer the ground becœnes less rapide Air arriving directly off

the sea haB experienced a very short. period ot heatiDg, and the warm­

ing is confined to the lowest stratum. Variations in the amount of

heating produoe marked variations in the air temperature, and tor

this nason oloud oover JDay' bave a pronounced etfect on the JnaJd.mum

temperature.

There ia sane doubt as to the validity of the assumption of a

linear relation betveen cloud albedo and the Dl8Jd.JIum temperature.

When the air is very' unstable, the presence of cloud may appear to

bave very little effect on the maxiJmD temperature. Robinson states

that radiation JDay' be equally important as oonvection in warming the

lover troposphere,.39 and strong radiation accounts for the superad1~b­

atic lapse rates whioh oceur near the ground. These radiative effects

malte possible a tair correlation betveen albedo and the JII8.XiInml temp-

erature eYen wen the air ls unstable.

In order to observe the degree of interrelation between the

veatber Tariables used, the correlations tor cloud albed.o and the

relations between albedo and wind speed vere investigated.

39Robinson, G.D., "Tvo Notes on Temperature Changes in the
Troposphere Due to Radiation," Centenarx Proceedings, pp. 26-29.
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In thirty-tive cases ot maritime circulation a correlation

coetticient of .01 vas obtained tor the association ot cloud albedo

and thickness, while for one hundred and one cases ot ottshore circulation

a coefficient of .0.3 was obtained. It mq be cla1me4, theretore, that

there is little association ot these values and that their etfects on max­

imum temperature are relatively" independent.

The variation of cloud albedo 111th wind apeed ia given in

Table IV. With offshore winda there does not appear te be a

significant association ot cloud albedo 111th wind speed, the highest

albedos occurring 111th very' llght and very strong winds. Vith ouhore

winds there is an increase in the average albedo vith an increase in

wind aboye twenty-five knots.

The average effects of cloud albedo on the maxiDmm temperatur.

are given in Table V, page 5.3. With offshore winds the mu::1.mtml temp­

erature averages about tour degrees higher vith sUll13Y' skies than 111th

very dull skies. Vith onshore winds sunJ1Y' dqs average six degrees

warmer than days vith a heav:r avercast.

Thickness. The air near the ground ia warmed during the dq

through the gain of heat fran the grouDd by eddy' diffusion and radia­

tion. WithiD an air-mass class, barring the effects of cloud and wind,

the methods by which the energy gaiDed is dispersed do not vUT

appreciably; the maximmn temperature, therefore, is a tunction ot

the general warmth of the air at a specifie time of dq.

The aftects of insolation on each air-mus may be anticipated

fran the aT&rage aerological ascents presented in Appendix A. Theae



TABLE IV

THE RELATION BEI'WEEN AIBEOO AND GEOSTROPHIC WIND SPEED

Geostrophic
wind speed in kts. 0 - 14 15 - 24 25 - 35 36 or more

Onshore Circulation:

Average Albedo in %

No. of cases

Offshore Circulation:

Average Albedo in %

No. of cases

45

17

28

24

44

18

22

62

52

12

25

58

66

9

28

12

\JI
1\)



TABLE V

THE EFFECT OF CLOUD ALBEOO ON THE MEAN MAXIMUM TEMPERATURE

Albedo
in per cent 0-10 Il - ,30 ,31 - 50 51 - 70 71 - 85

Circulation 0100 ta 1500

Mean Maximum 60.6 60.3 57.5 56.0 56.2

No. of cases 8 10 8 15 15

Circulation 2000 to 3100

Mean Maximum 7,3.4 7,3.1 71.4 71.,3 69.5

No. of cases 6,3 4,3 29 1,3 8

~
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averages are given according to air-mass, and have been prepared from

four years of data. The means of the temperature for the indicated

pressure levels and layers of stability or instability which were a

dominant characteristic have been used in drawing the average ascents.

The preponderance of the heat transfer from the ground to the

troposphere during the day is confined to the air layer below 850

millibars; therefore, the relation between the thickness of this

layer and the maximum temperature has been used in this study.

The correlation coefficients and relevant data for the maximum

temperature and thickness are given in Table VI. The correlations are

generally significant, but are highly significant for the offshore

circulation and for the MPC air-mass; the regression equations for

this circulation and air-mass give a reasonably accurate prediction

of the max:i..mum temperature. Warm stable maritime air-masses give the

poorest correlations.

When skies are sunny it is common practice to use the tempera­

ture of the air at 850 millibars in predicting the daytime maximum

temperature. On a rough assumption that the offshore circulations are

sunny (average albedo 27 per cent), the value of the correlation co­

efficient relating maximum temperature and the 850 millibar temperature

was caJ.culated. The value obtained was .68 which indicates that the

850 millibar temperature is not as useful as the thickness which, for

the seme set of data, had a correlation coefficient of .78.

Wind speed. Brunt has shown that the transfer of heat by mixing

increases the entropy of the system, and results in the potential temp-



TABLE VI

THE RELATIONS BErWEEN THE MEAN MAXIMUM TEMPERATURE AND THE THIOKNESS OF THE
STRATUM BEn'WEEN 1,000 AND 850 MIT.LIBARS AT 15.00 G.M.T.

Air-mass No. Oorrelation 95% Probab1lity .01 S1g- 2 x
or of Ooeff1c1ent of true value of' nif'1cance Regression Standard

Oirculation Oases r r being vithin : Leve1 Equations 1t Error

MPO 46 .74 .57 and .85 .37 y = .724X - 255 6.3

PM 12 -.06 -.61 and .54 .71

PM! 31 .65 .38 and .82 .46 y = .517X - 172 7.2

PM2 · 19 .42 -.05 and .74 .57

T 39 .49 .18 and .70 .41 y = .463X - 135 6.5

PO 13 .67 .18 and .89 .69 y = .763X - 275 7.6

200
0

to 310
0 lOS .78 .68 and .84 .24 y = .687X - 237 6.5

010
0

to 150
0

35 .57 .29 and .76 .42 y = .504X - 165 7.6

x The key to the1etters used in the regress10n equat10ns 18 as f'ollows: Y 1s the predicted
value of' the maximum. temperature in Op'.; X 1s the thickness 1n tens of' geopotent1a1 feet.

VI
VI
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erature ot the system becaming equal to the mean ot the potential

temperature of the constituents.40 Turbulence due to wind tends

to neutralize the gradient of potential temperature, resulting in an

adiabatic lapse rate. Vith clear skies the daytime maximum tempera-

ture occura at a time wen the potential temperature near the ground

decreases vith height; theretore, the effect of increased wind would

be to decrease the maximum temperature.

__ _ _ _ _ _ _ _ _ _ _A_oamplication-to-this- generallzat-ion-1s-introduced by -the- - - - - - -­

proximity ot the ocean. The diurnal variation ot temperature of the

air over the sea ie negligible.41 The only warming received by day

by the maritime air is that over the short land trajeotory between

the coast and the observation station. The length of the time ot

warming, therefore, is inversely proportional to the wind speed, and

the mean maximum temperature decreases as the 'Wind speed increases.

The effect of increasing wind on the mean temperature is shawn

br the data in Table VII. In this table the mean temperatures are

presented for every five knot range of geoatrophic wind speed for the

two maj or circulations. The value of the table is hampered by the

paucity of data for very light and very strong winds. With offshore

winds there ia an increase in the mean maximum temperature as the

wind increases fram very light to about tventy-five knots, while

beyond this strength the temperature decreases steadily. With onahore

~ ------------------------- - - - - - - - - - - ~runt., David, Physical .e!! D;ynamical Meteoroloq, p. 74.

41 Sverdrup, H.U., OceanograJLhy~ Meteorologists, p. 80.



TABLE VII

Geostrophic Wind
in knots

Circulation
sector 0100-1500

Mean Maximum oF.

No. of cases

Circulation
sector 200°-310°

Mean Maximum oF.

No. of cases

1

1

1

1

1

1

1

1

1

1

1

THE MEAN MAXIMUM TEMPERATURE FOR RANGES OF GEOSTROPHIC ~ND SPEED

1

1

5 or J.ess .6-10 11-15 16-20 21-:~5 26-30 .11_-:35_ J6-~04J.-45 46-50 51-55 56-60
1

1

1

59.4 62.6 60.4 56.0 58.2 53.0 54.2 5417 50.0 58.3 -- 50.5
1

8 5 Il 8 8 3 4 3 1 1 3 0 2

1

1

1

167.0 71.1 71.3 72.6 74.6 73.9 74.1 71.9 69.0 -- 71.5
1

2 Il 39 27 32 22 Il 8 1 2 0 2
1

\J'l
-..J



v1nds there is a steady decrease of the mean max1JDum temperature vith

iDcreasing speed until the wind reaches a velocit;r of thirt;r-tive

mots; be;rond this value the results are not conclusive. The intluence

ot wind speed appears to be sufficient to vary the mean max1.Dn:œl temp-

erature through a temperature range ot seven to niDe degrees.

The abnormal ef'tect ot wincl speed tor the oftshore circulation

~ be attributed to the sea breeze. The sea breeze is most probable

vith very light gradient winds and the cooling ettect ot the breeze

vould produce the observeà. result.

The influence of wind speed on temperature is dependent on the

degree of stabUity ot the air near the ground. The degree of stabilit;r

is, on the average, indicated by the air-mus type; however, as a turthar

check on the .ftects of stability, the variation ot the mem maximum

temperature vith wind speed vas determined acoording to the curvature ot

the mean sea level isobars.

For the offshore circulation the following distribution ot curva­

ture was obtained: (1) sevent;r-tvo anticyclonic cases vith a mean

albedo ot 20 par cent and a meaD temperature ot 720
; (2) tMrty--three

instances ot cyclonic curvature vith an average albedo of 2; per cent
o

and a mean temperature of 71; (3) fifty-one cases vith no apParent

curvature, and vith an average albedo of 31 per cent and a mean tempera­
o

ture of 73. The warmth and cloudiness ot the last mentioned case is

due to the high incidence ot humid tropical air in this Partioular group.

The mean D18Jd.mum temperatures, for ranges ot wind speed according

to isobaric curvature, are given in Table VIII, and they are general.ly



TABLE VIII

THE EFFECT OF STABILITY ON T»œERATURE-WIND RELATIONS

Geostrophic Anticyclonic Curvature Cyclonic Curvature
wind in lets. o - 15 16 - 25 26 or more o - 15 16 - 25 26 or more

Seotor 2000 to .3100
:

Mean Maximum oF. 70.7 74.9 72.5 70.2 72.1 69.5

No. of oases 33 24 15 9 18 6

Sector 0100 1;0 1500
:

Nem Max1Jnum <7. 61.1 56.9 59.0 60.0 57.8 52.8

No. or cases 15 9 3 5 5 10

~
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higher vith anticyclonic curvature. A1though the data are too few to

be conclusive, strong onshore vinds vith cyclonic curvature appear to

produce much lover max:1.mum temperatures than those vith anticyclome

curvature. The significanee of the data ia parUy hidden by the assoc·

iation of cloud amount vith wind speed and curvature.

The !!!! breeze. The true sea breeze is an antitriptic vind, or

a wind which blovs in the direction of the pressure gradient at right

angles to the isobara and isotherms. The action of the sea breeze may

be obscured by the gradient wind. 42-

The sea breeze develops through unequal heating of the air over

adjacent land and sea areas. It ia most trequent over Newtoundland in

the spring wen the sea is quite cold and the heating of the ground by

the sun is intense. The density gradient whieh develops along the

coast results in a landward movement of the air trOll the sea, This

movement is usually evinced as a landward deviation of the surface wind

direction. Mid-atternoon winds tend to reach the gradient value through

increased cODVection, and it ia most difficult to observe a sea breeze

effect w1th moclerate offshore gradient winds. The ef1'ect is quite

evident wen the pressure gradient is light and when it acta at right

angles to the gradient wind.

The sea breeze 1a of concern in temperature prediction wen it

resulta in a shift ot the surface wind direction froll offshore to onshorej

42netant, Friedrioh, "Local WiOOa ft, Cœpendium ~ Meteorologz,
p. 655.
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discussion of' the sea breeze in the remainder of this study has been

restricted to such instances.

Through ref'lection of insolation back to space, clouds may ap-

preciably limit the warming of' the air near the ground , Def'ant has

determined the association between sea breeze and cloud f'or the Black

Sea, and claims that the probability of occurrence increases f'rom 27

per cent vith virtually overcast skies to 90 per cent vith sunny

skies.43

Thirty-three pronounced sea breezes were observed in the period

investigated. In each case the surf'ace vind changed f'rom offshore to

onshore and back during the day while the geostrophic vind was of an

of'fshore direction. The f'requency vith whieh these occurred in relation

to the wind speed when the geostrophic vind was f'rom the sector 2000 to

3100 is given in the following table.

TABLE IX

FREQUENCY OF OCCURRENCE OF A PRONOUNCED SEA BREEZE IN
RELATION TO THE GEOSTROPHIC WIND SPEED

Geostrophic Less than Above
wind in kts. 5 6-10 11-20 21-30 30

No. of cases 9 4 11 2 0

Per cent of
possible cases 100 28 17 0

A sea breeze is caused by a density difference; therefore, the

temperature at which it starts will be a function of the general warmth

43, Ibid., p. 658.

u
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of the air near the ground, or thickness of the near-ground air

stratum. The maximum temperature is generally reached just before

the surface wind shifts to onshore, and this temperature may be

considered as that at which the sea breeze begins.

The correlation coefficient for thickness and maximum temp­

erature for twenty-one instances of sea breeze occurrence was

determined to be .92 with a one per cent significance level of .55,

and a 95 per cent probability that the true value of the correlation

coefficient lies within .81 and .97. The regression equation obtained

for this highly significant relation is:

y = 1.lOOX - 423

where Y is the predicted maximum temperature and X ia the thickness

of the air stratum between 850 and 1,000 millibars in tens of geo­

potential feet. There is a 95 per cent probability that the observed

value of the maximum temperature will lie within one degree of the

predicted value.

In summation it may be stated that: (1) a sea breeze is most

probable when there are clear skies and the geostrophic wind is less

than fifteen knots; (2) when there is a sea breeze, the maximum temp­

erature is closely related to the thickness of the air stratum near

the ground.



CHAPTER IX

MINIMUM TEMPERATURE RELATIONS

In the absence of insolation the ground experiences a contin-

ual loss of heat through radiation. The rate of cooling depends on

the radiating temperature, the rate at which radiant energy is re-

turned to the earth from the atmosphere, and the liberation of heat

through the deposition of dew. The minimum temperature, therefore,

is related to: (1) the warmth of the air stratum near the ground;

(2) the amount and type of cloud ccver; (3) the dew point which in-

dicates the temperature at which the rate of cooling changes. These

three relationships and that of the minimum temperature to wind speed

are considered in this chapter.

I. PROCESSES AFFECTING MINJMUM TEMPERATURE

Radiation within the atmosphere warms the air belo'W an inversion

and cools the air above i t. After the formation of a nocturnal ground

inversion there is a strong flux of heat dcnmward which tends to warm

the air nearest to the grol.Uld. The fact that the inversion continues

to develop indicates that the heat loss at the ground surface through

radiation, and the distribution of this heat loss through conduction

and diffusion, are the most decisive factors in the nocturnal cooling

of the air near the ground.44

44 l-foller, Fritz, llLong-Wave Radiation," Compendium of Meteor­
ology, pp. 38-48.



The earth, clauds, and atmospheric vater vapor and carbon di-

oxide participate in an energy exehange vith the energy em1tted trom

each being roughly proportional to the tourth power of its absolute

temperature. With clear skies the amount of the downward radiation

from the air stratum near the ground is relatively large. Mailer

states that 37 per cent of the radiation reaching the ground proceeds

tram. the 10vest tan metras, 71 per cent from the lowest one hundred

metres, and gg per cent trOll the lowest tive hundred metres; he &1so

claims that the effect of the ground inversion is sucn that it may

reduce the affective ground radiation 10ss to four fitths or EWen as

low as one balf of i ts possible value45. The sq radiation reaching

the ground is inereased by the presence of clouds. Brant states:

"The net 108s of heat by the ground is therefore considerably dimin­

iahed, approx:1ma.tely by an amount equal to the radiation fram the

cloud in the vave-1engths of the transparent band. n46 The transparent

band refer8 to those vave lengths in the infra-red spectrum in which

vater vapor does Dot absorb. The !ntenaity of' the cloud radiation

depends on the temperature of the base of the cloud which, in turn,

ia dependent on the helght of the base.

Large aJIlOUDt8 of' energy may be released through the deposition

of dev, a process which seriously afrects the rate of' cooling of'

the ground. As the air near the ground cools it may reach a satura-

tian point vith respect to vater vapor content. Further cooling

45
~., p. 39.

~rant, David, Physical !!!!l Dynamical Meteorology, p. 143.
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results in the deposition ot dev and the release ot the heat ot con­

densation, which alters the rate of cooling appreciably.

The coollng ot the air near the ground results in the torma­

tion ot a positive gradient ot potential temperature in the vertical

direction. Since the eftect ot turbulence vithin the air is to

destroy the vertical gradient ot potential temperature, an inerease

in v.1Dd destroys the nocturnal inversion and causes a temperature in­

crease neal" the ground..

Cooling of the thin air layer near the ground results in a

horizontal gradient ot air density wherever the ground is not level.

This causes drainage of the thin cold skin ot air into valleys and

its replacement by warmer air from higher levela. In this vay local

topography mq pJ.q a significant role in the minimum temperature

regime.

The varmiDg of the ground surface tram the subsoil depends on

the thermal conductivity and specifie heat of the soll. These factors

and the leDgth ot the cooling period nead not be considerad by virtue

ot the exclusive nature of the data used,

II. INVESTIGATION OF THE RELATIONS

The variables which appear to baTe a signiticant etrect on the

minimum temperature are cloud caver, water vapor content ot the air,

varmth ot the air strat1Dll n8ar the grouncl, and wind speed and direction.

Thickness. When clouds are absent, most of the radiation reach­

iDg the ground. at night 1s derived trOll the air strat1Dll neu the .
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ground. The average temperature of this stratum is a fair measure

of the radiation it eaits, as vell as a measure of the initial rad,i­

ating temperature of the ground, The Tertical thickness of the

stratum is an excellent lIeasure of the mean temperature of the

stratum.

The coefficients of correlation and other pertinent data shov­

!Dg the relationship between thielmess and miniJllUDl temperature are

givan in Table X. Although none of the coefficients are very large,

they are signifieant for the circulations and for the air-masses which

are associated mainly with southwest w1nds.

The individual air-masses have characteristic vertical temp­

erature gradients. The averages of aerological ascents for the air­

masses may be seen in Appendix A. The nocturnal inversion is visible

in the T air-mass by 03.00 G.M.T., while at this tille both the PC and

the PMI air-masses show very 11ttle or no indication of an inversion.

These air-mass peeuliarities are partly taken into acoount in the cir­

culations since the air-masses PMl and PC arrive mainly trom the

north, and 'the more s'tab1.e air-masses arrive from the south.

The thickness of the air stratum betveen 850 and 1.,000 millibars

exh1bits a sign1tieant relationship with minimum temperature. This

relationship is best expressed in an analysis according to ciroulation

which appears to incorporate the etfect of the vertical temperature

structure of the air.

Cloud albedo. The reduction of the net radiation 10ss at the

ground through the presence of cloud is inversely proportional to the



TABLE X

RELATIONS BEI'WEEN THICK'NESS OF THE AIR STRATUM BEI'WEEN 850 AND 1,000 MILLIBARS
AT 03.00 G.M.T. AND THE MINIMUH TEMPERATURE

Air-mass No. Correlation 95% Probabi1ity .01 Sig- 2 x
or of Coefficient of true value of nificance Regression Standard

Circulation Cases r r being within: Level Equations:A: Error

MPC 56 .56 .35 and .72 .35 y = .450X - 150 6.0

PM 14 .31 -.27 and .73 .66

PM1 23 .39 -.04 and .70 .53

PM2 24 .53 .15 and .77 .52 y = .341X - 97 5.8

MPM 9 .19 -.55 and .77 .80

T 28 .06 -.34 and .42 .48

PC 18 .13 -.37 and .57 .59

1200 to 2800 108 .58 .46 and .68 .24 y = .606X - 219 8.4

2900 to 1100 53 .59 .37 and .74 .35 y = .47lX - 161 7.7

X In the regression equations Y i8 the predicted value of the minimum temperature, X is the
thickness in tens of geopotential feet.

~
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cloud height. The cloud albedo is roughly inversely proportional to

the cloud height; therefore, albedo haa been employed as a measure of

the radiative power of the cloud. On this very coarse assumption cor-

relation coefficients were determined as a measure of the relationship

between cloud caver and minimum temperature.

The problem is much more delicate than the treatment awarded

it. M~ller suggests that the departure fram expected radiative losses

may be due to the presence of thin invisible cloud veils.47 Such fine

details in cloud structure are beyond the scope of present day fore-

casting; therefore, the coarse methods used in the investigation are

probably justified.

The average effects of cloud caver on the minimum temperature

are presented in Table XI. The correlation coefficients for the air-

masses and circulations are small and of low significance. The table

indicates that the distribution of cloud is much the saroe for both

high and low minimum temperatures. The conclusion that the net effect

of cloud on minimum temperature is small must not be construed as mean-

ing that the effect of cloud in an individual instance is small. The

results obtained are representative of strictly average conditions.

The dew point. The release of heat through the formation df

dew retards the rate of cooling of the ground at night. The rate of

cooling changes when the dew point is reached; therefore, the minimum

47 Moller, loc. cit.--



TABLE XI

RELATIONS BErWEEN THE CLOUD AmEDO AND THE MINIMUM TEMPERATURE

Air-mass No. Correlation 95% Probability .01 Sig- Mean
or of Coefficient of true value of nificance Albedo

Circulation Cases r r being wi.thin: Level %

MPC 71 .03 -.21 and .26 .30 24-

PM 23 .17 -.27 and .55 .53 66

PMl 34 .22 -.14 and .53 .44 61

PM2 39 .18 - .15 and .48 .4l 33

MPM 13 .24 -.43 and .74 .69 46

T 39 .01 -.31 and .33 .4l 50

PC .31 .16 -.21 and .49 .46 28

1200 to 2800 164 .17 .01 and .32 .20 38

2900 to 1100 77 .07 -.22 and .29 .29 45

$
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temperat.ure is related to the dew point.

The association ot the dew point vith the miniJIlum tEllRperature

. may also be linked vith cloud caver and radiation. In determining

the re1ationship the dew point of the air at 18.,30 G.M.T. bas been

used, At this time cOU'Vection is most actiTe and the dew point is

representative of the moisture content of the air stratum near the

ground. The dew point is also an excellent indicator of the night­

time formation of very low cloud in the warm air-mass circulations.

These added associations enhance the close relationship between

the dew point and minimum temperature.

The correlations determined tor the dew point and minimum

temperature are quite signiticant in most instances; these and other

pertinent data are presented in Table nI. The relationships tor

circulation are more significant and useful than those tor air-mass.

The values obtained are exceptionally good wen i t is considered

that advective change in the dew point bas not been considered.

The regression equations liere determined for those relationships

vhich vere signif'icant.. The usefulness o~ these equations in tempera­

ture prediction is indicated by the va1ue ot twice the standard error

of estimate; in 95 per cent of the cases the actual values lie

vithin four to seven degrees otthe predicted value.48

~ speed. Aside tram the land and sea trajectory differences,

wind has a pronounced effect on the nocturnal minimum temperature

~oroney, M.J.,~ Fran Figures, p. 296.



TABLE xrr

RELATIONS BErWEEN THE DEW POINT AT 18.30 G.M.T. AND THE SUBSEQUENT
MINIMUM TJ!MPERATURE WITHIN THE SAME AIR-MASS

95% ProbabilltyAir-mase No. Correlation .01 Sig-
Regression~

2x
or of Coetficient of tru. value of nificance Standard

Circulation Cases r r being within: Level
Equations

Error OF.

MPC 48 .42 .15 and .63 .37 Y li! .,33X +35 6.5

PM 17 .55 .09 and .82 .61

PM]. 24 .74 .47 and .88 .52 y : .551 +20 3.9

PM2 30 .57 .26 and .78 .J.h y ••451 +31 5.5

MPM 9 .28 -.49 and .80 .80

T 32 • .58 .28 and .78 .45 y = .4OX +35 5.6

PC 15 .57 .07 and .84 .64-

1200 to 2800 125 .71 .61 and .79 .23 Y : .59X-I-22 7.2

2900 to liOo 44 .64 .42 and .79 .39 Y =.5lX +22 5.9

:i: The key to the regression equations ie as tollows: Y 1a the predicted value of the
minimum temperature; X ie the dew point in oF••

."J.-a
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through speed. Radiative processes tend to produce an inversion near

the ground. The effect of turbulence is to neutralize the vertical

potentia.l temperature gradient; therefore, wind tends to destroy the

ground inversion and to increase the air temperature near the ground.

Since turbulence increases with wind speed, the minimum temperatures

tend to be higher on nights when the wind is strong.

Turbulence ia due to friction between the air and the ground,

and between air strata. Theamount of turbulence depends on the

nature of the ground and ia proportional to the wind speed,

The amount of warming through turbulence depends, not only on

the $mount of turbulence, but also on the stability or the air. In
\
\ 0

generà~, air arriving from the sector 120 to 2800 displays a marked

increase in potential temperature with height in the near-ground

stratum and the effect of inoreased w1nd on this air ia to produce

a marked warming near the ground. By comparlson, the air-masses arrlving

from the north are considerably less stable, and northerly w1nds do not

produce appreciable warming near the ground. Averages of the aerolog-

ical asoents for the different air-masses are presented in Appendix A,

and both PMI and PC, which dominate the northerly circula.tion, display

rela.tively unstable lapse rates ln the lower levels.

The relation between wind speed and the minimum temperature is

not 11near. Once surriclent turbulence exista to destroy the ground

inversion further turbulence may result in either warmlng or cool1ng,

depending on the temperature distribution of the air at higher levels.
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The effect of wind speed on minimum temperature is shown in

Table XIII, and 1t 1s quite different for each circulation. With

southerly winds there is an increase in average minimum tempera~ure

with speed until a geostrophio wind of twenty-five knots is reached;

with very light winds the mean minimum temperature is about five

degrees oolder than with moderate winds. A continuous decrease in

the mean minimum temperature, over a range of eight degrees, occurs

as the northerly winds increase from very light to very strong.

The apparent anomaly in the temperature-wind relationship for

northerly winds is due to the shortness of the land trajectory and to

the inherent instability of the air. The very short land traj eotory

does not permit a ground inversion of any size to develop. Air arriv­

ing from this sector is cold and unstable, and with very strong winda

the modification caused by the sea is incomplete.

The coldness of the air and the instability present in the

northerly circulation are proportional to the wind apeed, Although

fram classioal considerations it might be expected that the coldest

temperatures will occur when there are light \olinds and clear skies, the

absolute minimum temperatures at Torbay for the year and for most of the

winter months have occurred simultaneously with gales, precipitation,

and overcast skies. The absolute minimum temperature for the month of

January occurred when the surface winds were recorded as forty miles

per hour. With extremely strong northerly winds the rate of advection

of air ia so rapid that it does not receive the normal modification

frem the sea; superadiabatic lapse rates are observed near the ground



TABLE XIII

MEAN MINIMUM TEMPERATURES FOR RANGES OF GEOSTROPHIC WIND SPEED

Wind speed in kts. 1-5 6-10 11-15 16-20 21-25 26-30 31-35 36-40 41-45 46-50 51-55 56-60 65-70

Circulation 1200 to 2800

No. of cases 7 14 41 39 36 17 6 3 3 1

Mean minimum 51.6 53.8 54.4 55.9 57.1 56.5 55.5 56.0 54.0 56.0

Mean albedo (%) 63 32 32 34 37 35 44 22 37

Circulation 2900 to 1100

No. of cases 6 13 22 7 17 5 3 2 3 1

Mean minimum 51.2 47.2 50.4 ~.4 47.2 49.4 47.0 45.0 44.0 43.0

Mean albedo (%) 43 31 44 55 29 42 68 55 70 75

~
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level in air asseciated with these winds. This relation between wind

speed and air temperature is largely respGnsible for the apparent

anemaly in the wind-temperature relationship.

Terrain .!!!S the land breeze. Topography and the land-sea dis­

tribution have a prenounced influence en the minimum temperature regime.

A polar diagram. of the mean minimum temperature, according t. geGstraphic

wind direction and superimposed on a large-scale map with contour heights,

has been show in "Figure 4, page .39. The influence of hills and valleys

may he conjectured from. this illustration. The distribution of land and

sea has been partly intreduced intg the study tbrough th. use of circula­

tien, but for minimum temperature the circulation is based mere on stabil­

ity, Bince there is little to distinguish between the average continental

and the average maritime minimum. temperature.

Drainage ef the cold air at night t'rom Torbay toward the sea re­

sults from the sloping terrain and the land breeze effect. From the

hills twc miles southwest of the observation station, the ground slopes

steadily downward toward the Bea, a drop of seven hundred feet cccurring

within the t'ive ndJ.es. Air, which COOJ.6 by contact witb the ground at

night, slides down this slope toward the sea and is replaced b.1 warmer

air t'rom higher levels.

The combined effects of this drainage and the land breeze may

cause an appreciable increase in the .ffshore wind. The increased

turbulence due te this increment and the increased advective warminC

result in higher minimum temperatures.
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The nocturnal increases in offshore winds occur under condi­

tions which are similar to those noted for the sea breeze. In a

seven year period there were twenty-seven instances when this drain­

age and land breeze effect were noticeab1e. The following are general­

ized conditions associated with these occurrences:

(1) On the average, the surface wind increased eight miles per

hour from the southwest; the extreme increase was e1even.

(2) The peak of the breeze is reached at about 02.30 N.S.T.;

deviations of two to three hours from this time are common,

(3) The breeze maintained at least 50 per cent of its strength

aver an average period of five hours.

(4) Skies were virtually clear in 75 per cent of the cases.

(5) The breeze acts independently of the gradient wind, its

effect being to add a southwester1y component to the surface wind.



CHAPTER X

TEMPERATURE PREDICTION

The distributions of temperature according to air-mass and cir­

culation, and the relations betveen temperature and other more readily

predictable veather conditions, make possible a reasonably accurate

temperature prediction. Use of the many individual relationships is

awkward and made difficult through interrelation. Partial regression

equations, which introduce aU the major variables affecting temperature,

provide a simple, yet thorough, method of temperature prediction.

Significant temperature relations. The most signif'icant variable

that influences both lDAximum and minimum temperature is wind direction.

The variabillty of temperature with wind direction is taken into account

in the use of circulation, and correlation coefficients of temperature

relationships for the circulations have been far more significant than

those for the air-masses. An invaluable insight into the temperature

regime is provided by the temperature distributions and relations accord­

ing t.o air-mass, but. circulat.ions provide t.he most. usef'ul. relat.ions ~or

prediction and have the added advantage ot simpllc1ty.

Three significant relations vere obtained for the maximum tempera­

ture. The best relation vas vith thickness, correlation coefficients of

.78 and .57 being obtained. The other significant relations vere vith

vind speed and cloud albedo. While thielmess is of less significance

vith an onshore vinci than vith an offshore vind, the opposite is true for

albedo. The regression equation relating thickness and JD8Jdmum tempera-
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ture for offshore winds provides a reasonably accurate temperature

forecast, but 1t ls evident that the use of thickness alone ls not

sufflcient in aIl instances.

Three significant relations vere noted for the minimum. temp­

erature. The best ia that vith the dew point for which correlation

coefficients of .71 and .64 vere obtained. The other significant

relations vere those vith thiclmess and wind speed; the correlation

coefficients obtained for the thickness relations vere almost as high

as those for the dev point. Because of the small standard. deviation

of minimum temperature the regression equations for temperature and

dev point are usetul in predicting the minimum. temperature.

A highly significant correlation vas noted for the maxi.Dn.ml temp­

erature and thiclmess on days when a sea breeze occurs. When a aea

breeze ia certain, the regression equation for this relation provides

a highly satisfactory prediction of the maximum temperature.

Multiple relations. Although simple relations give adequate

temperature predictions in some instances, generally lD8llY' variables

must be consldered. Three significant relations have been observed

for both the maximum and minimum temperature; tvo of these relations

are linear, the third non-linear. The combined effect of these vari­

ables on the temperature have been taken into account through the use

of adjusted partial regression equations.

The maximum temperature is mainly a function of thickness and

wind speed for offshore winds. The offshore circulation eI!lbraces most

of the cases of maximum temperature; theretore, the maximum temperature
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relations for ranges of wind speed and albedo have been determined,

and these are presented in Table XIV. Except for instances ot very

strong winds, these relations are quite significant; the regression

equations are most useful in temperature prediction. These relations

are for a very select group ot data end similar refinements ot the

data for the other sectors are neither possible nor desirable since a

very large number of equations vould be required.

Using the veather variables vhich shov a signitieant linear rela-

tion with maximum or mi ni JDUD1 temperature, partial regression equations

vere determined for each ot the major circulations. Graphe vere made

of the average bias for wind speed of the predictions made tram these

regression ·equations. A correction of the prediction for this bias

allows a11 the significant variables to be taken into account.
49

In some instances wind is related to thickness, and the Partial

regression equation, therefore, Partly takes' v.l.nd speed into account. A

simple correction to the regression .pr edi ct i on for wind speed is not

possible, and the bias of the prediction vas used as a device to intro-

duce the rull etfect ot the vind speed. The bias vas determined for each

five knot range of geostrophic wind speed, and smoothed graphe vere drawn

fram. the values obtained. The graphe of the bias for the four partial

regression equations are given in Figure 8, page 8l.

The multiple correlation coetticients
50

vere determined for the

Partial regression equations with the vind correction modification.

49Cf., p. 70.
50

Moroney, M.J.,~ Fram. Figures, p. 309.



TABLE XIV

MAXIMUM TEMPERATURE AND THICKNE'SS RELATIONS FOR RANGES OF OFFSHORE
GEOSTROPHIC WIND SPEED AND ALBEDO

No. Correlation 95% Probability .01 Sig- 2 x
Conditions of Coefficient true value of nificance Regression Standard

Cases l' l' lies between: Level Eguations1t Errol' oF.

Wind 15 knots or less
Albedo 15% or less 23 .73 .45 and .88 .53 y = .732X - 257 5.8

Wind over 15 knots
Albedo 15% or less 34 .85 .72 and .92 .44 y = .654X - 221 5.2

Any wind
Albedo 20 to 40% 29 .84 .68 and .92 .47 y = .844X - 309 6.5

Any wind
Albedo over 40% 22 .67 .33 and .85 .54 y = .517X - 162 7.4

1t The key to the regression equations is as follows: Y is the predicted value of the maximum tempera­
ture; X ia the thickness of the stratum 850 to 1,000 millibars at 15.00 G.M.T. in tens of geopotential feet.

C»o
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These and the equations are given in Table XV, page 83. Values of

twice the standard error of estimate for the equations indicate that,

using the regression equations, there is a 95 per cent probability

that the observed value of temperature will lie within five to six

degrees of the predicted value.

The four adjusted partial regression equations incorporate the

significant factors of wind direction, wind speed, thickness of the

air stratum near the ground, and dey point or cloud albedo into the

temperature prediction. They pravide an accurate forecast of maximum

or minimum temperature for the great majority of cases. Interpolation

vould be appropriate for the small sectors not covered by the equations;

where the use of the equations is impossible, the distributions of

temperature according to air-mass and circulation are usef'ul. The sea

breeae is partly accounted for in the wind bias correction, but when a

sea breeze is certain the regression equation for thickness and

maximum temperature for instances of sea breeze may be employed. In

most instances, hovever, the adjusted regression equations are applic­

able, and they pravide a quite accurate forecast of temperature.



TABLE Y:ol

MULTIPLE CORRELATION COEFFICIENTS AND ADJUSTED PARTIAL RIDRESSION EQUATIONS RELATING MINIMUM
TEMPERATURE TO WIND SPEED, DEW POINT, AND THICKNFSS; AND MAXIMUM TEMPERATURE

TO WIND SPEED, CLOUD ALBEDO, AND THICKNESS

No. Multiple 2 ti.mes the stand-
Circulation of Correlation Adjusted Partial ard error of est-

Cases Coefficient Regression Eguations X imate oF.

Maximum temperature

2000 to 3100 108 .81 Y ••67X - .06Z - 228 + C 6.0

0100 to 1500 35 .80 Y = .46x - .06z - 143 + C 5.6

Minimum temperature

2900 to 1100 27 .82 Y = .19X .... 54U - 64 + C 4.5

1200 to 2800 81 .77 Y = .26x + .49U - 91 + C 6.5

X The key to the letters used in the partial regression equations is as fo1lows:
y is the predicted value of the maximum or minimum temperature, in whole degrees F••
X is the thiclmess of the stratum 850 to 1,000 millibars in tens of geopotential feet.
Z is the cloud albedo expressed in per cent.
U is the dew point at 18.30 G.M.T., in degrees F••
C i6 the correction in degrees F. to be applied for wind, as determined from the graphs
in Figure 8, page 81.

e



CHAPTER XI

SUMMARY AND CONCLUSIONS

Summary. Current maximum and minimum temperature prediction

methods are not adequate for the Canadian Atlantic coast. The high

frequency of air-mass change, coaatal temperature phenomena, and the

adjacent expanse of sea prevent the use of these methods which

usually require clear skies, absence of air-mass change, and the use

of auxiliary observation stations. A thorough knowledge of the coastal

temperature regime and related weather conditions compensates for these

deficiencies.

The annual cycle of temperature along the coast is complex, being

composed of two distinct cycles which are associated with the continental

and maritime types of air. While air aver the continent experiences

large diurnal variations in temperature and is warmest in the month of

July, air aver the sea undergoes a negligible diurnal variation and, like

the sea, it is warmest in the month of August. At Torbay the annual temp­

erature cycle is maritime; in summer the sea modification of the dominant

westerly circulation is shallow and destroyed over the land by day; there­

fore, the maximum temperature cycle ia continental although the daily mean

temperature and the minimum temperature cycles are maritime.

Whenever there is a marked difference in the mean temperature of

the continental and maritime air, there is a wide dispersion of the daily

values of temperature; when the average temperatures of the continental

and maritime air are the same, there exists a marked grouping of tempera-



85

ture near the mean. During the month of August the mean sea tempera­

ture and the mean maximum temperature of the continental air are

similar, and the distribution of the minimum temperature at Torbay is

normal and concentrated about the mean. The maximum temperature dis­

tribution, on the other hand, shows a wide dispersion and a pronounced

skew since the mean maximum temperature of the continental air is

about twenty degrees higher than the mean sea temperature.

Variations in the mean sea temperature off Torgay may be reflected

in the daily values of the maximum and minimum temperature when the winds

are onshore, but they do not appreciably affect the monthly average of

the daily mean temperature.

The temperature distributions of the air-masses and circulations

were determined. These pravide a more lucid picture of the temperature

regime, showing distinctly the effects of the continental and maritime

air. The value of these distributions in temperature prediction is in­

dicated by the difference between the mean temperature of each and that

of the entire group, and by the smaller range and standard deviation of

temperature that need to be considered. The mean temperature of a cir­

culation may depart as much as ten degrees from that of the entire group;

the ranges and standard deviations of most distributions are significantly

smaller than that of the parent distribution.

The relationships were determined between temperature and weather

conditions which reflect the activity of the main processes affecting

the maximum and minimum temperature. Many of these relationships were

approximately linear and could be expressed as regression equations; the



86

effect of wind speed on temperature vas non-linear and generally an­

amalous.

The maximum temperature is a tunction of the· amount of insola­

tion reaching the ground, but it is also dependant on the ways in vhich

this energy is distributed. Clouds are the major factor which limit

the incoming solar radiation. The processes, by which the energy is

distributed, are many, but they produce a maximum temperature which is

a tunction of the warmth of the air stratum near the ground. Wind speed

has a pronounced effect on the maximum temperature through i ts relation

vith eddy diffusion.

The relations between the maximum temperature and the vind speed,

cloud albedo, and thickness vere found to be significant. Those factors

having a linear relation to temperature vere used in the development of

partial regression equations, which, used vith a graphically obtained

wind speed correction, give a quite accurate prediction ot the maximum

tem.perature.

The wi.nd speed correction applied to these equations takes into

account t.he effect of t.he sea breeze. However, if a sea breeze occurs

when the gradient w1nd is offshore, the maximum temperature BlaY be

accurately predicted by means of a regression equation relating the

tem.perature to thickness.

Downward radiation fran the atmosphere and clouds and the release

ot heat through the formation of dew influence the net loss or energy

experienced at the ground at night. The cooling or the ground surface

results in the cooling of the air immediately above it; the degree of
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cooling at the ground, therefore, determines the nocturna1 minimum

temperature.

The energy received at the ground during the night varies vith

the water vapor content of the air, the varmth of the air immediately'

abave the ground, and the heigbt of aDY cloud. which may be present.

Turbulence tends to destroy the nocturnal ground inversions; as the

wind speed increases, turbulence increases, and the air near the ground

is effectively' warmed.

The relations betveen the nocturnal minimum temperature and the

dew point, the thickness of the air stratum near the ground, and the

vind speed vere found to be significant. The association of cloudiness

vith very cold air in a maritime locallty maltes i t impossible to deter­

mine the effect of cloud on minimum temperature on an average basis.

The relation between wind speed and temperature for the northerly cir­

culation is ananalous due to the association of strong winds vith the

advection of very cold, unstable air.

Partial regression equations vere developed which relate minimum

temperature to thickness and dev point. .A quite accurate forecast of the

minim:mn temperature is màde possible by applying a graphically obtained

w1nd speed correction to the regression equations.

The use of the temperature distributions for the air-masses and

circulations permi.ts a reasonable prediction of the maximum or minimum

temperature under a:Ir3' circumstances; the use of the adjusted regression

equations permits an accurate forecast of these temperatures when more

data are available.
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Conclusions. Temperature prediction in coastal localities

may be improved by (1) a thorough knowledge of the air-mass and cir­

culation temperature distributions and (2) a knowledge of the degree

of dependence of the maximum and minimum temperature on other basic

weather data. The distributions give a lucid picture of the tempera­

ture regime along the Atlantic coast. The relations between the max­

imum or minimum temperature and other weather conditions may be used

in making quite accurate temperature predictions with coastal phenomena

taken into account.

The coastal temperature cycle is part continental and part mar­

itime; the temperature regime may be separated into these components

through the use of air-mass or circulation.

The aritbmetic mean, standard deviation, and range of the temp­

erature distributions for air-mass and circulation differ appreciably

from those of the parent distribution; this indicates their usefulness

in temperature prediction.

Thickness of the air stratum near the ground, cloud albedo, and

vind speed bear a significant relation to the maximum temperature. With

offshore vinds the maximum temperature may be predicted successfully by

the use of thickness alone.

The mid-afternoon dew point of the air, the thickness of the air

stratum near the ground, and wind speed have a pronounced influence on

the nocturnal minimum temperature; the relation between dew point and

the minimum temperature is especially good.
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The relationships determined vere found to be more significant

for circulation than for air-mass. This and the comparative simplic­

ity of using circulation recommend its use in temperature prediction.

While most coaatal phenomena are taken into account in the vari­

oua relationships through the use of circulation, sea and land breeze

effects must be considered independently. A sea breeze ls of con­

sequence when i t causes the surface wind to ahift fram offshore to on­

shore; it is most likely to occur when skies are clear and when the

geostrophic winds are light. When a sea breeze is certain, the maximum

temperature may be accurately predicted through the use of' a regression

equation relating maximum temperature and thickness of the air stratum

between 850 and 1,000 millibars. The land breeze is most likely to be

pronounced when skies are clear and the geostrophic wind light. Under

these circumstances the offshore winds increase by about eight miles

per hour, and higher than expected minimum temperatures may result.

Adjusted partial regression equations relating the maximum temp­

erature to the wind speed, cloud albedo, and thickness, and the minimum

temperature to wind speed, dew point, and thickness, provide a method ot

accurate temperature prediction on the basis of circulation. Four sueh

equations were determined which permit a quite accurate prediction of'

temperature under most circumstances. When these equations are inapplic­

able, a reasonably accurate prediction may be made through the use of the

air-masa and circulation temperature distributions.

These conclusions apply to summer months; further investigation

is neceasary to determine the distributions and relations for the other
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eeaeens , The effect of the sea en continental air in winter is eppes­

i te to that in summer, and the temperature relations in winter will be

quite different.

Many factors influence temperature and this study has attempted

te introouce only the most important. The influence of cloud en minimum

temperature 1s very significant and warrants further investigation; its

use in this study has not been possible since much more data lmlld he

required to determine its full effect. The indicated usefulness of the

deve10ped equations convinc1ng1y estab1ishes that the major processes

have been taken into consideration.
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APPENDIX A

AVERAGE TEPHIGRAMS OF THE MAJOR AIR-MASSES FOUND AT TORBAY
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In the above diagrams the pressure leve1s for 1,000, 950, 900, 850,

700 millibars have been indicated.



APPENDIX B

NON-TRANSMITTED PORTION OF INSOLATION INCIDENT ON CLOuœ
AT NOON DURING THE MONTH OF AUGUST, FOR OVERCAST SKIES

(after Haurwitz -)

Cloud type
Non- transmitted portion

in per cent

Cirrus 15

Cirrostratus 16

Altocumulus 48

Altostratus 59

Stratocumulus 65

Stratus 7;

Nimbostratus 8;

Fog 83

- Haurwitz, B., ttInsolation in Relation to Cloud Type, Il

Journal of Meteorology, 5:111.
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