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ABSTRACT 

A moael, is developed for the computa~ion of meteorological para

meters required fOr determining the turbulent fluxes of moisture and 

heat over the Gulf of St. Lawrence. 

The air-sea interaction of air masses moving over the Gulf is 

exmnined. ,,) 
It is srown that estimates of the advectipn of sensible and latent 

heat is best obtained fr~.an energy budget analysis of sensible heat 

and. moisture. 
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RESUME 

Un modèle est construit qui détermine les paramètres essentiels 
Q 

pour calculer les fluxes de la chaleur sensible et de l'humidité au 

dessus du Golfe du St. Lauren~. 

L'interaction entre la masse d ',eau et les masses d'air qui traversent 

le Golfe est examinée. 

Il est démontré que la détermination de l'advecti~~ de la chaleur 

sensible et de l'humidité peut être accomplie 'par l'analyse du bilan 

énergétique de la chaleur sensible et de l'humidité. 
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CHAPTER l 
o 

INTRODUCTION 

The purpose of this 'study is to determine the effect exe:r:ted by a 

small water-icè body on the water and ertergy budgets of traversing alr 

masses. The ~easibility of estimating the water and sensible heat gains 

from geostrophic fluxes and from the balance of energy end'water budgets 

is also eJtamined. Bradbury (1957), Estoque and, Benton (1954), Manabe (1967), 

Ninomiya (1968,1972), and Palmé~ and Soderman (1966), are among some of the 

numerous authors who have investigated water and energy budgets Over land 

and wàter surfaces. Eurùidge (1951), Burke (194S), and Craddock (1951) 

examined the transformation of individual alr parcels traversing water 

bodies. Coombs (1962), Danielson (1969}, and Matheson (1967) examined' 

energy budgets over water bodies and correlated flux exchanges averaged 

over a time period of ice formation. 

Ta the author' s knowledge, no attempt has been made to combine an 
.... 

atmospheric model with water-body and surface energy budget models, using , 
twice-daily meteorological information to estimate water and sensible flux 

" 

exchanges for periçPs prior ta and during ice format~on over an area covered 

by a large annual ice field. The st~s necessary in the solution for the 

region of the Gulf of·St. Lawrence were: 

1. constructing initipl fields of temperature, humidity, and cloud for the 
\ 

.,.,.Gulf and surrounding regions every 12 hours. 

2. determining the effect of various meteorological parameters on the 

moisture and sensible heat fluxes. 

3. mOdifying the low level profiles of varlOUS meteorological p~ameters, 

using a computer model., 

4. applying the redefined meteorological fields ln es~ima.ting energy 
~ 

exchanges. and determining the energy budget of the Gulf thrôugh t~e 

use of a water-ice body model • 

,0 
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CHAPTER< II 

ENERGY AND WATER BUDGET OF AN AIR COLUMN 

' __ '" r ~ 

2.1' Sensible Heat Budget Equation 

The change 1n sensible heat 1n a given atmospheric column can \le 

represented by 
\ 

l:ISH = QR + QD + QS + QSADV + PCPN (1) 

v 

where QR = net change 1n sensible heat attri butable to long and 

short wa~e radiation. ' 
o 

QD = net change of sensible heat from dynamic process su ch as 

subsidence. Craddock (1951) in his analysis of a1r mass 

t>ransformation considered i t negligible. 

QS = change in sensible heat resulting t'rom vertical traosf'er 

QSADV 

of sensïble .heat at the base of the column. C 
G l/' 

= sensibte heat chr-;-nges resulting t'rom advection air parcel& 

acros s' the column walls. The sens i'ble, lteat of an advected 

air column co~sists of the sensible heat associated vith the 

three componer.lts"-aking up the air column: dry air, water 

vapor ~ and the' liquid water of clouds. 

PCPN = sensible heat gain due to precipitation, that is SC' PCPN = L*R 

where L is the latent heat of sublimation or vaporization and . 
R is 1;he water equivalent of the precipitation recorded. 

If' cloud formation and dissipation occurs in a given air column, 
, 

it can be considered a reversible process as it does not affect the total 

water or sensible heat content. ot: the column. 00 the other hand, precip

itation or cloud leaving a column reduces the water content of the column~ 

The latent heat release associated with precip,~.~p.tion viII increase the 

sensible heat of' the column. Hovever ~ the sensible heat gain trom cloud 
/'" 

forJI1ation and subsequent departure from the column, will raise the temper-

ature field (close to the cloud and generally lfloving) with the cloud field. 
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This will result in a slight error if such transport crf cloud as weIl as 

other discontinuities in the fields fail to be reco~ded at the column walls 
.0 . 

due to the distance between reporting stations. 

2.2 Water Budget ~quation -
The change in the moisture content ~n a given vertical column is 

gi-ven by 

ûIJI = QE + QEADV - PCPN (2.) 

~ ,,-; 

where QE = net gain in moisture resulting from the vertical transfer 

of latent heat at the base of the air column. A minor 

component is the latent heat exchange associated with 

evaporating-precipitation which can be neglected when 

compared to the major canponent oI·QE. 
~V :: moi sture chahge assoc~ated witl1 the advection of clouds and 

water vapor through the column walls. 

PCPN = moisture los~ by precipitation leaving the column. 

The breakdown of the budget equation into various measurable terms 

allows one to calculate the flux contributions of the various interacting 

t'erms. The theoretical background for the necessary calculations will be 

discussed in followi~ sections. 

2.3 Radiative Terms 
c G 

The net change in sensible" ~t in an atmospheric column, attributable 

to long and short wave radiation is given-by: 

QR = SM + RLU - DFL - UFL 

where SAA = short wave radiation absorbed in the atmosphere. 
c 

RLU = long wave radiation emitted from the earth's surface and 

,> absorbed in the atmosphere. ... 
DFL = long wave radiation emitted from the atmosphere to the' 

earth's surface. 
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'"' r 
UFL = long wave radiation fro~he atmosphere lost to outer space. 

2.3.1 Short Wave Radiation 

The short wave radiation absorbed by an air col~n will be the result 

of several processes occurringduring ~ts transit: absorption by various 

gases and clouds, and scattering by dry air, dust particles, and clouds. 

. ~e model used in calculating the short wave radiation absorbed by the 

..--:dmc'_ .. :.'!1ere (SM) is one designed by "owiuckel and Orvig (1972). Figure l 

illustrates the amount of short wave radiation absorbed by the atmosphere 

(SAA) for various amount of cloud coyer and thickness as calèulated by the 
, , 

model for a particular day. The isobaric levels of the cloud base and cloud 

top of a particular cloud 'layer are denoted by the ends of the vertiéal . 

columns of figure 1. The term SAA is abo4t 15% of the short wave radiation 

penetrating the 300 mb le\rel of the atmosphere. A change t'rom near cleer 

sky conditions to an almost overcast condition throughout the atmosphere 

results in an 8% decrease of the short wave raàiation ~eaching the earth's 

surface, and an increase of about 25% in SAA. The contribution of SAA to 

the s~ible heat is generally one order of magnitude less than tne gains 

attrihutable to latent and sensible heat exchanges at the interface. The 

expected errors in cloud amount and thickness will not affect significantly 

the short wave heat budget term of an atmospheric COlunUl. 

2.3.2 Long Wave Radiatior 
;,. 

The change in the radiation intensity for a monochromatic beam 

penetrating a thin layer of gas is given by Schwarzschild's equation of 

radiative transfer: 

where K
À
= absorption coefficient of the gas, 

P = fumsi ty of the ga.s, 

ds = thickness of the gas layer, 

fO. ,T) = Planck black body emission rate, 
1 

lÀ = intensity of in,cident beam., 

1 

.! 
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The computation of the radiation fluxes F for the atmosphere having varying 

absorbing gases and temperatures requires solving the radiative transfer 

equation (~a"sasser and Culbertson, 1960): 

where B 
\) = monochromatic hemispheric black body flux, 

Tf = flux transmission function, 

L = generalized absorption coefficient, 

T = temperature (oK), 

u = optical path length of thf~radiation gas, 

\) = wave number. 

Because of the varying nature of Tf with frequency, the exact solution 

of the above equation is virtually impossible. Several alternative methods 

exist in calculating long wave radiation absorption and distribution. 

A simple method utilizes empirical formulas which incorporates 

observed surface parameters such as temperature, pressure, humidity, and 

cloud coyer and type. Zillman (1912) gives a summary of such formulas. 

A more complex and accurate method incorporates the vertical profiles of 

tempera~'~e, moisture, carbon dioxide and cloud amount and thickBess. , 
'" Elsasser (1942),Kondrat'yev (1969) and Yamamoto (1952) have developed' 

schemes that will allow the use of such profiles. 

" 

The model used by the author is one developed by Vowinckel and Orvig 

(1912) which calculates long wave radiation transmitted and absorbed, based 

6n studies of Kondrat'yev (1969). This model treats each cloud layer as 

a black body. The radiative temperature of the cloud top or base is coin

cident with an atmospheric level. The long wave radiation transfered through 

each level and lost to space (UFL) or emitted to the ground (DFL) is estimated. 

The radiation emitted by a cloud surface is proportionsl tb the four power 

of its temperature. Because of the steep lapse rate in the lower atmosphere, 

it is essential to have accurate t~mperature'and height estimates of cloud 

tops and bases. An atmosphere subdivi,ded into several layera is therefore 

essential in order to depict accurately cloud bases, tops, and cloud surface 

temperatureS. Since the temperature lapse rate is steeper in the lower 
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atmosphere than the near isothermal conditions in the lower stratosphere, 
~ 

a larger number of layers is desirable in the lower atmosphere. Temperature 

and moi sture profiles are available on a routine b~sis for certatn isobaric 

levels. The required intermediate temperature and moistur'e profiles provided' 

through interpolation techniques will not depict the true state accurately. 

Similarly, cloud profiles generated by interpolating surface cloud observations 

will have errors. Using only the si~ significant isobaric levels would not 

be sufficiently accurate. On the other hand, using a model with a large 

number of levels would be too costly. The model used in the present studt 

has seventeen levels with eleven levels occurringbelow the 500 mb level. 

The long wave radiation, as computed by the model, will be signifiëantly , 

,,~etter than that derived from the simple empirical methods. 

c 
The long wave radiation emitted from the underlying surface is 

approximated by the Stephan-Bolt~an law: RLU·= o-T4-E 

where cr = Stephan-Boltzman constant, 

T = underlying surface temperature, 

E = emissivity. 

2.4 Latent and Sensible Heat Terms 

Several methods exist for calculating latent and sensible heat f~uxes. 

A direct method is the measurement of eddy fluxes by the eddy correlation 

technique, which requires on-sit~ measurements with extensive instrumentation. 

Another method involves the use of the Bowen Ratio, that is QE = K-QS 

where K is a functiort of the air-sea temperature difference, vapor pressure 

difference, and the reference level of temperature and humidity. The 

parameter K, as determined from actual measurements for given synoptic 

situations over certain geographical areas is utilized in analogous situation8 

where either ~E or QS is known. Because each synoptic situation is charac

terized by its own temperature and h~idity profiles, K will vary for similar 

situations. In situations of weak temperature and humidity gradients, this 
-, . 

method will often give not only incorrect scalar ~alues, but &lso an in-

correct directipn of flux exchange. In the area under study no distribution 

pattern of QE or QS i9 available to allow the use of the Bowen ratio_ 

) , 
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, 
The method most widely adopted uses equations for'QE and QS as 

developed from hydrodynamic analysis: 

QS ::: -p'C 'K ·ae/az ::: c ·p·e '(6 -ë ),ü ps pA oa a 

QE ::: p'K ·aq;az = p·e .(q -q ),ü 
e A 0 a a 

(6) 

where K ,K ::: exchange coefficient of h~at and moisture respectively, 
s e 

p = air density, 

e a' e ::: 
0 

potential temperature at height A::: a and Z::: 0 respectively, 

qa' qo = vapor pressure at height Z=a and Z ::: 0 respecti vely , 

u ::: meaq ve).ocity at height Z = 3,; u is 4Ilssumed zero at the .... a 0 

surface, 
• 

CA = proportioùately constant, 

cp ::: heat capacity for dry air. 

The above equations serve as a first approximation only,.due to the following 

five shortcomings. First, they are valld for infinite homogenerous surfaces. 

Second, the exchange coefficients are greatly dependent on thermal stability, 

wind shear, and t!le roughness of the underlying surface. Furthermore, as 

shown by many authors aad summarized by Munn (1964,), the exchange coefficient 

varies vith the parameter under transport by turbulence. In this york the 

formula used is one 'developed by Vowinckel and Orvig (1972), the term CA 

accounts for the vertical thermal stability at the interface • 

. Since synoptic sca2e processes are the mair factors petermining QE 

aed QS, their calculation should be made over a suf~iciently short time step 

in relation to th~ cycle time of synoptic events - usually 2 to 3 deys. In 

this study, the time resolution was limited to 12 hours - the time between 

available upper air data reports. Vowinckel (1965), in his analysis of 

energy. budgets over the North Atlantic, discusses the frequency of observa-
'Y 

tion vith the representativeness of the observed parameter over a time1period 

and concludes that '~ain pulsations of evapor,ation are reasonably weIl 

sampled vith 2 observations per day". 

2.5 Advective Terms 

Betveen any two levels of the atmosphere~ the advection of sensible 

r 



• 

, 

\..' • 
• 

\ 

heat and moi sture through a vertical column wall may be expressed by the 

following equations: 

QSADV 

where TM = mpan layer temperature (oK) 

SHHl# = mean layer specifie humidity (g kg-l) 

FLWC = mean 'liquid water content of the layer ~gJ kg-I, 

CLWC = cloud water content (g kg-I, 

L = latent heat of vap6rization 

C p' C v' C = heat capacity of dry air, vater vapor, and liquid water w 
respectively 

FX = pr?duct of vind and the isobaric mass between 2 isobaric levels 

.001 = normalization factor as moisture is expressed 1n grams per 

kilogram of dry air. 

In any given layer, the mass of vater vapor is 

wher/p-W/p 

g 

= specifie humidity distribution, 

= acceleratDn due to gravit y, . 
dp = pressure increment. 

~ 

Because~the moisture content of the atmosphere is generally small for the 

region under study, the error in replacing the specifie humidity vith the 

mixing ratio ia vell vithin the error range of reported humidities. Simi

larly, the use of 1000 cm s -2 for "g" instead of 980 cm s -2 is again 

negligible and the "g" term CM be included implicitely in the isobaric 

maas expressed in mb. 

An ideal measurement of ~en5ible heat and water fluxes through a 
• w • • 

column vall vould require cont1n\lOUS temperature, huml.d1ty, cloud, an~ 

vind profiles. Since the data vere available only for every.12 hours, . . 
and only for certain isobaric levels from surrounding Gulf St~tions. a 

/ 
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continuous time and space profile is not available. 

2.6 Preci~tation - PCPN 
o 

With a knowledge 0 ~ precipitation distribution, an estimate of latent 

heat release is possible. Again, depending on the type of synoptic situation, 

the contribution of PCPN to the energy budget equations may vary from nil 

to several times the amount of solar radiation reaching the uppe~ atmosphere. 

Since precipitation amounts ~1~ type are most difficult to estimate 

over water regions, the contribution of PCPN to the budget equations can 

lead to large errors' for two màin reasons. First, the area of precipitation 

associated with cyclonic situations will cover extensive areas and will 

seJdom be influenced by the underlying surface. The precipitation field will 

be adequately recorded by the meteorological station. A.precipitation 

field derived from numerical analysis of shore based data points would be 

reasonably accurate. However, in antic.fclonic cases characterized by pOlar 

outbreaks, areas such as the Gulf will give rise to rapid destabilization 

of the air mass and enchance precipitation near off-shore regions. Inter

polation of only shore based data will therefore tend to underestimate 

distribution and total precipitation. Second, latent heat release from 

1 gram of liquid and solid precipitation is approximately 600 and 680 cal gm-l 

respectivelY. A 13% variation in the estimate of latent heat release is 

possible as ooly on-site observations can determine the type of precipitation. 

During the winter season examining surface temperatures is inadequate as 

precipitation will frequently penetrate an upper air inversion, whose 

temperature is higher than oOC, and reach the interface in liquid ~orm 

after penetrating a lover level cold air layer whose temperature ~ be . . .' -, \ . 
several degrees below zero. A th1rd source of error 1S the prese~~o~' 

" "errors in the reported data. In this study, a precipitation field was 

obtained by a numerical analysis of data from reporting stations around 

the Gulf area • 

, 

') 

/ 
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QHAPrERIII 

FORMATION OF THE METEOROLOOICAL FIELDS 

3.1 Initialization 

The aim of this section is to d~~uss the generation of hor~zontal 
',r 

and vertical temperature, humidity, and cloud fields require4 in studying • \. 
the energy and vater budgets for the area in questi~n. 

The representativeness of coastal points for over-vat'er vertical 

profiles is greatly dependent on the type of -synoptic situation. A strong 

subsiding high-pressure area in which the air temperature is greater than 

that of the vater body vould experience litt le modification. Emmons (1947) 

a traj ectory of 300 miles, vhere the YÏnd vas less than 8 m s -1 and. the 

air tempe rature exceeded the water temperature by 5 deg. to 10 deg. C. 

At the other extreme, heating of cold polar .,ir by warm vater bodies is so 

representative of over-vater profiles (Burke, 1945; Burbidge, ,1951). 
Windvard coast profiles however, vould still be fairlY representative'for 

regions near the shore 'and under the same streamline, flov. 

The folloYÏng sections discuss the construction of temperature, 

humidity, and cloud profiles using meteorological data, and the sensitivity 

of the radiation budget terms to changes in these derived fields. 

3.1.1 Interpolation 

The technique used for numerical anLlysis 'of fields is the ,one 

developed by Gandin (1965). It differs from linear interpolation in that. 

the veight function is an expo~ential decrease t'rOm data point to grid 

" 

point rather. than a linear function of their separation. Tlii~ reaults in 

data points, neafest the grid point being evaluated, uving a very atrong 

influence on the final grid point value. The quality of the final. an&1.y-sia 

is dependent on the density of the observation netvorlt. In a numerical 

analysis of a high density area of reporti~ stations,' nTER, the subroutine 

vhich nUllle,Jtic~ analys~s. the fiêld, vould b~ uaed te> f'Ïlter out el'Tors 

• 
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rather than simply construct a field. 

In real,.ity the area under study, figure 2, has only 2 radiosondes and 
8 synoptic stations along the shores of the area. All other reports are 

from surroUnding land stations which inc~ude about 19 synoptic stations and 

3 additional radiosonde stations. Land-~ased stations are influenced to 
~ 

some extent by local topographical features, and some reported meteorol.ogical 

parameters may be highly influenced. Depending on the p8rticular parameter 

being analysed, the resulting field ~ serve as an initial first guess 

or as a final field fQr calculating energy budgets. 'lbe following sections 

discuss which parameters are assumed representati ve, and which must be 

redefined. 

3.1.2 Temperature and Moisture Fields 

ThiA RP~~inn ~iq~UQ9~~ ~h~ ro~tio~ c! te=~cr~tur~ end ~~eci:ic 
t$-

humidity fields. The required data for the reporting stations shawn in . 
figure 2 vere extracted f'ro~ history tapes kindly supplièd by the Atmospheric 

Environment Service ot Canada. 

The surface data from radiosondes and synoptic stations consisted 

of pressure, temperature, dew point, cloud type and amounts,' precipitation, 

visibility and weather type. Missing surface data were retrieved trom 

surface synoptic maps whenever possible. The upper air data consisted ot 

te~rature and dew points for the signiticant i~obaric levels - 850, 700, 

500, 300, 150 mb. The vertical temperature and moisture profiles have been 
,1 

checked previously for consistency. 'Whenever possible, missing upper air 

values were retrieved from Canadian yPper Air D~ta Bulletin • 
. . -

As the record~ng radiosonde element for moi sture is unreliable abOve 

the 400 mb level, the dew point is not available. As there exista little 

climatological. data tor water _ vapor above 400 mb, the atmosphere was assumed 

to be almost homogeneous vith respect to water vapor. The dew points 

for the 150 mb and 300 mb levels were obtained by subtracting the 500 mb .' 

dew point diff'erence trom the reported temperature at 150 and 300 mb. 'This 

usually gave a value of mixing ratio trom .001 to .05 g kg-le Meuurement. 

by Mastenbrook (1966) indicated a mixing ratio o~_ about .002 g kg -1 abOve 

400 mb the isobaric mass of' moÏBture ia negligible ~in both cas.s and the use 

, 
'-
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of either va~e will have little effect on long wave radiation vhich, in the 

energy budget, is the term most sensitive to moisture changes. 

A numerical analysis is performed on the temperature for the signiticant 

levels to yie~d a continuous horizontal temperature field over the grid area 

(figure 2). Similarly, after the dey points ~ave been converted to specifie 

humidities, a numerical analysis is performed to give a continuous moisture 

field over all grid points. As previously discussed, an atmosphere sub

divided into several layers ia essential in aChieving an accurate estimate 

of long vave radiation fluxes. The subroutine "HUMPRO" lJ.nearly interpolates 
, 

the humidity and temperature to produee a vertical profile of temperature 

and moisture for an additi~nal 11 levels for each grid p~nt (see Table 1). 

The subroutine "HEI.GHT" later generates the height field for the significant 

isobaric levels trom the temperature field. Clbud analysis executed b,y 

subroutine "ZNEPHE" uses the dew point' field. 

TABLE 1 

ISOBARIC LEVELS OF AVAILABLE (X) AND INTERPOLATED (1) DATA 

PRESSURE-P i 

TmPERATURE-TN 4). , ~ 
DEW POINT TEMPERATUR!'-TD 

TN X X 1 X 1 X I 1 1 l X l l l 1 l X 

TD 1 1 1 X l X 1 l 1 l X 1 1 1 1 1 X 

p 150 300 400 500 600 700 730 760 790 820 850 1 1 1 1 1 X 

3.1.3 Pressure and Wind Field 

While surtace wind r~orts are avai1able, local#opographical teatures 

seriously hamper their validity. Sinee a wind field generated fram the 

surface pressure gradient is a better estimate of the actu&l wind, surface 

pressure reports were screened in an attempt to gener'ate an accurate wind 

field. 

The subroutine "cKPRGR" examines all reported pressures to detect 

possible transmission errors. Examination or synoptic maps revealed tut' 

the pressure gradient, over the grid area involved, seldom exceeded 44 mbs. 
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Thus t aoy pressure vhich departed from the mean pressure 'by 22 mbs vas 
.. \ 

elJJnl.nated. 

Numerous occasions arose vhen a reported pressure was.a fev mb ab ove 

or belov that of immediately surrounding data points. This type of error 

vas most likely due to transmission difficulties. To prevent the generation 

of spurious vinds, the data point vas compared to the surrounding reported 

pressures, to determine its consistency vith the surrounding field. The 

comparison vas achieved by calculating the mean pressure gradient about 

all the reported data points and eliminating those data ppints vhose pressure 

gradient exceeded the mean pressure gradient of all points. by more than 

90%. Once the final interpolated pressure field vas obtained, the geostrophic 
~ 

vind field vas computed using the geostrophic vind equation in the subroutine 

"WND. " For levels in the lover atmosphere, the surface vind gradually 

approaches the ~eostrophic vind. usuallv at a hei~ht betveen 1000 and 2000 m 

depending on the synoptic situation and the terrain of the underlying surface. 

Roll (1965) describes several methods of determining the vind profile. As 

these methods require knovledge of vertical stability in the' lovest 500 
-~l 

meters, vith c6nsiderable accuracy, the methods vere not utilized. From 

North Sea studies, Jeffreys (1920) arrived at a mean veer of 16.50 between 

the surface vind and the geostrophic vind vhile R~Ynolds (1956) obtained an 

average value betveen 20
0 and 260 for vinds greater tha.n 20 mots. sinee 

the vind shear ii a function of vertical stability - ~~ - and the horizontal 
. 3T dT 

gradl.ent - 3 X' d Y - of the temperature field (equation 8), lack of' 

resolution led the author to ass~e a mean veer of' 80 (the mean betveen 0
0 

at the geostrophic and 160 at the surface) for all regions belov the geostro

phic level (Frost, 1948) • 

a v - V + JZ 
Z - 0 Z=o 

u - u + fZ 
Z - 0 Z=o 

..a.- dT dZ + JZ 
ft ax z:o 

.L aT dZ + fZ 
ft ay Z=o 

!.!! dZ 
'.I!.. az 

~ aT dZ 
T az 

(8) 

Various findings on the ratio of surface vind (U ) to the geostrophic 
-1 s 

vind (Ug ), summàrized by Roll (1965), indicate Us*Ug varies from .55 
to .8 vith the overall mean at .7. For levels above the larnar layer, 

1 
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? 

i.e. 50 to 100 meters above the interface, the vind is greater. Again, 

vertical stability is a strong factor in determining surface wind speed. 

In the sh~lov layer next to the surface, vhere maximum rates of latent and 

sensible heat exchanges occur, the surface vind chosen vas .7*U. Since the 
,. g 

period under study extended during the win~r season, the unstable conditions 

over the Gulf could resul t in a higher mean value than .7. For the region 

above the laminar layer, the vind vas taken to be .8*u • 
g 

o 

In projecting vertical air columns extending from the surface to the 

geostrophic level for a time period during which the meteorological para

meters do not change appreciably one cOuld, in the mean, determine the" 

streamline flov reasonably weIl using a speed equal to .9 of the geostrophic 

velocity as determine~ trom the pressure field, and a geostrophic YÏnd 

direction corrected for a veer of 80
• In situations marked by strong cyclonic 

circulation. the stron~ veerin~ of the wind between the surface and the 

geostrophic level (esp~cially ~ong the coast Une) vi~la.ke it virtually 

impossible to determine the path of a vertical column. 

The vertical vind profile is required for the calculation of latent 

and sensible heat advection through a column wall. The aux advected is' the 

product of the wind component normal. to the v8.ll and the particular quantity 
~ 

in question. For the region under study, there are ooly 2 radiosondes 

bordering the Gulf whose reported upper vinds cao be considered representative 

for surrounding regions. To allow the use of actual upper vinds requires 

a denser network - possibly 5 to 8 stations about the Gulf so as to arrive 

at a sufficiently accurate vind field. Above 850 mb, where the winds tend 

to be geostrophic, a height field for the main isobaric levels, canetructed 

from the temperature field, is used to derive, the geostrophic vind at these 

leve18. The trictiort layer, generally ,extending from the surface to 1000 

to 2000 meters above the ground, is a function of the vind, stability, and 

geostrophic advection of warm or cold air. The accuracy obtained in uaing 

a formula such as the Ekman spira~ formula, to detine the vinds in the friction 

layer, i8 therefore doubttul.. The author therètore assigned a vind equal to 

80% of the surface geostrophic' vind torce for the layer above the laminar 
--.. 

layer as previously dïscussed. The vind force for the intermediate levels 

in the friction layer, be10v the geostrophic 1evel, vas then 1i~early 
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interpolated. In this study, the surface geostrophic wind field was generated 

from th~ surface pressure field. This resul ts in the disappearance of both 

small scale eddy systems as weil aa orographio effects which infiuence the 

surface wind. 

Benton and Estoque (1954), and Palmén and Soderman (1968) bath 

utilized geostrophic winds. In their investigation, Palmén and Soderman' 

also used actual upper wind reports. From moisture and energy budget 
~' 

an~ysis, the merits in.using geostrophi~ winds for the lower levels of the 

atmosphere can be assessed. 

Above the 850 mb level, the maas between any two ,significant isobaric 

levels is constant &long any polygon about the ,Gulf: Area. Tb.erefore, using 
/ 

geostrophic or actual wind reports in flux a~~ection calculations will not 

generate fictitious mass convergence. In the layer extending,from the 

ûj0 mu level t.o t.he suri ace, 't.he il uct.ua'tÎng ô>u mD neignt. rie.l.d. resul ts 1.n 
t , 

varying isobaric mass in air columns along any polygon a~ut the Gulf. To 

prevent fictitious mass convergence, the isobaric mass ~~ng the polygon is 

corrected by the following method: 

where THlCOR = correction applied to the term FX (s~e equation 7), 
DP = the isobaric mass of an air column On the polygon baundary, 

DPMN = mean isobaric mass between 850 mb, and the surface &long 

the polygon. 

3.1.4 Accuracy of Interpolated temperature and Moisture Fields 

The folloving section discusses situations where the interpolating 
t 

scheme viII be unable to depict accurately representative vertical profiles 

of temperature, humidity, and cloud, assuming that the initial data vere 

correct. 

Consil'ler a hOJOOgeneous air mass moving over three grid pointa - 1,2, . -
and later passing over grid point 3, vhere stations l and 3 are radiosondes 

and 2 is, a surface' reporting station. If, af'ter passing over station 2, the 

air mass undergo.es extensive modification arising trom a warmer underlying 

( 
\ 
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surface, and modification f'ails to reach the next reporting level, say 850 mbs, 

the interpolated vertical profile of station 2 will be identical to station 

1. If modificati'on hO'W'ever, exceeds 850 mb, the linearly interpolated 

vertical profile of stationJ2 vill have the largest errors ot. humidity and 

temperature at the 850 mb level, the magnitude of the ez4~r decreasing as one 

approaches the ground. Since the cloud field of station 2 i8 available, 

it is "exact" and station
J 

3 bes no ini"l~ence on it. 

Consider the case where station 2 is a grid point onlY. In this , 
6 

situation, the surface temperature i8 interpolated and theref'ore not emct. 

Similarly, if modification reaches 850 mb, the total lov level protile of 
• • • f G • 

hum.~d~ ty and temperat ure v1l1 be erroneous, the' extent ot the error depending 

on the spacing of' station 2 from stations 1" and 3. Similarly, the 'entire 

cloud prOfile will be an interpolated prOfile. A clear sky msy nov becane 

cloud-covered, or visa versa. 

Thus, a sparse radiosonde netvork about a vater body requires a 

denser netvork of' shore based synoptic stations to yield tairly representative 

prof'iles of vertical temperature, cloud, and bJoisture i~ the horizontal. . , 
Over the .'water· regions, hovever, sharp gradients of temperature and humidi ty, 

suèh as those vhich occur during arctic' outbu:r"sts, will not he reveale4. 

It is these sharp discontinuities vhich are at times critical in energy 

flux exchanges at the surface. 
1 

Figure 3 illustrates the air-sea temperature dÏfference and the 
, 

corresponding sensible heat exchange occurring during the motion of a dry 

arctic aii parcel over a vater body having a surface terÎl.perature ot lOC. 

The flux exchanged vas et?timated by the program "VERA" (Vovl.nckel and Orvig, 
III 

1972) and the air-sea temperature diff'erence vas 9btained as a result ot a 
, 

model developed by th~' author and vhich vertically redÏstributes the tluxéS 
f 

exchanged. As seen trom diagram 3, the exchange rate at the interface ts 

not constant. Similarly, the air-vater temperature difterence decreasea 

rapidly at first. The non-linearity of flux exchange ia clear],y visible. 

Since the interpolated field cannot reveal such a tine resolution, an att~ 
,$ 

vas made to ~ede~ine the lover temperature and humidity profiles as tunctions 

of the stability, vater temperature, and the exis~ing tlov pattern OTe%' the 

region in question. r 
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1,4: V= Il m sec-1 
2,5: V= 22 m sec-1 
3,6: v= 5.5 m eec-1 ' 
SENSmLE BEAT FLUX --
TEUPERATtmE DIFFERENCE-

6 

3 
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Fig. 3 Sensible hest exchange. rates (curves 1,2,a), 
and air-sea temperature difference (curves 
4,5,6) for three different speeds • 
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For the case O'f 8. warm air mass O'ver a CO'ldèt vater bO'dy, the under-
, 

l.ying surface COO'ls' the air, thereby increasing stability in the lO'ver 

levels. Consequently, the height to vhich modificatiO'n reaches is Ifmited, 

and interpO'lated temperature, clO'ud, and humidity 'f'ields vould approaeh 

clO'sely the true state for regiO'ns having_small gradients O'f the mentioned 

parameters. The fO'noring sectiO'n discusses 'further the need for inereased 

resolution in the temperature and humidity fields when calculating flux 

exchanges assO'ciated vith an ice-vater body surface. 

3.2 Latent and Sensible Heat Fluxes 

The following sectiO'ns diseuss the flux exchange rates under Yarying 

interface situatiO'ns as calculated by the program "VERA" (VO'vinckel and 

Orvig t 1912), and demonstrate the importance of redefining lover levels 

of' temperature and humidi ty prO'files. 

~ 
eurVes 4 to 6 O'n figure 3 reveal the rate at whlch the air-sea 

temperature dÏfference changes vith distance for an atmospherlc sounding 

having temperature and humidity as shO'wn in figure 5 and denO'ted by ZV. 

As one would expect t the slower air parcel dO'es attain a hÏgher tem.perature. 

Curve 6 shows a 4 deg. C increment alter a distance step (la km), while 

curve 5 increments by only 2 deg. C. At'ter five distance steps, which i. 
-

approxiIDftely 1/5 or the tO'tal distance to be traverse~, the air-sea temper-

ature has att&Ïned 50% to 80% O'f its tO'tal change for curves 5 and 6, 
respectively. It clearly demonstrates the required reaO'lutiO'n for & deaired , 

interpO'latiO'n scheme tO' reveal areas of high :flux exchange rates. The 

average resO'lution attainable over the area under study is IIlUch greater than 

100 kms. 

Diagram 4 indicates the cumulative latent and sensible flux exchangel 

and :flux excbange rates O'f an air parcel (figure 5) advected vith three 

different speeds over a hanO'geneO'us, water surface chosen to have a tem:perature 

of' 1°C. Although curve 3 indicates a large flux exchange due tO' the longer 

residence time over the water, the net flux outflov i8 much lO'ver than that 

O'f' eurve 1 vhose velO'city ia tvice as great. FO'r curve 2, nOie velocit)" 

ia 22 m a -1, the accumulated flux lS almost as great &S that in eue 1; 

however, Bince the velocity is"tvice as great, the net fluX QUtt10v i. 
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approximately twice as large. ,f Figures 6 and 7 illustrate' the ef'f'ect.an 

underlying ice-water surface cao havé ,on the rates of' latent and sensible 

heat flux exchanges as computed' for ,an advected profile. 

In figure 6, case l, an air parcel moves vi th a speed of' 11 m s-l 

vith various iee amounts along it!5 trajectory - the ice temperature chosen 

to be _lOoC. As seen betveen 'curves 1 ~d 5, figure. 6, an i~e surfac:e of 

_lOoC reduces outgoing fluxes of QE and QS by 50% trom a water body having 
'0 -a temperature of 1 C. 'As indicated by the slopes of curves land 5, the 

rate of transformation is significantly reduced, thereby indicating that 

maximum exchanges oc:cur near open ice and/or land-water edges. For total 

ice coyer, latent and sensible heat releases are small (curve 5 of figure 6). 

Curves f to 5 of diagram 7 reveal. the intensi ty of flux exchanges 

occurring when an air mass passes t'rom an ice vater surtace to an ail water 

ice amounts do not alter the ex change rates appreciably. As ice cover . 
increases, the initially high exchange rates near the leading edge of water, 

ass9ciated vith initial outbursts, now occur at the ice-water edge. This 

sudden increase' of QE and QS, accumulated vith smaller t:lux inputs trom 

passage ovetf> ice fields ~ resul ts in rapidl.y redetined. profiles of temperature 

and humidity a short distance' frau the leading ice edge. 

Physical. processes, such as ice tormation, are critieally dependent 

on the energy balances~ at the surface. Linear interpolation of' the meteo

~ologiCal terms can lead to errors in the flux exchange pattern. In essence, 

s'imple interpolatiion programs applied to areas like the Gulf, having li ttle 

internal information, result 
• l, 

high flux areas, and reglons 

influence on ice formation." 

in'a general. 

near leading 

This resul ts 

spreading ~ut and wea.kening of, 

water or iee edges have little 

in larger ice generating areas. 

For the region under study, ice formation is restricted to a fev 
~ , 

areas, vhile the remaining areas receive mast ice througb advection b7 
wind and currents. 

• 1 

3.3 Behavior of Radiative Terme to Meteorologie&! Parameter Changea 
j 

The f'act tqat the turbul~nt t'luxes are highly af'tected by air .... 
1 

" 

,1 
,1 
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, , . 
transformation vas dlScussed 1.n the previous section. Caleulation of the 

relevent terms requires transformation of the surface air temperature and 

moisture fields. The following sections discuss the sensitivi ty of' long. 

and short vave radiative / terms. not only vith respect to moisture and 

temperature, but al.so vith respect to cloud amounts, base, and top. 

3.3.1 Short \olave Radiation 

Diagram 5 gi ves typical vertical humidi ty and tem:perature sOundings, 

in partieular, Seven Isles (ZV) and Stephenville (JT). Table 2 illustrates 

changes in long vave downward radiation (DFL) and long wave upward radiation 

(UFL) - vhen the vertical temperature sounding is increased by JJ deg. C 

and the specifie humidity doubled or halved throughout. UFL and DFL are 
2 in calories per cm per hour. 

TABLE 2 

CHANGES IN LONG WA VE RADIATION AS A 
FUNCTION OF TEMPERATURE AND MOISTURE CHANGES 

A T+4° 2*SH .5*SH 
, .' 

.'lV UFL 15.5 15.9 15.5 15.,5 
DFL 13.7 14.6 14.4 13.2 

JT UFL 15.8 15.9 NA 15.8 
DFL 21.3 22.6 21.~ 

vhere T = temperatur<e, 

SR = specifie bumidity, 

A = UFL and DFL as derived for ZV (dia 14), . 
. .. v . 

NA = not avulable as supér saturatJ.on eonditons do not C!!Xut. 

As seen from table 2, the maximum error 'in hal ring or doubling humidi ty 

lS 1ess than 1%. Similarly, increasing the temperature by 4 deg. C leadS 

( to a maximum error of 8%. As sucb change in bumidity is excessive and 

rarely encountered, tbe error in large changes would on the averaee be much 

1ess. Similarly diagram l illustrates the changes in SAA vith varying 

cloud ampunt and thickness. The maximum change in SAA .amounts to about 25J~ 
!# ' 

Sinee an estimate of cloud pattern vill, in general, never\ be complete17 

erroneous, the actua1 discrepencies ahould, in DIOat cases, be much lID&ller 

and limited. to times when there is an extensive area of erroneous or mi_lias 
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}' 
data. In relation to the sensible heat exchange (QS), SAA amounts to 

~bout 10% to 20%. The next section discusses the effect of clouds on t~e 

long wave radiative terms and examines the need tor precision in the cloud 

pattern. 

3.3.2 Long Wave Radiation 

Figure 8 illustrates changes in upward long wave radiation - UFL 

and downward long wave radiation - DFL - as cloud amounts are changed, 
" 

as tops are raised, and as bases are lowered. Tvo soundings have been 

chosen. The firet is basically 8 drysounding with a layer of cirrus. The 

second is a,moist sounding vith a deep cloud layer. The sounding at Seven 

Isles, denoted by ZV in figure 3, has an initial layer of cirrus based at 

400 mb and topped at 300 mb. As the cloud cover occupying 10% ot the sq 

is lowered. the down 1"1n'" (,11'l"VP nF~ in i"i '", ..... A.. ..l.,.. .... , ~ ...... ,,- ~"'~r.,:,'e l't, .- - -- -... --0-- -.... , ..... _ ... ..., .-"''''.''- ... .&.&O.....:t • . . 
Similarly the up flux, curve UFLr' shows little change. With onli 10%} 

cloud cover, one would expect li ttle change in the radiation pattern. / As 

the cloud amount increases, the downward flux increases. Such an increase. 

is expected, because increasing cloud cover tends to raise the black body , 
- . 

flux contribution from this corresponding atmospheric level. From curves 

DF~ and D~O of figure 8a, the maximum change in down flux for a givellr, 

cloud cover lowered 700 mb occurs under overcast conditions - D~O' thereby 

increasing DFL by at moat 8%. On the other hand, a change in cloud amount 

trom 1/10 to\lO/lO, changes DFL from 8% to 20% (curve DF~ t~ DFL.to) during 

the same 700 mb range. From this set of, DFL curves, knowledge of the cloud 

amount seems to be most cri tica!. Examination of the UFL curves ot tigure 

, Ba reveals tbat, at very high levels, increasing cloud cover fram 1/10 to 

10/10 decrease UFL by about 20%. One would expedt such a large, deerease 

since high level overcast prevents radiation trom warmer surfacesot belov 

from escapirig throUgh the top of the atmosphere. The mari mum change in UFL 

(20%) for a particular cloud cover vi th maximum height change~ again oceurs 

under overcast conditions. One interesting teature is the coQergence ot 

the UFL curves. This is expected as, vhen cloud levels are lovered, the;y 

approach the radiating temperatùre of the earth. At the lovest level, the 

black. body flux ot both cloud and earth surtace at a cOJllDOn radiating 



28 

• t, 

400 \ 
\ 

" \ \ 
\ \ 

\ 
\ \ 

\ \ - \ 

~ \ \ , - 1 \ , 
~5 

, \ , • , 
1 \ \ 
1 \ \ (1) 
1 \ \ (1) 

\ \ m· 1 \ \ \ 
t \ \ \ , \ \ \ 
l \ \ \ , , \ \ , , , , 

DFLl DFLa DFLe DFLIO 
1 1 1 1 

16 2 
CAL m,r-2 HR-l 

4 

-il -
1 

6 

• CAL Clt-2 HR-l 
1 

- Fig. e Long-wsve upwsrd and downward radiattQn emi tted 
" by vsr,yir~ cloud 8mOJtts st var.ying heights. 



• 

• 

29 

temperature is indistinguishable, thereby indicating that for situations 

having only low level cl,oudti, accùrate knowledge of the correct cloud amount 

is not essential vhen calculating UFL. 

The sounding at Stephenville, denoted by JT in figure 5, has an 

, initial cloud base and top at 940 mb and 760 mb respectively - see figure 8b. 

For dlfferent cloud amounts, the base has been lovered (arrows downward) 

and the tops raised (arrows upvard). As seen from the DF curves cloud amount 

changes are more significant than base height changes. In this situation, 

a change of about 80 mb of the base, changes DFL by about 5% for any particular 

cloud coyer. However, increasing cloud coyer tram 2/10 to 9(10, increases 

it by about 20%. From the UFL curves, increasing cloud cover from 2/10 

to 9/10 decreases UFL up to a maximum 20%. This is comparable to the figure 

derived in diagram 8a, where cloud amount i~ increased ~om 10% to 100% 

of th~ sky area (curves UFI; and UF~0)' Similarly. the maximum change of 

UFL associated vith a particular amount of cloud vith maximum height changes 
! 

occurs undèr overcast conditions - UFL10 ' From these two diverse vertical 

soundings, it appears that cloud amount is the critical factor for DFL, 

and equally cloud amoun'b- and neight for UFL. 

This section r~ve~ the non-linearity of the radiative terms, 

resulting from modification of the temperature, humidity, and cloud profiles 

of a vertical sounding advected under various conditions over various inter-
, A. t"4!. 

faces. The QE and QS curves 1 to 3 of figure 4..;i.t! the cumulative flux 

exchange for an air parcel advected for 3 different speeds over a water 

body. The DFL curves 1 to 3 of figure 9a is the corresponding downward 

long vave radiation. As to be expected, the slover moving parcel receives 

the greatest"amount of flux contributions by the underlying surface per 

unit distance travelled. Similarly, the non-linear increase in DFL at'ter 

the first few distance steps, curve 3, asain reveals the non-linearity 

of the radiative terms associated with cloud formation. Curves 1 and 2, 

vith lesser modification, shov,similar non-linear increases in DFL. The 

area enclosed between curve 1 of figure 9a and the dashed line is the 

difference betveen DFL along the trajectory and DFL as obtained by a linear 

interpolation of the cloud, temperature, and humidity profiles of the initial 

and final sounding. The maximum underestimate associated vith the 1ineer 
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interpolation-is 12%. Underestimates o~ UFL are ne~gible as shown by 
, " 

the UFL purves of figure 9d. 

Figure 6 examines the flux exchànge rate and pattern for a pro~ile 

advected over a vater surface vith constant ice' areas &long its path. 

The corr~sponding curves of DFL are shown i~ 9c. They reveal ~ initial 

sharp linear increase in DFL as the airoecomes transformed, folloved by a 

non-linear increase. The slov exchange rate depjct~d in curves 4 and ,5 of 

figure 6 for the case involving almost total ice cover, tesUlts in ~ almost 

linear increase in DFL - curves 4 and 5 of figure 9c up to the ninth 

distance step, after vhich cloud formation ~ncreases DFL non-linearly. The 

area enclosed by the d~hed and solid lines of curves l, 3 and 5 indicate 

the difference betveen the down f~ux DFL along tAe path of advection and the 

down flux associateq vith intermediate interpolation of the initial and 

final temperature, humidity and cloud prof~les. As modification decreases. 

the error becomes negligible as in curve 5 of figure 9c. 

Figure 9b illustrates the down flux (DFL) of a profile advected vith 

ice areas along the first half of the path, and all vater surfaces in the 

last balf. Curves l to 5 of diagram 9b clearly shov the effect of an ice 
-

cover on cloud formation and the radiation p.~ttern. In curve l, figure 9b, 

the first tvo steps shov a linear increase in'lDFL folloved by a sharp non

linear increase in DFL due to cloud formation at about the third distance 

step. In~rve 5, the slov exchange rates over the total ice-covered region 

for the first half results in an almost linear increase in DFL. After the 

llth, stepj passage over varm vater results in quick cloud formation, 

accounting for the,rapid non-linear increase in DFL. Ag&În, the non-linearity 

of the radiative terms, vith respect to meteorological parameter changes, 

namely cloud structure, is revealed by curves 4 and 5 of diagram 9b. The 

enclosed areas of diagram 9b denote the difference betveen actual computed 

values of DFL and those values derived by interpolating intermediate profiles 

of the required parameters using only the initial and final profile. Exa

mination of diagram 9b reveals one very interesting teature. While linear 

interpolation underestimates the downvard flux in diagram's 9& and 9c t one 

vill notice that in the case of' curve 5, figure 9b, linear interpolat~on 

overestimates thè downvard flux in the region over the ,ice-water edge. With 
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respect to surface budget ana.lysis, this overestimaté vould erroneously 

retard ice formation at the 1eading ice edge. Figure 9d indicates the 

upvard radiation flux (UFL) 10st t'o space. Since moat changes are 10cated 

'in the lover leve1s, UFL (solid 1ine) shoved 1itt1e d1ffe;enc~ in al1 

o situations examined. The dashed line vas the 1inear interpo1ated flux pro

file and as can be seen, the difference iB insignificant. 

3.3.3 Heating Rate 

The heating rate of the atmosphere attributable to the long and short 

wave radiation is given by 

~ = RLU - UFL - DFL + SM aT 

1 For all t.he various cases outl~ned by dl.agram ~a and tlb, the long 

~contribution from the atmosphere to the heating rate varies by 20%. 

This indicates tpat excessive errors in reported cloud amounts and heights 

are required for significant heating r"ate errors. On the other hand, the 

surface budget has, as one of its terms, DFL. During critical periods, 

such as ice formation wh,ich ia the result or- energy imbalances, erroneous 

values of DFL cou1d be crucial. Lettau and Davidson (1957) have shovn that 
( 

under c1ear sky conditions, 90% of the back radiation comes from the lowest 

800 m to 1600 m of the atmosphere. It is therefore import~t that repre

sentative vertical soundings be obtained for cloud, temperature, and 

humidity in the lower levels. 

,From the examination of the behavior of radiation ter~s, it becames . 
evident that the effect of radiative heating during step-vise calculation 

of air mass modificatioq ~an be neglected. On the other band, air m&SS 

modification schemes must consider not only changes in sensible and latent 

heat due to exchanges at the i~terface, but &lso changes in the cloud pattern 

so.. that an adjusted cloud field may be generated and the dovn flux, an , 
important component of the surface energy budget, JDB:1 be reaSonably estimated. 

3.4 Nephanalysis 

The cloud analysié for the area under study ta based on the tolloving 
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available data: lov cloud amount, type and. height, middle and high cloud 

type, total ~ount of cloud, and the present weather as denoted by symbols 

NH, CL' H, Cm' CH' NT' ww, respectively. Under international btandards, 

each symbol is represented by a number, usually trom 1 to 9. In the case 

of VY, numbers 0 to 99 describe various veather situations occurrins at 

the reporting time. During periods of inclement weather, when visibility 

is poor, information about mid and upper levels is impossible to obtai~~t 

Similarly, transmi ssion errors may resul t in some erroneous reports. Tc!.1l. 
make the most effective use of the reported cloud data, the author exam;ned 

five locations - Grindstone, Fox River, Seven Islands, Charlottetown, and 

St. Andrews - (General Summaries of Hourly Weather Observation - Nov. 52 

to Feb.53) to determine the predominant cloud height and type over the 

surrounding Gulf regiona. Stratocumulus occurred for more than 50% ot the 
-

time at all these points. Next vas stratus and, stratus -fractus. The most 

trequent heights reported vere roughly betveen 1600 and 3600 teet. Betore 

interpolation of the cloud riel,d in the horizontal and vertical proceeds. 

the cloud data are checked as 4escribed below. 

If &DY of the folloving elements vere missing - NH, CL' Cm' CH' H -

the term vw vas used to help fill in the gap wherever possible, using the 

subroutine ZNEPHE. For veather situations characterized b,y 'log or 'log 

banks, the cloud amount (ACD) is usually coded as obscured. It the weather 

type reported vas fog, the bottom layer vas assumed overcast vith above 

levels recorded as missing. If signiticant precipitation was reported, 
, 

the five bottom layers vere assumed overcast. If the cloud height (H) , 
for reported lov cloud is missing during fog - like situations t H vas assumed 

to have a value of about 100 feet. If the reported cloud type (CL) was 

stratus or stratus tractus, H was assigned a value ot 1600 teet. In all 

other cases, the height assumed for reported low cloud and missing height 

reports was about 2500 feet. For c'ases of missing' lov cloud typ~ and vw 

greater than 90 - t~at is, moderate to severe weather - the ~loud type 

assumed was heavy cumulus. 

of reported cumulonimbus. 

Analysis of four months revealed only 2 hours 

This low figure m&f be due to the fact-that 

cumulonimbus aeti vit y is embedded in obscuring cloud tields. Hovever • 

due to the Gulf waters being .rather col'd (_loC to 2°cl. beav,y c\D1lua 
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development vould occur during only the cofdest arctic outbursts as compared 

to frequent 

range up to 

development over the Jap'an and China Sea vhere sea temperatures 

aOC and 200 C respectively'. 
'r 

'-J 

If lov. cloud amount ALe is ~i~~ug and fog and dri~zle like conditions 
, 'i,~'(.5 

vere reported, lov· cloud amount vas' ~lten to be 9/10 of total. reported 
V.() 

cloud amount ACD. Under these situations, lov cloud amounts usually accounta 

for almost all the reported cloud. If the veather reported vas associated 

vith light to heavy precipitation and vhere the overcast layer otten lies 

from mid to upper levels, the amount of lov cloud vas taken to be rr /10 ot 

total reported" cloud ACD. Othervise, under fair veather cQnditions, lov 

cloud vas taken to be 4/10 of reported total cloud amount. The justification 

for using the above described proceedures lies in the fact that amitting " 

~l station reports having a missing element vould have ~een sufticient to 

produce a more erroneOUB cloud field than that ob~ained ~y uBing the abov~ 
substitutions. 

There are instances vhen a missing element is crucial and,no amount 

of estimating yields a justifiable ansver. The folloving is such an exemple. 

If reported total cloud amount (ACD) is missing, and lov cloud amount is 

Jess than lO/lOths, lack of knovledge of middle and high cloud amount maltes 

it impossible to estimate ACD. 

Once the variouB pieces ot information concernins cloud heisht, type~ 

and amount, have been obtained, the vertical extent of lov, middle, and high 

clouds are determined by a cloud analysis pro gram (Vovinckel and Orvig, 1972). 
After the cloud amount has been established for i6 atmospheric l~era at 

each valid reporting station, a numerical analysis "INTER" ia used to derive . 
a cOhtinuous horizontal cloud field at all leve1s. Next, the lovest reportiDg 

cloud level for each grid point is recorded in ICLDHT to be used 1ater in 
l ' 

association vith cloud tormation. The author a1so examined 60 reporta ot 

reported cloud and vertical tempe rature and moisture protiles (~c. 1969, , 
Jan. 1970) for Sept Isles and Stephinvi11e to determine the relatioDshÏp 

betveen reported cloud amount and the relative humidity recorded at the 

reported cloud level. From tigure 10, the cloud amount ia usual17 nall 

and In!gligible vhen the relative humidity drops be10v 60%. On the other 

band, cloud amount seems to lncrease signit'icantly vhen the relative 

t' , 
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hbmidi ty exceeds the 60 to 80% range. 

As pre~ouslY discussed, a good 'estima~e ot the low level cloud amount 

is desirable in obtaining an estimate of downvard long wave radiation. 

Similarly', the surface temperature and humidit:y vere seen to be an important 

factor in determining the flux exchange rate, the flux distribution, and 

the long wave flux. The following section discusses a method em:plo:yed for 

achieving a better approximation of thé lover level profiles ot the meteo

rological parameters essential in evaluating energ:y budgets, all the while 

using the initially interpolated tields as a tirst approximation. 

3.5 Air Mass Transformation" lobdel 

For the calculation of freeze-up and ice formation over a given area, 

a detailed knovledge of the energy budget terms is required. Considering 
.... \o."'."',.. ....... .; __ , .... 
------.. --J:.''''- intcrpol~tion prosr&rn~ 

as discussed so far vould result in sufticiently accurate meteorological 

fields. 

Burke (~945) devised methods of predicting the tin al surface air 

temperature b:y using the tollowing parameters: initial air temperature and 

humidity, sea surface temperature, lapse rate 1 and distance travelled over 

water. As a second approximation for required data tields, an air mass 

transformation pro gram "AIRJof.l'R" vas devised by the present author. The 

underlying principal is an extension ot the "Burke" technique applied over 

a large area. 

3.5.1 Advection 01" Air Parcels 

The mo~sed ~y the author is an extension ot one developed by 

Vowinckel {personal communication}. This model calculates intermediate 

tempèrature, cloud, 'and humidit:y profill!s along a streamline - al1 the whÏ1e 

taking into account the varying sea surface t~rature, YÏnds. and Bea 

level pressure. This redefined fie1d is then assumed to be in ste~ state 
r 

for the nen 12 hours during which energ:y budget cœputationa are execute4. 

Ta etfect the transtormation ot certain meteorological parametera 

in the l-over levels, all boundar:y and ice or water grid points ot tigure 2 
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have been specially identified. Ben, all points Along the Gult shore are 

examined to deterD1Ïne if the advection of their profile by the geoBtrophic 

vind (veered aO
) is towards land or ice/water surfaces. Profiles overlying 

~ . 
regions with off shore vinds will then be.) ~dvecte~ by the subroutine 

"TRAJEC" • This subroutine calculates displacement trom one grid li ne . ":) ~ 

between tvo grid points to another grid 1ine betveen tvo different grid 

points. The maximum al10vable displacement ia 1. 44.nx vhere DX i8 the grid 

spacing. From one grid li ne to another, flux exchanges at the interface 

are calculated and redistribut~d in the vertical t and, the modified portion 

o~ the profile is ~ecorded at tvo nearby points. 'Foi~oving this, the entire 

profile is advected. The grid spacing was choseb as 37 ~ so as to include 
). ., . 

s4gn4f4cant baya and atra1ta. 

3.~.2 Sensible Heat Distribution 

Each advected pro~ its meteorologic~ parameter changes executed 

in the subroutine "TEPHI" vhich simulates the temper8:ture and humidi ty 

soundings on a tephigram. 

The sensible heat exchange f?r ice and vater surfaces is calculated 

in the subroutine "HEMLOK" and the subroutine "SCFLEX" appropriately veights 

the flux contribution from ice and water surfaces. "HEMLOK" is an extension 

of the subroutine "VERA" (Vovincke1 and Orvig, 1972). Folloring this, the 
, 

subroutine "EATDST" distributes the sensible heat into the sounding. The 

1evel of modification is limited by the maximum lapse rate allovable, and 

by the magnitude of the sensible h~at' exchange. Each time the lapse rate 

is exceeded, another layer ~ i~luded in the modification process. ExamÏ

nation of several profi1es';Ctr~";ersing the Gulf and passing over Stephenville 

shoved a lapse rate usually n~ar the midvay of the moi st and dry adiabat. 

In situations of cooling by an underlying surface, the depth 0"1' 

cooling iB greatly dependent on the stability of the profile and wiu~ -shear. 
1 

Sellers (1965) summarizes v-h-ious studies on stabili ty • In general, strong 

stabi1ity is usua.1ly characterized by a Richardson numher 01' .25, and -.7 

for the unstable situation. The subroutine "RICRDN" determined it &Il 

advected profile would deve10p a low 1evel surface inversion or a coole4 

layer vith a dry' adiabatic lapse rate. For a Richardson number greater 
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than -.2, a surface inversion not exceeding l layer (about 25 lIbs) vas 

allowed to occur,. otherwl.se cooling vas extended to include the tvo bottom 
-

layers (about 50 mbs). Linearly' interpolated lov level vinds, the temper-

ature profile, and the height field were involved in the calculation of 

the Richardson number: 

The model was designed to simulate changes in the lover atmosphere 

which are predominantly e~ected by underlying surface teatures and vhich, 

in turn, almost wholly affect the energy budget of the underly'ing sur:tace. 

Therefore; changes occurring in the higher levels due to warm or cold air 

advection and large scale vertical motion will not be possible. To include 

such processes would require advection of an atmosphere' divided inta several 

layers, vith each layer consisting of a similar grid point array and each 

layer moring independently of the others vith exchanges of moisture and 

beat occurrinp; betloTeen $O'id 'POints of eacb layer. 

3.5.3 Latent Heat DistribUtion 

With respect to moisture, the latent heat is equally added to all ) 

modified layers by- the subroutine "HUMDST". FolloYing this, the vertical. 

moi sture profile is analysed in the cloud formation program callea "CWUD". 

Bach layer is checked to see if the relative humidity exceeds 10%, &!ter 

which cloud formation is allowed to proceed if the interpolated cloud field 

indicates that cloud does exist for that particular layer at that grid 

point. Once overcast conditions are achieved, the maximum relative humidity 

allowed ia 85%. Ninomila (1964) sbows'that clouds vith a water content 

of .43 g kg-1 had a relative humidity exceeding 85%. Since the Gulf area 

ia not marked by extensive modification as is the air over the Japan Bea, 

the author chose an upper limit of 85%. M'ter overcast conditions are attained, 

and after the relative humidity reaches 85%, the excess moisture is transported 

to the next upper level where it is used to increase cloud and/or humidity. 

The clouds are assumed to bave a 1iquid water content of .2 g kg -1 (Squire., ' 

1958) • The highest mean value obtainab1e ia .3 g kg -1 under states of vert 

strong convective activity (Warner, 1955). ' 
, 

/ 
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3.5.4 Islands 

Islands such as Anticosti and Prince Edvard &Ct as sinks for sensible 

and latent heat acquired by air masses having passed over ice/vater surfaces. 

These two islands as vell as the Magdelan Shallovs and the northern portion 

of Cape Breton Island vere treated as solid ice surfaces having a defined 

temperature - the temperature being that of the nearest reparting station 

as no ground temperatures are availàble. During the winter season, the 

recorded air temperature vill generally approximate the surface temperature. 

For regions lying on the YÏndvard shores, the tem:perature vill be largely 

modified and not representative. 

3.5.5 Interface Temperature 

One par~ssen'ial in calculating the flux exchange at the 

interrace is the lce~~ater surface temperature. As pre~oualy stated, 
\ . 

aiT parcels are advec,~~ from one grid line to another. In the case vhere 

the initial and fin~ grid points are vater, the vater temp~rature for the 

first half of ~he step displacement is the ~inearly interpolated temperature 

of the 2 grid points bounding the grid line. Similarly, the temperature of 

the last half of the displacement is the linearly interpolated temperature 

of the 2 last grid points involved. In the case of all ice coyer, ice 

temperatures are substituted. For a mixture of ice and vater surfaces, 

the flux contributions trom ice and vater are calculated and then veighed 

according to the areal ext:é·a.;,'r~lr ~~e or water. ~e temperatures in these 

situations are area1ly veigh~d. 

3.6 Water Body Model 
1 

In periods prior to :ice formation over the Gulf', the hÏgh fiux ex

change rates associated vith cold Arctic outbursts vill gradually reàuce 

the finite heat supply of the Gulf. This resulting heat 10s8, reflected 

by a drop in the surface vater temperature, il a principal factor in deter

mining the flux exchange rate. .An accurate estÏJlate of the aux exchanae-' 

demands a reasonable estÏlDate of the ai~-sea temperature difference. 

Preceedingsections dealt vith the JnrepresentativenesB of certain metee

rological fields in the lover atmospheric levels as generatéd br simple 
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• 
interpolatio~ tec~ques app1ied to meteorological data& In this section 

a method iB descri.~edt vhich regenerates the parameters essential in evalu

ating the latent and sensible heat flux exchanges betveen the ~tmosphere and 

the underlying vater body. Used in conjunction vith a water body model 

(see APpendix) developed by ·Lally (1973), and initialized at a date for 

which there exist scattered vertical soundings of temperature and salinity 

for the Gulf, surface'water temperature distributions are obtained fram 

time step to time step through e~rgy budget considerations and iterative 

energy balance schemes incorporating modified and unmodified atmospheric 

and water parameters. 

Chapter IV sec. 1.1 examines the limitations of the air model by 

examining an actual sounding advected over the Gulf' vith a sounding recorded 

twelve hours later, and section 4.1.2 discusses the results of apply'ing 

the advection scheme over the entire Gulf region whose ice/vater temperatures 

are re~ated by a water-body model. 

1 

< 

• 

. ., 
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CHAPTER IV 

APPLICATION OF THE K>DEL 

The preceding chapter discussed the inadequacies of interpolated 

data fields in revealing high temperature and humidity gradients associated 

vith rapid air modification during arctic air outbursts over the Gulf. The 

prihcipal component of the ait model is the advection, and redefining the 

profile of certain meteorological par&n:1eters vi th the aim of appronmating 

better the location and magnitude ~ horizontal gradients of temperature, ' 

humidity, and cloud. The parameters of particular interest -are the derived 

surface and air temperatures which are critical factors determining the 

flux exchange rates at the interface. Similarly, since t~e downvard long 

wave rad1atlon flux lS greatly dependent on conditbns in the first 1000 

to 2000 met ers (see sec. 3.2.2.2), obtaining good approxLmations of temper

aturé, humidity, and cloud is desirable. 

4.1 Advection of an Air Column 
Cl " 

Figure 11 illustrates an example of an actual "initial" profile 

(identified by 0) and an actual "final" profile, identified by heavy line, 

as vell as intermediate profiles produced by the subroutine "TEPHI" for an 

air parcel moving over a water body along a path shawn in figure 13&. The 

profile, identified by "M", is the moisture profile of figure 12, identitied 

by "0". The product of the profile number and 10 represents the distance 

l.n kilometers betveen the profile and its departure point. The tinal 

computed profile is denoted by 1123. Curves 1 of figure 4 correspond to its 

latent and sensible heat input as computed by the model for the profile 

advected at 11 m sec-le The area, enclosed by "23", and the reported 

profile (heavy line) is the difference betveen the computed and the actual 

prOfile reported 12 hours later at Stephenville. The character nt" denotes 

the height' of the modification as produced. bl" the model. For reuons dis

cussed in sec. 3.5.2, only the region Wov the last modified level 

(denoted by nt")' is compared to the actru"al sounding, in determi.ning the 

t 
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Fig. 138 Path of advected parcel. 

Fig. l3b Cloud thickness and amounts for various ,points 
slong the path(V= 5.5 m sec-I). . 

,; 

11 
1 
1 
1 

Fig. l3c Cloud thickness and 81a1Ounts for various points , 
slong the path (V= Il m sec-l ) • 
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effectiveness of the model. In figures il and 12, the model accounts tor 

94% and 90% of the change in temperature and humidity respectively t for a 

profile advected at the reported speed of 11 m sec-le With respect to the 

surface temperature and moisture changes, the model accounts for more than 

95%. The initial profile vas further tested to displ~ the extent of modi

fication which would occur if the -veloci ty was reduced by 50%. In this case, 

the model overestimates the temperature and humidity change by about 20% 

and 25%, respectivel.y. The surface temperature and moisture are over~stimated 

by 25% and 8%, respectively. 

Figures 13b and 13c show the cloud content in each layer, corresponding 

to intermediate temperature and moisture profiles of figures il and 12. 

The top of, the eleventh layer ia 850 mbs, and the base of the sixteenth 

layer lies at the surface. Each layer is roughly 28 mbs thick, and a darkened 

square represents total overeast. Verifil'Rtinn n1' ,., mul ".rt~nt in th~ ,re!"H~!!.l 

ia virtually impossible and orographie effects along the shores will turther 

reduce the reliability of lov level cloud reports for near-shore stations. 

For the sounding advected at the correct velocity, the cloud amount in ~e 

lowest layer is slÏghtly less than overcast vith greater than 1/10 the cloud 

coyer in the layer above"- each l~p.r being about 25 to 30 mbs thick. The 

high vertical extent pf cloud for the case of the slovly advected profile 

seems unlikely as only light snov shove,rs vere reported at Stephenville. 

In choosing profiles, the folloving conditions vere satistied. The 

vind direction vas not alloved to change by more than 20
0 

t'rom the surface 

to 850 mb, the vind shear vas smail, the airmass in the source region vas 

homogeneou8 for at least 18 hours, and the strewmline flov, determined by 

using the 850 mb contour and vind'field for tvo time periods (12 hours 

'apart), passed over Stephenville. The mean surface vater temperature vas 

obtained from sea surface tempe rature charts. 

Due to the interaction of various meteorological parameters in the 

fiux exchange equations, it ia virtually impossible to attribute the disere

peney betveen the model profile and the actual profile to any one parameter 

alone. In applying the advective scheme to the total Gulf area, the 

accuracy vill vary of basic meteorological parameters involved in the flux 

exchange'equation. 

, 
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. ~ .. 
The deri ved wind field, water and air temf'erature, humidi ty, and the 

exchange coe~~icients are the factors having the greatest influence on the 

flux exchanges. In the model, the accuracyof the geostrophic wind is 

lim~ted by the accuracy of the reported pressure data, whose errors cao be 

considered negligible when transmission 'errors are absent. The wind ~ield, 

derived ~om the pressure gradient, ~ produce spuri~us high winds as "the 

pressure gradient pattern will not be exactly duplicated. Over a'sufficientl1 

lo~g time period, spurious high gradients will have negligible effects on 

the cumulative energy and moisture aux exchange. During ice formation 

periods the presence of ice, as determined by the water body model, may be 

erroneously present. Because the ice temperature approaches the air temper-. 
ature, these grid points May depart actual on site temperature by 5 to 10 

degrees. Above the st;rface, the estimated temperatures and humidi ties will 

be significantlyo more accurate. In both instances. the estimated va1ùe 

will reduce considerably the errors obtained in using Mean climatological 
•• ,J. • • or strlctly lnterpolated flelds derlved from surroundlng Gulf stat1ons. 

Because o~ the length of time involved, as well as the number of grid points, 

the significance of these spurious errors will be reduced considerably. 

The greatest uncertainy lies with the e~change coefficients which depend on 

both-wind and the vertical gradients o~ temperature and humidity. Since",,\ 

these coe~ficients are empirically derived from observations over long 
1" 

time periods with varying synoptic situations t such as encountered in this 

study, the flux exchanges will tend to be accurate in the Mean and during 

periods o~ significant flux exchanges. 

The following section examines air mass trans~ormation over the 

entire Gulf é.rea and the resuJ.ting changes in the surface temperature and 

humidi ty fields t as produced by the mode1. 

4.2 Air Mass Transformation over the GuJ.f Region 

The previous section discussed the advection of a single profile. 

Subroutine "AIRMTR" ws designed to record the cumulative effects of 

numerous advections over ice-water surfaces vith varying temperatures, 

r.; namely the temperatures derived from a water body model (see Appendix) • 

Anticyclonic situatDns were examined to determine if off shore temperature 
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Fig. 14 JJlean sea-level pressure (mb'.+ 1000;) and reported 
windA forlfive synoptic situations. 
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Fig. 15 Tr8Ileformed temperature field (_OC) 
and changes (----oC) t'rom the initial 
~ield for Dec. 29, 1971. 
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16 Transformed moisture tield E-- g kg-l) 
and chènges ~---g tg-l) trom the initial 
field for Dec. 29, 1971. 
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and moi sture profiles vere more reasonable tbat tbose obtained trom inter- ~. 

polated data. fields. Cyclonic situations vere examined to determine the , 

areal extent and magnitude of modi ti cation • The etfeets exerted by the 

Gulf on shore line temperature and moisture prof'ioles are also examined. 

E.xe.mination of temperature and lDOisture fields during anticyelonic 

situations revea1ed a general intensification and north-vestvard shitt of 

the moisture and telÎlperature gradients for an iee f'ree Gulf'. For situations 

involving an iee covered Gulf vith mau;r open leads, the gradients became 

diftused and genera.lly sbitted to the _jor ice leading edge. Figures 15 , 
and 16, corresponding to tbe pressure pattern of tigure l4b, displ.,. the 

temperature and moisture tield af'ter transformation, and the changes tram 
" 

the initial~interpolated fields which are si.milar to that show in t~gure 

l7e.. As can be seen, the changes are mainly positive? indicating t

1
' t 

interpolation fails to reveal temperature and moistvre gradients ree ting 

trom rapid 1IlOditication. Anticosti Island acts as a moisture and he t 0 

sink as is seen by the sbitt in temperature and moisture lines to ~~e south

east of the island. As Dec. 29 is ooly' a tev dqs prior to ice t0ntation, 

temperature and. moisture gradients alODg the north-west shore of tbJ Gulf' , 
are not as intensive as realized, during similar arctie Ftbreaks IL f~ 

weeks earlier, over &. much warmer Gulf sur tac e • Regions such' as tbe Cape 
, 

Breton are&. are still greatly intluenced by the long trajectory 01' air 

pareels, as is seen by tbe warm and moist tongue 0: air sbawn in tigures 

16 and 17. '/ ' 

Figures 18 and 19 display the" transformed ft~erature and moÎlture 

fields and theOehanges whieh occur under a cycionic ~ircu1a.tion auch as 

occurred after an arctic outburst. Fi.tpnoe 20 show the actual and eomput~ 
ice field two days before the passage 01' the cyclone. An air ... vater boa!' 

, model utilizing only the initially interpolated fields (tigure l1a) vofwi, 
have temperature and humidity fields eharacteristie oi an aretic out~8t 
preceding .the cyclone passage over the Gult. Bee8ilse vigorous lova oNen 

move quickly over 'the region. a tiDÎe atep ot 12 hours mq not be 8uttiC~ 
ta Ifcapture" typical méteorological tield representative or ,the lover level 

protiles 01' temperatu.re and 1IlOisture. Figure l4d. displqs the 12 hour ~ 

motion 01' such a lov ~ressure system. 
e 

• 
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Fig. 17u IllÎ.tu·vulaleù i.t!~el·ature (-cC) anà moisture 
field (---- g kg-l) for Feb. 4-12Z,1972. 

Fig. 17b Poly~n used about the Gulf of St. LaWrence 
in ca'éulating geostrophic fluxes. 
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Fig. -18 Transformed temperature field (_OC) 
and changes (----oC) trom the initial 
field for Feb. 4, 1972 
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To negleet modification of the interpolated data field iB equivalent 

to negl.eeting the e:ff'eet of intens~ lows ou the Gul.f region which tend to 

decrease flux los ses and assumï'ng a general anticyc10nic situation vhieh 

supports higher flux los ses . Comparing figure 17a to 18 &nd 19, the sÏJnple 

temperature ~d moisture patterns assume a more complieated distribution, , 

partially refleeting the existing iee field vith its numerous open leads. 
. ~. .. . 

In general cyclon1c c1rculat10ns shoved mod1f1cat10n over a large area. 

The modification vas usually greatest over open water areas. As eyclonie 

circulations generally have varmer temperatures 1 temperature and moisture 

gradients are veaker, thereby having a dampening effect on ice formation. 

4.3 Verification 

For each time step of 12 hours, redefined meteorological fields vere 

geperated by "AIRMTR". An atmospherie model duplieating ail phy'sical 

processes exactly vould have final. surface parameters identical to those 

recorded at the end grid points at a later time, corresponding to the transit 

time of the adveeted air parcel. Sinee interpolated fields vere ooly 
'" 

available at every 12 hour period, and sinee most trajectories are lese 

than 12 hours, the final computed va.l ues should lie betveen interpolated 

values for the beginning and the end of the periode Shore based reporting 

stations vere used for fi ve situations. For antieyelonic circulations, 

only four stations vere capable of reeording representative profiles ot 

temperature &hd moisture. Beeause of the higher number of reporting stations 

along the north shore, seven stations vere eonsidered capable of recording 

representative profiles during situations marked by cyclonie circulation. 

In the three anticyclonic 8ituation~ (see figure l4a, 14b, l4c) the 

temperature departed from the 12 hour mean by about 1.1 Co. With respect 
. . -1 6"~ to hUD1l.d1ty, the mean departure vas .15 g kg • In both cases 1 .. ,. ot the 

final values vere within lCo and .1 g kg-lof the reported temperature 

and humidity. The 1arge$t variation vas one case where there vere departures 

of 3 deg C and .35 g kg-1 t'rom the mean. The departure may 'be.due to aUT 

number of factors, as discussed in sec. 4.1.1. In the cyclopic situation, 

the time step failed to capture the deep cyclones and good vèritication ia 

not to be expected. The mean temperature and humidity departurea trom the 
~ 

) 
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12-hour mean vere 5C a.nd .7 g kg • The greatest dePartures vere recorded 
~ \ 

at t~e' station along the north shores o~ the Chùt. 

In all tive situations~ it is interesting to note the actual wind 

field (figure 14). In anticyclonic situations ~ the instability induced 

by the warm Gulf water results in the wind at the sur:face being only slightly , 
veered trom 'the geostrophic vind. On-shore vinds generally coincide vith the 

geostrophic fio'\{ and reported surface parameters refiect temperature and 

moisture values close ta the computed values. In the cyclonic situations, 
" 

usually characterized by a more stable atmosphere, surface friction and 

orographie features slong the shores result in a strong convergence ot the 

lov level vinds along the shores. At times the winds are perpendicular to 

the isobars (figure 14d and l4e). An examination of the vind vector ot the 

north shore stations reveals that several stations have a general off shore 

wind. as opposed to a.n nOv; nm~ nn-qh0re g~0str0p~ic ~ri:!:!. ..".,.,..;" ,..,,----, , ...... 
---- e, .... u ................ ",. 

level converg~nce vill result 1.0 some shore stations recording temperatures 

and humidities characteristic ot an air mass in equilibrium vith a. colder 

aod dryer land surface. On the other hand, nearby off shore regions vould . 
r.eveal definité modification. This strong lov level convergence, combined 

vith the failure of ,interpolation schemes to "capture" some cyclonic 

situations ~ vill make verification difficult. Also, it vill lead to erro

neous energy budgets if tpe ioi tially interpolated fields are not moditied 

through some appropriat~ scheme. While verification of on-shore wind region 

iB desirable, verification of off shore wind regions, vhere modification 

i8 most rapid, vould be more useful but is impossible. As previoualy 

discussed, the rate of modification decreases vith distance, and interpolated , 
temperature and moisture profiles over vater surface adjacent to on-shore 

vind regions, do not differ significantly. On the other hand, off-shore 

regions lying near land areas vi th off shore winds ma.y have -protiles vhich 

differ slgnificantly. Verification of the computed temperature and iDoisture 

fields in the se otf shore region§ i8 desirable, but vould require on-site 

observation over the vater areas. 

4.3.1 Modifj,èation ot Shore Line Profiles 

Figures 21, 22 and 23 represent the surface air temperature and 

" 
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moist ure along the shores, represented by the poly'gon in ·figure l'Tb. The 

various segments of the polygon are denoted by the numbers at the base of 

figures 21, 22 and 23. From the flov pattern of figurres 14a, l4b and l4c, 

coastline regions vith off shore winds can be mapped on to regions vith on~ 

shore winds. As discussed in the previous section, the computed moisture 

and temperature fields closely represent act~al conditions. The continuous 

solid und dashed lines represent the shore-line tempe rature and moisture. 

The shorter underlying or overlying segments represent the.corresponding 

downwind coast-line region. The letters - A, B, C - denote the portion 

of the coastline which are the on-shore region. Because of confluence 

1n the wind field, the mapped on-shore regions will not be a mirrotjimage. 

The enclosed areas in the these three figures reveal large modification vith 

o temperature rises of about 12 deg C and a three fold increase in moisture. 

The discontinuity in segment 3 of figures 21, 22, 23 results trom air parcels 

.Leaving segment. ë and. j (f1gure 1 (b), travers1ng land. reg10ns such as the 

Gaspé Peninsula. They later reappear over the Gul~ region vith lower 

temperature and moisture along segment 13 (figure l'Tb) and still later 

intercept segments 11 and 12. Meanwhile, other parcels from segment 2 and . , 
3 will bypass the Gaspe Peninsula and continue to segments Il and l2. 

b 

Thus, segments Il and 12 will, under anticyclonic situations as depicted 

1n figure 14, have large temperature and moisture gradients as sh9-~ 
~ -#, 

in figures 15 and 16. 

The circulatbn pattern coincident with the shoreline temperature 

and moiÙsture profile of figure 21 is shown 1n figure l4a. As previously 

shown, in section 3.2.1, a high vind speed results in a small residence 
, 

tim~ and, 'therefore, mo~if~catio~ is not as extensive as in the two othe~ 

cases shown' in figure 22 and 23 unàer a similar nov pattern. In figure 

23, the cold off shore temperatures still experience sizable 

to the low wind speed (long residence time) and the numerous 

as depicted by its corresponding ice/vater map (f~gure 20). 

changes due 

open leads 

In the three . . 
cases discussed the humïdity profile is seen to increase as the temperature 

increases, indicating ~hat arctic air is not only cold vith respect ~o the 

underlying Gulf surface but\ is also dry and capable of absorbing much 

moisture. 
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As previously discussed, cyclonic circulatDns characterized b,y a 

south to south-east pressure gradient pattern will result in litt le or no 

modified air reaching the northern shore in a manner analogous to anti

cyclonic cases, due to the following two reasons - frictionallY induced 

convergence, and the smaller residence time of cyclonic circulation over 

the Gulf. As the model is incapable of reproducing the frictional conver

gence typical of vigorous cyclonic circulation, it is difficult to determine 

the extent of modification by the Gulf to onshore flow regions. However, 

for the two reasons stated above, it would be significantly less than the 

modification occurring under anticyclonic situations. As the shore line 

grid points, fo~ which iterative energy balance~ are calculated, are chosen 

to lie about 18 kms off shore, the effects of frictional convergence will 

be significantly less so that the, fields deri ved by "AIRMTR" under vigorous 

cyclonic circulations will closelY approximate the actual temperature and 

hum1d1ty f1elds. The lnterpolated fields on the othe~ hand fail completely 

to detect gradients in the meteorological fields in ,aIl situations. 

4.3.2 Water-Body Heat Content 

As previously explained, subroutine "AIRMTR" is a summation o~ 

numero~s trajectories over ice-water surfaces with varying temperatures. 

As shown in figure 3, the air-water temperature difference changes drasti

cally trom the shore under certain conditions and application of "AIRMTR" 

will produce gradients of surface temperature and humidity. As shawn in 

section 2.1.5, latent and sensible heat fluxes are greatly dependent on 

~he air-sea temperature difference and the distance tram the shore line. 

Diagram 24 shows the heat loss trom four points, vhose positions are shown 

on diagram lTb. During periods under north-west flov patterns, the heat 

gained by an air maSS (and lost by a water body) is greater for points 

nearest the north-west shore of the Gulf. Between Dec. 23rd and. Jan. 2nd, 
<J 

the rate of heat 1088 (indicated by the slope of the curves) generally 

decreases vith the distance trom the north-west shore. During cyclonic 

situations, the change in slope is unnoticeable as one vould expect 

during periods of lesser modification. The cumulative efrect or air-maas 

transformation is reflected in the energy lost by the vater bodY to the ~) 

atmosphere - up to 1500 calories betveen points "a" and ,"d". The ditference 
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would be greater" but for the initially higher temperatures along the west 

coast of Newfoundland'. It is this cumulative effect of' ini tially high 

exchange rates under arctic outbreaks which allows for ice formation regions 

generally to occur &long the north and west portions of the Gulf. Not 
~ 

modifying the surface air temperaturës and humidity by the subroutine 
~ 

"AIRMTR" would result in larger portions of the Gulf' acting as main ice 

production areas. "AIRMTR" basically acts as a redistributing mechanism . , 

for the moisture and temperature gradients. It does not affect significantly 
"-

the total energy of the water body as seen by the initial onset of ice 

(Lally, 1973). 

4.4 SUJ!lJJ!!I1' 

uhder anticyc10nic sitùations, "AIRMTR" yields a'better,low 1evel 

temperature and humidity profile near off shore re~ions as weIl as producing 

a representative surface temperature and humidity field for on shore 

regions. Under cyc10nic situations characterized by a fast moving cycloQe 

over the region, "AIRMTR" generates a more representative temperature and 

humidity field*over the entire Gulf area. 

An iterative process such as "AIRMl'R" wou1d definitely result in 

1arger içe formation regions and radically di~erent ice fields. The desired 

reso1ution in ice fields determine~ to a large extent the need for ~AIRMTRn. ' 

If only a "yes" or "no" Mswer i8 wanted, as to whether or not ice forma 
, 

over the Gulf t then one grid point at the center of the Gu~ would surrice 

and "AIRMl'R" could be omitted. 

4.5 Water and Ener~ Budget Analysis 

From section 2.1 and 2.2, the sensible heat arui~oisture budget 

equations for &Q enc10sed vertical air co1umn is given by 

ASH = F SRQS + PCPN + Qt:;ADY 

where FSRQSincorporates the radiative terms and the sensible heat flux 

exchanged • 



• 
·0 

• 
'" 

64 

ALH = QE + QEA,DV - PCPN 

• The folloring terms summed over a pox:tion of the period under study will 
be examined to determine"the re1iabi1ity of the advective term as obtained 

by using the geostrophic rind. 

4.5.1 Precipitation - PCPB 

The interpolated field ot precipitation for case 1 and 2 cambined 

(Table 3) gave a valuè (per unit area} of Ja 9 and 2.7 inches ~ respecti vely. 

For the same period~ Summerside and Charlot~ reported 5.1 and 8.9 
inches respectively - the stations being only 30 miles apart. Orographie 

and local turbulence definitelY have influences on the recorded precipi

tation. Since numerical analysis areaJJ.y veighs each data point, the innuence 

tation as computed trom the Canadian Monthly Weather·~eviev is 3.5 and 2.9 

inches. If error in the data vere eliminatdd, the precipitation as nume

rically analysed vould be more accurate. The basic error lies in determining 

the latent heat released vhich 'is determined by the type of precipitation 

and can be incorrect up to 13% (see 2.1.6). Hovever, since the latent ' 

heat is about 10% of the total energy exchanged, the significance of this 

error ~s considerably diminished. 

4.5.2 Storage Term 
, 

Because of the isobaric mass associated vith a synoptic system ... 
changes vith time~ the energy and vater budget equations (equations 1 and 

2) must account for the storage change .."hich ocdurs during the period 

under analysisa As the length of the period increases, the signiticance , 
of the storage term decreases. From Table 3: the changes in storage ot 

• 

sensible heat (STSH) and moisture (STLH) are of 'the seme order of magnitude 

as the other terms for periods of a fev dàys and becomè insigniticant 

when the period under ana1ysis extends {)Ver several veeks. 

The change in storage of a quanti ty ".1" vas < calculated by the 

fo1lowing method: ~--! 
, 
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TABLE 3 

COMPONENTS OF SENSTIlLE BEAT AND MOIS'lURE 

BUDGET EQUATIONS (LY DAy-1 ) 

TIME PERIOD CIRCULATION TYPE 

1."11 Dec. 2-00Z ta Dec. 23-12Z mixed 
2. Dec. 24-00z to Feb. 02-12Z mixed 
3. Dec. 24 -OOZ to Dec. 28-12Z mixed 
4. Jan. 04-00z te Jan. 06-12Z anticyclonic 
5. Jan. 07-00Z te Jan. 14-00Z cyclenic 
6. Jan. 22-12Z te Jan. 26-ooz cyclenic 
7. Jan. 26-12Z te Jan. 30-o0Z anticyc1enic 

QE PCPN STLH QEADV(C} QEADV(B) 

l. 196 193 -15 -176 -18 
2. 185 173 -3 -132 -15 
3. 294 265 42 344 13 
4. 256 89 -65 -583 -232 
5. 104 161 96 " 138 153 
6. 83 319 -36 376 200 
7. 206 79 -16 -244 -:-143 

FSRQS QS STSH QSADV(C) QSADV(B) 

1. 75 290 -72 -6u. -340 
2. 158 334 -19 -1300 -350 
3. 409 574 258 52 -416 
4. .256 442 -331 4040 -616 
5. -103 146 301 155 243 
6. -218 59 -364 1149 -465 
7. 457 624 -95, -2532 -631 

{ 

/ 

) 
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1 A.J = J2 - J1*âP2/AP1 

where J1, J2 = storage at time t 1 and t 2 respecti vely , 

âP~, AP2 = ,pressure difference between the surface pressure and 

150 mb (850 ~b for moi sture calculations) at time 

t 1 and t 2 respectively. 

1 

The isobaric mass correction in the case of moisture storage calculations 

is confined to be10w 850 mb as between 25% and 50% of the moisture is he1d 

in this region where most of the moisture changes occur. The 150 mb 1evel 

was taken as the upper 1eve1 as no information vas available for higher 

region. In gene~âl, the atmosphere experiences 1ittle change at this 

hign leve1; 

r---
Since the flux. exchange equations vere developed by analysing data 

over large time periods wi th varying synoptic conditions, QE and QS as 

calculated by the air-water body model will te~d to give a reasonable 

estÏlDate. This is revealed by the ice formation occurr,ing in critical 

areas such as Bay of Chaleur and the Northumberland Straits on the reported 

dates (Lally, 1973). Like the precipitation term PCPN, QE and QS as well 

as the change in st orage of these two terms Carl be used vith equal confidence 

in the energy and water budget calculations. 

Table 3 reveals the magnitude of QE and QS under varying type of' 
~I circulation patterns. In cases 1 and 2, the long time period involved 

, . 
do not resu~t in daily exchange rates that differ significantlYi however, 

between case 4 and 6 the exchanges vary by a factor of 3 for latent heat 

and 8 for sensible heat. It is this sharp variation in the flux exch&nge 

over a short time period vhich results in rapid and critical c~anges of' 

surface parameters such as water tempêrature and ice formation. Calculations 

for cases 4 and 7 reveal greater exchange rates for anticyc10nic situations 

than for cyclonic. This correlates vith the tact that anticyclo,nic circu

lations during this winter period involvef colder, d~ air ~~capable 
of' greater modification. 

l', 

t 
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... 

It ,appears that flux exchange calculations for 12 hour periods are 

sufficient to reveal th~ime variations in flux exchange rates associated 

vith synoptic scale events hav;ng a cycle ti7t!1e of 2 to ~ dqs. 

4.5.4 Radiative Terms ... , 
The radiative tertns consist of the folloving: RLU, -DFL, UFL, SAA. 

The term SAA is the least affected by incorrect estima tes of clou~ amounts 

and heights. As for the other three terms, the 1argest errors vould be 

attributable to incorrect temperatures, cloud amounts, and h!!ights,. As 

discussed in section_4.1, the signiticance"ot spurious errors in the temper

ature, cloud amount and height tield will be greatly reduced and the 
'" estimated radiative terms vill be reasonably accurate. In Table 3, the 

term SRQS is the sensibJ.e heat gain attribut able to the radiative terms 

and QP h( the sens ible heat ~in from turbulent exchanQ:e). Examination shows 

that the atmosphere,continually loses energy br radiation. 

4.5.5 Advective Terms 

Although Benton and Estoque (195.4) vere able to estimate correctly 

the advective terms of vater fluxes over a period of several months over 

North America, Palméô and Soderman (1966), in doing an analysis ot the water 
o 

budget over the Baltic,Sea, concluded that using geostrophic flux would 

give overestimates of the outgoing !luxes. Bradbury (1957) arrived at a 

similar conclusion.' Ih the stud;y undertaken over an area simil~ to the 
" 

Baltic Sea area, the pDesent author concludes that using geostrophic vind~ 

tends to give a large overestimate. This is shown by the computed advective 

terms denoted by (C) t and thèir values as derived trom the balance or the 

energy budget denoted by (B), of Table 3. From the advective term, the 

geostrophic flux of vapor "q" can be represen1(ed by the folloving equation: 

1 

QEADV = 1:. r o V-Vq dp 
gO· 

whilst the geostrophic contribution i. 
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l,Po :t 
QEADV· = - qV·Y dp g 0 

In cyclonic circulation, the rJlative humidity is usually much higher 

than in anticycloniCD cases. NJglecting the ageostrophic term, therefore, 

tends to overestimate QEADV.... ~imilarlY, QSADV will be' overestimated (see 

cases l and 2 of Table 3). (~nation of any period during which the 

Gulf has a strong cyc10nic ~ircu1ation will reveal.st~ ng convergence 
"-,.,(. 

of the surface winds. As t1t~ laye~s of greatest mois content ..i1r located 

in the lover regions vhere ~~facev friction is tfeate t (1000 to 2000 m 

above gr~ the assumptidb Qf geostrophic winds wil "lead t~ o~restimates 
of actual net Tlux exports. In anticyclonic cases ass ~iated vith polar 

outbreaks, general instability results in winds vhich te~~cto be near the 

geostrophic wi~d direction and speed, and since the moisture content ia 
~ '" '.: 

lov, the error in assuming geostrophic vinds will be less. For the period 
. -? -, 

under,s~udy, an overest1mate of about 1000 cal em - day - of sensible heat 
-2 -1 . and 150 eal cm day of latent heat resulted fr<;>m uS1ng geostroph~c"vinds. 

In terms of isobaric mass, this represents'a mass export of about 15 mbs 

day -1 for air assumed to have a mean temperature of 2600K. Similarly for 

moisture, this represents a mass of about .25 grams of moisture leaving the 

Gulf per day. Assuming a mixing ratio of l g kg -1, a dailY export of 15 mb 

would result in a loss of about .015 grams of vater (about 15 times less 

th~ computed !rom geostrophic fluxes). This discrepency~is due ta the 
~~ \ , 

horizontal and vertical humidity gradient in the lover 150 mbs vhich iB 

much greater th~ the temperature gradient, and vith convergence greatest 

near the surface boundary, the errors in assuming geostrophic f1ux of 

moisture vill be larger than the geostrophic flux of sensible heat. 

Since the~eo~troPhic flux overestimates a sensible heat export 

by 15 mb day-l. This implies a convergence of sensible heat aa vell as 

mois~ure due to the ageostrophic vind. Since rrictional convergence iB 

confined to the lover 1000 to 2000 m of the atmosphère, this results in a 

vertical velocity above the friction layer of about l cm sec-lover the 

63 days using the approximation that 1 mb represents a thickness of 10 
1 

met ers near the surface • 

If the geostrophic fluxes vere assumed correct, the energy budget 
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equat~ns vould require latent and sensible heat exchanges to increase br 

a f'actor 2 and tnis vould in effect, result in much earlier ice formation. 

In situations 8uch as described in sec. 4.1.1, vhere cold arctic outbur~t 

vere examined, the maximum amount of latent and sensible heat gatned vas 

80 cal cm-2 hr-l 'Jh~ch f' bl 'th th t t d ..... compares avora y Wl. e ex remes encoun ere 

~y Craddoc~ (1951). 

In the program, the àmount of liquid vater adv'Ftecl vas rec~rded 

~n order to estimate the proportion of total advected moisture attribut able 

to cloud exporta In the vater budget, the mass of liquid vater as~ociated 

vith cloud advection is 20% of the total vater export~ (vapor plus liquid) 

in the case of polar outbreaks. Under cyclonic'situations, the liquid 

vater is" 27% oi' the total vater advected. Binee the advection vas deter

mined by using geostrophic vinds"the use of actual vinds migbt reduce , 

o 

the contribution of' clouds to the total liquid vater export for the fOllowing 

reason: the actual vind convergence and, to a lesser degree, cloud distri

bution, var~es vith distance from the ground, and the flux vould thus be 

modif'ied. The reason for such a high contribution of clouds is the rela

tively small humidity of dry;.kctic and maritime polar air. During the . 
summer Beason, vh~he vater hO,lding capacity of' air is much greater, 

the contribution of' cloude vould decrease. Ninpmiya (1968) con~luded that 

the condens~d vater transport did not exceed 10% of the vater vapor. 

Because the vater body region under studY here had a much higher surface 

tempe~ature than the Gulf' surface, the temperature modification vas more 

extensive. The capacity to hold water vapOr increases vhile the cloud 

liquid vater content does not~change appreciably in this temperature range. 

4.5.6 Energy Disposition 
/ \ 

Since energy budgets (equation 2) are less susceptible to errors 

the longer the time period involved, and since the storage term becomes 

negligible, the percentage contribution of each term to the total sensible 

heat energy involved can be estimated (Table 4) • 
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TABLE 4 

\ COMPONENTS OF THE SENSIBLE HEAT BUDGET (%) 

STSH SAA PCPN QS UFL QSADV DFL RLU 

=:0 +2 +8 +13 -14 -14 -22 +27 

The long wave radiation emitted (RLU) from the 
Q 

total Gult' surface is 
21 . roughly .9 x 10 ca10r~es over the 63 d~ periode From Table 4, the 

sensible heat is roughly 50% of RLU. Hovev~, the net gain to the atmo

sphere is much less vhen one takes into account the outgoing radiation 

which th,r-eby results in a net loss of'about 7%, almost equally comp~nsated 

through th«r precipitation terme From the advection term, 'We" see that there 

exists definite expert of sensible heat from the Gulf region of the same 

Were i~ not for the preeence of the varm Gulf vater surface, the contribu

tion Of the sensible heat from PCPN and QS vould be less. As the radiation 

term would not change as drastically as PCPN and QS, the advecti ve term 

vould definitely decrease and could possibly reverse s~gn, indicating a 

qet flux import in the assumed "non existent Gulf' regioe". 

The Gulf does have a significant effect on air masses passing over 

the region in vinter. Heat stored by the water body is later released 

through evaporation and subsequent condensation, and,through sensible 

heat exchange. It is this exchange which has a definite recognizable eftect 

on on-shore temperature and humidity profiles as shown by the surface 

temperature and humidity profile p10tted for a polygon about the Gulf coast 

(see figures 21, 22, 23) and for an individual vertical profile - figur~ 

11 and 12 • 
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CHAPTER V 

CONCLU~ON ... 
• / 

• 

Oceanic areas are gènerally characterized by veak. temperature and 

moisture gradients as vell a near geostrophic W'Ïnd conditions throughout 

the vertical. On the other hand, small water bodies such as the Gulf o~ 

St. Lawrence, which possess a finite heat supply, will be characterized 

by strong temperature,and moisture gradients during the vinter seaSOD. 

A method vas described to adjust and determine the inten~ity and 

location of the parameters essential in the formation of &nOual ice fields, 

and not available by simple interpolation of meteorological data. Because 

of the time steps invol ved. the representati veness of recorded and ad,iusted 

fields will be greatly dependent on the persistence of the atmospherlc 

circulation pattern over the area. 

The orographié convergence induced by the high terrain surrounding 

vater bodies s;ch as the Gulf region wil~eriously reduce the validity 

of calculated geostrophic advection of sensible and latent heat. The 

direct calculation of the advected ~luxes could be possibly accom~lished by 

the introduction of more radiosondes with their- corresponding W'Ïnd profiles 
. " 

\ about the Gulf. A more realistic and economical approach ,1is an estimate 

obtained from a budget analysis whose principal terms are more accurately 

det~rmined either through increased surface observations over the Gulf or 

smaller time step intervals • 
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APPENDIX A 

DESCRIPTION OF WATER BODY PRO CESSES (LALLY, 1973) 

." 

2.9 The Ba1ancing of the Surface Energy Budget 
~ 

(b) The radiation balance of the budget over an ice or 5now surface is 

carried out in .subroutine "YEW", which is equivalent to Vowinckel and. 

Orvig's "LEDA", (V072). It is an ite'rative process which alters the ice/snow 

surface temperature in the appropriate direction until the radiation balance 
o 

b . . ( -2) ecomes sufflclently small, must be S 10 cal cm • 

2.10 The Water Processes and Their Reaction to the Surface Energy Budget 
i 

(a) A body of water is constantly reacting to the surface energy balance. 

If there i5 a deficit of heat at the surface 'the water must give up heat, 

processes by which this heat may be brought to the surface are'thermohaline 

connection in reaction to a density gradient rendered unstable by the surface 

cooling. Seco,ndly, if the water experiences turbulent motion due~to wind 

stress heat is also transported. In tne absence of these two phenomena, 

mo1ecular heat conduction must serve. In the case of a surplus of heat 

at the surface, the amount of heat in storage in the water may be augmehted 

if proceS'ses exist to transport "that heat dm.ward. - Turbulent motion and 

molecular heat conduction are two obvious proce8ses 'which could accamplish 
li 

the downward transport of heat. Thermohaline convection, on the band" yould 
, 

require a similtaneous rise in salinitr to give a downward transport as 

this Yould help overcome the increased stability of the denaity structure 

due to surface warming. Finally, a éecond reaction results from ~heat 

d~ficit at the surface, that i8 tbe formation of ice. Ice will form if 

the heat deficit is su~ficiently large to loYer the surface temperatvre 

below ita-freezing point and no heat is avai1able from below to rectit,y tbis 

deficit'. 
'. 

The processes th~s far'mentioned wpich transport beat are: 

(i) l-blecular heat conduction :-

(ii) Thermohaline convection 

and (iii}oD,ynamic convection (turbulent mixing). 
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The time scale of these processes must be examined to ascertain~vbich are 
" D " significant. Considering molecular conduction first, Defant (De61) shows 

that, the time for one half the magnitude of a surfac'e temperatu;re change" 

to reach l m is on the order of ~ of a year and to reach 10 m," 27 years. 

This me ans that the other tvo'processes are orders of magnitude faster in 

transpor~ing surface heat anomalies. Thermohaline convection is on the 

order of h~s a~d dynamic convection if not quite as fast is only slightly 

slover, possibly ~n the order of days. Thus, vith negligible error molecular 

conduction may be neglected as a significant water body process. Absorption 

of solar radiation, brine migration, and flooding of the ice vhen the ~now 

coYer becomes thick. 

2.12 Dynamic Convection (turbulent mixing) 

In a staply stratified fluid the regimes of turbulent and non
''') 

turbulent motion, are separated by a sharp interface, vhich is gradually 

broken down as entrainment of no~-turbulent water t&kes place. In this 
" 

casè the turbulence dbes york to overcom~ thé buoya,ncy created by the 

(1 

.1 stability of the fluide If sufficient energy is available for the creation 

• 

. " of turbulent ~ot10n, then a mixed layer of vater for~s. It is this mixed 
) 

iayer vhich creases a heat storage facility in the vater ,body. Pinally, 
, G 

the depth o,f the mixed layer is dependent upon tvo things: 'first the amount 

of negative buoyancy t'oFce avai,lable for mixing and, second, the magnitUde . , . 
. -Of the buoyancy t'orees that must be overcome. The amount ot' negati 'Ve \ r-, , 

P'Uoyancy torce is a function of the vindfor,~e and the duration of that vind. 

The bu,oyancy fo'rces are a'1':unction of the density gradient Md thus d.pen~ 
... upon vater t~perature and salini ty. CI 

, \ 
, , 
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(b) The simulation of dynamic convection considers both the turbulent 

energy r:nade a vallable to the water and the stabili ty structure. The latter 

however, does not consider the density explicitly as in fact the temperature 

only is used tQ determine the stratification 'of the water body. 

The scheme used is de~ived !rom empirically derived curves of 

. the Royal Navy (Anon68). These curves were derived from three years of 
" 

obsë~ations at the weather Ship~ 4Y1 and 4YJ in the Northeast Atlantic 

ocean. \ 

2.13 Thermohaline convection 

(a) Thermohaline convection is water te an 

unstable density gradient. , It can e triggered in two ways (i) the Burface 

water b~comes colder and hence more ense (in sea water with salinity 

of lower layers as weIl and, 

may have similar effect. 

any combination of (1,> and (ii) 

Cooling of the surface layer occ 

colder air b~gfns to pass over the water 

An increase in Salinity readily occurs 

out brine into the water and making it 

processes which affect the surface 

evaporation. Both these processes 

surface layer either less or more saline. 

5 most often in the fall wh en 

reducing the heat storage there. 

n ice forms on the water, dropping 
< 

dense. There are two additional 

precipitation and 

the salinity, making the 

(b) This process is easily simulated given temperature and salinity 

profiles. 1t amounts to comparing the density of any 10wer layer with the 

layer above. If there is instability the layer will be mixed, if not no 
, 

mixing o~curs. Only surface ~ooling and salinity increase due to ice 

formation are considered in the program. Precipitation and evaporation 

are cons idered to be too small to affect the system significantly. This 
, 1 

i6 easily seen if a centineter of water ie evaporated and that water's 

original aalinitt, is 30.00%0, then the top layer of water in the model, 

Qbeing,250 cm, undergoes' Il ~alinity increas'e of'O.030 /oo. When these salinit~es 
are in~tially put'intç the model they are e.ccurate to only" ±O.lOo/qp, 

, 

1 
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so the increase of 0.03
0

/00 is belo~ the allowable error. The process 

takes place 1.n subroutine "OAK". \ ( 

a 

2.14 Iee Formation and Build-up 

(a) The constant removal of heat from the water body experienced in . 
the fall months eventually results in tqe depletion of available heat for 

surface,layer warming. At some point the heat supply becomes insufficient 

tO"k.eep the water open and the resul t is the formation of an ice sheet. 

After ice forms, heat is conducted through it causing more ice to form on 

the underside of the existing sheet. With the onset of varmer spring weather 

the iee ~ll melt from above and eventually disappear. During the winter, 

heat may have bèen trapped in the water belov but remained unavailable 

--for surface warming due to a stable density structure.' Then, as the salt 
'-\ 

from ice formation is dropped in the water the dens~ty structure becomes 

unstable and the overturning causes the heat to rise and thus melts the ice 
'1 

from below. In these ways the ice will form, grow and deeay. 

2.16 Flooding of Ice and the Resultant Snov Iee 

(a) When the veight of the snow eov~r lying on the ice becomes sufficient 

the iee surface becomes subme~ged. The resultant ~looding causes the 

snow and sea water to mix and form' a layer of snow ice above the existing 

l.ce layer. 

2.17 The Horizontal Processes 

(a) Possibly the most important horizontal process in an area sueh as 

the Gulf (If St. Lawrence is the water 'movement due to the currents. These 

currents transport heat and salt and ice wheo it is present. 

To the author's knowledge no detailed pieture of the subsurface 

eurrent pattern of the Gulf area exists.. Further, there i8 no detailed 

knowl~ge of the depth to which the surface currents extend. 
Q 

one essential,process which can be included is iee advection, as 

this requues ooly kno'Vledge of the surface current pattern. '!'hus, ice 

advection has been included in the modela The eurrent patt~ern usèd for, 
,. \ 
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L> 

this purpose is based on Tritefs summer èurrent pattern which iB aSBumed 

constant over the entire year. This assumption is probably erroneouB, 

but is the best available. 

The ef'fects of' both wind and currents on the dri:ft of' ice are used 

to advect that ice in subroutine "WILLOW".. The wind is used to 4rift the 

ice at ,2% of the wind speed a'nd in the direction of' the iS9barB, a:fter 

Zubor (Z~43)." The ice also drifts vith the current at its own speed. 

/,'ffc)' provision is made' f'or the def'lection of' the ice from geographic al 

. ,) barriers due t'o the deflÈ~ction of the wind. A further constraint is that 

the ice is not allowed to move more than 37 km in o?e day, though it may 

move less. This ,is a computational criterion as the grid length if 37 km. 
\ 

In a grid square model of' this type a distinct ice edge may not be 

represented as such. If' an ice edge moves into an area to coyer ~ive 
i' 

. 
ice coverage for each unit area, no matter where it is located~ This 

means that ice t'rom grid square may advect into the next one, in the progr8lll, 

which would not happen in reality unless conditions specifically ~owed . 

it. This is to s~ that the program may suff'er from spurious ice advection. 

To ove~comé this a c.riterion 'is entroduced which does not allow ice to advect 

from a gi ven grid s'quare until that grid square contains at least two 

~ tenths ice coverage. One further comment is due; though the ice is 

allowed to pile up on windward shores, &11 ice bas an average thickness 

over the entire square as does the snow coyer over the ice. 

!1, 

b, 
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