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b4 Abstract

@

. Twice-daily meteorological data are used for the calculation of a
surface energy budget over the Gulf of Saint Lawrenee. 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'mputer ‘simulation of the vater processes and their
reaction to the meteorological processes is expleiined and tested in this
thesis. The results indicate that ice formation and growth can be simu-

‘lated with quite reasonable accuracy.

.

2




Les données météorologiques, journeliéréﬁ;’ﬁtlses ux douze heures
furent utilisées afin de déterminer le bilan énergétique superficiel du
Golfe Saint-Laurent. Ce balin initient certains processus d'eau lesqueif

causent la formation et la croidsance d'un champ de glace annuel.

. [Sas .
Cette thése décrit un modéle de ces processus marine et leurs
inter-actions aux conditions atmosphérique ambientes. Les résultats
démontrent que la formation et la croissance de glace peuvent €tre raison-

ablement réproduites.

Kig
R
/ ™
S e
, - . P
’“
¢ . :~
s . " !ﬂ‘k
i
>
4
1
+
B
1
.
‘
-
e
o
. ~ * 7/
'

)




(<

Aknowvwledgements

¢

I wish to express my gratitude to Dr. E. Vowinckel without whose
patience interest and stimulating discussion this work would have been
much more difficult and far less enjoyable. Also I thank my wife Susan

for her’ encouragement, patience and interest in this work.
P

My thanks to Mrs. C. Chouinard for typing this manuscript and again

)
N

to Susan who typed all the Flow Charts. )

!
I am indebted to the Atmospheric Environment Service of the Department

7/
of the Environment for their financial a§§istance.

- ’\
. )
v
4‘ -
\
N .
\
.
| -
) 1
|
. A ih
.
3 M (83

: ~ B

' N Py
o -

O s
* Al
s
- 5 - -



TABLE OF CONTENTS [’
4

Abstract .

Acknowledgemenis

List of Figures ;
List of Tables h
List of Flow Charts

List of Symbols

/
Chapter 1  Introduction
¢
Chapter 2 The Model /
2.1 The Surface Energy Budget
2.2 The Solar Radiation Arriving at the Surface
2.3 The Surface Albedo
2.4 Longwave Radiation from the Atmosphere
2.5 Longwave Radiation Emitted by the Surface
2.6 The Flux of Latent Heat
2.7 The Fluxféf Sensible Heat
2.8 The Flux of Heat from Below the Surface
2.9 The Balancing of the Surface Energy Budget
2.10 The Water Procedses and their Reaction to the
Surface Energy Budget
2.11 Absorption of Solar (Shortwave) Radiation
2.12 Dynamic Convection
2.13 Thermohaline Convection

@

2.1k Ice Formation and Build-up

2.15 Ice Salinity and Brine Migration

2.16 Flooding of Ice and Resultant Snow Ice

2.17 Horizontal Processes ‘ o

2.18 Summsry p .

PRS
Ly

¥

\
.
;oA e @

Page
i1
iv
vii
ix
xi

xii

23
2l
29
36
39
43
43
bY
46



Chapter 3
3.1

3.2

3.3 ¢
3.4

3.5

Chapter U4
h.1
4,2
4.3
b4

4.5

Chapter 5

Bibliography

The Initialization and Running of the ﬁodel
Inigialization of the Grid

In:tialization of the Water Body
Initialization for the Atmospheric Model
Running of the Model

Constant values used for the Water and Ice’

Analysis and Results

Introductory Remarks

The Areal Extent of the Ice Cover

Ice Area at Individual Grid Squares

The Formation, Import and Export of Ice from

Grid Squares ;

The Volume of Ice in the Gulf of St. Lawrence

Conclusions

8t

Appendix A Morin's Air Mass Transformation Model
Appendix B Subroutines developed for the Water Body Model

vi

Page

L9
L9
L9
52
52
51

59
59
59
69

69
T6

83
85

87
92



P

Figure

2.1-1

2.8-1

2.11-1

2.11-2

2.12-1
2.12-2
2.12-3

2.12-h
2.12-5
3-1—1

3.1-2

3.2-1
3.2-2
X
3.2-3
3.2-4

3.3"1

LIST OF FIGURES -

"

Breakdown of Surface Fluxes

Methods of Ground Flux Calculation for ice and

Snow Surfaces
Regions of lLdentical Absorptivities of Solar Radiation

Graph of Heat content of a water column versus time

for different absorptivities of solar radiation
Original Curves used for finding the Wind Mining Factor
Original Curves used in finding the Mined depth

¥
Altered Curves used in finding the Wind Mining Factor

The energy of mining which is expended in the dynamic

mixing of one or more water layers

The Graph of heat content of a water column versus time

for varying mixing depth factors

The 550 point grid as it is fitted over the Gulf of

St. Lawrence |

A}

The identification matrix "ITDM"

Number of layegi used and actual depth of each water
point
Salinity-temperature and depth measurement stations

from Cruise 71-038 of CNAV "Sackville"

The Component of the water current speed in theg

x~direction

The component of the water current speed in the

y-direction

Some of the meteorological observing stations used

for atmospheric data C -

Page

“

18

28

31
33
33

35

38

50

50

53

54

56



/

Figure
ho1-1
L.1-2
§.1-3
4.2-1(a)

4.2-1(b)
h.2-2(a)
4.2-2(b)
4.2-3(a)
4. 2-3(b)
L.2-4(a)
L.2-4(b)
4.3-1(a)
4.3-1(b)
L.bo1(a)
b.4-1(b)
L.bh-1(c)
4. 4-2(a)
b 4-2(b)
b.h-2(c)
4.4-3(a)
L. 4-3(b)
b.4-3(c)

/

’
/

/

Actual map of the Gulf of St. Lawrence

Computer produced map of the Gulf of St. lawrence
The numbers assigned to each grid point
Real Ice area map for Dec 31, 1971
Compufer produced Ice area map for Decféi, 1971
Real Ice area map for Jan 6, 1972

Computer produced Ice area map for Jan 6, 1972
Real Ice ar;a map for Jan 10, 1972

Computer produced Ice area map for Jan 10, 1972
Real Ice area map for Jan 1k, 1973

Computer produced Ice area map for Jan 1L, 1972
Real Ice area map fo; Feb 2, 1972

Computer produced ice area map for Feb 2, 1972

Tn aite irce walime formetion Des 23-231

Existing Ice Volumes on Dec 31, 1971
Ice volumes imported and exported Dec 23-31, 1971

In site ice volume formation Dec 31-Jan 6, 1971/72
Existing Ice volumes on Jan 6, 1972

Ice volumes imported and exported Dec 31-Jan 6, 1971/T2
In site ice volume formation Dec 23-Jan 18, 1971/72

Existing Ice volumes on Jan 18, 1972

Ice volumes imported and exported Dec 23-Jan 18, 1971/72

viii

Page
60
60
61
63
63
65
65
67
67
68
68
70
70
T2
T2
73
Th
h
15
T7
17
78




Table

2.1.1

2.2.1

2.3.1

2.3.2

2.kh.1

2.5.1

2.11.1

2.11.2

2.11.3

2.11.h

2.12.1

3.2.1

3‘3.1

LIST OF TABLES . .

. Page
Sources of heat energy in a water body with a
comparison totthe assorption of solar radiation 6
Average depletion of the solar beam as it passes
through the atmosphere 6
The change of albedo as a function of ‘the sun's
hour angle and the daily effective albedo 10
The effect of the sun's declination angle on a
water albedo 10
The percentage of back radiation from the atmosphere
to the surface which originates below certain levels 13
Types of surfaces and their fespective emissivity
rénges 13
‘Laevastu's water mass types and their éorresponding T
percentage absorptions 25
Percentage of solar radiation which is transmitted
through given depths of certain solid surfaces ) 21—

AbsorptivitiQ§ of solar radiation used for various //////////
regions of the Gulf of St. Lawrence — 27

Test absorptivities and Freeze-up dates for a
single point ) 31

" Freeze-up dates with several different wind

mixing factors Y 38

Layer numbers, depths and thicknesses for a

grid point 51

Meteorological observing stations used in Morin's

air mass transformation model 55

ix



Table
3.5.1
L k.1
b.5.1

4.5.2

Constants used in the model

Breakdown on the contributions to ice production

Interpretative Tables for Dept. of the Environment

ice charts

~Thicknesses for different ice types and a resultant

average ice thickness for Feb 2, 1972

-

Page
58

19
81

81




Chart
2-1
2-8
2-9

2-11

2-12

2-1h

TN 2-18

The Budget Calculations for any Single Grid Point
The ground flux calculations

Balancing of the Surface energy budget

Incorporation of Short wave radiation into a

wvater body

The Dynamic Convection Process .

Calculation of the formation, growth and

melting of ice

A sketch of the model as. a whole

¢

1\

20

20

30-

37

L1

Page

wr

8

1




o

LIST OF SYMBOLS

«

Area of ice as a fraction of one grid square area
o

— Albedo of a solid surface (ice or snow)

"—- Flux of long wave radiation down from the atmosphere

e

- Flux of heat to the surface from below

‘- Water temperatures

- The heat which goes into forqing ice over open water
- The heat which goes into adding ice to an existing )
layer of ice \
- Flux of latent heat of evaporation or sublimation . .

b

- Flux of sensible heat LT
- The residual of the energy budget te;hs - ’
- Heat stored i; the water which makes its way to the
surface to meet existing ice
- Flux of long wave radiation up from the earth's surface
- The solar radiation wh;ch reaches the surface before <

the albedo is accounted for ' -

-
o
-

- The snow layer vhichnturne tn ice due 4o the ice floodin

- The he ich goes';nto thawing ice from above

o

3




CHAPTER 1
INTRODUCTION

The object of this thesis is 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 carried out by Coombs
(Co62) and Matheson (Ma67). Coombs work consisted of using two week average
meteorological conditions in the Gulf area for the period mid-November 1961
to mid-Febrpafy 1962. From these average mg}eorological values he calculated
the terms of the surface energy budget and related these results to ice
formation in the Gulf. His greatest difficulties came in trying to estimate

fluxes of “latent and sensible heat at a distance from the shore reporting

stations. is time period of study was limited by the dates at which ocean-
ographic dafia were available. Matheson's work wasacorrelation of synoptic

weather condfitions with periods of hedvy ice growth. He found that certain

values for the energy fluxes, with givdn synoptic weather conditions,

¥étegd the heavy or light ice bdildup periods. As in the case of

T N
Cuuubs, luck oI data was & major problem in Matheson's work. ,

In a model of high resolution and short time step this data problem
must be overcome. In short, the oceanographic data are discontinuous in
time and the meteorological data are not representative over the water surface

at distamnces greater than‘PO km from the shore.®

The fmodel discussed in the present work is that of & water body con-
tainifg many of the real physical processes which are simulated by a computer.
The water body, once initialized with temperature and salinity, requires
no further real data input: but instead reacts solely to the surface energy
budget. This then overcomes the lack of oceanogfaphic data. The model
is run on a computer in conjunction with an air mass modi fication model
by Morin (MoT3). Morin's model takes land meteorological parametershand
carries them out over the water body via the air streams present for that

time period. The air mass is then modified by latent and sensible heat

, /




fluxes. Thus, over the water body there are representative surface air and

dev point temperatures from which a surface energy budget may be calculated.

The model of the water body, using Morin's model to alter the meteor-
ological parameters, is then run to give ice field pictures every twelve
hours. The author feels that this wiﬁiiassist in understanding how the ice

er

field reacts to the water and atmospheric phenomeﬁa. i

)

e
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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

(a) theoretical aspects,
(b) computer simulation and, where applicable, (c) results of tests for each
phenomenon or process considered in the model

4

sections which follow are divided into subsections:

2.1 The Surface Fnergy Budget

(a) It is the summation of all heat energy arriving at or leaving the
surface. In equation form:

Qso(l—o:) Q- Q- -9t Q=0 . 2.1(1)

where: QSO - is the solar radiation reaching the surface

@ - is the albedo or reflectivity of the surface

QLD - is the long wave radiation down from the atmosphere

QLU - 15 the long wave radiation up from the surfgce

QL - is the flux of latent heat of veporization from the surface
QH - is the flux of sensible heat from the surface

QG - is 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 only, as all

terms are of the same magnitude, on the average.

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

SGA(1-ALB) + DFL + RLU - QE - QS - FG = RB 2.1(2)

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

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

Al

e
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SGA*(1-ALB)

ALL ARROWS POINT IN THE DIRECTION OF DEFINED POSITIVE FLUX
’ WITH RESPECT TO THE SURFACE C

BREAKDOWN OF SURFACE FLUXES
FIGURE 21|
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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 positive direction of the flux of heat.

In the case of a water surface, all terms on the left hand side of
equation 2.1(2) may be calculated with the exception of FG, thus FG is taken
over to the right hand side to replace RB and thus the equation

FG = SGA(1-ALB) + DFL + RLU'- QE - @S 2.1(3)
The solar radlation which remains after reflection due to the albedo is not

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

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

!’,‘A[ﬁ
but prior to the calculation of FG and the equation used in the model is: i
= DFL + RLU - QE - QS 2.1(k)

The effects of incorporating SGA enter FG via the sucface water temperature
as RLU, QF and QS are all dependent upon it.

For an ice surface (with or without snow cover), FG may be calculated
directly from a formula (section 2.8) and thus it is 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 1n ‘the case of ice and snow all solar radiation is assumed
to be absorbed at the surface, for reasons which will become clear in

section 2.8.

When the budgets over ice and water are calculated, it is done assuming
that the entire.grid area is covered by ice and/or water. Thus the results

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

- for calculating the surface energy budget is shown in FLOW CHART 2-1.

2.2 The Solar Radiation Arriviﬁg at the Surface

[

(a) As the solar beam passes through the atmosphere, its intensity is

reduced by absorption, scattering and reflection from clouds. The depletion
» " -




>Source of Heat

Average Magnitude
cal cm™ ¢ min”

Percent of
total

Absorption of solar radiation
Energy from the viscous dis-
sipation of the tides

Mechanical energy of the wind
transformed to heat energy

Heat energy conducted up from
the earth's interior

Radioactive disintegration of
sea water

0.2000

0.0020

0.0002

0.0001

0.0040

96.0

1.0

2.0

Sources of heat energy in a water body with a comparison to the
absorption of Solar Radiation.

(Deb1)

TABLE 2,1,1

Based on figures from Defant,

Source of Depletion Percent Depletion
Kefllection by clouds A %
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
Absorption by carbon dioxide 9
TOTAL DEPLETION 49%

Average depletion of the solar beam as it passes

through the atmosphere.

TABLE 2,2.1

o
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FLOW CHART OF BUPGET CALCULATION
FOR ANY SINGLE GRID POINT

Calculate SGA
(subroutine ELM)

Y

Calculate DFL :
(subroutine DOGWUD)

Y -
Divide SGA and DFL into components over
water and over 1ce. SGA 1s also reduced
by the albedo.

over water SGW=SGA*(1-WATALB)*{1-AEIS)

DFW:=DFL*(1-AEIS)
over ice SGI=SGA#*(l,-ALB)*AEIS

DFI=-DFL>AEIS

(subroutine BEECH)

— e s mm e me e e s e e me e e e s em e e e e e m e - e—

SGW 15 ingorporated into
the water using the layer
absorbtivities TAW P
(subroutine TEAK)

Y

The water temperatures
are altercd according to WATER
the amount of solar energyj .
absoibed (TEAK) and the BUDGET
water 1s mixed according |’
to the wind force (FIR)

|
RLU (TEAK), QF, QS {ITEM-
LOK) are calculated and
proportioned according to
arca of water (1.-AEIS) to x,
ive RLW,XEW, XSW N

Y

G=FW 1s calculated
W=DFW{RLW-XEW-XSW

—— e o e - e o mmm mm ae aa mm em Jemr dme e e em s e me e e e e e ae

Alter surface water
temperatdres and
bbypass all ice
calculations,

Calculate FG proportional
to ice cover = F1l

'}
alculate RLU (ASPEN)

( : ) QE, QS(HEMILOK) propor- BUDGET
tional to AEIS giving RLI,
XEI, XS] ’ OVER ICE

i SNOW
FLOW CHART 2-1 OR
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P

@,

. b

FLOW CHART 2-1 (cont.)

[Calculate RB (ASPEN]) ]

] /

nteracting surface to

djust temperatdre of the
reduce RB (YEW)

@ >10
<10

edisiribute remainming

B (ASPEN)

- e e e ww e e e A e wwe e o] A s ae e mn e em e e e e am e e

Leave ASPEN go on in-
program




of this heat flux depends upon the concentration of absorber mass, scattering
particles and the path length of the solar beam. The relative importance

of the sources of. depletion are shown in Table 2.2.1. The energy which
remains after all the depletion processes in the atmosphere take place is
9$9. ‘ y

(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 "ULRIKE", where both
"ULRIKE" and "HELENA" are routines developed by Vowinckel and Orvig, (V072).
The methods used to find the atmospheric sounding necessary in "ELM" are
found in work by Morin, included in Appendix A. The reader is referred to

these two publications for details on "EIM" and its requirements.

2.3 The Surface Albedo

5

(a) Some of thewﬁéﬁar radiation reaching the surface is immediately
reflecged back intqgthe atmosphere. The amount of energy reflected is
proportional to the albedo (a) of the surface under consideration. The
alhedn s denendent 1mon three things
‘ (i) The angle of incidence of the solar radiation n
(ii) The wave length of Ehe 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 (%2i72). The albedo as seen in 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 eﬁergy reaching the surface and vice versa, the effective daily
average albedo is little 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

(Bubl), The seasonal fluctuations of albedo again do not affect the annual

average albedo linearly. The annual average albedo is much closer to the
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Hours after madnight Local Australian Tame, (L A, T,)
TIME -
6 7 8 9 10 ¥l 12 13 14 15 16 17 18
Albedo of the water
varies from 0. to 1. 264 .22 10 | .07} .05 05§ 04 | .05 .05} .07] 10 |.21 25
Incoming solar radiation
in cal cnr 2 he-1 1.9115.8(35.3 |50 865.5]73.8]76.0]74.9 [68.1 |41 3}38.6|15.3]1.4
Reflected solar radiation
in cal enr2hrl 0.513.5§3.5]3.6 |33|3.7]30 [3.7|3.4}2.9]3.9 3.2 Jo.4
Total incoming solar radiation = 558.7 cal cm  day
Total reflected solar radiation = 38.6 calem day
Linearly averaged daily albedo = 0.127
Daily effective albedo = 0.069 where -
"Daily Effective Albedo' = Total reflected solar radiation
Total incoming solar radiation
The change of albedo as a function of the sun's hour angle and the "Daily effective albedo'
TABLE 2.3.1
2
MONTH Jan. |Feb,| Mar, |Apr. [May {June | July | Aug.[Sept [Oct. |Nov [Dec.
o Clear Sky Solar Radiation|4 8 |8 2| 13 3|18 522 2}123.7]22 6[19 1|14 419 7 [58 |39
2 Reflected Solar Radiation]. 77 9811 2 [1 3 1.5t 4fl16 |31 2i11 81 62
(&)
Z ] Albcdo 16 12 09 { .07 07 06 07 07 08 11 14 16
2 %
Clear Sky Solar Radianon| 8.8 12 2 16 4120 3} 23 0|24 0|23 4{20 9|17.0{13.2}1 9 7}7 7
E Reflected Solar Radtation] 97 |1 1|1 3 [1.411 4 {1} 41 4013|1201 11 .92
o
O ] Albedo 11 09 08 | .07 06 06 1.06 06 1.07].08 {'.11 12
5 (all radiation values arec 1n unmits of Kcal entZ month ')
e )
Yearly Effective Albedo for 50 degrees North latitude is 0.082
w November - April Effective Albedo for 50 North is 0.104
a A .
o
E Yearly Effective Albedo for 40 degrees North latitude 16 0.074
j November - April Effective Albedo for 40 North is 0.090
where the Effective Albedo for a given time period is sum of the reflected radiation
~ sum of clcar sky radiation

The effect af the Sun's declination angle on a water albedo

AR
N
"
¢ >

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

radiation coming in during tde summer months.

Théﬂwavelength dependence and 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 is taken together as has been done in both tables 2.3.1 and
2.3.2.

The nature of the underlying surface is very effective in altering the
albedo, as is seen when snow and ice exist above the water. This is 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 to 1. (on a scale 0 to 1). As soon as some

melting of thls snow occurred the value'dropped sharply

and when some loose snow was blown away 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 was extensive melting then, and the form-

ation of melt ponds gave an average albedo of 0.3.
The above change in albedo from a high of 1 to a low of 0.3 took place over
a ten day period. Thls is 700% of the seasonal variation in water albedo
‘due to the decllnhtlon angle and occurred over & surface whose nature varled
drastically and rapidly. These large fluctuations necessitate a comprehensive

look at snow and ice albedos, in the model.

(b) In the model the albedo of the water surface, (WATALB), was given a
constant value of 0.095, after Table 2.3.2. Thé running period was only
expected to be from November to April, thus the value should be a reason-

able approximation.

»-

A more detailed procedure, in the form of subroutine "LARCH", is used
to find the snow and ice albedo. Portions of subroutine "LARCH" are based
on Langleben's flndlngs (La68) and other portions use criteria described
by Vowinckel and Orvig (VOT72) in their subroutine "LORE". The range of
albedo values possible in "LARCH" are from 0.3 to 0.9, the former for ice
with melt ponds, the laiter for freshly fallen snow. Any surface unal-
tered by fresh snow fall or melting will still deteriorate, with a subsequent

v
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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 period. This
reduction is based on;Langleben's measurements. Vowinckel and Orvig use a
sufface temperature dépendence of albedo 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 win%J;Qrce is sufficient (10 msec T in the
model), some ice will be cleared and* there will be two surface albedos

to consider. These two albedos are calculated and considered to repgesent

half the surface area each; so they are averaged.

The subroutine "LARCH" therefore makes use of several albedo deter-
mining criteria to 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 climatplogical

values. This should be most reddily seen when melting occurs in the spring.

2.k Longwave Radiation from the Atmosvphere

(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 is the emissivity of the given property and
is the Boltzmann constant. The first three constituents mentioned are

selective emitters over small wavelength bands. Cloud, however, emits

energy at all wavelengths. Further, as shown in Table 2.4.1, most of the

longwave radiation reaching the surface originates in the lowest 150 milli-

Jbars of the atmosphere.

(v) The calculation of the flux of longwave radiation reaching the surface
(DFL) takes place in subroutine "DOGWUD", which is equivalent to Vowinckel =

and Orvig's subroutine "DORIS", (VO72). These subroutines consider the mass®
¥
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Percentage of Longwave back-
radiation which:

Originates below the following
levels, (in meters)

9.3 0.1
15.9 0.4
20. 3 0.8
25.8 2.0
35.0 6.0
44.6 20.0
58.9 100.0
’ 74.6 o
84.8 1000.0 * ‘
94.5 * 4000. 0

The pertentage of backradiation down to the surface from the
atmosphere, which originates below certain levels. . e,

TABLE 2.4.1

Type of Surface Emissivity of the
R Surface

Water 0.92 - 0.96

Freshly fallen snow 0.82 - 0.995

Granular snow ,0.89

Ice 0.92

oy
Types of surfaces and their respective

emissivity ranges.

TABLE 2.5.1

by
>
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of water vapour and carbon dioxide, as well as the cloud‘cover, 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 radiosonde ascent

are given in Morin (MoT3), a portion of which is shown in appendix A.

2.5 Longwave radiation emitted by the Surface

(a) This radiation is calculated using equation 2.4(1) from the prévious
section, where T is therep §§ntative surface temperature of snow, ice o;
water. The emissivities of these three surfaces are not exactly equal to 1

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

and differs for each surface.

(v) In the model all emissivities are taken to be equal to 1. This will
tend to overestimate the energy flux from the‘ground to a varying extent

but, in general, on the order of 4%. The actual formulae used vary only in
that different temperatures are employed. The Boltzmann constant has been
multiplied so that it gives a value for a 24 héur period. Thus it must be
multiplied by the desired time step, (SUE). The general formula used is then:

RLU = —(1.1T0TEOT*("T" + 273.16)%«k /2k. )*SUE b.s(1)

The term RLU differs over water and ice due to their differing temperatures.
For a water surface RLU is calculated by 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 in subroutine "TEAK",|while RLU for an ice surface is calculated
in subroutine "ASPEN" .

o

2. The Flux of lLatent Heat

(a)\ This flux is a result of molecular diffusion and turbulent transport
in the lovest two metres of the atmosphere above the moisture source.

According to Roll (Ro65); since there is little accumulation of moisture
in the two metre layer compared to the flux throtgh it,‘it maj‘be assumed
that the flux is constant with height. This then a)lows .the.flux of heat

to be represented’in the following ‘form:

12

$



S ‘ 2.6(1)

where: KE is the coefficient of gddy transport
p 1is the density of the air in the lowest two metres ¢

q is the time averaged value of the specific humidity

The theoretical methods of calculating KE require measurements of a
number of micrometeorological parameters. These are not generally availsable
and even if they were there is no proof that the values of KE so obtained are
representative for large areas especially where the air mass is being rapidly

transformed.

(b) The latent heat flux term (QE) is calculated in subroutine "HEMLOK"

vhich corresponds to Vowinckel and Orvig's "VERA". '‘The equation in these
two subroutines used to calculate QE is: ,
Ay
QE = 0.4176+EVPLTH«CDF*(TXSH - TDSH)*U«SUE . 2.6(2)

vhere EVPLTH is the latent heat of either sublimation or evaporatiom,
depending on the underlying surface.

CDF is a measure of the turbulence and its value defends on the
wind force and drag coefficient or on the air-sea temperature
witdient, wiicihiever 1s causing vie vwrbulence.

TXSH 1is the specific humidity oflthe"air very close to the surface

TDSH is the specific humidity of the air approximately two metres
above the surface. .

and U is the portion of the area considered which is either an

evaporating or sublimating surface.
SUE is the time, as mentioned before. g
The origins of this“equation, and the details of how the CDF term is found,

appear in Vowinckel and Orvig (VO0T72). '

2.7 The Flux of Sensible Heat : : .

(a) The same argument as that of 2.6(a) results in an equation for the
sensible heat flux similar to 2.6(1), that is:

% * “PCXs3q V 2.701)

!
vhere cP is the specific heat at constant pressure
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T. is the time averaged temperature N
and KS is the coefficient of eddy transfer for heat. Again the coefficient
KS is difficult‘so find theoretically and is thus determined empirically.

-
(b) The calculation of the flux of sensible heat is carried out in sub-

routine "HEMLOK", which uses the following equation for QS.
QS = 103.68*CDF*GRx1 .25%SUE 2.7(2)

where GR is the air-sea temperature gradient, and other terms are either
defined previously or are described in Vowinckel and Orvig (VOT2), under
the discussion of subroutine "VERA".

.y

2.8 The Flux of Heat from Below the Surface .

The flow of heat to, or away from, a surface is dependent on the
temperature gradients found in the substance below. The flow is governed

by the thermal diffusion equation:

pcp%% = V+(kVT) - 2.8(1)

where p 1is the density of the substance below the surface
cp is specific heat of that substance
and k 1is the thermal conductivity of the substance.

The actual heat.flow through the surface is given by:

Q = k 2 2.8(2)
where %%—is the temperature gradient across the surface.
In the case of a water body the transfer of heat due to thermal diffusion
is often masked by other more rapid processes which change the thermal
structure of the body. Rather than go into these here the reader should
refer to section 2.10, where these processes will be outlined. The main
concern of the present discussion is the flux‘of heat through an ice or
ice and snow layer. For these types of solid substances,eequations 2.8(1)
and 2.8(2) may be utilized to calculate the flux from below. For homogeneous
substances the equations are quite straightforward, it is only when substances
of a heterogeneous nature are considered that problems are created. Both

snov and sea ice fall into this latter category. The problems with sea ice

L)

¢
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are probably best documented. Such ice contains varying concentrations

of air bubbles, varying salinity and varying concentrations of brine cells.
These variations mean that,p, ¢ and k all change from one area of the ice
to another. Thus, to apply the equation 2.8(1) adequately, the structure
of the ice should be known in some detail. Hudson Bay ice is documented

by Schwerdtfeger (Sc6?), and for 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 surface in the manner

described in section 2.1.

The treatment of ice and snow layers is more difficult. Aside from
the variability of p, ¢ and k there is the problem of actual computation
for a multiiayered system. Théoequation 2.8(1) requires such a system for
grid point calculation, and the appropriate finite difference form of the
equation 1is: '

ke T _-2T +T
-_ k ntl ~"n "n-1
ATn = SE-{ (22)2 1At 2.8(3)

where ATn is the temperature change for layer n .

At is the time over which the calculation takes place

A7 ie the leyer thickness, ,
As stated by Gagnon (Ga72) it is necessary for equation 2.8(3) to be
computationally stable for the program to be executable. The criterion

for computational stability of the above equation from Dingle and Young

(DY65) is that: )
%%%L 1 ~ \_1, 2.8(4), -

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

AZ = 10 cm, k = .0055 cal en ! K71 gec™t

and (pc) = 0.47 cal cm-'3 K—l

Then the time step required to give computational stability is on the order

~

. . . Y
of 102 seconds, but the desired time step is twelve hours or 10 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 of St. Lawrence has been reported
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N
AIR TZ
3 ol ICE
ICE Fll ONLY
WATER = = —_— — = —TeW—_
THIS CASE USES EQUATION 2-8(5).
AIR TZ
D ) ~T6S SNOW
SNOW FS
| AND
? TGl —
ICE © FI ICE
l
WATER - — — = 2 — = -—T6W - -

THIS CASE USES EQUATION 2:8(6) TO
CALCULATE 'FS’ AND 2:8(7) TO FIND
61" FOR USE IN 2:8(6). -

METHODS OF GROUND FLUX CALCULATION FOR ICE
AND SNOW SURFACES.

FIGURE 2-8-1
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to vary from 15 to 75 cm, except in area of rafting and shore pile-up,

(Pounder, lecture given to Canadian Meteorological Society meeting, Montreal

group), thus this is not practical. The model then makes use only of equation

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

the ice as being the gradient which determines the heat flux.

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

heat flux for an ice layer is:

FI = ~(T6I - TGW)*CONE/EIS*SUE 2.8(5)

where FI is
is

P CONE is
EIS is

TGI is

and TGW is

the value of FG for an ice layer and is positive if the flux
upward to the‘surface

the heat cond;ctivity of ice (a constant)

the thickness of the ice layer

the temperature of the ice surface

the temperature of water below the ice.

" 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 evenly distr%}uted over the surface at all times for this particular

calculation.

As will be seen in section 2.9, the ice temperature TGI is

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

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

by which TGI may be calculated for balance purposes. Just as the flux

through the ice layer was calculated so too can the flux through the snow

layer be accomplished by an equation of the same form:

vhere TGS is
CONS 1is
and SSKN 1s

FI = -(TGS - TGI)*CONS/SSN*SUE 2.8(6)

the temperature of the top surface of snow
the conduetivity of heat for snow

the thickness of the snow layer. .

Using the assumption that no heat is allowed to buildup at the ice

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

for TGI.

»
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4

FLOW CHART OF GROUND FLUX (FG) CALCULATIONS

[Find value of CONST]

L

Calculate TGI using
lequation 2, 8(7)

v
Catculate FI using
loquation 2. 8(0)

Y

TG=TGS | ~

-— = e e o

L e

T e T

For evaluating
FG for a snow

surface

Calculate

equation 2, 8(5)

L 4

[G=Ter]

—_ e e e -

Further Energy Equations

FLOW

CHART 2-8

For evaluating
" FG for an ice

surface
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Then TGI = (TGS + (CONST*TGW))/(CONST +1) 2.8(7)

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

Then TGI is used in 2.8(6) to calculate FI. These calculations take place
in subroutine "ASPEN" as shown in FLOW CHART 2-8. As can be seen by
equations used to calculate the flux of heat through the surface, the system
used is simple and thus cannot hope to represent adequately the truepicture
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 may say that the values of FI as determinéd by"ASPEN'will

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

2.9 The Balancing of the Surface Energy Budget

Ideally, equation 2.1(1) holds true and the terms of the equation give
no residual heat, but in actual fact the equations used to calculate the
energy budget terms are not exact. In general, the terﬁ 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 loss 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 complex. One parameter,
however, affects four of the six basic energy budget terms, namely the
surface temperature,of ice or snow. It affects QLU’ Qﬂ, QL and QG when it
is altered and therefore it can be utilized to accomplish the balance of
eqna?ion 2.1(2). During this balancing Qsoand QLD 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 Vowinckel and Orvig's
"LEDA", (VO72). It is an iterative process which requires a recalculation
of RLI, FI, XEI and XSI each time one iteration is finished. The value of

RB is used to alter TG in the appropriate direction until RB becomes
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BALANCING OF THE SURFACE ENERGY BUDGET

enter ASPEN
with SGI and DF1

INITIALIZE BALANCE PARAMETERS

counter J £ ]

>~
>

@}_

' \

alculate F1l as
shown 1n FLOW
HART 2-8

\\J

alculate RLI using equa-
tion 2.5(1) and surface
temperature TG

Ealculate XEI and XSI
sing the equations 2 6(2)
land 2.7(2) in subroutine
HEMLOK

Y

nter subroutine YEW where the energy residual
IRB 18 calculated and tested to see whether TG must ‘
increase or decrease and then TG 1s operated on 1n
jappropriate direction, balance parameters are then

re-initialized,

Write out that
no balance wa
attained

i

<10 |

Recalculate surface
energy budget and find
weights for each of RLI
XEI, XS1, and FI and
redistribute RB energy

Y

[Adyust TG for TGS or TGl
which ever 18 applicable

Leave ASPEN

v

FLOW CHART 2-9



23

sufficiently small, (RB must be s 10 cal cm_2). When this condition is
accomplished the remaining heat in RB is redistributed among the four above
terms in proportion to their magnitudes. The actual equation used in YEW
to calculate RB is: o

P .
RB = SGI + DFI + RLI - XEI - XSI + FI 2.9(1)

where SGI is solar radiation reaching the surface after the albedo has
been accounted for )

XEI is the latent heat flux from the ice
and XSI as the sensible heat flux from the ice.
A1l the terms of 2.9(1) have been proportioned by the amount of ice cover
present at the grid square. A practical 1limit has been set on the number
of times an attempt at balance can be made. Thus, if there is still no
balance after 20 iterations the remaining energy in RB is distributed pro-

portionately among the four terms, as mentioned before.

The entire heat budget calculation and balance is done within sub-
routine "ASPEN", which calls subroutine "YEW" as shown in FLOW CHART 2-9.
Only the two constant terms SGI and DFI are calculated outside this budget

subroutine,

2.10 The Water Processes and Their Reaction to the Surface Energy Budget

(a) A body of water is constantly reacting to the ;urface energy balance.
If there is a deficit of heat at the surface the water must give up heat,
vhich it contains in storage, in order to balance this deficit. The
processes by which thi\;. 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 water experiences turbulfnt motion due to wind
stress heat is also transported. In the absence of these two phenomena,
molecular heat conduction must serve. In the caseof a sux‘ﬁus of heat at
the surface, the smount of heat in storage in the water may be augmented
if processes exist to transport that heat downward. Turbulent motion and ,
molecular heat conduction are two obvious processes which could accomplish

the downward transport of heat. Thex?mohaline convection, on the other hand,:

>

wad
!
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would require a similtaneous rise in salinity to give a downward transport
as this would 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 processes will be considered, leaving

the horizontal processes to section 2.17. - The processes thus far mentioned
vhich transport heat are: ‘
(i) Molecular heat conduction

(ii) Thermohaline convection
and (iii) Dynamic convection (turbulent mixing).
The time scale of these processes must be examined to ascertain which are
significant. Considering molecular conduction fifst, Defant (De6l) shows
that the time for one half the magnitude of a surface temperature change
to reach 1 m is on the order of i of a year and to reach 10 m, 27 years.
This means that the other two processes are orders of magnitude faster in
transporting surface heat anomalies. Thermohaline convection is on the
order of hours and dynamic convection if not quite as fast is.only slaéghtly
slower, possibly on the order of days. Thus, with negliéible 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 Solar (Shortwave) Radiation

(a) Solar radiation reaching the surface of a water bodv experiences
reflection 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 light. The turbidity or optical mass of the water is a function of the

concentration of oréanic and inorganic matter present. In a body of water



Water Mas‘T Description of the Water Percent of Radiation absorbed in the layer
Type Mass
Oceanic Pld clear oceanic water 1n .ow
(clear) productivity areas (low lati .uo:le)71 -416.8 |7.2 (3 6 13.0f1.310.911.110.6]1.1
Oceanic Wedium productive oceanic
(normal) [water in low & medium 78.219.1 7.3 13.710.910.5(0.210.1} - -
latitudes
Oceanic Highly productive oceanic areas| )
(turbid) especially during plankton 84.4{8.1|4.7 2.0 |0.3}0.1} - - - -
bloom (tropical waters)
Coastal Medium productive coastal
(normal) |or shelf water 89.616.513.2 10.6 10.1 | - - - - -
Coastal Estuarian & coastal waters
(turbid) during intensive plankton bloom
or waters near the coast wtere95.114.0 10.9 - - - - - - -
sediment is brought up due to
wave action.
Lager Number 1 2 3 4 5 6 7 8 9 10
Layer Thicknesses in meters from: 0 ° 5.0110 | 20 | 30 | 40 {50 | 75 100
to : 2.515.0 10 20 t 30 40 50 75 } 100 }150

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

TABLE 2.11.1

2
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such as the Gulf of St. Lawrence the turbidity will probably differ from one
region to another since there are several sources of inorganic particulate
matter. Laevastu (Lab0) describes various water mass types and for these
gives 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 to give some estimate of the penetration depth of solar

radiation.

e

(v) The model does not allow the absorption of solar radiation to be
selective. To do so would require a detailed knowledge 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 derived 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 in turbidity and there are
three distinct areas, according to T. Platt of the Bedford Institue of
Oceanography (personel communication). Their individual characteristics
are the result of sediment inflow and the sea life present. Thé/thrée areas
are shown in Figure 2.11-1. A description of the area and the accompaning
absorptivities are shown in Table 2.11.3. Thé values correspond to Laevastu's
Coastal turbid and Coastal normal water mass regions, with values from
Area III lying halfway between the two. Rather thaﬁ use up computer storage
space to hold the different values for each ‘point, a scheme was devised
vhereby the absorptivities are chosen on the basis of the real depth of ,

water over any one point. The depth regimes in the Gulf correspond quite

well to the areas delineated in'Figure 2.11-1,

The selection of absorptivities is done in the main program using an
indicator matrix called LDMX, of which the last three numbers give the
grid point depth in metres. The absorption values are carried in to

subroutine "BEECH", where the value of SGW is found and thence to subroutine
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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 Es6.6. 0|
15.0 N 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
3 60.0 0.6 3.0
Percentage of solar radiation which is transmitted
through given depths of .certain solid substances,
TABLE 2.11.2
RO
Region |Description and ~“f-
Depth A bsorptivities (TAW}
, - C
I |Magdelan Shatlows | o5} 540009 0o | 0 o o | o
100m
11 Laurentian and
Esquiman Channel&“‘ 8961 .065.032{.006].001{ O 0 0
200m
111 Northern Shore of
the Gulf 100 200 .9341.053 .01% .001} 0 0 0 0
Layer Number 8 7 6 5 4 3 2 1
Layer Thickness (TAH)in | ;551550 | 500 |1000]1000[2000]3000}4000
centimeters -

Absorptivities of Solar Radiation used for various regions of the Gulf

of St.
TABLE

Lawrence.

2.11.3




_REGIONS OF IDENTICAL ABSORPTIVITIES
OF SOLAR RADIATION :

FIGURE 2-11- |
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"TEAK" where the heat is distributed amongst the layers. The procedure used
is shown in FLOW CHART 2-11. 5

In the case of an ice or snow surface no penetration is allowed; all
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
all radiation at the surface will be to make values of RLU, QE and QS too
large, but possibly more important it will not a}low the water below the

ice to warm as the radiation penetrates.

(c) In light of the variability of absorption in different aress of the
Gulf of St. Lawrence, tests were carried out to check the effect of different
absorptivities on a grid point. The two indicators used to compare the
results are:

(1) Date upon which ice forms (no advectipn is included)

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

The tests were carried out using radiosonde and surface data from Sept Isles
Quebec (72811) for the years 1967 and 1968. The water body was eight layers
thick, or 120 metres, and all other processes were kept constant. The @
resultant freezing dates are shown in Table 2.11.kL along with the absorpti-
vities used, and the graphs of heat content versus time appear in Figure
2.11-2. Rather than use a smaller range of absorptivities as seen in
Table 2.11.3, a ‘wide range was 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 wide choice of
absorptivities with negligible error. The graphs of heat content would
indicate that, in the case of largest penetration depth, there is more
heat given off at later dates which will slightly affect the atmospheric
heat budget. '

,

2.12 Dynamic Convection (turbulent mixing)

(a) Dynamic convection is & turbulent process caused by the stresses set

up in the water body as wind blows across the surface. The resultant

A
A

Loy
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INCORPORATION OF SHORT WAVE RADIATION -

INTO WATER BODY
FLOW CHART 2-11 R

solate depth for the]

grid point ’
,
MAIN
{Apply depth criterion PROGRAM
Y

K-hoose absorptivitics
for the grid point

Certain non-related

] intermediate steps
_______ F_._...___———.—_..—-——_
Find the value of short
wave radiation after
albedo for a water surface IN BEECH
SGW=SGA*(I-WATALB)
*{1-AEIS)

Certain non-related

<\
14 r intermediate steps
_______ o e e e -
Set anitial parameters
5X=0 IN TEAK
L=NLT#+I

% 1
Find amount of radiation
bsorbed 3n a given layer )
SY=SGW*TAW (M)
nd subtotal this amount
SX=5X+5Y

L4 .

Adjust the temperature
for layer M
GT (M)=GT{M)+5Y /{(TAH(M]
*DEN)
<NLW
< M
=N
<N [Put remaining unused
energy in the bottom
layer (L-NLW)=J
GT{J)=GT (J)+SGW-5X)
TAH({J)*DEN
=NLT A\ () )

Go on to calculate energy
Budget of water body.
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HEAT CONTENT OF A WATER COLUMN VERSUS TIME
FOR DIFFERENT ABSORPTIVITIES OF SOLAR RADIATION
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HEAT CONTENT IN KCAL CM™2
N
Q

o

1.4‘LllllljlllALj_llllx|1l|1lllljl

0 5 10 15 20 25 30
TIME IN WEEKS BEGINNING JUNE | 1967

FIGURE 2:11-2

Freeze-up

Test No. Absorptivities Date
1 999f001f o | o J o | o | o) o |ran12/68 day
2 .714].0681.072].066].030].022[.011].017|Jan 13/68 day
3 . ;934 .053]1.012].0011 O 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




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 i1s stably stratified in its density

structure.

In a stably stratified fluid the regimes of turbulent and non-turbulent
motion are separated by .a sharp interf&ce, which is gradually broken down
as entrainment of non-~turbulent water takes place. In this 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 & mixed layer of water forms. It is this mixed layer which
creates a heat storage facility in the water body. Finally, the depth of
the mixed layer is dependent upon two things: First the amount of negative
buoyancy force available for mixing and, second, the magnitude of the
buoyancy forces that must be overcome. The amount of negative buoyancy
force is a function of the wind 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.l
s Thé simuiabion ol dyuaulc conveciion considers voul uviie turbulent
energy made available to the water and the stability structure. The latter
however, does not consider the density explicitly as in fact the-temperature

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

The scheme used is derived from empirically derived qurves of the
Royal Navy (Anon 68). These curves were derived from three years of
observations at the weather ships 4YI and UYJ in the Northeast Atlantic
ocean. Two sets of curves are used, the first set shown in Figure 2.12-1
relates the wind force and duration of that wind 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 water, Figure 2.12-2. These curves relate thé wind mixing
factor and the buoyancy forces to give the depth to which the mixed layerwf

’

will extend.
t

As mentioned before, the salinity is not explicitly accounted for and
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must ge considered a constant throughout. In the case of the Gulf of St.
Lavrence, tﬁe salinity of .ihe water is assumed known for all points and thus
could be considered if an adequate scheme were available to do so. As the
salinity is not known for the water near the shipg'where the observational
data were 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 reglon of LYI and 4YJ is neutral, or if

it is more saline at the surface than below, these curves will overestimate
the mixed depth. If, on the other hand, the structure is more saline below
and less saline above than is the Gulf, these curves will underestimate

the mixed depth. As the Gulf has large sources of fresh water flowing into
it,~and more saline Atlantic water below, the former conditon will probably

v

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 necessitated the redrawing
of the curves in Figure 2.12-2. These new curves appear in Figure 2.12-3,
where only the 12- and 24-hour curves are important as these times are mul-
tiples of the time step used. Thesestwo new curves resulted in four
equations which 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

N,

curves which were given equations of best fit and these equations are ™ -

found in subroutine "LINDEN".

The major difficulty in implementing the Royal Navy scheme was 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 from a more to a less stable condition
will 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 is
dissipated if a given thermal discontinuity magnitude exists. This then

allows the use of the following scheme. Given any two layers of water,

i
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there is a TDM value and this in conjunction with subroutine "LINDEN" will
give a value for the mixed depth (DWZ). Now, to find the amount of energy
lost in mixing the water for which TDM has been measured, the thickness of
that layer is divided by DWZ to give a fraction of the total energy used.
This is illustrated in figure 2.12-4 and the FLOW)CHART 2-12 will also

assist in understanding thg procedure used. o

(c) 1In order to 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 evaluations. The method used was to calculate?:,
the mixed depth DW in the norﬁ;l manner and then multiply this figure by
different factors. The results which were checked were 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

water body versus time appear in Figure 2.12-5,

The results show that the hegt sioragg in the water‘body reacts
strongly with the calculated mixed depth, and as a result so do the freezing
dates. The freezing dates show, however, that if the present scheme is
an overectimate nf reality it creates lecs error than if it ic on under-
estimate. In terms of salinity enhancement Table 2.12.1 may be interpreted
as follows. If the multiplicative factor 1 assumes some salig}ty profile
then the factor 2 shows the effect of a more isohaline structure and hence
less stability. The multiplicative factors less than 1 showlphe effect of
a more stable salinity structure than that which hag been assumed. These
possible errors must be considered when the results are evalusted, if it is at

all possible to isolate their effect.

2.13 Thermohaline Convection

(a) Thermohsaline convection is simply the reaction of the water to an
unstable density gradient. It can be triggered in two ways (i) the surface
water becomes colder and hence more dense (in sea water with Salinity >
24.7%/00) and (ii) the surface water becomes more saline. This is true of

lover layers as well and, of course, any combination of (i) and (ii) nay

’
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THE DYNAMIC CONVECTION PROCESS

enter FIR

Calculate the wind mixing
factor using present wind
(WMF1)

\!

Calculate the wind mixing
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Y
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Y
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> !

\
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FLOW CHART 2-12
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HEAT CONTENT OF A WATER COLUMN VERSUS TIME
FOR VARYING MIXING DEPTH FACTORS
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NO, FACTOR
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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
air begins to pass over the water, reducing the heat storage there. An
increase in salinity readily occurs when ice forms or the water, dropping
out brine into the 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.

(v) This process is easily simulated given 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 occurs. Only surface cooling and salinity increase due to ice formation
are considered in thqiﬁrogram. Precipitation and evaporation are considered
to be too small to affect the system significantly. This is easily seen if

a centimeter of water is evaporated and that water's original salinity is
30.000/00, then the top layer of water in the model, being 250 cm, undergoes
a salinity increase of 0.030/00. When these salinities are initially put
into the model they are accurate to only’ Q.lﬁo/oo, so the increa§e of
G,GSO/UU 1s velow Lhe silldwavle error. fhé process takes place in suoroutine

"OAK" .

2.14 Ice Formation and Build-up

(a) The constant removal of heat from the water body experienced in the
fall months eventually results in the dépletion of available heat for
surface layer warming. At some point the heat supply becomes insufficient
to keep the water open and tpe result is the formation of,an ice sheet.
After ice forms, heat is conducted throggh it causing more ice to form on
the underside of the existing sheet. With the onset of warmer spring
weather the ice will melt from above and eventually disappear. During the
winter, heat may have been trapped 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 cguses the heat -to rise and thus melts

-

-
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the ice from below. In these ways the ice will form, grow and decay.

(b} All these processes are allowed for in the model. The initial‘forma—
tion of ice takes place in subroutine "ASH". This roitine is called when the
temperature of open ;ater falls below its freezing point. Then the heat
deficit which must be made up to restare the temperature to its freezing point
gives a measure of the ice formed ové; open vater. A small section in
“BEECH" is responsible for finding the melting of ice from below, or the
formation below, and subroutine "CEBAR" calculates the meltihg from above.
A1l these increases or decreases in ice volume are then put into subroutine
"PINE" which distributes 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 ice added to the existing layer

EISD - is the ice 1gst due to melting from below
and EISM - is the ice lost éﬁe to melting from above.
Next EISN is divided by the thickness of the existing ice (EIS) to give an
increment to the ice area. Then EISTI, EISD and EISM are summed algebraically
and edded to the total ice thickness divided by the new areas of ice, AEIS.
This may also be seen-in FLOW CHART 2-1b.

The formulae used to calculate EISN, EISTI, EIS§~and EISM are as

follows:
EISN = - HEAT/(ELAT*DENE) 2.14(1)
EISTI = - HTL/(ELAT#DENE) 2.14(2)
/ EISD = - RESHT/(ELAT*DENE) 2.14(3)
and EISM = THAW/(ELAT+DENE) . 2.14(%)

where ELAT is the latent heat of fusion for ice (taken as 80 cal gmﬁl)
DENE is the density of sea ice (taken as 0.912 gm em ) .

This particular system preserves the ice volume and, further, it allows

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

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

at no less than a standhrdu%pickness. This thickness is called CRITH and

for the program is set at 4.0 cm. Thus, no ice can exigt’with a thicknegs

of less than this value. The methods outlined here wvere formulated while
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. : CALCULATION OF THE FORMATION, GROWTH
AND MELTING OF ICE
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Mclt the srow which exists
BSN=SSN4THAW/(§0. *DINSS)
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doing tests on a single grid point with no ice advection.

2.15 Ice Salinity and Brine Mig;atién

(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 migrate through the ice layer and some of
them fall out at the bottom of the ice sheet. The amount of salt remaining
in the ice ishdependent 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 all
drop out at the same time but do so over a period of time. The mechanics

of this migration is well outtiged in Pounder (Po65).
4 —

(v} As with other parameteré which determine the structure of the ice,

the inclusion of the salt results in many complexities. Greater than any
other, from a practicaf~péint of view, is the computer space required to
store the values of these many parameters. Thus brine migrgtion 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 all ice which is formed

ro /.~ A Y. . - .
PR VIV viidy LT avelage 1l buliliavy

from seo v
is carried between time steps,so that ice that forms from melting snow tends
to lower this salinity. Further, all the salt in the water other than

this S?/oo 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.

“a

2.16 Flooding of Ice and the Resultant Snow Ice .

(a) When the weight of the snow cover lying on the ice becomes sufficient
the ice surface becomes submerged. The resultant flooding causes the snow
and sea water to mix and form a-layer of snov ice above the existing ice

-

layer. -

—

(b) The simulation of this process is 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 mass~of this total layer which remains above -
water is calculated, (SRAW). The ‘snow ice layer formed is then the differ-
ence between the thickness of snow in equivalent ice density (SSE), less
SRAW.

Thus, STIE = SSE - SRAW 2.16(1)

«*

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

2.17 The Horizontal Processes

(a) Possibly the most important horizontal process in an area such as the
Gulf of St. Lawrence i1s the water movement due to the currents. These
currents transport heat and salt and ice when it is presenfl There are
several publications which deal with currents in 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 Fhe River and estufary 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 1s not good between them\in the eastern portions of the Gulf,

north of the Leurentian Channel, where the currents may be completely
opposite in 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 Shallows or Northern shore of the Gulf, as thé latter have not
been calculated there. Variability of current speeds, where they correspond
in direction, is not too large but on the order of 25%. The other areas are
not really comparable. The currents shown by Trites have two advantages over
those of El Sabh. First, they are formed using observations and, secondly,

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

Subsurface current data are much more limited and are usualli confined
{ .
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to such aregs as the Cabot Strait, Belle Isle Strait and the estuary. To
the author's knowledge no detailed picture of the subsurface current pattern
of the Gulf akrea 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 constrained by the lack of information on their vertical profiles.

(v) 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.

One ‘essential process which can be included is ice advection, as this
requires 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. This assumption is probably erroneous, but is the best

available. ¢

The effects of both wind and currents on the drift of ice are used
to advect that ice in subroutine "WILLOW". The wind is used to drift the
ice at 2% of the wind speed and in the direction of thé isobars, after
Zubow (Zub3). The ice also drifts with the current at its own speed. No
provision is made for the déflection of the ice from geographical barriers
due to the deflection of the wind. 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~distinct ice edge may not be
represented as such. If an ice edge moves 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 suffer from spurious ice advection. To
overcome this a criterion is introduced which does 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 is due; though the ice 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 Summary

The processes considered have now been outlined and discussed. The
enti}e 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 (Mo73) are placed at the head of this flow chart to
derive all the meteorological parameters used in the subroutines shown in
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 (Mo73). An appendix (B) has also been
included, containing all the present author's subroutines for the calcu-
lation of the surface energy budge?{and the water processes that respond

8

to 1it.
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A SKETCH Z)F THE MODEL AS A WHOLE

FLOW CHART 2-18

alcufate all atmospheric
parameters

Calculate the short wave

radiation reaching the

ground before reflection
(SGA), in ELM

v

Calculate the long wave radiation from
the atmosphere (DFL), 1n DOGWUD

N\

Calculate the depth of water at the point
and find the absorptivities for solar

radiation  (TAW)

:0 This process
is done for
= AEIS each water or
ice grid point
>0
v Find snowfall for the
peint (SN}, 1n SPRUCE
v
Find the albedo of the snow]
or ice at the point (ALB) J
, in LARCH
- .
> !
\’/

alculate the short wave radiation ab-

sorbed at the surface after albedo has
een accounted for (SGN and SGI), 1n
BEECH .

>0
< <& AEl

Calculate the heat budget
for a water surface (TEAK

v

Test for freczing, if s0
calculate HZAT.in ASH

> ’}

Calculate heat budget over
ice or snow surface ASPEN
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FLOW CHART 2-18 {(cont.)

calculate the albedo in LARCH and henc

Test for meltaing and if this cxists re-
SGI. Also calculate THAW in CEDAR

v

Y

‘{_j [Do water surface budget TEAK)

Check for freczing of water and
if it exists calculate HEAT in ASH

Y

Check for the flooding of the ice
surface in CYPRES

- <<
v
M hatrahnte rantrahotinne tn the |
ice field in PINE J .

W hen all water or ice points have experienced
the above, go on,

[ Do the 1ice advection in WILLO\!](‘

! -

Go on to next time step.

FLOW CHART 2-18 (cont.)
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CHAPTER 3 : .

THE INITTALIZATION AND RUNNING OF THE MODEL .

-
“

3.1 Initialization of the Gria

The grid chosgnconsistsof 550 points with dimensions 22(E-W) by
25(N-S), the orientation 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 tries.to
allow for the geographical location of the narrow straits and passages in
the region. The grid point;lare identified by a matrix ITDM, shown in

Figure 3.1-2, where the numbers on the grid represent

-

0 land points

1 water points with no ice ,

2 water points with ice

5 boundary points around the water
and + 6 1island points.

The dimension of each grid square is 37 km by 37 km for a total area of
17347 square kilometers. The values of all necessary meteorological para-
meters which come from Morin's model ex1st 1or l{ levels in the verticai

for each of the 550 points.

3.2 Initialization 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 is_simply
a method of storing the data. There are eight possible water layers at
each of these 167 points. The thickness of each of these layers is shown in
table 3.2.1, where the maximum possible depth that a point may reach is
120 meters, This figure was chosen as the lowest level of seasonel change,
based on Coombs (Co62) estimate of 100 m and Lauzier's (La57) estimate of
120-145 m. Not all points have depths as great as 120 m and therefore a
matrix is specified to indicate the real number of layers a point requires
to represent it's depth. Also, the real depth of all points is required

for the short wave absorptivity criteria mentioned in section 2.11. These
¢
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Layer Number

Depth of the top surf-
ace of the layer incm

Depth of the bottom str-
face of the layer in cm

Thickness of the
layer in cm

0 (surface)
250

500

1000

2000
3000

‘30"0 0

8000

250
500
1000
2000
3000
5000

8000
12000

250
250
) 500
1000
1000
2000

3000.
4000

Layer Numbers, Depths and Thicknesses

. TABLE 3.,2.1 f

W

-
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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 choseg
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 values of LDMX are sﬁ&wn 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
using the data from the cruise of CNAV "Sackville" where measurements were
taken throughout the Gulf area from November to 18th to 28th of £97l. The
positions at which measurements were taken ;re 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) f 7
and plotted on maps of the Gulf area. Isolines of temperature and salinity

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

Finally, the currents used in ice advection were resolved and assigned
as components of velocity at each grid point. The currents of Trites (Tr70)
vere 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-k.

The components are for the grid and do correspond to the north-south geo-
graphical directions. These currents were held constant for the duration of

the experiment.

3.3 Initialization for the Atmospheric Model

Morin's (MoT3) subroutines use synoptic surface and radiosonde data
for 0000Z and 1200Z. The data used were from the stations listed in Table
3.3.1. All these stations need not report for Morin's programs to function.
The map of Figure 3.3-1 shows the distribution of these stations around the

Gulf of St. Lawrence. For further information on the initialization of

Morin's atmospheric model, his paper should be consulted.

3.4  Running of the Model

The completé model proved to be extremely large in terms of computer
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- o _LETTER STATION

NAME OF STATION IDENTIFIER TYPE
Churchill Falls, Labrador UM Surface Synoptic
Goose Bay, Labrador YR Radiosonde
Blanc Sablon, Québec BX Surface Synoptic
St. Anthony, Newfoundland AY Surface Synoptidg
Wabush Lake, Labrador WK Surface Syndpttc
Lake Eon, Québec EO -Surface Synoptic
Harrington Harbour, Québec HR Surface Synoptic
Daniel's Harbour, Newfoundland DH Surface Synoptic
’eer Lake, Newfoundland DF Surface Synoptic
Natashquan, Québec NA Surface Synoptic
Sept Isles, Québec v Radiosonde
Port Menier, Québec PN Surface Synoptic
Stephenwville, Newfoundland JT Radiosonde
Burgeo, Newfoundland BD Surface Synoptic
Port aux- Basques, Newfoundland ZB Surface Synoptic
Fox Rive-rn,“ Québec FQ Surface Synoptic
Baie Comeau, Québec BC Surface Synoptic
Mont Jol1, Québec YY Surface Synnt.nr
Charlo, New Brunswick CL Surface Synoptic
Miscoe Island, New Brunswick MC Surface Synoptic
Grindstone, Magdelan Islands GR Surface Synoptic
Sydney, Nova Scotia QY Surface Synoptic
Charlottetown, Prince Edward Is, YG Surface Syno{:tic
Summerside, Prince Edward Is, Su Surface Synoptic
Chatham, New Brunswick CH Surface Synoptic
Caribou, Maine, U,S, of A, CAR Radiosonde
Fredricton, New Brunswick FC Surface Synoptic'
Moncton, New I:!runswxck QM Surface Synoptic
Truro, Nova Sé:(;;tia TQ Surface Synoptic
Copper Lake, Nova Scotia vw Surface Synoptic
Canso, Nova Scotia oQ Surface Synoptic
Sable Island » SA Radiosonde

Meteorological Observing Stations used 1n Morin's Air Mass Trans -

formation Model

TABLE 3.3.1
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SOME OF THE. METEOROLOGICAL OBSERVING STATIONS -
' USED FOR ATMOSPHERIC DATA :

FIGURE 3:3-1 -



core space required, namely hOOk bytes. The running times also proved to
be quite long, namely on the order of 30 minutes for each week of data
processed. This precluded ahy long-period run of this model. Thus it was
only possible to do calculatbns for the period Noyember 18, 1971 to
February 02, 1972. It is unfortunate that the spring period of melting ice
could ?ot be observed. The brief running period did, however, show, some

very interesting results.

3.5 Constant Values Used for the Water and Ice-s

Constants used in the model may be found in Table 3.5.1 along with
; - -
their values.
X

One further point must be made about the design of the model. There
are no external sources of ice, though a sipk of ice was allowed by
permitting ice export through Cabot Strait. The lack of ice sources will
probably cause difficulties ip the St. Lawrence River and esturary where it
is well known that ice drifts down the river to cover darge areas of the

. region belov a Baie Comeau -Mont Joli line.

,,
e

“&y



SYMBOL

DESCRIPTION VALUE UNITS
TIMUTS Time units of one time 42,300 | Seconds
‘ step ’
TIMFAC For Copversxon from 1. Pure Number
integer
CISF Ratio of ice drift speed 1. Pure Number
to the current speed
WISF Ratio of ice drift speed 02 Pure Number
to the wind speed
CONE Therm'al conductivity 19.8 Cal cmi l,K-lhfl
of ice ;
CONS Thermal conductivity 1.8 Cal Cm—lK-lhr—l
of snow
DENSS Density of all snow made 2 Gm n_3
by the model . o
DENE 1I‘?ensxty af all 1ce result- 918 Gm cm”
rom sea water
SLAT Latent Heat for melting 80 - | ca1 gm_l
snow
ELAT Latent Heat for melting 80 Cal gm'l
ice
CRITH Critical thickness for all
1ce tormed by ireezing 4 Cm
over open water
EISSAL Salinity of all ice made o
¢ 5 /oo .
rom sea water
TOPL Thickness of the top lay- 250 Cm
er of water ¢
WATALB The albedo for the water .095 Pure Number
SUE

Time Step for all budget
Calculations

12

Hours

Constants used 1n the model

TABLE 3.5.1
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CHAPTER 4
ANALYSIS AND RESULTS

“h.a The present chapter contains the results of the one computer run which
was made.using the watert body model described in Chapter 2. The water body
was forced by the surface energy budget which in turn used Morin's atmospheric
model for many of it's calculations, At all points throughout this discugsion
attempts will be made to explain any discrepencies which occur when computer
fields are compared to real fieldg. The real fields in this chapter consist
of the ice maps as analyzed by the Ice Forecasting Central in Ottawa. These
real fields, ag shown with geographical names in Figure 4.1-1 , are compared
to fields produced by the computer. To ensure no subjeétive input into the
results of the model, no attempt has been made to interpret the computer
results in terms of real geography. To alleviate confusion, a map showing
how the geographical features of the Gulf of St. Lawrence appear on a
computer produced m§£: E oyﬁféhre 4.1-2. Where some pointgare referenced
by number the reader should refer to Figure U4.1-3 for their respective
locations.

3]

4,2 The Areal Extent of the Ice Cover

In this section the ice 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

in section 4.3,

The first ice map showing real ice coverage is for December 23, 1971.
This map shows ice in the western tip of the Bay of Chaleur and in the
Northumberland Strait, as well as patches of new ice along the Northern
Shore of the Gulf. Also, there is ice covering most of the St. Lawrenge
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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ACTUAL MAP OF THE GULF OF ST. LAWRENCE
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ice map exists in December 31, 1971, as shown in Figure L.2-1(a}, which

is compared to the ice produced by the model as shown by Figure L.2-1(b).
In these two maps the ice area seems to be faithfully represented by the
model at the western end of the Bay of Chaleur, the Northumberland Strait
and over most of the Magdelan Shallows. There is some discrep@ncy in the
Magdelan Shallows area, which is aftributable to the size of the grid
squares used in the model, making the open area northwest of Prince Edward
Island impossible to resolve. More major discrep@ncies exist elsewhere,

however.

One of the most obvious discrepencies is in the area of th; St. Lawrence
River and its esturary. The condition imposed upon the model (Chapter 3),
that no external source of ice should exist, is tHe 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 this reasoning is
plausible, calculations may be made on the winds and currents during the
period Dec. 23 to 31, 197T1. This was done, assuming that the currents used
in the model itself were representative bf tig real currents in the area.
The result was that the ice would drift a toéal of 240 kilometers durine this
8 day period. If this had been done in the model, the ice cover produced
by it would have agreed very well with the real ice cover. This would seem

to indicate that the St. Lawrence Riy€r itself is a fairly largé source of

'ige during the early weeks of the 1lce season.

¥

The second most obvious area of discrepaency is along the Northern Shore
of the Gulf. As shown in the real ice map this ice appears to form in a very
narrow band quite close to the shore and then broaden out as some of it
drifts southward. In actual fact the ice here probably forms in shallow water.
This shallow water ice formation does occur in the model to a cert;in 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 is that the
grid point srea must represent a topographical region which is both very

shallow and very deep due to the steepness of the bottom in this location
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REAL ICE AREA MAP FOR DEC 3y/71 “
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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, which could cause computer memory storage problems. The second is
subjectively .,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 well. It occurs on
the eastern tip of Anticosti and to a certain extent at the eastern tip of
The Gaspé peninsula to the north of the mouth of the Bay of Chaleur. This
latter area probably suffers from other problems as well, especially right
in the mouth of the Bay of Chaleur. The deéth of the water at the grid point
in the mouth of the Bay of Chaleur is quite representative of the real depth
in this area. Another reason must therefore be sought for the discrepency

L

in this area.

Examining the grid system in the area of the Bay of Chaleur it may be
noted that the slight "V" shape which actually exists here is overemphasizéd
op the grid. In reality any westerly flow which does not have too large
rly Cowmpuneui willi push ice eastward out of the Bay. This is not the
case in the 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 ice free area in the model where none really exists.

Finally, the last area of discrepency for the period Dec 23 to Dec 31st
is seen over the Magdelan Islands where there is a large area covered by
ice in reality but not in the model. The simple,reéson for this is that
the grid near the Magdelan Islands was made a non-water ﬁoint. Ir i% had
been made a water point, it would have proved to.be much more shallow than

the points around it which could easily have caused it-to freeze on time.

) The next pair of ice maps are for January 6, 19}2, (Figures k.2-2(a),
(b)). This pair of maps shows sinilar discrepencies to the maps of Dec 31,

1971, except now ice is beginning to form near the Baie Comeau - Mont Joli

by

-
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region of the river. This would seem to indicate that even if ice did not
advect down the river, this area woulé become ice covered by forming its
own ice. Thus lack of downriver advection simply delays the time of ice
coverage. Note also the over extensive ice 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 ice cover nearby. As
mentioned in section 2.17, these ice edge extensions are not easily shown

with the grid resolution shown here.

-

Just as before the Gaspé - Bay of Chaleur area is void of ice on

the computed map, but now a new reason comes in to play. Ice whiéﬁ has already
been advected downriver by Dec 31, 1971 on the actual maps would be carried L
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 asppear in Figures L.2-3(a), (b) and are
to be used in conjunction with those of January 14, 1972, Figures hL.2-k

o\ f+ ™o PR N 4 - 2Aana -4 1 PR ) - A e -
\n[, LV /s 4ilTDODC UNU LIlALl LD L 1iuUud vl diut LT LTIV wCanuuTtoo v

£ the simple
"two-tenths" criterion. Prior to January 10 there is a predominantly
northerly flow of air which causes the ice which exists along the Northern
Shore of the Gulf to drift southward. This 1s quite adequately shown by the
map for the 10th, made by the computer program. During the period Jan 10

to Jan 1h however this air flow changes to become predominantly southerly.
In the real map for Jan 1h the ice edge is seen to retreat northward quite

a substantial distance. This is not the case in the ice field made by the
model. Much of the most southerly ice in this area is less than two tenths
in grid square area and so, of course, cannot move. This saﬁe phenomen;nmay
occur at the southern ice edge of the Magdelan Shallows, where a southerly
wind extends the ice fielﬁ northward, but a return to northerly flow does
not reduce the areal extent. lIn 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,

»
1. o
My
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REAL {CE AREA MAP FOR JAN. 14/72
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27 and 28 show increases, primarily due to advection. -~

PN

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 reversal 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 L4.3-1{(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 maps show little if any discontinuity
between adjoining areas. The discontinuous nature of the computer produced
field must surely lie in the method of ice increment distribution. That is
the problem must be in subroutine "PINE" and in particular is probably the
manner in which the ice formed d@z% 6péh~ygter is incorporated into the field
as described in section 2.1h. The .method 1§ effect adds any new ice formed
to the ex&sting ice, preserving the exis®dng ice thickness. Thus for Fimilar
atmospheric and open water conditions, theg ;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 method 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 of open water.

An additional effect of so much open water is probably an overestimate
of the total ice volume in the Gulf of St. Lawrence. This will be fnvesti-
gated in section L.5.

h e ¥ fad

L.4  The Formation, Import and Export of Ice from Grid Points

*

An analysis is done in this section to determine the formation, import
and export qualltles of the grid points. It is t@;s/type of an§1y51s which

can only be made on a high resolution model with specific grld»areas. The !

.
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\

. analysis was carried out for the period Dec 23, 1971 to January 18, 1972
which has been broken into several smaller pericds. Each pericd has three
maps, where map- (a) contains the ice formed at each grid point, map (b)
the volume éxisting at each point at the end of the period and map (c)

the ice imported (#*) or exported (=) by each point.:

The first of these perieds is from Dec 23,to Dec 31 of 1971, Figures
h.4-1(a), (b}, (c}. At the &hd of this period there are 34 points at

which ice exists. Of these 34 points there are 12 which melt the ice lotated
over them. These melting points reduce the total ice volume formed by 3.2%.
More important than the melting points is the fact that 5 of the 3hipoints
produce 60% of all the ice ﬁ%ich exists.’ Thus many other points which have
ice receive it by advection from the 5 néﬁor ice forming points. Also worthy
of note is the fact that the se¥en points in the Northumberland Strait
(points 161-167) form 34% of all ice, but at the end of the period these

same points account for 44% of the total ice volume. Thus, even though this
area is a large ice producer it is a relative iée sink by virtue of its ‘
net impo;f. Now, if only poinés external to the Northumberland Strait are
considered then 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

¢learly on the ice import-é&port map as the chief exporters of 1ce.

-

The next map series is from Dec 31, 1971 to January 6, 1972; Figures
L.4-2(a), (b}, (c). On these maps the same five pointé’now produce only
3é% of all the ice in the Gulf, while the Northumberland Strait points hawe
dropped to 16%. The Northumberland Strait does, however, contain 32% of
8ll ice existing on January 6 and thus its import increases though its -

production goes down.
. 5

If to the five above mentionedpoints are added five more points, (100,
34, 35, 27 and 158). then out of a total of 67 points where ice exists on
- Jan 6th these 10 points are responsible for “T0% of all ice production.
Further, if the’ Northumberland Strait is again neglected; these points
> represent 83% of all Gulf Ice production. Again looking at the import-expoft

charts these 10 points prove to be the major ice exporters in the Gulf,

3
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Finally, the whole period iéiconéidered in the maps of Figures h.hl3
(a), (v), (c)/, for Dec 23, 1971 to Jan 18, }97é. In Table 4.4.1 are the
results for 16 major points in the Gulf out of the 126 at which ice exists.
These points produce 66% of all the existing ice in the Gulf. The total
amount of ice éxported by all exportiqg/points is 50% of all the ice existing
in the Gulf. of this export 94% coméds: from these 16 points. Thus, less than
20% of the Gulf area produces 66% of ‘all existing ice and 50% of all existing

ice coverage is by virtue of the export from these points.

There are certain general characteristics which these 16 points share.
They are nearly always shallow points. They are nearly always found on the
lee shores and are considered shore points. This means that they form ice
earliest and export it rapidly with the favourable off shore winds. These _
results are not new, but the relative magnitudes of ice produced must -

certainly be of importance and interest.

C. . . : . %
Bearing in mind the errors discussed 1n the previous sections, the

quantative values from this model are probably not totally correct, but

- qualitatively speaking the results should be valid. These points should

exist in reality and their relative effects should be reasonable. The
vercentages would be lawer if the edvection freom the St, Lowronce river wers
accounted for, but this does not negate the effects at the 16 points but

only emphasizes the additional importance of the St. Lawrence input.

+

These results suggest possibilitjes for simpler models which could be
[’i

. run for only shore points and include advection. This would alldw works

u'sucﬁ as Coombs (Co62) to be of additional value. Such a model would be

good for “calculations of.the early present of ice. Further tests.run with
the hfgh resolution model described in this text could help to evaluate the
real importance of these ice producing shore points. o

)

L.5 The Volume of Ice in the Gulf of St. Lawrence

v

The area of the Gulf of St. Lawrence is not truly represented on the

gridtpoint map due to the highly irregular’ shape of the geographical region.

’ -
Thus, rather than compare the actual volumes of ice an.average t@lckness

is used. The average thickness galculétion is done in the following manner.
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_Point No, Percent of in s1ilu Percent of in situ Percent of total ice
- ice formation in ice formed at point export from all
the gulf which is exported exporting points

2 2.7 80 4.5
25 S 6.4 81 10.8
27 4.2 57 4.9
34 5.5 84 9.5
35 2.8 4] 2.3
36 4.2 58 5.1
47 1.7 65 2.3
87 2.6 46 2.5
88 3.2 49 3.3
" 100 5.6 62 7.3
o 1.5 55 1.8

127 4.9 56 5.7 \
129 3 3.6 89 6.6
141 . 8.9 93 17.4
151 4.9 71 7.2
158 3.0 42 N 2.6

Break down of the contributions to ice production and expart of the more

o

- important grid points

TABLE 4.4.1

6L
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The actual ice v e is calculated for the real ice field and that of the
model which is thivided by the area over which some ice exists. Thig
area must not be confused with the actual ice area but rather it is a
summation of grid areas where any amount of ice e§}$ts. This then will
serve to normalize the thickness values and make them comparable. It is
also most useful to pick a day when the ice edge pattern of both the real
and modelled ice fields are ;imilar. Such a day is February 2, 1972, as

seen in Figures 4.3-1(a), (b).

Before going on to the results of the calculation it is wérthy of note
that the volume of the real ice field as shown in thé ice charts eannot
be calculated exactly. Some interpretation of icg thickness must be carried
out and only the maximum and minumum ice volume are readily calculated.
From Figure 4.5-1(a) it may be seen that each ice area has a four figure
group attached to it. These numbers represent certain ice types with certain

thickness ranges associated with theﬁi For any four digit group, say "ABCD" -

the interpretative <data is shown in Table 4.5.1. If any type of ice is

not present a slash is put in its place.

As seen in Table .L.5.1 for ice type "A" there exists a wide range of
thickness values. The author assumed that type "A" thiok icc would protably

not exist except in areas vwhere ice piles up along'éﬁorelines. The resolution

of the model does not allow for such cases of pile-up and they are not shown’

“'on ice maps produced by Ice Central. Therefore this type of Ice was -

neglected.

-

The average thickness of ice for the model is quite easily calculated
from the computer outﬁut, while«;helreal ice map required many area calcula-
tions. The results of the calculations for the real icé field are shcw; ‘
in Table 4.5.2 which also shows the thickness, used to represent the different
ice types. The vﬁlue of average thickness found in‘the model f;e field
was 3k.3 centlmeters. From the result® shown in Table 4.5.2 ft is quite
obvious that this fits qplte Well into the range of possible values. It is
somewhat larger than the average value of 29.2 cm for the real field. In

the case ¢of the real field, not all thé ice which exlsts cane from the

same grid area as 1n the model as the St. Lawrence Rlver‘supplles some 1ce

’



e
ICE \J \N'/ THICKNESS
TYPE ESCRIPTIO RANGE
Thick > 120 cm
A Farst Year Medium 70 - \120 cm
Thin 30 - 70 cm
B Grey - White 15 - 30 cm
s
C Grey 10 - 15 cm
D 5 -~ 10 cm

Nilas or new ice

Interpretative Tables for Department of Environment

Ice Charts

TABLE 4,5.1

Thicknesses used for the calculation

Average

N B c D T Thl’ckness'
120 30 15 i0 44,58 (max.)
30 15 10 5 15. 88 (min.)
70 22.5 o l2.5 7.5 29.21 (avge)

Thickness used fot each type of 1ce and the average thick-
ness derived therefrom for the Feb. 2, 1972'ice field.

&

TABLE 4.5.2

g
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in the early gtages, as has been shown above., This would have a tendency

to lower the maximum and minimum limits if this ice were removed from
conéideration.‘ No really definite statement can be made ¢n the numbers
calculated, though one/ may generalize and say that the model tends to form
ice close to the upper pos’sible limit. In this case it may form more ice

than is really produced.

More conclusive results on the details of these ice volume calculations
must await a better method of estimating real ice volumes and the design of
{niciiel;}dth more of the refiflements rr{enjc.iongd previously.

RN . :

g : .4
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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-ice areas were quite pood and

_improved with time as the Gulf area became more ice—bound. The initial

condition which qid not allow the advection of ice down the St. Lawrence
4 4

River created an erroneous non-ice field in this area. It did, however,
serve to show that this advection is an important procéss in making up the
Gulf's ice field. It further showed that even if this advection could be

stopped the area would sxmply become ice bound at a later date due to
&
insitu 'ice formation.’ lon-presence of ice along the northern shore of the

Gulf of St. Lawrence resulted from the water—-depth initiaelization in this

~ A mem m_,. o2 .3 iy .. ey . S ' ~
O Gllh. 4 1 A Al UMAO Gl A WAD LTIILE Luwdi i Clue 113C

ﬂl

problem itself is inherent ip the resolution of the model. The fact that

such a problem exists ‘is indicative of the importance of shallow water

along this shorae. ' ' 5 ‘

b}
o

The inability of & grid point model to define the ike edge for areas
smaller than one' grid length is another inherent problem of this type of
model. The author attempted to resolve this difficulty with the "two

tenths criterion'. In an area such as the Gulf df St. wrence which has,

in general a northwesterly air flow such a eriterion is nQt too deficient.
It does, however, cause problems when oﬁ}osing air: flovws e
beriods of over three or four days. In areas éf varying flow patterns a-

slmple criterion such as this would have to be replaced by.a more sophlstl—

cated Gne. \ !

LY . '

The real power of a grid point’, short time step model such as this
. ! » . .
one .is in the fact that Qhe detailed formation and movement of ice may bé

\ . | I : \ "
o]
{

‘ 0 -
. . s ! ; ¢
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traced: «&he model showed up areas where large ice formation and export could
exist. These points are in general of shdllow depth (30-60 meters), and
are found on lee shores where the air flow is usually nortpwesterly. As
previously mentioned correcting the deficiencie$ in the model may change

the magnitudes calculated, but the presence of such points should remain.

Thé avefage ice thickness calculated from the model falls easily
within the maximum and minimum limits of average thickness calculated for
the observed ice Tield. These limits are too wide to allow much, more to be
said, then that the model gives a value greater than the average value
calculated from the real field.

1
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Appendix A

1

Air Mass Transformation Desc;iption from Morin (MoT73)

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 required. Considering
foregoing processes, it is doubtful whether simple interp&lation programs
as discussed so far would result in sufficiently sccurate meteorological

fields. .

Burke (1945) devised methods of predicting the final surface air
temperature by using the following parameters: initial air temperature
and humidity, sea surface teﬁperature, lapse rate, and distance travelled
over water. As a second approximation for required data fields, an air
mass transformation program "AIRMTR" was devised by the present author.
The underlying p&inc1pal is an extension of the "Burke' technique applied

over & large area,

3.5.1 Advection of Air Parcels

The model used by the author is an extension of one develpped by
Vowinckel (personnal communication). This model calculates intermediate
temperature, cloud, and humidity profiles along a streamline - all the
vhile taking into account the varying sea surface temperature, winds, and
sea level pressure. This redefined 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
in the lower levels, all boundary and ice 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 (veerbd‘Bo) is towards

land or ice/water surfaces. Profiles overlying regions with offshore
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allowed to occur, otherwise cooling was extended to include the two bottom

]a}lowable, and by the magnitude of the sensible heat exchange. Each time

88

winds will then be advected by the subroutine TRAJEC. This subroutine
calculates displacement from one grid line between two grid points to
another grid line between two differept grid points. The maximum allowable
displacement in 1.4k % DXwhere DX is the grid spacing. From one grid line
to another, fluxvexchanges at the interface are calculated and redistributed
in the vertical, and the modified protion of the profile is yecorded at

two nearby points. Following thig, the entire profile is advected. The
grid spacing was chosen as 37 km so as tq_include significant bays and

stralts.

3.5.2 Sensible Heat Distribution

Each advected 'profile has its meteorological parameter changes executed
in the subroutine "TEPHI" which simulates the temperature and humidity

soundings on a tephigram.

The sensible heat excﬁange for ice and water surfaces 1s calculated
in the subroutine "HEMLOK" and the subroutine "SCFLEX" appropriately
weights the flux contribution from ice and water surfaces. "HENLOK"‘is
an extension of the subroutine "VERA" (Vowinckel and Orvig, 1972). Following
this, the subroutine "EATDST" distributesd the senaihla heat into +he

sounding. The level of modification is limited by the maximum lapse rate

the lapse rate is exceeded, another layer is included in the modification
process. Examination of several profiles traversing the Gulf and passing

over Stephenville showed a lapse rate usuQ}Iy near the midway of the moist

and dry adiabat.

E ] .
In situations,of cooling by an underlying surface, the depth of cooling

is gneatly 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
advected profile woudl develap a lovw level surface inversion or a cooled
layer with a dry adiabatic lapse rate. For a Richardson number greater

than -.2, a surface inversion not exceeding 1 layer (about 25 mbs) was
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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 was designed to simulate changes in the lower
atmosphere which are predominantly effected by un@erlying 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 would require advection of an atmosphere divided
into several layers, with each layer consisting of a similar grid point
ﬁ;ray and each layer moving independantly of the others with exchanges of

moisture and heat occuring between grid points of ea¢h layer.

3.5.3 Latent Heat Distribution

With respect to moisture, the latent heat is equally adéed to all
modified layers by the subroutine "HUMAST". Following this, the vertical
moisture profile is analysed in the cloud formation program called "CLOUD".
Each layer is checked to see if the relative humidity exceeds 70%, after
which cloud formation is 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'kgrl 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 conditions

are attained, and after the relative humidity reaches 85%, the excess moisture.

is transported te the next upper level where it is used to increase cloud/or
humidity. The clouds are assumed to have a liquid water’céntent of
.2 g‘kg—l (Squires, 1958; Warner, 1955) and the highest mean value obtain-
able is .3 g kg-l under states of very stronchonvectivg activity. -

f
3.5.4 Islands *

Islands such as Anticosti and Prince Edward act as sinks for sensible
and latent heat acquired by air masses having passed over ice/water surfaces.

These two islands.as well as the Magdelan Shallows and the _pjorthern portion

v

O
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‘ | o
of Cape Breton Island werﬁftreated as solid ice surfaces having a defined
\)temperature - the temperature being that of the nearest reporting station
as no ground temperatures are available., During the winter season, the
recorded air temperature will generally approximate the surface temperature.

’ For regions lying on the windward shores, the temperature will be largely

mq@ified and not reprgsentative.

3.5.5 Interface Temperature y

L

s

One parameter essential in calculating the flux exchange at the inter-
face is the ice/Water<surfaee temperature. As previously stated, air
parcels are advected from one grid line to another. In the case where the
initial and final grid points are water, the water temperature for the first
half of the s%ep displacement is the linearly interpolated temperature
of the 2 grih points bounding the grid line. Similarly, the temperature
of the lastlhalf of the displac%ment is the 1inearly'inte}polazéd teﬁpérature
of the 2 last grid points involved. In the case of all ice cover, ice
temperatﬁres are substituted. For a mixture-of ice and water surfaces,

~

the flux contributions from ice and water are talculated and then weighed

»

according to the areal extent of ice or water. The temperatures in thege

situations are areally weighed.

3.6 Water Body Model

rd ’r

~

In periods prior to ice formation over the Gulf, the high flux ex-<
change rates associated with cold arctic outbursts will gradually reduce
the finite heat supply of the Gulf.: This resulting heat loss; reflected
by a drop in the surface water température, is a principal;factor in )
dete‘.ﬁning the flux exchange rate. 'An accurate extimate of the flux
exchange demands a reasonable estimate of fhe. dir-sea temperature difference.
Preceding secfions dealt with the unrepresentativeness of certgin meteorolo-
gical fields in the lower atmospheric levels as generated by simple inter- ..
polation techniques applied to meteorological data. 1In this section a
method is described, which regenerates the parameters essential in evalu-
“ ating the latent and sensibie heat flux exchanges between the atmosphere

and the underlying water body. Used in conjunction with a water body model

¥
4
.
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(see appendix) developed by Lall§ (1973), and initiaslized at a date for
vhich there exist scattered vertical soundings of temperature and salinity
fot the ‘Gulf, surface water temperagure distributions are obtained from
tlme stép to time step through energy budgét considerations and 1terat1ve
tenergy balance schemes incorporating modified and unmodified atmospheric

and water paremeters.

1
Chapter IV section 1.1 examines the limitations of the air model

' by examining gn actual sounding advected over the Gulf with a sounding

recorded twelve hours later, and section 4.1.2 discusses tﬁe results of
applying the advection scheme over the entire Gulf megion whose ice/vater

temperatufes are regulated by a water body model.

N i
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C THIS 1S YTHE MAIN WHICH

ppendix B

& Sudbroutines

A

Progr

S USED WHEN WORKING WITH THE INYERPOLATED

C DATA SETS WHICH HAVE BEEN STORED ON TAPE

c

INTEGER®2 ICLOMT(22
INTEGER®2 JTDw(22,2
DIMENSION TN(22+25.
DIMSZNSION DPSHH{22.
DIMENSION TW(22425)
DIMENSION SAIC(27,2
DIMENSION X(22,25),
DIMENSION EIS(22,25
DIMENSION PN(22.25)
DIMENSION GT(I167.
DIMENSION GTED(B) ¢

25) ¢ ICOX(22¢25)4 1ICSY(22625) 4 PROTMX(22,425)
JONZLVLIO) LDMX{22¢25) s MTH(S550) s MTXFLX(170)}
T)eSHH(2225.17)
5¢617)eOPTN(22425,17)eCC(22,25417)
TGS(22:429),TGI(22,25)eTG(22,25) FSAV(22,25)
Je TUF1(22,425)

S(22425)+PR(22+25)
WAELIS(22425)+eSSN(22425)e5X(22425)45Y(22.25)
™x{(22,.,25)

J+SALLLI67.8) ,
ALIO(B)EISEXP(6) 4UF{17) r

DIMENSION ETA(S) +RP(B)eSLIB)+GFIBIe TWL(D) e TAH(B) e TAW(B)«DF(17)
DIMENSION ABSORPIBAIIeCUI7IeSHNII7)ePUI7)eT(17)eSAI1T7)sCHH(1T)

» DIMEINSION ALBEDO(
DIMENSION EVD(22,

2125)42(22¢25+6)«DPCC(22+2548)
5)+SVD( 224251 4AED(22425)

DIMENSION TEMALB(22,25).5TWT(22,25)
DIMEINSION SRLU(Z2L,25)eSFG(22+25)¢SOE(22+25)+505(22,25)

DIMENSION SSGT(

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
t DATA
DATA
DATA
DATA
DATA
DAYA
|}
DATA

ROTvQLNCc

NLeNLXsW_ TeTOPL/17616084250e7/

CONELC S+ DENSS,DENE SPH/ 198, 1eB+.2+.918,.5/
SLATY, AT LRITHGEISSALWDIA/2%80e480+4.005¢994/
1SZeJpb2722e257 .

WBReTI eSReLU/0e s48e 3630411441/

ALBZ 7/

LZELM/2727

EISEXP/6%0./

NZLVL/17¢11:604:2,1/
TVL/QOO&..SOOO..?OOO.-|000-.10°0c|5000v250"250./
EYA/eS50e79¢e694e251./

34 /15064300444006950006¢600069700¢04730007600¢790e¢B20++:8500s
B7S5¢9900e9 925995001979+ 1000a/ .
ABSORP/0e 9s0es0e9e001 34000602032, 46065,e895¢00300e00¢0ase001,

1¢012¢0053020934¢00¢900¢00¢0060e1:0092¢0040+.9517/

SVE

12.

NCOUNT=0
NYPERD = 0
DX=a37E+07

wisSF=

C

002‘.7

)
C SUBROUTINE SYART QCADS IN CERTAIN MATRICES OF CONSTANTS wWAJCH HELP
C CONTROL THE PROGRAM (LDOMXPROTMXMTIXFLX, ICOX AND ICSY)

START (2QOTMXVMTXFLX,LDMXs1CDX41CSY)

C SUBROUTINE RDWMDT READS IN INITIAL WATER BODY MODEL DATA

c
CALL
c
c
. CALL
c

3
RDWMDY (GTeSALsTS1 2+ TGSeFSAVIEL SeSSNLAETSeSAICIALBEDOD, ITOM.TG)

CONR = CONE/CONS

1010 DAY=1. .
1015 CONVINUE ”
LYE_M=LZELM ¢ SUEs15, - 3,

c

C YHIS READS "IN THE PREVIOUSLY I[NTERPOLOLATED INITIAL ATMOSPHERIC FIELDS
C FROM TAPZ '
READ(B+END=1008) qulJTG.NRAD.NSYN.TN.SHH.CC.SX.SV.PN'PR'l'lCLDHT

L o

IR



C

“

C SUBROUTINE AIRMTIR IS RESPONSIBLE FOR TRANSFORMING THE AIR MASS.

c

(sl g Nalal

C

C

. . .
CALL AIRMTIR(ITOMSXsSYeZePNySHHe TN TW, TG, AEISesPeDPTNyDPSHHesCCo Xo
1ROY,ICLDHT +OPCCs UXe TQE.TOS)

-

CALCULATE THE SUNS DECLINATION ANGLE WITH HELENA

1040

CAaLL HELENA(Il-FUT.SIS-ORAD.AG.RA.TBUN.EXC)
!
!
BEISA=0e '
BEISV=0a

C BEGIN LOJP WHICH CALCULATES POINT BY POINT THE SURFACE ENERGY BUDGET FODR
C WATER AND JICE POINTS.

aAOD

a6

c

1055

s

1058

DO 1050 J=1.JSZ o

DO 1051 [=141SZ

IF(LOMX(T+J).EQe0) GO TO 1089

PINL)I=PN(T .J) ~
PS=P{(NL)

DP=(PS-850.)/6+

DO 1055 K=1,5

PL17T-X)=PS-DP*K

DO 1058 N=1.16
CIN)=CCClTeJeN)I*al
SHNINI=SHH{ 1 (JoN)
TI(N)=TN( e JsN)}
CHH(N)=(P(N+1)-P(N))%C(N)*10.
CONYINUE

TC17)=TINCI»Je17)
SHN(17)=SHH(1eJs 17)

C(NL) = O«

CHH(NL) = 0. .

TDZ = DEW(SHN(NL),PS) .
SAA=O.

5300=0.

SN=0.

CA_CULATE SHORT WAVE RADIATION REZACHING THE GROUND FOR THE POINT.

CALL ELMUNLXNLoPeSHNaFUT+sG815¢S5AACHHeSGA¢S302eBRs0Z¢DUSTDUAYV
1 DUBSUE yLZELMJLYEL M)

@

CALCULATE LONG WAVE RADIATION FROM THC ATMOSPHERE YO THE GROUND.

1060

CALL DOGWUD(V:ePe SHNsCosUFsDF+NLX«NL,LUsCOL)Y 7

TZ = T(NL) ==
DFL = DF(NL)

F = SORTC(SX(1.0)862 ¢ SyY(1,4)4%2) & .01 ¢ .7
PCPN = PR(1,J)

BPCPN=BPCPN+ PCPN

FWS = FSAV(l14J)

FWSSAV = Fuws

KTS = (J-1)¢22 ¢ | ~
MP = MTM(KTS)

DD 1060 M = { NLT

GTIO(M) = GY(MPsM)

SALIO(M) = SAL(MP,M)

CONT INUE

AL31J=ALBEDD(1.J) \
SSNID = SSN(I1.J)

TGIJ = ¥TG(1,.4)

Y6510 = TGSCI.J)

SAICIO = SAIC({I«J)

TGII0 = YGI(1,4)

TF(EIS(EaJ)eGEQ249.) SISI{LeJ) = 249,

ELSID = EIS(1ed)

AELISIO = AEIS(1.J)

C CALCULATE DEPTH OF POINT AND NUMBER OF LAYERS AT THE PFOINRT,

Cc

NLW = LOMX(I.J}/70000 )
DEPTH '= LDMX(I+J) =~ (NLW & 1000)




9k

ﬂx = NLYT ¢ 1
Doh 1065 JX= 1oNLW
. TAMILX-IX)= TWLLLX-JX)
1065 CONT INUE

C SET UP |SOLAR RADIATION AHSORPTIVITIES (TAW).

L) 1

IF(DEPTHOLE.200.) LY

IF(DEPTHLE.100a) LJ

DO HO70 N = 14NLT

YAWIIN) = ABSDRP(N,LJ)
1070 CONT{INUVE

“1IF(AEISIO.LE.De} GO TO 1075
c . i

]

2
3

n

-

C DETERMINE SNOWFALL O THE POINT IF,THERE IS ANY. .
CALL | SPRUCE(3CPNTZ4DINSSsDENE s HGI10,TGSI0.TGIOWSATCIOLEISIO.

] } SSN10sSN)

¢
C DETERMINE ALBEODO (ALB) FOR THE POINT

CALL LARCH(TZsTGIDWEISIDSSNID.ETALPCPN,SN,ALB,F,ALBLJ)

c
1075 CONTINUE
C

o

C DO ALL SURFACE ENERGY BUDGET AND ICE FORMATION,

C IN BEECH
p

GROWTH AND MELT C

CAL. BEECH(TZsTDZsPSeNLeSIALDFL 4SUZ ALBDENSS+DENE o CONE+ETA,

e WN -

C -
TUFI{TeS3=TUF1(1.J)¢ UF(1)¢12a
SRLU(1+3) = R_14R_w

SFG{1+J) = FltFw

SQAE(1.,J) = xEZI+xEw
SAS(1.J0) = XSI#xSW
SSGT(1e2) = S614S6W
SDFY(1sJ3) = OFI4DFw
DO 1080 N = 1oNLT

CTLu™ 7t~ CTInm

SAL(MP.N) = SALIO(N)
1080 CONTINUE
! BEISV=BEISV+ (EISIDEAZISIO)
BEISA=BEISA+ ASISIO
ALBEDO(1+J)=ALE
TW(1sJ) = GTID(NLT)
AEIS(1.3) = AEISIO
E1S(1,J) = EISIO
TG(1.2) = 1GI0O
¥GS(1.J) = TGSYO
SAIC{1.0) = SAICIOD
TGI(1.0) = TGI1D
SSN{1+J) = SSNID
FSAV{1.3) = Fus
1TOM(1.d)=2
TF(AZISCTLJ)eLEWOe) 1TOMILsJ) = 1
IF(PROTMX(IsJ)aNEa~1) GO TO 10S1
HCONWA = O.
DD 1082 KX = 1 NLW
XXX = NLY 41 - «X
HCONWA = (GTIO(KXX) - (—2)) ¢ VTAH{KXX)

~

CONSCONRSPHIELAT s CRITH«TOPL « DAY LEISSALDIAF oF W
SLATISSNIDIEN«TAWIGF o TGIOTGIT10,TGSIDSAICID.GT IO,
SACTIOs TAH NL W NLTeAEISIOVEISIO,SGWSGT sRLWGRLI oF W,
FloXEWs XElsXSHo XSl sDF WeDF I HEAT, THAW,RESHT 4 HTL,
TVEISs TNVEISVNEISALBIJWSTIE) :

/

1 SVOL(SALIDIKXX) GTID(KXX) +0e) ¢ HCONWA
°

1082 * CONTYINUE
c

C

LCULATIDNS

C GEVES A DETALILED WRITE DUT OF ALL PARAMETERS FOR A FEwW SELECTED POINTS

CALL WRTEL(KIND s ITelDTGel o el TDM(T4J)eTZsTDZsPSsPR(1eI)sALB+S300,

NOSWUN™=

« WNEISeLZELMLYEL M)

SAA-SGA.DFLclCLDHT(l'leTGI(l-J)tTGS(ItJ)cSAIC(IOJ’.SSN(an)’
eSTIEcHCONWAJEIS(T14eJ)sAETISIT2J) s SHNeSALIDCHo1CDX{T10J),

FCSY(L «J)oLOMRX( T o J) e MP yNLWDEPTHeFWSsSNeSGTI oSGWoRL T «RLW,
DFI'DF“QKEl.KEN.XS'QXSVOF'nF"-HEATt"'L.RESHT"HA'QTNEISQ

.



®

1089 CQONTINUE
TUFI(le.J)=0.
SRLU(L1J) = 0. .

SFG(IsJ) = 0.
SOE(1.J) = 0.
SQS{leJ) = 0.
SSGT(1sJ) = 0.
SDFT(1eJd) = O

1051 CONTINUE
1050 CONTINUE

C END THE POINT By PDINY LODP.

C
IF(3Z1SALE.D.) GD TO 2009
C
C WRITES DUT THE ICSZ AREA-ICITHICKNESS-ICE VOLUME AND I1CE VOLUME INCREMENT
C FOR EACH GRID POINY FOR THE IN SITU FORMATION STAGE
[

4 CALL WRTEL2(SSGY +SDFTeAEISIEISeXsTXy167,04107G)

C

C SETUP [TDYM FOR [MPORT EXPIORT CALCULATIONS
DD 2000 J = 15.,20
1TOM(21,J) = 1

2000 EONTINUE

C

C DO 1CE ADVECTION

C
CAL. WILLOW(ICDXsICSYeITOMSX:eSY DX, TIMUTSoEVDsSVDsAEDsTIMFAC,
1 CISFoWISFoAEISEISesSSNe ISZeJSZeALBEDDTEMALB.STWT,
2 01:02.03)

C )
BEISEX=0e N

. DO 2001 J = 154,20

ITOM{21.J) = § .
CISEXP(J~14) = EISEXP(J-14) & ASIS(21.J)¢EIS(21.J)
BEISEX=BEISEX + EISEX2(J-14)
AEIS(21.J) = Ou
EIS(2l+d) = Oa 3

2001 CONTINUE .
BEVAW=0.
BEAAW=0.
DG 20U5 =12 .
DD 2005 J=1.25
IFCITOM(IsJ)eNFa2) GO YO 2005
DEVAW=BEVAW + (S5SC1+JI*AEIS(EeJ)) ‘
DEAAW=DBEAAW + AEIS(1.J)

2005 CONTINUL .
[
C WRITES OUT THE ICS ARZA-ICI THICKNESS-1CE VOLUME AND 1CE VOLUME INCREMENT
AFTER ADVECTION HAS TAKEN PLACE

c
CAL. WRTEIZ(SSOT aSIFTAAZTISEISeXsTX2167+1,1D7G)

(4

2009 CONTINUE
LZELM = LYSL™M + 3 .
IF((360e~LZELM) oL To(SUIX15e~30)) LZELM = LZELM-360.

2010 UTONTINUE

C

C WRITES JJY THE FIZLDS OF SGASRLUDFLL.OE.PS.FG.UFL FOR THE TIME PERIOD

c
CALL YRTEI3(SFGsSSGT +SRLUSSDFT.505¢SAE+TUF1,IDTGaTXeXe167)

o
IF(DAY.EQ.0.) GO TO 2028 ’
DAY=0. )
GO YO 1015

2028 CONTINUE

c

€ CALCULATES AND WRITES DUT THE HEAF CONTENT FOR EACH GSRID POINT WATER COLUMN

c . ,
CAL. WRTELA(SSGTeXeGT+SALTAH,IDTG)

C ’ \
NCDUNT = NCOUNT ¢+ t
IF(NCOUNT.GE.7) GO TO 2030
GO YD 1010




96 .
»
3

2030 CONTINUE w

NCOUNT = 0O ‘
C .
C PUNCHES ALL END OF wESK DATA ON CAR(PS FOR THE RE-INITIALIZAVION OF THE MODEL
[

CAL. WRTE1S(GTeSALeTGI ¢ TGSeFSAVIEIS,AETIS,SAIC+SSNeALBEDO 1TDM) N
C .
C

1008 CONTINUE

(aN 3]

sl el o

[a ool ]

C

C CALCULATES THE SUIFACE ENZIRGY 3UDGET FOR SNOW AND ICE SURFACES -~

C
C

C

C SETS UP THE BALANCE LDOP PARAMETERS USED IN THE ITERATIVE SCHEME IN "YEW™

»

CDEJE DDA QDD 4 D442 8De¢ TAPE READ PARAMETER ¢4DEDE P+ DeR0 ¢ R¢33D¢ 5D

“

EDIRIDEDED D4 DD DD PR TAPE READ PARAMETER Q¢ D¢ D4 DR DE D6 Q49D D¢ D

CA
R

12

10
18

*

C/

.-

C

C

C

10

€ CALCULATES GROUND FLUX WHEN BOTH [CE ‘AND SNOW EXIST

GO 10 1010

NYPERD = NTPERD ¢ 1
IF(NTPERD.LT43) GO TO 1010

3 STOP —
END

SUBROUTINE, ASH (GTaTAMLSAL NLW.NLTHEAT)

\
LCULATES THE AM3UNT OF, ICE FORMED OVER OPEN WATER BY CALCULATING THE HEAT
ZOQUIRED TO RAISE THZ WATIR TEMPERATURE BACK UP TO THE FREEZING TEMPERATURE

DIMENSION GV(NLT)}eSALINLT) ¢ TAHINLY)

L = NLY ¢ 1

DD 10 N = leNLW N
DENL = l./SyOL(SAL(L—N).GT(L—N).O.)

FZP = FP(SAL(L=N))

IF(GT(L-N)«LT+FZP) GO TD 12 . -
GO YO 18
DIF = GT(L-N) ~ F2p ‘
GT(L-N) = Fzp -
MEAT = HEAT ¢ (DIFsTA4(L-N)SDENL$0.96)
CONT I NUE
RE TURN
END
.
SUBROUTEINE ASPEN(YZs TDZePSeF ¢ XXeSUEeAETSsEISeSSNeTGI TGS o .
1 CONE,CONSs CONRINLTsDENECXET ¢ XSToF 1 oRLI,SGIDFI,

TG+TGW)

v

B P T T P T Y P R T T T T T Ty PRPRP RN TR D B Y T T B R S e T T Y )
-

XRX = 0. °

XN = e

ZZ = 0. »

J =0 N

19 = 0 .
_t—t—.—t"‘“-“"‘“.".-‘—‘-""-‘—.‘.-.-‘—'.—‘—.-.-‘-‘—.—.’.-'—.-.‘.-"-.—‘—.

U = 1e

IF(SSN«LE«Oe) GO TO 20

CONST = (SSN/EIS) ¢ CONR

TGl = (TGS ¢ (CONST®TGW)) 7 (CONST ¢ 1e)

FI ==(TGS ~ TGl) & (CONS/SSN) ¢ SUE ® AELS ¢ 1.3
T6 = 7GS . '
GO TO 30 .

C CALCULATES GROUND FLUX WHEN ONLY AN ICE SURFACE EXISTS

C

.




91 o

20 Fl =<(TGI - TGW) & (CONE/EIS) * SUE ¢ AEILS ¢« 1.3
6 = YGI ‘
30 RLYI =(~(1-1707 & —~7 #(YG ¢ 273.16) ¢%4] /7 24.) & SUE % AEIS
CALL. HEMLOK(TGsTZs TDZF 4 XE XS, » XXe SUE)
XETl = XE * AC[S
XKS5I = XS & AElS
C
C BALANCE LOOP wHICH DERIVES A NEW SURFACE TYEMPERATURE (TG} .
[ o
CALL YEQ(SGI.RLI-DFI.FI.xEl.XSl.xRx.XN.ZZ-J.lJ.RB-TG)
IF(ABS(RB)«LTe10e) GO TO 50
IF(ABS(XN).LEeeDO1) GO TO 90’
IF(J.GY.20)- GD TO 40
IF{(SSN.LE.O.}) TGI! = TG
768 = TG .
IF(TGeGEOe} RETURN .

G0 78 1o
40 WRITE(G6+400) JoeXRX RB,RLI+XELoXST+SGI+DFIeXNeTGI o

400 FORMAT(IHO:'ND BALANCE J=',13.8FB8.0eF8e31)
[

T C REDISTRISUTE ANY HEAT LEFT AFTER THE BALANCE IS ATTAINED OR 20 ITERATIONS

< B a
50 RFI = SGI4RLISDFI+FI~-XEI-XS1 N
XA = ABSUXET) + A3S(XS1) + ABS(FI) ¢+ ABS(RLI)

XE] = XEJ ™+ ABS(XE1)/XA * RF]I
XS1T = XSI ¢ ABS(XSI)/XA & RFI
RLI = RLI - ABS(RLI)}/XA ¢ Rf]

FI = F1 - ABS(F1)}/XA ¢ RFI
IF(SSNeLE04)
16s = 16 *
RETUYIN

END

1 .

i .

SUBROVUT INE HEEéH‘rZ.GDl.PSONLISGA'DFLOSUE.ALHDDENSSIDENEQCDNE'
E‘k-CDNS.CONQ-SPH;ELAY'QRIT%-TOPL'DAY-EISSAL'DIA.F.F'S-
SLAYsSSNeSNe /TAW/eGF 4 T164TG1 (TGS SAIC,GTosSALe TAH oNLWNLT,
AEIS,EIS,SGMeSGIsRLWIRLI sFWoFloeXEWXET+XSWyXS1oDF W,
’ OEY UEAT Tuaw DECUY.UTI _TVFIS.TNVFIS.VUNFIS, o

ALBEDO,STIE) ¢ .

"M WA -

\

[
C CALCULATES THE SURFA

)
ENZIGY BUDGET OVER ANY VTYPE OF SURFACE s CALLS FOR [CE

[«

€ —emmemeee e ——— INITIALIZE VALUES —=ccmcmomeec—mecccmaaaa ———

TAHINLY) = TAM(NLY) - (AEIS & EIS) N
WATALB=,.09S .

INVIIS = Q. .

TYVEIS = 0. Iy .

VNEIS = Oe N . -
SALEX = Oe

SALAD = Q.

RLI = 0.

RLW = Qe . -

Fl = 0Oa
FW = Do
KE!l = De
XSt = Q.
XEW = Qe
XSW = Oa «

EISN = 0. N .

EISD = 0. , ¢

EISM = 0. G
EIST] = 0.

STIE = Qe .

RESHT = 0. .
NALSB = |}

M = NLY ¢

-
. . . ~

N




.

HTIL = Oe. ¢

THAW = O

HEAY = '0.0

SGA®(1., -~ AEIS)*(1. — WATALB)

SGW =
SGl = SGA®AEIS*{1. -~ ALSB)} ,
DFI = OFL ¢SUE$AELS '
DFW = DFL ¢ SUEsx({te ~ AEIS) <
T6GW = GTUINLY)
c [
C ~rmrrerr—nes e ——— e WALUES INITIALIZED ~~eowsrermrrmmceccanormmmen-
C CONSTODERS WHETHER TMERE IS AN ICE SURFACE DR NOT. IF THERE IS ICE
C
20 IF{AEIS<GT.0.) GO TD 30 i
C
C CALCULATSS THE BUDGEY OVER A WATER SURFACE
C
XX = la
C .
CALL TEAK(GT.XE\I.XSV-FV-SGH.RLI.DFH.TloTDZoPS.XX.AEIS.NLH.NLT.I’AH.
1 TAWe SUE+GF ¢ SAL+F WS TOPL GF)
C
o THERMDHAL INE CONVICTION
c
CAL. OAK(GT.SALsTAH,NLW NLT) - -
[+
lF(GY(NLY).GE.R&(SAL(NLT’)) GD TQ 24
C
C FORMATION OF ICE DVER DPEN WATER
C
CALL ASH (GT.TAH.SALNLWNLT+HEAT)
IF(HZAY.NEL 0.} GO TO A4S
24 TGW = GU(NLT)
GO TD a00
30 CONTINUE
C
C CALLU_ATES THE SURFACE ENZRGY BUDGET WHEN SNOW AND ICE EXIST AT A GRID POINT.
C IF VHE AREA IS TOTALLY ICE COVERED IT WiLL BYPASS THE WATER BUDGET
c’
XX & 24¢
LALL ADHFENUILs IULePDeT o ARG SUE +AE I SeC IS0 03ive TG1 6735
[ CONE+CONS«CONR NLToDENE ¢ XET 4XSLFI RLI«SGI+DFI,
2 TG TSW)
IF{(TG «LTe0.) GO YO a0
[
C IF MELTING IS FOUND TO OCCURs THE SURFACE ALBEDD IS RECALCUL‘YED
C

1IF(NALB.GT.1) GO TO 35
CALL LARCHUTZo TG EFSeSSNIETASPRISNeALB.FALBEDDsloJ)

NAL3 = NALB + 1 )
SGI = SGA * AZIS & (1, - ALB)
GO TO 30 2
35 CONTINUE
c . .
C CALCUCATES THE MELTING FROM ABOVE .
C .
XX = 2o
CALL CEDAR(TG:SE1 sRLIWOFTI «XET o XSIeF I+ THAWDENSSsSLATSUE, N ’
1 AE1SeT2ZeTDZoXXsFoPSeSSN)
[F(THAW.LT,0,) GO TO 36
GO TO &0
36 IFISSNLEO) GI TO 40 ®,
SSE = SSN ¢ (DENSS/DENE) A -
SAIC = (SAIC ¢ ZIS)/(SSE + E1S) , N
EIS = EIS ¢ SSE () \ -
SSN = 0,
161 = 16 :
40 I(F(AELIS<EQ.1e) GO TO 42 v N
XX = 1. .
CALL TEAK(GT.XE'.KSWtF'.SG'oRL'tDF'oTZ-701.”50“.&5's-NLﬂvNLT.¥AH. \
1 TAWeSUE +GF o+ SAL «FWS e TOPL 4F)

»

CAL. OAK(GTeSALs TAMNLW,NLTY
IF(GTCNLT ) GE-FPISALINLTII) GO TO 42
CALL ASH (GTeTAHeSAL NLWoNLTWHEAT) . .




99

42 CONTYINUE .
ROSHW = (1e/SVOL(SAL(NLT)+GT(NLT),0.))
GTUNLYT) = GTINLY) = FIZ(TAH(NLT)¢ROSW)
CALL DAK(GT,SALTAHsNLWNLT)
FZP = FP{SAL{(NLT)) .
IF(STUINLT)aEQ.FZP) GO YO 72
IF(STI(NLY)LT.FZP) GO TO 7»
HTL = Oe
IF(GT(NLT)GTe0.) GO TP 78
GO 7D 80
72 HNHIL = 0. 4
GO TD0 80

c .
C CALCULATES THE ICE LAYER INCREMENT ADDED TD AN EXISTING LYER
c
NTL = Do !
DO 7S K=leNLW
FIPT = FPISAL(M-K))
ROW = 1o/SVOLISAL({M=K) G¥{M=-K),0.)
IF(GT{M-<)+GE«FZPT) GO YO B8O
RHT = (GT(M-K)-FZPT) & TAH(M-K) & ROW
HYL = HTYL + RHT
' 6Y(M-K) = FIPY '
75 CONTINUE -
G0 TO0 80
c
C CALCULATES MELTING FROM BELOW .
c
78 RESHMY = (GT(NLT) - 0.) ® TAH(NLT) ¢ ROSW v
GT(NLT) = 0. .
80 CONTINUE
ELDE = ELAT * DENE

EISN = ~ HEAY 7/ ELDE
EISD = - RESHT / ELDE ¢
EISYI = - MTL 7/ ELDE

X

EISM = THAw / ELDE
300 TGW = GT(NLT)

C
C CHECKS FDR ICE FLOODING AND MAKES SNOW [CE IF NECESSARY
C . .
CALL CYPRESUIENSSIVENE e DONIEIDILIeDALINLI s 1ANIDIILeDATLC)
TVEIS = AELS ¢ EIS
<
C ICE SALINITY CALZULATIONS B
c B
SALEX = (TOPL -~ TVEIS) * (1e/7(SVOLUSALINLT)+GVI(NLT)0,)))2SALINLT)
SALAD = (SAL(NLTY) - EISSAL)*DENE*(EISTI+4EISN) - (SAICSDENFSEISM) -
1 (SAIC&DZNESELISD)
SAIC = (SAICHES ¢ (EISTICEISNISEISSAL +(EISM¢EISD)*®SAICY /
|} (EIS ¢ EISTI 4 EISN ¢ EISM ¢ EISD)
C
C DISTRIBUTES ICE AREA AND TVTHICKNESS INCREMENTS K
Cc
CALL PINE(EIS AEIS.EISNGEISTIVEISHMIEISDGAINIHEAT oF 1o THAWSRESHT, .
ISSNWSNeTGl ¢GT o TAH , TGW NILT s SALDENE+ELAT<CRITHLTZ}
TNVELIS = AfFIS & E1S
VNEES = TNVEIS ~ TVEIS
SALINLT) = (SALAD + SALEX)/Z{(TOPL-TNVEIS)I*®(1/(SVOL(SALI(NLT).
1GTI(NLT )4 0013 )) .
CALL OAK(GT+SAL,TAH,NLWeNLT)
IF{(AE1S.GV.04) GO TO 400
EIS = D
SSN © 0.
AEIS = 0.
TGt = -2. .
400 FG = F1 ﬁ"F' ¢

QE = xXEI ¢ xEw
QS = XS1 ¢ XxXsw

RLU = RLI ¢ Riw .

500 CONTINUE . .
TAH(NLY) = TOPL .

630 CONYINUE . )

» . RETURN, : Q
END -

74 M = NLT ¢+ 1 -
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100

SUBROUTINE CEDAR(TGySGOIRLUDFL.OE.OS.FGsTHAN,DENSS.SLAT,SUE,
<

1} AEISeTZoTDZeXXoF sPSsSSN)
C ~
C RECALCULATES THE ENERGY BUOGET TO FIND THE HEAT OF MELTING.
C IT EXISYS AT THE POINT,.

[
U = fe *
© TG = -1

THEN MELTS SNOW IF

RLU =(~(1.1707 2 ~7 (TG & 273.16) &4} / 24,) ¢ SUE ¢ AEIS

CALL HEMLOK({(TGaTZeTDZsF ¢ XE¢XSoUsPSe XX SUE)
OE = XE * AEIS
QS = XS * AEIS
THAW = -(SGO ¢ RLU + DFL - QE - QS)
FG =0
IF(SSN.LE+Oe} GO YO 150
SSN = G4SN + THAW/{BO.¢DENSS)
IF(SSN.GT.0.) GO TO 100
THAW = -(0« -~ SEN) ¢« BD. & DENSS
SSN = Q. (
GO TD 150

100 THAW = 0.

150 LONTENUE
RETURN .
END

.

SUBROUTINE CYPRES(DE&SS'DENE.SSNoEIS'GToSAL-NLT.TAH.STIE-SAIC)

c

€ CALCULATES THE SNOW WHICH TURNS TO ICE DUE YO THE ICE FLOODING

-

C
DIMENSION GT(NLT},SALINLT)TAH(NLTY)

IF(SBNJ.LE.0s) RETURN
-§SE = SSN & DENSS/DENE
. TEEM = SSE ¢ EILS
SRAW = TEEM & (1. - DENE)
IFCEIS.GTo(TEEM-SRAW)} RETURN .
STIE = S5t - LkAw
SSN = SRAW & DENE/DENSS
SAIZ = SAIC ¢ EIS/(EIS+*STIE)
EI1S = EIS ¢ STIE
RETURN
END -

N3

SUBROUTINE FIR(FoFSoWMF ¢DWoENGeGT e TANMsSALSNLT NLWsAEISe TOPL )

[a s Xl

PDES DYNAMIC CONVECTION
/ DIMENSION GTUNLT) SALINLT) ¢TAHINLT)

F 14 IN MEYRES PER SECOND
FS IS IN KNOTS

PUT F INTO KNOTS
FKN = F & 2.
FSKN = FS . .
THHOLD = TAH(NLT)

c
C FIND THE WIND MIXING FACYOR WMF
C

[ « e o o o +
IF(FKN.LE.20.) GO TO 10
WHFL = 00s ¢ (1445 * ALOGIFKN — 194)) -
GO YO 20 ‘

10 WMFl = (34/720.) ¢ (FKN#s2)
20 AVF = [FKN ¢ FSKN)/2.
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IF(AVF.LE.20.) GO TO 30
IF(AVF.LEL30.}) GO TO a0
IF{(AVF.LE.40.) GO TO SO
WMF2 = 360, ¢ (18« * ALOG(AVF - 394.))

GO VYO 60
30 WMRF2 = (34/20e.) & (AVFS$2)
GO TO 60
40 WMF2 = -320« ¢ (19« & AVF)
GO TD 60 o

S50 WMFZ2 = -80. + (lls ® AVF)
60 WMF = AMAX1({WMF] WMF2)

Q0 CONTINUE

FS = FKN
WMD = 0Oe

ENG = Qe

M = NLT ¢ 1

TAHINLT) = TAMINLT) ® 2,

DD 200 J = L.NLW
JKEEP = J .
TOM = GTI(M-J) - GTINLY - J)
CAL. L INDEN(DWZ.WUF,TOM)
1F(DWZ.LE.0.) GO TD 100
DwZ = OwZ ¢ 100.
DELENG = C(TAH(M-J) + TAH(NLT-J)}/(2. & DWZ)
WHD = WMD + (TAH(M-J) ¢ TAH(NLT-J))/2.
ENG = ENG ¢ DELENG
IF(ENGWGEs1s) GD TO 210
200 CONTINUE

IF(JKEEPEQ.NLW)} GO TD 220
210 DIFENG. = ENG - 1.
DIN ={(((TAH{M-JIKEEPI4TAH(NLT-JUKEEP)))/2+) ¢ (DIFENG/DELENG)
wMO wWMD - DIN ' :
ENG ENG - DIFENG
220 CONTINUE
DWW = wMD ¢ (le. =~ AEIS)
IF(NDw.1 F.0) GO TN 100

TAH(NLT) = THHOLD
TAHMT = 0.0
TMA = 0.
WTEM? = 0.0
WSA. = Qe
- JMN = O
L = NLT ¢ |
DO 110 N = 1.NLW
NR = N
DENL = $1e/SVOL(SALIL=-N)sGT(L~N),0.)
TAHT = TAMT ¢ TAH(L~N)
TMA = YMA ¢ TAM{L-N) & DENL
IF{DW.LTY.TAHT) GO TD 120
WYEMP = WTEMP & (ST(L-N)®TVTAM(L-N)*DCNL) .
WSAL = wSAL + (SAL(L-N)*TAM(L-N)®*DENL)
THMEAN = WTEMP/TMA ®
SMEAN = WSAL/TMA
JMN = JMN ¢ 1
$10 CONTINUE

4 4

GO Y0 150

120 IF(OW.EQ.TAHT) 50 TO 1S5S0
TAHY = TAHT - VTAHM(L-NR)
TMA = THMA - (TaH(L=-NR) * DENL) .
TEMAT = DW ~ TAHT
WYEMD = (TMA ¢ TMEAN) ¢ (TZMHTSDENLSOGY(L-NR))Y >
TMEAN = WTEMP/(TMA ¢ TEMHY*DFENL ) .
WSAL = (TMASSMEAN) ¢+ (TEMHTC®OENL¢SALI(L~-NR]})
SMEAN = WSAL/Z({TMA ¢ TEMHT & DENL)
GY(L-NR) = ((¢TAH{L-NR)=TEMHT)*GT(L-NR)}+{TEMHTECTMEAN))/TAH{L-NR)
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SAL(L~NR) = (C({TAH(L~-NR) = TEMHT)®SAL(L-NR)) ¢ (TEMHTSSMEAN))/
ITAHCL=NR) v

150 DO 160 J = 1,J4MN ‘
SAL(L-J) = SMEAN
160 GT(L-J) = TMEAN
100 CONTINUE
TAHI(NLT) = THHOLD
RETURN o )
END

fi

SUBRDUT INE LARCH(TZ.TG.E!S-SSNwéTAqPR-SN.ALB'F‘ALHEDO’

C
C CALCULATES THE SURFACE ALBEDO FOR SNOW OR I1ICE DR BOTH
c o
DIMENSIDN ETA(S) )
N=3 2
ALB=°-
IF(EISeGTa0,) GO0 TD 215
ALB=.08 ° ’
GD 710 SO
215 IF(PI.LELD.} G0 YO 220
IF(SN.GT 0.} G0 TO 230 .
ALB=,3 ’ '
GO0 1D S0
230 IF(F.6Tal0.) GD YD, 240
ALB=,9 -
GO 1D S50 ,
220 N=2 .
c .
C CALCULATES THE LOWER[NG OF ALBEDDO DUE NORMAL DETERIDORATION
c

ALBPD=ALUEDOD*.96
240 IF(TGaGTe0s) GO YD 260
IF{SNelLEeDo e ANDsSSNeLEeDe) GO TO 270
N=N-1
DO 30 K=1.N

C A
C FINDS THE INFLUENCE OF THE UNDERLYING SURFACE ON THE ALBEDOD
C i
SX=SSN
IF(K.EQ.2) SX=2s $SNe¢SX s
JN=EX/2.54
IF(JUNSLES1) JUN=x1
IF(JNeGE«S) JUN=S . - ~
CX=ETA(JN) ‘
C

C CALCULATES THE EFFECT DF THE SURFACE YEMPERATURE ON THE ALBEDO
C .
IF(TG.GE.(-104)) GO VO S
IT(TG.LE.(-31+)) 50 10 6
ALBS = .7 - f10e - AHBS(TG)) ¢ L01
G0 TO 7
[ ALBS=0.7-(10.-ABS(TG))*.04
GD Y0 7 .
6 ALB5z0.9
7 ALBzALBS¢CX¢ALD . )
30 CONTINUE
ALB=ALB/N
IF{N.EOe1) ALB=AMINI(ALB,ALBPD)
IF{ALBLTee3) ALB=,3 N
GO, T0 S50
270 1P(TG.GE(-10.)) GO TO 8
IF(TG.LEL(-31e)) GO YO 9
ALBSE ., 7-(10.~ABS{TG))*.01

GO 10 10 v, .
8 ALBS=e7-(10e-ABS(TG))*a04 .
G0 10 10 ¥ ~

9 ALBST.96¢ALBEDD

o



10

260
50

C
C DOE
C

c
A 100

..

190

150
200

c

103

ALSxAMINI(«B85.ALBS) .
GO Y0 50

ALD=e 3

ALBEDO=ALB

RE TUIN

END

SUBROUTINE ODAK(GTeSAL.TAHNLWNLT)

: 3

S THZ THERNOHALINE CONVECTION

DIMENSION GV(NLYT)eSALINLT ) .TAH(NLT)+DEN(8]}

. .

JL = 0
M o= (NLT 1) - NLW
MM = (NLT =~ 1) .

00 200 J = M MM
Lt = 0 )
DEN(J) = 1e7(SVOLISAL(J)+GT(J}.0.))

WGT = DEN(JY*GT( J)I*TAMH(I)
WGS = DEN(J)*SAL(J)IETAH{Y)
TMA = TAH(J)*«DEN(J)

DENCJI+1) = 1e/(SVOLISAL(J41),GT(I+1),0.))
IF(DEN(J)GE+DEN(J+1)}) GO TO 200 .

LL = J

JL = J .
WGT £ WGT ¢ DEN(JL4IISGT(IL+1IETAMH( JL+L)

WGS = WGS + DEN(JLELISSAL(JL+T I FAN(IL+])

TMA = TMA ¢ TAHIJL*L)I*DEN(JIL L)

GMT = WGT/TMA .

SALM = WGS/TMA -
DENM = 1 ./(SVOL(SALM,GMT40.1))
JL o= L o+ 1

IF(JLEQaNLT) GO YO 190

DEN(JL#1) = 1./(SVOLISAL(JL41)GT(JL#1),0.))
IF (DENMGEPDEN(JL+L1)) GD TO 190

GO 10 1lo

0D 150 K = LLeJL

GT(K) = GMT

SAL(C) = SALM

CONT INUE

CONTINUVE

IF(J.«NE.OG.) GO TD 100

RETURN N v
END

SUBRIUTINE PINE(ECAEoENCETI yEMGEDsAINGHFI ¢ TWeRHT 4 SSNeSNe TGl oGT ¢
ITAH  YGWoNLT e SALWDENEGELAT,CRITH,.TZ)

C DISTRIBUTES CONTRIBUTIONS TO THE ICE COVER

c

DIMENSION GTINLT) o TAMINLY) « SALINLT)

AED.D = AE

IF{AE«EQ4De) GD YO 200

IF(AE.EO.Q.) G0 YO 210 . ¥

&2

o




[

C
C
C

[

C CLACULAYZIS THE SNOWFALL IF SUCH EXISTS -

C

FINDS YHE NEW ICE AREA N R

220

210
230

+ 10k .

AIN = EN/E -

ANEW = AE + AIN L. :
IF(ANEVWeGTe le) GO TO 220 ) a
AE = ANEW

- GO0 YJ) 230

ETI = ETI ¢ (ANZEW - l.) ‘¢ E
AE = 1.

GO Y0 230

ET! = ETI + EN

ETI = ETI ¢ ED - \g

FINDS "YHE NEW 1CE THICKNESS

200

240

250

260

260

10

S0

100

c

C CALCULATES THE SURFACE ENZRGY BUDGET OVER A WATER SURFACE

[

E = €E 4 ETl + EM
IF(E.GE«CRITH) GO TO 250

REOD = (AE®*E)/CRITH 4

AS = REDD .

E = CRITH ’ -

AEDLD = AE

GO rd 2SO0 .

AE = (EN/CRITH)

€ = CRITH

IF(AE«LEs0s) GO TD 260

TGI = (-2. ¢ T2)/2.

IF(AS«GTels) 5D TD 240 ,

GO T0 250

E = AE & CRITH \
AE = le ’
CONTINUE . .

SSNNEW = AEOLD ® SSN/ AE .

SSN = SSNNEW

GO Y0 280

X = 0o — AE n

GT(NLT) = GVINLT) 4 (X & CRITH*ELATEDENZ)/(96#TARINLY)))

TGW = GTINLT)
E = 0.
CONY [NUE

RE TURN

END
SUBRJUTINE SPIMCELPR,TZeDINSSsDENE TGl TGS, TGoSAICEIS«SSN,SN)

’,

h¥
IF(PR.LE.Oe) GO TO 100 \
IF(TZeGT«s001l) GO TO 50
SN = (PR*2.58)/DENSS
SSN = SSN 4+ S\
TGS = ¥2 '
16 = I1Gs ..
GO 12 100
IF(PR.LTee25) GO TO 10
SSE = SSN # DENSS/DENE
SAIC = SAIC ¢ SIS/(SSZ ¢ EIS 4 (PR/DENE))
EI1S = E1S + SSE + (PR/DENE)
SSN = 0.
TG = TGY
CONTINUE
RETURN ) ' ,
END

“

SUBRDUTINE TEAK(GTs0E0SsFGeSAOsRLUDFLITZ TOZ +PSeXKeAEISNLWoNLT
e TAHs TAWe SUE 2 GF e SALFWS, TOPL,F )

’

DIMENSION GF(NLY )GV (NLY DeSALUINLY) s TAH{NLT) ¢ TAW(NLY) v

°

. . ‘i I 2



C

U le

C INCORPORATE THE SOLAR RaADIATION

c

C

32

.

1F(SGO.EQ.0.0) GO TO 2 ’ .

L = NLT ¢ 1

§X = 0’

DO 1 N = 1eNLW

SY = SGA&TAW(.-N) .

SX = SX ¢+ SY

.

-
SzT(L -~ N) = GT(L - N) 4 SY / FTAH(L ~ N)
|

.

2

ONTINUE

IF(N_W.EQ.NLT) GO TO 2

GT(L-NLW)

CONT INUE

= GV(L~-NLW) + (SGO-SX)/((TAH(L-NLW)¢ 1,/5VOL(SAL(L-NLW),
GT(L-NLW)Y0e1))

‘ _ 8

€ CALLS FOR THE DYVAMIC CONVECTIDN

C

C

CAL. FIRJ(F FWSsWUF qDW ,ENGeGT«TAHSALONLTNLWLAEIS,TOPL)
TGW = GT(NLT)

C CALCULATES THE LATENT AND SgNSlBLE HEAT FLUXES

-C

C

3

AT

CALL MEMLOK(TGeTZoTDZoF ¢XEsXSsUsPSeXXeSUE)

OE = XE ¢
0S = XS5 *

(1. -~ AELS)
(1l - AEIlS)

RLU ={-(1a1707E-7 ¢(GT(NLT) ¢ 273.16) *44) /24,) ¢ SUE ¢ (1. - AE1L

S)

C CALCULATES THE GROUND FLUX QOVER A WATER SURFACE

c

C

C

C

FG = - ( DFL 4 RLU - QE -~ 0S)

C INCORPORATE HEAT LOSS OR GAIN INTD THE SURFACE NA}ER LAYER

DENT = 1./SVD_(SALI(NLT),GT(NLT),0.) - A
GV(NLY) = GT(NLY) - FG / (TAH(NLT) & DENT)

RE TURN

END

. SUBRODUTINE WILLOW(/1CDX//ICSY/eTTOM +/SX/e/SY/eDXToTIMUTS.EVDsSVD

2

CAED s TIMFACCISFeWISF AEISEISeSENeISZeJISZ
ALBEDOCTEMALBSTWT,01.02+0Q03)

C CAUCULATES THE ICE ADVECTION

o

INTEGER®2

DIMENS 10N
DIMENS IDN
DIMINSION
DIMENSION
DO 10 K =
00 10 L =

|CDX(’SZ.JSZ).!CSY(ISZQJSl)olTDM(|§Z'JSZ’

SX(lSchSZ)oSV([SZ-JSZ).AEXS(ISZ-JSZ).F!S(ISZ.JSZ?
SSN(I1SZeISZ)GEVDIISLZeUISZ)eSVDIISZadSZ)AED(]ISZ4JISL)
ALSIDD(ISZeJISZ)TEMALOCISZoJSZ)eSTUT(ISZeISZ)
IN(Q)oIN(A)aW(a) .

1,22

1425

EVDI(KeL) = Qo §
SVD(K4L) = Qe - .
AED(X.L) = Qo

TEMALB{K.L) = D.

STWT(K,.L)
CONT INUE
DO 30 J =
DO 29 1t =

= Qe

2e22 - v
2,20

IF(ITOM{1eJ)eNEW2) GD TO 28

lﬁ4AEIS(IoJ)-GTc02) G0 1O 11

\
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. EVD(1.,J) EVD(B,J) & AEIS(I,J) = E!S(loJ’
SVO(I14J) SVI{led) + AEIS(I,0) ¢ SSN(T1.J)
AED(I4J) = AED(1,44) + ACIS(1e¢J)
SYWT(14d) = STUT(LeJ) ¢ 1,
YEMALBIT eJ) = TEMALB(I+J) + (1e ¢ ALBEDO(I,4)) N,
GO Y0 28 .
11  CONTINUE
SAVEDX = 0.

SAVEDY = 0.
DIFEDX = Qe *
DIFEDY = 0.

C FINDS YHZ COMPONZINYS OF JCE DRIFY DUE TO THE WIND .

WX = SX(l.J) ® WISF

HDTV&\EV(l-J) * WISF
C*FINDS THE EOMPONINTS DF {CZ ORIFY DUE TD THE CURRENT

CDX = ICDXx(leJ) ¢ CISF
COX = COX *& TIMFAC
CoY = ICSY{(l+J) * CISF

COY = CDY * TIMFAC .
C FINDS YHI NORMALIZED ZOMPONENTS OF ICE DRIFT FOR A VIME PERIOD OF
c TIMUTS IN LENGTH

EDX = (COX4WOX) * (VT[MUTS/DXT)
EDY = (CDY ¢« WOY}) % (TIMUTS/DXT)
ABEX = ABS(EDX)
ABEY = ABS(EDY) -
IF(ABEX«GCole) GO TO 12 .
IF(ABEY«GE«le) G50 TO 14
GO TO 18 .

12 SAVEDX = EDX )
SAVIDY = EDY
DIFEDX = ABEX - 1,
EOY = EDY#(1. - (DIFEDX/(DIFEDX ¢ ABEX)))
EOX 3 (EDX/ABEX) ¢ <999
IF(EDY.GE.le) GO TO 15
6o Yo 18

14 SAVEDX = fDX
SAVEDY = EDY
DIFEDY = ABEY - 1.
EDX = CDX * (le ~ (QIFEDY/(DIFEDY ¢ ABEY)))

EDY = (EDY/ABEY) & ,999 .
o Y2 e .
15 EDX = SAVEDX
EDY = SAVEDY
IF(ABEX.GT«ABEY) GO T0 16 N ‘.

IF(ABEY.GT.ABREX) GO 1O 17
EDX = (EDX/ABEX) % 999
EDY = (EDYZ/ABEY) & ,999
G0 70 18
16 DOIFEXY = ABEX - ABSY
E0Y = (EDY/ABEY) ¢ (1. -~ DIFEXY/ABEX)
EDX = (EDX/ABEX) ¢ .999
GO ¥D 18
17 DIFEYX = ABEY = A3IX —
EDX = (EDX/ABEX) ¢ (1. - ODIFEYX/ABEY)
EDY = (EDY/ABSEY) # +999
18 CONTINUE
ABEX = AUS(EDX)
ABEY = ABS(EDY)
WY £ Oe
IF(EDXeGE«Qe) A3EX = (1.~ABEX)
IFLEDY«GE«0s) A3EY = (le -~ ABEY)

»

s

Cc
C FINDS 'THZ REAL COORDINATES TO WHICH THE ICE willL DRIFT AND THEN INTEGERIZES
€C THESE YO FIND YHE GRID SOUARE COORDINATYES TO wHICHM THE I[CE WILL DRIFT
c 7
185 Rl = 1 ¢ EDX
RS = ) ¢ EDY

INC1) = RI

JN{3) = RY

INC2) = INCL) + 1
JNC(2) = JUN(1)
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C
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IN(3) = [INC(1)
JN(3) = UN(1) + )
IN(A) = IN{2)
JNL&) = JIN(3)

C FINDS THE AMODUNT OF ICE DRIFT TO EACH SOQUARE

C

AN

Py

19
20

DO 20 N = lea&

K = IN(N}

L o= JNINID

GO TD (1e2+348)sN !
wil) = ABEX ¢ ABEY

IFCITDM({K.L)aGES) wW(l) = Os
GO0 1D 19

W(2) = (1.-ABEX) & ABEY
IF(1TOM({KsL)eGEeS) w(2) = O

GD T2 19

W(3) = ABEX * (le ~ ABEY)
IF(ITDM{KeL)eGEeS) W(3) = Oe

GO YO 19

w(a) = (1.~-ABEX) ¢ (1. -~ ABEY)
IF(ITDMIKs L) eGEeS) W(&) = Oe

wr = WT 4 wW{N)

CONTINUE

IF{(WYelLEso00O1) GO0 YO 28 N

«

APORTIQONS THE DRIFTED ICE TO [VS DESTINATION SQUARES AND ALSO FINDS THE
WEIGHTED ALBEDO AND SNOW COVER FOR THE NEW AREAS !

21
28
29
30

37

31

32
33

38

-36
34
35

EVIJ = AEIS(i.J) * EIS(1.J}

SVIJ = AEIS(1,J) & SSN(1.J)

AlJ = AEIS{I.+4)

DO/2L N = 1.4

K = IN(N)

L =2 JNIN)

EVDO(KsL) = (WIN) & EVIJU)I/WT ¢ EVD(K,L)}
SVDI(KsL) = (W(N) ® SVIJ)/WT & SVD(K,L)

AED(XK,L) "’ (W{N) & ATQ)/ WT + AED(KsL)

STWT(KeL) = STWT(KsL) ¢ W(N) .

TEMA_B(KelL) = TEIMALB(K.L)Y ¢ (W(N) & ALBEDO(L.J))
CONTINUE

CONTINUE ' -
CONTINUE
" CONTINUE

DO 35 J = 2422

DO 34 1 = 2,21

AEIS(1eJd) = Oe

EIS({1eJd) = O

ALBZDO(T.4) = .08

IF(ITDM(T 4 J)eERe1eORITOM(IoS)eEQ.2) GO TO 37
GO 10 3a

AEIS(I.J) = AED(1+J) .
IF(AZEIS(T¢J)eGTole) AEIS(LeI) = Lo e
IF(ASIS(1eJ)elTe0.) GO YO 31

IF(AEIS(1,J).EQ.0.) GD TO 36

GD TO 33

AREAI = AEIS(1.J) .

WRITE(6,32) AREAL

AEIS(1+4) = 0.

GO0 1O 36

FORMAT(*0®«*NEGATIVE ICE AREA HAS BEEN CALCULATED =°,f12.68}
EIS(Eed) = EVD(I+JI/ZAELIS(I+J)

SSN(1sJ) = SVD(I+JI/ZAELIS(1:J)

IF(STWT(TeJ}el T..0001) GO 70 38 ‘ <
ALBEDO(E.J) = TEMALB(I+J)/STWTLI,J)
IF(ASTIS(1,J).EQ.Ds) GD TO 36

ITOM(T+0) = 2

60 TD 34

1TDM(14+0) =

CONTINUE : ‘.
CONTINUE

REYURN

END\)



