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ABSTRACT

A study of meteorological satellite data was undertaken for purposes
of calculating'sdtface energy budgets in relation to syﬁoptic—term events
in the Baffin Bay - Davis Strait region. Visual and inffared imagery,
infrared temperature maps, satellite derived atmoséheric temperature and
humidity profiles, and conventional synoptic data were'used to determine
exchange rates for selected days in June, July, and August, 1970, An
evaluation was made of presently available satellite data in comparison with
surface and airborne measurements in the region. While'problems remain in
the satellite data interpretatién and in the simplified energy budget model
used, it is demonstrated that assessments of short-térm‘(déily) variations
in surface fluxes are possible using this approach.  Continuing field
investigations and improved satellite coverage will pérﬁit an extension of
this work ih déﬁéiéping a synoptic energy budget Climapoldgy for this

important sector of the Arctic.



;l. THE REGIONAL ENERGY BUDGET PROBLEM

1.1 Introduction

Difficulties in assessing interactions between the atmosphere and
ocean, particularly in arctic regions, derive in partffrom incomplete
knowledge ofvexchange parameters. Intensive measurements in the field
can provide a better understanding of the processes involved but any
attempt to apply these results routinely on a large areal scale is
likely to be frustrated by the shortage of data. Meteorological sat-
ellites are beginning to fill gaps in coverage, not only in terms of
conventional meteorological observations, but also-withﬁregard to the
radiation budget.

Recognitionfof the importance of synoptic-scale interactions to
interannual variations in glacial mass balance and sea 1ce conditions
in the eastern Baffin Island region prompted an 1nvestiéation of the
applicability of satelllte data to energy budget calculations in this
data-sparse region. The synoptic energy budget approach to problems
of climatic variability in the Arctic has been developed along general
lines by Vow1nckel and Orwig (1969). By combining field measurements
with a variety. of satellite and Synoptic data, we have'tried to pro-
duce the framework of a synoptic energy budget cllmatology usable in
modeling climatic variatlons for a particular polar region.

Our prev1ous work indicates that the summer months are the most
critical in determining interannual variations and probably also
secular trends 1n glac1al and sea ice conditions (Andrews, et al.

1972, Jacobs and Barry, 1972). Hence, the satellite datavstudy



described here was confined to portions of the summer months of 1970
and 1971, periods which coincided with our various’field programs in
the area of eastern Baffin Island and the adjacent Davis Strait (Fig-
ure 1.1). It is in this region that ground truth was obtained. The
scale of available satellite data also permitted a_larger region to
be considered, béfween 50° to-.80° W and 60° to 75°N, though with

greater uncertainty.

1.2 Synoptic Energy Budget Calculations

The basic idea underlying the synoptic energy budget approach is
that for a pafticular location, time of year, and type of regional
circulation pattern, there exists a characteristic regime of heat,
moisture, and mdmentum exchange between the surface and the atmos-
phere.v By studying interactions associated with individual synoptic
systems (events), as well as the frequencies of such systems, a
synopticlenergy'bpdget climatology may be constructed for that region.

Considering[only the radiative and turbulent heéf terms, the
surface energy bu@get is given by

R =LE+H+G ‘ (1)
where Rn is ﬁét:fadiation, LE and H the latent and séhéible heat
fluxes, respectiVély, and G is the net heat flux to the substratum
which may include heat of fusion or sublimation in the case of snow
and ice. Net radiation is the sum of the incident aﬁd*féflected
short wave terms S and S(l-a), where o is the surface albedo, and
the atmospherié:and terrestrial long wave fluxes L+-énd L+. Thus

Rn-= S(l-a) + LV - L4 (2)
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Location of - ex1sting surface ( ) and upper air (A) observing

stations in the" Baffin study region
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The turbulent’fqu terms LE and H may be expressed.ih a,variety of
forms as funé;ions of windspeed and vapor and tempefétgfe gradients.
For the pufposes of the present study it is thé,grpund flux

term G which is of principal interest; that is, the heat flux to

snow, ice, and water surfaces under a variety of synoptic conditions.

1.3 The Application of Satellite Data to Energy Budget Calculations

Clear sky insolation can be accurately calculéféd given solar
declination and an average transmissivity for the region. That por-
tion of the solar flux actually absorbed at the surface is determined
by cloud conditions and surface albedo. Information on cloud cover
and surface type is provided by a combination of visual and infrared
satellite imégery. The results of field measuremeﬁfégof albedovof
different surfaces and cloud effects are then appliéd ih calculating
the absorbed solar flux for a given situation.

The terrestrial long wave flux is obtained froﬁiégtellite IR
temperature ﬁaﬁé~;sing the StefaﬁQBoltzmann relatidﬁéhip;:Lf = 50T4.
An emiésivityg(é) of‘uﬁity can be assumed for snowiiiék;'énd water
since aétual.&aiﬁes are in the range 0.92-0.99 (Seiiéfg; 1965). A
finite difference form of the radiative transfer equation is used for
the atmospheric fiux term LY, where temperature andv&épdr profiles
are obtained from satellite soundings (SIRS) in conjﬁpﬁfion with
radiosonde data."Satellite-derived temperature profilés and surface
temperatures ﬁayialso be ‘used to assist in calculatiﬁg‘the,turbulent
terms of the enéfgy budget.

It is clear that the present generation of meteorbiogical



satellites is capable of providing basic information;for energy
budget calculations in any region on a twice-daily basis. Realiza-
tion of this potential requires the development of interpretative

and analytical techniques in relation to data 1imitgtiOns and defic-
iencies and to the regional situation. This report is concerned with

the examination of specific cases in this context.

2. REGIONAL ENERGY BUDGET STUDIES

2.1 Introduction

An attempt was made to obtain energy budgets near local noon
on a daily bésis for the months June, July and August of 1970 over
a region which includes most of Baffin Island, Davis Strait, and
Baffin Bay to_VSéN (Figure 1-1). Satellite data used in this aspect
of the study included ESSA-9 AVCS and APT pictures, minimum bright-
ness comp031tes, and Nimbus 4 THIR and SIRS (see Table 243 1)

A prellminary study of these data by Reynolds (1971) produced
regional budgets for five different synoptic typeS'31mp11f1ed from
Barry's (1972). classification. The analysis showadmréalistic dif-
ferences in excﬁange rates in accordance with cloudéﬁaiﬁflow, and
temperature characteristics of the various types. In that study

AVCS and APTvpiétures were used to determine cloud and surface

The satellite data and data products of interestfih this study are
listed in Table 1 together with selected references concerning their
nature and applications. The reader is referred to these for a

description of systems.



Table 2.1. Satellite data and data products considered in this study.

A. Visual Imagéry and Products
Advanced Vidicon Camera System (AVCS) ESSA-8 & 9 (1)
Automatic Picture Transmission (APT) ESSA-8 & 9: (1)
Image Dissector Camera System (IDCS)  Nimbus-4 (2)

Minimum Brightness Composites of AVCS Imagery (3)

B. 1IR Imagery:apd Products
11.5 um Temperature - Humidity IR Radiometer (THIR) - Nimbus 4 (2,4)
1:5 M Temperature Maps from Nimbus 4 THIR (1) °
11.5 um Scanning Radiometer (SR) Imagery - ITOS -1 (4)

1:4 M Temperature Maps from ITOS - 1 SR (4)

C. Temperature and Humidity Profiles
Satellite IR Spectrometer (SIRS-B) Temperature and Humidity pro-

files at mandatory levels - Nimbus 4. (2,:5)f 

References 1;i Aﬁderson, et. al, 1969
2. Sabatini, 1970
3. 'McClain and Baker, 1969 .o
4. Barnes, Chang, and Willand, 1969, l§72 é; b

5. :Smith, Woolf, and Jacob, 1970.



conditions and surface temperatures were obtained by:diféct compari-
son of THIR positive transparencies with their accompanying grey
scales. While this work served to suggest the magniﬁudeiof synoptic
variations, the comparative crudeness of analytica1 £§chniques pre-
cluded determination of absolute exchange rates. Néveftheless, this
study represented an improvement over work based strictly upon con-
ventional daté'iﬁ'that 1) regional snow, ice, and cloud cover are
fairly well mapped and 2) surface temperatures appear to be accurate
within a few degrees in areas of little cloud covef, thus providing

useful information on variations in heating among surface types.

2.2 Mapping of Infrared Data

In an attempt to obtain a more objective interpretation of the
THIR imagery, a densitometric technique was developed, A rectangular
grid with 2mm spacing was superimposed on the film and the optical
density measured at each interval, as well as for the gray scale on
that particulaﬁffilm. A computer program was writtep’incorporating
the satéllitegﬁfack coordinates and gray scale caliﬁﬁéﬁions to pro-
vide "correcté&"ftemperatures in terms of geogréphigéi'céordinates.
An example of the resulting surface flux maps is shoWﬁ in Figure 2.1.

Limitations on densitometric determinations offﬁemﬁératures from
THIR film strips have been discussed in some detail.ﬁy Barnes et al.
(1969). 1In 6ﬁf:case the uncertainties were of two kinds: a tempera-
ture error due to a lack of uniformity in the»films éﬁ&”a positional
error resulting both from errors in the subsatelliteitiéék location
on the film and'f;om the limitations in the computer coordinate trans-

formation program so far developed by us. Temperatqté'érrOrs were
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An example of a surface long-wave flux (0T4) map déxived from

densitometric interpretation of NIMBUS 4 THIR, 26 July 1972.
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always less than one gray scale step (15°K) near 273°K,_as determined
for snow and ice fields or open water. Positional inaccuracies were
commonly as much as 2 degrees, although the temperature map could
usually be displaced to conform to recognizable surface features.
Recognizing that the temperature errors in the THIR filmstrips
arise mainly in photographic processing, a more direct approach to
surface temperature mapping is to map equivalent temperatures directly
from the radiqﬁéter signal record (Sabatini, 1970). Pdiar stereo-
graphic maps on a scale of 1:5 million were obtained from NASA Space
Sciences Data Center for selected days during the 1970 summer. Be-
cause of their,félatively large scale, such maps can be used effec-

tively for mesoscale and local studies.

2.3 Mapping_ClOud and Surface Features

The prinéipal form of data used for mapping chapging surface
features, e.é;_spow cover and sea ice, and for nephé;éijéis is sat-
ellite imagery;id,the visual range. The potential of good quality
imagery is suégééﬁed by Figures 2.2 and 2.3. Intefp;éﬁafion of these
pictures for thejBaffin Island region is complicated‘b§ iack of con-
trasts between snow-covered land and mostly ice—covefeqfsea and by
frequent Low cioﬁd cover.

Compositing techniques have been used by McClaiﬁ:apd Baker (1969)
to assist in sepgrating cloud from bright surface fe;turés. These
minimum brightness composites rely on the transient Chéracter of
clouds, which. are thereby eliminated or at least redﬁééd?in the com-

positing process (Figure 2.4). Examination of 5—day miﬁimum brightness

University of Colorado
Institute of Arctic and Alpine Research
Reading Room



Pgnntj lce
Cap.

Boas Glacier.

Broughton
Island .

Coronation
CGilacier
Coronation Guif
Padloptng
Island

Sunneshine
Fiord.

Cape Dyec.

Davis
Strait
Cumbserland

Sound

Figure 2.2

AVCS picture of the principal study area, Cumberland
Peninsula and Davis Strait, from Nimbus I at an
altitude of 530 km (4 September 1964). Autumn

snowcover extends to sea level,
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Figure 2.3

Nimbus 4 11.5u THIR (10 Aug 1970) for Baffin Region
showing contrasting temperatures among various surface
features and clouds. Extensive ice and low stratus
cloud in Home Bay are not visible due to their

similar temperatures.



Figure 2.4

ESSA-9 AVCS Minimum Brightness Composite (8-12 June

1970) showing snow-covered land, sea-ice and persistent

cloud.
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composites'fortthe summer of 1970 in conjunction with daily pictures
showed the former to be of limited use in studies on a synoptic time
scale. While.large features such as the North Open Water and the
pack margin could be located, details such as variations in pack
density were smeared due to the presence of persistent. cloud and to
the movement of the pack itself.

For shorter-term mapping it was found preferable to examine
the daily pictures directly. Several alternate forms were used. The
most easily obtainable on a regular basis and in quantity1 are the
35mm AVCS negatives (or prints made from these). These pictures were
often found to be useless for our purposes due t0'th¢_lpss of resolu-
tion inherent;ih a 35mm format and generally poor qqality of repro-
duction. Nimbus 4 IDCS prints and 70mm negatives,;oﬁtained for a
portion of the period, were found to be of much better quality than
the ESSA-9 AVCS. Some APT pictures from ESSA-8 and 9 were also used.
These are 8 x48'in. photofacsimile prints received diféﬁtly from the
satellite via .an APT ground station. Having examinedisome of these
pictures preﬁared in the Canadian Satellite Meteoroiégicai Laboratory,
Downsview, Ontario, for sea-ice mapping purposes, i;é. with a special
choice of contraét, we must conclude that a carefully ptepared APT
picture is preferable to the AVCS for our purposes.” AfT pictures were
used with somé sﬁccess by Aber and Vowinckel (1972):iﬁ.their*study of

the extent of the North Water.

lerom National Weather Records Center, NOAA, Greenville, N.C.
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Analysis of the visual imagery is direct and subjective. A
recognizable surface feature is sought for purposes of orientation.
If computer imposed grid lines and continental outlines are present,
as with AVCS, these were used cautiously because of frequent position-
ing errors. The absence of cloud is immediately apparent in the fine
detail of fiords, leads, and large floes. On the other hand, the
masking of such surface features is indicative of cloud. An estimate
of cloud (top) height is made by reference to the IR temperature map,
which shows a cloudtop temperature where the surface is obscured.

In the regional study discussed here, the amount of cloud (tenths)
was estimated for each of 72 2.5 deg. (lat.) by 2.53deg. (long.) grid
spaces and this cloud was identified as low, middle, or high.

A more refined nephanalysis can be carried out along the lines
suggested by Anderson and others (1969) in which sateliite depicted
cloud patterns are related to circulation features: VGiVen sufficient
informationvaﬁout typical cloud heights and thicknégééé;for the region
in relation to synoptic types, recognition of a paftiéﬁiér tyﬁe per-
mits one to infer values (within a certain range) 6f;£he essential
‘parameters éffecting the radiation and turbulent bddééfs.

Figures.2;5 (a-f) are examples of regional ice‘andjcloud maps
constructed_uéing these techniques. As may be seeﬁ;ffém the maps,
fair agreement exists between estimated and reported‘plqud conditions

in the vicinity of observing stations.

2.4 Temperature and Humidity Profiles for Atmospheriec Flux Calcu-

lations

For the region of interest, there are presently only two radio-
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sonde statiOné; Frobisher and Egedesminde (Fig. 1.1). A station at
Clyde (70.5°N, 68.6°W) ideally located for our purpoées, was closed
at the end of July, 1970. In view of the great topographic diversity
of the region,'extrapolations from the two existing;ététions can pro-
vide only azvefy approximate representation of lower tropospheric
conditions. Indications of the month~to-month Variability of total
vapor content over the area is shown by the maps for 1961-65 pre-
sented by Barry and Fogarasi (1968). The satellite infrared spec-
trometer (SIRS) . promises to fill this data gap with an additional
ten or more“tWice-daily soundings. For the summer 1970 period,
profiles were available from the Nimbus 4 system, (SIRS-B), although
not on a regular basis due to system malfunctions. Table 2.2 shows

the relative density of coverage for the June-August; 1970 period.

Table 2.2 Density of SIRS soundings for Baffin Region June-August, 1970.

Number of Soundings Percent of Days
within Region June-August, 1970
0 28
1-5 32
6 - 10 36
10 - 14 4

Because not all of the spectrometer channels were uSéble, the quality
of the data wasfbelow expectations; this affectedvmbisture profiles

in particular. Névertheless, comparisons made withJQQQndings at Clyde



and Frobisher showed generally close correspondence, confirming the
applicability of SIRS data to the present study. Figures 2.6 a-e

are examples of such comparisons for five days chosen for detailed
analysis. SIRS values were requested for mandatory pressure levels.
In view of the fact that the inversion near 900 mb fails to appear it
would be highly desirable to obtain all levels in the future in order

to improve the representation near the surface.

2.4 BRegional Budget Calculations

The amount of solar radiation reaching the surface, Q, was deter-
mined using an empirical formula of Lumb (1964). For OWS Alfa (62°N,
33°W), he developed an expression

Sy 1.95fs (cal cm-zmin—l)

where 1.95 = solar constant
s = mean sine of solar altitude
f = a+ bs (where the constants a and b depend on

cloud type and amount)

s = sin a

= sin ¢ sin 6§ + cos ¢ cos S cos t.

where ¢ = latitﬁde
t = time angle of the sun (1.308 radians)

§ = declination

. A2m o }
§ = -23.5cos (365 O+ 9 }

where D = day number.
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Following Lumb, f is determined by empirical regréssibn equations.
Six of Lumb's categories of cloud condition have been used in the
present study (Table 2. 3). Although derived from measurements made
in the North Atlantic, these expressions are considered more appro-
priate to the present study than any of several more general forms.
Solar radiation data now being obtained at the Broughton Island ob-
serving station will be used in an empirical model having more direct
validity to the Davis Strait region.

The solar radiation absorbed at the surface (Sé)-is obtained

from

SS = S¢(1-a)

where a is the surface albedo. The following albedos were assumed:

Albedo
Snow 0.85
" Ice (July) 0.65
‘Ice (August) 0.45
Water 0.08
" Tundra 0.15

The calculétions were carried by means of a computer program
(SUNNY) . Inputxdatabon ice distribution, cloud amount and type were
obtained from the visual satellite imagery. The inteppretation was
plotted on a base map of the area and values representing 2.5° lat-
itude-longitude areas were punched onto cards (Figu?ev2-7). Clouds
were evaluated only in the three general categories low, medium and

high, although even this may present difficulties Witﬁ layer cloud.
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Figure 2.7a . 26 June 1970

Figure 2.7 a-f . ‘
Solar radiation absorbed at surface midday (cal{pm_zmin_l)

for selected dates.
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Figure 2.7b ' 28 June 1970
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Figure 2.7d .8 July 1970
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’Figure'2;7fv L 27 July 1970



Table 2.3 Empirical Relations between the Transmitted Solar Radiation

(f) and Sine of the Solar Altitude (s) for Categories of

Cloud Type and Amount.

€ 0.25L, M, H £ = 0.46 + 0.49s
0.26 - 0.61 L f = 0.45 + 0.24s
0.26 - 1.0H, L+ H, M+ H f =0.23 + 0.59s
0.62 - 1.0 L f = 0.12 + 0.22s
0.3 -0.8M, L+MNM f =0.13 + 0.16s
0.81 - 1.0 M f =0.10 + 0.10s

For atmospheric flux calculations, a single cloud atmosphere
was assumed. In this case the flux reaching the surface is composed
of three parts: 1) the blackbody flux from the cloud less the amount
absorbed between cloud base and ground, 2) that portion of the clear
sky flux between the top of the atmosphere and the cloud top which
passes through the cloud level (zero in the case of complete cloud
cover) and 3) the flux emitted by the layer beneath the cloud.
Expressed in terms of a finite difference solution of the radiative
transfer equation, this becomes

c-1

4 _
Lt = coT " (1 - 1AE;)

N 4 -
+ (1-c) 1 oT “AF.
1 i i

c-1 4 -
+ ¥ 6T, Ae,
1 7i 7%



where the subscripts in the summations represent 12 successive slabs
(pressure level increments) from the surface to ZQ'ﬁb,'c is the
fractional amount of cloud cover, Ti is the mean temperature (°K),

Tc is the mean temperature of the layer in which the .cloud is located,
and Ei the mean flux emissivity of the ith slab. The flux emissivity

for water vapor is expressed empirically by Sasamori (1968) as
€y = 0.240 loglO (ui + 0.010) + 0.622.

where u, is the optical thickness (g em™? H,0). The effect of carbon
dioxide is an order of magnitude less than that of water vapor, and
is disregarded in the present study. LV was calculatéd at each point
for which a SIRS profile was given, as well as for the radiosonde
stations. Extrapolations to grid points were made on the basis of
cloud distribution determined from the imagery.

The terrestrial flux L+ was calculated from the surface tempera-
ture maps, with a blackbody flux assumed. Where cloud cover existed,
the surface temperature was taken to be 273°K, a reasonable guess for
snow, ice, and water surfaces in the summer months.v-Afl°K error in
temperature near 273°K means about a 1 per cent error in the calcula-
ted flux.

The sum of the absorbed shortwave term S+ (1 —fdj3and net longwave
term Ly - L4 giﬁes the net radiation at the surface R£L Figures 2.8
a-d illustrate the mapping of Rn.

In order to complete the energy budget calculations, some estimate
of the turbulent terms H and LE is required. Using surface pressure

maps (Atmospheric Environment Service, Canada), air temperature and
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Figure 2.8a 26 June 1970

Figure 2.8 a-d -

Regional radiatioh budget estimates at mid-day (cal cm—zmin"l) for

selected dates from satellite data. 27 June and 8 Ju
included since thése are almost identical with the ma

‘solar radiation.

ly are not

ps .of absorbed
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Figure 2.8b 2 July 1970
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Figure 2.8¢c 26 July 1970
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Figure 2.8d4 = 27 July 1970
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mixing ratio at 10m were inferred; and a simple extrapolation from
the geostrophic wind was employed to provide a 10m windspeed (Hasse
and Wagner, 1971). A surface temperature of 0°C was assumed. No
attempt was made to provide for a wide range of stabilities in the
calculations, rather a logarithmic wind profile was assumed. This
is consistent with our own experience over snow and ice surfaces and
with the general conclusions of other workers (Grainger and Lister,
1966). A roughness length of 10-3m was chosen as a compromise be-
tween somewhat greater values for water and lesser values for snow
and ice. Although not done in this study, particular values of
roughness length might be assigned to each grid point in accordance
with the type of surface at that point.

The following formulae are used in the calculations:

21

loge (zl/zo)

gives the coefficient of eddy viscosity, where ko is von Kirman's
constant (0.41), ul is the windspeed at the reference height z1s and

z, 1s the roughness length.

The sensible heat flux is given by

H = A(pcp) Tl - To

21

where Tl is the temperature at the reference height, TO the surface
temperature, and p and cP the density and specific heat of air re-

spectively. The latent heat flux is



-46-

_ AL(0.6230) e -e_

Py &5

LE

where L is the latent heat of vaporization, p1 the atmospheric pressure,
ey the vapor pressure at z5 and e, the (saturation) vapor pressure of
the ice water sﬁrface at To.

The combined radiation and turbulent heat budgets (Figures 2.9
a-f) represent the average amount of heat exchanged with the surface
(cal cm_zmin-l) at the time of observations, taken to be local noon.
The values shown are indicative of the regime which is characteristic
of the synoptic type (Table 2.4) considered. Given at least two sat-—
ellite passes per day, or a suitable empirical expression for the typ-

ical diurnal regime of each budget component, a daily budget could be

approximated.

Table 2.4 Synoptic Types for Illustrative Days (after Barry, 1972)

Date 2223 Synoptic Situation
1970
June 26 532 Cyclonic Control - Davis Str. low and Baffin
Bay trough
28 320 Mixed Control - Ridge with trough over Hudson
‘ Strait
July 2 521 Mixed Control - Ridge with trough in Baffin Bay
8 310 Anticyclonic Control - RidgeAwith lows to south
26 310 Anticyclonic Control - Ridge with lows to south
27 410 Anticyclonic Control - High over Baffin Bay,

lows to west
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Figure 2.9a 26 June

Figure 2.9 a-f,
RegionalAenergy budget estimates at mid-day (cal‘éh-zmin-

for selected dates from satellite and synoptic data.

1

)
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2 July

Figure 2.9c
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27 July
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The usefulness of the satellite data, supported.by synoptic in-
formation, in mapping regional variations in the energy budget compo-
nents, is demonstrated by Figures 2-7, 2-8, and 2-9. For example, on
June 26th, with a low center in Davis Strait and a trough extending
northward, the effects of cloud cover, high albedo and northerly air-
flow combine to give negative net fluxes over the western Davis Strait
area. Conversely, the warm sector of the system over the open water
of the Labrador Sea has clear skies and warm air giving rise to a large
positive energy flux to the surface. On the same date the North Open
Water (northern Baffin Bay) shows substantial heat gain due to its low
albedo, in spite of air temperatures around -2°C.

Generally, under conditions of anticyclonic control, albedo is the
dominant factor determining the energy flux at the surface, as illus-
trated over Baffin Island on June 28th (Figure 2-9b). Even with low
albedo, however, the maximum mid-day radiation flux will not greatly
exceed 1 cal'ctnnrzmin-1 (cf. Figure 2-8 b, ¢). Turbulent fluxes may be
several times that amount and, although these may be positive or nega-
tive, it does not follow that the net long-term average:of turbulent
fluxes for a particular area will be zero. Thus, Hudson Strait in all
of the cases shown, exhibits a consistently large positive turbulent
flux. This clearly has some bearing on the relatively rapid recession
of the sea-ice shown by Figure 2.5g, although curreﬁt movements will
enhance the break-up. In the Home Bay-Cumberland Peninsula area of
Baffin Bay the energy budgets show the opposite effect.

While the energy budget characteristics of the various synoptic

types largely conform to what one would infer from cloud .and airflow
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patterns, within-type variations may be large. For example, the
synoptic type designations for July 8th and 26th are the same, but
considerably lower temperatures and greater cloud cover on the 8th
result in large differences in the respective energy budgets. This
suggests the necessity for a more careful look at the éynoptic pat-
terns in terms of their cloud patterns and energy budget character-
istics. The types on the selected dates represent 157 of all types
for July-August 1961-70 and 33% of the major groups of. types in these
months (Barry, 1972). Continuing analysis of additional days in 1970
for which data afe available (and subsequent years) will provide a

fuller picture of the synoptic variability of energy -budgets.



3. MESOSCALE STUDIES WITH AIRCRAFT AND GROUND TRUTH

3.1 Introduction

The basis for the regional energy budget model is‘brovided by
field measurements at the surface under a variety of synoptic con-
ditions. The large step between such measurements and what is seen
on the regional scale in the satellite and synoptic data is made on
the assumption that conditions are fairly homogeneous in a spatial
sense. That is, such parameters as surface albedo, for example, will
have approximately the same values for a particular surface type
throughout the region at a particular time. Estimates of errors due
to spatial variability can be made on the basis of measurements from
aircraft in conjunction with surface observations and data from sat-
ellites. 1In addition to providing information on the range of un-
certainty in regional budget estimates, combined satellite, aircraft,
and surface-based studies provide information on a variety of factors
affecting exchange processes such as the radiative properties of clouds,

surface and cloudtop albedos, and diurnal surface heating effects.

3.2 Aircraft Measurements Program

During 19-26 May, 1971, a series of flights was carried out in
the Baffin Island region for the purposes described in. the foregoing
paragraph.1 'A total of 11 research flights were made over the Davis

Strait and the eastern Cumberland Peninsula in the period 19-26 May.

. This flight program was supported by NSF under grant number GV 28218.
Aircraft support was provided by the Research Aviation Facility,

National Center for Atmospheric Research.



Most of the flight tracks were due east-west roughly along the
Arctic Circle from Cape Dyer to the open water of the West Green-
land Current. Figure 3.1 illustrates the flight track and surface
types encountered. A '"standard" altitude of 1000 ft. was generally
used. The airplane, a Beech Queenair, was equippedeith precision
pyranometers (top and bottom), a linear net radiometer, and a down-
ward looking radiation thermometer (Barnes PRT-5). Other measure-
ments provided for were relative wind velocity, air temperature and
dew point.

The weather systems affecting the area were relatively weak
until 26 May. A surface low moved from Hudson Strait on 18 May to
the northern Labrador Sea area on the 19th, associated with a 500
mb center over Baffin Bay . From 20-22 May the pattern was anti-
cyclonic over Baffin Island with a weak trough over western Green-
land, giving northeasterly circulation over Davis Strait. This high
was stronger on the 23rd with northerly anticyclonic flow at 500 mb
but a surface low crossed Baffin Island from the weStgbn 2425 May,
and the uppér-flow became westerly. A more intensétsfgtem developed
over the northern Labrador Sea - Davis Strait on 27th May. Temper-
atures ranged from a minimum -17°C on 24 May to a maximum of 5°C on
21 May. There was light snowfall on 20 and 21 May (0.05 cm and 0.10
cm w.e., respectively) and 0.33 cm on 26 May. Thus,:in,general, no
great synoptic contrast was experienced, although the flight period
fell between major storms on 14-15 May (with 0.96 cm~w.é. at Cape Dyer)

and 27-28 May (with 0.74 cm w.e. at Cape Dyer).



Sondre

Sﬁ-omr‘]'ord

- 57 -

ght series, 19-26

Flight track and typical surface conditions over Davis Strait for fli

May 1971.

Figure 3.1



A micrometeorological station operated on the fast ice in
Sunneshine Fiord, below Cape Dyer, provided the basis for surface
energy budget calculations. Daily totals of the enérgy budget com-
ponents for this site are shown in Figure 3.2. Comparisons between
these values and corresponding values from the aircraft measurements
provides an indication of the spatial variability for the period. 1In
this comparison, only the radiative terms were considered because of
uncertainties in doppler radar wind measurements. (The system fre-
quently went "into memory" due to the absence of signal over smooth
ice or water surfaces.) Except for one day during the flight series,
snow surface temperatures remained below the melting point, and the
snowpack did not become isothermal until some five days after the
flights ended. IR temperatures over the sea ice similarly showed
that no significant ablation was taking place anywhere on the ice,
although some signs of slight surface melting were observed on the
last flight.

During each:flight at least one pass was made over the ice
station fOr‘putposes of comparison (Table 3.1). Differences were
generally well within the range of variability found for a partic-
ular surface type for the flight track as a whole.

Atmospheric and surface sections for two consecutive days of
the flight period, shown in Figures 3.3a and 3.3b are illustrative
of differing synoptic situations: high pressure on the 25th accom~
panied by mostly clear skies, and a trough on the 26th associated

with deteriorating conditions. Estimated daily energy'budgets are



Cal/¢m?

- 59 -

19 20

Fig. 3.2

21 22 23 24 25 26

May

ENERGY BUDGET COMPONENTS, FIORD ICE STATION,

CAPE DYER (calcm_zday-l)
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shown for several parts of the track. Using the surface station
values as an index (Fig. 3.2), these totals were calculated on the
assumption thatvthe synoptic situation remained unchanged throughout
the day and that net radiation was the onlyxterm that varied across
the track. Differences in the daily budget were based upon the day-
time (06 to 18 hrs LST) portion of the net radiation curve, variations
having been found to be small on nighttime flights. A daily total
for a particular part of the track was found by multiplying the day-
time total for the ice station by the ratio of measured midday values
for the two surfaces and subtracting from this the nighttime total
for the ice station. This approach tends to exaggerate the contrast
between clear and heavily overcast days. However, it should be noted
that the range of albedos for the track was from neér 0.90 for fast
ice to 0.04 for open water, and the effect of cloud on the radiation
budget will be quite large in terms of absolute values for the latter.
Obviously variations in turbulent and longwave flhx terms must be
considered in a complete treatment of the pfoblem.;fﬁEWever, the re-
sults shown tend to confirm the validity of regional extrapolations
based upon known differences in air and surface temperatures, cloud

cover, and surface and cloudtop albedos.

3.3 Satellite and Aircraft Data Comparisons

Satellite data covering the May, 1971 flight period included
Nimbus-4 IDCS imagery and ITOS-1 IR temperature maps and small-scale
imagery. Flights usually took place within one or two hours of a

satellite pass.



The visual imagery revealed that ice conditions along the flight
track were somewhat lighter than to the north or south.(Figure 3.4).
No significant Qhange in sea ice distribution was noted during the
period. Also determined from a comparison of flight logs with the
visual imagery was the fact that as much as 6 tenths thin, semi-
transparent stratus over the pack was not visible in the pictures and that
the lower limit of detectable ice coverage seems to be 2 to 3 tenths.
Color enhancement techniquesl were applied to the films with some
success in that, for those days known to be clear, the proportions
of various pack densities could be estimated quite closely (Table
3.2). The problem of distinguishing low stratus over open water from
open pack conditions still remains, however.

The 1:4 million IR temperature maps provide some 25 temperature
values for the line extending across Davis Strait from Cape Dyer.

For clear or scattered cloud éonditions, satellite'témperatures usually
agreed well with those measured in flight. Since the ITOS-1 tempera-
tures are in 2°K steps, a close comparison cannot Ee'made. However,

as Table 3.3 shows, agreement is within the range of uncertainty of

the satellite data.

No attempt was made to calculate regional budgets for the period
from satellite data alone, since SIRS profiles were nétjobtainable.

In view of the close agreement between satellite data interpretations

A color enhancement system (Spatial Data Systems Model 704) was recently
obtained by INSTAAR in connection with a NASA ERTS—A‘COntract. This
arrived too late to be useful in the initial Baffin study but it is
apparent that application of this system will permit”better resblution

of cloud and surface features in the satellite imagery.



Figure 3.4

Nimbus 4 IDCS showing ice conditions in Davis Strait

(25 May 1971)



Table 3.2 A comparison of ice cover estimates for the area 66-67°N
by 53-63°W from color-enhanced Nimbus-4.IDCS imagery and

observations from aircraft (25 May 1971).

Per cent Area - Albedo
Ice Cover Categories Aircraft Satellite (Aircraft)
1. Fast ice, 7-8/8 pack and
large floes 20 24 .78
2. Close pack (5-6/8) 15 18 .35
3. Open pack (2-4/8) 28 15 .22
4. Open water (< 1/8) 37 39 .07

and flight observations, it is felt such calculations would be reason-

ably good.

3.3 Variability of Energy Budget Parameters in Space and Time

One of the ‘objectives of the flight program was to prov1de in-
formation on the degree of variability of the various energy budget
terms over the region. To some degree, the satelllte-data can also
be used for this purpose. A first attempt at such estimates from
aircraft data is shown in Table 3.4 where air temperature, surface
(IR)vtemperatare, and net radiation were averaged for the 300 km
track across Davis Strait. In view of the comparative diversity of
surface features along the track (fast ice to open. water), the amount
of var1ab111ty 1s quite low. These values, then,’may be taken as
indicative of the range of possible error in radlatlon budget estimates

for a given synoptlc situation.
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The within-type variability is suggested by a:flight sequence
over a 50 km stretch of uniform fast ice (Table 3.5). In this case
surface cooling associated with a decrease in net fadiation led to a
change in surface temperature of 0.6°K in about an hour. Such a
change is probably predictable since it is associated with the normal
diurnal variation in net radiation. Even with air temperatures above
freezing, it is common for temperatures of snow and ice surfaces to
fall below freezing due to radiative cooling, Thus,Afor any sea ice
surface a diurnal temperature variation of several degrees is to be
expected on all but the warmest days. Well-mixed ocean water shows
little diurnal variation in surface temperatures, and Barnes, et al.
(1972) have used this fact to distinguish between sea :ice and open
water by comparing day- and night-time IR imagery for fhe same area.

In moderately close to close pack ice a diurnal temperature
effect is observed in the water. Figure 3.5 shows two near-surface
profiles measured in close succession within pack ice and in an ex-
.tensive open water area adjacent to the pack. The excessive heating
of the near surface water, also observed to a lessef Jégree'in melt-
water puddles, serves to raise the apparent temperature of the pack
when viewed remotely. The apparent temperature TA Can,bé expressed
in terms of the amount of ice C (tenths) and the surface temperatures

of the ice Ti and water TW respectively as
T, _ 4 b
A= ECTi + (1-C) T, 1™
Using the aircraft-derived temperatures of Table 3.3, apparent temper-

atures have been calculated as shown in Table 34 .
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Table 3.5 Short-term change in fast ice surface temperature
(22 May 1971: Measurements at 300m under 8 tenths

Altocumulus.)

Time (LST) IR (°C) Ry (Cal-cm-z-min-l)
1430 -2.9 + 0.2 0.13 £ 0.02
1520 -3.6 ¥ 0.09 0.05 * 0.01

Table 3.6 Calculated apparent temperatures based upon aircraft

measurements
Day Night
T, 272.8 °K 270.7 °K
T 271.7 ~272.0
w
T, (3 tenths pack) 272.0 1271.6

TA (7 tenths pack) 272.5 271.1



- 71 -

TEMPERATURE (°C)

Surface ~2 . ': 0 '

10
20 -
30 -
40 -
50 -
60 -
70 -
80 -
90~
100+

n
— o
s

DEPTH (Cm)

A. 6/10 Pack
B. Open water

150

200 -

Figure 3.5 -

Near-surface sea temperatures in Davis Strait, off Broughton Island,

within and adjébent to close pack ice on a clear Juiy day, near mid-day.

L
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For summer ice temperatures, the differences shown between close and
open pack are too small to be resolved with present satellite sensors.
In winter, however, when temperature differences of as much as 40°C
exist between open water and ice surfaces, this method might be used
to estimate pack density.

Summer observations at Broughton Island, 180 km northwest of
Cape Dyer, in 1971 and 1972 provide a further basis for comparison
of satellite and surface measurements. Complete energy budgets are
being calculated on a daily basis in relation to synoptic conditions
and the results of this continuing program will be used to construct
an energy budget climatology for the region. Visual imagery and IR
maps are being examined in the process. A preliminary inspection
was made of IR data for three consecutive ITOS-1 passes which coin-
cided with clear sky conditions. For a transect eastwards from
Broughton Island to 60°W, over which region Canadian Ice Patrol reports
showed > 9 tenths ice cover, extremely uniform surfgéé temperatures prevailed
(Table 3.7). At that time, melting of snow cover on the fast ice
was well developed with 1 to 3 tenths puddling observed in the vicinity
of Broughton Island. Several open water areas of considerable extent

were visible in ESSA-9 AVCS, but were not detectable in the IR maps.

3.4 Effects of Cloud

As shown in the discussion of regional energy budgets (Section
2), satellite IR data were useful in determining the amount and extent
of cloud cover. The radiative characteristics of relatively thin,

cold arctic clouds are complex, however, and more needs to be learnt



Table 3.7 Mean satellite-derived surface temperatures at 67.5°N
for three consecutive passes.

T (°K) 0(°K) (n = 16)

July 7 (Day) 274 2
July 7 (Night) 274 2
July 8 (Day) 275 1

of their properties before satellite observations can be confidently
used. It has been found, for example, that the blackbody assumption
is inadequate in the case of arctic stratus (Marshunova and Cherni-
govskiy, 1966), a fact well known for cirrus clouds. Thus when a
satellite radiometer views a typical cloud situation in the Arctic,
it sees a composite of surface and cloud-top fluxes. TFor lower level
stratus, often located at the top of the surface inversion, the ap-
parent temperature will tend to be close to the aCtual;surface temper-
ature or even greater. Tﬁis situation leads to confusion in mapping
the cloud and in determining actual surface temperétufeé.
Investiga£i§ns of clouds in this connection havé ﬁeen of several
kinds. During the 1971 flight program, comparisons were made between
surface temperatures as meaSured over the ice statiqn'At 200 meters
from the airéraft and temperatures seen in that vicinity by ITOS-1
(Table 3.8).__Sc£een temperatures are also shown because of their
generally close agreemeént with surface temperatures. Given suffic-

ient cases of this kind, a statistical relationship between surface
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Table 3.8 Comparison of Satellite, Aircraft, and Ground-based

Surface Temperatures. Fiord Ice Station Below Cape Dyer.

May  LST Screen (2m) ITOS-l(l) PRT-5 Cloud Conditions
19 00 260 - - Clear
12 270 270 269 1 sc
20 00 260 268 264 10 Sc¢ (to 1000 m) Opac 39
12 273 264 - Same
21 00 266 267 271 7-10 Sc  (to 500 m) Opac 4-10
12 274 - 270 Same
22 00 262 261 - 2 Sc
12 269 256 270 6-10. Sc
23 00 265 251 - 9 Sc
12 271 - - 1 Sc
24 00 259 269 - 3 Ac
12 277 263 273 9 Ac
25 00 1267 - - 3 Ac
12| 276 271 273 3 éc
26 00| 267 272 270 6°Cs 2 Ac
12 274 242 273 10 As (2000 m)

(1) Mean value of possible range.
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temperature "error" and cloud cover can be established. Analysis of 1971
and 1972 data from Broughton Island for this purposéwié'¢ontinuing.

A more direct approach involves radiometric studies of the clouds,
both from aircraft and on the ground. Studies of stratiform clouds
using a ground baéed radiometer (PRT-5, 9.5-11.5 um) were initiated at
Broughton Island ‘during the summer of 1972. An improved atmospheric

flux model is expected to result from this work.

4. CONCLUSIONS

The applications of satellite data to energy budget calculations in
arctic areas has been demonstrated in the foregoing sections. The major
achievements can be summarized as follows:

1. Familiarization with the available data and its'liﬁitations in
relation to the region.

2. The development of interpretive skills and techniques, particularly
with respect to visual and IR imagery in arctic areas.

3. Construction of an adequate but flexible regionai énérgy budget
model compatible with satellite data.

4, Assessment of the spatial and temporal variability of exchange
parameters.

5. Identification of specific problems requiring field investigation;
notably, problems associated with low cloud and the inversion.

These accomplishments form the basis of a regionéiienergy budget
climatology, which ultimately must be based on a larger number of synoptic
cases spread over several years. The work reported‘heré haé been based
on the first year of satellite data coverage which was available in the

requisite variéfy,of forms for arctic energy budget inVéStigations.
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Further progress in this direction now depends upon routine analysis of
increasingly better satellite data, notably higher resolution infrared
coverage with the NOAA satellite series, multispectral?.high resolution
imagery and ground platform capabilities with ERTS-B, 'and microwave
radiometry in Nimbus E. As these data become available, they will be
incorporated within the framework of the ongoing regiéﬁai study. The
summer of 1970 also saw the initiation of a continuing program of field
activities in the region of western Davis Strait by the authors and their
associates, Subsequent experience indicates that a period of
deterioratingAclimatic conditions is in progress in the region (Bradley
and Miller,»l972; Jacobs and Barry, 1972). Satellite studies form an

essential part of the continued monitoring of these conditions.
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