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Abstract 

Twice-daily mete~~ological dat~ are used for the cal~ulation of a 

surface energy budget over the Gulf of Saint Lawren~e. This budget pro­

vides a forcing function for certain water body processes and results 

in the formation and growth of an annual ice cover. 

A diagnostic co~puter ~imulation of the water processes and thelr 
, 

reaction to the meteorological processes is explained and tested in this 

thesis. The results indicate that ice formation and growth can be simu­

'lated with quite reasonable accuracy. 
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Résumé 

Les données météorologiques, 

furent utilisées afin de déterminer 

~ 

journelièrE!{, ~1Se~UX douze heures , 
le bilan energétique superficiel du 

Golfe Saint-Laurent. Ce balin initient certains processus d'eau lesquel~ 

causent la formation et la croissance d'un champ de glace ~nnuel. J 

Cette thèse décrit un modèle d~ ces processus marine et leurs 

inter-actions aux conditions atmosphérique ambientes. Les résultats 

démontrent que la formation et la croissance de glace peuvent être raison­

ablement reproduites. 
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CHAPTER l 

INTRODUCTION 

The object of this thesis lS to produce an accurate daily picture of 

the formation, growth and drift of ice in the ice field of the Gulf of St. 

Lawrence for the winter season 1971/72. 

Work on the ice fields of this area has been earried out by Coombs 

(Co62) and Hatheson (~.a.67). Coombs work consi sted of using two week average 

meteorologieal conditions in the Gulf area for the period mid-November 1961 

to mid-Febr,uary 1962. From these average meteorological values he calculated , . 
the terms of the surface energy budget and related these results to ice 

formation ln the Gulf. His greatest difficulties came in trying to estimate 

fluxes of ~atent and sensible heat at a distance from the shore reporting 

stations. is time period of study was limited by the dates at which ocean-

ographie da a~ailabl~. r-1atheso~, . work was a correlation of synoptic 

weather con 'tions wlth perlods of he vy lce growth. He found that certain 

values for he energy fluxes, with giv synoptic weather conditions, 

. te~ the heavy or light ice b ildup periods. As in the case of . ). 

wumÙb, lack"oÏ àa'ta was a maJor problem ln Matheson' s work. ,. 

In a model of high resolution and short time step this data problem 

must be overcome. In short, the oceanographie data are discontinuous in 

time and the meteorological data are not representative over the water surface 

at greater than 50 km from the shore .,' 
" 

odel discussed in the present work i~ that of a water body eon­

the real physical processes which are simulated by a computer. 

The vater body, once initialized vith temperature and salinity, requires 
, 

no further real data input, but instead reacts solely to the surface energy 

budget. This then overcomes the lack of oceanog;aphic data. The model 

is run on a computer in conjunction vith an air mass modification model 

by Morin (Mo73). Morin'$ model t~kes land meteorological parameters and 

carries them out over the vater body via the air streams present for that 

time period. The air rosss is then modified by latent and sensible heat , 
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fluxes. Thus, over the water body there are representative surface air and 

dew point temperatures from which a surface energy budget May be caleulated. 

The model of the water body, using Morin's model to alter the meteor­

ologieal parameters, is then run to give ice field pictures every twelve 

hours. The author feels. that this wi~l assist in ,understanding how the ice 

field reacts to the water and atmosph;~c phenomena. ~~. 
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CHAPTER 2 
"' . 

THE MODEL 

This chapter includes a discussion of the surface energy budget, its 

various terms and the water processes which respond to the budget. The 

sections which fo11ow are divided into subsections: (a) theoretical aspects, 

(b) computer simulation anrl, where applicable, Cc) results of tests for each 

phenomenon or process considered in the model 

2.1 The Surface Energy Budget 

(a) It is the summation of all heat energy arriving at or leaving the 

surface. In equation forro: 

where: ~O - is the solar radiation reaching the surface 

a - is the albedo or reflectivity of the surface 

~D - is the long wave radiation down from the atmosphere 

~U - 1S the long wave radlatlon up from the surface 

2.1(1) 

QL - 1S the flux of latent heat of vaporization from the surface 

~ - is the flux of sensible heat from the surface 

QG - 1S the flux of heat from below the surface 

Table 2.1.1 shows other sources of heat energy not considered in equation 

2.1(1). They are compared to the first term of that equation on1y, as all 

terms are of the same magnitude, on the average. 

(b) The basic energy budget equation in the model is: 

SGA(l-ALB) + DFL t RLU - QE - QS - FG = RB 2.1(2) 

where, term for term, the definitions of the symbols in 2.1(1) apply ta 

this equation, except for RB. Because each term of 2.1(2} may not be 

calculated correctly, RB is not zero. Thus RB is the residual of the 
\ 
\ 
\ 

\ 
\ 
\ 
\ 
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balance of the other terms. The terms of 2.1(2) are shown in Figure 2.1-1, 

where the arrows show the posittv~ direction of the flux of heat. 

In the case of a water surface, aIl terms on the left hand side of 

eq,uation 2.1(2) ma,y be calculated with the exception of FG, thus FG is taken 

over to the right hand side to replace RB and thus the eq,uation 

FG = SGA{l-ALB) + DFL + RLU'- QE - QS 

The solar radiation which remains after reflection due to the albedo is not 

totally absorbed at the surface as sorne of the solar beam penetrates the 

water. Therefore, this term lS dealt with separately (see section 2.11), 

but prior to the calculation of FG and the equation used in the model is: 

FG = DFL + RLU - QE - QS 

The effects of incorporating SGA enter FG via the su~face water temperature 

as RLU, QE and QS are all dependent upon it. 

, 

For an ice surface (vith or without snow cover}, FG May be calculated 

directly from a formula (section 2.8) and thus it i5 necessary to calculate 

RB. The residual heat must then be reduced to a minimum and redistributed 

among the other terms of equation 2.1(2). This is done by altering the ice 

or snow surface temperature as discussed in section 2.9. It should also be . 
pointed out that ih the case of ice and snow aIl solar radiation is assumed 

.1. .... 

to be absorbed at!the surface, for reasons which will become clear in 

section 2.8. 

When the budgets ovèr ice and water are calculated, it is done assuming 

that the entire, grid area lS covered by ice and/or water. Thus the results 

~ are weighted according to the area. occupied br each. The order of operations 

,; for calculating the surface energy budget is shown in FLOW CHAR'!' 2-1. 

1 
2.~ The Solar Radjation Arriving at the Surface 

(a) As the s'clar beam passes throùgh the atmo.sphere, i ta intensity is 

reduced by absorption, scattering and reflection from clouds. The depletion 
l!> W • 

d 
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)Source of Heat Average Magnitude Percent of 
cal cm- 2 min- 1 total 

Absorption of solar radiation 0.2000 96.0 

Energy from the viscous dis- 0.0020 1.0 
sipation of the tides 

Mechanical energy of the wind 
transformed to heat energy 

0.0002 .7 

Heat energy conducted up from 0.0001 .3 
the earth' s interior 

RadlOacti ve disintegration of 0.0040 2.0 
sea water 

Sources of heat energy in a water body with a comparison to the 
absorption of Solar Radiation. Based on figures from Defant, 

(De61 ) 
TABLE 2.1.1 

Source of Depletion Percent Depletion 

ReÎÎectlon by cloudS 24 0/0 

Scattering by water vapour ] Scattering by air molecules 6 
Scattering by dust ~ 

Absorption by dust 5 

Absorption by ozone 2 

Absorption by clouds 3 

Absorption by water vapour J 9 Absorption by carbon dioxide 

TOTAL DEPLETION 49% 

Average depletion of the solar beam as it passes 
through the atmosphere. 

TABLE 2.2.1 
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of this heat flux depends upon the concentration of absorber mass, scattering 

particles and the path length of the solar beam. ~ relative importance 

of the sources o~depletion are shown in Table 2.2.1. The energy which 

remains after all the depletion processes in the atmosphere take place is 

. --
(b) The calculation of short wave radiation reaching the surface (SGA) is 

done in subroutine"ELM"in the model. The astronomical constants which give 

the radiation at the top of the atmosphere are calculated in subroutine 

"HELENA". The subroutine "ELM" corresponds exactly to "ULRIIŒ", where both 

"ULRIIŒ" and "HELENA" are routin~s developed by Vowinckel and Orvig, (V072). 

The methods used ta find the atmospheric sounding necessary in "ELM" are 

found in work by Morin, included in Appendix A. The reader 1S referred to 

these two publ<~cations for details on "ELM" and i ts requirements. 

2.3 The Surface Albedo 

(a) Some of the.~~~r radiation reaching the surface is immediately 
, 

reflected back inta the atmosphere. The amount of energy reflected 1S 
• 1.' 

proportional to the albedo (a) of the surface under consideration. The 

Ci) The angle of incidence of the solar radiation 

(ii) The wave length of the radiation 

(iii) The nature of the underlying surface 

The angle of incidence dependency is Most easily shown for radiation 

impinging on a water surface. The effect of the hour angle is shown in 

Table 2.3.1 after Zillman (~i72). The albedo as seen 1n that table is 

highest at dawn and dusk and lowest at noon, local time. Noting, however, 

that at times of highest albedo (most reflection of energy), there is the 

least eriergy reaching the surface and V1ce versa, the effective daily 

averag~ albedo is litt le influenced by the dawn and dusk values. 

The effect of declination angle are shown in Table 2.3.2 which 

contains values of albedo over a year for various latitudes, after Budyko 

(Bu64). The seasonal fluctuations of albedo aga in do not affect the annual 

average albedo l~nearly. The annuaI average albedo is much closer to the 
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lIours a(kr 1T1ldmghl Local Au~lrahan l'lIne, (L.A.T.) 

TJME 
h 6 7 8 ') 10 Il 13 14 15 1(, 17 18 

Albedo of the watc r 
26 .22 10 .07 .05 05 04 .05 .05 .07 10 .21 25 varies from O. to I. 

Ineommg 601aT radlahon 
in cal cn. 2 hr" 1 1.9 15.8 35.3 50 8 (,5.5 73.8 76.0 74.9 68.1 41 3 3/1.6 15.3 1.4 

Reflected Bolar radiation 
3.6 10 cal cnr2hr 1 0.5 3.5 3.0; 3 3 3.7 3.0 3.7 3.4 2.9 3.9 3.2 0.4 . 

Total incommg solar radlatlOo : 558.7 cal cm day 

Total reflected Bular radiation : 38.6 cal cm day 

Linearly averagcd dally albcdo : 0.127 

Dally effective albedo = 0.0(,9 where . 

"Dally Effective Albedo" : Total refl .. ctcd 801a r ra,hahon 
Tot,,1 l",oml11l; solar radl"hon 

The chanll" of albedo aa a functlOn of the aun'a hour angle and the "Dally eU"cltvc albe'do" 

TABLE 2.3.1 

MONTH Jan. Fcb. Mar. Apr. May June July Aug. Sept Oct. Nov Dec. 

:J: 
Clear Sky Solar R .. dlatlOn 4 8 8 2 13 3 18 5 2l 2 23.7 22 (, 19 1 14 4 9 7 5 8 3 9 

f-t Reflected Solar Radiation .77 .98 1 2 1 3 1.5 1 4 J 6 1 3 1 Z 1 1 81 62 p; 
0 
Z Albedo 16 12 09 .07 07 06 07 07 08 Il 14 16 
0 
tn .,. 

Clear Sky Solar R .. dlallon 8.8 12 l 1(, 4 20 3 23 0 24 0 23 4 20 9 17.0 13.2 9 7 7 7 

:J: ReClecled Solar Rad.allon 'H 1 1 1 3 1.4 1 4. 1 4 J 4 1 3 1.2 1.1 1 1 .92 f-t 
p; 
0 Albedo 11 09 08 .07 06 06 .06 06 .07 .08 

, 
.11 12 

Z (aU radlahon values are ln umta of Keal cnr 2 moolh" Il 
0 .... 

Yearly Effechve Albedo {or 50 degree. North lalltude ie 0.082 

!al November - April.Effective Albedo (or 50 North ia 0.104 
c:l -
P 
f-t Yearly Erree 1\ ve Albedo for 40 degTeea North latitude .a 0.074 ... 
j Novernber - Apral EUeclive Albedo (or 40 North ie 0.090 
~ 

• where the EHechve Albedo for a given lime period la eurn of th .. reflected ratllatlon 
eurn ol < lear eli:v radiation -

T .... eHect Q~ the Sun'e declanataon anale on a water Albedo 
", 

" TABLE 2.3.2 
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summer minimum than to the winter maximum due to the large values of solar 

radiatiôn coming in during t~e summer months. 
1,. 

~e wavelength dependence an~ underlying surface are both more complex, 

as the former is somewhat dependent on the latter. In general, single wave 

length components are not considered separately but rather the radiation at 

all wavelengths i5 taken together as has been done in both tables 2.3.1 and 

2.3.2. 

The nature of the underlying surface 19 very effective 1n altering the 

albedo, as is seen when snow and ice exist above the water. This i6 best 

illustrated in the following summary which has been paraphrased from 

Langleben (La68): 

For a fresh snow cover the albedo was measured as being 
very close ta 1. (on a scale 0 to 1). As soon as some 
melting of this snow occurred the value"fuopped sharply 
and when some loose snow was blown a~ay to expose the 
ice, the albedo dropped to 0.6. For five days the existing 
surface underwent normal deterioration and albedo dropped 
to 0.5. There vas extensive melting then, and the form­
ation of melt ponds gave an average al~edo of 0.3. 

The above change in albedo from a high of l to a low of 0.3 took place over 

a ten day period. This is 700% of the seasonal variation in water albedo 

'due to the declination angle and occurred over a surface whose nature varied 

drastically and rapidly. These large fluctuations necessitate a comprehensive 

look at snov and ice albedos, 1n the model. 

(b) In the model the albedo of the vater surface, (WATALB), vas given a 

constant value of 0.095, after Table 2.3.2. The running period was only 

expected to be from Navember to April, thus the value should be a reason­

able approximation. 

A more detailed procedure, in the form of subroutine "LARCH", ls used 

to find the snow and ice albedo. Portions of subroutine "LARCH" are based 
'. 

on Langleben's findings (La68) and other portions use criteria described 

by Vowinckel and Orvig (V072) in their subr"outine "LORE". The range of 

al.bedo values possible in "LARCH" are from 0.3 to 0.9, the former for ice 

with melt ponds, the latter for freshly fallen snow. Any surface unal­

tered b,y fresh snow fall or melting will still deteriorate, vith a subsequent 
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drop in albedo. This deterioration is probably due to snow recrystalization 

and fallout of particulate matter from the atmosphere. Thus the albedo from 

a previous time step is lowered by 4% in the next later time periode This 

~ reduction is based onj1angleben's measurements. Vowinckel and Orvig use a 
, ( 

1 
surface temperature dependence of aJ.bedo in their "LORE" and this has been 

included in "LARCH". Further in "LORE" if snow exists in a sufficiently 

thin layer, then the surface below influences the albedo. The influence 

is found using the matrix ETA, which gives the percent influence for up to 

five inches of snow after which the underlying surface is assumed to have 

no influence. Finally, if the wind ,!~rce is sufficient (10 msec-l in the 
r 1 

model), some ice will be cleared ant there will be two surface albedos 

ta considere These two albedos are calculated and considered to represent , 
half the surface area each; 80 they are averaged. 

The subroutine "LARCH" therefore makes use of several albedo deter­

mlnlng criteria ta allow a rapid day-to-day change in albedo, It is hoped 

that this detailed approach will prove more effective in giving a short 

period picture of the energy budget than would average climatological 

values. This should be most reâdily se en when melting occurs in the spring. 
( 

2.4 Longwave Radiation from the Atmosnhere 

(a) The water vapour, carbon dioxide, ozone and clouds in the atmosphere 

absorb and emit longwave radiation at their respective temperature, (T). 

The quantitative amount of heat energy is found using a form of the Stephan­

Boltzmann Law: 

Q = eoT 2.4(1) 

where: Q is the heat flux, e lS the emissivity of the given property and 

is the Boltzmann constartt. The first three constituents mentioned are 

selective emit~ers over small wavelength bands. Cloud, however, emits 

energy at al1 wave1engths. Further, as shown in Table 2.4.1, MOst of the 

longwave radiation reaching the surface originates in the 10west 150 milli­

,;bars of the atIllosphere. 

(b) The calculation of the flux of 10ngwave radiation reaching the surface 

(DFL) take 

and Orvig' 

place in subroutine ''DoGWUD''. which is equi'Valent to Vowinckel .,. 
"'. subroutine "DORIS", (V072)'- These subroutines consider the mass' 
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Percentage of Longwave back- Originates below the following 
radiation which: levels, (in me ters) 

. , . 
9.3 0.1 

15.9 0.4 

20.3 " 0.8 
c 

25.8 2.0 

35.0 6.0 

44.6 20.0 

58.9 100.0 

1 74.6 40"_ 
r..~:: 1 ... , 

84.8 1000.0 .. 
-

• , . 
94.5 4000.0 ." 

, 
, The pertentage of backradiation down to the surface from the 

.{, atmosphere, which originates below certain levels. . "'''''''' 
I} , 
1\\ ) T AB LE 2. 4. 1 

r 
t>j 

Type of Surface Emissivity of the 
Surface 

Water 0.92 - 0.96 

Freshly fallen snow 0.82 - 0.995 . 

Granular snow 1 0.89 

Ice 0.92 

,.., 
Types of surface1J and their respective 

emissi vit Y ranges. 

TABLE 2.5.1 

.. 

\ 
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of water vapour and carbon dioxide, as weIl as the cloud coyer, for any given , 
grid point. The method used is outlined in Vowinckel and Orvig's pap~er and 

the methods used to determine the appropriate values for the radioso~de ascent 

are given in Morin (Mo73), a portion of which is shown in appendix A. 

2.5 Longwave,radiation emitted by the Surface 
. '. 

{a} This ràdiation is~culated using equation 2.4(1) from the previous 

section, where T is the rep sentative surface temperature of snow, ice or 
. . .. l -

water. The emlSS1v1t1es of these three surfaces are not exactly equal to 1 

as is shown by Table 2.5.1. The emissivity is somewhat wavelength dependent ~ 

and differs for each surface. 

(b) In the model all emissivities are taken ta be equal ta 1. This will 

tend to overestimate the energy flux from the~ground to a varying extent 

but, 1n general, on the order of 4%.. The actual formulae used var:( only 1n 

that different temperatures are employed. The Boltzmann constant bas been 

multiplied sa tbat it gives a value for a 24 hâur period. Thus it must be 
\ 

multiplied by the desired time step, (SUE). The general formula used is then: 

RLU = -(1.1707E07*{"T" + 273.16)**4/24. )*SUE 

The term RLU differs over water and ice due to their differing temperatures. 

For a water surface RLU is calculated oy replacing "T" in 2.5(1) by the 

surface water temperature, GT(8). For an ice surface "T" is replaced by TG, 

the ice or snow surface temperature. The RLU term over a water surface is 

calculated 1n subroutine "TEAK", while RLU for an ice surface is calcùlated , 

in subroutine "ASPEN" 

2. The Flux of Latent H~at 

This flux is a result of molecular diffusion and turbulent transport 

he lowest two metres of the atmosphere above the moisture so~ce. 

According to Roll (Ro65); sinee there is little accumulation of mQisture 

in the two metre layer compared to the flux throügh it. it may be assumed 

that the flux is constant vith height. This then aJlows .the.flux of heat 

to be representedQin "the folloving ~orm: 
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" 

Q - -pK .§. 
L - EdZ' 2.6(1 } 

vhere: ~ 1.S the coefficient of eddy transport .. ~ . 
-, 

P is'the density of the air in the lovest tvo metres ( 
" - is the time averaged value of 'the specifie hunUdity q 

The theoretical methods of calculating ~ require measurements of a 

number of micrometeorol'ogical pararneters. These are not generally availa'ble 

and ev en if they vere there is no proof that the values of ~ so obtained are 

representative for large areas especially vhere the air masS is being rapidly 

transformed. 

(b) The latent heat flux term (QE) is calculated 1.n subroutine "HEMLOK" 

which corresponds to Vovinckel and Orvig's "VERA". 

tvo subroutine5 used to calculate QE is: 

rhe equation in these 

~ 

QE = O.4176*EVPLTH*CDF*(TXSH - TDSH)*U*SUE 2.6(2} 

where EVPLTH is the latent heat of either sublimation or evaporatiort, 
() 

, 

and 

The 

CDF 

TXSH 

TDSH 

U 

SUE 

origins 

depending on the underlying surface. 

is a mea5ure of the turbulence and its value depends on the 

vind force and drag coefficient or on the air-sea temperature 

i5 the specifie humidity of~the air very close to the surface 

i8 the specifie humidi~y of the air approximately tvo metres 

above the surface. 

i8 the portion of the area considered vhich is either an 

evaporàting or 8ublimating surface. 

is the time, as mentioned before. J 

of this'~quation, and the details of hov tl1.e GDF 'term is found, 

appear in Vowinckel and Orvig (V072) • 

2.7 The Flux of Sensible Heat 

(a) The srune argument as that of 2.6(a} results 

sensible heat flux similar to 2.6(1), that i8: 

CL . LaT 
II = -pcp--saz 

vhere c is the specifie heat at constant pressure 
p 

" 

in an equation for the 
JI 
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T' lS the time averaged temperature 

and RB lS the coefficient of eddy tr~nsfer for heat. Again the coefficient 

KS is difficul t \to find, theoretically and i~ thus determined empirically . 
... 

(b) The calculation of the flux of se~sible heat is carried out in sub-

routine "HEMLOK", vhich use's the fOllowing equation for QS. 

2.7(2) 

where GR is the air-sea temperature gradient, and other terms are ~ither 

defined previously or are described ln Vowinckel and Orvig (V072), under 

the discussion of subroutine "VERA". 

2.8 The Flux of Beat from Below the Surface 

The flow of heat to, or away from, a surface lS dependent on the 

temperature gradients found in the substance belov. The flov is governed 

by the thermal diffusion equation: 

V' (k'ii'T) 

where p is the density of the substance below the surface 

c is specifie heat of that substance 
p 

and k is the thermal conductivity of the substance. 

The actual heat. -flOv through the surface is gi ven by: 

~. = k aT 
li az 

h aT. . f w ere aï 18 the temperature gradlent across the sur ace. 

2.8(1) 

2.8(2) 

In the case of a water body the transfer of heat due to thermal diffusion 

is orten masked by other more rapid processes vhich change the thermal 

structure of the body. Rather than go into these here the reader should 

refer to section 2.10, vhere these processes will be outlined. The main 

concern of the present discussion is the flux of heat through an ice or 

. ice and snov layer. For these types of solid substances,~quations 2.8(1) 

and 2.8(2) may be uti;tized to calculate the flux from below. For homogeneous 

substances the equations are quite straightforward, it is only vhen substances 

of a heterogeneous nature are considered that problems are created. Beth 

snov and sea ice tall into this latter category. The .problems vi th sea i:ce 
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are probably best documented. Such ice contains varying concentrations 

or air bubbles~ varying salinity and varying concentrations of brine cells. 

These variations mean that. P, c and k al1 change from,one area of the ice 

to another. Thus~ to apply the equation 2.8(1) adequately~ the structure 

or the ice should be known in some detail. Hudson Bay ice is documented 

by Schwerdtfeger (Sc6~), and ror Arctic sea ice, Maykut and Unterstiener (MU69). 

(b) In the model the flux of heat into or out of the water body is linked 

directly to a surplus or deficit of heat at the water surrace in the manner 

described in section 2.1. 

The treatment of ice and snow layers is more difficult. Aside from 

the variability of p, c and k there is the problem or actual computation 
, '? , 

ror a multilayered system. The equation 2.8(1) requires such a system ror 

grid point calculation, and the appropriate rinite difference rorm of th~ 

equation ~s: 

T -2T +T 
ô,T '= ~ {n+l n n-l }flt 

o pc (flZ)2 2.8(3) 

where fiT lS the temperature change for layer n n 
fit ~s the time over which the calculation takes place . 
"7 ; c: -t:!'!,:, , Q·v·,::., ..... thi~!'_"'!e~~ . 

-- ftI --

As stated by Gagnon (Ga72) it is necessary ror equation 2.8(3) to be 

computationally stable for the program to be executable. The criterion 

ror computational stability or the above equation fr~m Dingle and Young 

(DY65) is that: 

2 ((fit ~ = l 
pc âZ 

2.8(4). 

choosing reasonable values for ô,Z, k and ( c), say that 

-1 K-l -1 
âZ = 10 cm, k = .0055 cal cm sec 

and (pc) = 0.47 cal cm-3 K-1 

Theo the time step required to give computationa1 stability is on the order 

or 102 seconds~ but the desired time step is tvelve hours or 10
4 

seconds • 

In order to use this latter time step, the layer thickness would have to 

be raised to 100 cm. The ice in the Gulf or St. Lawrence.has been reported 
i 
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AIR TZ 
" . 

TGI 

1 FJ ] ICE 

- - - - - - - - --- - - - - - -
'WATER' - - - - - - -TGW-- - - ------- . ---- - - - - - - - --

THIS CASE USES EQUATION 2·8(5). 

AIR TZ 

~I----------~,--------·TGS--

SNO\.J FS 
~--------~J~--------TGI -­

'CE FI 
1 

------------~-
·\JATER - - - - - -- -TG\J---------

TH.lS CASE USES EQUATION 2·a (6) TO 
CALCULATE 'FS' AND 2·8 (7) TO FIND 
'TG l' FOR USE IN 2·S C6}. ' 

1 CE 

ONLY 

SNO\l 

AND 

ICE 

METHODS OF GROUND Fl-UX CALCULATION FOR ICE 
AND SNOW SURFACES. 

FIGURE 2· 8-1 
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to vary ~rom 15 to 75 cm, except in area of rafting and shore pi1e-up, 

(Pounder~ lecture given to Canadian Meteoro10gical Society meeting, Montreal 

group), thus this is not practica1. The model then makes use on1y of equation 

2.8(2) and takes the temperature of the top of the ice and the bottom of 

the 1ce as being the gradient which determines the heat flux. 

,With reference to Figure 2.8-1, the equation used to calcu1ate the 

heat flux for an ice layer is: 

2.8(5) 

where FI is the value of FG for an ice layer and is positiye if the flux 

is upward to the surface .. -
CONE is the heat conductivity of 1ce (a constant) 

EIS is the thickness of the ice layer 

TG! 1S the temperature of the ice surface 
(, 

and TGW i5 the temperature of water be10w the 1ce • 

. For the case of a snow layer covering the ice surface layer, a two layer 

system is used. The snow'is formed in subroutine "SPRUCE" and is considered 

to be evenlv distrifuted over the sur~ace at all times for this pRrtiC'lllAr 

calculation. As will be seen in section 2.9~ the ice temperature TGI is 

known only once during the balancing scheme, name1y the first time through, 

as it is saved from time step to time step. Thus there must be sorne method 

by vhich TGI may be calculated ~or balance purposes. Just as the ~lux 

through the ice layer was calculate~ so too can the flux through the snow 

layer be accomp1ished by an equation of the same form: 

where TGS is the temperature of the top surface of snow 

CONS lS the condueti vi ty of heat fQr snow 

and SSN 1S the thickness of the snow layer. , 

2.8(6) 

Using the assumption that no heat lS alloved to buildup at the ice 

surface then,c1early 2.8(5) and 2.8(6).are equal and they may be solved 

for TGI. 
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FLOW CHART OF GROUND FLUX (FG) CALCULATIONS 

For evaluahng 

FG (or a snow 

sur(ace 

For eva1uating 

FG (or an ice 

.urlace 

Further Energy Equations 

FLOW CHART 2-8 
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Then TGI = (TGS t (CONST*TGW»/(CONST tl) 

where CONST = (SSN/EIS)*(CONE/CONS) 

Then TGI is used in ,.8(6) to calculate FI. These calculations take place 

in subroutine "ASPEN" as shown in FLOW CHART 2-8. As can be seen by 

e~uations used to calcùlate the flux of heat through the surface, the system 

used is simple and thus cannot hope to represent ade~uately the true picture 

of heat flow through ice and snow covers. The errors in this system again 

are difficult to evaluate, as the temperature structure of the real ice 

for which the calculations are made is not known. Larger errors will 

probably occur due to CONE and CONS being constant values. The magnitudes 

of these;errors again depend upon the actual structure of the ice and snow, 

but in general one m~y SB:;{ that the values of FI as determinéd by"ASPEN'\rill 

be too low, as the conductivities chosen are at the low end of the scale. 

The Balancing of the Surface Energy Budget 

Ideally, e~uation 2.1(1) holds true and the terms of the equation g~ve 

no residual heat, but in actual fact the equations used to calculate the 

energy budget terms are not exact. In general, the term RB of equation 

2.1(2) is non-zero and the remaining energy must be redistributed. 

For a water surface the balance at the surface is considered to result 
" 

in a gain or 1055 of water heat storage, depending upon whether there is a 

surplus or deficit of heat at the surface. 

The balance over an ice or snow surface is more complexe One parameter, 

however, affects four of the six basic energy budget terms, namely the 

surface t empe rature , of ice or snow. It affects QLU' ~, ~ and ~ when it 

is altered and therefore it cau be utilized to accomplish the balance of 

equation 2.1(2). During this balancing QSOand ~ are unaffected. 

(b) The radiation balance of the budget over an ice or snow surface is 

carried -out in subroutine "YEW", which is equivalent to Vowincke1 and Orvig's 

"LEDA", (V072). It is an iterative process which requires a recalculation 

of RLI, FI, XEI and XSI each time one iteration is rinished. The value of 

RB is used to alt,r TG in the appropriate direction until RB becomes 

.' 
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.BALANCING OF THE SURFACE ENERGY BUDGET 

1 
enter ASPE;N 

with SGI and DFI 

LIZE DALAJ\CE PAHAMCTERS 
counler.T fI' 

2~----~>-----~ 

XSI 

nter 5U routine YEW wht'rl' Ihe ('nl'rgy resldudl 
D 18 calculalcd and tcsted 10 sec whelher TG must 

increase or dccrt'ase and lh('n TG 15 operaled on ln 
ppropnatc directIOn. balance paramelcrs art' then 

>10 

re-inihaltzed. 

~20 \\'nte out that 
~--."...---Ino balance wa 

Reca culate su rrace 
energy budget and (Ind 
wcights for cach of RLI 
XEI, XSI. and FI and 
redistribute RB ener 

Leave ASPEN 

FLOW CHART 2-9 

altained 
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; , 

( -2 sufficiently small ~ RB must be ~ 10 cal cm ) • When this condition is 

accomplished the remaining heat in RB is redistributed among the t'our above' 

terms in proportion to their magnitudes. The actual equation used in YEW 

to calculate RB is: 

t 
RB = SGr + DFI + ~LI - XEI - XSI + FI 

where SGI is solar radiation reaching the surface after the albedo has 

been accounted for 

XEI is the la.tent heat flux from the lce 

and XSI 15 the sensible heat flux from the ice • 
• 

AlI the terms of 2.9(1) have been proportioned by the amount of ice cover 

present at the grid square. A practical limit has been set on the number 

of times an attempt at balance can be made. Thus, if there lS still no 

balance after 20 iterations the remaining energy in RB is distributed pro­

portionately amang the four terms, as mentianed befare. 

The entire heat budget calculation and balance is done wi thin sub­

routine "ASPEN", which calls subrautine "YEW" as shawn in FLOW CHARI' 2-9. 

Only the two constant terms SGI and DFI are calculated outside this budget 

subroutine. 

2.10 The Water Processes and Their Reactr.ion to the Surface Energy Budget 

(a) A body of water is constantly reacting to the surface energy balance. 

If there is a deficit of heat at the surface the ;rater must give up heat, 

which i t conta.ins in storage, in order to balance this defi ci t. The 

processes by ;rhich th~ heat may be brought to the surface are thermohaline 

convection in reaction to a density gradient rendered unstable by the surface 

cooling. Secondly ~ if the ;rater experiences turbulent motion due to ;rind 

stress heat is also transported. In the absence of these two phenomena, 

mo1ecular heat conduction must serve. In the case ~of a surplus of heat at 

the surface t the amount of heat in storage in the _ ;rater may be augmented 

if processes exist to transport that heat down;rard. Turbulent motion and 

molecular heat conduction are two obvious processes which could accomplish 

the downvard transport of heat. Thetmoha1ine convection, on the other hànd,' 

..... 
f ;" ... 
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would require a similtaneous rise in salinity to g1ve a downward transport 

as this wou1d help overcome the increased stability of the density structure 

due to surface warming. Finally, a second reaction results from a heat 

deficit at the surface, that is the formation of ice. Ice will form if the 

heat deficit is sUfficiently large to lower the surface temperature below 

its freezing point and no heat is available from below to rectify this 

deficit. 

~ 
For the time being, only vertical processe~ will be considered, lè~ng 

the horizontal processes to section 2.17. -'The processes thus fer mentioned 

which transport heat are: 

Ci} Mo1ecular heat conduction 

(ii) Thermohaline convection 

and {iii} D,ynamic convection (turbulent mixing). 

The time scale of these processes must be examined to ascertain whic~ are 

significant. Considering molecular conduction first, Defant (De6l) ~bows 

that the time for one half the magnitude of a surface temperature change 

to reach l m is on the order of a of a year and to reach 10 m, 27'years. 

This means that the other two processes are orders of magnitude faster in 

transportin~ surface heat anomalies. Thermohaline convection is on the 

order of hours and dynarnic convection if not quite as fast is,only s1i~Ktly , 
slower, possibly on the or der of days. Thus, with neg1igible error molecular 

conduction may be neglected as a significant water body process. 

Other vertical processes which will be considered besides (ii) and 

(iii) are ice formation and build-up, absorption of solar radiation~ 

brine migration, and flooding of the ice when the snow cover becomes thick. 

2.11 AbSOrption of Soler (Shortwave) Radiation 

(a) Solar radiation reaching the surface of a water bodv experieoces 

ref1ection back to the atmosphere and the remaining radiation penetrates 

the water where it is absorbed. The transmission of solar energy through 

water is dependent upon the turbidity of the water and the wavelength of 

the 1ight. The turbidity or optical mass of the water is a function ot the 
, 

concentration of organic and inorganic matter present. In a bOdy of wa~er 
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Water Mas; Description of the Wate r Percent of Radiation absorbed in the layer 

Type Mass 

Oceanic pld clear oceanic wate r ln .ow 
71.4 6.8 7.2 6.6 3.0 1.3 0.9 1.1 0.6 (clear) productivity areas (low lati .ude ~ 

Oceanic Medium productive oceanic 
(normal) water in low & medium 78.2 9. 1 7.3 3.7 0.9 0.5 0.2 0.1 -

lati tude s 

Oceanic Highly productive oceanic areas 
(turbid) especially durmg plankton 84.4 8. 1 4.7 2.0 0.3 O. 1 - - -

bloom (tropical waters) 

Coastal Medium producti ve coas tai 
~9.6 6.5 3.2 0.6 0.1 (normal) or shelf water - - - -

Coastal Estuarian & coastal waters 
(turbid) during intensive plankton bloom 

or waters near the coast wrere 95.1 4.0 0.9 - - - - - -
sediment is brought up due to 
wave action. 

La)ier Number 1 2 3 4 5 6 7 8 9 
-

Layer Thicknesses in meters from: 0 O 2 . 5 5.0 10 20 30 40 50 75 
to : 2.5 5.0 10 20 lO 40 50 75 100 

Laevasfu' s water mass types and their corresponding percentage absorptions. 

T AB LE 2. Il . 1 ,. 

1.1 

-

-

-

-

10 
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•. -. 

, 
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su ch as the Gulf of St. Lawrence the turbidity will probab~y differ from one 

region to another sinee there are several sources of inorganie particulate 

matter. Laevastu (La60) describes various water mass type~ and for these 

g1ves absorptivities of solar radiation with depth. These are shown in 

Table 2.11.1. 

Solar radiation penetrates snow and ice to a lesser extent than for 

water, but the depth of penetration is still wave length dependent. Table 

2.11.2, from Sellers (Se65), shows the percentage of radiation transmitted 
• 

. for given depths. Though it does not show values for sea ice explicitly, 

it should help ta give some estimate of the penetration depth of solar 

radiation. 

( " 

(b) The model does not allow the absorptiDn of solar radiatbn to ge 

selective. To do so would require a detailed knowleège of the energy spectrum 

at the ground. And this is not available from the solar radiation calcu-

lations. Instead, a bulk value of heat is deri ved from subroutine "ELM". 

This allows the use of bulk absorption values for radiation in the water 

body. To this end the values of Laevastu are used. 

The Gulf of St. Lawrence water varies 1n turbidity and there are 

three distinct areas, according ta T. Platt of the Bedford Institue of 

Oceanography (personel communication). Their individual ~haracteristics 

are the result of sediment inflow and the sea life present. The three areas 

are shown in Figure 2.11-1. A description of the area and tq,e accompaning 

absorptivities are_shown in Table 2.11.3. The values corresponli to Laevastu-'s 

Coastal turbid and Coastal normal water mass regions, with values from 

Area III lying halfway between the two. Rather than use up computer storage 

spa.ce to hold the different values for eaèh point, a scheme was devised 

vhereby the absorptivities are chosen on the basis of the real depth of 
1 

vater over any one point. The depth regimes 1n the Gulf correspond quite 

weIl to the areas delineated in'Figure 2.11-1. 

The selection of absorptivities is dane in the main program using an 

indicator matrix called LDMX, of which the last thtee numbers give the 

grid point depth in metres. The absorption values are c~ried in to 

subroutine "BEE CH " , vhere the value of SGW is round and thence to subrout'ihe 
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DEPTH Wet Snow Dry Snow Glacier Ice 

2.5 cm -- -- 86.7 

5.0 8.0 - 75.2 

10.0 2.4 18.5 - -- 56.-6., -
15.0 , 1.1 5.5 42.5 

20.0 0 3.2 32.0 

25.0 2.2 24.1 

40.0 1.2 10.2 

60.0 0.6 3.0 

Percentage of solar radiation VÇfhich is transmltted 
through gl ven depths of .cartam sohd substances, 

T AB LE 2 . 11 . 2 

- .... }-. ' , , 

-. 

-
,-

Region De s c ription and ~ ". 
Depth " A bsorptivitles (TA W\ 

r, 
1 Magdelan Sha1Hows 

.951 .040 009 0 0 0 0 100m 

II Lau rentian and 
~ 896 .065 .032 .006 .001 0 0 Esquiman ChanneÜ 

200m 

III Northern Shore of 
.934 .053 .012 .001 0 0 0 he Gulf 100 200 -, 

Layer Number 8 7 6 5 4 3 2 

Layer Thickness (TAH) in 
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REGIONS OF IDENTICAL ABSORPTIVITIES 
OF SOLAR RAD lAT ION 

REGION Il 

v., 

FIGURE 2·11-1 
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"TEAK" vhere the heat is distributed amongst the layers. The procedure uaed 

ia shown in FLOW CHART 2-11. ,0 

In the case of an ~ce or snow surface no penetration is alloved; aIl 

radiation is said to be absorbed at the surface. This will"prove a better 

approximation in the case of a snow surface than with ice. A primary reason 

for its omission is the fact that neither ice nor ,snow are multilayered 

(section 2.8), making incorporation quite difficult. The result of absorbing 

aIl radiation at the surface will be to make values of RLU, QE and QS too 

large, but possibly more important it viII not allow the vater belov the 

~ce to varm as the radiation penetrates. 

(c) In light of the vari abili ty of a bsorpt ion in di fferent areas of the 

Gulf of St. Lavrence, tests were carried out to check the effect of different 

absorptivities on a grid point. The tvo indicators used to compare the 

results are: 

(i) Date upon vhich ice forms (no advectipn is included) 

(ii) The graph of the heat content of the vater body. 

The tests vere carried out using radiosonde and surface data from Sept Isles 

Quebec (72811) for the years 1967 and 1968. The water body vas eight layers 

thlck, or 120 metres, and all other processes vere kept constant. The ~ 

resultant freezing dates are shown in Table 2.11.4 along vith the absorpti­

vities used, and the graphs of heat content versus time appea~ in Figure 

2.11-2. Rather than use a smaller range of absorptivities aS seen ln 

Table 2.11.3, a~ide range vas chosen in order to approximate the extremes. 

The differences recorded in the Freezing dates are extremely small and the 

maximum difference is only 36 hours. This should allow a vide choice-of 

abaorptivities vith negligible error. The graphs of heat content would 

indicate that, ln the case of largest penetration depth, there ia more 

heat given off at later dates which viII slightly affect the atmospheric 
'\ 

heat budget. 
t 

2.12 pynamic Convection (turbulent mixing) 

(a) D.yn~ic convection ia a turbulent process caused by the stresses set 

up in the vater body as 'WÏnd blows across the surface. The resultant 
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INCORPORATION OF SHORT WAVE RADIATION 
IN'fO WATER BODY 
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HEAT CONTENT OF A WATER ÇOLUMN VERSUS TIME 
FOR DIFFERENT ABSORPTIV~TIES OF SOLAR RADIATION 

z 
- 40 .... 
Z 
LLI .... 
Z o Uz 
~ 
LLI 
::r:: 

o 

TEST 1 •• _ •• 

TEST 2-­

TEST 3 ---

TIME IN \.JEEKS BEGINNING JUNE 1 1967 

FIGURE 2-11-2 

Test No. Absorptivities 
Freeze-up 

Date 
1 

\ 

1 .999 .001 0 0 0 0 0 0 Jan 12/68 'çay 

2 .714 .068 .072 .066 .030 .022 .011 .017 Jan 13/68 day 

3 .934 . , .053 .Ot2 .001 0 0 0 0 Jan 12/68 night 

Layer No. 8 7 6 5 4 3 2 1 

Test Absorptivities and Freeze-up dates for a single point 

TABLE 2.11.4 

,/ 
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disordered eddying causes quanta of water to move and thence become mixed. 

Turbulence is a dissipative phenomenon, the dissipation being caused by work 

being done against the viscous forces in the fluid. The dissipative effects 

of the fluid are larger if the fluid is stably stratified in its density 

structure. 

In a stably stratified fluid_~he reg1mes of ~urbulent and non-turbulent 

motion are separated by·a sharp interface, which is gradually broken down 

as entrainment of non-turbulent water takes place. In thls case the turbu­

lence does work to overcome the buoyancy created by the stability of the 

fluid. If sufficient energy is available for the creation of turbulent 

motion, then a mixed layer of water forros. It is this mixed layer which 

creates a heat st orage facility in the water body. FinallY, the depth of 

the mixed layer i6 dependent upon two things: First the amount of negatlve 

buoyancy force available for mixing and, second, the magnitude of the 

buoyancy forces t'hat must be overcome. The amount of negati ve buoyancy 

force is a function of the wibd force and the duration of that wind. The 

buoyancy forces are a function of the density gradient and thus depend upon 

water temperature and salinity. 

energy made available to th~ water and the stability structure. The latter 

however, does not consider the density explicitly as in tact the-temperature 
n 

only lS used to determine the stratification of the water body. 

The scheme used is derived from empirically derived Gurves of thè 

Royal Navy (Anon 68). These curves were deri ved from three years of 

observations at the weather ships 4YI and 4YJ in ~he Northeast Atlantic 

ocean. Two sets of curves are used, the first set shown in Figure 2.12-1 

relates the vind force and duration of that vind to give an indicator of 

the available turbulent energy. This number is called the Wind Mixing 

factor (WMF)~ The second set of curves is used to find the dissipative 

forces in the vater, Figure 2.12-2. These curves relate thé wind mixing 

factor and the buoyancy forces to give the depth to which the mixed layer ~ 

will extend. , 
As mentioned before, the salinity iB not explicitly accounted for and 

1. 

( 



• 

• 

33 

Or---------------------------------------------. 

10 
el) 

t-
o 
z 
>:: 
z 
02.0 
lIJ 
w 
0-
el) 

CI 
~ 
;:t30 

o 

20 

100 

120 

ORGINAL CURVES USED FOR FINDING 

THE \.lINO MIX ING FACTOR (\lf.fF) 
FIGURE 2,12- 1 

WHF 
10 

20 

40 

70 

100 

DURATION OF \.lINO 

/ 

WJNO MIXING FACTOR 

100 lOO 
(\.IMF) 

300 '400 

THERMAL DISCONTINU1TY MAGNITUDE 
::::::::: ____ ~T ~ MIN ·C 

.~-- 4 -----...:..:....----1 
3 ----:---_-1 
2 

ORIGINAL CURVES USED IN 
FINDING THE HIXED DEPTH o 

FIGURE 2'12-2 



• 

• 

34 

must be considered a constant throughout. In the case of the Gulf of St. 

Lawrence~ the salinity ot"tbe vate~ is assumed known for aIl points and thus 

could be considered if an adequate scheme ~ere available to do so. As the 

salinity is not known for the vater near the ship~vhere the observational 

data vere obtained for the curves, only qualitative statements may be made 

about the probable errors. In the Gulf the salinity structure is such that 

it enhances the stability of the temperature derived density curves. Thus, 

if the Northeast Atlantic in the region of 4YI and 4YJ is neutral, or if 

it is more saline at the surface than belov, these curves viII overestimate 

the mixed depth. If, on the other hand, the structure is more saline belov 

and less saline above than is the Gulf, these curves vill underestimate 

the mixed depth. As the Gulf has large sources of fresh water floving into 

it, and more saline Atlantic water below, the former conditOn will probably 

exist and the derived mixed depths will be an overestimate. 

The procedure of transforming the curves of Figure 2.12-1 and 2.12-2 

into a form more amenable to computer calculation necéssitated the redraving 

of the curves 1n Figure 2.12-2. These new curves appear in Figure 2.12-3, 

vhere only the 12- and 24-hour curves are important as these times are mul­

tiples of the time step used. TheseAtwo new curves resulted in four 

equations whÏch gave a best fit to the curves. These equations are found 

in subroutine "FIR". The curves of 2.12-2 were broken up in .to families of 

curves vhich vere ~~ven equations of best fit and these equations are 

found in subroutine "LINDEN". 

ihe major difficulty in implementing the Royal Navy scheme vas in the 

identification in the computer program of the thermal discontinuity magnitude 

(TDM). The method used to overcome this problem in the model uses the 

assumption that any change in density fro~a more to a less stable condition 

viII dissipate turbulent energy. The second problem encountered was how 

to remove the bias imposed on the system by having finite layer thickness. 

This second difficulty was overcome by assuming that the curves of Figure 

2.12-2 give a potential mixed depth and show the rate at which energy i9 

dissipated if a given thermal discontinuity magnitude exists. This then 

allovs the use of the following scheme. Given any tvo layers of water, 
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there is a TI101 value and this in conjunction wi th subroutine "LINDEN" vi11 

give a value for the mixed depth (ÙWZ). Now, to find the amount of energy 

10st in mixing the vater for vhich TDM has been measured, the thickness of 

that layer is divided by DWZ to give a fraction of the total energy used. 

This i6 î11ustrated in figure 2.12-4 and the FLO~ C~T 2-12 vi11 a1so 
J 

assist in understanding th~ procedure used. . , 
i..". .. ; .. 

(c) In order ta estimate the errors caused by either an overestimate or 

underestimate of the mixed depth, tests were run to find sensitivity of the 

system to varying mixed depth e,vaJuations. The method used waS to calculate " 

the mixed depth DW in the no~ manner and then~mu1tiply this figure by 

different factors. The results vhich vere checked vere the dates of ice 

formation and the graphs of water body heat content. Again the atmospheric 

data used were those of Sept Isle, Québec. The factors and resultant 

freezing dates appear in Table 2.12.1 and graphs of the heat content of the 

vater body versus time appear in Figure 2.12-5. 

The results show that the heat st orage in the vater body reacts . ' 

strongly with the calculated mixed depth, and as a resu1t so do the freezing 

dates. The freezing dates shov, hovever, that if the present scheme is 

estimate. In terms of salinity enhancement Table 2.12.1 may be interpreted 

as 10l10w5. If the multiplicative factor l assumes some salinity profile 

then the factor 2 shows the effect of a more isoha1ine structure and hence 

1ess stability. The multiplicative factors less than 1 show the effect of 

a more stable salinity structure than that vhich has been assumed. These 

possible errors must be considered when the results are evaluated, if it i8 at 

all possible to isolate their effect. 

2.13 Thermohaline Convection 

(a) Thermohaline convection is simply the reaction of the water to an 

unstable density gradient. It cao be triggered in tvo ways (i) the surface 

vater becomes colder and hence more dense (in sea vater vith Salinity > 

24.70/00) and (~i) the surface vater becomea more saline. This ia true of 

lover l83ers as vell and, of course, any combination of (i) and (ii) may 



, 
'~ 

• 

• 

37 
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HEAT CONTENT OF A \.IATER COLUMN VERSUS TIME 
FOR VARYING MIXING DEPTH FACTORS 
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S lOIS 20 2S 30 35 
TIME IN WEEKS BEGINNING JUNE 1967 

\ 

TEST MULTIPLICATIVE FREEZE-UP DATE 
NO. FACTOR 

1 Q LOO Jan. 11,1968 daytime 

2 2.00 Feb. 15,1968 daytime 

3 0.50 Jan. 4,1968 night-time 

4 0.05 Jan. 3, 1968 night-time 

Freeze-up dates with several different wind mixing factors 

TABLE 2.12.1 
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have similar effect. 

Cooling of the surface layer occurs most often in the fall when colder 

a1r begins to pass over the water, reducing the heat st orage there. An 

increase in salinity readily occurs when ice forms oq the water, dropping 

out brine into ~he water and making it more dense. There are two additional 

processes which affect the surface density, namely precipitation and eva­

poration .. Both these processes act through the salinity, making the surface 

layer either less or more saline. 

(b) This proeess 15 easily simulated g1ven temperature and salinity pro­

files. It'amounts to comparing the density of any lower layer with the 

layer above. If there is instability the layers will be mixed, if not no 
• 

mixing oecurs. Only surface eooling and salinity increase due to ice formation 

are considered in th~~rogram. Precipitation and evaporation are considered 

to be too small to affect the system signifieantly. This is easily seen if 

a eentimeter of water is evaporated and that'water's original salinity is 
o 

30.00 /00, then the top layer of 

a salinity increase of 0.03
0 /00. 

into the model they are accurate 

water in the mOdel, being 250 cm, undergoes 

When these salinities are initially put 
, 0/ . to only' O.lD 00, 50 the 1ncrease of 

Û, û3° Îuu .i:;, ùt:luw l.ÏIt: alldwalùe error. The process t.aKes p.1.ace in suoroutine 

"OAK" • 

2.14 Ice Formation and Build-up 

(a) The constant removal of heat from the water body experiencedin the 

fa1l months eventually result5 in the depletion of available heat for 

surface layer warming. At sorne point the heat supply becames insufficient 

to keep the water open and the re5ult is the formation of an ice sheet. 
1 

After ice forms, heat is conduct'ed through it causing more ice to form on 
J 

the underside of the existing sheet. With the ons et of watmer spr1ng 

weather the ice will melt from above and eventually disappear. During tne 

winter, heat may have been trap~e~ in the water below but remained unavail­

able for surface warming due to a stable density structure. Then, as the 

salt from ice formation is dropped in the water the density structure 

becomes unstable and the overturning causes the'heat ·to rise and thus melts 
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the ~ce from below. In these ways the ice will form, grow and decay. 

(b) AlI these processes are allowed for in the model. The initial forma­

tion of ice takes place in subroutine "ASR". This roùtine is called when the 

temperature of open water falls below its freezing point. Then the heat 

deficit which must be made up to restQre the temperature to its freezing point 
.>' 

g~ves a measure of the ~ce formed over open water. A small section in 

"BEEcn" is responsible for findin,g the melting of ice from be1ow, or the 

formation below, and subroutine "CEDAR" calculates the melti<11g fram above. 

AlI these increases or decreases in ice volume are then put into subroutine 

"PINE" which di5tributes them. This entire procedure is shown in FLOW 

CHART 2-14. The ice distribution is as follows, where: 

EISN - is the ice formed over open water 

EISTI - is the 1ce added to the existing layer 

EISD - 1.S the ice lqst due to melting from below 
. 

and EISM - 1.S the 1ce lost due to melting from above. 

Next EISN lS divided by the thickness of the existing lce (EIS) to gl.ve an 

increment to the 1ce area. Then ElSTI, ElSD and ElSH are summed algebraical1y 

and added to the total ice thickness divided by the ne~ areas of ice, AEIS. 

This may also be seen- in FLOW CHART 2-14. 
1 

The formu1ae used to caIcu1ate EISN, ElSTI, ElS~ and EISM are as 

.follows: 

and 

where EUT 1.8 

DENE is 

ElSN = - HEAT/(ELAT*DENE) 

ElSTI = - HTL/(ELAT*DENE) 

EISD = - RESHT / (ELAT* DENE) 

EISM = THAW/(ELAT*DENE) 

the latent heat of fusion for 

the density of sea ice (taken 

1.ce (taken as 80 cal 
-3) as 0.912 gm cm 

" This particular system preserves the ice volwne and, further, it 

2.14(1) 

2.14(2) 

2.14(3) 

2.14(4) 

gm-l) 

allow5 

only one ice thickness to exist at any given point. One further criterion 

is specified; the first time that 1ce is formed at a grid point it forms 

at no less than a stanaard ~ickness. This thickness is called CRtTH and 
~ 

for the program is set st 4.0 cm. Thus, '00 ice can exist with a thickness 

of less than this value. The methods outlÏned here vere formulsted whÏle 
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doing tests on a single grid point with no ~ce advection. 

2.15 Ice Salinity and Brine Migrati~n 
a 

(a) Ice forming from sea water retains only a portion of the salt contained 

in that water. The remaining salt is found in pockets 'of high salinity 

water, called brine cells. These IDigrate through the ice layer and sorne of 

them fall out at the bottom of the ice sheet. The amount of salt remaining 
'-

1n the ice is dependent upon the temperature at which the ice forms. Thus 

it can be seen that as ice will form at different temperatures it will 

contain different amounts of salt. .The brine cells in the ice do not aIl 

~ drop out at the srune time but do 50 over a period of time. The mechanics 

of this migration is weIl oUyl~ed in Pounder (P065). 
.. '-----

(b) As vith other parameters which determine the structure o~ the ice, 

the inclusion of the salt results ~n many complexities. Greater than any 
~- .... ~ 

other, frOID a practical point of vie." is the computer spacé- required to 

store the values of these many parameters. Thus brine migration and the 

inherent time lag have been neglected and the only consideration has been 

that the ice is given a salinity value. In this model aIl ice vhich is formed 
T"'~""'''''_ .:,.. _~ .......... ..... 
•• ............ .6- ........ ô ....... " ...... .. 

.--0, __ 
/ IUU • 

. ..... 
.!.l.t: ;:'/;j,...L.!.U..L ":1 

is carried between time steps,so that 1ce that forms from melting snow tends 

to lower this salinity. Further, aIl the salt in the water other than 

this 5%0 is immediately dropped out into the top layer of water, where it 

tends to increase the salinity of the water. This then allows the water to 

undergo thermohaline convection while still leaving provision for an ice 

salinity of the correct magnitude. 

2.16 Flooding of Ice and the Resultant Snow Ice 

(a) When the weight of the snow cover lying on the 1ce becomes sufficient 

the ice surface becomes submerge4. The resultant flooding causes the snow 

and sea water to mix and form a-~ayer of snow ice above the existing ice 

;J.ayer. 

(b) The simulation of this process 1S carried out in subroutine "CYPRES". 

To test for flooding, the snow is converted to ice of the same density as 
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that which exists, then the masg-o~ this total layer which remains above 

1 water is calculated, (SRAW). The 'snow ice layer formed is then the differ-
l, 

ence between the thickness of snow in equivalent ice density (SSE), less 

SRAW. 

Thus ~ STIE = SSE - SRAW 2.16(1) 

Then SRAW lS converted back into snow of the appropriate density. 

2.17 The Horizontal Processes 

Ca} Possibly the most important horizontal process in an area such as the 

Gulf of St. Lawrence is the water movement due to the currents. These 

currents transport heat and salt and ice when it is present". There are 

several publications which deal with currents ln the Gulf. They include 

a short discussion of the summer surface current pattern, as shown in 

Trites (Tr70). The winter geostrophic currents for portions of the Gulf 

has been calcualted by El Sabh and Johannessen (EJ71). Also, Forrester 

(Fo67) has done work on the currents of the St. Lawrence River estufary. 

The summer surface current pattern from Trites agrees fairly well with El 

Sabh's calculations in the River and estutary regions, as well as through 

the Gaspé passage. Also, the counterclockwise circulation near the western 

end of the Jacques Cartier passage\appears in both current maps. However 

agreement is not good between them in the eastern portions of the Gulf, 

north of the Laurentian Channel, where the currents may be completely 

opposite ln direction. The north portion of Cabot Strait also shows the 

two current patterns with completely opposite direction. Trite's summer 

current pattern cannot be compared to the winter geostrophic currents over 

the Magdelan Sha1lows or Northern shore of the Gulf, as the latter have not 

been calculated there. Variability of current speeds, wnere they correspond 

in direction, is not too large but on t~e order of 25%. The other areas are 

not really comparable. The currents shown by Trites have two advantages over 

those of El Sabh. First, the y are formed using observations and, secondly, 

they represent a consistent current pattern over the entire Gulf area. 

Subsurface'current data are m~ch more limited and are usually confined 



'! • to such areas as the Cabot Strait, Belle Isle Strait and the estuary. To 
-4> -

the author's knowledge no detailed picture of the subsurface current pattern 

of the Gulf area exists. Further, there is no detailed knowledge of the 

depth to which the surface currents extend. 

Thus, though a pattern of surface currents exists any use of these 

currents is èonstrained by the lac~ of information on their vertical profiles. 

(b) The result of the above mentioned constraint is that the surface 

currents may be used insofar as no knowledge of their vertical nature is 

required. This then does not allow the transport of heat and salt by the 

currents as mass conservation is not readily achievable'under the constraint. 

On~'essential process which can be included is ice advection, as this 

requ1res only knowledge of the surface current pattern. Thus; ice advection 

has been included in the model. The current pattern used for this purpose 

is based ·on Trite's summer current pattern which is assumed constant over 

the entire year. TIlis assumption is probably erroneous, but is the best 

availab'le. 

The effects of both wind and currents on the drift of ice are used 

to advect that ice in subroutine ''wILLOYl''. The wind is used to drift the 

ice at 2% of the wind speed and in the direction of the isobars, after 

Zubov (~u43). The ice also drifts with the current at its own speed. No 

provision is made for the d~flection of the ice from geographical barriers 

due to the deflection of the vind. A further constraint is that the ice is 

not allowed to move more than 37 km in one day, though it may move less. 

This is a computational criterion as the grid length is 37 km. 

In a grid square model of this type a d~stinct ice edge may not be 

represented as such. If an ice edge mo'lfes into an area to cover five tenths 

of the area, then the entire area is considered to have five tenths ice 

coverage for each unit area, no matter where it is located. This means that . 
ice from grid square may advect into the next one, in the program,~ which 

would not happen in reality unless conditions specifically allowed it. 

This is to say that the program May surfer from spurious ice advection. Tc 

overcome thi~ a criterion is introduced which doés not allow ice to advect 

from a given grid square until that grid square contains at least two tenths 
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of ice area. One further comment lS due; though the lce is allowed to 

pile up on windward shores, all ice has an average thickness over the entire 

square as does the snow cover over the ice. 

2.18 Sum:ma.ry 

The processes considered have now been outlined and discussed. The 

entire picture of how these fit into the model as a whole is to be seen in 

the FLOW CHART 2-18 which sketches out the order of the operations. The 

subroutines of Morin (Mo13) are placed at the head of thï's flow chart to 

derive all the meteorological parameters used in the subroutines shown in 
o 

FLOW CHART 2-18. An appendix (A) has been included which contains a portion 

of Morin's work. For more detail and the appropriate subroutines, the 

reader is referred to Morin's work (M013). An appendix (B) has also been 

included, containing aIl the present author's subroutines for the calcu­

lation of the surface energy budget, and the water processes that respond 
'1 

to it. . 
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A SKETCI~bF THE MODEL AS A WHOLE 

FLOW CHART 2~18 

Calculate the dept of \Valer at the pOint 
and find the absorptlvlhes for solar 

radiation TA W 

:0 

Fine! t e albcdo of the sno\\. 
(ALB) 

This process 
is donc {or 
each wateT or 
ice gTid point 
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FLOW CHART 2-18 (cont.) 

Te$t for noclhllg and If thls CX1Sts rc­
ea1culate the albedo iÎl LARCH ilnd hene 
SGI. Aiso eateulale THAW ln CEDAR 

(') Do water 

lce fleld in PINE 

o 

- - - - - - - - - - - - - - - - - - - - - - - - - -.-

Wh e n alt watcr or ice pointlJ have experienced 
the above. go on. 

ln WILLOW 

Go on to next hme IJtep. 

FLOW CHART 2-18 (eont.) 
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CHAPTER 3 

THE INITIALIZATION AND RUNNING OF THE MODEL 

. 
3.1 Initia1ization of the Grid 

The grid chosen consists of 550 points with dimensions 22(E-W) by 
.' 

25(N-S), the orien~ation is as seen in Figure 3.1-1. It is overlaid on 

the Gulf of St. Lawrence area to include the maximum water area and triesoto 

a110w for the geographical location of the narrow straits and passages in 

the region. The grid points are identified by a matrix ITDM, shown in 

Figure 3~1-2, where the numbers on the grid represent 

0 land points 

l water points vith no ice 

2 water points vith ice 

5 boundary points around the watez; 

and 6 island points. 

The dimension of each grid square is 37 km by 37 km for a total ares of 

17347 square kilometers. The values of all necessary meteorological para­

met.ers wn~cn come l'rom Morin' s mode.l ex~st. lor 1. { J.eveJ.s in t.ne vert.ical. 

for each of the 550 points. 

3.2 lnitialization of the Water Body 

The water points are represented on a second grid which consists of 

167 points. This has been done to save space in the computer and i8 simp!y 

a method of storing the data. There are eight possible water l~ers at 

each of these 167 points. The thickness of each of these layera i8 shawn in 

table 3.2.1, where the maximum possible depth that a point may reach is 

120 meters. This figure w~s chosen as the lowest level of seasonal change, 

based on Coombs (C~62) estimate of 100 m and Lauzier's (La57) estimate of 

120-145 m. Not al1 points have depths as great as 120 ~, and therefore a 

matrix î8 specified to indicate the re&! number of 1ayers a point requîres 

to represent it's depth. Also, the re&! depth of aIl points is required 

tor the short wave absorptivity criteria,mentioned in section 2.11. These 
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two requirements are combined in the matrix LDMX with dimensions 22 by 25. 

In this matrix a zero represents a non-water point while a four figure group, 

when it exists is interpreted aS layer number and depth. The figures chosen ,. 
as real depths of the grid point are areal averages and thus may not represent 

either the shallow or deep portion of any given grid point near the shore • .. 
The val~es of LDMX are shown in Figure 3.2-1. The second step in initiali-

zing the water body is the specification of the values of temperature and 

salinity for each level at each point on the grid. This was accomplished 

uS1ng the data from the crUlse of CNAV "Sackville" where measurements were 

taken throughout the Gulf area from November to 18th to 28th of 1971. The 

positions at which measurements vere taken are shown in the map of Figure 

3.2-2. The values of temperature and salinity for the mid-points of each 

layer were extracted from the salinity-temperature-depth profiles (STD's) 

and plotted on maps of the Gulf area. Isolines of temperature and salinity 

were drawn and grid point values extracted by overlaying a grid. 
, 

J 

Finally, the currents used in ice advection were resolved and assigned 

as components of velocity at each grid point. The ç~rrents of Trites (Tr70) 

were used, augmented by the values of current speed used by the Ice Fore­

casting Central in those cases when the former were deficient. The resultant 

x and y components (ICDX and ICSY) are shown in Figures 3.2-3 and 3.2-4 • 
..: 

The components are for the grid and do correspond to the north-south geo­

graphica1 directions. These currents were held constant for the duration of 

the experiment. 

3.3 Initialization for the Atmospheric Model 

Morin's (Mo73) subroutines use synoptic surface and radiosonde data 

for OOOOZ and 1200Z. The data used were from the stations listed in Table 

3.3.1. All these stations need not report for Norin's programs to function. 

The map of Figure 3.3-1 shows the distribution ot these stations around the , 
. Gulf of St. Lawrence. For further information on the initialization of 

Morinfs atmospheric model, his paper should be consulted • 

3.4 Running of the Model 

The complete model proved to be extremely large in terms of computer 
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NAME OF STATION 

Churchlll Falls, Labrador 

Goose Bay, Labrador 

Blanc Sablon, Québec 

St. Anthony, Newfoundland 

Wabush Lake, Labrador 

Lake Eon, Québec 

55 

" 

Harnngton Harbour, Québec 

Daniel' s Harbour, Newfoundland 

~eer Lake, Newfoundland 

/ Natashquan" Québec 

Sept Isles, Québec 

Port Memer, Québec 

Stephenvllle, N ewfoundland 

Burgeo, Newfoundland 

Po~t aux, Basques, Newfoundland 

Fox River, Québec 

Ba~e Corneau, Québec 

Mont Jo11, Québec 

Charlo, New B runswlck 

Miscoe Island, New Brunswick 

Grindstone, Magdelan Islands 

Sydney, Nova Scotla 

Charlottetown, Prmce Edward lB. 

Surnmerside, Prince Edward Is. 

Chatham, New Brunswlck 

Caribou, Maine, U.S. of A. 

Fredrlcton. New Brunswick 

Moncton, New Brunswlck 
, J, 

Truro, Nova Scotia 

Copper Lake, Nova Scotia 

Canso, Nova Scotia 

Sable Island 

LETTER 
IDENTIFIER 

UM 

YR 

BX 

AY 

WK 

EO 

HR 

DH 

DF 

NA 

ZV 

PN 

JT 

BD 

ZB 
FQ 

BC 

YY 

CL 

MC 

GR 

Qy 

YG 

SU 

CH 

CAR 

FC 

QM 

TQ 

VW 

OQ 

SA 

STATION 
TYPE 

Surface Synoptlc 

Radiosonde 

Surface Synophc 

Surf ace Synoptic 

Surface Synoptlc 

-Su rface Synopllc 

Surface Synophc 

Su rface Synoptlc 

Surface Synopllc 

Surface Synophc 

Radiosonde 

Surface Synoptic 

RadlOsonde 

Surfa~e Synopllc 

Surface Synoptlc 

Surface Synophc 

Su rface Synoptlc 

Su rfarp Syno!'t, ("' 

Surface Synophc 

Su~face Synoptlc 

Surface Synophc 

Surface Synoptic 

Surface Synoptic 

Surface Synophc 

Surface Synoptic 

Radiosonde 

Surface Synoptic 

Surface Synoptic 

Surface Synophc 

Surface Synoptic 

Surface Synoptic 

Radiosonde 

Meteorological C;>bserving Stations used ln Marinls Air Mass Trans -
formation ~odel 

TABLE 3.3.1 
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~ core space required, namely 400K bytes. The runnirtg times also proved to 

be quite long, namely on the order of 30 minutes for each week of data 

processed. This precluded any 19n9-period run of this model. Thus it was 

only possible to do calculatbns for the period Noyember 18, 1911 to 

" February 02, 1912. It is unfortunate that the spr1ng period of melting 1ce 

could not be obse~ved. The brief running period did, however, show. sorne 

very interesting results. 

3.5 Constant Values Used for the Water and Ipe" 

~ 

Constants used 1n the model may be found in Table 3.5..1 along with 

their values. 
~ 

One further point must be made about the design of the model. There 

are no external sources of ice, though a sink of 1ce was allowed by .. , 

permitting ice export through Cabot St~ait. ' The lack of ice sources will 
J 

probably cause difficulties i~ the 6t. Lawrence River and esturary where it 

is weIl known that ice drifts down the r1ver to caver ~arge areas of the 

region below a Baie Comeau -Mont Joli line • 

L , 

o 



• 

• 
., 
f. 

58 

SYMBOL DESCRIPTION 

TIMUTS Time units of one lime -
step 

TIMFAC For Conversion from 
intege r 

CISF Ratio of ice drift àpeed 
to the current speed 

WISF Ratio of lce drift speed 
to the wind speed 

CONE Thermal conducbvity 
of ice 

CONS Thermal conductlvlty 
of snow 

DENSS Denslty of alL snow made 
by the model 

DENE Denslty of all lce result-
(rom sea water 

SLAT Latent Heat '10 r me lting 
Snow 

ELAT Latent Heat for melting 
lce 

CRITH Critica.l thlckness for aU 
lce lormeà by lreezlng 
over open water 

EISSAL Sahnity of aH ice made 
from sea water 

TOPL Thlckness of the top lay-
er of water 

WATALB The albedo for the wate r 

SUË Tlme Step for all budget 
Calculations 

Constants used ln the model 

TABLE 3.5.1 

VALUE UNITS 
, 

-

42, 300 Second,s 

l. Pure Number 

l. Pure Number 

.02 Pure Number 

19.~ 
, -1-1-1 

Cal cm 1< hr 

1.8 -1 -1 -1 Cal cm K hr 

.2 Gm cm -3 

.918 Gmcm 
-3 

80 . Cal gm - 1 

-

Cal - 1 80 gm 

4 Cm 

5 
0 

/00 , 

250 Cm 
\ 

.095 Pure Number 

12 Hours 
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CHAPTER 4 

ANALYSIS AND RESULTS 

4.1 The present chapter contains the resu1ts of the one computer run which 

was made.using the waterbody model described in Chapter 2. The water body 

was force~.by the surface energy budget which in turn used Morin's atmospheric 

model for many of it's ca1cu1ations,. At aIl points throughout this discu9sion 

attempts will be made to explain any discrepencies which occur when computer 

fields are compared to real fields. The real fields in this chapter consist 

of the ice maps as analyzed by the Ice Forecasting Central in Ottawa. These 

real fields, as shown with geographical names ln Figure 4.1-1 , are compared 

to fields produced by the computer. To ensure no suojeétive input into the 

results of the model, no attempt has been made to interpret the computer 

results ln terms of real geography. To alleviate confusion, a map showing 

how the geographical fe~tures of the Gulf of St. Lawr~nce appear on a 
~~C ~~~~~ .~ 

computer produced map, ~ Figure 4.1-2. Where sorne points are referenced 

by number the reader should refer to Figure 4.1-3 for their respective 

locations. 

4.2 The Areal Extent of the Iee Cover ~ 
In this section the lce maps of the model are compared to the real 

charts considering only the occurance or hon-occurance of ice at given grid.· 

points. The actual area of ice at any single grid point will be considered 

~n section 4.3. 

The first 1ce map showing real ice coverage lS for December 23, 1971. 

This map shows ice in the western tip of the Bay of Chaleur and in the 

Northumberland Strait, as weIl as patches of new ice along the Northern 

Shore of the Gulf. Also, there is ice covering most of the St. Lawrence 

river above the Baie Comeau - Mont Joli line, which is just off the model's 

grid area. The model produces ice for the first time in the Northumberland 

Strait and western tip of the Bay of Chaleur, agreeing completely with the 

actual map of this date. The model does not, however, show any ice being 

formed along the Northern shore of the Gulf. The next day for which a real 
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ice map exists 1n December 31, 1971, as shown in Figure 4.2-l(a}, which 

i5 compared to the ice produced by the model as shown by Figure 4.2-1(b). 

In these two maps the ice area seems to be faithful1y represented by the 

mode1 at the western end of the Bay of Chaleur, the Northumberland Strait 

and over most of t,he Magdelan Shallows. There is some discrep~ncy in the 

Magdelan Shallows area, which is ~tributable to the size of the grid 

squares used in the model, making the open ares northwest of Prince Edward 

Island impossible to resolve. More major discre~ncies exist elsewhere, 

however. 

One of the most obvious discrepencies is in the area of the St. Lawrence 

River and its esturary. The condition imposed upon the model (Chapter 3), 

that no external source of ice should exist, is ttie probable cause of this 

problem. The fact is that ice existed up river from Baie Comeau prior to 

the 23rd of December, and it seems probable that some of this ice would 

drift downriver with the water currents. To ascertain if tbis reasoning 1S 

plausible, calculations may be made on the winds and currents during the 

period Dec. 23 to 31, 1971. This was done, assuming that the currents used 
, \ 

in the model itself were representative of th~ real currents in the area. 

The result was that the ice wou1d drift a total of 240 kilometers during this 

8 day periode If this had been done in the mode1, the 1ce cover produced 

by it vould have agreed very weIl vith the real ice cover. This would seem 

to indicate that the St. Lawrence ~ itself is a fairly large source of 
.. during the early weeks of the 1çe 1ce season. 

The second most obvious area of discrepancy 18 along the Northern Shore 

of the Gulf. As shown in the real ice map this ice appear8 to form in a very 

narrow band quite close to the shore and then brGaden out as sorne of it 

drifts southward. In,actual fact the ice here probab1y forros in sha110w vater. , . 
This shallow water 1ce formation does occur 1n the model to a certa1n extent. 

In Figure 4.1-3 it may be noted that points 25 and 27 (60 meters) do produce 

ice at the appropriate time, but other points to the east do not as their 

depths are too great. The reaSon their depths are exaggerated i8 that the 

grid point area must represent a topographical region which 16 both very 

shallov and very deep due to the steepne6s of the bottom in this location 
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RE.AL ICE AREA MAP FOR DEC 3V71 
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The compromise of an average depth therefore creates the discrepency. There 

are two alternative solutions to this problem. The first is to use a finer 

grid, vhieh could cause computer memory storage problems. The second lS 

subjeetively~to make the depth of the point shallow to allow the ice edge 

to assume its correct position. This second alternative could have unfore­

seen consequences, though one definite consequence is an overestimate of 

the ice volume produced at that point. 

This same depth problem occurs in other areas as weIl. It oecurs on 

the eastern tip of Anticosti and to a certain extent at the eastern tip of 

The Gaspé peninsula to the north ot the mouth of the Bay of Chaleur. This 

latter area ~robably suffers from other problems as well, especially right 

ln the mouth of the Bay of Chaleur. The depth of the water at the grid point 

in the mouth of the Bay of Chaleur i5 quite representative of the real depth 

in this area. Another reason must therefore be sought for the discrepency 

ln this area. 

Examining the grid system ln the area of the Bay of Chaleur i t May be 

noted that the slight "V" shape which actually exists here is overemphasized 

op the grid. In reality any westerly flow which'does not have too large 

'" """-_ ..... "" --""_ .. - .... _ .... ""' .... """.&. ~J '::'J!u~UHt::U ~ w.i.ll push ice east.ward out of the Bay. This lS not the 

case in thé model, where any northerly component whatsoever will stop any 

ice advection to the east. The winds at Miscoe Island for this period show 

a strong westerly component,.but significantly a small, northerly component 

as well. Thus the model does not move ice eastward where in reality it should. 

This then leaves an iee free are'a in the model where none really exists. 

Finally, the la st area of discrepency for the period Dec 23 to Dec 31st 

ia seen over the Magdelan Islands where there is a large area covered by 

iee in reality but not in the model. The simple, reason for this i5 that 

the grid near the Magdelan Islands was made a non-water point. If ~ t had 

been made a water point, it would have proved to be mueh mor~ shallow than 

the points ar~und it whieh coula easily have caused it-to freeze on time. 

The next pair pf ice maps are for January 6, 1972, CFisures 4.2-2(a}, 
/ 

(b». This pair of maps shows similar diserepencies to the maps of Dec 31, , . 
1971, ~cept now iee is beginning to form near the Baîe Comeau - Mont Joll 

,\ 
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REAL ICE AREA HAP FOR JAN. Gi72 
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, .. 
region of the r~ver. This wou1d seem to indicate that even if ice did not 

, 
advect down the river, this area would become ice covered by forming its 

own ice. Thus 1ack of downriver advection simply delays the time of ice 

coverage. Note also the over extensive ic~ coverage in the Magdelan 

Shallows. Much of this ice covers less than two tenths of the grid square 

area, thus is most probably just an extension of the lce cover nearby. As 

mentioned in section 2.17, these lce edge extensions are not easily shown 

with the grid resolution shown here. 

Just as before the Gaspé - Bay of Ch~leur area is void of ice on 
,!' 

the computed ma~ but now a new reason cornes in to play. Ice which has already 

been advected downriver by Dec 31, 1971 on the actual maps would be carried 

still further eastward, filling the Gaspé passage. In the model this ice 

never existed and thus there is not enough ice in the Gaspé Passage to 

overcome the "two-tenths criterion" and advect southward into this area, as 

it should do. This fact illustrates the cascade effect of errors in the 

earlier fields interfering with correct results in later fields. 

The maps for January 10, 1972 ~ppear in Figures 4.2-3(a), (b) and are 

to be used in conjunction with those of January 14, 1972, Figures 4.2,-4 

"two-tenths" criterion. Prior to January 10 there is a predominantly 

northerly flow of air which causes the ice which exists along tpe Northern 

Shore of the Gulf to drift southward. This is quite adequately shown by the 

map for the 10th, made by the computer program. During the period Jan 10 

to Jan 14 however this a~r flow changes to become predominantly southerly. 

In the rea1 map for Jan 14 the ice edge ~s seen to retreat northward quite 

a substantial distance. This i5 not the case in the ice field made by the 

modela Much of the most southerly ice in this area is less than two tenths 
J CI'I 

in grid square area and so, of course, cannot move. This same phenomen~ may 

occur at the southern ice edge of the Magdelan Shallows, where a southerly .. 
wind extends the ice field northward, but a return to northerly flow does 

not reduce the areal extent. In the case of the ice on the north shore, 

an examination of the individual grid square areas does show northward ice 

advection. Points 40, 41 and 43 show decreases in area while 19, 20, 22, 

/ 
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REAL ICE AREA MAP FOR JAN. 14/12 
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27 and 28 show 1ncreases, primarily due to advection. 

Thus the "two-tenths criterion" does not adversely affect the areal 

picture if wind reversals either do not exist or are of short duration, but 

any long term reversaI makes this criterion untenable. 

To sum up this section, the model as it exists gives quite a reasonable 

approximation of the ice cover's areal extent considering the limitations 

imposed on that model at the time of initialization. 

4.3 Ice Area at Individual Grid Squares 

The maps of February 2, 1972, Figures 4.3-1(a), (b), illustrate one 

point which is present in all the other maps but best shown at this date. 

The ice areas at individual grid points in the computer produced maps are 

extremely discontinuous. The real mapsshow litt le if any discontinuity 

between adjoining areas. The discontinuous nature of the computer produced 

field must surely lie in the method of ice incrernent distribution. That is 

the problem must be in subroutine "PDE" and in particular is probably the 

manner in which the ice formed d~,~ ~peh water is incorporated into the field 
\ " 

as described in section 2.14. The~ethod l~ effect adds any new ice formed 

to the existing lce, preserving the exis1Âng ice thickness. Thus for ,similar 

atmospheric and open water conditions, th~cker the ice the less the areal 

increment. This particular method was devised by testing on a single grid 

point where there was seldom if ever any open water in existence after the 

first day of ice formation. This rnethod of testing at a point did not, there­

fore, allow for the dispersive nature of ice advection which gives the field 

in this case a great deal o~ open water. 

An additional effect of 50 much open water is probably an overestimate 

of the total ice volume in the Gulf of St. Lawrence. This will be~nvesti­

gated in section 4.5. 

'" ," 
4.4 The FOrffiation, Import and Export of Iee from Grid Points 

An analysis 16 done in this section to determine the formation, import 

and export qualities of the grid points. It is t~type of an~sis wbich 
.----

can only-be made on a l;ligh resolution model ri th specific grid areas. The 
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, ana1ysis was carried out for the period Dec 23, 1971 to January 18, 1972 

which has been broken into several sma11er periods. Each period has three 

maps, ~here map- (a) contains the ice formed at each grid point, map (b) 

the volume existing at each point at the end of the period and map (c) 

the ice imported (+) or exported (-) by each point.' 

The first uf these p~~~çdS is from Dec 23,to Dec 31 of 1971, Figure~ 

4.4-1(a), (b), (c). At th:~~nd of this period there are 34 points at 

which ice exists. Of these 34 points there are 12 which me1t the ice 1o~ated 

over them. These me1ting points reduce the total ice volume formed by 3.2%. 

More important than the melting points is the fact that 5 o{ the 34 'points 
~ ~ 

produce 60% of aIl the ice which exists. Thus many other points which have 

ice receive it by advection from the 5 m;jor ice forming points. Als9 worthy 

of note is the fact that the se~n points ln the Northumberland Strait 

(points 161-167) forro 34% of all iC,e, but at the end of the period these 

same points account fbr 44% of the total ïce volume. Thus, even thoueh this 

area i5 a large ice producer it is a relative ice sink by virtue of its 

net import. No~, if only points external to the Northumberland Strai t are 

considered ~hen the five points (25,36,127,141 and 151) out of a total 

of 27 points produce 90% of the ice which exists. These points show quite 

clearly on the ice import-é~port map as the chief exporters of ice. 

The next map series i5 frOID Dec 31, 191'1 to January' 6, 1972; Figures 
r 

4.4-2(a), (b), (c). On these maps the srune five points 'now produce only 

33% of all the ice in the Gulf, while the Northumberland Strait points have 

dropped to 16%. The Northumberland Strait does, however, contain 32% of 

aIl ice existing on January 6 and thus its import increases though its 

production goes down. 

If to the fi ve above menti<?ned points are added fi ve more points, (100, 

34, 35, 27 and 158),then out of a total of 67 points where ice exists on 

_ ~an 6th these 10 point.s ar~ responsible for 10% of aU ice production. 

Further, ,if the J Northumberland Strai t is again neglected, these points 

.., represent 83% of all Gulf Ice production. Agaîn looking at the import-export 

charts these 10 points prove to be the major i~e exporters in the Gulf . 
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F'inally, the whole period is ,considered 1n the maps of Figures 4.4-3 
~ 

(a) , (b) , (c) , for Dec 23, 1971 to ua.n 18, 1972. In Table 4.4.1 are the , 

\ results for 16 major points in the Gulf out of the 126 at vhich ice exists. 

These points produce 66% of all the exis~ing ice in the Gulf. The total 

amount of ice ~xported by all exporti~points is 50% of aIl the ice existing 

in the Gulf. Of this export 94% comUs 1 from these 16 points. Thus, less than 

20% of the Gulf area produces 66% of ~all existing ice and 50% of a1l existing . 
1ce coverage is by virtue of the export from these points. 

There are certain general characteristics which these 16 points share. , ," 

They are nearly alvays shallov points. They are nearly always found 9n the 

lee shores and are considered shore points. This means that they form ice 

earlies<t and export i t rapidly wi th the favourable off sh~re winds. 'l'hese '" 

results ~e not nev, but the relative magnitudes of ice produced must 

certainly be of 'importance and interest. 

. ~ 
Bearing in mind the errors discuss~d 10 the prev10us sect1ons, the 

quantative values from this model are prabably not totally correct, but 

. qUalitatively speaking the results should be vali~. These points should 

exist in reality and their relative effects should be reàsonable. The 

accounted for, but this does not negate the eff~cts at the 16 points but 

only emphasizes the additional importance of the St. Lawrence input. 

These results suggest possibilities for simpler modela vhich could be 
~, 

, run for only shore points and include'advection. This would alldw works 

·such as Coombs (Co62). to be of additional value. Such a model would be 

good fol' ~calculations of. the early present bf iée. Further tests.run with , 

the high resolution model described in this text could help to eva1uate the 
, . 

real imp~rtance or these ice producing shore points. 0 

4.5 The Volume ,of Ice in the Gulf of St. Lawrence 

The are a of the Gulf of St. Lawrence is not.truly represented on the 
o 

grid point map due to the highly irregular' shape of the geographical region. 
1 

Thus, rather than compare the actual volumes of ice an. average th,ickness 
, ' 

is used. The average thickness calcu1~tion is do ne in the follo~ng manaer. , . / 

.. 

, 
~, 
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- ice formation in 
the gulf 

2 2.7 

25 ' 6.4 
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27 . 4.2 =-
-

34 5.5 

35 2.8 

36 4.2 

47 1.7 

87 2.6 

88 3.2 

100 5.6 
. 

101 1.5 
127 4.9 

129 3.6 -
- 141 . '8." 9 

151 - 4.9 

158 3.0 
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} , . 

Percent of 

... ~ 

in situ 
ice formed at point 
which is exported 

80 

81 

57 

84 

41 

58 

65 

46 

49 

62 

55 
56 

89 

93 

71 

42 

.,.! 
r. 

Percent of total ice 
export from aH 
exportlng poil;ltS 

4.5 

10.8 

4.9 

9.5 

2.3 

5.1 

2.3 

2.5 

3.3 

7.3 

1.8 

5.7 

6.6 

17.4 

7.2 

...., 2.6 

Break down of the contributions ta ice production and export of the more 

important grid po~nts 

TABLE 4.4.1 
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The actua~ ice v~e is calculated for the real ice field and that of the 

model which is t. di vided by the area over which sorne ice exista •. Thi~ 
area must not be confused with the actual ice area but rather it is a 

sunnnation of grid areas where any runount of ice CJj:i.l;tS. This then will 
" 

serve to normalize the thickness values and make them comparable. It i5 

also most useful to pick a day when the ice edge pattern of both the real 

and modelled ice fields are similar. Such a day 15 February 2, 1972, as 

seen in Figures'4.3-1(~), (b). 

Before going on to the results of the calculation it 1S worthy of note 

that the volume of the r~al ice field as shown in the i~e charts cannot 

be c~culated exactly. Sorne interpretation of ice thickness must be earried 

out and only the maûmum and minumum iee volume are readily calculated. 

FroPl Figure 4.5-1(a) "it may be seen that each iee area has a four figUre 

group attaehed to it. These numbers represent certain 1ce types with certain 
'l7 

thickness ranges associated with t~em. For any fo-ur digit group, say "ABCD" .. 

the interp~etative 'data is shown in Table 4.5.1. I~ any type of ice is 

not present a slash is put in its place. 

As seen in Table ,4.5.1 for ice type "A" there exists a wide range of 

thiekness values. +",,';,..\r .: ..... ,... ..... _ •• ,.::1 _ .... _"-_'\..., •• 
.a. ..... _ ....... _ .......... ......,""'-A.1ro4 1:'''' v ..... au..., 

not è'xist exeept iI} areas where iee piles up slong, shorelines. The resolution 

of the model does nût allow for such cases of pile~up and they are not shown' 

'on ice maps produced by Iee Central. Therefore this type ?f rce was . 

neglected. 

The average thickness of ice for the model 1S quite easi1y calculated 

from the computer output, while,~he real ice map requir~d many area calcula-
... 

tions. The results of the calculations for the re~ icè field are shawn 

in Table 4.5.2 which also shows the t~ickne~s, used to represent ~he different 
~ i'. .r. 

ice types. The value of average thickness found 1n the model 1ce fleld . . . . 
wa& 34.3 centimeters. From the result~ shown in Table 4.5.2 ~t is quite 

obvious·that this fits quite ~ell,into the range of possible values. I~ i5 
, ... 1 J • 

somewhat larger than the aver~ge value of 29.2 cm for the real field. In 

the case Qt the real field, not all thé ice which exists came tram the' , 
sarne grid area as in the model as the St. Lawrencé River: supplies sorne ice 
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ICE 
TYPE 

A 

B 

C 

D 

. 

Thlck 

F'lrst Year MedlUm 

ThIn 

Grey - White 
I~ 
',J 
Grey 

Nllas or new ice 

THICKNESS 
RANGE 

> 120 cm 

70 - 120 cm 
\1 

30 - 70 cm 

15 30 cm 

10 - 15 cn) 

5 10 cm 

Inte rpre tall vc Tables for Departme nt of EnVI ronment 
Ice Charts 

TABLE 4.5.1 

Thlcknesses used for the calculatlon Average 

.. -li Tblckness 
A, . B C D -

120 30 15 10 44.58 (max.) 
. , 

30 15 . 10 5 15.88 (min.) 
: 

; 

70 22.5 12.5 7.5 29.21 (avge) 
1 

Thickncss 'used {ot each type of IC.C and the aver~ge thick­
n~8s derlved t~er,éfr()m for the F.eb. 2, 1972'ice field . 

TABLE 4.5.2 

, 1 
\ l, 

1 : r~-, ~-\ 1 -. , 1 
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1 : 1 
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l.n the early stages. as has been shown above. This would l}ave a tendency 

to lower the maxlmum and minimum limits i~ this ice were removed from 

consideration.' No really definite statement can be made Qn the numbers 

calculated, though one may generalize and say that the model tends to ~orm , 
ice close to the upper possible limit. In this case it may forro more l.ce 

than is really produced. 

l>1ore conclusive results on the details of these ice volume calculations 

must await a bettcr method of estimating real ice volumes and the design of . 
~model°p. th 1l!o:r~ of the refinements mentioned p~eviously. 
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CHAPTER 5 

CONCLUSIONS 

The model as presented in this thesis has proved to be capable of 

yielding reasonable resultant ice fields, considering the initial constraints 

placed upon it. It has good areal resolution and can easily be run to 

produce diagnostic fields, though the computer expenses incurred do put 

limitations on its use. 

The general pattern of ice and non-1ce areas were quite good and 
l 

improved with time as the Gulf area becrune more ice-bound. The initial 

condition which did not allow the advection of ice down the St. Lawrence 

\ River created an'erroneous non-ice field in this area. rt did, however, 

serve to show that this advection is an important proc~ss in making up the 

Gulf's ice field. It further showed that even if this advection could be 

stopped the area would simply become ice bound at a later date due ta 
~, ~ 

insitu 'ice formation.' lIon-presence of ice along the northern sho-re of the 

Gulf of St. Lawrence resulted from the water-depth initi~i zation in this 
"""-,.. ~.: -., ~ .! 
~.1t... J. ..1.C::.L.U ..Li .. 

, ' 
problem itself is inherent in the resolution of the modela The fact th,at 

such a problem exists lis ind~catlve of the import~nce of shallow water 
" 

along this shore. 

The inabi1'lty of ~ grid point model to define the iJce ,Çdge for areas 

smaller than one" grid length lS ,another inherent problem of this type o! 

modela The author atteJllpted to resolve this difficulty 'WÏth the "t'Wo 
" 

tenths criterion". In an area such as the' Gulf tlf St. wrence which has.~ 

in general a northwesterly air flow such a triterion ia n t too deficient. 
"'li 

It do~s. hdwever, cause problems when opposing aire oflows t;.er time, 
• 

periods of over taree or four deys. In âreas of varying flow patterns a~ 
, 

simple ctiterion sueh as thia would have to be replaoed by.a more sophisti-
, ? . , 

eated Qne. 

a' grid point', sho:;,t titne' step m6del sueh as this 

the detalled formatioil and movement of' ice may b~ 
, 1 

'1' 
... '\ 1 

" 
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~: 

traced. The model showed up areas where large ice formation and export could 

existe These points are in general of sh~low depth (30-60 meters), and 

are found on lee shores where the air flow is usually nort~westerly. As 

previously mentione~ correcting the deficiencies in the model may change 

the magnitudes calculated, but the presence of such points should rema~n. 

The average ice thickness calculated from the model falls easily 

within the maximum and minimum limits of average thickness calculated for 

the observed ice field. These limits are too wide to allow muchfmore to be 

said, then that the model gives a value greater than the average value 

calculated from the real field. 

r 



• 

• 

p 

(Anon68) , 

(Bu64) , 

(De61) , 

(DY65) , 

(EJ71) , 

, ol 

(k',,{.,7 , 
~- - - 1 1 ~ 

.. 
(Ga72) , 

(La60) , 

(La68) , 

(La57) , 

\ 

BIBLIOGRAPHY 

,1968: "Ocean Thermal Forecasting in the Northea.st Atlantic", 
Section 2. Meteorology and Oceanographie Div., HYd!0graphic 
Dept., Ministry of Defene e, London, pp. 21. 

r 
Budyko, M.1., 1964: "Guide to the Atlas of the Heat ~ance of 
the Earth". Translated by the Office. of Climatology, ·U.S. Dept. 
of Commerce, WB/T-106. 

Coombs, J. A., 1962: "A Pre1iminary Investigation of the Heat 
Budget in the Gulf of St. Lawrence", (Unpubl. Man.) .. Bedford 
Institute of Oceanography, Report B.r.O. 62-1, Dartmouth, Nova 
Scotia, pp. 50. . 

Defaut, A., 1961: "Physical Oceanography", Volume 1. The 
MacMillan Co., New York, pp. 88-109. 

Dingle, K.N. and C. Young, 1965: "Computer Applications in the 
Atmospheric Sciences". De,pt. of Metèorology and Oceanography, 
Univ. of Michigan, pp. 36-54. ~ 

El Sabh, r-1.I., and O.M. Johannessen, 1971: Winter Geostrophic 
Clrculation in the Gulf of St. Lawrence, Marine Sciences Report 
number 18. McGill Uni v., ~ontreal, pp. 19. 

t;'1 ___ *"'~""""'_ T.71"'\ ,nc:.7. "r"' .. ~ __ -._..&- .... __ ..l r-. ....... _ .... ~ ___ t...: _ ,.., ~~ ____ • .l.._ : _ 1..., 
__ ........... _ .......... , Il ..... ' *"-/VI_ _1..oIU..L\".,.J.4v ...... """,,.lU v'-Vùv.u,tJ.lJ. ..... \.. VI.A.J.~"--.lJ.V.:l ..L4.1. \.flolC 

St. Lawrence Est uary", (Unpubl. Man.). Bedford Inst i t ute of 
Oceanography Report B.LO. 67-5, Dartmouth, Nova Scotia, pp. 17L 

Gagnon, R.J., 1972: "Influence of the Surface Energy Budget on 
Crop Yield", (Unpubl. M.Sc. Thesis), McGil1 University, Montreal, 
P. Q., pp. 175. 

Laevasta, T., 1960:, "Factors Affecting the Temperature of the 
Surface Layer of the Sean. Comrilentationes Physico-Mathematicae 
XXVI, Societ as Scientiauum Fennica, pp. 136. 

Langleben, M.P., 1968: '-"Albedo Measurements of an Arctic Ice 
Cover from High Towers". .I.ourna1 of Glaciology, 7, pp. 289-298. 

Lauzier, L., and W.B. Bailey, 1957: "Features of the deeper 
Waters of the Gulf of St. Lawrence". • Bull. Fish. Res. Bd. Canada, 
No. Ill, pp. 213-250. 

(Ma67) , Matheson, K.M., 1967: "The Meteorological Effect on Ice in the 
'Gulf of St. Lawrence". Pub!. in'Meteorology No. 89, McGill 
University, Montreal, pp. 110. 



• (MoD) , 

(MU69) , 

(Po65), 

(Ro65), 

CSc62), 

(Se65) , 

(Tr70) , 

, (V072), 

(Zi (2), 

(Zu43) , 

• 

86 

Morin, P.L.J., 1913: "Air Mass Modification over the Gulf of 
St. Lawrence". (Unpubl McGill M.Sc. Thesis), McGill University, 
Montreal. 

,'\ 
Maykut, G.A., "nd N. Untersteiner, 1969: "Numerica1 Prediction of 
the Thermodynamic Response of Arctic Sea Ice to Environmenta1 
Changes". The Rand Corporation Memorandum RM-6093-PR, pp. 171. 

Pounder, E.R., 1965: "The Physics of Iee". Pergamon Press, 
pp. 143. 

Roll, H. U., 1965: "Physics of the Marine Atmosphere'~ Int' l 
Geophysics Series, Volume 7. Academic Press, pp. 247-253. 

Schwerdtfeger, P., 1962: "Enel' gy Exchange through an Annual \ 
Ice Cover"". (Unpubl. Ph.D. Thesis), McGill University., 'MontrUl, 
pp. 144. ... 

Sellers, W. D., 1965: IIPhysical Climatology , University of 
Chicago Press, pp. 215. 

Trites, R. W., 1970: "The Gulf of St. Lawrence as a Physical 
System". Second Gulf of St. Lawrence Workshop held at Bedford 
Institute of Oceanography, Dartmouth, N.S., pp. 32-64. 

Vowinckel, E., and S. Orvig', 1912: "EBBA. An Energy Budget Pro­
gramme". Publication in Meteorology, No. 105, McGill University, 
Montreal, pp. 47. 

ZÏllman, J. W., 1972: "A Study of SOIDe Aspects of 1Jhe Radiation and 
Heat Budgets of the Southern Hemi sphere Oceans". Met. Study no. 26, 
Bureau of Metecrol,ogy, Dept. of the Interior A.G.P.$., Canberra, 
Australia. ~ , '-

Zubov, N.N., 1943: "Arctic Ice ll (Izdatel'stvo Glavsemorputi), 
Moscow. Trans~ated for AFCRC by U.S. Naval Oceanographic Office 
and Ameritan Meteorological Society) • 



• 

• 

87 " 

Appendix A 

.' 
Air Mass Transformation Pescription from Morin (Mo73) 

3.5 Air Mass Transformation-Model 
..; 

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

a detailed knowledge of the energy budget terms is requir~d. Considering 

foregoing processes, i t is doubtful whether simple interpà.,lation programs 

as discussed 50 far would result in sufficiently accurate meteorological 

fields. 

Burke (1945) devised methods of predicting the final surface alr 

temperature by using the following parameters: initial air temperature 

and ijumidity, sea surface temperature, lapse rate, and distance trave11ed 

over water. As a second approximation for required data fields, an air 

mass transformation program "AIRt.1TR" was devised by the present author. 

The underlying J;iinclpal 15 an extension of the "Burke" technique app1ied 

over a large area. 

3.5.1 Advection of Air Parcels 

The model useâ by the author 15 an extension of one develpped by 

Vowinckel (personnal communication). This model calcu1ates intermediate 

temperature, cloud, and humidity profiles along a streamline - all the 

while taking into account the varying ses surface temperature, winds, and 

sea level pressure. This redefÎned field is then assumed to be in steady 

state for the next 12 hours during which energy budget computations are 

executed. 

To effect the transformation of certain meteorological parameters 

~n the lower levels, all boundary and ~ce or water grid points of Figure 

2 (see Figures 3.1-1 and 3.1-2 main tent) have been specially identified. 

Next, all points along the Gulf shore~are examined to determine if the 

advection of their profile by the geostrophic wind (veer~d.8°) is towards 

land or ice/water surfaces. Profiles overlying regions with offshore 
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winds will then be advected by the subroutine TRAJEC. This subroutine 

calculates displacement from one grid li ne between two grid points to 

another grid line between two differe~t grid points. The maximum allowable 

displacement in 1.44 * DX~here DX is the grid spacing. From one grid line 

to another, flux exchanges at the interface are calculated and redistributed 

~n the vertical, and the modified protion of the profile is ~ecorded at 

two nearby points. Following th~, the entire profile is advected. The 

grid spacing was chosen as 37 km so as to include significant bays and 

straits. 

3.5.2 Sensible Heat Distribution 

Each advected'profile has its meteorological parameter changes executed 

~n the subroutine "TEPHI" which simulates thè temperature and humidity 

soundings on a tephigram. 

The sensible heat exchange for ice and water surfaces is calculated 

ln the subroutine "lŒMLOK" and the subroutine "SCFLEX" appropriately 

weights the flux contribution from ice and water surfaces. "HENLOK" ~s 

an extension of the subroutine "VEtFA" (Vowinckel and Orvig, 1972). FOllowing 

this, the subroutine "EATDST" distribllt,F'~ t.hF' ,\pnqihl", h""t- i!'i:0 i:!:e 

sounding. The level of modifica~ion is limited by the m6X1mum lapse rate 

",apowable, and by the magnitude of the s.ensi ble heat exchange. Each time 
", 

thé l~pse rate 1S exceeded, another layar is included in the modification 
- '" 

proc.e'ss. Examination of severin profiles traversing the Gulf 

over Stephenville showed a lapse rate uS~lY near the midway 

, and dry adiabat. 
t , 

, . 
and pass1ng 

of the moist 

In situations lof cooling by an underlying surface, the depth of cooli~g 

is gr,eat,ly dependent on the stability of the prOfile and wind shear. , 
Sellers (1965) summarizes various studies on stability. In general, strong 

stability is usually characterized by a Richardson number of .25, and -.7 
for the unstable situation. The subroutine "RICRON" determined if an 

advectéd profile voudl develqp a low level surface inversion or a cooled 

layer wi th a dry adiabatic lapse rate. For a Richardson number greatelil 

than -.2, a surfacé inversion not exceeding l layer (about 25 mbs) vas 

allowed to occur~ otherwise cooling was extended to include the tvo bottom 
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layers (about 50 mbs). Linearly interpolated low level winds, the temper­

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

Richardson number. The model vas designed to simulate changes in the lower 

atmosphere which are predominantly effected by underlying surface features . 
and which in turn, almost wholly affect the energy budget of the underlying 

surface. Therefore, changes occuring in the higher levels due to warm or 

cold air advection and large scale vertual motion will not be possible. 

To include such processes 'f~uld require advection of an atmosphere divided 

into several layers, with each layer consisting of a simi~ar grid point 
./ 
array and each layer moving independantly of tne others witt exchanges of 

moisture and heat occuring between grid points of eaéh layer. 

3.5.3 Latent Heat Distribution 

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

modified layers by the subroutine "HUMAST". Following this, the vertical 

moisture profile is analysed ~n the cloud formation program called "CLOUD". 

Each layer is checked to see if the relative humidity exceeds 70%, after 

which cloud for~tion ~s allowed to proceed if the interpolated cloud 

field indicates that cloud does exist for that particular layrr at that 

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

humidity allowed is 85%. Ninomaya (1964) shows that clouds with a water 

content of .43 g k&-l had a relative humidity exceeding 85%. Since the 

Gulf area is not marked by extensive modification as is the air over the 

Japan Sea, the author chose an upper'limit of 85%. After overcast con~tions 
are attained, and after the rel~tive humidity reaches 85%, the excess moisture, 

is transported t~ tbe next upper level where it is used to increase cloud/or 

humid~ty. The, clouds are assumed to have a liquid water content of 

.2 g kg-l (Squires~ 1958; Warner, 1955) and the highest mean value obtain-
-1 ( 

able is .3 g kg under states of very strong, convective activity. 

3.5.4 Islands 

Islands such as Anticosti and Prince Edward act as sinks for sensible 

and latent heat acquired by air masses havin&.passed over ice/water surfaces. 

These two islands,as weIl as the Magdelan Shallows and the)ftorthern portion 

", 
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of Cape Breton Island were(,"'treated as solid J.ce surfaces having a defîned 

vtemperature - the temperature being that of the nearest reporting station 

as no ground temperatured are available. During the winter season, the 

recorded air temperaturé will generally approximate the surface temperature. 

FOr regions lying on t~e windward shores, the temperature will be largelY 

modified and not repr~sentative. 

3.5.5 Interface Temperature 

One parameter essential 1n càlculating the flux exchange at the inter-
/! • 

face 1S the ice /water# surfaee temper'ature. As previously stated, a1r 

parcels are advected from one grid line to another. In the case where the 

initial and final grid points are water, the water tempe~ture for the first 

half of the s~ep displacement is the linearly interpolated temperature 
/ 

of the 2 grld points bounding the grid line. Similarly, the temperature 
• ~ .. 4 --. 

of the last half of the displ~cement 1S the 11nearly 1nterpolated temperatur~ 
, t 

of the 2 last grid points involved. In the case of aIl ice caver, ice 

temperatures are substituted. For a mixture, 'of îce and water surfaces, 

the flux contributions from ice and water are ~alculated and then weighed 
t \ 

according to the areal extent of ice or water. The temperatures in the~e 

situàtions are areally weighed. 

3.6 Water Body Model , . 
In periods pnor to ice formation over the Gulf" the high flux ex--' 

change rates associated with cold arctic outbursts will gradually reduée 

the finite heat supply of the Gulf. ~ This resulting heat loss" reflected 

by a drop in the surface water temperature, is a principal ractor in . 
\ 

dete~ning the flux exchange rate. An accurate extimate of the flux· 

flJ 

exchange demands a reasonable estimate of the. ~ir-sea temperature difference. 

Preceding secrions dealt with the, unrepresentativen,ess bf cert~in me:eoro~o­

gica! fields in the lower atmospheric l~vels' as generated by simple in:ter- " 

polation techniques applied to meteorological data. ,In this seçtion a 

method is described, which regenerates the parameters essential in evalu­

ating the latent and sensible heat flux exchanges betveen the atmosphe~e 

and the underlying water body. Used in conjunction ~ith a vater body model 
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.. 
(see appendix) develop~d by Lally (1973), and initialized at a date ~or 

which there exist scattere~ vertical soundings of temperature and salinity 
1 • 

fot the-Gulf, surface water tempera\ure distributions are obtained from 
'\ C 

time stèp to time step through energy budget considerations and iterative 

fenergy balance schemes incorporating modified and unmodified atmospheric 

and water parameters. 
1 

Chapter IV section 1.1 eX8Illlnes the limitations of the au model 

by examining an actual sounding advected over the Gulf with a sounding 

recorded'~welve hours later, and section 4.1.2 discusses the results of 

applying the advection scheme over the'entire Gulf ~g1on who~e ice/water 

temperaturès are regulated by a water body model • 

• , 

( 

l 
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& Subroutines 

C THIS IS rHE MAIN WHICH S USED WHEN WORKING WITH THE INTERPOLATEO 
C DArA SETS WHICH HAVE a.EN STOREO ON TAPE 
C 

C 

c 

J 

I~TEGfR.2 ICLOHTC22 251.ICDXC22.251.ICSYI22.251.PROTMX(22.251 
INTECER.Z ITO~122.2 '.NZLVL(61.LDMX(22.251.MTH(550,.HTXFLXCI70' 
DIMENSION TN(22.~5. 71.SHH(22.25.17) 
OIM:~SION DPSHH(22. 5.17).OPTN(22.25.171.CCC22.25.17) 
DIME~SJON TW(22.25) TGSI?2.251.TGI(22.25).TG(22.2SI.FSAV(22.25' 
DIMENSION SAICI2?2 I.TUFI122.2S1 
DIMENSION X(22.25). S(22.25,.PRI22.2SJ 
DIMENSION EI~122.25 .AEIS(22.251.SSNI22.251.SK(22.25).SVI22.25' 
D1MENSION PN(?2.2~1 TX(22.251 
DIH~N~(ON GT(167. J.SALI167.BI 
DIMENSION GTIOIB' •. ALIOISI.EISEXP(6).UFI17) 
DIME~SION ETAC51.Q IBI.SLfBI.GF(RI.TWLIBI.TAHIBI.TAW(B).DFI17) 
DIM~NSION AOSORP(8 J).C(17'.SH~(17).P(17).T(J7).SA(J7).CHH(17' 
DIMENSION ALatOO( 2,25J.l(22.25.6).OPCCI22.25.81 
DIMENSION 
DIMENSION 
DIMENSiON SRLUI2~.2~I.SFG(22.251.S0E(22.251.saS(22.251 
DIMENSION SSGT( 2.25).SDFT(22,251.HCWR(2~.~5' 

DATA 
DATA 
OATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DA TA 
DATA 
DM" 
DATA 
DATA 
DATA 
DATA 

ROT.~lWC. ~I/.2e6.~2 •• 651 
TIM~AC.C SF,TIMUTS/I •• I •• 4~JOO.I 
NL.NLX. ~T.T09L/I7.16.B.250.1 

S.DE~SS.DENE.SPH/19.8.1.8 •• 2 •• 918 •• 51 
SLAT, AT.CRITtt.EISSAL,OIA/c'*SO •• 4 ••• 005.99.1 
ISl,J l/22.2~/ 
ORAO AG.RA.TSUN,~XC/I.4q5E06.10Z •• 695~60 •• 5B90 •• ~OI67/ 

L.DUST.DUA.DUB.VI.0124 •• 239R6.0 •• 0 ••• 5 •• 051 
FL .BR.TI.SR.LU/O •• 46 •• 363.,II •• I/ 
ALB/.7/ 
LlEL~12721 

EISEXP/6.0./ 
NILVL/17,11.6.4.2.1/ 
TWL/4000.,3000 •• 2000.,IOOO •• IDOO •• 500 •• 250 •• 250./ 
ETA/.5 •• 75 •• 9 •• ~5.1./ 
P /150 •• JOO.,400 •• 500 •• 600 •• 700 •• 730 •• 760 •• 790 •• 820 •• 650 •• 

675 •• 900.,q25 •• 950 •• 97~ •• 1000./ 
DATA A6S0RP/O •• O •• O ••• 001 •• 006,.032 •• 06S •• 6?~.0 •• 0 •• 0 •• 0 ••• 001. 

1.012 •• 053 •• 934.0 •• 0 •• 0 •• 0 •• 0 ••• 009 •• 040 •• 951/ 

SUE:: 12. 
NCOUNT=O 
NTPERD = 0 
DX ... l7E.07 
IIIS"'=.02 •• 7 

C l 

t SUBROUTI~E START ~("DS I~ CERTAIN MATRICES OF CONSTANTS W~ICH HELP 
C CONTROL TUC .PROG~~M (LOMX.Pf1:~TMX'''TxrLX. ICOx A"'D ICSY) 
C 

CALL ST ART (=>Q:JTMX.MTXFLX.LDa.lX.ICOx.1 CSy') -,,-
c 
C S~BROUTI~E RDWMOT REAOS 1'" INITIAL WATER BODY MDDEL DATA 
C 4 

c 

c 

CALL RDWMDT (GT.S"L.T~I,T~S.FSAV.EIS.SSN.AEIS.SAIC,ALUEDO.I'DM.TG' 

CON~ ~ CONE/CQNS 

10100Ay=l. 
1015 CONTINUE 

LYE_MaLZELM • SUE.15. - 3. 

C THIS REAOS·IN 'HE P~EVIUUSLV INTERPOLOLATED INITIAL ATMOSPHERIC FIELDS 
C FROM TAPé: 

REAOC6.ENO~1008) JT.I~TG.~RAD.HSVN.TN.SHH.CC.SX.SY.PN.PR.Z.ICLOHT 
c 

.. -n· 
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c 
C SUBROUTI~E AIR~Tq JS REsPONSIBlE FOR TRANSFO~MING THE "IR MASS • 
C 

IROT.ICLOHT.OPCc.px.TaE.TOSI 
C -. 
~ CALCULATE THE SUNS DEClJNAnON ANGLE WJITH HELENA 
C 

C 

C 

1040 CAll HELENA(TI.FUT.SI$.ORAO.AG.RA.T~UN.EXCI 

BEISA:O. 
BEISV=O. 

C BEGIN l03P WHICH CAlCUlATES POINT BY POINt THE SURFACE ENERGY BUDGET FOR 
C .,"TER 1.'4) ,ICE POINTS. 

c 

DO 1050 J=I.JSZ 
DO 1051 1=lolSZ 
IF(LDMXCI.J,.EO.O' GO TO 1069 
PC HL '=PHC I.J) 
PS=;>(NLI 
OP=(PS-650.1/6. 
00 10~5 K=I.5 

1055 PCll-K)=PS-OP.K 
DO 1056 N: 1 • 16 
C ( N , = CC ( •• J. "11 •• 1 
SHN('4)~SHHCI.J.N) 

TC NI :TNC J. J.N) 
\ C HH ( '1 l " C PC N. 1 1 - ;> ( N' ) * C ( N') • 1 O. 

1058 CONT 1 NUE 
TC 111=TN' '"J.17) 
5HNC Il )=SHH( I.J. 11) 

CCNL) = O. 
CHH('IL) :: O. 

TOZ = OEw'SHNCN~).PS) 
510.10."0. 
5300=0. 
5N=0. 

C CA_CU~ATE SHORT .AVE ~ADIATION RSACHIN~ T~E GROUND FOR THE POINT. 
C 

CALI. ELM,NLX.NL.P.SHN.FUT.C;15.SAA.CHH.SGA.S300.BR.OZ.OUST.OUA.V. 
1 OUB.SUE.LlELM.LYElM) 

C ~ 

C CALCUlATE LONG WAVE RADIATION FROM TH[ ATMOSPHERE Ta THE GROUNO. 
C 

C 

c 

CALL OOGWUDCT.p.SH~.C.UF.DF.NLX.Nl.LU.COLI ' 

TZ := TC NL) 

OFL " OF'Nl) 
F E SORTesXCI.J) •• 2 + SYCI.J) •• 2) * .01 •• 7 
PCP" = PIHI.JI 
8PC~'I:OPCPN. DC~N 

FWS = FSAV'I.J) 
FwSSAV z: FwS 
KTS % (J-ll.22 • 
!4P "' IHH(KTSI 
00 l060 ... = 1. NL T 
GTIOCMI : GTC~~.M) 

SALIQ(~) z: SAL(~P.!4) 

1060 CONflNUE 
AL~IJ=AL8EDOtl.J) 

SS.,I:J .. SSNC I.J) 
TGIO = TGe I.J) 
H'S10"" TGSCI.J) 
SAICIO ~ SAICCI.JI 
TGIIO: TGI(I.J) 
It(EIS(I.JI.GE.249.) !IS(I.Jl • 249 • 
EISIO .. EISCI.J) 
AEISIO & AEISCI.J) 

C CALCULArE DEPTH OF POINT "NO HUMttER OF LAYERS AT HiE IIUliltT. 
C 

HLW • LOMK(I.JI,IOOO 
OEPrH".. U)M')(CI.J) - (HLW. 10001 
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\ 
ex " HL T • 1 

TA lLX-JX)= TWLlLX-J~) 
1065 co r ,,.,UE 

ON' l06~ JX= 1.NLW 

C SET UP SOLAR RADIATION AHSORPTIVITIES (IAW,. 
LJ 1 
IF(~EPTH.LE.200.' LJ = 2 
IF(OEPTlt.LE.100.' LJ = 3 
DO 1\070" :0 I.NLT 
TAWI~' = ABSO~P(N.LJ' 

1070 CO"lTII NUE 

C J 1 

,.IF(~\ISIO.LE.O.' GO TO 1075 

C OEfËRMI~ SNO.FALL cOq TH~ POINT IF THERE 15 ANY. , 
CAL~ SPRUCE(~CP~.TZ.D!NS5.0ENE.~GI'0.T~SIO.TGIO.5AICIO.EISIo. 

cil SSN 1 O •• SN , 

C DETERMt~~ ALBEOO ('~B) FOq TH! POINT 
CALL LARCH(ll.TGIO.EISIO.SSNIO.E .PCPN.SN.ALB.F.ALBIJ' 

c 
1075 CO-.TI,.,UE 

C 
C DO ALL SURFACE E~EQGy aUD~ET AND ICE ORMATION. GROWTH AND MELT CILCULATIONS 
C IN BEECH 
C 

CAL_ BEECH(TZ.TOZ,~S.NL.S~A.~L.SU!.ALa.OENSS.DENE.CONE.ETA. 
1 CONS.CONR.SJ>t1.ELhT.CRITH.TOPL.OAY.EISSAL.OIA.F.Fw • 

C 

2 SLAT.SSNIO.GN.rAw.GF.TGIO.TGIIO.TGSIO.SAICIO.GTIO. 
3 
4 
5 

SA~IO.TAH."LW.NLT.A~ISIO.~ISIO.SGW.SGI.RLw.RLI.FW. 

FI.XEW.XEI.~sw.xSI.OFw.OFI.HEAT.TrlAW.RESHT.HTL. 

TVEIS.TNV!IS.VNEIS.ALBIJ.STIE' 

TUF l( 1 • J • = TUF 1 ( 1 • J' + UF ( 1 ) .. 1 2 .. 
SRLU(I.J) = R_l+R~w 
SFG(I.J. = Flt-FW 
50E( I.J. = )(EI +XEw 
50S(J.J' = XSI.xsw 
SSGT(I.J. SGIt-SGw 
50FT(I.". = Of-I+OFw 
DO 1060 N = 1. l'IL T 
cr! ...... P' ~ - !: '!! ~ 1 .. " 

SAL(MP.N. = S.LrO(~) 
1060 CONTINUE 

BEISV=B~ISVt- (EISIO.A!ISIO' 
BEISA=8EISllf l\!:'ISIO 
ALOEDOll.J)=AL8 
T W (t • J' = Ci fi 0 ( "L T' 
AEIS(I.J. = AEISIO 
EI:;( 10.1. :: EISIO 
TG( I.J' = TGIO 
IGS(I • .J. = TGSrO 
5AICCI.Jt = SI>.ICIO 
TGI( 1 •. " :: rGllO 
5SN ( 1 ... » = 55'11;) 

FSAV(I • .J' = FwS 
1 T 0"4 ( 1 ... t = 2 

IF(A:ISCI.J).LE.O.' ITJM(t •• J) = 1 
IFI~RorlCJ( I.J'.I4f:.-l) GO TO 1051 
HCO~WA = o. 
DO '082 te; X :: 1. NUI 
J(J(X s HLT '+1 - (J( 

HCO-'WA = (GTlO(KXX' - (-21' • TAH(I(XXI • 1. / 
1 SYOL(SI>.LIO(KXXI.GTIOCKXX"O.' • HCONWA 

,1082 ; CONTINUE 
C 
C GfVES A DET.tLEO WRIT~ OUT OF ALL PARA~ErERS FOR A FEW SELEtlEO POINTS 
C 

C.ALL 
1 
2 
3 
4 

5 

WRTE1(KINO.IT.1DTG.I.J.ITDMII.J).TZ.TOZ.PS.PR(I.JJ.ALO.5300. 
SA A. SG A. OF L. 1 CLOHr lI. JI. TG 1 ( 1. J ) • r GS 1 l , J, • SA 1 C ( l ,J ) • SSN ( l ,J), 
.STIE.HCONWA.=IS(I.J).AEIS(J.J).SHH.S~LIO.C.ICOX(I.J', . 
1 C.SY ( 1 • J) • LDMX( 1. J ) • MP. HLW. DIOP TH. FwS. SN, SG 1 • SCoW. RL 1 • RLW. 
OF 1. OF w. XE 1 • XE III. XS J • XSW. FI. F W. HEA T. Il TL. RE SIiT. rHAW. TNE 1 S. 
VNEIS.LlELM.LYEIM' 
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1069 CONTINUE 
TUFICI.J,=O • 
SRLU( I.J, = O. 
SF G( Id 1 = O. 
SOECI.J' = o. 
saS(I.J' = O. 
SSGT(I.J' '" O. 
SOFT (I.J' '" O. 

1051 CO"lT 1 NUE 
1050 Co"lTPWE 

C 
t END THE POINT BV POINT LOOP. 
t 

IF (3=.1 SA.LE. o.) GO TO 2009 
C 
t wRITES OUT THE IC~ _RE"-IC~THICKNESS-ICE VOLUME AND ICE VOLUME INCREMENT 
C FOR EA.CH GRIO POINT FOR THE IN SiTU FORMATION STAGE 
C 

tA.LL WRTE12(SSGT,SOFT.A.EIS.EIS.X.TX.167.0.loTG' 
C 
C SETUP ITD~ FOR 1~~OqT EXP3RT C4LCUL4TIONS 

DO 2000 J '" 15.20 
ITo"(21.J, '" 1 

2000 CoON TI NUE 
t 
C DOlCE ADVECTION, 
C 

C 

CA.L_ WILLOW(ICDx.ICSY.ITO~.S~~SY.DX.TIMUTS.EVO.SVD.AED.TIMFA.t. 

1 CISF.WISF.4EIS.EIS.SSN.ISZ.JSZ.ALSEOO.TEMALO.STWT. 
2. 01.02.031 

OEISEX=O. 
00 2001 J ,. 15.? 0 

ITOM(21.JI = 5 
CISEXP(J-141 = E)SEXP(J-14, • AEIS(21.J'~Else21.JI 
BEISEX=HÉISEX • EISEX~(J-141 

"EIS(?!.J' '" O. 
EIS(21.J, '" O. 

2001 CO",T PlUE 
BEVAw=O. 
8E""W=0. 

t 

VÛ ~vv5 i-,.~' 
00 ZOOS J = 1 • Z 5 
tFcITOMel •• Il.NE".2, GO TO 2005 
ÛEVA.W~BE:VAW • (:: 1 S( I.J 1 ."E 1 se 1 .JI) 

D~AA.W~REAA.W • AElsel.J' 
200S CONT r NUC 

t WRITES OUT THE IC~ AR~A-IC: THICKNESS-ICE VOLUME A.ND lCE VOLUME INCREMENT 
AFTER ADVECTION HAS TAKEN PLACE 

t 

C 
2009 CONTI NUE 

LZEL~ = LYEL~ ~ 3 
IF(C360.-LZE~~).LT.esU~.15.-3.1) LZELM = LZELM-J60. 

2010 tONTINUE 
c 
t WRITES ~JT THE FfËL)S OF SG~.RLU.DFL.O~.fS.FC.UFL FOR THE TIME PERIOO 
C 

c 
t"L~ WRTEI3eSFG.SSGT.SRLU.SDFT.SOS.SQE.TUFl.IDTG.TX.X.161) 

IF C'A. V.EO. 0.1 
OA.Y=O. 

GD TO 2028 

GO TO tOt5 
2028 CONT 1 NUE 
C 
C CA.LCULA.TES A.ND WRITEs DUT THE HEA.' CONTENT FOR EA.CH ~RIo POINT .A.TER COLU~N 
c 

C 
C~L_ WqTEI.CSSGT.X.GT.SAL.TAH.IOTGI 

NCOUNT = NtOUNT • 1 
IF(NCOUNT.GE.1) GO TO 2030 
GO TD -lOlO 
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2030 CO ... Tl NUE 

NCOU"'T '" 0 
C 
C PU"'CHES ALL END OF WE~K DATA ON CAR~~ FOR THE RE-INITIALIZATION OF THE MOOEl 
C 

CAL~ WRTEI5(GT.SAL.TGlrTGS.FSAV.EIS.AEIS.SAIC.SSN.ALOEDO.ITDM) 
C 
C 

GO TD 1010 
1008 CONTI "lUE 

NT PERD = NTPERD • 1 
c 
C t.tatat~ta.~.~.~.Zt~ta.a.~. TAPE RE AD PARAME TER t.t,t.t.t •• a •• t.ta.at.ta •• t. 
C 

IF(~TPERD.LT.3) GO TO 1010 
C 
C tatat.ta.~t~.a.a~a.ata.a'at TAPE REAo PARAME TER t •• a.at~t.ta.ata'atatata •• ta 
C 

13 STOP 
END 

SUB~OUTINE,ASH (GT.(A~.SAl.NLW.NLT.HEAT) 
C \ 
C CAlCULATES THE AIoIJUNT 01=, ICE FORMEO OVER OPEN WATER BY CAlCULATING THE HEAT 
C R~QUIREJ TO RAIS~ TH~ WAT~R TEMPERATURE BACK UP TO THE FREEZING TEMPERATURE 
C 

DIMENSION GT(NlTI.5AL(NLTI.TAH(NlT) 
L = Nl T + 1 
DO ION = I .... L W 
DENL = 1./S~OLlSAL(l-NI.GT(L-NI.O.) 
fZP = FPlSAlll-N)1 
IFlGTll-NI.LT.FZPI GO TO 12 
GO TO 10 

12 DIF = GT(L-NI - FlP 
GT(l-NI = FlP 

10 HEAt = HEAt + loIF'TA~lL-N).DENl.0.96' 

18 CONTINUE 
RETURN 
END 

SU8~OUTINE ASPE"'lTZ~TDZ.PS.F.XX.SUE.AEIS.EIS.SSN.TGI.TGS; 
1 CONE.CO"'S.CONR.NLT.DENE.XEI.XSI.FI.R~I,SGI.DFI. 

2 TG.TGW' 
C 
C CALCULATES THE SU~FACE EN~RGY ~U~GET FOR SNOW AND ICE SURFACES 
C 
C t-t-t-t-.-t-.-.-.-.-t-t-t-t-t-.-t-.-t-t-t-t-.-.-.-.-t-t-t-t-t-t-t-.-t-t-.-t 
C "-
C SETS UP TtIE BALANCE LODP PARAMETERS USED IN THE ITERATIVE SCHEME IN "yEW" 

XRX '" o. 
XN '" 1. 
ZZ • o. 
J 1: a 

~-~ 1.1 '" 0 
c~_.-t-t-t-t-t-t-.-t-t-t-t-t-t-t-t-.-t-t-t-~-t-t-.-t-'-.-t-t-t-.-t-t-t-t-.-t -- U = 1. 

la IFlSSN.LE.o.1 GO TO 20 
c 
C CALCULATES GROUNO FLUX wHEN 60TH ICE 'AND SNOW ~XIST 
C 

C 

CONST C (SSN/EIS) • CONR 
TGI It (TGS + (CONST .... :>W)) / (CONST + 1.' 
FI =-(TGS - TGI) t (CO~S/SSN' t SUE t AEIS t 1.3 
TG .. TGS 
GO Ta 30 

C CAlCULATES GROUNO FLUX WH~N ONLY AN ICE SURFACE ExlSTS 
C 

,-
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20 FI --(TGI - TGW) • (CONE/EIS' • SUE. AEIS • 1.3 
TG .. TCI 

30 AL l '" (- ( 1.1 707 ~ -7 • C TG + 273. lA' .... , .­
CAL. HEMLOK(TG.TZ.TDI.F.XE.XS.U.~S.xX.SUE' 
XEI t: XE • 1.[15 
XSI '" XS .. AEIS 

2 •• ' ~ SUE" AE'S 

C BALANCE LOOP WHICH DERIYES A NEW SURFACE TEMPERATURE (fG' 
C 

C 

CALL YEW(SGJ.RLI.~FI.FI.XEI.XSI.XAX.XN.ZI.J.IJ.RB.TG) 
IF(AOSIRB'.Lr.IO.' GO rD 51 
IF(A8SIXN'.l:E •• OOI, GO TO ~O' 

IF(J.GT.20j. GO TO 40 ' 
IFCSSN.LE.O., TGI = TG 
TCS :: TG 
IFITG.GE.O.' RETURN 
GO Td JO 

40 WRITE(6.400' J.XRX.Ra,RLI.XEI.XSI.SGI.DFI.XN.TGI 
400 FORMAT(lHO.·NO BALANCE J='.13.6F8.0.F6.3J 

C REDISrRl9UTE ANY·HE~T LEFT ACTER THE BALANCE 15 ArTAINEO OR 20 ITERATIONS 
C 

50 

. ' 

C 

1 

2 
3 

5 

RFI = SGI+RLI+OFI+FI-XEI-XSI 
KA ~ ABSIXEl, + A3S(XSl, + ABS(FI' + ABS(RLIJ 
xE] XE]·+ ASS(XEll/XA • RFI 
XSI = XSI + ABS(XSI '/XA • RFl 
RLI = RLI - A6S(RLIJ/XA • RFI 
FI .. FI - AHS(FI'/X ... 
.F(SSN.LF..o-.', 1 
T<oS ,.. TG 
RETlHN 
END 

SUOROUT.NE 
ET .... CONS.CON~.5PH.~LAT.~RlT1·TOPL.OAY.EISS ... L.DI .... F.FWS. 

SLAT.SS .... S .... '/TAW/.CF.TG.TGl.TGS.SAIC.GT.SAL. TAH .NLW.NLT. 
AElS.EIS.S~~.SGI.RLW.RLI.FW.FI.XEW.XEI.XSW.XSI.DFW. 
ne y ""C A. T .,...., _ '-' 
.... f"I" - • • D~C:"T."TI .1"V,,'~.TIoJV"I~.VN"I~. 

ALBEDO.STIE' • 
1 

C CAlCVLATES THE SURFA ~ EN:~GY SUDGET OYER ANY TYPE OF SURFACE. CALLS FOR ICE 
C DISTRIBUTION AND 0 ES' 'CE SALINITY CHANGES 
c 

.T"'H(NLTt.CF(NLT,.GT(NLT)~SAL(NLT~.ETA(5J 
c 
C --------------------------INITI ... LIZE VALUES -------------.-----------
C 

TAH(NLT, ~ T"'H(~L~) - (AEIS • EIS, 
WATALB::.095 
TNV::IS .. O. 
TYEIS &: O. 
YNe 1 s .. O. 
SALEx '" O. 
SALAD • O. 
RL r Ir O. 
RLW • O. 
F. JO O. 
FW 1: o. 
XE 1 0: O. 

XSI • O. 
XE. ,. O. 
XSW li: O. 
EIS~ .. o. 
E.SO • O • 
1:15" .. O. 
EISTI .. O. 
STIE 1: O. 
AESHT' li: O. 
HALS ., 1 
M - NLT • 
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c 
c 
c 
c 

c 

HTL = O. 
THAW " O. 
HEAT .. '0.0 
SGW " SGA.(I. - AEIS).CI. - WATAL8) 
SGI " SGA.AEIS.CI. - ALB) 
OFI = OFL tSUE.AEtS 
OFW c OFL t SUE.'l. - AEIS) ; 
TGW" GTtNLn 

----------------------- 'ALVES INrT'ALllEO -------------------------
CONStOERS W"ETHER THERE 'S AN tCE SURFACE DA NOT. IF THEAE IS ICE 

20 IF(AEI5.GT.O.) GO TO 30 

C CALCULATES THE BUDGET OVER A WATER SURFACE 
C 

xx " 1. 
C 

CAL~ TEAKeGT.XEW.XSW.Fw.SGW.RLW.OFw.TZ.TOZ.PS.XX.AEIS.NLW.NLT.TAH. 
1 TAW.SUE.GF.SAL.FWS.TOPL.FJ 

c 
C THERMOHALINE CO~VECT(ON 
C 

CAL_ OAK(GT.SAL.TAH.NLW.NLTJ 
C 

c 
C FORMATIO~ OF ICE OVER OPEN WATER 
C 

c 

CALL ASH (GT.lAH.SAL.NLW.NLT.HEAT) 
IF(H~AT.NE.O.) ~O.TO 45 

24 lGW" GT(NLT) 
CO TO 400 

JO CONTINUE 

C CALtU_ATES THE SU~FACE EN=RGY aUDGET WHEN SHOW AND ICE EXIST AT A GRIO POIN~. 
C IF THE AREA 15 lOT ALLY ICE COVERED IT WILL BYPASS THE WATER BUDGET 
C 

XI( c 2." 
L"LL ,,~ .... t:N"L.,uL.~~.t=.AA.!-.vt: ... Ei!t.ëi~.:.::)i ... i~1.i~5. 

1 CONE.CONS.CGNR.NLT.OENE.~EI.J(SI.FI.RLI.SGI.OFI. 

2 TG. T:;wJ 
IF(TC .LT.O.) CO JO 40 

c 
C IF NELTING 15 FOU~O TO OCCUR. THE SURFACE ALBEDO rs RECALCULATEO 
C 

IF(NALB.CT.I' GO TO 35 
CALL LARCH(Tl.T~.EIS.SSN.ETA.PR.SN.ALB.F.ALaEDO.r.J) 

NALa '" ,NALB .. 1 .J 
SGI t SGA • AEJS • «1. - ALO) 
GO TO 30 

35 COIU INUE 
c 
C CALCU~ATES THE M~LTING FROM ABOvE 
C 

36 

Xl( • 2. 

CAL~ CEOAA(TG.S~I.RL1,)FI.XEI,XSI.FI.THAW.OE~SS.SLAT.SUE. 

1 AEIS.TZ.TOZ.XX.F.PS.SSNJ 
IFC'HAW.Lf'9.J GO TO 36 
GO fa 40 
IF!~s~.LE.O.' GJ TO 40 
SSE • 5SN • (OE~SS/OE~E' 
SAle. (SAIC • ~rS)/(SSE .. 
fiS • ElS ~ SSE 
5SN • O • 
fGI • fG 
IFCAEIS.EO.I.J GO Ta .2 

)(1( • 
CALL 

1 

1. . 
rEAKeGT.XEw.XSw.FW.SGW.RLW,OFW.TZ.TOl.PS.XX.AEIS.NL •• NLT.\AH. 

TAW.SUE.GF.SAL.F_S.TOPL.F, 
CAL~ OA~CGT.SAL.TAH.N~W.NLT' 

IF(GfrNLf).GE.FP(SALC~LTJJJ CO TO .2 
CALL ASH (GT.rA~.SAL.~W.H~T.H~AfJ .. 

o 



• 

\ 

" 

• 

c 

99 

42 CO'" fi NUE 

72 

74 

ROS_ c Cl./SVOL(SAL(NLT).GT(NLT).O.» 
GT(NLT) = GT(NLT) - FI/CTAH(NLT).noSW) 
CALL OAK(GT.S~L.TAH.NLW.NLT) 
FZP ~ FP(SAL(NLT» 
IFC~fCNLT).Ea.FZP) GO TO 12 
IFC~T(NLT).LT.FZP) GO TO 1_ 
HTL "' O. 
IFCGTCNLT).GT.O.) GO TD 78 
GO TO 80 

HTL c o. 
GO TO 80 
fil .. NLT + 

C CALCULATES THE ICE LAyER INCRE~ENT AOOEO TO AN EXISTING LYf~ 
C 

c 

HTL 0: O. '\. 
DO 75 K=I;,,",-W 
FZPf = FPCSALCM-K» 
ROW = l./SVOL(SAL(M-K).GT(M-K).O.) 
IF(GTCM-<).GE.FlPT) GO TO 80 
RHT 0: CGTCM-K)-FZPT' * TAHC~-K) • ROW 
HTL .. HTL .. AHT 

GTCI4-K) = FZPT 
75 CONTINUE 

GO Ta 60 

C CALCULATES MELTING FROM B~LOW 
c 

78 RES~T = CGTCNLT) - o.) * TAHCNLT) • ROSW • 
GT(~LT) = O. 

80 CONTINUE 
ELOE = ELAT • OENE 
EIS'" = - HEAT / EL)E 
EISO 0: - RESHT / ELOE 
EISTI = - HTL / ELOE 
EISM = THAW / ELOE 

300 TGW 0: GTCNLT' 
C 
C CHECKS FOR IC[ FLOOOING AND MAKES SNOW ICE IF NECESSARY 
C 

é 

LALL LY~H:~'JC~~~.~~N~.~~~.~I~.ul.~~~.N~I.IAM.~"t.~Ai~, 
TVEIS = AEIS • EIS 

C ICE SALINITY CALCULATIONS 
C 

C 

1 

SALEx 
SALAO 

SAIC 0: 

1 

CTOPL - TVEIS) • Cl./CSVOLCSALCNLT).GTCNLT),O.))'.SALCNLT, 
CSALCNLl' - EISSAL).OENE.(EISTI+EISN, - CSAIC.DENF*EISM) -
CSAIC.O~NE.EISO) . 

CSAIC'EIS .. CE1STf.EISN)'EISSAL +CEIS~ .. EISO).SAIC' / 
CEIS .. EISTI + EISN + EISM .. EISO, 

C DISTRIBUTES ICE AREA A..,O THICKNESS INCREMENTS 
C 

CALl PfNf(Ef~.AEIS.EISN.EI'TI.~ISM.EISO.AIN.HEAT.FI.!HAW.~ESHT. 
ISSN.SN.TGI.Gt.TAH.TGW.NLT.SAL.OENE.ELAT.CRJTH.TZl 

TNVEIS : A~IS • EIS 
VNEIS = TNVEIS - TV~IS 

5ALCNL1) "' (~ALAD • SALEXI/((TOPL-TNVEJ5'.Cl./CSVOL(SAL(NLT,. 
lCiTC .... T'.O.)')) 

CALl OAKCGT.SAL.TAH.NLW.NLT' 
IFCAEIS.GT.O.' GD Ta _00 

EI5 "' O. 
55N "' O. 
AEIS .. o. 
TGI JO -2. 

400 FG le FI .,.FW 
OE .. KEI + xEW 
-OS II: )('SI .. K SW 
ALU II: RLI + ,qLW 

500 CONT INUE 
TAH(NLT, • TOPL 

630 CONfJNUE 
," • RElUôlN, 

E".O 

----------



• 

---

100 

SUBROUllNE CEO~R(lG,SGO,RLU.OFL.OE.OS.FG.TH~W,OENSS.SLAT.SUE. 
J AEIS.TZ.TOl.xX.F.PS.SSNJ 

C ~ 

C RECALCULATES THE EHERGY 8UOGET TO FINO THE H€Ar OF MELrrNG. rH EN NELrs SNOW IF 
C IT EKISTS AT THE POI~T. 

C 

c 

U ••• 
TG ., -.1 
RLU E(-(1.1707 : -7 *CTG + 273.16) •• 4' 1 24.' • SUE. AEIS 
CAL~ HEMLO~(TG.TZ.TDZ.F.xE.XS.U.Ps.xx.SUE' 

OE ., XE • AE 1 S 
OS li: XS • AE 1 S 
THAW = -(SGO + RLU + ~FL - Of - OS, 
FG =0. 
'FCSS~.LE.O.' GO TO 150 
SSN = ~SN + T~~W/C60 •• ~ENSSJ 
IFCSSN.GT.O.) GO TO 100 
THAW = -(O. - SSN, • 80 • • DfNSS 
SSN ., O. ( 
GO TO ISO 

100 'KAW = O. 
150 J:ONflNVE 

RETU~N 

~NO 

SUOROUT1N~ CYPRESCOENSS.DENE.SSN.EIS.GT.SAL.NLT.TAH.STIE.SAIC' 

C CALCU~ATES THE S~OW WHICH 'URNS TO IC: DUE TO THE ICE FLOOOING 
C 

DIMENSION GT(~LT'.SAL(NLT,.TAH(NLT) 
IFCSSN.LE.O.) R:TUR~ 

'SSE = SSN • DE~SS/DEN: 

TEE~' ., SSE + El S 
SR~w ., TEEM • (1. - OE~E) 

IFCEIS.GT.(TEEM-SQAW" REtURN 
STIE ., ~~~ - ~~Aw 

SSN = SRAW • DENE/DENSS 
SÀIC ~ SAle. EJS/CEJSoSTIE) 
EIS ., EIS • STIE 
AETURN 
END 

.f. 

SUBROUTINE FIR(F.FS,WMF.OW.ENG.GT.TAH.SAL.NLT.NLW.AEIS.TOPL' 
c 
c CO~VECTION 

C 1 
c 
c 

POES DY~AI4IC 
1 

OfM:NSION GTCNLT'.SALCNLT'.TAH(NLT' 

c 
c 

F I~ l~ ~ETRES PE~ SECON) 
F5 15 IN KNOTS 

. C PUT F ,..,ro l'NOTS 
c 

FKN .. F • 2. 
FSK", .. FS 
THHaLO : TAH(NLT, 

FINO THE WINO MIKING rACTO~ _MF 

" . 
IFTFiH.LE.ZO.1 GO ra 10 
.MFI • 60. + (14.5 • ALOG(FKN - 19." 
GO TO 20 

10 _NFI c (~./20.' • (~KH •• 2) 
20 AVF. CFKN • FSKN'/2. . 

• 



/ 
1 

/ 

• 

c 

c 

c 

C 

C 

c 

101 

IFlAVF.LE.20.1 GO TO 30 
tF(AVF.LE.30.t GO TO 40 
IF(AVF.LE.40.1 GO TO 50 
.MF2 z 360. t- ( 16. • ALOG(AVF 
GO TO 60 

30 .NF2 = (3./20.1 • lAV~ •• 2' 
C;O TO 60 

.0 .MF2 = -320. t- (1~ •• AVF, 
GO TO 60 

50 WMF2 .. -80. + (II • • 4VF) 
60 .MF = AMAXI(WMFI.WMF21 

90 CONTINUE 

FS ,. FKN 
.1010 = O. 
ENG .. O. 
M = NLT • 
TAH(NLT) : TA~(~LT) • 2. 

00 200 .1 .. I.NLW 
JKEE~ .. .1 " 
'DM : GT(IoI-J' - GT(NLT - JI 
CAL. LINOEN(OWZ.W~F.T~MI 
tf(OWl.LE.o.I GO TO 100 
OWl .. Owl • 100. 

- 39 .. ' , 

OEL:NG = (TA~(M-JJ .. TAH(NLT-J)'/l2 •• OW2, 
WMO = WMD .. (TAH(M-J) t- TAH(NLT-J')/2. 
ENG .. ENG .. OELENG 
lF(E~G.GE.I.' GO TO 210 

200 CONTINUE 

IFlJKEEP.EO.NLW) GO to 220 

210 OIF!'.NG"= ENG - 1. 
OIN =ll(TAHl~-J<EE~)+TAH(NLT-JKEEP)II/2.1 • (OIFENG/OELENG' 
WMO ""'MO 01"1 
~NG = tNG - OIF:NG 

220 CO'lTINUE 
O. " wMO • (1. - AEIS' 
'FIOw.IF.O' r.n Tn 100 

TAH(NLT) : TH~OLO 

TAHT • 0.0 
'MA = O. 
WTE~" = 0.0 
WSA_ = o. 

Iii .INN 1: 0 .. 
L .. NLT t-

00 110 N = I.NLW 
NR .. N 
OENL : 1./SVOL(SALlL-NI.GT(L-NI.O.I 
TAHT = TAHT • rÀHlL-NI 
TMA = TMA t- 'AH(L-N) t OENL 
IF(OW.LT.IAHTI GO TO 120 
wrEMP • WTEMP .. lGTlL-N).TAH(L-N)tOCNLI 
WSAL 1: .~AL + (SALlL-N).TAH(L-N).OENL' 
TMEA .... WIE~~/T~A ~ 

SNEA'" .. WSAL/TMA 
JMN = .INN t- 1 

110 CO~TlNUE 

C 

c 
120 

GO TO 150 

IF()W.EO.TAHT, GO TO 150 
'AHI • 'AHI - T"'H(L-N~) 
TMA 1: 'MA - (TAH(L-NR, • DENLI _ 
TEMHT s DW - IAHT 
wre",~ ., (TMA • TN!:A"') • (T;;HHT.DENL..t.tajL." .. NRl~ .. ________ .... __ -" ___ _ 
TMEAN K W'EMP/CT~A • rE~HT.OFNL' 

WSAL = 'JMA.SM[AN) + CTEMH,.OENL.SAL(L-NAJJ 
SMEA~ ., .SAL/(,~A • TEMHI • OENL) 
~TCL-N~J • (CCJAH(L-NR)-TEMHT).GTCL-NA),+CJEMHf.'MEAN,,/rAHCL-NRJ 

'. 



• 
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c 

c 

• 

102 

SAL(L-~I = C(CTAHeL-NR) - TEMHT).SALCL-NRJ) • (TEMHT.SME~N)J' 

ITAH(L-N~I 

ISO DO 160 J = I.JMN 
SALeL-J) = SMEAN 

160 ~r(L-JI: TMEAN 
100 CONT 1 NUE 

TAH(~Lr) = THHOLO 
RETU;!N 
E ... O 

SUBRJUT INE LARCH( Tl. TC.E 1 S.SSN .• È:TA.PR.SNoALB.F .ALBEDO' 

C CALCULAT:S TH~ SURfACE ALBEDO FOR SNOW OR ICE OR 80TH 
C 

C 

01l4EN5 ION ETA( 5' 
N=3 
AL8=0. 
IFlEIS.GT.O.) 
AL8=.06 

CO ra 50 
215 IF(P~.LE.O.) 

IF(S'I.GT.O.I 
ALB:.3 

GO rp 50 
230 IF(F.GT.10.) 

AL8:.9 
GO TD 50 

220 N:2 

GO TD 215 

GD TO 220 
GO TO 230 

C CALCULATES THE LD~ERING Of ALBEDO OUé NORMAL OETEAIORATION 
C 

ALBPO=ALOEOOt.96 
240 IF(TG.~T.O.) GO TO 260 

IFCSN.LE.O •• ANO.SS~.LE.O.) 
N="'-I 
00 30 K=I.N 

C 1\ 

GO TO ~10 

C FINOS THE INFLUENCE OF THE UNDERLYING SURFACE ON THE ALBEDO 
C 

c 

SX=SSN 
IFeK.EO.2) 
JN=SI<'2.54 
IFCJN.LE.II JNal 
1 F e J '1. GE .5 1 J ~ = 5 
CKItEJAeJN) • 

C CALCULAfES THE EFFECT OF THE SU~FACE TEMPERATURE ON THE ALBEDO 
C 

IF(TG.GE.(-IO.)) GO TO 5 
,rfTG.LE.(-31.)) ~o '0 6 
ALBs '" .7' - • 10. - AHS( TG)' •• 01 
GO TO 7 

5 ALBS c O.7-CIO.-ABSCTGII •• 04 
GO TO 7 

6 ALBSo:O.9 
7 ALB=ALBS.CI<+ALB 

JO CO)f fi NUE 

270 

AL.B=ALU' ... 
IF(N.EO.I' ALBaAMINI(ALU.ALBPO' 
IF(ALO.LT •• 3J AL8=.3 
GO,TO 50 
IP"CTG.GE. C -10. )) GO TO 8 
,-F_(TG.LE.(-JI.'J co rD 9 
A~9Se.7-(IO.-A8S(TGI'·.OI 

GD TD 10 
8 AL8S-.7-f'O.-48SCTG) •• 04 

~D TD 10 ~ , 

\ r 

• 
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c 

10 AL92AMINle.85.~LDS' 
GO fO 50 

260 ALO".3\ 
50 AL !;J!::OO=AL.O 

RETV~H 

END 

103 

SUBROUTINE O~K(GT.SAL.TAH.HLW.NLT) 

C ODES TH~ THERNOHA~I~E CONV=CTION 
c 

c 

C 

C 

c 

C 

c 

C 

DIMENSION GT(NLTJ.SAL(NLT,.TAH(NLTJ.OEN(6' 

JL " 0 
M :t (HLT )"1', - NLW 
MM. = (HL T - 1'. 

00 ZOO J .. '4./04104 

LL '" 0 
OEN(J, ~ t./(SVOL(SAL(JJ.GT(JJ.O.,) 

WGT ~ DEN(J).GTeJ).TAH(J) 
.GS " DEHeJ).SAL(J).TAH(JI 
'MA" TAH(JJ.OEN(JI 

O~N(Jtt' " t./(SVOL(SAL(J+I'.GTeJ+I).O." 
IF(OEN(JI.GE.OEN(J+II' GO TO ZOO 

LL = J 
JL il' J 

110 WGT" WGT t OEH(JLtll.GT(JL+t'.TAH(JLtl' 
WGS .. WGS + OEN(JL+' J.SAL(JL+II."AH(JL+l J 
TMA TMA t TAH(JL+I ).OEN(JLtll 
G"'T = wGT/T"''' 
SALM = WGS/H4o\' 
DEN'" " I./(SVOL(SALM.GMT.O." 
.JL a Il t 1 

IF(JL.EO.HLT' GO Ta 190 

IFeOEH"'.GEJbE~eJLtl)J GO Ta 190 

GO TO ItO 

190 00 '50 K = LL.JL 

GTCK' E CO"'T 
SALe() le SALIo4 

150 CONT 1 NUE 
200 CON' r NUE 

C 
IF(J_.NE.O.' GO TJ 100 
RETURN 
END 

SUB~aU'INE prNEeE.AE.EN.ETI.EM.EO.AIN.H.FI.TW.RHT.SSN.SNfTGI.Gf. 
'fAH.TGW.NLT.SAL.OENE.~LAT.CRITH.TI' 

C 
C OISTAIBUTES CONT~18UfIONS JO THE ICE COVER 
C 

OI"~NSION GT(NLr,.TAH(NLT,.SAL(NLT, 
Ae:O_O • AE 
IF(AE.~O.O., GO Ta 200 
IF(A!.EO.I.) GO ra 210 

-



'. 

• 
c 
c 
c 

"'­t' , 

FINOS THE NEW ICE ~REA 

AIN JO ENI'E 
~NEW JO I.E .. AI~ 
IFCAflleW.GT •• h) GO TO ZZO 
I.E • ANEW 

-GO TJ'Z30 
2Z0 CTI = ETr + (A~ËW - 1.1 ~ E 

I.E t: 1. 
GO TO 230 

210 ETI Ir ETr .. EN 
230 ETI ~ ETI + EO 

C 
C FlfIIOS"THE NEW tCE THICKN~SS 
c 

E = E .. ETr .. EM 
IFCE.GE.CRITHI GO TO 250 
REOO .. C~E.EI/C~lfH 

A!3: '" REOO 
E ::: CRITH 
AEOLt> = I.E 
GO fO Z50 

ZOO I.E t: (EN/CRlfH, 
E '" CRI TH 
IF(AE.lE.O.I GO 10 260 
TGI .. (-Z ... fll/Z. 
JF(A:.GT.I.' ~O TO 240 
GO TO 250 

240 E = I.E • CRITH 
I.E t: 1. 

250 CO"lTINUE 
SSNNEW = AEOLO • 'SSNI AE 
SS~ " SSNNEw 
GO TO Z60 

260 X" o. - I.E 
GT(NLTI Ir GT(fIILfl 
TGw = GT(NLTI 
E " O. 

Z80 CONTINUE 
RE rU~N 

t:NU 

" 1 

SU8~OUTINE S~~.CE('~.Tl.OËNSS.DEN~.TGI.TGS.TG.SA1C.EIS.S~N.SN) 
c 
C ClACULAT:S TH: S~OwFALL IF SUCH EXJSTS 
C 'ZJ 

C 

IF(PR.lE.o.1 GO TJ 100 

IF(Tl.GT •• OOI' GO TO 50 
10 SN" .(PR.Z.54J/OENSS 

SSN ., SSN + S-. 
Tes .. TZ 
TG .. TGS 
GO Tl 100 

50 IF(PR.LT •• 251 GJ rD 10 
SSE ., S5N • OENSS/DENE 
SAle & SAIC • ~IS/(SS= + EIS +(~R/OENEI' 
EIS = EIS + SSE + (PR/DEN~' 
SSN ., O. 
TG .. TGI 

100 CO"lTl"luE 
RETURN 
END 

) 

SUB~bUT1NE TEA«(GT.OE.OS.FG.SOO.RLU.DFL.TZ.TOl.PS.~X.AEls.NLW.NLT 
1 .TAH.fAW.SUE.GF.SAL.FWS.TOPL.FJ 

C C.LCULATES THE SU~F~CE EN:RGV BuDGET OV~R A WATER SURFACE 
c 

/ 

, . , 

• 
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1 
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105 

U·= t ... 
c 
C INCORPORATE THE SOlAR RW~ATION 
C 

~2 IFCSGO.EO.O.OJ GO TO 2 
L • NLT + 1 
SX = O.) 
00 N" t .NLW 
SV = SGO.T~wC_-N, 
SX = SX + Sy w 

r~TCL - N' = GTCl - N' + SY / fAH(L - N' 
')tO"!J 1 NUE 
IFC~~w.EO.NLT' GO TO ~ 
GT(L-NLW' GTlL-NLW' + CSGO-SX)/(CTAHCl-NLW'. I./SYOLCSAL(L-NLW', 

1 GTCL-NLW'~O.'" 
2 CONrl"lUE , c 

C CALLS ~OR THE DY~~~J~ CONVECTION 
C 

C 

CAL_ FIRJ(F.FWS.W~F.OW.ENG.GT.TAH.SAL.NLT.NLW.AE1S.TOPL' 
TGW r GT(NLT' 

C CALCULATëS THE LATE~T AND SENSI8L: HEAT FLUXES 
• C 

\ 

CAlL H~MLOK(TG.TI.TOZ.F.XE.XS.U.PS.XX.SUE' 
OE = XE • CI. - AElS' 
OS '" XS • Cl. - AE 1 S, 
RLU =(-CI.1707E-7 .CGT(NLT' + 273.161 •• 4' 124.1 • SUE. Cl. - Afl 

IS' 
C 
C CALCULArES rHE GROUNO FLUX OVER A WATE~ SURFACE 
C 

FG r - ( OFL + RLu - OE - OS, 
c 
C lNCORPORATE HEAT LOSS OR GAIN INTO THE SURFACE WATER LAYER 
C 

DENT = I./SVO_CSAL(NLT,.CTCNLT,.O.' 
GTCNLT, = GT(NlT, - FG 1 (TAH(NlTI t DENT' 
RETu;tN 
END , . 

'. 

\ 

• SUB~OUTINE WILLOWC/ICOX/./ICSY/.tTOM .'SX/.'SY,~oiT.TIMUTS.EVO.SYD 

2 ALB~00.TEMAl6.STWT.OI.02.0J' 

C 

1 .AE~. TJMFAC'CISF'WIsr'AEls.EI~S .ISI.JSZ. 

C CAL~ULAT=S THE rCE ADVECTION 
c 

INTEGER.2 ICOXCISI.JSZ,.ICSYCISZ.JSl,.ITOMCISZ,JSZ' 

DIMENSIO~ SX(ISl.JSl'.SY«(Sl.JSZ).A~IS(ISl.JSI).FIS(ISZ.JSIJ 
DIMENSION SS~(ISZ.JSZ).EVDCISl.JSZ).SVD(ISZ.JSZ).AED(ISZ.JSZ) 
DIM~NS'ON ALS~OO(ISl.JSZ'.TEMALo(rSZ.JSz,.STwr(15z.J~l. 
IDIME~SlON lN(4,.J~(4,.W(4' 

DO 10 K " 1.22 
DO 10 L = 1.25 
fVO(K.L' = O. 
SVO(K.LJ .. O. 
AEQCK.LJ • O • 
TfMALBUC.L' • O. 
STIfT(K.L' • O. 

10 CONTINUe \ 
, 

bD :So .1 • 2.22 
DO 29 t • 2.20 
IF(I'DM(I.J •• NE.2, GO TO 28 
I~AEis(~.J)'(H .. 2) GO TO Il / 

" 



• 

• 
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EVOU.J) EvO'''.J)'' "EISU.J) • EIS(I.J) 
SV:>(I.J' = SV)(I.J) .. AEIS(I.J' • SSN(J.J' 
AED' I.J) c AE)(l.J) .. ACISCl.J) 
STWT(I.J) = STWT(I.J) .. 1. 
lEM"LB(,.J) = T~M"LBII.J) .. Il •• ALBEDO(I.JI) 
GO TO 26 

11 CDNT 1 NUE 
S"V~D)( = O. 
SA V~)Y O. 
OIFEDX = O. 
DIFEDY O. 

C F.I "OS TH::: COMPON:::NTS OF ICE ORIFl DUE TO THE WINO 
WDX = SX( I.J) • WISF 
WD~SY(I.JI • WISF 

C'FINOS THE ~OMPON:::NTS OF IC~ ORIFT DUE TD THE CURRENT 
COX ICOx(l.J'. CISF 
COX COX. TI~FAC 
COY rcsy{r.J'. CISF 
COY COY. TIMFAC 

------ -

C FI"OS TH::: ~OQMALllE) :OMPONENTS OF rCE DRIFT FOR A TIME PERroo OF 
C rl~urs IN LE~GTH 

c 

EDX ~ (CDx+wOXI • (TIMurS/OXT, 
EDY = (COv • W~Y' • (TIMurS/OXT' 
ABEx :: AIlS(EOX' 
ABE Y = ABS(EOV) 
IFCASEX.GC.I.' GO TO 12 
IF(ABEy.GE.I.) ~O TO 14 
GO TO 16 

12 SAVEDX EOX 

'" 

15 

SAV::OV = EOY 
DIFE)X :: ABEX - 1. 
lOY = CDv.(I. - (OIFEOx/(OIFEOx .. ABEx»)) 
fOX ~ (EOX/AOEX) •• ~99 
IFÙ;~Y.GE.J.) GO rD 15 
GO ro 10 
SAVEOK = fOX 
S"V::OY :: EDY 
DIFE:>Y = AUEY - 1. 
EOK = EOX • ( 1 • - (qIFf.OY/(OIFEOY 
EDY .. (EOY/AREY) • .999 

C~ !~ !e 
EOII; = SAVEOX 
EDY = SAVEDv 
IF(ABEX.GT.ABEY) GD TO 16 
IFIABEY.GT.AREX) GO 10 17 
EOX = CEl)x/AileX) •• 999 

eoy " (EOY/ABCYI •• 999 
GO TO 18 

.. ABEY))) 

16 OrFEXY = ABEX - "BEY 
EOY '" (EOY/ABEv) • (1. - D,FEXY/AB5X) 
EDX = (EOX/ABEX) •• 999 
GO rD 16 

17 OIFEYX: ABEY - ~3Ex 

EOX" ClOX/"8Exl • (1. - OIFEYX/AOEYI 
EOY : (EOY/A9EYI •• 999 

18 CO~T1NUE 
ADEx " AU!>( EOX) 
ABEY .. AB!,i(f:O,,") 
wr " o. 
IFCE)X.GE.Q.I A3Ex c (l.-ABEX' 
JFCEOy.GE.O.1 A3EV " Il. - ABEY) 

C FI~~S'lH~ REAL COOqOINATES rD WHICH IHE rCE WILL DRIFT AND rHEN INTEGEAJlES 
c rHeSE r:J FrNO THE (jIHO SOU~RE COORDINATES TO WHICti THE ICE WILL DRIFT 
C ' 

185 RI • 1 + EOx 
11.1 • .) + EDY 
IN( 1 , II: RI 
..IN ( 1 , • RJ 
INU) " INCl) .. 1 
J1f( 21 • JNCIJ 

":. 
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1 

V 

C 
C 
C 

c 

INI]) 
JNeJ' 
1 Ne. , 
JNI.' 

1 N ( 1 , 

.. JN el' + 1 
1 N-~ 2) 
JN(3) 

107 

FINOS fHE AMOUNf OF leE DRIFT fO EACH SQUARE 

DO 20 N :: 1._ 
le ,. ININ' 
L .. JNIN1 
GO TO (1.2,3 •• ,.N 
wC Il :: AtJEX • ABEY 
IF(ITOM(K,L).GE.5) w Il ) O. 
GO f:l 19 

2 W(2' :: (1.-ABEx' ., ABEY 
lFelTOM(K,L).GE.S' weZ) O. 
GO T:l 19 

3 W(3) = ABtX • Cl. - ABEY) 
IFeITOM(K.LI.GE.S) W(31 = O. 
GO TO l? 

_ W(.,:. (l.-ABEXI ., Cl. - ABEy) 
IF(fTDM(K,~).GE.51 W(4' = o. 

19 Wf = WT + W(NI 
20 eO'lTfNUE 

fFeWf.LE •• OOOII GO fO 28 

C APORfrO'lS THE ORIFT~O ICE TO ITS DESTINATION SQUARES AND ALSO FINOS THE 
C WEIGHTE~ ALUEOO AND SNOW COVER FOR THE NEW AREAS 
C 

21 

EVIJ = AE1S(f,J) ., EIS(I.J' 
SVIJ :: AEfS! I.JI • SSN! f .J) 
AI J = AE J S ( l , J, 
00 1 21 N = 1._ 
le = IN(H' 
L "' JNCN' 
EVO(IC.L' :: (w(NI • EVIJ'/WT + EvO(K.L) 
SVOI~.L' :: (wl~) • SV1J)/wr + SVO(K,L) 
AED(Ie,L' ':. (1II0l) • AIJ)/ wT + IIEDIK.L' 
STWT(IC.L, ~ STwTIK.LI + wCN, 
TtMA_BeK.L) T~MALBIIC.L) + (W(N) • ALBEDO(f.J') 
CO'llT 1 NUE 

28 CO'lTINUE . 
Z9 CO'lrINUE; 
30 CONTI'IUE 

00 3!> J = 2.22 
00 34 1 = 2.2l 
IIEIS(I.J) = O. 
EISCI.J, :: O. 
ALS::OO( • • J)'" .08 
IFCITOMII.J,.EO.I.OR.ITOMCI.J,.EQ.2, GO TO l7 
co TO 3_ 

37 AE1S(I.J'" AEDel.J, 
1 F ( A:: 1 SIl. JI. G T. 1 ., AE 1 S ( 1 • J , = 1. 
IF(A::IS(I,J).LT,O.I GO TO 31 
IFCAEISII.J).EO.O.' GD TO 36 
GO TO 33 

31 AREAI = AEIS(I.J) 
WRITEC6.32) AREAI 
AEISI l,J, "' O. 
GO Ta )6 

32 FOR~ATI'O·.''IEGATIVE ICE AREA HAS BEEN CALCULATEO ='.FI2.8' 
33 EJSCI.J' = EVOCI.J'/AEIS(I.Jt 

5S..,II,J):: SVOCI.J'/AEIS(I.J' 
IFCSfWTII,Jt.LT •• OOOIl GO TO le 
ALBEDOCI,J) = TEMAL811.J'/STWTII.J) 

38 IFIA~IS(I.J,.EO.O,I GD TO l6 
ITO~CI.J' • 2 
GO TO 3_ 

-36 1 T DM 1 1 • .J, .. 
3_ tONTI NUE 
35 CO'lflNUE 

RETU~N 

END') 


