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1. OVERVIEW: PROGRAM STRUCTURE AND MAJOR FINDINGS

R. G. Barry

A. Program Structure

Introduction

The overall program in the Davis Strait - eastern Baffin Island
area has focused on climatic conditions, and especially energy budgets,
in relation to shorefast ice and its seasonal decay. The research has
comprised field studies centered primarily at Broughton Island (Fig.l)
and synoptic climatological analyses, including some diagnostic model-
ing calculations of particular atmospheric processes.

It will be helpful to begin by outlining the major components of
the overall research program, together with a summary of the field pro-
grams, since these determine the structure of this final report. We
have sought to understand:

1. the nature of the shorefast ice in the western Davis Strait and
its seasonal regime, with primary emphasis on summer breakup;

2. the role of atmospheric factors, particularly energy transfers, in
the breakup process both on the microclimatic and the synoptic scale;

3. the interactions between ice conditions and climate in this area,
on both short (daily - weekly) and long (several years) time scales.

Field Program

The field research has involved measurements of ice conditions
and related microclimatogical measurements in the vicinity of Broughton
Island (67° 34N, 64° 03'W), just off the east coast of Baffin Island.
The sites were mainly located in the harbor area between Broughton
Island and the mainland (Fig. 6A.l). The terrain rises to 600 m on the
surrounding land. In addition, climatological data were collected at
Broughton Village. The periods covered by field measurements,and
reference sources, are summarized in Table 1. Additional information
on the 1972-1974 ice observations are given in Figs. 6A.2-4. In
1973, the "West Station" was established in mid June. However, melt
in early July forced a move to "North Station" which was closer to the
1972 site. In 1974, it had been planned to work in the more exposed
coastal enviromment east of Broughton Island, but extremely rough ice
conditjons made this impossible. In 1975, the summer work was limited
to same ground reconnaissance surveys of ice south of Broughton Island
and participation in five Canadian ice patrol flights by R. L. Weaver
and J. D. Jacobs to provide a view of regional ice conditions.



Results deriving from these field programs are contained in
Jacobs (1973, 1974d) and Weaver (1976) as well as in the contribu-
tions of Jacobs and Crane in this report. The primary objectives
of the field programs were to collect the following:

(1) data on ice characteristics and water characteristics during
the decay season;

(ii) concurrent micrometorological and weather data to use in
modelling the ice growth and decay processes.

(iii) climatological data at Broughton village, to provide a check
on the local representativeness of the data fram the regular
weather station, "Broughton Island", which is located at the
DEW-line site (580 m asl) on the seaward side of the island.

Analytical Data Studies

The central focus of our analyses has been the application of
synoptic climatological techniques to meteorological data, in order
to isolate the major types of weather systems that shape the character
of the decay season and departures from its climatological mean regime.
On the large-scale, this has been examined in terms of a synoptic
catalog of pressure pattern types. The early work used a subjective
classification (Barry, 1974), but an objective catalog has now been
developed (Barry, Keen, this report). ILocal climatic conditions
and field data on energy fluxes over the ice from 1972 have been
examined with respect to these types (Bradley, 1974; Barry, Keen and
Crane, this report). The interaction of large-scale and local
processes has also been examined via diagnostic studies of advection
situations and via the application of mesoscale nunerical models to
hypothetical data (LeDrew, 1976 and this report). Finally, the
fast-ice regime itself has been examined by satellite imagery (Weaver,
1974; Crane, this report) in addition to its characterization from
field surveys (Weaver, 1976; Weaver et al., 1976), and we have
attempted to clarify relationships between the controls and the ice
regime (Jacobs, 1973; Barry, Jacobs, 1974; Barry et al, 1975) .

B. Major Findings

The major results of the prbgram, detailed in the following
sections, can be summarized as follows:

1. Maps of ice conditions for 1970-73 show that most of our field
data relate to conditions similar to those during the recognized
severe ice regime of the 1960's. Breakup in the Broughton Island
area generally occurs about late July; the 1972 season, when
breakup and clearance did not occur, was a major regional anomaly.



The fast ice extent 1.2 early summer off eastern Baffin Island
varies approximately - 15 - 25 percent with a typical thickness
of between 1.5 - 2.0 m.

A five-stage melt sequence can be identified. A transition from

snow cover to slush occurs late May - early June and then breakup
takes place in late July following the accumulation of about 180

thawing degree-days ( C), at Broughton Island (581 m. a.s.l.).

Air temperature is thus an important factor until the snow cover
ripens. Net radiation and advected turbulent heat flux mainly
determine the subsequent progress of melt. A simple model to
compute ice melt rate using daily totals of solar and net radi-
ation and mean daily albedo, with initial conditions of mean ice
temperature, salinity and thickness specified has been outlined.
Its estimates for 1973, while overestimating the thickness

change, were within one standard deviation (16 cm) of the measured
value in early August, confirming the importance of radiative
energy sources to melt.

Airflow from northerly - easterly directions tends to retard the
melt, whereas southerly - westerly airflow accelerates it. How-
ever, insufficient cases with similar pressure patterns and
variability in the local conditions, during the period with
detailed microclimatological data over the ice in 1972, has
prevented any firm categorization of synoptic patterns in terms
of their energy inputs to the surface.

Daily MSL pressure patterns have been catalogued according to an
objectiveosch of028 , based on grid point data for the
sector 58 -80 N, 50 -100"W, for 1946-74. Distinctive temperature
departures and precipitation amounts are associated with each of
the major types at Broughton Island, showing that the catalog is
useful for discriminating local weather conditions.

Diagnostic analysis of a cold low system which affected the area
in July 1973 and which gave rise to significant ice melt, shows
that warm advection fram the west was augmented by adiabatic
descent over the east coast mountains.

Preliminary work with a sea-breeze model (with a dry atmosphere)
suggests that local advective energy import associated with a
warm surface current, for example, will have little affect on
potential melt rate of ice surfaces for reasonable temperature
anomalies.

The trend towards cooler summers around Baffin Bay since about
1962 can be related to an eastward displacement of the 700 mb
trough giving rise to more northerly airflow. This eastward
shift is apparently related to stronger hemispheric westerlies
in high latitudes as a result of a northward contraction of the
westerly wind belt.



Table 1

. Periods of Field Measurements

Location
Cape Dyer

vicinity

Broughton Village

Broughton Village

2 km SSW of
Cape Broughton

West Station,
North Station,
Broughton harbor

Broughton Island
vicinity

South Station
Broughton harbor

Period

19-26 May 1971

June 1971 -
Oct 1974
(except RPpril -
May 1972

15 Dec 1971 -
20 Jan 1972

10 June -
20 July 1972

20 June - 1 July
1973

2 July - 5 Aug
1973

May - Nov 1973
June - July 1975

© 6 June - 2 July

1974

Comments

Aircraft
transects over
Davis Strait

Twice-daily
climatological
observarions

Micrameteorology
and ice
observations

Micrometeorology
and ice
obsexvations

Micrometeorology
and ice
observations
(See Table 2)

Water temperature
and salinity
profiles

Micrometeorology
and ice
observations

References

Jacobs et al
1972

Record

Jacobs, 1973,
1974d

Jacobs, 1973
Weaver, 1976
Crane, this
report

Jacobs, 1974a

Weaver, 1976

Jacobs, 1974b
Annual Rep.
1976

Weaver, 1976
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2. REGIONAL CLIMATIC SETTING

R. G. Barry and R. A. Keen

A. Large-Scale Controls

Throughout the year the upper air circulation over Baffin Island
is dominated by a major trough or closed low within the troposphere
westerlies. At the 500 mb level, a closed low is present on the mean
monthly charts (1951-60) over or near Baffin Island from November
through February and also in May (Titus, 1967). At this level, the
atmpsphere over the area is the coldest part of the hemisphere and
this factor is important in texms of the atmospheric vapor content
(Barry and Fogarasi, 1968). Flohn (1952) showed that the frequency
of cold lows on the 1000-500 mb thickness charts is a maximm over
Baffin Island in winter,

From March through October . (excluding May) , the 500 mb circulation
displays a trough centered over paffin Island. Consequently, the upper
circulation generally tends to be rather weak in winter and summer. At
the surface the mean flow in winter is a strong northerly-northwesterly
cne between the Mackenzie high and the Icelandic low , which has a
subsidiary trough along the west coast of Greenland. The circulation
weakens in spring when the high tends to shift to the Queen Elizabeth
Islands. In sumner, the mean circulation at the surface is slack,
with a weak low over southern Baffin Island (0'Connor, 1961)

The northern part of Baffin Bay is a major focus of cyclonic in
winter (Keegan, 1958). .The effects of the Greenland ice sheet in
causing stagnation of eastward-moying systems, in promoting secondary
disturbances, and in steering lows no along the west coast of
Greenland, are all apparent in this Baffin Bay maximm of cyclone
activity (H. Wilson, 1958) The occurrence of the North Water in
Smith Sound, with its associated heat and moisture fluxes to the
atmosphere, is also a contributory factor to subsynoptic and
synoptic scale cyclogenesis (Miller et al., 1976). In sumer the
frequency of baroclinic disturbances is a maximum over Hudson Strait-
David Strait, associated with the Arctic Front (Barry, 1967), with
a secondary maximum in northern Baffin Bay (Reed and Kunkel, 1960)
which serves as a 'grayeyard' for cyclones from east coast of North
America and from the continental interiox. On the meso-scale,
there are indications that the mountains of eastern Baffin Island
induce ridging (H. Wilson, 1958) , especially in northwesterly flow
situations. The station network is too sparse to examine these effects.
It is worth noting that the stations at Cape Dyer, Broughton Island,
Cape Hooper and Dewar Lakes are on exposed hilltop sites whereas
Frobisher Bay is located between low ridges at the head of the long inlet,

and Clyde is in a relatively open location on an inlet.



B. Synoptic Classification and Catalog

The earliest studies (Jacobs et al., 1976) made use of an
existing subjective catalog of daily surface pressure-pattern
types over the area (Barry, 1974, pp. 35-38). In order to provide an
objectively-determined classification that could be applied rapidly
to a longer time period, a procedure developed by Kirchoffer (1973)
for European 500 mb patterns was adopted This method has also been
used for similar classifications for the western United States (Barry,
Bradley & Tarleton, 1977) and for Alaska (Barry, 1976). The
description below follows methods used by Moritz (1978). BAn objective
classification has been developed for the Baffin Island area by
Fogarasi (1972) using the correlation method of Lund. However, it
is not readily amenable to large data sets of the type used here, due
to the required size of the correlation matrix. Fogarasi's study was
restricted only to summer 1968.

The classification scheme was applied to NMC grid-point pressure
data (provided by NCAR) for the sector 58° - 800 N, 50° - 100° W.
The 37 - point NMC grid, and row and column groupings of the points,
are shown in Figure 2.1. The first stage of the analysis involved a set
of 58 months, selected by inspection of monthly maps of pressure
anomaly to represent seasons with a variety of regimes. Table 2.1
summarizes regional indices of geostrophic zonal wind for 550 - 780 N.
between 50° - 100° W and geostrophic meridional wind for 60° - 75~ W
averaged at 60°, 650 and 70° N showing that a balanced range of monthly
anomalies is indeed represented. This table also lists the actual
months selected and the corresponding mean values of the two indices.

The first step in the process is to normalize the 37-point grid for
each individual day. The mean (P.) and standard deviation (s.) of the 36
pressures are calculated for each’ ("jth") day individually. Bach day's
grid is then normalized individually so that the actual pressure at the
"jth" point on the "jth" map (Pij) is replaced by:

g = Pjs — P.
i —13—5—1 (2.1)
J

i.e. the nurber of standard deviations by which it differs from the map
mean. 2%.. will be referred to as the normalized grid value of the "ith"
point on'fhe "jth" map. The effects of this procedure are twofold:

1) All reference to the absolute magnitudes of the pressures
are removed. e.g. a closed circular low with a uniform
pressure gradient will have the same normalized pattern no
matter what the central pressure is.

2) Weak actual pressure patterns can became stronger normalized
patterns. That this is so can be seen by considering two
maps with identical isobar pattern shapes and identical mean
pressures, but with different standard deviations. The
differences in pressure P.. - B. for the weak pattern (low
standard deviation) will Be lesd in each case than the
corresponding differences in the strong pattern. However,
the weak pattern's standard deviation s. will be even more-

strongly reduced, because it is calcula?:ed from a sum of squared

-~



deviations from the mean. The net effect is to cause
grid patterns of normalized values to become stronger
(more isopleths) than their corresponding (weak) actual
pressure patterns.

The second step in the procedure is to determine for each day in
the sample the mumber of other days classified as having a similar
normalized pattern to that of the given day. Similarity is tested by
computing the quantity:

where the subscripts indicate that we take the difference between noxmal-
ized grid values at the "ith" point of the "jth" and "kth" daily maps. We
then square and sum over the 37 points:

2 _ 2
SUMp, (A i) 3k (2.3)
which yields the total sum of squared differences between corresponding
normalized grid point values between the two (j & k) maps. The magnitude
of SUMA 2 is then a measure of the dissimilarity of the two maps in
question. Previous work with this technique suggests that two patterns
can be satisfactorily grouped as similar is SUMA 2 js less than equal to
N, the number of grid points (37 in this case). It should be emphasized
that the selection of such a "threshold" is a subjective process,
involving visual inspection of similiar maps and testing of the program
with various thresholds. The total sum of squared grid-point differences
over the map gives a measure of similarity for the entire field, but it
might still be possible to have similar maps with rather undesirable
pattern differences conecntrated in a small portion of the field.
Therefore, the maps were divided into six (approximately) zonal rows
and seven meridional columns (Figure 2.1). The SUMA 2 for the points in
each of these subdivisions are then calculated for each pair of maps
and must be less than or equal to 1.8NN, where NN is the number of
points in the subdivision, in order to be classified as similar. This
threshold was also determined subjectively, based on previous work.

After repeating this procedure for all pairs of maps in the sample, we
have a "table" (within the camputer) listing against each day, all days
passing both similarity tests.

The third step in the classification is to find the key days which
serve as pattern-types or representatives for the rest of the sample. The
day having the largest number of similar days is designated as key day
murber one. Al days listed as similar to key day number one are then
removed fram the lists of similar days in the rest of the "table". After
these days are cleared fram the matrix, the day having the greatest
nuber of remaining similar days in its list is designated as key day
number two. This process is repeated until there are no days with greater
than or equal to five similar days in their lists. Any residual days
are listed as "unclassified".

-10-



The final step in the typing procedure is to assign all non-key

days in the sample to the key day with which it had the lowest SUMaA 2,
The need for this step arises when we clear each successive key day's
list of similar days from the remaining table. This latter procedure

removes from the remaining lists all days which passed with the key day

presently under consideration. However, same of the days so removed

may have a lower SUMA 2 \ith respect to a key day generated later in

the typing program. (i.e. it was "similar" to more than one key day,
and had a lower score with the key day which occurred later in the

program) .

After campleting these steps, we have a set of 28 key days,
each with a list of all other days that have the smallest score within
one of these key days. Subsequently, all days were typed with
reference to the 28 key dates for January 1946 - August 1974.

The pressure maps for the 28 key days are given in Figure 2.2
which shows normalized values, i.e. the isopleth interval is
(0.5 x standard deviation) for each given map. The variability
within each type is indicated by Figure 2.3 which plots the absolute
frequency of low centers for the first twelve types. In most cases
the center is located over a narrow range of grid points.

The complete catalog is presented in Table 2.2. The 28 types
account for 98 percent of daily MSL pressure patterns for 1946-74
(Table 2.3). A descriptive name for each pattern is proposed in
Table 2.4, together with an indication of the circulation direction
and isobaric curvature over the area of Cumberland Peninsula. These
are intended as a convenient reference system to obviate continual
inspection of the type maps.

Table 2.5 summarizes the mean monthly frequency of the types in
days. This emphasizes the dominance of patterns with a low in Davis
Strait in winter months. In summer there is a greater variety of
cyclonic patterns (see Figure 2.4) with types 1 (Davis Strait Low),

2 (Ungawa ILow), 3 (Devon Island Low) and 4 (Hudson Bay Low) each
occurring on about 3 days in July. On an annual basis, the first

five types, which are all basically cyclonic, account for half of

the days in the year and anticyclonic patterns (types 8, 10, 12, 17, 19,
24, 25 and 28) occur on only 17 percent of days (Table 2.5)

Synoptic Climatology

The climatic characteristics of the synoptic types have been
analyzed for Broughton Island for the period 1959-70 with respect
to daily temperature departures, since this element is of primary
importance. For this purpose, normals for each day of the year were
first determined. It was assumed that the daily temperatures could be
represented as a quadratic function of time by (a + bt + ct?). The
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mean temperature on the 15th of a given month (t = 0), was assumed

to correspond to the published mean value for 1941-70, and likewise
for the preceding (t = -1) and following (t = +1) months. The
quadratic function was then fitted to these points. The quantity

c/ 5 must be subtracted from the coefficient a in order for the
in%egrated mean value of the quadratic to ecqual the monthly mean
temperature. The coefficients b and c were then adjusted so that the
camputed mean for the end of one month matched that for the beginning
of the next. The derived daily means are tabulated in Table 2.6.

The mean daily departures for each type, and their standard
deviations and standard errors, are listed by month and season in
Table 2.7. In order to examine these data, each type is plotted
as a function of its average temperature anomaly for the summer and
winter seasons in Figure 2.51. fThe seasonal ancmalies are consistent,
in virtually all cases, with what one would expect from advection
and radiation considerations. A summary version of the same information

is also given in Figure 2.6 to bring out relationships between the types.

Twelve of the synoptic types are characterized by a fairly simple
flow pattern between a single low pressure center towards one edge
of the grid and higher pressures elsewhere. For type 1, the low is
in Davis Strait with northeasterly cyclonic (NE.) flow over Cumberland
Peninsula. Type 6, with a high over Thule, gives similar flow
over the Cumberland Peninsula. From Figure 2.6, ten similar types
can be identified where the low center is progressively displaced
in a clockwise rotation. In sequence, these are type 10 (Thule
High, NE flow),type 2 (Ungawa Low, E flow), type 7 (Hudson Strait
Low, SE flow), type 4 (Hudson Bay Low, SE, flow), type 11 (South-
ampton Island Low, Sc flow), type 22 (Foxe Basin Low, S flow),
type 16 (North Baffin Low, SW., flow), type 3 (Devon Island Low,

W flow), type 9 (North-Central Low, W, flow), and type 15 (Baffin
Bay Low) .

In winter the warmest types at Broughton Island (types 7, 4, 11
and 22) all give rise to southerly flow off the relatively warm, open
waters of the Labrador Sea, while the coldest types (types 13, 24 and
27) are associated with cold air from north or northwesterly
directions, or are high pressure situations (types 8 and 19). Type 21
is a transitional pattern from northerly flow over Davis Strait.
Although type 28, with a high cell over Baffin Island, has positive
departures in both seasons it should be noted that there are also
large standard deviations, especially in winter (Table 2.7).

In summer, the warmest conditions at Broughton Island occur with
types giving rise to south or southwesterly flow from southern land
areas (types 16 and 22) or are anticyclonic patterns (types 25 and 28).
The strongest anticyclonic patterns (types 12, 17, 19, 24, 25 and 28)
all give positive departures in summer (Figure 2.6). Evidently,

l1n Figure 2.5, 1.2° C has been subtracted from the mean winter departures
given in Table 2.7, and 0.20 C added to the summer departures, to account
for the differences between the 12-year period used for the calcuations
and the 30-year mean values.
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flow direction is less significant than a tendency for clear skies and
high radiation inputs. The cool summer types are those bringing
northerly or easterly flow over the relatively cold waters of Baffin
Bay (types 1, 2, 6, and 10) or have a low centered over the area with
extensive cloud cover (types 5, 15 and 26).

Inspection of Figure 2.5 allows similarities to be identified between
some of the more camplex pressure patterns and others where single
lows are the dominant camponent. For example, the temperature
characteristics of type 16 ( a col situation with lows to the west and
southeast) are intermediate between those of types 6 and 22 which have,
respectively, lows to the southeast and to the west. In the case of the
E-W col patterns of types 20 and 23, it is apparent, in view of their
similarity to types 3 and 9 in Figure 2.5, that it is the low over
Baffin Bay which is controlling the temperature anomalies.

The precipitation characteristics of the types at Broughton Island
are indicated in Table 2.8. In winter, easterly flow with a low over
Ungava (type 2) accounts for 30 percent of the precipitation and lows
in the Davis Strait (types 1 and 6) and Baffin Bay (type 20) provide
another 30 percent. In summer, lows over Davis Strait (type 1)
give 20 percent of the total, with contributions of 14 percent
from lows over Ungava (type 2), 16 percent from lows over Baffin
Island and Devon Island (types 5 and 3) and 7 percent from lows
over Hudson Strait (type 11). As Table 2.8 shows, there is a
wider variety of patterns and airflow directions contributing to
sumer precipitation. Also, the actual amounts involved are more
than 50 percent greater in summer than in winter.

In both seasons, the anticyclonic patterns (types 8, 12, 17, 19,
25 and 28) are almost entirely associated with dry conditions.
Average intensities (mean precipitation per day of type occurrence)
are generally 3-4 mm/day in summer for the major precipitation-
contributing types, whereas in winter type 2 averages 5.2 mm/day and
type 20 gives 5.9 mm/day, but averages are much lower for types 1
(2.4 mm/day) and 6 (1.6 mm/day).

These results indicate that the objective classification of
daily MSL pressure patterns provide a useful basis for characterizing
the climatic conditions of at least temperature and precipitation
at Broughton Island. The potential significance of synoptic patterns
with respect to summer decay of the fast ice, which has already been
explored using the subjective catalog (Weaver et al., 1976) is
examined further in sections 6 and 7 of this report.
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TABIE 2.1

A. Seasonal Frequency of Meridional Index Values
Meridional Index '

0 anomalies
Seasons -1.5 -1.4 to -0.5 -0.4 to 0.4 0.5 to 1.4 1.5
D-J-F 1 4 4 5 1
M-A-M 3 5 5 0 1l
J-J-A 1 3 8 0 2
S-O-N 2 3 4 6 0
Year 7 15 21 11 4

B. Mean Meridional and Zonal Index For the Sample Months
Mean Indices (m s~1l)

Summary of Months Meridional Index Zonal Index
January 1958, 63, 64, 70, 72 -4.4 0.3
February 1954, 68, 70, 72, 73 -3.4 0.9
March 1956, 60, 68, 71 -3.8 -0.5
April 1954, 65, 68, 69, 72 -2.5 -0.5
May 1963, 66, 68, 71, 72 -1.0 -1.6
June 1954, 61, 70, 73 -0.4 0.3
July 1952, 58, 64, 66, 69 +0.4 0.3
August 1952, 53, 55, 68, 73 +0.3 0.5
September 1954, 58, 60, 67, 71 -1.2 0.6
October 1953, 54, 64, 69, 72 -1.9 1.4
November 1952, 58, 66, 70, 72 -1.7 1.0
December 1957, 63, 67, 71, 72 -3.9 0.4

All indices are for MSL pressure data.
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Table 2.2
Catalog of daily pressure types, 1946-74
(For code see Table 2.4; for key-day maps, see fig. 2.2)

Types for a few days with missing data have been determined subjectively.
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TABLE 2.4 Names & Codes of Baffin Objective Types

%

W 0o N 6o 1 b W N

N NN NDNNNNDNR R H o e o s
oo\lc\m.buwl-ao&ooo\lmm.bwwl-'o

Name

Davis St. L
Ungava L

Devon Is. L
Hudson Bay L
Central L

Thule H

Hudson St. L
Ungawa Ridge

N - Central L
Foxe Basin Ridge
Southampton Is. L
SE - NW Ridge

SW Low Transition
N - S Col

Baffin Bay L

N. Baffin L
Central H

SW - NE Col

Foxe Basin H

E - W Coly
Boothia L Transition
Foxe Basin L

E - W Col A

N - S Ridge

S. Baffin H

S. Baffin L

Thule IL/Hudson Bay L
Central H/SE ridge
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TABLE 2.5

1946-74

MEAN MONTHLY FREQUENCY OF BAFFIN TYPES

12 YEAR
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Table 2.7

Mean daily departures of temperature (°C) by synoptic type at
Broughton Island; standard deviation (SD) , -standard (SE), and
muber of cases .(N). Monthly and seasonal values are given.
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Table 2.8.

Broughton Island Precipitation: Contribution to Total from each Synoptic Type.

e e e
Summer (June - August) Winter (Dec. - Feb.) Annual
Type | Precip. mm. Percent Precip. mm. Percent Precip. mm. Perce
1 154 20.6 61 12.6 720 20.9
2 106 14.1 145 29.9 616 17.9
3 58 7.7 10 2.1 147 4.3
4 22 2.9 .6 % 47 1.4
5 62 8.3 1.2 ; 200 5.8
6 9 1.2 44 9.1 g 161 4.7
7 21 2.8 : 13 2.7 50 1.5
8 7 .9 ? 0 0 b4 1.3
9 i 21 2.8 i 5 1.0 | 97 2.8
10 7 .9 | 22 4.5 104 3.0
11 50 6.7 f 17 3.5 107 3.1
12 % 2 .3 | 0 0 27 .8
13 ! 0 0 15 3.1 23 .7
1% 5 .7 2 4 12 3
15 . 37 4.9 19 3.9 136 4.0
16 2 .3 2 4 i 13 4
17 | 3 .4 .2 ; 22 .6
18 g 8 1.1 1.0 ! 24 .7
19 i 0 0 0 0 6 .2
20 38 5.1 f 35 7.2 228 6.6
21 10 1.3 0 0 12 .3
22 1 1 3 .6 4 .1
23 12 1.6 0 0 82 2.4
26 | 4 .5 6 1.2 60 .2
25 0 0 0 0 1 0
26 ! 1.2 7 1.4 63 1.8
27 | 18 2.4 1 2 42 1.2
28 5 .7 1 .2 10 .3
Untyped | 74 9.9 i 61 12.6 374 10.8
Total 745 100.0 ! 484 100.0 3442 100.0
; %
; ,
e
§



100°W

Figure 2.1. NMC 37-point grid for the sector 58°-80°N, 50°-100%W
showing row and colunn zones.
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Figure 2.2. Pressure maps for the 28 key days and grid outline.
Pressure units are normalized with an isopleth interval
of 0.5 x standard deviation.

~32-



-33-

KEY DAY



~-34-



| A KEY DAY 3

_35_






KEY DAY 5

-37-



KEY DAY 6 >






KEY DAY

-40-









KEY DAY 11V

~43-



KEY DAY 12\,

=44-



AT ORI T MM LTy

-45-~



-46-



=47-



ey pay 167"

-48-



-4 9-



-50-



s . TR I T Y TORG 2‘J§%¥\¥

19

KEY DAY

-51-






EY DAY 2157

-53-~



KEY DAY.22 /7




=55-



-56-






5 ::\‘ ) / . ,/:!
N _————__KEY DAY 3%

~5¢ -



-59-






Type 5 lype 6

Figure 2.3 Absolute frequency of low centers (1946-74) for the first twelve
syroptic types
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Figure 2.3 (cont.)
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3. SYNOPTIC CASE STUDIES

Ellsworth F. [eDrew

Department of Geography
University of Waterloo, Ontario

In terms of the atmospheric dynamics in the Arctic, an ice
surface may be viewed as an energy sink. Energy is advected into
the region with the synoptic scale air flow and transported to the
surface by turbulant exchange. Here it may be utilized as melt,
conducted through the ice to the ocean, or converted into radiative
energy. Often the turbulent exchanges are most easily treated on a
micro-scale. The energy fluxes are calculated from profiles of
temperature, humidty and wind speed measured within the planetary
boundary layer. On account of the precision instrumentation required,
such studies usually are conducted at one location only and it is
difficult to assess the spatial character of the vertical energy
exchanges, or to trace the origins of the horizontal energy influx.
The synoptic perspective necessary to an understanding of the linkage
between surface processes and atmospheric dynamics is not available.

In this section we report on two mumerical studies specifically designed
to examine this synoptic scale interaction between the regional advection and
Surface energy exchange in the Baffin Bay-Davis Strait region. In the
first study athree-dimensional limited area atmospheric model is used to
analyze the energy conversion during a typical invasion of a depression
system into the eastern Canadian Arctic from the Great Lakes Region. The
time selected coincided with a major ice-melt event observed along
the east coast of Baffin Island. The following study uses a finer reso-
lution two dimensional model to outline the processes operating below
the grid scale of the limited area model. We focus on the smaller scale
advection from the warm Greenland Current to adjacent ice surfaces.

Diagnostic Analysis of a Symoptic Situation Causing Extreme Ice Melt

Synoptic Background for the Case Study

The synoptic record for Broughton Island during summer 1973 (Figure
3.1 partly on Jacobs, 1974) exhibits characteristic variability (Wilson,
1958). For the case study the thirteen day interval from July 13
through 25 is chosen. Records of ice thickness (R.L. Weaver) indicate
a major ice melt of 25 cm within 48 hours at Broughton Island during
the delayed warming interval beginning on the 19th.
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Weather records fram the Broughton Island station log indicate
persistent low level fog with visibility restricted to less than
1 km and intermittent rain until July 22 when there was a general
clearing. The ice surface quality degraded as the rain saturated the
upper levels and melt holes expanded.

The period selected for detailed analysis comes immediately after
an abrupt transition fram weak zonal westerly flow to a convoluted
meridional transport, a circulation which persisted until August 3.
The trigger for this meridional flow was a low which originated
over the Gulf of Alaska on July 1 and remained anchored there until
July 11. It then weakened and may be traced on the maps as a small
convolution in the zonal circulation which drifted eastward until
it approached a major trough over Hudson Bay. On July 12 this
deepened over Keewatin as a closed low, with the trough forming a
closed low over the central St. Lawrence region. The large scale
circulation has now developed into a deep broad trough encampassing
the two systems. It is this dual depression formation which enters
the Arctic along the east limb of the trough bringing the initial
pressure drop to the Baffin Island area.

On July 12 the surface pressure pattern in the eastern Canadian
Arctic is similar to the Thule low configuration which is a typical
winter pattern (Keegan, 1958). There is an elongated trough over
eastern Canada with a shallow surface low west of Thule. This is
associated with a slow moving primary cyclone to the southeast of
Greenland with closed isotherms in mid-troposphere. This leads a
wave train over Canada with the above mentioned secondary low over the
St. Lawrence region bringing southerly air into the Davis Strait sector.

The subsequent movement of the southerly depression is illustrated
in Figure 3.2 for the 85 cb level (the level chosen for analysis). The
low moves nor thward with a maximum depth on July 15. It becames anchored
over south Baffin Island until July 19 when it drifts east, with the
height of the center stabilized, and leaves the grid area to the south of
Greenland. During the first days of this interval the NMC charts indi-
cate a deep depression system (120 decameters —-dm- on July 12) in the
central Polar Basin.

As this circulation weakens it enters the area of study from the
northwest and drifts southward along the west coast of Greenland. This
is a major cyclonic track during July (Namias, 1958) prompted by the
thermal contrast along the margin of the Arctic Basin and resultant
baroclinicity. Even though the analysis period includes the entire history
of an instrusion of a southerly system through the grid area, it also
includes the influence of a northern synoptic system which will be ‘
shown to have an appreciable effect of the Baffin Island thermal regime.

—69-



The Diagnostic Limited Area Model

The model used to analy:e the energy exchanges throughout this
synoptic episode is a form of the amega equation. A measure of
development or decay is the vertical velocity (negative amega) which
may be calculated from considerations of differential vorticity
advection, thickness (or thermal) advection, diabatic heating, and
orographic and frictional influences. . The first three parameters
are calculated at discrete points throughout the vertical extent of
the atmosphere. In the amega equation these three terms are additive
and can therefore be examined for their individual contribution to
the total dynamics of the system at any model level. We can compare
the contribution to the synoptic history by horizontal thermal
advection and the vertical turbulence enthalpy flux fram or to the
surface by examination of the vertical velocity or amega value asso—
ciated with each process, thereby quantifying an important linkage
between the surface energy balance and the atmospheric dynamics. The
surface effects of friction and orography are included as lower
boundary conditions in the model.

The formulation of the equation, the numerical techniques used,
and a discussion of the accuracy of the model is detailed in LeDrew
(1976) . The input data are from the National Meteorological centre
analysis on an equidistant 350km grid network. We have selected an
eight-by-eight grid sector centered on Baffin Island (Figure 3.3) for
our analysis. There are six levels in the vertical (100, 85, 70, 50,
30 and 10 centibars).

Synoptic Analysis

This section is a detailed examination of the model generated data
for the period July 13-25, 1973. The primary purpose of the analysis is
to identify the relative importance of advected and local energy sources
and sinks in the behavior of a synoptic system within the grid area.

On account of the enormous amount of data camputed from the model
same restrictions are necessary in the discussion. The maps presented
(Figures 3.4 through 3.11) are only for the 85 cb level and therefore
the interpretations are limited to lower tropospheric activity. This
is a campromise so that both surface influences and features of the broad
scale circulation may be included. Where appropriate, important factors
fram other levels are discussed verbally. To simplify the presentation
further, data at 48 hr intervals only are presented in map form. For
each day discussed the following data are contoured: 85 cb heights, 85 cb total
vertical velocity (w,), 85 cb vertical velocity due to vorticity advection
(w.) thickness advection (W) and surface thermal effects (w.), 85 cb thermal
adgection, total precipitatlfgn and total vapour flux divergenge. The
85 cb temperature fields are in Figure 3.12.

A restriction on interpretation should be clarified. Unlike the
vorticity tendency equation the amega equation is not a development
model; it describes steady state fields. Explanations for development
and advective processes must be conservative since they are based on a
subjective examination of a sequence of maps, not on a prognosis from one
map to the next. Temporal trends are not clear fram one map in isolation.
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On July 13 the southern depression system is in two centers,
one over the Gulf of St. Lawrence (134 decameters at 85 cb) and a
more vigorous vortex over southern Keewatin (131 dm). The curvature
of the 50 cb flow suggests steering towards the northeast. A weak
localized high over Baffin Island separates this system from a deep
low (122 dm) over the Polar Basin. The steep gradient of the Polar
depression extends to the northern sector of Baffin Island.

The strongest uplift (Figure 3.4) is in the southeast quadrant
of the grid, in advance of the St. Lawrence low. At 50 cb the
vorticity advection along the east side of the deep trough cggtai.gj_ng
the two southerly depression centers is approximately 2 x 10 ~ s = and -1
ascent due to differential vorticity advection (w_,) is strong (1.8 cm s 7).
Positive thickness advection resulting,fram th(_al° ort of relatively
warm air (advective heating of 1 x 10 ~ kJ kg s _.in this sector)
contributes additional uplift (w, approachg§ 1 cmy s ). There is a
total vapour flux convergence of 9.2 mm am hr (negative divergence)
and this uplift promotes intense precipitation and additional ascent of
0.2 to 0.5 am s ~ due to latent heat release. These factors are augmented
by strong cyclonic frictional convergence ( 1 cm s = at the surface)
and to) aphic uplift from onshore flow over northern Labrador
( 2 am s © at the surface). This latter factgi acts to anchor the 85 cb
total vertical velocity maximum (wT is 4 cm s ) at this shore region.
At this stage, the system exhibits the classical signs of a developing
mid-latitude wave cyclone, as described by Krishnamurti (1968). Ahead
of the vortex, in the direction of the 50 cb flow, vorticity and
thickness advection as well as latent heat release act in conjunction
to remove mass and promote a pressure fall with attendant development
of the depression.

Over the entire grid area the surface enthalpy flux is negative.
The resulting cooling is a maximum in zones of maximum warm air advection-
in advance of the system - since there is a maximum air-surface temperature
contrast. Since it is the spatial pattern of the surface flux that deter-
mines the vertical motion related to it (w,) there is subsidence to the
south (w,, is -0.1 am s ~) acting in mild opposition to the thickness
advectiog, while to the north there is ascent where the cooling is a
relative minimum (wH is +0.1 am s ~ over central Baffin Island).

The isotherm pattern (Figure 3.12) is of interest since, in later
maps, a cold dome forms which eventually coincides with the isobaric
pattern. The result is an example of the classic cold low described
by Reed (1958) and Scherhag (1957). At this map time there is a decaying
primary depression to the southeast of Greenland. The northwesterly flow
along the east side of the St. Lawrence low sets up a strong deformation
field over southern Davis Strait and the Labrador Sea. With this
circulation the axis of dilation is roughly orientated northeast -
southwest (cf. Palmen and Newton, 1969, pp 240) and a tongue of cold air
is drawn southward over Baffin Bay. The zero degree isotherm is along the
east coast of Baffin Island. The cyclonic flow from the Polar low is
crossing igto this,tongue bringing warm air advection to the northern region
(0.5 x 100~ kJ kg ~ s ) which acts to shift the northern sector of the
tongue east. In the central Baffin Island area the circulation of the
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St. Lawrence depression acts in opposition, deepening the tongue
to the southwest. The interaction of these three vortices set
the isotherm-iscbar configuration for the development of the cold
low.

By July 15 the two southern depression centers have coalesced
into a deep low of 124 dm over Ungava Bay. The isobaric gradient has
intensified and extends into the area of northern Baffin Island where
it joins the Polar Basin low; the 147 dm isoline encircles both
systems. This map (Figure 3.5, cf. also Figure 3.2) represents the
maturation of the system, the center weakens noticeably in the next map.
The synoptic sequence thus illustrates fully the decay of a mid-latitude
system as it enters the Arctic.

The_strongest ascent due to differential vorticity advection (w, =
0.6 an s ) is weaker than on the previous map and is situated to thé
northeast of the vorgex cgenter over Davis Strait. The 50 cb vorticity
advection is 1 x 10 ” s © here. Although the location relative to the
low is similar to that of the 13th, the magnitude of the maximum vorti-
city advection has decreased by one-half.

The patterns of vorticity and thickness advection are no longer
coincident and, within the depression, thickness advection daminates
the vertical circulation. This is characteristic of the peak of
development for mid-latitude systems (Krishnamurti, 1968b). Deformation
of the temperature pattern has extended into Hudson Bay and the zero
degree isotherm forms a closed dame immediately to the west of the
depression center, The result is warm air advection (approximately
0.8 x 10 " kj kg ~ s 7) to the north and west of the system with ascent
of 0.6 am s ~ , effectively overriding the descent due to differential
vorticity advection. Where W, is a maximum to the northeast Wi is
zero or slightly negative.

As the patterns of and w_ move out of phase local effects
assume dominance. The imum td%al ascent (1.5 cm s ™) is to the
north of the low over southeast Baffin Island. Since and w__. are
both zero here, this is directly related to orographicwgrecipigﬂon effects
and frictional and topographic uplift.

For this particular case the surface vertical velocities due
to fric tional and topographic factors are illustrated in Figure 3.6. _
The onshore southeasterly flow results in an orographic uplift of 1 cm s
over southern Baffin Island. Over Foxe Basin, the_Jee side, descent is
of the order of -0.8 cm s = and uplift is 0.1 cm s = over Keewatin.
Note the marked influence of the Greenland ice cap (-1.8 cm s ) even
though flow is.more alongshore than offshore.- Offshore descents may
reach -4 an s = on other dates. Frictiong} cross-isobaric convergence
within the low vortex approaches 1.5 cm s ~. A slight curvature of the
isoline over southern Baffin Island due to onshore convergence and
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differential drag is noticable. Elsewhere there is moderate
descent of the order of -0.3 an s ~ due to frictional divergence.

Precipitation and latent heat release in the surface (100 to
85 cb) layer is significant in response to_ghe orog:_fapl.}]':c and
frictional ascent. Heat release of 3 x 10 ™ kJ kg ©~ s = is calculated
over_southern Baffin Island which results in additional ascent of 1
an s © at 85 cb. As before, the net vapour flux divergence is )

negative in this northeast sector of the depression (-1.5 mm cm 1

hr 7).
The surface enthalpy flux results in a cooling except over Baffin
Island where the warm surface coupled with,negative temperature advec-
tion promotes a heating of 4 x 10 ~ kJ kg, s = at 85 cb with a
strong local ascent approaching 0.7 cm s =~ over the east coast. Note
that this augments local topographic, frictional and latent heat effects
in this sector. Elsewhere the advective pattern is the predominant
control on w,.. Generally w, and w__. are in opposition. The two are nearly
equal in mggitude over Davlil.s St.r:a‘Pf:I and the Labrador Sea while over
Foxe Basin and Hudson Bay, in the region of the cold dome, thickness
advection has a much greater effect.

Part of the cold dame is off the grid and a complete examination
of the internal energy exchanges is not possible until the next
example.

This map illustrates the maturation of a mid-latitude low in the
subarctic. Vorticity and thickness advection patterns are out of
phase with the latter dominating the vertical motion field within the
depression. Considering only these two parameters at 85 cb the
vertical motion in the vortex center would be_pear zero. The surface
frictional convergence and uplift of 0.5 cm s =~ would rapidly fill the
system in the lower troposphere leading to decay. Any displacement would
be a response to the steering of the large scale flow. However, there is
strong ascent and concomitant pressure fall to the north related to local
effects.

The importance of these local controls is apparent on July 17
(Figure 3.7) when the depression center has moved northward to southern
Baffin Island. It has weakened to 130 dm and the regional scope of
the cyclonic circulation is much more restricted as compared to July 15.
The Polar low remains unchanged.

The decay of the system is reflected in the advective terms. The
pressure pattern is almost in phase in the vertical (other pressure
levels are not shown) such that there is very little differential
vorticity advection over the system center. w _, is almost zero here. To
the northeast of the system the 50 cb vc_)ﬂ.}ici y advection is still
positive but has been reduced to 1 x 10 s = (this may be suspect on
account of NMC analysis errors over Greenland) as the circulation
weakens and vorticity generation and export of the depression falls.

The isobaric and isotherm patterns at 85 cb are almost coincident.
The geostrophic thickness advection results in a vertical circulation
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of less than + 0.1 cm s 1 within the low and acts to oppose the
equally small vorticity effect. Only in the northeast sector

does one factor, the differential vorticity advection, predominate,
but this uplift is cancelled by orographic defcent. The advective
fields have a negligible net influence on the synoptic system.

The low is stabilized, however, by strong net ascent (0.8 cm s-l)
within the vortex, with the result that the system remains anchored here
for three days. Again, this may be attributed entirely to local
effects. Over the Hall Peninsula region surface orographic uplift

is 0.3 am,s ~, there is a strong onshore frictignal conyerggnce of

0.6 cm s_, the release of latent heat (1 x 10 ~ kJ kg ~ s ) contributes
0.lcms ™.

The near coincidence of the isothermal (Figure 3.12) and isobaric
patterns is a classic indicator of an occluding system (Palmén and
Newton, 1969) and also defines a cold low which can be first discerned
at this stage for this example. The zero line of horizontal advection
runs through the closed zero degree isotherm which encampasses two
camputational grid points, one to the northwest and one to the southeast
of the cold dome over southeast Baffin Island. With the circulation
of July 17 there ;i waym air advection on the ggstream_isogi.heast) side
of 5x 10 " kJ kg ~ s ~ and cooling of -4 x 10 ~ kI kg ~ s = on the
downstream (northwest) side. However, there is a regverse trend,due to
the surface enthalpy flux with a heating of 2 x_10 kJ,kg_] s © over

land to the northwest and a cooling of -1 x 10 ° kJ kg * s “.over Dayis_;

Strait. Over land there is a latent heat relgase of 2 x 10 ~ kJ kg

and over water to the southeast it is 1 x 10 " kJ kg ~ s . Corresponc_lgng
cooling rates by vgftic_:il advection (adiabatic expansion) are -3 x 10

and -1 x 10 ” kJ kg © s ~ - the orographic influence is evident. Noting
the restrictions of the coarse grid resolution and approximate nature

of the parameterizations we can estimate the total 85 cb energy exchange
within the cold low to 6e + 6 x 106 kJ kg~1 s -1 to the northwest and -5 x
10~6 kJ kg™t s™! to the southeast. Thus, there is a net intensification of
the cold dome to the over advective heating. This dominance of vertical
expansion was also noted by Reed and Tank (1956) and Scherhag (1957). ~the
The 85 cb cooling in this sector is approximately -0.4° dy~l. However,

the decay to the northwest is traced to the failure of the combined effects
of adiabatic expansion and advective cooling to exceed heating by the
surfaciI- enthalpy flux and precipitation. The heating is approximately 0.5
O gy .

By July 19 (Figure 3.8) the depression center has shifted slightly
toward the northeast - still influenced by the strong localized ascent over
Baffin Island. It is no longer a closed low but forms part of a south-
east trough extension of the Polar Basin low which is over the Queen
Elizabeth Islands.

With this slight displacement, the flow over Baffin Island is from
the northwest and there is orographic descent of -0.2 cm sl at the surface
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over the east coast. The cold dome is displaced slightly eastwards,

as anticipated from the energy exchange considerations on July 17,

and as a result there is a broad region of negative thickness

advection within the depression with a maximum that coincides with the
orographic descent to produce a region of net subsidence at 85 cb within
the low. On the west coast_gf Greeg}anc_llsoutherly air is flowing

into the cold da (+2 x 10 ~ kJ kg ~ s ) with a moderate positive

w_ . of 0.3 an s ~. This adds to the posiggve_gorticity advection

a'fgng the east side of the trough (1 x 10 ~ s ~ at 50 cb, the increase
fram the previous day probably reflects the cambined circulation of

the Polar and Baffin Igland low around the trough) which contributes

an ascent of 0.5 an s . Asca resu]_.*f, EEere is precipitation and

latent heat release (4 x 10 ~ kJ kg ~ s ~). The total uplift approaches
1.3 am s ~ along the east side of the trough ahead of the depression
pramoting vortex develomment in this direction.

Two features are worthy of note. The influence of the Pplar _, 4
low is now evident in the positive thermal advection (4 x 10 ~ kJ kg ~ s 7)
to the northwest as cyclonic flow crosses the isotherms (Figure 3.17)
of the cold tongue. This increases in magnitude and southward extent
in the next map. There is also an 'anomalous' precipitation zone on the
west limb of the trough where there should be net subsidence (cf. synoptic
discussion in LeDrew, 1976 ) due to negative thickness and vorticity
advection. However, there is significant onshore frictional convergence
and orographic uplift along the west shore of Baffin Island with a total
surface ascent of 0.3 to 0.5 am s ~. This is responsible for the net
uplift and precipitation at 85 cb.

The configuration of the cold dame (Figure 3.12) with respect to

the isobars is such that inflow is from the northwest across a very
weak temperature gr ient with a small horizontal advective heating of
4 x10 " kJ kg ~ s ~. The advective cooling at the outflow, to the _5
mrthgist_inote the reversal of relative flow fram July 17) is -3 x 10
kT kg = s . The_c;orrespgfdig? figures for the surface enthalpy flux
effect,are,1 x 10 " kJ kg = s = over land at the inflow and -6 x 10
kJ kg ~_g = over,south Baffin Bay. The adiabatic effect is positive
(1x 10~ kJ kg = s 7) over land due to subsidence ip the leg sg«ile of
Baffin Island, and negative at the outflow (-6 x 10 =~ kJ kg - 1
The net result at the outflow region is a strong cooling of 3.6 C” dy ~,
dominated by advective cooling in thisositgiltion. At the inflow adiabatic
campression dominates a heating'of 1 C” dy ~. The conclusion of Reed
(1956) and Reed (1958) that adiabatic cooling is the dominating factor
in the maintenance of the cold low is obviously an oversimplification.
The controlling parameter changes with shifts in the isobar-isotherm
patterns and in relations between local features and the large scale
flow. It is necessary to use more detailed grid resolution to make
more confident conclusions.

With the eastward displacement of the cold dome w, . becomes
significantly positive to the east-southeast of the depression.
This augments an increased w_, as the circulation intensity increases
with the cambination of the ¥olar and Baffin Island lows in a trough.
There is a definite impetus for development towards the south of
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Greenland resulting from advective effects. Note the increased
thickness advection has its roots in local intensification of the
cold dame on the previous map.

.On July 21 (Figure 3.9) the vortex has indeed moved southeast
and the height of the 85 cb surface is stabilized. It remains at
136 dm from July 19 through 21 (Figure 3.2). The Polar low has
deepened to 120 dm and the increased influence is evident in the
cyclonic curvature over the northern half of the grid. Over the
southern section the anticyclonic curvature is part of a major
high over the central Canadian plains. The net result of the two
opposing systems is strong upper level diffluence over the Baffin
Bay-Davis Strait region. This phase may be considered as a transi-
tion between the dominance of a southerly depression system and the
Polar low, the develomment of the latter paradoxically initiating a
period of strong positive thermal advection over the Baffin Island
region.

The relative warming is a result of west - northwest flow
into the cold dome (Figure 3.12), which is now stationed over
Davis Strait. It is behind ‘the southern depression and the
cold low configuration no longer exists. The advective warming
and adiabatic comp, ession_at the inflow of the cold,dome (northwest
sector) is 4 x 10 " kJ kg s " and 1x 10 " kJ kg ~ s , regpectively. ,
The correspggding fggurgi at the outflow sector are -6 x 10 ~ kJ kg ~ s
and -1 x 10 " kI kg ~ s ~. However, cooling at both locations due_go
downward epthalpy flux toward the water surface is strong (-4 x 10
kI kg ~ s 7). The dominance of this latter factor over adiabatic
and advective effects no doubt accounts for the anchoring of the cold
dome over Davis Strait behind the low for the period from July 20 to 23.

The pattern of w, opposes the ascent to the west and descent to
the east due to this thickness advection. The trough containing the
low along the west coast of Greenland pramotes uplift due to positive
differential vorticity advection and to the west the anticyclonic
curvature around the mid-plains high seems to predaminate. However,
the cambined effects of the weak opposing fields of d W, . seems
to result in a broad region of quiescent vertical cir atiofts With
this nearly zonal flow topographic controls are again important. Over
Greenland the orographic uplift (0.2 to_i.o cm s 7) and onshore
frictional convergence (0.3 to 0.5 cm s ) cambine to product strong
ascent in this sector. This i$ reinforced by latent heat release with
additional uplift of 0.2 cm s ~ at 85 cb. Over west Davis Strait-
Baffin Bay there is a general subsidence due tglcombined topographic
descent in the lee_of Baffin Island (-0.4 cm s ) and frictional
effects (-0.2 an s 7) as air accelerates eastward from land to sea.

The Polar low has shifted to the east and extended the cyclonic

influence in the grid region by July 23 (Figure 3.10). On July 22
it had reached the maximum depth of 116 dm. The trough extension
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along the west coast of Greenland on the previous map (Figure 3.9) is
now almost a cutoff low between Greenland and Iceland with a
relatively shallow height of 135 dm. The northwest flow along the
west side of this trough has shifted the cold dome to the south

near the coast of Labrador.

The contribution by differential vorticjty and thickness advection
is still weak. The maximum of +0.6 cm s ~ is located over northern
Baffin Island where the cyclotiic circulation is analagous to a mid-
latitude trough with positive vorticity advection to the east and
negative advection and descent along the western lib. To the south-
east the anticyclonic curvature represents an export of vorticity from
the high towards the_iow to the east of Greenland with a corresponding
descent of -0.7 cm s .

The Baffin Bay maximum of w_, is opposed by w.(-0.7 cm s1) as
cold air is transported fram thevtanperature mmm& over the Queen
Elizabeth Islands. Over Davis Strait positive thickness advection and
warming is associated with the same flow but which is directed into the
cold tongue (Figure 3.12). It is a combination of the Polar low
circulation and the position of the cold tongue (previously a part of
the southerly depression system) which accounts for the marked warming
interval around July 21 (Figure 3.1). The effect subsided as the
cold dame shifted southward.

As on the 21st, extremes of w, and w_ . are nearly self-cancelling
and the major vertical motion features ar&'related to the local
effects, predominatly the strong orographic ascent of 4 cm s = at the
surface over western Greenland. Net subsidence over Baffin Island is
clearly related topographic descent and frictional divergence of the
anticyclonic curvature.

The map of July 25 (Figure 3.11) illustrates the decay of the
Polar low to 133 am as it drifts southward along the west coast of
Greenland, undoubtedly prampted by strong surface orographic ascent
and latent heat release in this area on the previous map (Figure 3.10).

With the southward intrusion of the low, coupled with the
almost complete disapperance of the cold tongue there_i':s §1general
negative thermal advection approaching -2x10  kJ kg s at
Baffin Island. The cold advection accentuates the effects of land-
sea temperature contrast on the surface enthalpy flux., Over Baffin
Island the positiye heating approaches 8x 10 ~ kJ kg ~ s ~ in the
north and 2.x 10 " kJ kg = s in the south as compared with a cooling
of -4 x 10 ° kJ kg ~ s ~ over central Davis Strait. The abgfptness of
the change gives rise to intense gradients of Wy = 1.0 cm s ~ over
Baffin Island and -0.5 cm s ~ quer Foxe Basin and Davis Strait. Under
conditions of warm air advection the fluxes over land are reduced and
horizontal gradients are subdued with the result that the resultant
vertical motion field of w. does not have the intense gradients and
extremes of this case. H



As expected from the classical model of trough circulation
there is strong ascent due to pesitive vorticity advection at -1
the base of the wave (1.3 cm s ) and descent to the west (-0.7 am s ).
Both extremes are much stronger than on the previous example. However,
they are opposed by the thickness advection to produce a quiescent
vertical motion field, the noticeable exceptions may be attributed to
local factors.

85 cb Thermal Regime for East Baffin Island, Davis Strait and Baffin Bay

Since the period studied in the preceding section was selected
partly on the basis of the interesting temperature and ice melt episode
it is useful to examine some thermal characteristics of the synoptic
event at selected location. The model generated heating rates at 85 cb
are presented in Table 3.1 and Figure 3.13 for east Baffin Island, Baffin
Bay and Davis Strait. The data for Baffin Island most closely represents
the synoptic data for Broughton Island in Figure 5. In Figure 3.14 the
positions of maxima of horizontal thermal advection within the grid
region are plotted. The "trajectories" of these centers are based on
subjective interpretation of Figures 3.4 through 3.1l. There is a
boundary problem in that the absolute maximum for a given system may be
off the grid. This map should not, therefore, be considered as a
camplete analysis but serve only to indicate sectors where advective
influences are prominent and the probable time-space relationships of these
Centers.

The two warming periods identified in Figure 3.1 are evident at 85
cb (Figure 3.13) for eastern Baffin Island. There is a small warming
of 4 C” centered on July 16 and a major episode around July 22. At
Broughton Island the recorded 48 hr ice melt (beginning on July 19) was
25 cm, the highest rate observed during the 1973 season. The interval
between observations was too great to associate a definite melt rate
with the first warming episode, but it was noticeably smaller.

The net heating attributed to horizontal advection, vertical
(adiabatic) advection, surface enthalpy flux and latent heat release
does not correspond very well with the temperature trend (Figure 3.13).
This may be related to the accumulation of errors (most suspect is the
surface enthalpy flux), the coarse grid resolution used to calculate
the advective camponents and the fact that the data represent instantan-
eous rates at a point rather than accumulated energy (indicated by tem-
perature) between observation. Despite these restrictions, there is some
indication of a net heating increase on July 16 at Baffin Island and the
maximum of July 22 is clear.

The development of the cold tongue in the Baffin Island region
as a result of shear between the St. Lawrence low and the primary
depression southeast of Greenland has been discussed in the previous
section. The formation of this feature accounts for the unexpected
sharp drop in temperature from the maximum on July 12 (Figure 3.1)
while the regional pressure drops as the southerly depression moves
north. The delayed warming episode on July 16 was initiated by strong
horizontal advective heating (cf Figure 3.14) when the depression
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intensified over north Quebec and the increased circulation brought
southerly air into the cold dome over Baffin Island. The regional
effect is more obvious in the Davis Strait illustration (Figure 3.13) -1
wgfre advective heatj_ngoincg?ased sharply on July 14 to 12 x 10 ~ kJ kg
s © (equivalent to 10 C” dy ~). The warmed air would subsequently be
advected northwest under the cyclonic regime. This explains the
relative delay of advection maximum and the lower rate over Baffin
Island.

Over Baffin Island the horizontal advective heating is of the
same scale as the surface heating during this early episode, but
both values are opposed by adiabatic expansion resulting from orographic
uplift. Over the ice (Broughton Island area) the rate of uplift would be smaller
and advective heating would contribute to a net energy increase. The corres-
pondence between net heating and observed temperature change would then be closer
than indicated in Figure 16.

After the 19th the advective effects are related to the flow
of the Polar low into the sgme Baffin Island cold center (Figure 3.14).
The maximum rates (14 x 10 ~ kJ kg ~ s ~) are camparable to those
identified with the southerly system and are found to the northwest over
Victoria Island. There is a strong eastward gradient of this heating
(cf Figgre lZ)___aLnd_Yalues over Baffin Bay reach a maximum of only
8 x 10 ~ kJ kg ~ s *; which is, however, greater than the maximum of
the previous episode (July 16). This is augmented by heating dpe to -1
adiabatic compression in the lee of Baffin Island (4 to 5x 10 " kJ kg =~ s ).
Descent is related to the negative vorticity advection aloft and
shift of the flow over the east coast so that topographic and frictional
effects are reversed as the depression shifts eastward.

There is an abrupt change in the energy regime on July 23 over
Baffin Island and Baffin Bay, and on July 24 over Davis Strait, as the
decaying Polar depression enters_ghe regi?n l_gfi.nging cold air with an
advection rate of -4 to =10 x 10 ~ kJ kg ~ s ~ and an end to the ice melt
episode.

To summarize, we note that over Baffin Island the regime is a
balance of a wide range of fluctuations in all the energy sources.
At times the surface enthalpy heating may reach the same magnitude as
the advective influences. Iatent heat release is cammonly an order
of magnitude smaller. Over the water surfaces, however, the dominant
control is the horizontal advection. In this example, there are no
large surface to air temperature contrasts, nor the large enthalpy fluxes
found over land. Adiabatic effects are controlled by the large scale
flow which usually results in weak vertical velocities in the Arctic.
Consequently, the rates of vertical advection are much less than over
land surfaces where topographic and frictional uplift is important.
One exception, which may be related to the grid point resolution and compu-
tational design, is the adiabatic cooling on July 23 over Baffin Bay
which is related to strong orographic uplift over Greenland with the
onshore flow.

In this discussion we have identified only the magnitudes and

nature of the synoptic scale thermal interactions for a particular case.
In particular we have speculated that the major coastal ice melt of
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east Baffin Island was related to warm advection from the west,
prampted by the circulation of the Polar depression, coupled with
adiabatic campression in the leé of the island. With the present
grid resolution (350 km) we camnot determine the perhaps significant
effect of subgrid advection on the surface energy balance. This may
be large at the land sea boundary. It would also be useful to
determine the adiabatic contribution when the local, steep topographic
gradients are considered. A meso-scale time dependent model (the
three dimensional sea breeze model of Piele, 1974, for example) with
a much finer grid mesh is required to investigate such situations in
more detail.

Summary and Discussion

A detailed analysis of the components of the amega field at
85 cb in the eastern Canadian Arctic has been presented at 48 hr
intervals fram July 13 to 25, 1973. The purpose was to examine
the changes in the imbalance of the physical processes contributing
to amega at various points in the evolution of a typical summer synoptic
system within the region. Of particular interest is the relative
importance of the advected versus the local terms in the vertical
circulation and their effect on the behavior of the system.

During this period a developing mid-latitude depression moved
into the grid area fram the St. Lawrence and drifted out, south of
Greenland, as a decaying system. Following this a deep Polar low
also passed through the region in its decaying stages, although its
regional influence was evident from the beginning of the study period.
This particular case was chosen because there were two marked
warming episodes, one of which had a significant influence on the
surface energy balance in that there was a major ice melt along the
east coast of Baffin Island.

In June the hemispheric circulation was predominatly zonal
but there was a major transition to meridional flow which character-
ized most of July (Wagner, 1973). This was prompted by blocking
over west Canada and north Europe, and a deepening of the
Azores high. A trough over Davis Strait, which extended to Texas,
is evident on the mean July map. In Davis Strait the 70 cb height
was approximately 25 meters below (low pressure) the normal while
over central Canada, north Europe and the central North Atlantic it
was 40, 80 and 70 meters, respectively, above normal. In the grid
area of this study the pressure surface dropped 70 meters from the
June 1973 average.

As the southerly depression entered the region on July 13 it
can be identified with the characteristics of a developing system as
described by Krishnamurti (1968b). Vorticity and thickness advection
patterns are in phase and the upward circulation in advance is
augmented by strong diabatic effects. At the maximum depth of the
vortex on July 15 these advective patterns are no longer coincident.
At 85 cb there is almost no vertical motion and the depression would

-80-



quickly fill since there is still strong low level frictional
convergence with the cyclonic circulation. This would be iden-
tified as the occlusion stage according to the classical model and
indeed the NMC surface analysis indicates an occluding front.

This out of phase shift of the thickness advection relative
to the vorticity advection is related to the development of a
deep cold tongue through Hudson Bay — Davis Strait which was
initiated by the sudden transfer to meridional circulation and the
formation of a strong deformation of the isotherms between an Icelandic
low, a Polar low and the mid-latitude system. The position of this
cold tongue is important throughout the entire study period. In
addition to prampting the destruction of the southerly system it leads
to the development of a cold low.

As the two advective terms become self-cancelling the local
effects became important and act to stabilize the vortex. Orographic
as well as frictional ascent and a strong surface enthalpy flux
produce a region of intense vertical motion over southern Baffin
Island. There is also latent heg*i release and further uplift. The
maximum 85 cb ascent of 1.5 am s _,on July 15 in this area is less
than the previous maximum (4 cm s ~) to the south when advective terms
daminated but nevertheless it is sufficient to force the northward drift
of the low.

The cold dome intensifies over Davis Strait with attendant thickness
advection to the southeast of the system on July 19. This coincides with
intensified vorticity advection in this areas as the low becomes a
trough extension of the Polar low as the two circulations cambine.

This rejuvination of the advective terms initiate development towards
the south of Greenland and the low eventually leaves the region by
July 23.

Previous studies of the cold low feature have emphasized the role
of adiabatic expansion due to uplift within the vortex in the formation
of the mid-tropospheric cold center (Read and Tank, 1956; Scherhag,
1957). In this case study, however, the physical relationships are
more camplex. The initiation of the isotherm configuration can be
traced, prior to the cold low formation, to the horizontal deformation
over Hudson Bay - Davis Strait between three depression centers. The
cold low forms over the east coast of Baffin Island as the southerly
system moves northward and the iscbars coincide with the closed
isotherms. The movement is not a result of large scale flow but
rather of local ascent over Baffin Island. Adiabatic cooling is
important at the upstream sector of the cold low, but downstream the
feature is degraded by strong surface heating and latent heat release
over the island. The net result is a retrograde travel of the cold
center with intensification against the direction of flow. 48 hours
later the flow characteristics have changed such that intensification
is in the directions of flow but horizontal advective cooling daminates.
On the following map (48 hours later) the cold dome is stabilized over
Davis Strait by strong cooling related to the downward enthalpy flux.

-8]1-



It is evident that local as well as advective effects are influential

in the maintenance of the cold low, for this example. As the flow

changes and the nature of the underlying surface varies, the

mechanisms change. More detailed study is necessary using more

examples with a finer mesh grid. It may be that this camplex

situation, involving imbalances of land-sea thermal effects, the

large scale flow (horizontal advection) and orographic ascent, may

be an anamaly, especially in light of the very high frequency

of cold lows found spread over all sectors of the Arctic (cf. Flohn, 1952).

When choosing the period for this detailed study it was noted
that the rapid cooling at Broughton Island at the onset of an interval
of decreasing pressure is unexpected in that the reduced pressure
is usually associated with advection of warm southerly air. This cold
episode has been traced to the development of the cold tongue over
Hudson Bay - Davis Strait. The expected warming is observed on July
16 over Baffin Island. The peak is 24 hr earlier over Davis Strait
and is of greater magnitude. This is obviously the effect of warm
air advection with the northward moving mid-latitude system. However,
the more intense warming centered on July 22, which was coincident
with a vigorous melt of the fast ice in the Broughton Island area,

magnitude. The subgrid scale effect of surface heating of air over land
and its subsequent advection over nearby ice cannot be evaluated with
the present grid resolution. ‘

The grid averages and standard deviations of the model generated
data at 24 hr intervals are in LeDrew (1976) . Since they are not restricted
to the synoptic system they do not adequately represent the synoptic
behavior and therefore are not discussed in the day by day analysis.
However, same general features are worth of note. The vigor of the 85 cb
vertical circulation is not camparable to that further south. The grid
average for a polar outbreak in middle latitudes_{on April 15) is 1.6 cm
S *, with a large standard deviation of 3.2 cm s = (Le Drew, 1976). By
contrast ﬁe camparable §I,atistics for a mature Arctic system (July 15) are
0.02cms ~and 0.7 am s . Krishnamurti (1968b) reports extremes of vertical
circulation of +11 to -13 am s © for a mid-latitude storm in the United
States. The more quiescent Arctic circulation is, in part, related to
the lower static stability with the lower temperatures and smaller
specific volumes. For the United States a typical value is 3.13 at 50 cb
(Stuart, 1970) while for the Arctic it is 2.58. At 30 cb the difference
increases (11.08 and 3.54, respectively). 1In this respect a useful study would
be a camwparison of the magnitudes of the contribution to amega by the
various processes (advected and local) for Arctic and mid-latitude systems
to find additional causes for the different vertical circulations.

Also of interest is the relatively large grid average contribution

by diabatic effects at 85 cb. TIn several cases (e.q. July 15, 18, 20, 23)
the contribution to the total vertical motion is of the same scale as the
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the advective terms. In one instance (July 19), the latent heat
release dominates the total vertical circulation.

For the purposes of this study the grid format is not ideal.
The eight by eight by six data grid was chosen to restrict camputer
storage to within reasonable limits for an exploratory study. At
present the storage of the model has exceeded the core limit of a
CDC 6400 camputer. The size of the grid, however, is not sufficient
to identify with confidence origins and maximum magnitudes of advective
processes through the history of the disturbance. In the discussion
of the daily features it has been noted that significant sectors
are often at the edge or entirely off the grid. Sutcliffe and
Forsdyke (1950) recammend a hemispheric scale to analyze adequately
synoptic evolution. An alternate scheme would be to use a movable
grid referenced with respect to the depression center, such as that
employed by Petterssen et al. (1962). However, this would entail
re-analysis of the input fields at each calculation to fit the data
with the new grid position.

The results of this study have illustrated the suitability of
the steady state omega equation for discussion of synoptic systems in
the Arctic The influences of advective and local energy sources and
sinks can be clearly differentiated and studied. The observed
synoptic behavior closely follows that expected from an examination of
the model generated data and characteristics of the local climate can
be interpreted adequately from these data. A more comprehensive examin-
ation of the energetics of the local climate would require a time
dependent model of greater resolution to couple local surface effects
with the large scale flow.

-83-



°c

Temperature:

Latent
Release

TABIE 3.1
Flux

85 CB THERMAL DATA FOR SELECTED LOCATIONS
. -1 -1
Heating Rates: kj kg s

east Baffin Island
Advection Advection Enthalpy Heat

Vertical Horizontal Surface

Line 2: Davis Strait
Line 3: Baffin Bay

Line 1:
Date
July

~-8.2E-5
-1.2E-4

2.6E-5

NANITIONOOONNNSNNTHNETOINON N NOINITINFHO N OOOIHO

K BN D S A AT I

= B R R B = =l B

— O Mmoo o« s} Q)] N

* . L . . . L L . L] .
OCOCQCCOOIO-HOIOCOO|-HUOUTOO|TINOTOHONMNmooolooocjloo o
FE O N N e f N A D A e M D N o M N M
e ] B R Y ] ) R R R R R KRR PR R RRE MR R
NN e O O S Y 00 NN 0 VO M N[N IS VO i IN[M O T M IN{O O O~ O 1
L] . . . . . L . . - . . . . . . . . . . . . . . . . . L . . . *
W N O = MM i O 0 MM O =M O Ol 1N N = Tt N 0 N T o |~ T
N I I e D O A e I D T I R A A R O A I I D D T It B S R A |
N N i i B M o BN NN I € B N SRR M
el Rl R R o N RO [ G [Ny oy sl R s I [ S S T o R s LS S s T E s
NN TO W MO T OO NHMONNFOMNHO M ANIN - OINN NNO NNOO
B N I I M M i e A A AR f MO A MDA SO
=R e ] ] R R R R R R R R f R ) ) R ORI R 16 e e )
ST NN A OIOVINIONHAINNMINO HO OWVINA NN - VWO Nmmaamnmmo o
. . . . . . . . L] Ll L] . L] L] . . . . . . . . L] . . . . . . L] . - . . . .
N W = T N[O NN = N ][00 = N[ < N NN O N 0 |
LI I N I T T U I I T R A N TN N N T A Y R A RN I | e 1ot

(38} ~ s (o] ™~ [~ ] [=)] o ~ [ (28] ~
— L — — ~ L] - o~ o~ o~ o~ o~

2.0E-5
2.5E-5

0

6.9E-5
~7.4E-6
~-5.1E-6

-84~

-6.6E-5
-5.9E-5
-1.4E-5

25



Kep'wd

o/
1-Aep A -uoyeipey 1oN Aplunfjeaelpy  uoneldioay
o o o o 0
[(e] d
S, & © Q ~ o
f Y T J \ (o sp——r— [ i e |
-8
L We)
2 N
L ol
/2]
&
2o
.O
o [0
o
[
We
] Nz
a 3
O
=
O
(2]
i
J LO
N
Q
c
=)
oﬂ
K
=
B by
x -
z ¢ 3
L 1 i o] bw
[32] o O o
8 8§ 83 & = ©° %
- - - -

qo snisjaoo ‘Bap
alnssald [oaoeaS  ameedway

_85_

Broughton Island, 1973.

Surface synoptic data:

Figure 3.1.



100 |

Figure 3.2. Eight x eight data grid.
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Figure 3.3. Tracks of 85 cb low centers, 12-25 July 1973.
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85 CB TEMPERATURE ¢°
BOLD ARROWS ARE DRECTIONS
OF GEOSTROPHIC FLOW

Figure 3.12. Isotherm patterns, 85 cb, 13-25 July, 1973.
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B. Investigation of the Heat Island Effect of the West Greenland Current

As an energy source the warm West.Greenland current has an
influence both on the regional climate and the melt of adjacent ice
surfaces. The magnitude of this "heat island" effect can be investigated
by simulating the two-dimensional atmospheric circulation along a transect
perpendicular to the current. The.energy injected into the atmosphere
through turbulent mixing over the water surface is advected downwind
with the mesoscale flow and transported to the ice surface , again
by turbulent mixing, where it is used for melt. We consider two
experiments, each with a transect from ice to water to ice, and
analyze the magnitudes and direction of the turbulent fluxes over the
ice and water. In both experiments the ice surface is assumed to
be in a melt stage with a temperature of O° C. In experiment one the
minimal heat island effect of the Greenland current is investigated by
assigning a temperature excess of 1.3° C to the water. The maximm
effect with an excess of 5.3° C is examined in experiment two.

An atmospheric stratification typical of the eastern Canadian
Arctic at the beginning of summer melt (mid-June) is selected for
:i_.nitia}j:zation of the model (Table 3.2). The geostrophic flow' is"

10 m s © fram the east, parallel to the transect and perpendicular to
the current. The current width is specified to be 160 km (the
minimum grid resolution of the model is 20 km). .

Using a two-dimensional form of the sea breeze model of
Pielke (1974) a meso-scale dry circulation is allowed to develop
over the surfaces without a surface temperature perturbation for
the first 21600 sec (6 hr). At this time the heat island is intro- .
duced by specifying a temperature excess with appropriate saturation
specific hunidity at the surface at all grid points over water. There
is a transition fram ice to warmer water to ice along the direction
of flow. The circulation is allowed to respond to these revised
boundary conditions up to 12hr simulation time. With the prescribed
velocity this allows time for a parcel of air to pass over the
water surface to a point at least 256 km downwind over ice from the
water-ice transition. At this location we have the danger of edge effects
and the data are not considered for analysis. At 64000 sec (18 hr)
the atmospheric structure is assumed to represent the regional climate
modified by the heat island effect of the Greenland Current.

The turbulent fluxes for each grid point free fram possible edge
effects are presented in Table3.3 for both experiments. These data were
computed from the 18 hr profiles of wind, temperature and humidity :
between 25m and the surface using eddy diffusivity coefficients corrected
for the atmospheric stability of this layer. :

In experiment one the surface temperature excess of 1.3° C over
the water is insufficient to reverse the common surface inversion and
the enthalpy and latent heat fluxes are directed downwards representing
an energy loss to the atmosphere at all grid points. Under inversion
conditions the eddy diffusivity is very sensitive to wind shear since
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mechanical turbulence dominates. The,diffysivity is 2.8 x 103 an? s71
s

over water, but increases to 3.2 x lO3 am over the downwind
ice surface and this is reflected in the downwind increase in the
fluxes. This increase is due to slight frictional convergence
at the sea-ice transjtion. Velocity at 125mjaltitude over the

current is 10.0 m s = compared with 9.9 m s = over the downwind ice.

_p Over the current the enthalpy flux varies fram 0.8 to 1.2 mwgtts
an . Over the downwind ice it ranges from 3.1 to 2.8 mwatts cm ~.
The effect of this energy loss is a slight cooling at 25m, The
change between 6 hr and 18 hr over the water averages -0.2~ C over the
155 km cf)etc:h. Over the ice surface the average for 155 km downstream
is -0.3" C, indicating the greater mechanical transport.

With the maximum heat island effect (experiment two) the impact
upon the regional climate is more apparent (Table 3.3). As antici-
pated from the theory of air mass transformation, the greatest
turbulent fluxes are immediately downwind of a surface transition
where air - surface contrasts are great. The largest enthalpy loss
is -40.4 mwatts an2, coupled with a latent heat loss of -32.8 mwatts
an—2 (which is equivalent to an evaporation rate of approximately
0.5 mm hr-1). This is a significant source for precipitation.
Although convergence zones are simulated by the model, the equations
do not allow for precipitation in their present form.

The fluxes decrease in intensity with distance downstream
(to the west) over the current as the air accumulates heat and water
vapour and air-sea contrasts decrease. At O km (the downwind sea-ice
interface) the maximum regional temperature modification occurs. There
is a warming of 2.7° C at 25 m after an over-current trajectory of
155 km. The enthalpy flux is -4.2 mwatts cm~2 and the latent heat
flux is similar, -5.1 mwatts cm—2.

This warmming is advected downstream over the ice surface and
transported to the surface to be used as melt. Under stable conditions,
however, turbulent transfer is by mechanical mixing and is very ineffi-
cient. The heating at 25m accumilated during 155 km over water is
dissipated only after a further 325 km over ice. The enthalpy flux is
less than 4.0 mwatts an~2, approximately 1 mwatt cm~2 more than that
calculated over the ice for a heat island of 1.3° C (experiment one).
We may make the cautioned observation that the melt rate of ice
surfaces is little affected by the magnitude of the regional climatic
modification resulting from local advective energy import associated with
oceanic advection.

Some features of this type of model are unrealistic and require
further modification. Specifically, the consideration of surface
temperature needs revision. Presently, one temperature is prescribed
for sea and one for land. The transition is abrupt and the horizontal
gradient over each surface is artificial. It would be more realistic
to calculate the surface temperature for each grid point independently
from energy balance considerations. The horizontal gradient over each
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surface would then be a realistic response to the radiant and
advective energy supply and demands. .

Other points also need investigation. The land~sea friction
differential apparently has an effect on mass convergence at
the transition between the two surfaces which seems to affect the
turbulent transfer processes downstream to a significant degree
under stable conditions. The influence of various initial
atmospheric stratifications on the extent of the heat island effect
needs clarification, as does the influence of the moisture source
on precipitation. '
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TABLE 3.2

ATMOSPHERE STRATIFICATION USED FOR INITIALIZATION OF TWO-DIMENSIONAL
SEA BREEZE MODEL IN THE EAST GREENLAND CURRENT
EXPERTMENT

Data are for 00 GMT, 2 July 1969, at Frobisher, N.W.T.

Geopotential Pressure (mb) Potential Mixing Ratio
Height (m) Temperature (K) (g kg -1)
0 1013 271.0 3.4
25 1010 273.9 4.0
125 1000 274, 4 4,0
536 950 216.5 3.7
966 - 900 278.6 3.4
W17 850 280.5 3.0
1891 800 282.7 2.6
2392 750 286.5 2.4
2926 700 290.9 1.8
4698 600 295.9 0.9
5443 500 302.2 0.6
6500 450 305.8 0.5
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TABLE 3.3
TURBULENT FLUXES OF ENTHALPY AND LATENT HEAT

Data are for grid points downstream (-distance) and upstream (+distance) from
the transition from the west border of the Greenland Current to an ice surface.
The upwind distnace marked(*) at 184 km is an upwind transition to ice on the
east border of the Greenland Current.

Fluxes were calculated from profiles of wind, temperature and humidity between
the surface and 25m at 65000 seconds simulation time. The eddy-diffusivity
coefficients were corrected for atmospheric stability.

Experiment One o Experiment Two
(Heat Island of 1.3~ Q) (Heat Island of 5.3° C)

Distance Enthalpy Latent Enthalpy Latent
(km) Flux Heat Flux Flux Heat Flux
-256 2.84 1.92 3.68 2.44
"2’7 2.85 1093 3079 2053
-184 2.86 1.94 3.88 2.60
-155 2.88 1.96 3.96 2.67
-129 2.90 1.98 4,01 2473
-105 2.92 2.00 4,04 2.77
-82 2.95 2.03 4,01 2.77
-61 2.98 2.07 3.89 2,70
-0 3.03 2.12 3.52 2.47
-20 3.08 2.18 3.16 2.23
0 1.21 0.59 -4,20 -5,08
+20 1019 0057 ’5053 -5.9“
#‘lo 1016 005" ‘7.05 °7005
+61 1.‘3 0051 -8.98 ‘8053
+82 1.08 0.46 -11.6 -10.6
+105 1.03 0.40 -15.5 -13.6
+129 0,96 0.32 -22.3 -18.9
+155 0087 0.18 ‘"0.“ -32.8
4'18” 0028 0.18 107 1.17
+217 0.28 0.18 1.7 1.17
+256 0.28 0.18 1.7 1.19

By convention an energy loss to the surface is negative.
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4. ENERGY BUDGET STUDIES IN EASTERN BAFFIN ISLAND.

A. Radiation Climate of Broughton Island

J.D. Jacobs

(Geography Department
University of Windsor, Ontario)

Introduction

Accurate estimates of surface energy budgets in polar regions are of
considerable importance both in relation to microscale and mesoscale
events as well as in the more general context of surface boundary
conditions in numerical modeling of macroscale and global atmospheric
circulations (Committee on Polar Research, 1970; Schneider and
Dickinson, 1974). Our work is concerned with surface energy budgets
in eastern Baffin Island and adjacent Davis Strait, with particular
attention being given the zone of shorefast ice, a feature common
to many arctic regions. Measurements of radiation and of variables
relating to turbulent exchange of heat and moisture were carried out
on fast ice and at a shore station at Broughton Island, eastern Baffin
Island, over a five year period. The general problem of energy budgets
for the fast ice has been outlined elsewhere (Jacobs, Barry, and Weaver,

- 1975; Weaver, 1976). Emphasis here is on average characterisitcs of the
radiation budget in summer.

Components of the Radiation Budget

The radiation budget at the surface, in its simplest form, may be
expressed as
: Q* =Ky (1 -q) + Iy - L4 (4.1)

where Q* is the net radiation, Ky the total incident solar flux, o is the
surface albedo, Ly the atmospheric emittance, and L; the terrestrial emit-
tancel. The total solar flux is the sum of the vertical camponent of
the direct flux I and the diffuse flux D, or

K = ITcosg +D (4.2)

where ¢ is the zenith angle at the sun.

Measurements of total solar radiation Ky and net radiation Q* were

1lThe notation used here is that recommended in the W.M.O. Guide to Meteor-
ological Instruments and Practices (W.M.O., 1965). See also Latimer, 1972.
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made at Broughton Island during the summers of 1971 through 1973, as
well as in the fall and early winter of 1973. For part of the 1973
period, the atmospheric emittance L+ and the direct solar flux I
were also measured. Details of the measurement program and a summary
of the data have been presented elsewhere (Jacobs, 1974). The
present discussion is concerned with the interpretation of those
results.

Solar Radiation

Clear sky conditions.

Various methods have been developed for estimating the total solar
radiation at the surface. The diffuse component D is calculated as a
function of the extraterrestrial flux and the amount of depletion and
scattering taking place in the atmosphere. The latter may be given in
the form of a single transmission coefficient (cf. List, 1968) or as a
more complex function (cf. Davies, et al., 1975; Hay, 1976).

In the present study direct solar radiation measured at the surface
is compared with calculated values for the top of the atmosphere in
order to determine the transmissivity of the atmosphere in our region.
The direct flux was measured with an Eppley normal incidence pyrhelio-
meter. Total short-wave radiation was measured continously with an
Eppley Model 2 pyranometer.

The relative transparency was first found in terms of the transmis-
sivity g fram the expression

I=1, (FA)2q™ (4.3)

where I, is the solar constant, taken to be 1353 W m™2 (Thekaekara and
Drummond, 1971), I/r the ratio of the mean sun-earth distance to its
instantaneous value, and m is the atmospheric mass which is approximated
by secp or, for large values of 6, by a formula given by Kondratyev
(1969, p. 166).

As is generally the case in higher latitudes (Zngstrdm, 1961), the
atmosphere at Broughton Island is one of high transparency. Values of
g derived from midday measurements are in the range 0.76 to 0.81 for the
sumer months (Fig. 4.1). On a few occasions, values less than 0.70 were
measured. While some of these low values may have been due to cirrus
clouds not visible from the ground, on other occasions there was obviously
a reduction in visibility due to haze associated with strong advection
from the south. Excluding such values (3 days out of 22), a mean value
for g of 0.80 (¢ = 0.03) was found for the period June through October,
1973.

The coefficient of transmissivity q is not entirely independent of
the air mass m, and therefore, for large zenith angles is not a good measure
of atmospheric transparency. Another parameter, the turbidity factor T c?f
Linke (Robinson, 1966), is a more useful measure. T may be taken as equiv-
alent to the number of atmospheres of pure air that produce the same
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depletion as the actual atmosphere observed. For Broughton Island,

the range of values for T was from 2.03 to 3.20 with a mean value of 2.50.
There was a definite seasonal trend toward lower values in autuwn and
early winter. By camparison, Robinson (1966) has given values of 2.10
and 2.20 respectively, for maritime and continental arctic air.

A third measure of atmospheric transparency is Xngstran's
turbidity coefficient 8 , (&ngstrém, 1961; Robinson, 1966), which
applies to that portion of the solar spectrum below 0.630 ym and is
found by subtracting the flux measured using a Schott RG-2 filter
from the total direct flux. g is a better measure of the scattering
and absorbing effects of aerosols, dust, and haze than g or T because
it emphasizes the longer wavelength portion of the spectrum where
those effects are greatest. Values for g for the 1973 measurement
period are shown in Fig- 4.1. The average June - August value for
Broughton Island was 0.030, which is identical to the mean summer
value for Devon Island reported by Holmgren (1971). A decrease in g
and therefore in atmospheric aerosols in the autumn period is evident
in the record.

Same degree of day-to-day variability was observed in atmospheric
transparency, regardless of its method of calculation, with greater
depletion occurring during periods of influence by southerly airflow,
for example, in late June and again early in August (Fig 4.1). The
Arctic Front, the mean summertime position of which is a few degrees
south of this region (Barry, 1967), appears to be a boundary between
air masses of quite contrasting transmissivity.

By subtracting the vertical component of the direct flux
S=1Icos ¢ (4.4)
from the total short-wave solar flux, measured simultaneously, the
clear-sky diffuse flux D!is obtained. Fig. 4.2 shows the ratio D/K+
as a function of the atmospheric air mass m. The general clarity of the
arctic atmosphere is further indicated by the small amount of
scattering of the solar beam.

Cloudy conditions.

Theoretical calculations of clear-sky flux show potentially high
amounts of total radiation in summer (Fig .4.3, solid curve). Actual
measurements of K+ are considerably less as a consequence of frequent
summer cloudiness.Table 4.1 shows the average cloud cover at Broughton
Island and the average measured daily total short-wave radiation for
the summer months, based on three years of observations (1971-73).
During the three year period, between 50 and 70 percent of days had
8 tenths or more cloud cover. A comparison of potential clear-sky
flux, estimated using the method given by List (1966), with the
observed flux shows the latter to be 65 percent of the clear sky value.
Using these measurements, a linear empirical relationship between total
short-wave radiation and amount of cloud is obtained, or

K¢y =K¢*° (1- ksn) (4.5)
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Insofar as the total radiation balance is concerned, it is evident
from Fig. 4.4 that for the tundra site where Q* was measured, the
increase in L¥ with overcast conditions does not entirely offset
the reduction in K¥ . 1In other words, for this surface, as for other
low albedo surfaces such as water, the absorbed solar radiation
dominates the radiation budget in summer. In winter, on the other
hand, when there is little or no solar radiation and the surface
albedo is high, Q* is almost entirely dependent on L4 , and the net
surface cooling is substantially reduced during overcast periods.

A camparison was made between measured values of atmospheric
emittance I' and estimated based on the empirical equations of
Swinbank (1961) and Idso and Jackson (1969). Both expressions
appear to underestimate I+ , even when adjusted for cloud cover
according to the method of Bolz (1949). The equations and results
are shown in Table 4.2.

It is more likely that the measured values of L+ are excessive,
particulary in the winter months. Apart from an experimental
uncertainty of perhaps 15 per cent, the pyrradicmeter may have been
influenced by local conditions by virture of its location on the roof
of a heated building. Also, occasionally dense local concentrations
of ice fog in the village in winter would have had some influence
on atmospheric emittance in the vicinity. Actual values of L+ in
winter would be expected to be generally less than the terrestrial
emittance L+ , approximated in Table 4.2. as the blackbody flux
corresponding to the mean 1.5 m screen temperature. These uncertain-
ties point out the difficulty in trying to determine a small net
longwave flux relative to the large absolute values of the terrestial
and atmospheric emittance.

As a further check on the measurements of the atmospheric emittance,
the radiation budget (Equation 1) was used to find L+ as a residual,
using measured values of Q* and K+ , with estimated average albedos
for the tundra site. As Table 2 indicates, the resulting values are
less than those obtained from measurements but higher than the values
given by either of the empirical formulas.

Discussion

The main features of the radiation climate of Broughton Island
and, implicitly, of the eastern Baffin Island coastal envirorment
may be summarized as follows. The relatively low arctic latitude
(67.5 N for Broughton) means that the polar night is brief, less than a
month. Even so, clear sky fluxes of total solar radiation fall below
0.20 kJ cm—2 d“i by mid-October. Net radiation over the land becomes
negative around the end of S eptember and remains so until mid-May.
While the atmospheric transmissivity is high, frequent cloudiness
reduces the incoming solar flux by about one-third during the summer
months. This is partly compensated by the relatively high atmospheric
counter-radiation associated with overcast conditions.
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It remains to compare conditions in the eastern Baffin Island
region, where there is no long-term record of radiation measurements,
with the data fram other arctic locations. In terms of monthly averages for
the 1973 measurement period, it can be seen from Table 4.3 that there
are substantial differences among arctic stations, apart fram
latitudinal considerations. Differences in solar flux K¢ should be
explainable by differences in cloudiness, although this aspect has not
been investigated. The variability in Q* is perhaps not as large as might
be expected, since this term is determined in part by surface conditions
which differ among the various stations. The relative differences in
Q* during the autumn and winter months, when all surfaces are likely
~ to be snow-covered, are large, however. Variations in cloud cover
as it affects I+ might explain these differences in part, but
measurement errors are probably more important.

The differences for individual months are smoothed out in the
long~-term record.Table 4.4 is a comparison of the average of three
years of measurements of K and Q* for July at Broughton Island with
values interpolated for the area from presented by Hare and Hay
(1974) , which are based in part on data from the radiation station
network of the Atmospheric Environment Service. The averages agree
closely with the regional means; however, it is clear that significant
year-to-year' differences occur due to varying frequencies of cloud
cover and, in the case of Q*, in the amownt and duration of the spring
snowcover. This fact, coupled with the high degree of variability
between stations as indicated in Table 4.2 suggests that climatological
means of the radiation balance components should be used with caution.
For many applications, it will be necessary to base estimates of
radiation terms on synoptic data (clouds, temperatures) and surface
conditions (c.f. Vowinckel and Orvig, 1969; Moritz, Section 4B).
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TABLE 4.1

Percentage of days in each cloud cover class (tenths) and
mean daily totals of total short-wave and net radiation
(xJ em2 d-1) for Broughton Island, summers 1971-73.

0-2 3-7 8-10 K¢ Q*
June 15 14 71 2.38 1.03
July 25 13 62 1.85 0.95
August 24 12 64 1.33 0.57
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TABLE 4.2

Comparison of Measured Values of Atmospheric Emittance L+ with
estimates using empirical formulas. Broughton Island, 1373.1
(Flux values are monthly means of daily totals in kJ cm = d~

)

Idso & Radiation Blackbody
Month Measured Jackson? Swinbank Balance® Flux®
June ND 2.29 2.18 2.28 2.84
July ND 2.28 2.18 2.41 2.77
‘August 2.87 2.34 2.26 2.70 3.09
September 2.66 2.24 2.11 2.51 2.84
October 2.46 1.96 1.74 2.39 2.68
November 2.50 2.07 1.80 2.38 2.49
December 2.20 1.72 1.32 1.95 2.13

1. The difference between the total downward solar and atmospheric radiation
as measured by a pyrradiometer and the total downward solar radiation
measured with a pyranometer.

2. Idso and Jackson, 1969.
Lt = o T' (1 - 0.261 exp (~7.77 x 107 (273 - T)?))

where T is the screen temperature in OK, and o is Stefan's
constant = 5.70 x 10-8 W m~2 k-4,

The resulting values for L+ were adjusted for cloud cover n using the
equation of Bolz (1949):

. _ 2
L¥ (o = L+ (1 + k%)

where n is the cloud cover in tenths and kL a coefficient
that depends on cloud type, taken here to be 0.20.

3. Swinbank, 1961.
v =531x 103 1° wn?d
with the same adjustment for cloud cover.
4, L4 is found as the residual in the radiation balance equation
Lt = Q% - K¢+ (1 - a) + Lt
where Q* and K¢ are measured, L+ estimated as the blackbody flux corres-
ponding to the mean daily screen temperature, and the surface albedo o
taken as representative for the given month based on occasional measurements.
5. The blackbody flux corresponding to the monthly mean of daily mean screen

temperature. —112—
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TABLE 4.4

Measured and Estimated July Values of Radiation Terms
- for the Broughton Island Area

Méasq:en}ents ‘ ' -2 -l
at Broughton . K¢ , Q* (kJ cm “d )
1971 : . 1.86 - 0.98
1972 . - 2.03 1.03
1973 1.65 0.84

Average 1.85 0.95

Regional Means' (Hare and '
Hay, 1974) 1.88 0.94
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4.1

June ' July ' August lSeptember " October

Clear day measurements of direct solar flux and derived transmission coefficicents,
Broughton Island, 1973. T is the measured flux using no filter (QTZ), and the
Schott filter series (0G-1, RG-2, RG-8), m is the atmospheric mass (m = sec i),
g the coefficient of transmissivity, and £ the .?mgstram turbidity coefficient.
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Figure 4.2

A R SO

l
- -
O (o

Ratio of the diffuse (D) to the total solar Flux (K¥) for clear
days as a function of atmospheric mass (m), Broughton TIsland,

1973. The solid line is the regression line and the dashed lines
corresponds to the standard crrog,
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B. A MODEL FOR ESTIMATING GLOBAL, SOLAR RADIATION.

R.E. Moritz
Department of Geology & Geophysics
Yale University, New Haven

Introduction

The direct (Q) and diffuse (q) solar radiation reaching the earth's
surface at a given time and place depends on the solar constant,
atmospheric path length, atmospheric 'turbidity', and cloudiness.
Although most climatological formulae for calculating (Q + q) rely on
rmonthly means of regional cloudiness, Lumb, (1964) shows that the
net effect of all the variables may be parameterized within + 10%
of observed values for five-day radiation totals. The formula takes
the form

Q@+ q) =Qy (as + bs?) (4B.1)

where Qg is the solar constant (135.3 Wm?), s is the mean

- of the sines of the solar elevation angle at the beginning and end

of the hour, and a and b are empirical constants. The constants

were determined by a least-squares regression for each of nine
categories of cloudiness. Although the functions were derived from
data taken at 52° 30' N lat. in the Atlantic, a comparison of pre-
dicted and observed values at stations further north showed good
agreement, and no systematic variation with latitude was detected.
Thus Lumb concluded that the functions were applicable between 45° and
65° in that region. These relations yielded reasonable approximations
for (Q + g) on Baffin Island (Jacobs, et al., 1972), but it is
desirable to recalculate the constants a and b for our area for three
reasons. First, the transmissive properties of the atmosphere may vary
more with location for a given cloudiness, than between cloud-types
for a given place (Vowinckel and Orvig, 1962). Second, the added
camplexity of multiple reflections between the surface and cloud-base
is more effective in ice-infested regions such as the Baffin Island
coast, causing higher values for the (q) term (Loewe, 1963; Catchpoole
and Moody, 1971). Third, the thickness, and, hence, the opacity of,
Arctic cloud increases during the warm season, due to high moisture
content when open water surfaces are available (Vowinckel and Orvig,
1962) . Thus constants derived for the ablation season only should serve
us better than those derived for year-round conditions.

In this study, empirical formulae for estimating Q from a knowledge
of cloud characteristics are developed. It was desired to obtain
equations applicable to the eastern Canadian Arctic, particularly for
areas of seasonal pack ice and shorefast ice. The density of coastal
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stations in the region is very low and continous meteorological
Observations on the sea ice are virtually non-existent. Yet, in
order to assess variations in Q associated with synoptic circulation
systems, data must be available over areas the size of Baffin Bay
and Davis Strait. Furthermore, the temporal frequency of
observations must be at least daily, preferably higher. Only meteoro-
logical satellite data can meet these requirements. ILumb's cloud
categories are dependent on observations of cloud—element

morphology and the precipitation characteristics of the cloud, in
addition to cloud heights and amounts. The former traits are
generally not readily discerned from satellite imagery, but synoptic-
scale opacity and cloud heights are identifiable (Anderson, et. al. ’
1974; Barrett, 1974). T

Data and Methods

The cloud information was extracted from microfilm copies of
the Atmospheric Environment Service's Surface Weather Record report
forms for Hall Beach 'A', June, July and August, 1973. This form
lists the hourly (GMT) total opacity, the opacity of each layer of
cloud, and the type of cloud comprising the layer. The measured
hourly (LAT) totals of global solar radiation were taken from the
Monthly Radiation Summary for the corresponding months (Atmospheric
Environment Service, 1973). These measurements were made with an
Eppley model 2 spectral pyrancmeter, a temperature-compensated instru-
ment with a naminal error of less than 3% of the measured flux (Latimer,
1972). The cosine of the sun's zenith angle was computed for each
hour (GMI) according to the formula:

cost = sin¢siné + cos ¢cos dcog T (4B.2)

where ¢ is the latitude of the site,§ is the declination of the sun,
andt is the hour angle of the sun (Sellers, 1965). The hour GMT falls
within 5 minutes of the middle of the corresponding hour IAT at Hall
Beach, so that cost and the cloud report can be considered as
representative of mean conditions for the hour over which the radiation
was measured.

The cloud reports were grouped into 12 types based on the total
opacity of the sky and the height category of the layer with the
highest opacity (Table 4B.1). Height categories were assigned on the
basis of the observer's description. Cloud names with no prefix were
Classed as low (Cp), with the prefix "alto" as medium (Gy), and with
the prefix "cirro" as high (Cy). When more than one level of a single
height category was reported, the opacities in each category were
summed. In cases where the categories with the highest opacities had
equal opacities, the cloud was classed with the lower category.

The radiation incident on a unit area parallel to the ea;thfs .
surface at the mean earth-sun distance (extra-terrestrial radiation) is:

ETR = Qg COS ¢ (4B.32)

when the relatively small variations in solar output and the eccentricity
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of the earth's orbit are neglected. Of this amount, some is absorbed
or scattered upward by atmospheric constituents, a part is reflected
.out of the atmosphere by clouds, and the remainder Q reached the earth's
surface as direct and diffuse global solar radiation. The fractional
transmittance of the atmosphere can then be defined as:

£ = 0/Q, cost (4B.4)

Although scattering and absorption are not negligible processes, their
space and time variations are usually much less important in determining
Q than are the cloudiness and solar altitude (7/ 2 - ) (kondratyev,
1969, p. 457). 1In the present study, f was computed for each hourly
observation during the summer, 1973, and grouped with cos® , according
to the 12 cloud categories in Table 4B.1. For each of these categories,
the dependence of f on cost was evaluated by least-squares regression,
such that:

f =a+ Bcost (4B.5)

characterizing the fractional transmittance of each category as a
linear function of cosz . This method was also employed by ILumb
(1964) . It was hoped that by allowing f to vary directly with cos¢ ,
the model could account for variations in transmittance due to

the changing path length traversed by the direct solar beam at various
zenith angles. The formulae, their standard errors of the estimate,
and the nurber of (f, cosg ) pairs in each sample are set out opposite
the corresponding cloud categories in Table 4B.l. Scattergrams of

Q and cost are shown in Figures 4B.1-12. It will be noted that:

f = Q/Q,c0sg = o + BCOSC (4B.6)
and, multiplying the second equality by Qocost :
0* = Qo ( acosg + 6coszc ) (4B.7)

where Q* is the predicted hourly global solar radiation. Q* is plotted
as a smooth curve on Figs. 4B.1-12 according to equation 4B.7).

Model Performance and Errors

Considerable scatter is seen on the graphs for types 3 and 8. These
categories represent large amounts of Ci, and camprise nearly 30% of the
sample analyzed. Thus they should figure prominently in any calcula-
tions of average radiation fluxes. It is believed that the scatter is due
in part to the variations in cloud cover and thickness occuring in
layers above the ceiling height and not observable from the surface.

Also, inaccuracies will arise through the grouping of different
morphological cloud types into a single category on the basis of a
height classification only.

As a test on the accuracy of the model for predicting radiation
fluxes at a point, based on station data, Q* was calculated according
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to the 12 equations 4B.6 for the period June 1 - July 10, 1974, again
using Hall Beach data. These hourly values were then campared with
observed amounts Q for the same period. The root-mean-square error ¢ ,
given by _

e=(/2 (Q-0%2/n -1 (4B.8)

was camputed for hourly, daily, two-day, three-day, and weekly average
radiation totals. 'Ihs results in Figure 4B.13 show that the model is
accurate to +33.9 Wm™4 (12% of the mean daily total for this sample) when
used to obtain means for 2-day or longer periods.

The effects of cloud on model performance were evaluated by
computing the ratio Q*/Q for the hourly values and finding its mean
and standard deviation for cloud categories with less than 2/10 opacity,
2/10 - 5/10 opacity, and greater than 5/10 opacity. Figure 4B.14 indicates
that the mean ratio exceeds unity by increasing amounts as the opacity
increases. A possible explanation is that the scatter in Figs. 4B.3
and 4B.8 represent the existence of at least two families of data pairs,
all recorded by a surface observer as "greater than 5/10 total opacity,
mainly Cr". Two such families might consist of cases involving thin
fog or stratus of local origin on the one hand, and thick multilayered
frontal or cyclonic system cloud on the other. The largest daily
errors in the 1974 sample were caused by model overestimation,
occurring on June 26 - 30. Ninety out of the 120 cloud observations
during this period were types 3 and 8. The region was daminated at
this time by an intense low pressure system and frontal cloud, with
its center just west of Hall Beach on June ?6. Defense Meteorological

Satellite Program visible-channel satellite imagery for June 26,
(Vehicle S,orbit 1446) confirms that multilayered frontal cloud
was dominating the area. However, a preliminary analysis of the
synoptic charts for days with mostly types 3 and 8 during 1973
showed no persistent association of either anomalously high or

low values of 'f' with given circulation types. The increasingly
large standard deviations associated with greater opacities in
Figure 4B.14 serves to emphasize the weaknesses involved in using
a surface observation to describe conditions throughout the depth
of the atmosphere. Although a large error can be expected for any
given hourly radiation flux for cloudy conditions, some of these‘
Arrors cancel as the time-averaging interval is extended, as indicated
in Figure 4B.13. .

In order to apply the model on a broad spatial scale, cloud
opacity and height categories must be mapped from visible and infrared
satellite imagery. By assigning average opacities and heights to these
maps, average radiation fluxes over areas greater than 4000 km@ can
be estimated. Some of the high frequency errors associated with point
measurements might be reduced by this procedure, although the total
error would likely increase. This increase would derive fram high-
level masking of lower clouds when viewed fram space and any site
peculiarities associated with the Hall Beach location. No known ‘
network of radiation stations is presently dense enough to allow the
estimation of synoptic-scale average fluxes for periods of days or weeks,
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hence a direct check on the accuracy of the space-extrapolation

of the model is not forthcoming. In the absence of any other source
of data, however, it is believed that this model can provide useful
estimates of the differences in the space and time distribution of
solar radiation associated with synoptic circulation systems in the
Eastern Canadian Arctic.

Sutmary and Conclusions

Equations have been developed for estimating the global solar
radiation in the eastern Canadian Arctic from cloudiness data. Despite
large errors in hourly totals, 2-day means_can be estimated from
station data with a mms error of + 33.9 Wn 2, which is 12% of the
mean daily amount for the period sampled. The cloud categories are
arranged so that the model may be applied to synoptic maps of cloud
opacities and height categories prepared from satellite imagery.
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TABLE 4B.1

Cloud categories and statistical data for Hall Beach analysis.

Category Description n f SE EST

| Total opacity less than 2/10 366 .47 + .47cosz .07

[RS]

Single level CL’ Total Opac. 2-5/10 20 .46 + .40cosz .l4

3 Single level CL’ Total Opac. 6-10/10 290 .16 + .35cosz .14
4 Single level Cy» Total Opac. 2-5/10 17 .56 + .0dcos; .I6
5 Single level CM, Total Opac. 6-10/10 10 .08 + .75cosz .15
6 Single level C,, Total Opac. 2-5/10 53 .47 + .46cost .09
7 Multilevel, C,, Total Opac. 2-5/10 I35 .38 + .60cosz .12
8 Multilevel, C,, Total Opac. 6-10/10 183 .20 + .47cost .I5
9 Multilevel, CM’ Total Opac. 2-5/10 93 .43 + ,48cosz .10
10 Multilevel, C,,, Total Opac. 6-10/10 64 .24 + .56cosf .14

M)

Total Opac. 2-5/10 98 .41 + .55cosz .I0

1 Multilevel, C,,
C

12 Multilevel, Total Opac. 6-10/10 32 .29 + .55cosg .l

H’
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5. ICE REGIME

R. L. Weaver, J. D. Jacobs and R. G. Crane

The annual regime of ice in western Davis Strait-Baffin
Bay has been analyzed during the course of our program both by
interpretation and mapping from satellite imagery and by field
measurements in the vicinity of Broughton Island. Both aspects of
this work are discussed below.

Regional Setting

Mapping of summer ice conditions from satellite imagery has
been carried out for the pack ice and the fast ice. These analyses
are discussed separately.

Areal Extent of Pack Ice

Monthly mean maps of pack ice concentration in excess of 4/10-5/10
have been prepared from the Atmospheric Environment Service (AES) ice
maps, which are based mainly on aerial reconnaissance, supplemented by
our own mapping from satellite information, where cloud cover permitted
and imagery was available. The procedures are outlined by Weaver (1974).
For 1970-73 maps were prepared for each month June through September.
Based on these maps (Figure 5A.l.a-d), the following conclusions can
be made:

(a) The average monthly position of the western margin appears
stationary during all four years while the north and east margins
fluctuate fram year to year. The late season (August-September) ice
tends to concentrate along the southern part of Davis Strait and the
southeast coast of Baffin Island.

(b) During 1970 and 1971 the mean August pack lay offshore in
the middle of Davis Strait. This contrasts with the 1972 and 1973
seasons when the mean August pack was displaced westward against the
east coast of Baffin Island.

(c) The 1972 summer, characterized as a severe fast ice year,
showed no major variation in pack ice distribution when compared with
the other years. (Caution must be exercised here because a significant
change in pack ice distribution may have occurred if areas of less
than four tenths cover were considered).

(d) The general trend of pack ice concentration follows the
pattern established in the severe 1960's decade (Dunbar, 1973),
rather than the milder 1950's (Figures 5A.2a,b)

Separate analyses have subsequently been carried out (R.G. Crane in
Barry et al., 1977) of ice growth and retreat for the area of Davis
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Strait and Hudson Strait. Since these extend the spatial coverage of
Figure 5A.1 southward, and span a longer record, they are included
here. Figure 5A.3.a,b shows the two major types of pattern of ice
growth identified for the period 1954-77, while Figure 5A.4.a,b shows
analogous patterns of ice decay. These maps have been derived from the
Annual Ice Summary and Analysis (1964-71) and the Southern Historical
Charts (1954-63, 1972-74), of the Atmospheric Environment Service,
Canada, and VHRR imagery from NOAA satellites for 1975-77. The
information is not available to separate shorefast ice and pack ice.

In one pattern of ice growth, ice forms first in Frobisher Bay and
on the north coast of the Cumberland Peninsula, followed by Cumberland -
Sound and southern Ungava Bay. Subsequently, the ice extends generally
seaward from the coast. In the second pattern (Figure 5A.3.b) the
ice forms first north of Cumberland Peninsula and in western Hudson Strait.

It then spreads southward fram Cumberland Peninsula and eastward along
Hudson Strait.

Figure 5A.4.a,b shows that the Labrador Coast and Hudson Strait
usually are the first areas to clear of ice. 1In one pattern (Fig. 5A.4.Db)
the ice opens up earlier in eastern Ungava Bay and the heads of
Frobisher Bay and Cumberland Sound. In both cases, the last areas
to clear are in central Ungava Bay, off the Hall Peninsula and off
Cunberland Peninsula and northward into Hcme Bay.

Regional Characteristics and Extent of Fast Ice

Fast ice in the marginal arctic seas generally consists of young
first-year ice, whereas it includes increasing proportiors of multi-
year ice northward towards the Canadian Arctic Archipelago. Along the
east coast of Baffin Island fast ice grades from first-year ice in
the south near Cape Dyer to a mixture of first and multi-year ice
in the north.

Two areas of persistent fast ice occur in Davis Strait-Baffin Bay,
the east coast of Baffin Island and Melville Bay southeast of Thule.
The following case studies only concern the Baffin Coast.

The fast ice margin has been mapped for each week showing a
significant change, from late May or early June until breakup for
the 1970-73 seasons (Figures 5A.5.a-d). For the 1973 summer VHRR
imagery was analyzed with the aid of a Zoom Transfer Scope (Bausch
and Lomb) to cross-check the AES ice maps. Inaccuracies in the AES
maps in the position of the fast ice edge of same 10-20 km were dis-
covered for certain dates. The depiction in the AES maps of the
north-south retreat of the fast ice and the late season margin are
most probably more accurate because of the margin's close proximity
to recognizable landmarks and thus greater mapping ease for an
airborne observer. These reservations must be kept in mind in considering
the following conclusions:
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(a) The distance of the fast ice margin from the coast in late
May - early June varies + 15-25 percent from year to year.

(b) The pattern of the breakup of the fast ice shows considerable
variability fram year to year. Excluding the severe 1972 season,
fast ice in the Home Bay - Broughton Island area generally cleared out
by about the second week of August. The region centered around
Royal Society Fiord (north of Cape Adair) usually preceded the
southern area by about a week. The Cape Dyer area has persistent
pack ice during most of the season but little fast ice.

(c) In general, the breakup of the fast ice is associated with
a decrease in pack ice concentration along the fast-pack ice

boundary.

(d) A polynya occurred between the fast ice margin and the pack
approximately 40 km southeast of Henry Kater Peninsula in each of
the years. This feature persisted for most of June 1971 but in other
years was more intermittent. Its location corresponds to the deep
(circa 300 fathoms) water shoreward of the Alexander and Isabella
Banks.

(e) In 1972 the fast ice persisted in the Home Bay area but
broke up along the coast north of Cape Adair. General "flaw
leads" and/or polynyii were noted along the fast ice margin in 1972.

In some regions of the Arctic the fast ice edge appears to
conform to a particular iscbath. The 18m (10 fathom) line in the
Beaufort Sea (Canadian Hydrographic Service, 1970) is one example;
the 10 m line in the White Sea, and the 25 m line along the Siberian
Ooast (Zubov, 1945) are others. For the east coast of Baffin Island,
however, the fast ice edge approximates the 180 m line, which is
same 70 km offshore in Hame Bay and overlies even deeper waters further
north along the coast. The strong southerly current off Cape Dyer
is continually removing ice from the coast in other parts of western
Davis Strait and ocbviously no general rule of depth-controlled fast
ice margin can be made for the Arctic as a whole. Along most of
the Baffin Island coastline, the offshore slope is steep and there
is generally no bottom~fast ice or offshore zone of grounded ridges
such as occurs off northern Alaska.

Fast Ice Extent and Breakup Patterns in the Vicinity of Broughton Island

IANDSAT 1 satellite Multispectral Scanner (MSS) images of the east
coast of Baffin Island have been used to evaluate general changes in
the fast ice surface and extent between Cape Hooper and Padloping Island
since fall 1972. Preliminary case-studies and results have been
reported in Jacobs et al., (1974) and Weaver et al., (1975). The
regional freeze-up and decay patterns of the fast ice have been mapped,
and correlations made between surface field measurements from June to
July 1974 and features seen in the imagery. Images for 1973 and 1974
have been analyzed to determine (a) degree of similarity in the local
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melt pattern from year to year, and (b) the feasibility of designating the
relative ice melt stage from satellite imagery. (see section below on
season breakup pattern.)

The LANDSAT 1 satellite repeats an identical track once in 18 days.
At 65° N, however, a single point may be cbserved on three successive
days (cloud cover permitting) because of the orbital side-lap. The
MSS collects data from four wavelength bands roughly corresponding
to the green, red, and photo-IR (2 channels) parts of the solar spectrum.
The Instantaneous Field of View (IOV) is approximately 80m x 80m at the
subpoint (ERTS-1 Users Handbook, 1972) although standard photographic
products supplied by the Canada Center for Remote Sensing (CCRS) do not
achieve this fine a resolution. (For analysis of sea ice characteristics
visible in IANDSAT imagery, see Barnes and Bowley, 1973).

The seaward extent of the fast ice sheet in early spring 1973,
as measured fram Side Looking Airborne Radar (SLAR) imagery (supplied
by the Canadian Defense Research Board) on March 5, 1973, roughly
corresponds to the seaward margin of vast floes in the LANDSAT frame
for October 14, 1973. Comparisons of young ice patches and surface
ridge and/or cracks viewed in the SLAR and LANDSAT imagery suggest
that movement between October and March was minimal. However, no
features could be conclusively identified in both images. Better
gorrelation exists between the March 5th SIAR and July 11th LANDSAT
imagery.

Several floes imbedded in the ice sheet and two areas of first year
ice were positively identified in both the March 5th and July 1llth
imagery. The almost coincident locations of these features strongly
suggest that no deformation occurred after March 5th, but absolute
proof of non-movement is not possible due to distortion inherent to
the SIAR imaging system (Weaver, in Jacobs et al., 1974, p. 52).

The fast ice extent was nearly identical in 1973 and 1974 although
ice composition in 1973, based on LANDSAT mapping, was generally second
year in contrast to the first year ice found in 1974. The extent
differed by a maximum of + 5-7 km along the margin between the two years.
Although two years of data are inadequate to draw conclusions about the
mean ice extent, it appears that even pronounced differences in atmospheric
conditions from one year to the next have little effect on the seaward
extent of the fast ice in late winter.

Regional mapping of the melt stage was attempted using the various
imagery products. The coarse (1-5 km) resolution of the meteorological
satellites allowed only determination of break-up; this was identifiable
because of the strong reflectivity contrast between ice and water. The
better resolution of the IANDSAT MSS data permitted identification of
same features which might be correlated to a particular stage; however,
sequential monitoring of the melt progress is not possible due to the
interval between overpasses with clear frames and the rapid changes in
surface characteristics. :
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Surface oblique photographs were taken at LANDSAT overpass times
in June 1974 to provide "ground truth" for assessment of the minimum
detectable size of features in the MSS imagery. The minimum detectable
size varied from a lower limit of approximately 100 m to an average
of 500-600 m. It depends partly on the degree of contrast between the
object and its surroundings, but narrow linear patterns are more
readily seen than small circular ones. The features observed, both
in the imagery and on the ground, include such areas as drained -
puddle matrices associated with shore leads, thermal and/or tidal
cracks or ice of differing age and composition. All generally relate
to sub~resolution variations in puddle concentration.

The local and regional break-up process was observed quite suc-
cessfully from the satellite imagery. The observations indicate that
in 1972 the fast ice underwent only limited break-up in more exposed
areas in the Broughton Island region (Jacobs et al., 1974). LANDSAT
imagery for October 14, 1972 shows essentially 10/10 concentration of
vast and giant floes out to approximately 50 km off the coast. In
contrast, no ice of any type was visible on October 4, 1974 following
the highest mean ablation season (June-August) temperatures on record.
In the October 1972 image, some in-shore areas near Padloping Island
were free of fast ice but were covered by nilas and young ice. This
may be explained by tidally-induced turbulent mixing which limits ice
formation. The late-freezing areas of 1972 were with some exceptions
the first to clear of ice in 1973. Indeed, these late-freezing/early-
melting areas apparently tend to coincide from year to year.

The local break-up proceeded along similar lines in 1973, 1974 and
1975. On this basis, the sequential progression can be outlined as
shown in Figure 5A.6 for the immediate Broughton Island vicinity.
In-shore areas close to Padloping and Broughton Islands are the first
to clear of ice. The melt begins near the fiord heads and in a few
shallow water areas further seaward, and then advances seaward toward
the outer coast ice sheet, which tends to remain intact for some 10-15
days after the break-up of the in-shore and fiord ice. Generally,
the retreat starts to the south of Padloping and works northward
along the coast, controlled by local geographical features.

This seaward lag in break-up generally holds along the east Baffin
coast. The north-south timing of break-up, on the other hand, does
not appear to follow a set pattern from year to year. Instead, the
break-up has been observed to begin following rapid offshore movement
of the pack ice along the fast ice edge in mid- to late summer, suggesting
a link to strong off-shore winds.

Fast-Ice Characteristics at Broughton Island

Much of our field effort has concentrated on observation of ice
characteristics near Broughton Island. The following information sumarizes
our findings during both the season freeze-up and break-up cycles.
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Ice Growth

Shore-fast ice is formed in situ from young ice during the yearly
freeze-up or when drifting first or multi-year ice is frozen into
a sheet which is fixed to the shore (Atmospheric Environment, Canada,
1965; wMO, 1970). Field measurements and analysis indicate that ice
growth can be modelled by field measurements and analysis indicate
the one-dimensional heat flow equation (Jacobs et al., 1974, p. 41):

_;A_IE =[L::; TS TW 4 (5B.1)
H/ki + h/ks
h = depth of snow ’ L = latent heat of fusion
= ice thickness p = density of ice
t = time kj= thermal conductivity of ice
Tg = tamperature of snow surface kg= thermal conductivity of snow

Ty = temperature of water

Theoretical curves of ice growth rate as a function of ice thickness
and snow cover depth derived from this equation are shown in
Figure 5B.1.

~ Several years of ice thickness measurements made during traverses around
the island and to the north and south, and regularly in Broughton Harbor, can
be used to validate the ice growth model presented above.

Mid-winter data were obtained in December 1971. For convenience of
access, a restricted area in the middle of Broughton Harbor was chosen
for regular ice thickness and temperature measurements. Description
of field measurement procedures, weather and ice conditions are given
in Jacobs et al., (1974, p. 42). Initial measurements, as well as a
transect northward showed the ice thickness in mid-harbor to be less
than the regional average. The "harbor" is actually a narrow strait
separating Broughton Island fram Baffin Island, and tidal currents
of some 1-2 m/sec were observed there is summer 1971. The turbulent
flux beneath the ice must therefore be large, although fairly constant.
All other factors affecting ice growth rates were assumed to be the same
between the mid-harbor site and the more open areas.

The 1971 freeze-up of Broughton Harbor occurred on October 31, and
by November 16, the ice was sufficiently thick to support foot and
snowmobile travel (J. Pearson, pers. camm.). Climatological records from
the Broughton Village station show a total of 63.5 deg-days below -1.8° C
through freeze-up. A week of relatively heavy snowfall occurred
immediately following freeze-up, and by mid-November a 5-10 cm snowcover
had accumulated.
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On December 18, 45 cm of ice at the harbor site was measured using
a 2 am diameter auger. Measurements throughout the subsequent 31-day
period indicated nearly linear growth at an average rate of 0.95 cm per
day. The spatial variation of ice thickness in the immediate study area
was tested on a single occasion by boring four holes within a 500 m
radius, resulting in a range of thickness of 7 cm. Thereafter, a single
hole was assumed to be representative of the area. Temperature profiles
were obtained for each hole at 5 to 10 cm increments by placing a
rapid-response thermistor in firm contact with the bottom of the hole.
On one occasion, a larger hole was made with a chisel and ice samples
taken for salinity measurements. Sample temperature profiles and
a salinity profile are shown in Figure 5B.2. In addition to the salinity
profile established by the "pit" method, an effort was made to
recover most of the auger parings for some of the bored holes in order
to determine the average salinity of the ice sheet. On one occasion
this gave an average of 10.0 g/kg + 2.0 for five holes, which
suggests this more rapid technique to be practicable.

The almost linear form of the measured temperature profiles
(Figure 5B.2) suggested the applicability of the simple ice growth
model given in Equation 5B.1. Using the reported freeze-up date
and assuming an ice thickness of 25 cm when "travel" began, a regional
ice growth curve was derived. Five-day intervals were considered and
mean screen temperatures substituted for Tg. This latter practice
seems justified by experimental comparisons of screen and ice surface
temperatures reported by Doronin (1969) for winter ice.

In the initial solution, the enthalpy of ice and turbulent flux
from the water to the ice were disregarded and, not suprisingly, the
calculated growth rates were in excess of those measured. It was
then found that the growth rate for each five-day interval could
be weighted by the ratio of the measured thickness to that first
calculated--a factor of 0.67--resulting in a more realistic growth
curve (Figure 5B.3). These results suggest that a reasonably good
growth model can be obtained fram screen temperatures and snow cover
alone among the meteorological variables, where ice salinity is known
or assumed. Prediction of ice thickness for a specific date requires
additional information: either the freeze-up date or the actual ice
thickness at same subsequent date.

In June 1972, and subsequent years, more extensive ice thickness
surveys were made. The sampling stations were duplicated when ice
travel conditions permitted. These early June data represent the
maximum ice growth for each winter season. .The results are presented
in Table 5B.1. Sampling station locations are mapped in Figures 5B.4-7.

Table 5B.1 shows the same pattern of variations encountered in the
ter of 1971, with the greatest thickness occurring east of the
island over water depths of several hundred meters: The average of all
measurements east of Broughton in 1972 was 180 cm. The corresponding
value in 1973 was 178 cm. The harbor area values were 148 cm (1972) and
138 cm (1973), which are some 18 to 22 percent less than the eastern
coast measurements.
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Stations "A" and "D" and "H" were the ones most regularly sampled
during the 1972-75 period. The mean for Station A is 158 cm, Station B
186 cm and Station H 142 cm.

A form of equation 5B.1 was used to calculate fast ice thickness
for the deep water area some 5 km east of Broughton Island. The
predicted ice thickness by the end of May 1972 was 175 cm. Five
holes drilled in the first week of June over a 20 km transect east
of the island showed an average thickness of 180 cm with a range of
+10cm. However, model results in the 1973 and 1974 seasons were only
accurate within + 20%. In 1973, this was probably due to the presence
of up to 7/10 second year ice and to abnormally heavy snow pack in the
spring, which results in non-linear effects, not accounted for by
equation 5B.1. In 1974, observed thicknesses were only available in
the harbour area.

For 1975, the climatalogical data at Broughton Village were incomplete
and the model could not be tested. The results suggest that a good
estimate of the rate of growth of first-year ice can be made using an
equation based on one-dimensional heat flow through a two-layered
slab with daily mean temperatures and daily snowfall increments as
independent variables. The present formulation is not applicable in
shallow or constricted areas, where turbulent exchange of heat results
in thinner ice. The advantage of the method presented here, over
empirical expressmns, lies in the fact that it can be applied widely and
mmedlately, given the climatological data, without the need for a long
series of thickness measurements.

The Break-up Pattern at Broughton Island

The ablation and break-up processes may be divided into five stages
(Figure 5B.8): (1) premelt, (2) melting snow, (3) puddle formation,
(4) thawhole formation and drainage, and (5) break-up (Jacobs et al. al.,
1975) . These stages generally apply to the fast ice observed during the
1971-75 summers in the vicinity of Broughton Island. Similar schemes
have been reported by Zubov (1945) and WMO (1970). This sequence of
events, however, probably does not occur in areas with heavily ridged
or rafted fast ice.

In late May and early June, the cold, snow-covered fast-ice sheet
(Figure 5B.8, stage 1) starts to warm. Lieske (1964) has reported that
thermal conduction fram the water beneath the ice was important during spring
at Barrow, but we have no data for this early stage. Daily totals of
solar radiation are large in May-June and from 10 to 30% of the incaming
radiation is absorbed by the snowpack leading to melt with water percolating
to the relatively impermeable ice surface (stage 2) where it coalesces to
form incipient puddles. A snowcrust may persist for many days if air
temperatures remain below freezing and early summer storms deposit fresh
snow. Eventually, however, the snow is melted and the ice surface
develops alternating hummocks and puddles (stage 3). The meltwater puddles
drain through fractures, leads, and seal breathing holes to form a low
density fresh water layer 0.5 to 1 m deep between the bottam of the ice
and the seawater below (stage 4) in areas where the tidal or ocean
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currents are insufficient to overcome the strong density inversion.
A similar fresh water layer was also observed by Langleben (1966).

Where runoff is restricted, extensive sheets of melt water form on

the surface to depths of scme tens of centimeters.

With the average albedo of the camposite hunmock-puddle surface
now considerably reduced (from about 0.8 to 0.4), the absorption of
solar radiation (with same 2.1 kJ cm=2 day-1 potentially available
at mid-summer at 700N) leads to rapid ablation. Up to 5 cm of ice
melt per day was recorded during stages (3) and (4) in 1973 and since
ice is a translucent material allowing solar radiation to penetrate
deeply, the actual mass change was probably greater. The puddles, with
an albedo of 0.25 or lower (Langleben 1969, reported values of 0.19
at Tanquary fiord), absorb ca. 15-30% more radiation than does the
adjacent ice surface. The greater ice melt under the pools allows some
of them finally to melt through forming thawholes (stage 4). The final
break-up (Figure 5B.8 , stage 5) occurs when the structurally weakened
fast ice sheet is broken apart by wind and wave action. Rarely does
the ice totally melt in situ. IANDSAT and NORA-2 imagery show that at
first giant and vast floes spearate from the ice sheet at the edges of
polynyas or along flaw leads that have persisted throughout the winter,
or appeared early in the summer in regions of thin ice. Because there is
little mixing of the waters between these floes, solar heating of the
surface waters is intense and the final melting and break-up of the
floes may occur in a matter of days.

The approximate melt stage transition dates for 1971-75 seasons
are presented in Figure 5B.9 These dates are only approximate because
progression from one stage to the next is a continous gradational
process. In 1974, the dates are systematically about 1 week early
because the microclimatological station was located south of Broughton
in an area which generally precedes break-up at the sites used in 1972
and 1973.

In the cold and stormy summer of 1972, the fast ice in the
Broughton Island area did not disperse. By late August it had advanced
to puddle formation, but only proceeded beyond this stage in sheltered
coastal areas. By October 14, 1972 LANDSAT imagery shows that the
fast ice did finally break into giant and vast floes but was already in
the process of refreezing (see preceeding section).

All five stages were observed in 1973. The melting snow (stage 2)
to puddle formation (stage 3) transition occurred about June 26, and
was associated with an atmospheric warming event when strong southwesterly
airflow produced the first continous mean daily air temperatures above
0° of the season. The transition from stage 3 to stage 4 occurred during
the second week of July in the immediate area of the microclimatology
station. Break-up took place during the second and third week of August.

In contrast to 1972 and 1973, the 1974 and 1975 seasons were well
advanced into the melting snow and puddle formation stages (2 and 3) by
the second week of June. The rapid puddle drainage cbserved in 1973
was not repeated in 1974, or 1975 but was replaced by continous advance-
ment fram stage 1 to stage 4. Break-up was quite rapid and took place
during mid-July in both years-- a full month ahead of 1973.
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Thus, in general, 1974 and 1975 may be classed as warm summers
with early break-up, 1972 and 1973 as relatively cold summers and 1971
as intermediate between the extremes. Several conclusions may be
drawn from Figure 5B.10. (1) The thawhole formation and drainage
stage appears about the same length in four of the five years (excluding
1972). (2) The length of the melt season between the stage two to three
transition date and the four to five transition date varies + 2-3
weeks in four of the five years. (3) The initiation date of stage
one to two transition is about 1 June + 10-15 days. (4) Those seasons
with earlier stage one to two transition dates were also shorter melt
seasons. Thus, the length of the melt season appears sensitive to
the transition date from high albedo stage one to the lower albedo
found in stages two and three.

In 1975, participation in the A.E.S. ice patrol flights in mid-late
July provided some useful information. The fast ice around Broughton
Island appears to be representative of most of the east coast and the
Pond Inlet area, at least at this stage in the season. Ice in Foxe
Basin appears much dirtier than in other areas (cf. Campbell and Collin,
1956) which may explain lower reflectances in NOAA imagery during
the early part of the season. Relative amounts of ridging and puddling
appeared similar all along the east coast of Baffin Island. However, no
quantitive measure of these characteristics were possible. These
observations support our conclusions based on NOAA and DMSP satellite
imagery analysis.
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Figure 5A.la Ice conditions in Baffin Bay, 1970
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Figure 5A.1b Ice conditions in Baffin Bay, 197]
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Figure 5A.1d Ice conditions in Baffin Bay, 1973
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Figure 5A.3b
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Figure 5A.4a
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Figure 5A.5a,b Fast ice margins along the east coast of Baffin Island
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Figure 5A.5¢,d Fast ice margins along the east coast of Baffin Island
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Figure 5B.1 Sea ice growth rate (AH/at) in relation to ice thickness
(H) for various depths of snow cover (h).
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Figure 5B.2 Examples of temperature and salinity profiles in
fast ice, Broughton Harbor, Winter 1971-72.
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Figure 5B.4 Location of stations for ice thickness measurements
around Broughton Island, 1972-75.
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Figure 5B.7 Maximum thickness of fast ice around Broughton Island
in early June 1974 (triangles) and 1975 (squares).
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6. MICROCLIMATOLOGY OF THE FAST ICE

R. L. Weaver, R. G. Crane and J. D. Jacobs

A. Approach and Methods

The purpose of the microclimatological programs carried out on
the fast ice near Broughton Island was to determine the major energy
exchanges which control ice melt and to link them to synoptic-scale
atmospheric systems. Energy exchanges were determined by a
combination approach of energy budget analysis and aerodynam1c estimates
of turbulent fluxes.

The fast-ice system has interfaces with the atmosphere and with
the ocean across which energy exchange can take place. The upper
and lower boundary surfaces of a fast-ice sheet are considered to
be planes of zero thickness through which all energy absorbed at their
surfaces must pass. The instantaneous, one-dimensional energy balance
equation for the ice-atmosphere boundary may be written:

K+(l-a) + L* + H + LE + G, =0 (6A.1)
where

K+ = global solar radiation

o = shortwave spectral reflectance (albedo) 1

L* = net longwave radiation

H = turbulent transfer of sensible heat

LE = turbulent transfer of latent heat

Gy = surface flux into the ice

Fluxes into the ice are positive. A similar equation may be
formulated for the lower ice-ocean boundary.

Ky(l =a ) + H,+ Gz =0 (6A.2)
shortwave flux at the lower ice surface

Ky

a

By

depends on ice composition, thickness and K¢¥. The longwave
radiation received at the surface does not penetrate into the ice
and is therefore non-existent at the lower surface. Energy fluxes
from precipitation, momentum flux and salt migration are considered

albedo of the water (i.e. water interface)
turbulent heat transfer between ice and water

lsome confusion exists about the exact meaning of the term albedo. Here
it is specifically defined as the integrated spectral reflectance for
the wavelengths between 0.3 and 2.8um as a fraction of the incident flux.
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negligible and are not included in the above formulae.

The net energy input to the ice sheet is derived from integra-
tion of these fluxes over time and ice depth. It is assumed that the
absorbed energy is used either to warm the ice, if the ice is below
salinity melting point, or to melt ice. The ice response, determined
by the basic thermodynamic quantities of specific heat, thermal
conductivity and heat of fusion, is complexly related to density,
temperature, and most importantly salinity.

The energy balance terms may be divided into three groups:
the radiative fluxes (K+,a , L); the turbulent fluxes (H, LE); and
the surface flux (G). Estimates of the various surface energy budget
fluxes by Weller (1968), Maykut and Untersteiner (1971) and Jacvbs
(1973) all indicate that radiative processes are more important than
turbulent terms, at least for melting sea ice.

Site ILocation

Field microclimatological stations which provide the data base
for our work were operated by the R.L. Weaver and D. Goth in 1973 and
1974, and by R.S. Bradley and R. McKnight in 1972. The station
locations are shown in Figure 6A.1. The duration of station operation
and frequency of observations for 1972, 1973, and 1974 are listed in
Figures 6A.2-4, respectively.

In all three years attempts were made to select sites represen-
tative of the fast ice in the immediate surrounding area. All
stations were between 1.6 and 2 km from shore. However, this distance
is insufficient to eliminate atmospheric advection effects from the
land masses. Therefore, while the results from these stations apply
to the near-shore fast ice environment, they probably do not represent
conditions of the outer parts of the fast-ice sheet.

In 1972 the sites were located approximately 5 km north of
Broughton Village. The station was moved closer to shore in early
July due to deteriorating ice conditions. The first location in
1973, the "west" site, established on 20 June, was abandoned in early
July when the underlying ice became too thin for safe operation. The
station was then moved to the "north" site for the remainder of the
1973 season. 1In 1974 the ice station was located south of Broughton
Island from 6 June until 9 July when the local ice disintegrated.

The 1972 station was situated on 1.5 m first year ice after
a winter of below normal temperatures. The "west" station was on
0.75 - 1.0 m first year fast ice (in early June). In contrast, the
"north" site was over mixed first and second year fast ice 1.0 - 1.3 m
thick. The 1974 station was situated over 1.2 - 1.4 m thick first
year ice. The snow cover in 1973 was 0.4 - 0.5 m thick in early June,
while snow was essentially nonexistent in 1974.
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Table 6A.1. List of Microclimatological Parameters and Their

Frequency of Measurement

Parameter

Net radiation (Q*) unsaturated surface

Net radiation (Q*) saturated surface
Global solar radiation (K¥)

Solar albedo (a)

Solar albedo under net radiation sensor (o)

Temperature @ 1.2 m (Hygrothermograph in
meteorological screen)

Temperature @ 2 m (aspirated thermistor)

Tanperature profiles @ 4 levels (Thornthwaite
system)

Relative humidity (hygrothermograph in
meteorological screen)

Relative humidity two level profiles
(AssmAn type psychrometers)
Wind run at 2 m

Wind profiles at 4 levels
Wind run at 1 m

C = Continuous

P = Periodic

ND = No Data

PT = Periodic Transect
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Figure 6.A.1. Location map of microclimatological stations, 1972-74.
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Figure 6A. 5. Hourly observation routine used at microclimatological
stations, 1973 and 1974.
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Tidal currents underneath each site differed, although no
measurement of current velocity was made. Tidal effects were
subjectively judged to be less important under the "north" stations.
However, those under the "west" station certainly accelerated the
ablation rate through oceanic advection affects.

Instrumentation and Measurement Procedures

The aim of the field station measurement program was to observe
the dominant energy fluxes continously and the minor contributors
periodically. Based on the work of others (e.g. Weller, 1968) and our
own field measurements, global solar and net radiation, and short
wave albedo were judged to be the most important variables for
measurement during the ablation season. The first two were recorded
continously and the third daily. Atmospheric temperature, relative
humidity, wind, and surface temperatures were recorded periodically.
The measured parameters and their frequency of observation are listed
in Table 6A.1. The cobservation routine is presented in Figure 6A.5.
Description of instrumentation and data collection procedures may be

found in Appendix 1.

The global solar radiation sensor was located in the Broughton
settlement. Since the ice station was within 5 km of the Broughton
settlement measurement site in 1972 and 1973, the deviation in the
integrated daily solar radiation totals should be small except on the
few occasions when persistent low stratus or fog occurred over one

location and not the other. No quantitative evaluation of this deviation

was made. In 1974 the site displacement may have caused significant
deviations since more variable cloud conditions did occur between
Broughton Village and the field site some 8-10 km south. However,
such cases have been excluded from the analyzed data set for 1974.

Radiation Results

Surface Albedo Effects

Since solar radiation is the largest energy source during the
ablation season, albedo becomes the single most important controlling
factor of the radiant energy absorbed by the ice. Examples of
typical albedo values for various arctic surfaces are presented in
Table 6B.1.

Based on work of Langleben (1969), Jacobs (1973), has suggested
that the average surface albedo of sea ice may be expressed as the
summation of several partial albedos weighted by the percentage of the
total surface area occupied by each albedo type. This is stated
mathematically as follows.

n
aE = ay S1 +a2 s2 + a3 83 + ..o ta, s, St = §sn = 1

(6B.1)
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Thus, the albedo of fast ice may be considered as the summation
of the various surface type-areas. In this study data were collected
over smooth ice, surface puddles, and open water. If only smooth ice
and surface puddles are considered, then equation gg,} may be
simplified:

1

@ o= (5 st" ) (a; - a) + o (6B.2)

P

-1
where Sj Si

is the fractional area covered by smooth ice.

Surface albedo data were collected in 1972-74 following
techniques outlined in Appendix 1. The progression of the spatial
mean albedo and albedos of unsaturated ice, and puddles are shown
in Figures 6B.1-2 for 1973 and 1974, respectively. Comparison and
analysis of these transect data and single point measurements under
the net radiation sensors suggest the following conclusions:

(1.) A simple linear regression model can be used to represent
the relationship between the "point surface estimator" (the net-
radiation site value) of albedo and the spatial mean value determined
by the transect data from the appropriate surface class. The regres-
sion results show a strong and significant linear relationship
between the single point and transect data sets (see Figures (6B.2-3).
Single point measurements of unsaturated or puddled surface types
should represent the mean albedo for the given surface type to within
+10 percent. Therefore, given a point albedo measurement and air
estimate of the fractional area for each class, the mean surface albedo
may be calculated using equation 6B.2. This conclusion has not been
tested for areas larger than 100-200 m2, but subjective observation of
smooth first-year ice indicate that it should apply to larger regions.

(2.) No overall time-dependent linear trends were evident in
either the 1973 or 1974 data, (see Figures 6B.1-2). Studies of
daily mean albedo variations indicate a complex interaction between
surface area of the ice types, the albedo of puddles, and the albedo
of unsaturated ice which can not be simplified beyond the relationship
stated in equation 6B.2. It is evident from analysis of precipitation
events that the large variations in mean albedo are due mainly to
snowfall in the ablation season.

(3.) Results from hand-held 35mm oblique photography, used to
evaluate the changes in surface puddling, indicate that 1973 and
1974 were quite different in terms of percent coverage by puddles.
Coverage in 1973 was only about 10 percent throughout the ablation
season, whereas in 1974 it was between 30 to 40 percent. The 1974
photographs clearly show that the puddles formed between sastrugi-type
snow dunes of 10-20 cm relief on the smooth ice surface and that

this early organization governed puddle shape throughout the melt
season.
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(4.) The relative importance of the puddles and unsaturated
ice in terms of their percent contribution to absorbed solar
radiation varies during the melt season. The ratio of absorbed
radiation of unsaturated ice vs. puddles ice is illustrated for a
hypothetical incident flux of 100 cal cm2 hr-l in Table 6B.2.

In 1973 and 1974, unsaturated areas account for more than half of
the shortwave radiative input to the ice, (i.e., ratio >1). It

is not until the puddled area reached 40 percent, on June 30, 1974,
when albedos dip below 0.2, that the puddled area absorbs more
short-wave radiation. However, the melt puddles did account for a
larger proportion of the input in 1974, than in 1973.

(5.) 1If the surface albedo (u0t), as represented by equation
6A.4, is considered in isolation, then it must be concluded that
there are no constant relationships between the three elements.
However, an overall seasonal pattern of surface albedo is apparent.
There are four general albedo phases: - (a) no puddles; (b) rapid
puddle formation; (c) puddle deepening, and (d) break-up. This
scheme is shown schematically in Figure 6B.5. Superimposed on
this general framework are meteorologically-caused variations in
mean albedo; due for example, to precipitation, formation of
thin nocturnal ice-layers on puddles, etc. The timing of each stage
and the rate of change in mean albedo is a combination of these
weather elements, oceanographic conditions, and ice history.

Net Radiation

Results of radiation measurements (global solar, net radiation
and net longwave) in 1972 are shown in Figure 6B.6. During the
early part of the period, there was extensive snow cover with a
mean albedo of 0.82. Conditions remained, for the most part, very
cloudy and net radiation varied mainly in response to albedo changes,
due to snowfall, and to associated surface temperature. The higher
net radiation values generally occurred on days of heavy cloud
cover with lower surface albedo.

Rain and higher temperatures led to a rapid increase in melting
from midnight 5 July. The surface changed from almost 100 percent
snow cover, with a mean depth of 8.2 cm to over 80 percent water/
slush/ice by 9 July. The albedo decreased from 0.74 to 0.53 and
remained relatively low after the 9th, with a mean of 0.57. After
9 July there was a large increase in the average net radiation, with
daily totals of net radiation averaging about .65kJ cm~2dy~L.
Fluctuations in this period appear to be due mainly to cloud cover,
with net radiation increasing as the cloud cover decreased.

Net radiation measurements in 1973 have been compared to global
solar radiation recorded in Broughton Village. Inspection of these
data (see Figure 6B.7) that deviations in Q* generally follow
those found in K¢. However, no significant correlation was obtained
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for the Q* and K+ values, (r2 = .2). A better correlation was
found between Q* and K+ (l-o). Additional tests using a simple
linear regression model show that the covariance was not uniform
throughout the melt season. Thus, even though Q* and K +(1-a)

are shown to covary to a high degree, they do so in a manner coupled
to the relative stage of the melt season.

The conclusion that Q* is complexly related to absorbed solar
radiation is further substantiated when the ratios Q*/K+ and
Q*/K¥ (1-a) are considered. The seasonal progression of these two
ratios is presented in Figures 6B.8-9. A general increase through
the melt season is noted in both data sets even though the variability
is quite large. Certain segments of the Q*/K+ ratio (Figure 6B.8)
are suggestive of an inverse relationship with albedo although this
can not be statistically substantiated from these data. Jacobs
(Section 4. this report) has shown that Q* is correlated with K+ over
tundra during the ablation season. Results from this work confirm
this relationship at least in a qualitative sense.

In 1974 two net radiation sensors were operated simultaneously;
one over unsaturated "dry" and the other over "wet" fast ice. The
data used were collected between 9 and 21 June 1974 at the "south"
ice station. During this period the ice surface changed from
unpuddled smooth fast ice to a mixture of puddles approximately 8 cm
deep and unsaturated hummock areas approximately 10 cm above the
general ice surface.

The hourly mean difference between these sites is presented in
Figure 6B.10. Actual data values are listed in Table 6B.3. The mean
difference increases in the morning hours to a maximm of 0.3 cal
an~2 min~l at 1000 and then steadily drops off to a minimm of 0.02 cal
an~2 min~1 at 2200. The standard deviations are larger in the middle hours
of the day due to variable cloud cover.

The progression of the mean hourly differences appears to follow the
global solar diurnal curve. Since global solar measurements concurrent
with these data are not available at this site, this conclusion could not
be directly validated. However, comparisons of Q* and K+ data for 1973
support this conclusion. The coefficient of determination (r2) between
Q* and K¢ under clear skies for 2 and 10 July 1973 is 0.91; under
cloudy skies on 12 and 15 July 1973 the r2 value is 0.75. These
results agree with those found, for example, by Dunne and Price (1975),
and Jacobs (Section 4, this report).

Ratio of "dry" and "wet" observations have been camputed from
integrated daily totals. In most instances the values used do not
represent integration over a 24 hour period. However, since a ratio is
a relative rather than absolute measure, it may be argued that the
missing part of a day adds only a small error to the final ratio. The
actual data are presented in Table 6B.4 and the chronological progression
of the ratios in Figure 6B.1l.
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The ratios generally decrease fram close to 1.0 to around
-3 -.4 by the end of the period. The large decrease in the ratio
about 15 June was due to snowfall which raised the "dry" site albedo
while leaving the "wet" site albedo relatively unchanged. Near
the end of the observations the radiative characteristics of the
two surfaces are strongly divergent with the "dry" or hummocked
areas receiving between 50 and 75 percent less net radiation than
the "wet" or puddled areas.

Checks on linear regressions (Table 6B.5) between "wet" and
"dry" site albedos and the daily ratios of net radiation show no
significant results when the "wet" site albedos are compared to
the "dry" site albedo and the daily ratios. The linear regression
model accounts for 83 percent of the covariance. Thus, most of the var-
iation seen in the "wet" to "dry" Q* ratio may be attributed to
fluctuations in the incaming solar absorbed radiation over unsaturated
surfaces.

In sumary the analysis of the net radiation data suggest the
following conclusions: (1) No direct statistical link appears to exist
between K¥ and Q*. (2) A useful estimate of Q* is possible using
combined KY  and albedo measurements. (3) The relative contribution
of L* to Q* is small on the average. Certain synoptic situdtions
appear to cause fluctuations in L* up to 30-40 percent of the daily total
of O*. (4) The mean diurnal deviation of the "wet" and "dry" sites
may be attributed to the global solar diurnal cycle. The large
standard deviations in the middle hours of the day are probably caused
by the net longwave flux, cloud cover effects on the global solar and
albedo terms, or their combined effect. (5) The daily ratios of
the "dry" to "wet" net radiation values indicate a general increased
difference in the two radiation balances as the puddles deepen. About
50 - 70 percent more energy is received at the puddle surface than on
hummocked areas. Most likely the ice underlying the puddles absorbs
most of this energy surplus. The variations in the ratio may be
statistically linked to variation in the unsaturated surface albedo
although the relationship throughtime is not simple. This implies that
the net radiation totals for unsaturated surfaces are more variable than
puddled areas.

Predicting Ice Melt

A simple ice response model based on radiative energy transfer has
been used to predict the seasonal differences in melt rates between
1972, a cold summer, and 1973, a more normal summer. The model's input
includes; global solar and net radiation daily totals and mean daily
albedo. The mean ice temperature, salinity, and thickness are specified
initial conditions. The model calculates four rates of ice thickness
change depending on which of several albedo values are used. See Weaver
(1976) for more complete derivation of the theoretical ice response equations.

The model divides the ice response into two phases depending on the

mean ice temperature. If the temperature is below the salinity
melting point the radiative energy is used to warm the ice, if the
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temperature is at the salinity melting point then the energy is used
to melt the ice. Between -20C and the salinity melting point an
alternate method to evaluate the ice warming is used due to a
singularity in the equation for the specific heat of sea ice. The
essential equations for the model are as follows: The energy balance
equation is

Q =K(1l-a) + L* - Kb f Kbaw (6B.3)

where, the net longwave flux L* = Q* - K(l-a) , and the shortwave
flux underneath the ice Ky = K(l—a)e('uz) . If T < -2, the internal
ice temperature (T) is raised to -20C with no melt as follows:

AT = Q CS_lZ—lp—l (6B.4)

and T =AT+ T
m n-1

In this case the specific heat of sea ice (CS) is a function of
temperature (T) and salinity (s) as follows:

1. .2 -1 -1
LET +sa’T (Cw+Ci) + sCi + Ci (6B.5)

£ -2°% > T < s-. (0.018_1) , the additional energy (Q,) necessary to

raise T to the salinity melting point is calculated using to
remove a singularity in Cs close to the salinity melting point as follows:

O = ot Q-1 ~ S (6B.6)

C =sa
s

Q= @ - CT) (1 - sB_lTo_l) + (C, - Ci)sB_l h(xége;)l'ro'l) :
When QT > Qm, Q is used to melt the ice and:
| AZ = QLi—lp—l (6B.8)
and 2 =42+ 2, (6B.9)

The individual terms in the above equations are defined as follows:

Q = amount of heat energy absorbed by the ice
m = .12 cml, extinction coefficient for ice

Z = ice thickness (cm)

oy = .12, albedo of water underneath ice sheet

s = .004, ice salinity

p = .8g cm 2, ice density

a = 0.01820C"l, constant of proportionality

B = -.018, constant of proportionality

Li = 79.69 cal g“l ch‘"l, latent heat of fusion for pure ice
C; = .48 cal g+ OC™~, specific heat pure ice
C, = 1.00 cal g1 oc™*, specific heat pure water
T = -2°C, initial temperature for O
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Several simplifying assumptions are made in this model:
1) the distribution of temperature and added energy are instantaneous and
wniform throughout the ice depth; 2) no energy is contributed by
oceanic turbulent, H, or IE fluxes; 3) no density changes occur
during the melt process; 4) the extinction coefficient (u) is constant;
) the thermal effects of snow are ignored; and 6) energy absorbed
by a melt puddle is transferred to the underlying ice.

Different measured values of the surface albedo corresponding to
the various surface types and different methods of arriving at mean
albedo are employed in the model. The three variations include:

1) albedo measured directly under the net radiation sensor, 2) mean
puddle albedo and 3) mean unsaturated ice albedos calculated from
transect data in 1973 and point measurements in 1972.

Since no continous net radiation measurements were made over
puddles in 1972 or 1973, an estimated "wet" site net radiation was
used. All net radiation measurements were assumed to represent
unsaturated surfaces in both years and a correction applied to the
measured "dry" site net radiation to estimate "wet" site net radiation.
This correction factor is based on the 1974 camparative measurements of
Weaver (1976) and is as follows:

Q% = 0%y (=42 o, +.9)"71 (6B.10)

where
*; = albedo of unsaturated site

The weighting factor of the combined unsaturated and puddled surface
depth changes is as follows:

Z =i (S3) +2 ) (-5)) (6B.11)

Sj = surface area of unsaturated ice in percent. This equation
assumes that the energy absorbed underneath the puddle and "dry" areas
reaches instantaneous equilibrium.

Comparison of Measured and Predicted Ice Thickness

In 1973 ice thickness was measured seven times during the operation
of the ice station. The results of these measurements are given in
Table 6B.6. The model was run over the same period as the field
measurements. The ice thickness changes measured under the net radiation
sensor and the weighted estimate of puddle~hummock ice thickness are
presented in Figure 6B.12. An initial ice temperature of -50 C was used
and was based on actual field measurements at the ice station. The ice
salinity was estimated to be 4 o/oco and the initial thickness was 113
an.

The model consistently over-estimates the thickness changes when
compared to the actual measurements. However, the final predicted
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value is within one standard deviation of the measured depth

(see Figure 6B.12). Linear regression comparisons of the actual
and predicted values resulted in high coefficients of determination
(r? = .87, .88) for both estimates. The results of these tests are
listed in Table 6B.7. These results are good considering the
simple nature of this model and demonstrates the strong dependence
of ice melt on the radiative sources of energy.

In 1972 the fast ice near Broughton Island did not disperse
while in 1973 the ice broke up in mid-August. The abnormally cold
1972 season has been well documented at Broughton Island (Jacobs,
et al, 1974). while ice conditions in 1973 were still severe, in
part due to the residual ice fram 1972, the fast ice did break up
with heavy pack ice conditions well into the fall.

Measured values for K+, o, and Q* are available for both 1972
and 1973 during the melt season. These data have been utilized in
this comparative analysis of ice melt for these two seasons. No
ice depth measurements are available to validate the 1972 predicted
ice thickness change. The proportion of surface area covered by
unsaturated ice was estimated at 70 percent from the time of first
puddling in 1972.

The results of the model using the same initial conditions,
(T=-5°¢C, s =4 0/o0, Z=113 cm), and the 1972 and 1973 data
sets clearly show less ice melt in 1972 (see Figures 6B.12-13).
The predicted ice depth in 1972 on 6 August was 76.4 cm while in 1973,
it was 37.5 cm based on the albedo estimate for the net radiation site.

-192-



TABLE 6B.1

Albedo Measurements for Various Surface Types

Category (1) (2) 3) (4
. mean g

I Ice, unsaturated smooth

melting ice .52 36 - .70 - - .51

ITI Melt puddles
undifferentiated .23 - - - -
first period 0-30 cm — .24 - .36 - - .29
second period 30-100 cm -— .13 - .28 - - .19

covered with new ice -— .18 - .37 - - .26

IITI Snow cover

freshly fallen, dry snow -— .72 - .98 - - .90
freshly fallen, wet snow -- .80 ~ .85 -~ - -
fresh dry drifted snow - .70 - .96 - - .82
snow with ice showing — .58 - .70 - - .54

IV  Pack ice with snow cover

greater than .9 concentration ~- -- 91 .06 --
.9 to .71 _— .76 .18 —
.7 to .51 -— - .42 .13 -
.5 to .31 _— - S50 .21 -
.3 to .11 -— - .32 .20 --
less than .1 - - .09 .09 --

data sources:

(1) Author's data, Broughton Island, Summers 1973, 1974
(2) Soviet drifting station data (Briazgin 1959, in Jacobs 1973)
(3) Airborne Measurements, May 1971, (after Jacobs, 1973)
(4) Measurements, Broughton Island, Summers 1971, 1972
(after Jacobs, 1973)
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TABLE 6B.2

Relative Distribution of Potential Solar Radiation

by Surface Type

Radiation absorbed assuming incoming
of 100 cal am™2 hr-

Year Date Ratio of
By Pools By Ice Ice/Pools

1973 7 July 0.6 39.6 61.8

13 July 5.8 48.8 8.5

20 July 14.0 49.6 3.5

23 July 19.5 42.8 2.2

26 July 13.7 40.3 3.0

30 July 9.4 28.2 3.0

1974 16 June 22.3 26.2 1.2

18 June 21.3 28.5 1.3

20 June 19.8 32.6 1.6

24 June 30.2 32.6 1.1

30 June 35.7 26.7 0.7

2 July 41.9 24.3 0.6

Absorbed Radiation = Solar Radiation x (1 -o ) x Surface Area
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TABLE 6B.3

Hourly Mean Deviations Between the Q* "wet" and

O* "dry" sites (cal a2 min"l)
Hour Mean Standard N
(LST) Difference Deviation (o)
1 .01 .04 8
2 .03 .06 8
3 .06 .09 8
4 .05 .04 8
5 12 .19 8
6 14 .20 9
7 .16 .25 9
8 .23 .34 9
9 .18 1 9
10 .31 .34 11
11 .13 .15 10
12 .19 22 11
13 14 .13 11
14 A1 .13 1
15 .08 , .12 1
16 .19 .08 10
17 .10 .06 10
18 .09 .04 10
19 .06 .03 10
20 .06 .04 9
21 .04 .03 9
22 .02 .03 8
23 .01 .03 8
24 01 -.03 7
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TABLE 6B.4

Net Radiation Data Used for Ratio Calculations

and Linear Regressions

Date

Q* " dl'.‘Y"

Q* "wet"

Q*W-Q* d

Q*d/Q*w

‘cal cm2) d

1974
June

9 194 201 15 7 .97 .48 .33
10 280 294 24 14 .95 -— -
1 -- -- - - - 42 .30
12 216 237 15 21 .91 -- .28
13 * 193 172 12 21 1.12 46 .27
14 214 335 24 121 .64 .68 .19
15 92 530 24 438 a7 -— -
16 * 121 316 24 195 .38 .80 .28
17 214 475 21 261 .45 — -
18 * 226 350 11 124 .65 .64 .17
19 -- - -- - - .62 .23
20 * 193 3N 24 178 .52 .60 .20
21 59 153 11 94 .39 -— -
22 -- -- - -- - .66 .20

* indicates daily ratios based on fewer than 24 hourly samples
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TABLE 6B.6

Ice Depth Data 1973 (in cm)

Date Overall Ice On]y' Pools
mean o No. mean o No. mean o No.
samples samples samples
July
4 114.3 cm 6.7 cm 3 same - - - -
14 101.8 cm 7.1 cm 5 104.1 - 2 101.6 2.5 3
19 &5 7.5cm 9 o914 - 1 87.1 8.0 8
21 85.9cm 2.1cm 5 83.8 .2.1 4 86.0 - 1
24 62.7 cm 11.5cm 8 61.3 7.5 4 64.115.7 4
31 59.6 cm 10.9cm 16 61.3 11.4 13 52.1 3.4 3
August
4 42.3 cm  16.8 cm 10 54.4 6.0 6 24.4 7.8 4
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TABLE 6B.7

Linear Regression Comparisons

Measured and Predicted Ice Depth Data 1973

Slope Intercept Correlation r2 * Mean Values D.F. F
Measured Predicted Ratio

Test using net radiation site albedo

.94 -87 .93 .81 79 65.9 5 34.06

Test using weighted "wet" - "dry" depth values

1.13 -29.8 .94 .88 79 60.1 5 36.6

* r2 is the coeffecient of determination
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Mean albedos from transects during summer 1973.

Figure 6B. 1.
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C. Energy Budget
Basis

The energy budget for arctic surfaces can be written in the form
G=Q*+H + IE (6C.1)

where G = net flux into the surface, Q* = net radiation, H = enthalpy
flux or "sensible" heat flux, and ILE = latent heat associated with
the vapor flux (Jacobs, et.al., 1975). All terms are considered
positive dowrward at the surface and the net advection over the
surface is assumed to be zero. For snow and ice, additional temms
may be included to account for the transmission of solar radiation
into or through the surface layers and for phase changes within the
snow and ice (weller, 1968). .

Given accurate estimates of Q*, calculation of the total heat
flux at the surface,G,becomes a matter -of determining the turbulent
heat flux (H + LE) . The general problem of turbulent transfer has
been discussed by Sutton (1953) and Priestley (1959), among others.
Otxmbntothesesmdiesisanapproachwhichtreatsﬂmvertical
exchanges of heat and mositure as functions of the vertical gradients
of temperature and hmmidity, respectively, and of the vertical wind
shear in the near-surface layer.

Following Priestley (1959, p. 21), the transfer of momentum
between the atmosphere and surface, that is the shearing stress t,
is

T=Cp pu2 (6C.2)

where p= air density, u = windspeed at the reference level z, and
Cp = the drag coefficient. Cp is a function of height z and the
surface roughness, which may be expressed in terms of the roughness
parameter z,.

u(z) =% 1 (a2 (6C.3)

where u, = (v/p)% is the friction velocity, a constant throughout
the layer, k = von Kamman's constant, which has an experimental value
of 0.41, and 1n denotes loge.

The experimental determination of Cp is accamplished indirectly by
finding 2, for a particular surface under neutral conditions from a ‘
series of simultaneous measurements of windspeed u(z) at two or more
levels and substituting the resulting values into BEquation 6C.3 in
the form:
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(ullnz)—(uzlnzl)

In 2o = 2 (6C.4a)
(u]_ - uz)
Alternatively, we can write (Sanders and Weber, 1970):
u InZ, - u 1n 7, (6C. 4b)

Zo = exp

u, - oy
Neutrality is this case is specified by the Richardson number:

ri = 9 (093
(3/32)

(6C.5)

where 6= potential temperature and ¥ denotes the mean value
throughout the layer zp - z;. This is closely approximated by
the actual absolute temperature. For neutral conditions Ri = 0.

Having obtained Zg/ the drag coefficient for neutral conditions
(Cpy) can be calculated from

k2
N — ' .
XL .

For a neutral profile the net vertical transfer of any properties of the
eddying air will take place at the same rate as the movement of that
air (Priestley, 1959, p. 108). This nieans that the turbulent fluxes

H and LE can be expressed in a form analogous to Equation 6C.2:

H =y qCpu (T - Tp) (6C.7)
and
IE = 0.62 6L u (e - e) (6C.8)
p

where Cpr u, T, and e (vapor pressure) are referenced to a particular
level z, Tp and ey are surface values, L is the latent heat of
vaporization, and p the atmospheric pressure. The sign convention is
consistent with a flux positive downward to the surface.

Although conditions over melting fast ice are generally near-neutral
and we may assume that Cp = Cpyr Same provision must be made for
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situations in which Ri >>0, as for example in the case of advection
of warm air over the ice with consequent strong stability. Conversely,
over snow-free land or warm water, a superadiabatic lapse rate may
sametimes be present. For arctic terrestrial surfaces, Weller and
Holmgren (1974) have used a modification to the exchange coefficient,
first suggested by Lettau (1949), which is a function of Ri. In our
notation, this is ’

G = Con . (6C.9)
(1 + Ri)2

where CD reduces to the neutral value for Ri = 0.

Profile Data

Profiles of wind,temperature and humidity were measured on
a four-hourly basis in the first 1.6m above the snow-covered fast
ice north of Broughton Island during the summer of 1972, A
C.W. Thornthwaite Associates wind profile system (40,80 and 160 cm)
was used in conjunction with Assmann psychrameters for air temperature
and humidity (160 am) and thermistors for surface temperature. Net -
radiation was also measured at 160 cm. Measurements were made -
between 13 June and 20 July over a surface which progressively
changed from cold, dry snow to extensively puddled, melting ice.

The aerodynamic approach to estimating turbulent fluxes,
outlined above, assumes near-neutral stability conditions, implying that
the wind profiles are logarithmic (Grainger and Lister, 1966). The
profiles in Figure 6C.l show that this assumption is valid in all
but a few cases. The stability, as indicated by the calculated
Richardson nunmbers, also clusters around zero (Figure 6C.2) with
38 percent within the arbitrarily defined 'neutral' range of
-.0125 to + .125 (Table 6C.l). The results in this table compare
favorably with those of Weller (1968) and Allison (1973). For 238
observations, the mean Ri is 0.0647 with a standard deviation of 0.264.

The distribution of average Ri values according to time of
observation, for mid-June to mid-July,was as follows:

Hours (EST) 00 _ 04 08 12 16 20
Mean R .008 -.027 .004 .035 .016 .013

These data indicate a diurnal pattern that might be expected over
melting snow or ice. Stability is a maximum near midday as the air
“warms, but the surface temperature has an upper limit of O° C. However,
this diurnal pattern was often masked by synoptic variability during
the relatively stommy 1972 summer.

s lengths are calculated for neutral conditions
(-.0125< Ri< .0125), and logarithmic wind profiles (between 40 and 160 cm),
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and averaged over five or six-day periods in Table 6C.2. (Cbservations
with very light winds or suspected errors were omitted.) Langleben
(1974) cautions against assuming that a logarithmic profile is
necessarily present, even under near-neutral conditions, based on

his work over ice in the Beaufort Sea in April. The results in

Table 6C.2 show good agreement with other studies.

The Energy Budget

Results of the turbulent flux calculations based on equations
6.c.7-9 are shown in Figure 6C.3 giving average daytime fluxes based on
data for 0800, 1200 and 1600 hours. Throughout most of the period, fluxes
of sensible heat are positive (i.e. downward transfer) due to the prevalence
of weak inversion conditions over the ice. Latent heat flux is nearly
always negative, reflecting an evaporative loss from the surface.

Table 6C.3 and Figure 6C.3 show that the pattern of average daytime
sensible and latent heat fluxes changes between June and July, with the
break coming at the beginning of July. The latent heat flux disposes of
53 percent of the combined net radiation and downward enthalpy flux
(0,673 Jam 2min~L) in June compared with only 6 percent of the total
(1.663 Jom—2min~l) in July. This division is equally apparent in the net
radiation and conductive heat fluxes. (Table 6C.4 and Figure 6C.4). This
large increase in net radiation and conductive heat flux coincides with
the division between two classes in a simple five stage model of ice
ablation and break-up. (see Figure 5B.8). The period of field measure-
ments covers parts of stages 2 and 3, which are defined by Jacobs et al.,
(1975) as follows:

Stage 2 ‘There is a rapid increase in daily insolation values,
with between 10 percent and 30 percent of the incoming
radiation being absorbed by the snow and upper ice layers.
Temperatures of these layers can therefore rise to near
the melting point despite the fact that air temperatures
are below freezing. Once melting starts, water percolates
downwards through the snow cover and accumulates in hollows
at the snow/ice interface.

Stage 3 ‘The snow cover is removed, revealing an ice surface of
alternating hummocks and puddles. Surface waters drain
through fractures, leads and seal breathing holes. During
the early part of this period, if air temperatures remain
below freezing, a snow crust may persist for some time and
fresh snow may be deposited by early summer storms. Eventually
however, all of the snow is removed.

The transition between stages 2 and 3 occurred at the beginning
of July. During stage 2, with the ice still covered by snow, albedo
averages 0.8, net radiation averages 0.47 kJ cm'zdy‘l and the conductive
flux into the snow, and underlying ice, has a mean of 0.18 kJ cm—2dy-1.
During stage 3, however, as the snow cover is removed and puddles form
on the surface, albedo falls to_0.53, net radiation increases to an
average flux of 1.66 kJ cm"zdy"l and the conductive flux increases by 8
times to a mean of 1.55 kJ am2dy~1i.
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TABLE 6C.1
Camparison of Richardson numbers obtained over snow and ice surfaces

'Range | Percent of observations Source
-.01 to + .01 ~38.0
06 b e 06 84.0 Weller (1968)
-.01 to + .01 44.4 Allison (1973)
-.07 to + .07 72.2
-.0125 to + .0125 38.4
-.0625 to + .0625 71.0 study
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TABLE 6C.2

————————————

Roughness lengths for Successive 5-Day (June) or 6- Day (July) Periods,

Over Ablating Fast Ice, Broughton Island, 1972 and Camparative values.

Broughton Island, 1972.

Standard error of

Period Roughness length (cm) Sample size the mean
June 13-17 .070 5 .042
June 18-22 .088 17 .017
June 22-27 .144 14 .029
June 28-July 2 .114 12 .025
July 3-8 .083 10 .041
July 9-14 .071 12 .035
July 15-20 .055 6 .0l6
Mean .097 76

Fast ice, Gulf of

St. Lawrence (Seifert &

Langleben, 1972):
smooth floe .08 74
rough floe .34 181

Pack Ice, Beaufort Sea
(Langleben, 1972):
smooth .05
rough .30
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TABLE 6C.3

TURBULENT FLUXES OVER FAST ICE, 1972

(Averages for 0800, 1200 and 1600 hours)

DATE . SENSIBLE HEAT TATENT HEAT
(Jem™2min~1) (Jem2min~1)

June 13 to 30

(17 days) 0.152 -0.358
July 2 to 20 -

(6 days) 0.154 0.096
AVERAGE MEAN 0.153 -0.227

TABIE 6C.4

NET RADIATION AND CONDUCTIVE HEAT FLUXES

OVER FAST ICE, 1972

(Averages for 0800, 1200 and 1600 hours)

DATE, NET TATION CONDUCTIVE IEEIAT
(Jem “4min~1) (Jem~Zmin™)

June 13 to 30

(17 days) 0.521 0.336
July 2 to 20

(16 days) 1.509 1.520
AVERAGE MEAN 1.015 0.928
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D. Synoptic Controls on the Energy Budget

Introduction

Several studies have demonstrated that periods of substantial
ablation of either glacier ice or sea ice can be related to the
synoptic conditions.

Jacobs (1974) illustrates how cyclonically-controlled northerly
flow brought cold air over south-eastern Baffin Island, prior to the
26 June, 1973. After this date, with the development of a ridge at
the 700 mb level, a cyclone moving into the area gave west to
south-west flow along the northern side of the ridge. From 26 June
to 1 July this caused a general warming of 100 - 16° C along the
south—-eastern coast of Baffin Island from Cape Dyer to Clyde.
Temperatures along most of this coast rose fram below freezing an
26 June to 8 - 120 C by the 29 June, by which time most of Baffin
Island was in the warm sector. The progression of the system through the
area caused a decrease in solar and net radiation but rapid ablation
occurred due to increased advection of sensible heat. After a
weakening of the ridge and a return to colder more northerly flow,
temperatures fell and net radiation and solar radiation began to rise
again. This sequence of events was repeated in mid-July and again
in early August 1973. Both of these events were accompanied by
significant periods of ice melt. The July case has been analyzed by
leDrew (section3, this report).

Melt periods on the Devon Island ice cap are normally short and
discontinous. Appreciable summer melting can again be related to
particular synoptic situations. (Holmgren, 1971 and Alt, 1978). The
highest melt rates are observed during cyclonic activity causing
strong winds and the advection of warm and humid air over the region.
Weather maps for days with the highest melt rates show the ice cap
to be located beneath the warm sector of the cyclone, with a general
flow fram areas to the south or west. Cyclones following northeastly
tracks along western Greenland or Baffin Bay bring relatively cold
weather to thearea with temperatures generally below freezing.

The work of Mackay (1952) for Churchill Harbor in Hudson Bay
illustrates the importance of protracted spring thaws for early ice
breakup. These occur with persistent anticyclonic conditions. His
results also show that the type of winter does not materially affect
the breakup dates.

The four studies referred to above all indicate that there is a
relationship between particular synoptic conditions and the onset of
a significant ablation period.

Micro-meteorological data over fast ice near Broughton Island
in 1972 allowed daily energy budgets to be calculated for the period
13 June to 20 July as described in section 6C. The sequence of synoptic
events for the same period are now examined to ascertain whether
synoptic changes are reflected by fluctuations in the energy budget.
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&nppticSequenceanddzangesintheEhergyFlwces_

The sequence of surface weather charts for 15 June - 30 June 1972
is shown in Figure 6D.1 and for 2 July - 20 July in Figure 6D.2. The charts
show an occlusion entering thearea in the northwest on 15 June,
travelling south-eastwards across Baffin Island and leaving the area
by the 19th. At the ice station mean daily temperatures rise
during this period from -1.2° C to -0.5° C and winds increase by the
17th with the approach of the front, reaching a maximum on the 18th
when the front is over the study site. There is also same precipitation
associated with the approach of the front (Table 6D.1). Values of
the latent heat flux are strongly negative, reflecting heat loss by
evaporation (Table 6 D.2). Sefsible heat flux is small and the
conductive flux is near zero, except when net radiation values
increase before the arrival of the front. Low pressure persists in
the south and over Baffin Bay until the 20th causing the advection of
warmer air into the region bringing above zero temperatures and
this advection of sensible heat causes a large increase in the heat
flux into the snow.

Colder air is brought in from the north during the building of a
ridge of high pressure on the 2lst. The falling temperatures lead to
lower values of the Bowen ratio and generally lower values of the
conductive flux. ILow pressure begins to intensify again after the
24th, however, causing an increase in winds and precipitation the
advection of sensible heat, and higher net radiation, resulting in a
large input of heat to the surface. After the 27th, with an upper
high supporting the development of a surface ridge over Baffin Island,
sensible heat tends to decrease and, although net radiation remains
relatively high, there is heat loss by evaporation and the conductive
flux again tends to be low or negative.

: Between 1-8 July the upper level high weakens and is replaced

by low pressure at 500 mb and at the surface. Net radiation decreases,
but temperatures increase and, although precipitation increases

in the latter part of the period, (Table 6D.3) the Bowen ratio shows the
dominant heat loss is by the latentheat flux; the conductive temm is
low as shown in Table 6D.4. High pressure forms again after the 8th,
net radiation increases and temperatures increase rapidly, resulting

in large increases in the conductive flux into the ice. After the 12th
a well-developed, cold low forms in the west, at the 500 mb level,
supporting a surface low. Temperatures decline but, as there is little
frontal activity, net radiation remains high so that there is still a
relatively large flux of heat to the ice.

On the 15th the development of a ridge over Baffin Island brings
warm air fram the south or south-west raising temperatures and giving
high values of sensible heat and a large increase in the heat entering
the ice. On the 16th the pattern again reverts to one of low pressure, but
a weak ridge begins to form on the 17th and by the 18th the development
of high pressure over the island brings in warmer air from the west.
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Increased advection leads to positive values of sensible heat flux, net
radiation is high due to clear conditions, and latent heat is

positive. Additions of heat to the ice through the conductive flux
are large, giving rise to extensive melting.

Classification of Energy Budgets

The preceding discussion shows that fluctuation in the energy
budget parameters can be related, at least on a subjective level,
to changing synoptic conditions over the study area. Cluster
analysis has been used to try and group together days with similar
turbulent flux characterisitcs. The increase in the energy budget
terms between the melting snow stage and the puddle formation stage
of fast ice ablation indicates that large variation in the turbulent
energy budget can be related to the stage of decay of the fast ice.
As we are here trying to demonstrate possible synoptic controls over
the shorter term fluctuations in the energy budget, then the two regimes
have been analyzed separately in order to remove this effect.
Five variables are considered: net radiation, sensible heat, the
conductive flux, Richardson number and the Bowen ratio. The daily
averages of these are used as input for a principal components analysis.
This analysis is used to standardize the data and to reduce the number
of variables to be used in the cluster analysis. In both cases
(i.e. for stage 2 and 3), the first two components explained over
75% of the total variance and clustering was based on the factor scores
of these two camponents.

Figure 6D.3 illustrates the distribution of the factor scores
for the two components from the stage 3 analysis. The similarity of
the observations are measured on a linear scale, measuring the distance
separating one point from another. As the space is Cartesian, then
the distance is given by Pythagoras' theorem. The two closest
observations are joined together to form a proto-cluster and are then
represented by a single point (the centroid), or at the center of
gravity where three or more points are grouped together. The next
two closest points are then found and the process continued until all
of the points are included within a single group.

The clustering can be illustrated using a dendrogram (Figures 6D.4
and 5). This shows cases (days) on the vertical axis versus the
approximate values of log F at which each observation becomes incorporated
into a particular cluster. Clusters can be picked out by eye and
then tested for significance using discriminant analysis. An approxi-
mate F test shows that the groupings are significant for both regimes at
<0.1 percent level.

Figures 6D.6 - 6D.8 show the results of the cluster analysis.
In each regime two groups, 2a and 2b and 3 a and 3b, have been
recognized. The variable that contributed most to the clustering, in
both periods, was the conductive flux G . Camparing the two groups
for stage two (Figure 6D.6):
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Term Group 2a: Group 2b:

G low or negative . ~ high positive

H low or negative high positive

LE large negative pos:.t:.ve or low negative
B =1 to +1 - >+l or < -1

There is a tendency for net radiation in 2b to be generally larger
than 2a, which has some large values, but has a greater variability.
Net radiation values in general, however, do not show a large
difference between the groups.

Comparing the two groups for stage three (Figure 6D.8):

Term 3a: , Group 3b:

G relatj;vely low ' very high positive

H low or negative generally high positive
1E generally high negative positive

B

-1 to +1 generally >+l or < -1

Again there is a tendency for net radiation to be higher in 3b. 1In 3a
net radiation is more variable with lower values earlier in July when
snow is melting, but before the large drop in albedo caused by
extensive puddle formation.

Groups 2a and 3a tend, therefore, to retard ablation, relative to
2b and 3b, for which values of G are much higher. For 2a, values of G
are mainly negative, indicating a heat loss from the ice. 3a has
values of G that are in fact in excess of those cbtained for 2b,
because of the large increase in the absolute values of the heat fluxes
following the onset of puddle formation in early July. The values for
3a, however, are still low relative to those obtained for 3b.

The clustering analysis for group 2a also shows two distinct
sub~-groups, 2a.l and 2a.2. The difference between these two groups,
when tested using the discriminant analysis, was again significant
at better than the 0.1% level. Comparing these two groups (Figure 6D.7):

Term Growp 2a.l: Group 2a.2:

G generally positive generally negative
H generallf positive generally negative
LE high negative | high negative

B -1 to 0 generally 0 to +1
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Net radiation is slightly higher in group 2a.l than in group 2a.2.

Therefore, although days in group 2a generally tend to retard
ablation relative to group 2b, the group can still be divided into
two groups, one of which has a negative energy budget and the other
a slight positive budget, providing for some ablation. The amount
of ablation however is still much less than that found in group 2b.

In both June and July the conductive flux contributes most towards
the clusters, followed by the Bower ratio, Richardson number, sensible heat,
and net radiation, the order of variables entered being the same in both cases.
The conductive flux is therefore the most important term defining the energy bud-
get groups. Net radiation is the last variable entered and it tends to have low
correlations with other variables in the groups (except in July, where there
is a relatively good within-group correlation between net radiation and sensible
heat). This suggests that although net radiation supplies nearly all of the
available energy to the fast ice environment, it is relatively unimportant in
defining the short-term variations in the energy budget regime. It is interestin
to note that variations in the conductive flux are more responsive to changes in
sensible heat than to the radiation term. Assuming that, on a day-to-day basis
surface conditions are little changed and that fluctuations in sensible heat
are a response to advection and changing atmospheric conditions, then
there is some indication that short term fluctuations in the conductive term and
ice melt may also be a response to changing synoptic conditions.

Associated Synoptic Types

As a first step in determining whether or not these different
energy budget regimes are synoptically controlled, the surface
weather charts were compared for those days within each of the groups
identified by the cluster analysis. An examination of these charts
shows that the days within a particular group are characterized by
similar pressure pattern or direction of flow over Broughton Island.

Although individual patterns vary in group 2a, the predominant
feature in each case is a trough or a center of low pressure to the
south-east, or high pressure over western Baffin Island and low pressure
to the east (Fig. 6D. 9a-c) in each case, however, the flow over
Broughton Islanda is onshore, from the north-east or south-east.

There is very little difference in the synoptic patterns between
days in group 2a.l and days in group 2a.2 (Table 6D.5b), with the
exception that although the direction of flow for both groups is generally
onshore, from an easterly direction, the patterns of flow in group
2a.l tend to have more of a southerly component. This would lead to
the advection of warmer air over the ice, resulting in higher values
of sensible heat and thus giving rise to the positive conductive flux
associated with this group.

In group 2b the dominant feature is a ridge of high pressure extending
over Baffin Island from the north-west or south-west, possibly
with low pressure off to the east. The main flow directions in
this case are offshore from the north-west or south-west (Figure 6D.9, d-e).



Precipitation and wind speed data show little difference between
the groups although, on average, windspeeds in groups 2b may be slightly
higher than in 2a. Similarly high amounts of cloud cover are characteristic
of the whole period, although 2a appears to have more low cloud than
2b (Table 6D.5a). However, the temperature data show a clear distinction
between the groups. All of the days in 2a had below freezing temperatures
and the only positive temperatures occur in 2b where the direction of
flow is from a relatively warm land surface and temperatures are also
increased by adiabatic warming as the air descends after crossing the
mountains of Cumberland Peninsula to the west (¢ f£. discussion in
Section 3 by LeDrew). Surface wind directions for 2a tend to be north
or easterly. In 2b wind directions are more variable. Some surface
winds are fram the north and others from the south or south-west. Local
orographic factors, however, will influence these data, as the site is
in a channel between Broughton Island and the main land.
For the stage 3 regime two groups were also identified and again
an examination of the weather charts for these groups shows similar
broad groupings of pressure pattern and direction of flow. In group
3a there is either a trough over Baffin Bay, bringing northerly
flow, or low pressure centers to the south or south-east bringing
easterly flow (Figure 6D. 10a-b).

In group 3b the dominant feature of the pressure patterns is a
ridge over Baffin Island, bringing westerly or southwesterly flow for
three out of the five days. On the 19th of July the ridge is orientated
north-west to south-east, bringing south to south-east flow and on the
20th July the ridge has begun to break up, resulting in more variable
flow (Figure 6D. 10c-d).

For a few of the days in group 3a pressure patterns are very weak,
with small pressure gradients and little wind. These days tend to have
high cloud cover, higher temperatures and some downward transfer of
sensible heat. Otherwise, days in 3a have large amounts of low cloud,
low or negative temperatures and some precipitation. This compares
to the high temperatures, little cloud and no precipitation, associated
with 3b (Table 6D.6). Wind directions also show a clear distinction
between the groups with the 3a winds being mainly north or north-east
and the 3b surface winds coming mainly from the south or south-west.

Relative humidity values were also compared for both 2a and 2b
and 3a and 3b, but showed little variation. For the whole period, relative
humidity remained high at between 85 percent and 95 percent for stage
2 and over 90 percent for stage 3.

In sumary, the conditions that tend to produce the highest rates
of melting, (2a and 3b), are those where a ridge forms over Baffin
Island, resulting in higher net radiation values and the advection of
warm southerly to westerly winds. Conditions that tend to retard
ablation, (2a and 3a), are brought about by low pressure centers,
particularly in the south-east, bringing in colder south-east to
~ north-east winds. Within 2a and 3a, however, these are days when
the passage of a frontal system into the area can bring higher
temperatures supplying more sensible heat to the surface, relative to
the other days in the group. ,
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At this point it was hoped that the synoptic patterns for the days
identified for each group could also be classified according to the
subjective (Barry 1974, Barry, Bradley and Jacobs 1975) and the objective
(Barry and Keen, section 2, this report) classifications that have been
Geveloped for the Baffin Island area. However, with the small number
of cases in some of the groups, the variation in types within the
groups was too large to make such an analysis possible.
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TABLE 6D.1

Average Daytime Values of Temperature, Wind Speed, Precipitation

and Pressure for 13-30 June 1972. (Over Fast Ice)

Temperature at 1.6m Wind speed at 1.6m Snowfall Pressure

Date (Gl (m sec™1) (cm w.e.) (mb)
13 -2.4 1.13 0.01 1014
14 -1.2 1.53 0 1012
15 ‘ ~-0.7 1.00 0 1008
16 - -0.8 0.85 0 1004
17 ~0.7 1.54 0.02 998
18 -0.5 5.00 0.03 995
19 0.2 3.37 0.05 1000
20 0.9 2.79 0.01 1002
21 -0.4 1.52 0 1005
22 0.6 1.11 0 1014
23 -0.8 1.65 0 1022
24 -0.1 0.87 0.02 1021
25 -0.8 1.73 0.02 1015
26 0.0 3.94 0.06 1008
27 -0.7 4.77 0.02 1009
28 -1.3 1.16 0.03 1013
29 ~0.7 2.52 , 0.01 1016
30 -1.5 3.26 0 1016
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_TABLE 6D.2

Average Daytime Values of the Energy Flux Terms, over Fast ice

13-30 June 1972

Net Radiation Sensible heat Latent heat Conductive| Bowen Richardson
flux ratio number

Date
Energy units J am™2 min T

13 0.21 ~0.57 -0.67 ~1.02 0.84 -0.205
14 0.38 0.07 -0.66 -0.21 -0.11 -0.036
15 0.17 0.02 -0.06 0.10 -0.36 0.036
16 0.57 0.13 -0.16 -0.54 -0.79 0.108
17 0.49 -0.24 -0.54 -0.29 0.45 -0.005
18 0.43 0.45 -0.83 0.05 0.56 0.001
19 0.41 0.83 0.39 1.63 2.12 0.007
20 0.48 0.47 -0.07 0.88 -6.65 0.026
21 0.56 0.00 -0.12 0.44 0.12 0.003
22 0.64 0.36 -0.04 0.97 -9.97 0.099
23 0.49 -0.01 -0.63 -0.15 0.01 0.083
24 — — — — — —

25 0.91 0.61 -0.10 1.42 -6.11 0.043
26 1.03 0.32 0.05 1.79 . 6.73 0.002
27 0.56 0.56 -0.68 0.44 -0.83 0.001
28 0.34 -0.13 -0.29 -0.08 0.44 -0.010
29 0.50 0.11 -0.41 0.02 ~0.26 -0.001
30 0.70 -0.40 -1.28 -0.99 0.31 -0.003
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TABLE 6D.3

Average Daily Values of Temperature, Wind Speed,

Precipitation and Pressure, 2-20 July 1972.

(Over Fast Ice)

Temperature at Windspeed at Snowfall Pressure

1.6m 1l.6m

© ¢ (m sec™) (cn w.e.) (mb)
0.7 2.57 0 1016
-0.2 6.17 0.02 1009
0.1 1.87 0.02 1005
0.0 0.85 0.01 1010
0.9 0.92 0.03 1012
1.0 3.02 0.03 1013
0.4 0.92 0 1012
2,5 1.73 0 1004
0.3 1.07 0 1006

-0.2 1.10 0 1005

-1.1 2.48 0 1009
3.3 1.20 0 1016

-1.4 1.91 0.03 1017

~0.6 1.38 0 1023
2.0 0.72 0 1024
1.2 0.62 0 1020
0.4 0.78 0 1017
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TABLE 6D.4

Average Daytime Values of the Energy Flux Terms over Fast ice

2-20 July 1972

Net radiation Sensible heat Iatent heat Conductive
Date flux
Energy units: J an2 min~1
2 0.84 0.16 -0.31 0.68
6 0.23 0.05 -0.22 0.06
7 0.36 0.03 -0.02 0.37
8 0.77 0.12 0.03 0.92
9 0.56 0.41 0.11 1.07
10 1.31 -0.01 -0.14 1.17
11 1.90 1.80 0.56 4,27
12 2.08 0.08 0.00 2.16
13 1.50 0.10 -0.21 1.40
14 2.15 -0.56 -0.88 0.71
15 1.87- 0.57 0.18 2.62
16 1.79 -0.52 -0.52 0.75
17 1.34 -0.15 -0.34 0.85
18 2.21 0.08 0.02 2.31
19 2.43 0.21 0.06 2.70
20 2.25 0.15 0.02 2.42
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Bowen
ratio

- -0.50

-0.24
-1.48

4.36.

3.84
0.07
3.13
18.75
-0.48
0.63
3.10
1.00
0.44
3.42
3.82
7.10

Richardson
nuber

0.042

0.044
0.085
0.078
0.115
0.015
0.170
0.020
0.069
-0.009
0.583
-0.019
-0.167
0.546
0.085
0.040



TABLE 6D.5

Camparison of Heat Flux Terms and Richardson Numbers

for Groups 2a and 2b

Group 2a Group 2b
Term Mean Standard Mean Standard
Deviation Deviation
Conduptive Heat Flux 0.005 0.431 1.221 0.359
Bowen Ratio -0.155 0.461 -5.152 5.142
Richardson Number 0.016 0.043 0.044 0.040
Sensible Heat 0.051 0.276 0.568 0.203
Net Radiation 0.471 0.141 0.607 0.223
Latent Heat -0.514 0.362 0.046 0.231
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TABLE 6D.6

Comparison of Heat Flux Terms and Richardson Numbers

for Groups 3a and 3b

: Group 3a Group 3b
Term Mean Standard Mean Standard
Deviation Deviation
Conductive Heat Flux 0.784 0.406 2.747 0.774
Bowen Ratio 0.764 1.893 6.552 6.165
Richardson Number 0.025 0.080 0.241 0.256
Sensible Heat -0.043 0.298 0.481 0.671
Net Radiation 1.120 0.670 2,121 0.215
Latent Heat -0.239 0.295 0.144 0.221

~236-



TABLE 6D.7a

Mean Temperature, Windspeed, Precipitation

and Cloudiness for Groups 2a and 2b

STANDARD STANDARD ERROR SAMPLE

VARTABLE PERIOD  MEAN DEVIATION OF THE MEAN SIZE
TEMPERATURE 2a -0.9 0.34 0.10 11

(°c) 2b 0.2 0.74 0.37 4
WIND 2a 2.3 1.47 0.44 11
SPEED(m sec~1l) 2b 2.3 1.02 0.51 4
SNOWFALL 2a 0.01 0.013 0.004 11
(cm w.e.) 2b 0.02 0.022 0.011 4

Cloud

(percent)
Low 2a 41
Middle 2a 35
High 2a 4
Low 2b 54
Middle 2b 20
High 2b 7.5
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TABLE 6D.7b

Mean Temperature, Windspeed, Precipitation

and Cloudiness for Groups 2a.l and 2a.2

STANDARD STANDARD ERROR SAMPLE
VARIABLE PERIOD MEAN DEVIATION OF THE MEAN SI1ZE
TEM;ERATURE 2a.l -1.1 0.36 0.16 5
(“C)
2a.2 -0.7 0.16 0.07 6
WINDSPEED 2a.l 1.7 0.90 0.40 5
(m sec™l)
2a.2 2.7 1.76 0.72 6
SNOWFALL 2a.1l 0.01 0.01 0.006 5
(cm w.e.)
2a.2 0.01 0.01 0.005 6
CLOUD:
(percent)
Low 2a.l 36
Mmiddle 2a.l 44
High 2a.1 5
Low 2a.2 45
Middle 2a.2 28
High 2a.2 3
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TABLE 6D.8

Mean Teawperature, Windspeed, Precipitation

and Cloudiness for Groups 3a and 3b

» STANDARD STANDARD ERROR SAMPLE
VARIABLE PERIOD MEAN DEVIATTON OF THE MEAN SIZE
TEMPERATURE 3a 0.0 0.78 0.22 11
(°c) 3b 1.6 1.20 0.49 6
WINDSPEED 3a 2.1 1.54 0.46 11
(m sec™1) 3 1.0 0.41 0.17 6
PRECIPITATION 3a 0.01 0.01 .004 11
(cm w.e.) 3b 0.00 0.00 .000 6

Cloud:

(percent)
Low 3a 47
Middle 3a 16
High 3a 7
Low 3b
Middle 3b 3
High 3b 11
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Figure 6D.1 (a-f) Synoptic charts (MSL) for 14-30 June, 1972.
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25 JUNE

24 JUNE

20 JUNE

Figure 6D. 1 (g-1) Synoptic charts (MSL) for 14-30 June, 1972.
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27 JUNE

Figure 6D. 1. (m-q) Synoptic charts (MSL) for 14-30 June, 1972.
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Figure 6D. 2. (a-f) Synoptic charts (MSL) for 2-20 July, 1972.
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(g=1) Synoptic charts (MSL) for 2-20 July, 1972.

Figure 6D. 2.
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Figure 6D. 2. (m-q) Synoptic charts (MSL) for 2-20 July 1972.

-245-



COMPONENT 2

RELATIVE SITE POSITIONS

9.5

3.9

2.8 o

1.9

1.0

12

3

=5

“1.0—2
1

ot
*.5
6.0
o9
1.0
1.8
2.0
2.%

COMPONENT 1
Figure 6D. 3

Distribution of factor scores for the first two principal
components of stage 3 energy budget data (see text).
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Figure 6D.4 Dendrogram of clustering analysis on June 1972 budget data.
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Figure 6D.5 Dendrogram of clustering analysis on July 1972 energy budget data.
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Figure 6D.6a Daytime values of H and Q*, for days in groups 2A and 2B
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Daytime values of G and 8, for days in groups 2A and 2B.

-250~



4 15 16 17 18 21 23 27 28 29 30 19 20 2 2
GROUP 2A GFOUP 283
Figure 6D.6c . Daytime values of Ri for days in groups 2A and 2B.
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Figure 6D.7a Daytime values of Q* and G, for days in groups 2A.1 and 24.2
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Figure 6D.7p . Daytime values of H and 8, for days in groups 2A.1 and 2A.2.
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Daytime values of Ri for days in groups 2A.l and 2A.2.
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Figure 6D.8(a) Daytime values of G and B8, for days in groups 3A and 3B.
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Figure 6D.8(b)
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Figure 6D. 9. Characteristic synoptic patterns for days in groups
2A and 2B.
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A.

7. CLIMATE - ICE INTERACTION

Seasonal Controls of Ice Melt
R. G. Barxy

The ice regime has been discussed in section 5 of the report. The
purpose here is to examine the climatic controls of the normal regime and
anomalies affecting its seasonal course.

While radiation input is the primary control of ice ablation (see
section 6), analysis of available solar and net radiation data for 1971-73
shows no clearcut relationship with breakup. Table 7.1 summarizes
radiation data for Broughton Village. It is apparent that, between 16 June
and 31 July, there was a small difference in solar radiation totals favor-
ing 1972 over 1971, whereas the ice broke up in late July 1971 but did not
break up at all in 1972. However, melting-degree day totals (the positive
excess of mean daily temperatures above 0OC) at Broughton Island (581 m)
clearly bring out the differences between 1971-74 (Figure 7.1). This is
discussed further, below. It appears that temperature conditions are
particularly important in the early stages for "ripening" the snowpack on
ice; the period June~July 1972 was particularly deficient in this respect.
The residual effects of the cold 1971-72 winter on the sea ice tempera-
tures, coupled with effects of the anomalous northerly wind components over
Baffin Bay during the summer may have contributed to the severe ice condi-
tionsoof that year (R.M.S. 1973). January-March 1972 on Broughton Island
was 4°C below normal and this was not simply a local phencmenon. A colder
than normal winter in Baffin Bay leads to the production of more ice to
drift southward, which results in a more extensive pack. However, the
effect of lower winter temperatures on the "cold content" of the ice re-
quires only a small input of conductive heat to eliminate it. Consequently,
the severity of the shorefast ice conditions, especially, is primarily
determined by the summer climate.

Based on Weaver et al. (1976, Table 2) and the synoptic analysis in
section 6D of this report, the synoptic patterns which tend to retard or
advance the ablation of the ice have been tabulated in Table 7.2 in terms
of the objective pressure pattern catalog (Barry and Keen, section 2, this
report). Table 7.2 shows much less difference between the summer seasons
of 1971-74 than might be expected in view of the contrasts in ice breakup.
June 1972 is characterized by only 6 days that should favor an advancement
of ablation, but this is equal to the 1946-74 mean total. The major feature
seems to be the large number of days that are counted as neutral. July,
1972, however, also appears to be about average. In fact, these differences
are less than those inferred previously using the subjective catalog (Barry
and Jacobs, 1974; Weaver et al., 1976). As noted in section 6D, there is
considerable variety in the types occurring during 1972 for the period when
the energy fluxes can be determined in detail. Consequently, this prevents
any clear-cut relationships from being established between circulation types
and energy fluxes.

Since thawing-degree days (TDDs, above 0°c) appear to be a convenient
index of fast-ice breakup, their totals have been determined for the
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Broughton Island (581 m a.s.l.) temperature record from 1959. Table 7.3 lists

the Julian day number on which particular accumilated totals were reached

and the end of September seasonal total. The results for 1971-75 (Figure 7.1)
indicate that breakup around Broughton Tsland occurs when about 180 TDDs have
accumulated at the DEW-line station (581 m).~ Separate tabulations for the
Broughton Village station suggest that the relationship between totals at the two
stations is variable, but seasonal totals are generally rather higher at Broughton
Village. Comparison of the years 1959-75 shows rather little year-to-year variation
in the date on which 150 TDDs have accumulated. Evidently, breakup may have been
later than usual (about 31 August) in 1970, which is confirmed by our general field
Observations, and earlier than usual (about 14 July) in 1961. The date of breakup
occurs around 30 July 10 days based on our observations and the TDDs in Table 7.3.
Thus, breakup in 1974 and 1975 was probably about 20 days earlier than in the
preceding 15 years. Table 7.3 and Figure 7.1 show also that there is considerable
variation in the rapidity with which the accumulated TDDs build up. This was

very rapid after early July in 1961, for example, but very slow in 1970 and 1972.
An earlier examination of possible effects of onshore/offshore winds on breakup
(Barry and Jacobs, 1974; Weaver et al., 1976) indicated that it may play a contrib-
utory role in some cases, but it is generally a minor factor.

Conclusions

The overall conclusion seems to be that although some substantial year-to-
year contrasts in fast ice decay rates exist in this area, they are not clearly
and unambiguously related to the frequency of the synoptic patterns. Certainly,
northerly to easterly flow directions tend to be cool and cloudy, whereas west-
erly to southerly flows generally advect warm air and in association with ridge
situations can give clear skies and high temperatures which can greatly accelerate
melt. Once the air temperature has 'ripened' the snowpack, which may require same
8-10kJ cm~2 of energy to melt, radiation inputs become the gain control of ice
ablation. Based on data in section 6, another 10-16 kJ cm “ may be required to raise
the ice temperature to 0°C and a further 50 kJ cam~2 to melt a_160 cm thick sheet.
The 1972 data show that net radiation totalled only 10 kJ cm 2 in the first three
weeks of July, for example. While some success in "predicting" ice thickness
trends with a simple model (section 6C) has been shown, it is clear that thawing
degree days still provide a simple and useful index. From the available data,
about 180 TDDs (°C) are required at the Broughton (DEW-line) station before break-
up OCCurs.

1 wWittman (1958) showed that about 500°F TDDs (278°C) are required for the final
disappearance of ice at Frobisher and Clyde, both of which stations are at sea lovei.
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Table 7.1.

Radiation Data, Broughton Village

Solar radiation (kJ cm 2 dy ¥) |
1971 1972 1973 Theoretical Clear Sky
June 16-30 2.33 2.15 2.32 3.28
July 1-15 2.52 1.99 2.05 3.16
16-31 1.21 2.08 1.29 2.87
Aug. 1-15 1.64 1.56 2.46
16-31 (1.09) * 0.96 1.98
Net radiation (over a tundra surface)
June 16-30 1.29 1.15 1.04
July 1-15 1.12 1.01 1.09
16-31 0.72 1.05 0.61
Aug. 1-15 0.70 0.70
16-31 (0.28)* 0.40

* 16-26 Aug. only
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Table 7.2. Objective Types in Relation to Hypothetical Ice Melt Effects

A. Categorization of Types

June July
Retard Advance Neutral Retard Advance Neutral
1 3 1 7
2 2 10
5 11 5
6 12 14 6 11
10 16 15 13 12
20 17 18 15 16
23 19 27 20 17
23 18
19
27
28
B. Frequency of Types (Days)
Mean 14.6 6.3 6.5 11.4 13.0 3.7
1946-74
1971 15 9 2 13 12 5
1972 12 6 10 11 13 4
1973 12 10 4 10 17 2
1974 10 12 4 10 18 4
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Table 7.3. Accumulated thawing-degree days (TDDs) at Broughton
Island (581 m a.s.l.). (©C)

Julian day bv which the following TDDs were accumulated:

Year 50 109 150 Seasonal Total TDD (°C)
__ T (to 30 Sept.)
1959 180 188 202 358
1960 186 195 201 382
1961 179 187 193 348
1962 187 194 202 440
1963 191 211 261 %6
1964 189 204 217 281
1965 191 202 209 284
1966 192 203 213 442
1967 188 195 205 311
1968 181 198 204 293
1969 195 204 209 355
1970 202 223 245 154
1971 184 191 198 324
1972 206 219 — 141
1973 185 203 220 284
1974 175 183 189 404
1975 160 176 186 510
Mean 187 198 206 3%
Note: Julian day 175 = 24 June
200 = 19 July

225 = 13 August
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Figure 7.1

Thawing degree - day totals (OC) at Broughton Island (581 a.s.l.)

in summers 1971-75.

Melt stage transitions 2-3 and 4-5 (breakup)

are also shown.
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B.

The Response of Baffin Bay Ice Conditions to Changes in Atmospheric
Circulation Patterns
R. A. Keen

The difference in arctic ice conditions from year to year is generally
largely determined by the local meteorological factors, especially summer
air temperatures, which are in turn strongly controlled by the average
atmospheric circulation patterns for the season. This section discusses
the correlation between ice and temperature conditions for Baffin Bay and
examines the associated atmospheric circulation patterns (and their vari-
ability).

The Influence of i iti

The dates of the total clearing of ice from Baffin Bay for 23 seasons
updated from Dunbar, 1972) are presented in Figure 7B.1. The summer (June,
July, August) mean temperatures, averaged between the coastal stations of
Clyde, Upernavik, and Egedesminde, are shown in Figure 7B.2. Immediately
apparent in both figures is the dramatic deterioration of ice and climate
conditions around 1963. During the decade preceding that year, the ice had
cleared by mid-September every year but one: the decade following 1963 had
seven occasions when the ice failed to clear.

When the date of ice clearing is given the numerical value of 1 for
the first week in August, through 8 for the last week in September, and 9
and 10 for total clearing not occurring, its correlation with the summer
temperature has a coefficient of .6l. Correlating the values smoothed by
a 1-2-1 running mean raises the coefficient to .79. This increase is not
surprising, since the smoothing function tends to average out the component
of ice breakup variability due to factors acting independently of mean summer
temperature, such as sunshine, wind, storm events, and thawing during May
and September. Winter temperatures, however, do not affect the correlation;
their inclusion with the summer temperatures in a stepwise regression raises
the correlation by less than a percent, both for the yearly and smoothed
values.

The Connection between Temperature and Regional Upper Air Circulation :

The variability of Baffin Bay summer temperatures may be separated
into two components: the arctic mean temperature, and the local departure
from the arctic mean. Summer temperatures from 44 stations were interpolated
to yield values at 10° longitude intervals at 70°N latitude; these in turn
were averaged to give the 70°N mean temperature, shown in Figure 7B.3. It
is apparent from Figure 7B.3 that the entire arctic cooled about 0.4°C
between the decades preceding and following 1963. Several authors (Dronia,
1974; Angell and Korshover, 1975; Yamamoto et al., 1975) have noted this
cooling for annual average temperatures in the arctic and elsewhere, and
have suggested that it may be due to volcanic dust injected into the strato-
sphere by the eruption of Mt. Agung in the spring of 1963 (cf. Bradley and
England, 1977). This general cooling of the arctic amounts to about a third
of the total cooling observed around Baffin Bay. On a yearly basis, the
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variability of the arctic mean temperature is also about a third of the total
variability of Baffin Bay.

The other two-thirds of the temperature variability is due mostly to
changes in the regional airflow. The normal summer upper air circulation
pattern in the arctic is characterized by two major troughs in the westerlies,
One over extreme eastern Siberia and a somewhat stronger one over Baffin
Island, and one or two lesser troughs over the North Atlantic to central
Siberia sector. The longitude of the troughs is subject to changes from
year to year; over Baffin Bay the prevailing upper winds can change from
southerly to northerly as the trough axis shifts between west and east of its
normal position over the Bay. This effect is illustrated in Figures 7B.4-7.
Figures 7B.4 and 5 show the average July 700 millibar height (about 3000 meters)
flow patterns for 1951-60 and 1964-73, respectively. During the first decade
the trough remained, on the average, west of Baffin Bay, with resulting
southerly flow. After 1963, however, the trough axis moved over the Bay,
subjecting the region to more northerly flow. A map of the difference between
the two decades (Figure 7B.6) shows the change to more northerly flow being
strongest in a corridor from the polar ice cap over Ellsmere Island, then
southeastward across Baffin Bay. This corridor coincides with the area of
maximum cooling between the two decades (Figure 7B.7) as reported by Bradley
(1973).

The summer mean longitude of the trough, computed as the average of the
longitudes derived from the monthly mean 700 mb maps for June, July and
August of each year, is given in Figure 7B.8. The major features of the
year-to-year shifts in longitude compare favorably with the fluctuations in
summer temperature, with the more westerly trough displacements bringing
warmer air to Baffin Bay. The most notable discrepancy is that the persist-
ent eastward shift of the trough began in 1961, two years before the start
of the decade of cool summers. The correlation coefficients between trough
longitude and summer temperature are .57 for the yearly values, and .75 for
the smoothed values. On a local scale, the sea-level geostrophic winds over
Cumberland Peninsula show a clear shift in summer wind direction about 1962-
63 and a weakening compared with the 1950s (Figure 7B.9).

Changes in Cyclone Frequencies

Upper level troughs are very closely associated with cyclonic activity
in the lower atmosphere; the existence of a trough on the mean upper air
charts is largely due to the net effect of cyclones on the normal west to
east flow. It is therefore instructive to note the changes in frequency and
distribution of cyclones corresponding to the shifts in the trough. During
the summer, cyclones tend to form over the central parts and off the east
coast of North America, and move towards the northeast (Klein, 1957; Reitan,
1974) . Some pass south of Greenland and into the North Atlantic, but many
converge on the area around Baffin Island, where they weaken and dissipate.
As a result, the region is under the influence of cyclones on some 85 per-
cent of the days during the sunmer.

An objective scheme for classifying sea-level pressure patterns was
used to tabulate the frequency and distribution of cyclones within the region
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bounded by 55° and 80°N, and 50° and 1000W. The summer frequencies of
cyclones over Baffin Bay, southeast of Baffin Island (over Davis Strait -
Labrador Sea), and southwest of Baffin Island are campared between two
decades in Table 7B.1. Also listed are the frequencies of anticyclones
over the region. For comparison, the number of cyclones crossing two equal
sized squares centered at 42°N, 63°W (Nova Scotia) and at 439N, 95OW (Iowa)
in July are also listed. These two areas are located in the regions of
coastal and continental storm activity, and are included to illustrate the
shifts in the distribution of cyclones at lower latitudes.

The cooling over Baffin Bay was accompanied by a sizeable increase in
cyclonic activity over the Bay, and by a decrease in the mumber of cyclones
to the south and southwest. The decrease in southwest cyclones is particu-
larly significant, for these systems bring warm southerly and southeasterly
winds to the region. The net effect was a shift to the north and east of
cyclone activity, large enough to reverse the prevailing surface wind direc-
tion over southern Baffin Bay from easterly to westerly. The associated
trough displacement increased the number of anticyclones brought into the
region by the northwesterly flow on the trough's western flank. The general
eastward shift was also apparent in mid-latitudes, where the cyclone activity
over the central continent decreased, while coastal activity increased slight-
ly. A similar shift in the winter storm climate has also been noted
(Dickson and Namias, 1976).

The Connection between Regional and Global Circulation Patterns

The Rossby wave theory states that the length of the long waves in the
atmosphere should be proportional to the square root of the speed of the
westerly winds. If one of the wave features upstream (west) of the Baffin
trough, such as the Alaska-Yukon ridge or the east Siberian trough, remains
fixed in position, an increase in the westerly wind speed at that latitude
would lengthen the wave, and push the Baffin trough eastward. The speed
of the summer polar westerly winds at the 700 mb level, averaged between
55C and 700N, and 0° to 180°W, is given in Figure 7B.10. Also shown are
the mid-latitude (359 to 550N) and subtropical (20° to 35°N) winds. The
subtropical winds are actually easterly, but are presented here as negative-
ly valued westerlies. The linear regression relations between the polar
wind speed and the Baffin trough longitude is 12.1° eastward displacement
for each 1 m/sec increase in wind speed, with a correlation of .74. The
theoretical wave lengthens by about 150 of longitude for each 1 m/sec
increase, implying that the 'fixed' feature is less than a wavelength up-
stream. The Alaska-Yukon ridge, whose existence is partially due to the
influence of the underlying mountains, is a likely candidate, although it
should be emphasized that no atmospheric circulation feature is really fixed
in position.

Inspection of Figure 7B.10 reveals a general out-of-phase relationship
between the fluctuations of the polar westerlies and of the subtropical
easterlies, with a correlation of -.62, while the mid-latitude winds remain
fairly constant. The average value of the wind over the whole latitude
range, 200 to 70CN, is very constant, with the smoothed value always between
3.1 and 3.4 m/sec. Therefore, the variations in the polar westerlies are
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due mostly to latitudinal excursions of the zone of westerlies, rather than
reflecting changes in the total strength of the winds. When the westerlies
shift northwards, their strength in the polar latitude belt increases.

Summary

It has been demonstrated that the severity of Baffin Bay ice condi-
tions is largely determined by the summer air temperature. The northerly
air flow prevailing during cooler summers is a result of the upper trough
being east of its normal position. The trough represents part of a stand-
ing wave in the westerlies; an eastward displacement appears to be mostly a
response to an increase in wavelength due to higher west wind speeds at
arctic latitudes. These higher speeds are apparently due to the entire zone
of westerlies being displaced northward, while the total strength of the winds
remains constant. The causes of these latitudinal excursions are unclear
and probably numerous. The enerqgy balance of the tropical atmosphere is
quite possibly an important factor, since a northward displacement of the
zone of westerlies necessitates an expansion of the tropical circulation
regime.

The essential point, however, is that the variations in ice conditions
at a given arctic locality, in this case Baffin Bay, are nbt isolated events;
rather, they are responses to changes in the largest scale atmospheric
circulation patterns. This is encouraging, since it implies that any scheme
capable of predicting even the simplest features of the global circulation
could be applied to long-term (one to tén year) regional ice forecasting.

~271-



Table 7B.1.

Average nunber of days in summer with cyclones and anti-
cyclones around Baffin Island, and the average number of

Scotia and Iowa

1951-60 1964-73
Baffin Bay Cyclones 18 25
Southwest Cyclones 35 31
Southeast Cyclones 41 35
Anticyclones 8 13
Nova Scotia Cyclones* 3.6 4.2
Iowa Cyclones* 3.8 2.0

* Data provided by Dr. C. H. Reitan
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Fig. 7B. 1. Iate of total clearing of ice from Baffin Bay, by
week. A and B indicate ice did not clear, with, respectively,
small and appreciable amounts remaining.
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Fig. 7B. 2. Summer temperatures around Baffin Bay: yearly values
(light line) and 1-2-1 smoothed values (heavy line).
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Fig. 7B. 3. Summer temperatures at 707N, averaged around the arctic:

vearly values (light line) and 1-2-1 smoothed values (heavy linv).
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Figure 7B. 5.

Mean height of the 700
millibar level, in meters,
July 1964-73.
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Change in July 700 millibar
height, in meters, 1951-60
to 1964-73.

Figure 7B. 7
Change in mean summer
temperatures, 1951-60 to
1964-73.
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Fig. 7B.8. Displacement of the 700 millibar Baffin trough from
normal position, in degrees of longitude: 1-2-1 smoothing of
yearly values.
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Fig. 7B. 10.Summer 700 millibar westerly wind speeds: 1-2-1
smoothing of vearly values.
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APPENDIX 1

MEASUREMENTS AND INSTRUMENTATION
J.D. Jacobs and R.L. Weaver

This appendix briefly summarizes the principal instruments used in the field work
supporting this study and associated instrumental and observational errors. Of
primary concern are measurements made at and around Broughton Island.

1. General Climatological Observation, Broughton Village

A climatological station was established near the shore at the village,
Broughton Island, in June of 1971. A program of twice-daily temperature and
precipitation observations has continued regularly since that time with the
assistance of cooperative observers from the village. A standard 2-meter
Stevenson screen was used, with calibrated maximum and minimum thermometers
supplied by the Atmospheric Environment Service of Canada mounted in the shelter.
Although correction cards were supplied, the errors are less than 0.3°F in the
range of normal operation and corrections have generally been neglected. The
estimated error in individual temperature readings is considered to be less
than 0.5°F. (0.3°C).

Precipitation measurements are difficult in Arctic regions, particularly
in the colder seasons when snowfall is very light and often wind-driven. The
practice at Broughton Village has been to estimate accumulation for individual
storm periods by snowdepth measurements. A density of 0.2 is used in converting
to a water equivalent. Summer snow and rainfall have been measured in an
unshielded 10cm aperture guage with a 5:1 reduction to an interior graduated
cylinder. While the catch of rainfall is reliable, that of snowfall is not.
Total accumulations are therefore underestimated, a situation in common with
other Arctic stations (Hare and Hay, 1971).

A recording hygrothermograph was maintained in the Stevenson screen as a
backup for temperature measurements. The relative humidities measured by
this instrument have been found to be within 15 per cent of psychrometric
valued during the summer. For colder seasons, the hair element is an unreliable
md;cator of humidity. Thus, humidity measurements were not made on a regular
basis as part of the climatological program.

2. Wind Measurements

Windspeed measurements at Broughton have been of two kinds, a run of
wind taken at 3 m (1971) or 10 m (1972-1974), and low-level wind profiles taken
periodically during intensive micrometeorological observations. Standard
U.S.W.B. totalizing anemometers (Friez) with twice-daily readings were used
in the former kind of measurement. In 1973 and 1974 wind measurements were
recorded continuously at 10 m using a galvanometric type of sensor.
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Wind profiles at the ice station in 1972 were made with a Thornthwaite four-level
(20, 40, 80, and 160 cm) sensitive anemometer array for roughness parameter
determinations. The factory calibration of this system was made in comparison
with a National Bureau of Standards standard. Field checks showed that for air
teperatures between -10° and +10°C the starting speed of the anemometers is
about 0.1 m-sec™l, and slight variations occur_in response among the several
levels. For windspeeds greater than 0.5m-sec™t, the response is uniform,

and the resulting wind profiles are considered reliable.

As the basis for turbulent flux calculations using the mass transfer
method, a sensitive anemometer (Casella-Sheppard, 1972, Electric Speed, 1973,
1974) and wind aspirated thermistor were installed on a 10-m tower near the
shore at Broughton Island.

Wind speeds at the ice station were recorded using the Thornthwaite
four level system in 1972. Four-hourly profiles were made daily throughout
the sumwner operations. Wind run was recorded using the Cassella-Sheppard
precision anemometer at 2 m in 1973. Two Bechman and Whitley light chopper
anemometers at 2 m and 1 m provided continuous and short term values of '
wind run. The Beckman and Whitley anemometers were calibrated in the wind
tunnel of the National Center for Atmospheric Research, with the assistance
of Dr. Harold Baynton.

3. Temperature and Humidity Profiles

A required accuracy of 0.05°C and 0.0l mb has been given for temperature
and humidity profiles used for turbulent flux calculations (W.M.O., 1966).
Such accuracy is beyond the capability of conventional psychrometric methods
under Arctic field conditions; however, we have been able to obtain reasonably
consistent measurements having an estimated accuracy which is an order of
magnitude larger than that stated above.

The technique employs one or two Assmann-type psychrometers graduated
to 0.1°C. At the Ice Station in 1973 and 1974 measurements were made consec-
utively at two levels, e.g., 40 and 160 cm, and a gradient derived from these.
An alternate method is based upon the fact that a snow, ice, or water surface
is by definition saturated. Psychrometric measurements are made at a single
level, 2 meters, and a surface temperature taken with a thermistor. The
saturation vapor pressure corresponding to the surface temperature is then used
with the value obtained from the 2 m wet and dry bulb temperatures to provide
the vapor gradient.

The measurement of surface temperatures is difficult when the surface
is in sunshine, since even the smallest sensor will experience some solar
heating. The effect is alleviated somewhat by placing the thermistor a feg
cm below the surface, but even at 10 cm, an excess temperature of over 1.0°C
is not uncommon under clear or partly cloudy conditions. The problem becomes
somewhat less difficult once melting is underway, since a temperature of 0%c
can then be assumed for the surface. However, radiative cooling occurs rapidly
in the evening, even in midsummer, and surface temperatures may drop several
degrees below freezing although the subsurface layers are still wet.
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Neglect of such cooling means ignoring a potentially large heat influx due to
condensation at the surface.

Meltwater pools provide another source of difficulty in latent heat
flux estimates. A diurnal surface temperature range of as much as 10°C may
occur in the upper few millimeters with solar heating during the day and
cooling to form a thin skim of ice at night.

In 1973 temperature and relative humidity at the ice station were
recorded continuously inside a meteorological screen and periodically on the
net radiation tower. A Bendix Friez hygrothermograph was operated contin-
uously inside the meteorological screen at a height of 1.2m. The instrument
was calibrated using an Assmann Psychrometer and periodic comparisons with
maximm-minimum thermometers. Screen heating of +1-2% under calm clear sky
conditions does exist within the data. Camparison of the screen and the 0.4m
aspirated temperature.

Two Assmann Psychrometers were suspended on the net radiometer tower
at 1.6 and 0.1m in 1973, and at 1.6 and 0.4m in 1974. Measurements were
made at four-hourly intervals in 1973 and at one-hourly intervals in 1974
during station occupation. In 1974 an aspirated thermistor at 2m was
amployed to supplement the continuous data recorded on the Pernix hygro-
thermograph in the meteorological screen. The thermistor bridge output
was amplified and then recorded on a Rustrack 0-1 ma recorder.

4. Radiative Temperatures

The blackbolly surface temperature used in the calculation of the
terrestrial flux, I+, was generally obtained from measurements with thermistors,
as discussed above. A commercial thermistor systerm (Atkins Instrument Co.)
was used for this purpose and for near surface ocean trmperatures and temp-
eratures within the sea ice. The instrument was checked periodically using
an ice bath, and no significant variation was found. In addition a precision
resistors were substituted for the thermistors to verify meter accuracy at
+250C. Based upon such considerations as the firmness of thermal contact (in
the case of snow) and the resolution of the meter scale, a maximum error of
about 0.5°C can be given, apart from any effects of solar heating.

A Barnes PRT-5 radicmeter was used on occasion in 1972 and 1973
for surface temperature measurements as well as for cloud base temperatures.
The accuracy of this instrument is given by the manufacturer as 0.5°C with a
sensitivity of 0.1°C. Field calibrations using a black cavity at 0°C gave
an absolute error for_iz'his particular instrument of +0.8%C, which corresponds

o -

to about 0.007 cal-cm “ -min~l in the equivalent blackbody flux.

A PRT-10L Infrared Radiation Thermometer supplemented thermistor
surface temperature measurements in 1974. However, little agreement was
found between thermistor and IR temperatures most probably due to poor
temperature calibration of the PRT-10L and unknown surface eminsivity changes.
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5. Solar Radiation

The principal instrument used for the measurement of global solar
flux was the Kipp and Zonen pyrancmeter. This is a non-temperature-
compensated instrument. The instrument used had been calibrated by the
manufacturer at 20°C, and Robinson (1958) has shown a -0.1 to -0.2%/°C
temperature was made in the field, but a post-field season (1972) mid-winter
comparison with a precision Eppley pyranometer indicated that the output of
the Kipp at near-freezing temperatures is 3 per cent below the rated value.
This correction has heen applied to the Arctic measurements. The Kipp and a
Model 2 Eppley were operated side-by-side in 1973. Differences in instant-
aneous value=s for solar elevations above 20 degrees and for daily totals
durinc the sumer months were less than 3 percent. The maximum uncertainty
due to temperature over a typical seasonal and diurnal range of some
250 is about 5%, Jacobs (1974).

The output of the pyranometers in 1971, 1972, and 1974 were recorded on
galvanometric recorders (Esterline-Angus) with a precision d-c amplifier (Xeltex)
at the interface. In 1973 a Multichannel Data logger (Esterline-Angus D2020)
measured instantaneous fluxes every 10 minutes. Calibrations were made once
daily. In view of the combined effects of temperature and data interpretation,
an error of about 5 per cent is assumed for the solar flux data used in this
study.

At the Ice Stations short-wave albedo under the net radiometer site
and along transects across the fast ice surface was determined using a matched
system of Monteith (Lintronic) pyranometers (Monteith, 1972). The instrument
height was always one meter and therefore 90% of the radiation received by the
downward viewing sensor was inside a cone approximately five meters in
diameter (Latimer, 1971).

The average of three instantaneous albedo measurements cafprises a
single reported albedo measurement. The albedos under the net radicieters
were generally measured near locil noon. The linear transects consisting of
between 20 and 30 individual measurements spaced Jm apart took an average of
one hour to complete. the transects were most often recorded between 1000 EST
and 1400 EST which reduces reflected flux errors associated with low
solar angles as discussed by Langleben (1966). The predaminant surface type
inside a one meter radius of the instrument site was also cataloged.

Stanhill (1971) found for both Kipp and Lintronic instruments a decrease
in output of about 1.5 percent when the pyranameter is inverted. In
addition, when effects of spectral camposition, cosine response, and solar
azimuth were included, he found a range of uncertainty in reflected flux,
and hence albedo, of over 20 per cent for intermediate solar elevations.
Because of the large short-term variations in the albedo of snow and ice sur-
faces with changing conditions, it is difficult to detect any systematic
error of this kind in our measurements. Nevertheless, the estimated uncertainty
in albedo of 10 per cent may be too small.
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6. Net Radiation

The main net radiation instrument used at the Broughton tundra site
was a Fritschen-designed (Fritschen, 1963), temperature-compensated
radiometer, mounted 4 meters above a representative land surface. The
instrument was ventilated with dry air using a diaphragm punp with
desiccant in the line. Analog records (1971, 1972, 1974) were obtained
using the same recorder system described for solar flux measurements.

The datalogger system recorded instantaneous fluxes at 10 minute-intervals
in 1973.

A similar instrument, manufactured by C. W. Thornwaite Associates,
was used for the Boas Glacier studies and on the ice at Broughton Island
(1971 and 1972). Both radiometers were operated together at the same location
for purposes of comparison. Using the manufacturers' calibrations, a correlation
coefficient of 0.998 and an absolute difference of 11 per cent were obtained
between the two. Laboratory checks over a water bath in a darkened room gave
agreement within 10 per cent of the manufacturers' values. This amount of un-
certainty is given as typical for this kind of instrument (W.M.O., 1965).

In 1973 and 1974 net radiation at the ice station was measured using
Funk-design net pyradiometers (Solar Radiation Instruments Ltd.), and
calibrated by C.S.I.R.0. The spectral response of these instruments is .2um
to 50 m with a linearity of + 1% (Latimer, 1971). These instruments are not
temperature-compensated, but, the correction factor is very small (0.05% °C'l) .
In 1973 a single net radiometer was shifted from wet to unsaturated sites to
enable comparative measurements of various surfaces. In 1974 two instruments
recorded continous comparative data over wet and unsaturated surfaces.
Instantaneous minute values were integrated to provide both hourly and daily
net radiation totals using a Bendix datagridder at the National Center for
Atmospheric Research (NCAR). The instrument height in both years was 2.0m.
Ninety percent of the radiation received from the surface was inside a cone
12 m in diameter, (Latimer 1971).

7. Ice and Water Salinities and Temperatures

Ice depth and salinity-temperature profile changes were monitored through-
out the melt seasons. In 1973, puddle water temperature profiles and ice
salinities were recorded for only specific cases. In 1974, puddle water temp-
eratures were included in the normal hourly observations.

A Beckman salinity-conductivity bridge model EVS and a LaMot fe walo:
sampling bottle and chemical analysis were used to record salinity and
temperature profiles in 1973 (Jacobs et. al., 1974). 1In 1974 a YSI Model 33
salinity-conductivity bridge was used.

Surface puddle water temperatures were measured with Atkins technical
thermistor bridges in both 1973 and 1974. The bead thermistor sensor
was suspended in the water and shielded from direct solar radiation. Solar
heating of the thermistors imbedded in the ice was minimized by shielding the
sensor burial site from direct solar radiation during the observation time.
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