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Abstract. Comparison of incoming long-wave radiation at night in urban and rural locations has been
achieved via direct measurements. Counter radiation and air temperature were continuously monitored
during automobile traverses across the Island of Montreal on clear nights. Results show that urban
counter radiation values are consistently slightly higher than rural values. The cross-Montreal
radiation profiles closely parallel the form of the urban heat island.

Comparison of measured counter radiation with that computed from empirical equations shows a
fair absolute agreement, but important urban/rural differences. Analysis of these differences suggests
that the urban counter radiation anomaly is explainable on the basis of the vertical temperature
structure of the city alone, without need to consider emissivity changes brought about by air pollution.
This suggests that the increased counter radiation is a result, not a cause of the urban heat island.

Estimates of net long-wave radiation show only small urban/rural differences. Thus the increased
counter radiation appears to be nullified by an increased emission from the warmer city surface.The
study indicates that radiative exchanges probably play a minor role in nocturnal urban/rural surface
energy balance differences.

1. Introduction

Our understanding of the most basic energy exchanges necessary for a sound clima-
tology is almost totally lacking for the urban environment. Even the workings of the
fundamental radiative components remain largely speculative. At present there is a
considerable drive to produce workable atmospheric dispersion models which take
account of the complexities of the urban interface. There is, however, evidence that our
ability to model has outstripped the physical data base (e.g., Stern, 1970). This leads
to the use of unfounded assumptions regarding input data and boundary conditions,
and little chance of ‘validating’ the output against the real-world situation. The
present study is part of a larger project designed to provide some further insights into
the energy exchanges and conversions at the atmosphere/city interface, and thereby to
provide more realistic input criteria for modelling.
The radiation balance for any surface is

Rn=Q+q)(l-a)+1]-1I1 ®

where, Rn-net surface all-wave radiation; Q, g —direct, and diffuse short-wave
radiation; « — surface albedo; I} —long-wave radiation emitted by the atmosphere
(counter radiation); I — long-wave radiation emitted by the surface.

Some work is available regarding urban/rural (Q + ¢) differences due to attenuation
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by urban pollutants (De Boer, 1966 for Rotterdam; East, 1968 for Montreal). The
other term in Equation (1) which is determined by the nature of the atmosphere is 1.
It is widely regarded that urban areas experience increased I| due to atmospheric
pollution, and that this is one of the causes of the urban heat island effect (Kratzer,
1956). On closer inspection this statement is found to be almost totally unsupported by
observational evidence. Bach and Patterson (1969) report increased /| over Cincinnati
compared to a rural station. Unfortunately their results are from daytime observations
using economical net radiometers, and the reported differences lie within the accuracy
of these instruments. Terjung (1970) gives some intra-urban variations in radiant sky
temperature over a small portion of Los Angeles, but no rural values are available for
comparison, and the data are complicated by cloud. Yamamoto (1957), using a
radiation chart, concluded that aerosols contribute < 1% extra to I| from unpolluted
skies. In summary, therefore, we may conclude that there is a dearth of information
regarding 7] for urban areas, and that available data are crude or in conflict.

The objective of this paper is to establish the reality and size of any urban increase
in counter radiation, based on a direct measurement approach, employing accurate
instrumentation. In addition, it is hoped to provide some information on the role of
counter radiation in the production of the urban heat island, and in the urban surface
energy balance. Observations are restricted to nights because then the radiation
balance equation is abbreviated to the simple form:

Rn=I=1}-1% @)

where, I — net long-wave radiation. Because cloud would considerably confuse the 7]
picture, only clear nights were used. In addition, the urban heat island effect attains
its maximum intensity at night in Montreal (Oke and East, 1971) and this should
maximize chances of establishing any links with 7.

2. Instrumentation

The observational programme involved the measurement of air temperature and
atmospheric counter radiation, during automobile traverses across the Island of
Montreal. The instrumentation was designed to yield high accuracy, even though
combined with portability and fast response.

The radiation sensor was a polyethylene-shielded net radiometer (Swissteco Model
S1) equipped with a uni-directional adaptor over the lower thermopile surface. In the
absence of short-wave radiation at night, this arrangement provides an effective infra-
red pyrgeometer. The radiometer time constant was 23 s, and the thermopile output
was ~0.39 mV/mW cm ™ 2. The upper thermopile surface was covered by a moulded
polyethylene dome, 0.5 mm in thickness. The dome was kept rigid by a controlled flow
of dry-nitrogen at ~35ml min~!, and a pressure of 0.30 kg cm~2. This is stronger
than the normal purging rate when the sensor is maintained at a static site. The extra
strength was deemed necessary to prevent deformation of the dome when the auto-
mobile was in motion. Laboratory tests showed the sensor output to be insensitive to
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flow rate. The instrument is provided with ports for external ventilation, but this
feature was not utilized due to the problems of operating a compressor in an auto-
mobile. In addition, it was felt that adequate ventilation to offset condensation or the
settling of aerosols was provided by the motion of the vehicle.

The adaptor was an hemispheric black-body cavity whose inner surface temperature
was continuously monitored with a copper-constantan thermocouple. The thermo-
couple was referenced to a thermostatically-controlled constant temperature bath.
The adaptor responded to ambient temperature changes. This was acceptable since a
continuous temperature record was kept, but it introduces problems in reducing the
data. To offset this, the adaptor was embedded in a foam-rubber block and short-
period fluctuations (<15 min) were eliminated. Counter radiation values were
obtained by computing the cavity output via Stefan-Boltzmann’s Law (assuming a
cavity emissivity of unity), and subtracting this value from the instrument’s total
output.

The signals from both the thermopile and the cavity were continuously monitored
on a potentiometric recorder (Honeywell Electronik 194). A portion of the thermo-
couple signal was bucked-out to allow use of sensitive recorder ranges.

Air temperature was measured with a small thermistor probe mounted in a shield
made of polyvinyl-chloride tubing covered with reflective tape. The time constant of
the probe was 0.5 s, and artificial aspiration was provided at a rate of 3.5ms™ ! by a
small blower fan. A recording was registered every 0.25 s.

The net radiometer and temperature sensor were mounted on the roof of an auto-
mobile at ~1.5 m (Figure 1). Since observations were taken with the car in motion,

Fig. 1. Radiation and temperature sensors mounted on the automobile.
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levelling of the radiometer could only be made before a traverse. However, the route
was level, and since physical rocking of the car whilst stationary caused no discernible
fluctuations in the trace, this error was assumed negligible. In general a constant speed
of 50 km hr™! was maintained during a traverse, but Table I shows that counter-
radiation (Z|) values are not seriously affected by the car’s speed between 30 and
100 km hr 1. Similarly, tests showed the air temperature measurements to be unaffected
if speeds were <70 km hr™.
TABLE 1
Effect of speed of automobile on /| measurements

Speed (kmhr-l) <30 30-65 65-100 >100
IL* mWem2)  0.998 1.000 1.004 1.006

1) *is the ratio of the value of 7| for the indicated speed range to the value
for the speed range used in traverses (i.e., 30-65 km hr-1).

Considering all the probable sources of error, it is considered that the absolute
accuracy of the I| observations is within 2.0 mW c¢m ™2, and that the relative accuracy
within a particular traverse is <0.2 mW c¢cm™2. Similarly, the air temperature data
possess an absolute accuracy of 0.5°C, and a relative accuracy of 0.2°C.

3. Field Operations

The observation traverse route was arranged so as to completely cross the city of
Montreal. The route, and the generalized land-uses of the Montreal region are shown
in Figure 2. The main concentration of population (>1 million) is on the Island of
Montreal, which is essentially flat except for Mount Royal (200 m), which is an
isolated hill to the south-east of the traverse route. The downtown core lies between
the St. Lawrence River and Mount Royal. The rest of the city is characterized by mixed
commercial, light industrial and residential land-uses. The ribbon of industrial uses
lies south and east of the traverse route, except in the north-east where it runs through
a large complex of oil refineries.

The traverse route (Figure 2) followed highway 40, completely crossing the Island
of Montreal along a south-west/north-east transect. Moving from the south-west, the
traverse passed successively through rural, suburban, urban (commercial), suburban,
industrial and back to rural land-uses. The portion of the route between Decarie
Boulevard and Pie IX Boulevard is elevated to about 10 m. This is considered beneficial
because this section contained the tallest buildings, which might otherwise have been
in the radiometer’s field of view. The route is a major 4-6 lane controlled-access
freeway and hence buildings are set well back from the road, reducing view factor
problems.

Each traverse consisted of two complete transects of the route in opposite directions.
The recorder traces were annotated en route and additional descriptive comments were
tape-recorded. (As an interesting practical note, the radiation trace provided its own
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event marks as sudden ‘spikes’ in the signal, due to travelling under overpasses which
radiate strongly.) By maintaining a constant speed, and assuming that both air
temperature and I| varied linearly with time, it was possible to average the data for
any location and obtain results which were standardized to the mid-time of the
traverse period. A typical traverse period was about 90 min. Only those traverses
which showed < 5% variation in 7| values between the outward and inward legs are
presented here.

4. Traverse Observations

Counter-radiation (I]) and temperature (T) traverses were conducted simultaneously
during the period August 1969 to July 1970; two were during the winter and the rest in
the spring and summer months. Twelve traverses satisfied the steady-state conditions
mentioned above, and a summary of the data and the prevailing meteorological and
pollution conditions is given in Table II.

Figure 3 (a-c) shows a comparison of traverse results from three nights during June
1970. In this and following figures, the traverse route has been projected onto a
straight line. This slightly exaggerates gradients of the measured parameters between
St. Charles Road and Decarie Boulevard. With respect to cloud, wind direction and
water vapour pressure, these nights are almost identical, but it will be noted (Table IT)
that wind speeds vary from 0.4 to 5.0 m s~ 1.

The I and T profiles across the city parallel each other very closely on each occasion.
Both parameters show a marked increase from a rural ‘background’ level immediately
upon encountering the built-up area, at the so-called heat-island “cliff”. Both I} and T
peak at approximately the same location which is always within the urban area.
Finally, both parameters decrease in value downwind of the urban centre, but the 7|
values do not always appear to assume immediately their upwind rural levels, especially
with good ventilation (e.g., Figure 3(a)).

In the following analyses, we will refer to urban/rural comparisons of a number of
meteorological parameters. These will be indicated as a finite difference of the
variable’s highest urban, and lowest upwind rural values (e.g., AT,_, is the urban
heat-island intensity). In Figure 3 (a-c) and Table I1, it is evident that for the illustrated
three June days, as the wind speed (@) decreases from 5.0 to 0.4 m s™?, the values of
AT,_, increase from 2.2 to 7.0°C, and 41|,_, increases from 0.7 to 4.0 mW cm™ 2.

Figure 4 shows the traverse for February 15, 1970, one of the winter runs. Winds
were SE 0.8 m s~ %, skies were clear, air temperatures very low (=~ —20°C), and water
vapour pressures correspondingly small (~1 mb). The urban heat island was impres-
sively displayed, with AT,_,=9.5°C (further information on this case, including
urban/rural cooling rates and the temporal variation of 4T, _,, is given in Oke and
East, 1971). On this occasion the I| profile parallels the 7 profile across the route
until it reaches the downwind urban/rural boundary where there is an even larger peak
in 7] than that found in the city centre. It is felt that this apparent anomaly in the
general pattern described above is due to the oil refinery complex. The main part of
this complex lies to the south-east of the traverse route, and so a wind from this sector
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Fig. 3a-c. Counter radiation and air temperature profiles across Montreal for (a) June 9, 1970,
wind SW 5.0 m s~1, (b) June 8, 1970, wind S 2.0 m s, and (c) June 16, 1970, wind W 0.4 m s™1,
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Fig. 4. Counter radiation and air temperature profile across Montreal for February 15, 1970,
wind SE 0.8 m s~1.

carries considerable effluent across the observation route. During the winter, this
plume effect is likely to be most marked on /| because the saturation vapour pressure
is so low that water vapour almost immediately condenses into dense cloud after
leaving the stacks, thus producing a very effective infra-red black-body absorption
and emission layer at about 200 m. In addition, the temperature difference between
the ground and the stack gases is at a maximum in winter, and hence the radiation
exchange between them is also at a maximum. Similarly, the other winter run with low
temperatures and humidities showed a peak in the same area. In summer with light
winds (Figure 3(c)), I| is again seen to show an increase in the oil refinery area, but
the peak is less pronounced.

From the foregoing it seems certain that an urban area such as Montreal does
receive an increase in counter radiation, at least at night. The urban/rural increases,
(41},_,), may be as great as 4.0 mW cm™? (~0.057 cal cm ™ ? min~'), and this could
represent as much as a 25% increase over rural values. However, these are extremes,
and an increase of 1 to 2 mW cm ™2 (~0.014 to 0.028 cal cm~? min~') appears more
representative (Table II). The following section discusses the relation between this
increase in I] and atmospheric parameters which might be expected to be related.
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5. Urban/Rural Counter Radiation Differences

Having established that 7] is greater in the urban area, a physical cause must be
sought. This study was not originally designed to answer this question, but the
following discussion may provide some insight into the problem.

Essentially we are concerned with the question whether the observed urban increase
in /| is due to an increase in the emissivity of the urban atmosphere, or whether it is
simply due to the increase in urban air temperature. The former could be the result of
a change in the atmospheric constituents which affect the exchange of long-wave
radiation (e.g., water vapour, aerosols or gases). The latter could be due to non-
radiative warming of the atmosphere through the turbulent sensible heat flux drawing
upon artificial heat generation and stored heat, in the city.

First of all we may consider simple scatter plots of 41}, ., versus pollution (COH),
heat-island intensity (47, _,) and wind speed (%) as shown in Figure 5(a-c). All three
parameters show recognizable relationships to 47],_,, but statistical correlations
were not performed due to the small numbers of data points, and because the sample
population is not normally distributed with respect to A7} ,_,.

It appears that as the COH value increases, so does AI],_,. The same type of
response is even more clearly defined for AT, ., and as the heat island becomes
negligible (<1°C), so do counter-radiation differences. These scatter plots do not,
however, help resolve the question of causation, and Figure 5(c) helps explain why.
Wind speed exerts a strong influence on both COH and 4T,_, (see Table II), the
former through its effect on diffusion, and the latter via advection.

The question of causation may, however, be studied by comparing the observed I]
values with those computed from empirical relations. The equations used were those
of Angstrém (1916), Brunt (1932), Swinbank (1963) and Idso and Jackson (1969). The
equations and their constants are given in Table ITI. It will be noted that the Angstrom
and Brunt equations require both air temperature and humidity at screen-level,
whereas the Swinbank and Idso and Jackson equations require only temperature
measurements. In this study the 1.5-m traverse temperatures, and the McGill Obser-

TABLE 111
Empirical equations used to calculate 1| for clear skies (7 in °K, e in mb, I} in mW cm~2)

Author Equation Constants
Angstrom (1916) 1} = 0eT4[a— b exp(—2.3 ce)] a=0.82

b=0.25, ¢c=0.942
Brunt (1932) I, =0cT4(a -+ bve) a=0.604

b=0.048"
Swinbank (1963) 1| =9.35x 1078 geT*
Idso and 1} =0eT%{1 —cexp] —d(273 — T)?1} ¢=0.261
Jackson (1969) d=17.77x 104

2 Following Morgan et al. (1970)
b Following Sellers (1965).
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Fig. 5a—c. Urban/rural counter radiation differences versus (a) COH, (b) urban heat island intensity
and (c) wind speed in the Montreal region.

vatory (Figure 2) vapour pressure observations were used in the absence of traverse
humidities. Analysis of the Dorval (rural) and McGill (urban) vapour pressure
readings showed that between 1900 and 0100 EST, urban/rural differences were
<2 mb, The maximum error in computed 7| using only McGill data was found to be
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0.24 mW cm ™2 at 25°C and 20 mb, and 0.25 mW cm ™2 at 0°C and 5 mb. These errors
are approximately equivalent to instrumental errors and were considered acceptable.
The empirical coefficients were not adjusted to provide a ‘best-fit’ between observed
and calculated values for the Montreal area. Similarly no corrections were applied for
the small amounts of Cirrus clouds observed on some nights (Table II).

Figure 6 shows a typical plot of the measured and calculated 7] values. From this
and from data obtained on other nights, it was concluded that the empirical methods
gave results usually within 5% of the measured values. The Angstrém equation
consistently underestimated in both urban and rural areas, whereas the other three
equations tended to underestimate in rural areas but approximate or overestimate in
the urban area.

The real significance, however, lies not in the agreement between the measured and
calculated values of 1], but in the trend of their differences. Figure 7(a~c) shows the
differences between measured and calculated values for the three nights illustrated in
Figure 3, using one empirical method requiring both temperature and vapour pressure
(Brunt), and one requiring temperature alone (Idso and Jackson). (There is no special
significance in this choice.) It should be noted that the absolute error in obtaining
both calculated and observed values of 7| exceeds their difference and therefore the
sign has no significance. However, the relative error between values on the same
traverse is an order of magnitude smaller than their differences, therefore urban/rural
variations are real and significant. Again it is important to stress that the absolute
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Fig. 6. Comparison of measured counter radiation across Montreal with that calculated from the
Angstrém, Brunt, Swinbank and Idso and Jackson empirical methods, for June 8, 1970.



302 T,R,OKE AND R, F, FUGGLE

F(a) 9 JUNE 1970

MEASURED 1} — CALCULATED I{ (mW cm©)

ok -
L . J
—a— BRUNT
—O— IDSO AND -JACKSON
&
g 2 - -
= (b} 8 JUNE 1970
E
8 1
<
=
3
3
(&)
i of .
=
o
Ll
3
<T =
w -l
= ~8— BRUNT
~C IDSO AND JACKSON
2r -

(c) 16 JUNE 1970

MEASURED 1 — CALCULATED I} {mW cmi?)

—&— BRUNT
——IDSO AND JACKSON

| 1 | 1 i

[ [ I
ST. CHARLES ROAD DECARIE BLVD. PIE IX BLVD. GOUIN BLVD.

SOURCES ROAD ST. DENIS BROADWAY

S T IE—r————=—II]TIT
RURAL SUBURBAN URBAN SUBUR RAL

AN
REFINERIES

Fig. 7a—c. Profiles of the difference between measured counter radiation and that computed according
to Brunt, and Idso and Jackson for (a) June 9, 1970, (b) June 8, 1970, and (c) June 16, 1970,



COMPARISON OF URBAN/RURAL COUNTER AND NET RADIATION AT NIGHT 303

agreement between the two methods, or the agreement between the predicted and
observed values is not particularly important. What is important is that each difference
curve shows a dip which coincides with the urban area. This feature was found on
almost all occasions. This dip indicates that the urban area receives less counter
radiation relative to the rural area than to be expected on the basis of calculations from
surface temperature variations. This decrease is of the order of 1 to 2 mW cm™2.

Considering the nature of the empirical equations, one, or both of two features of
the atmosphere could account for this apparent decrease in calculated 7| for the urban
area. Fither the urban atmosphere has a lower emissivity than that in the country, or
the vertical temperature structure is considerably different between the two areas.
These two possibilities are explored further below.

It seems highly improbable that the addition of pollutants to the urban atmosphere
would decrease its emissivity. Theoretical analyses by Yamamoto (1957) and
Zdunkowski et al., (1966) indicate that the effects of smoke and haze are small, but
that they will tend to increase rather than decrease sky emissivities. Similarly Moller
(1951), Monteith (1961) and Atwater (1971) have all argued that air pollution will
produce an increase in I|. Inversely it might be argued that a reduction of water
vapour in the city could produce a lowered atmospheric emissivity. This, however, is
contrary to the observations of Chandler (1962, 1967) in London and Leicester, and
Ackerman (1970) in Chicago, which all show slightly higher amounts of water vapour
in the urban areas. In addition, it can be quantitatively shown that a 10 mb urban/rural
vapour pressure difference is required to produce the 2 mW cm 2 difference in .
This grossly exceeds any reported urban/rural humidity differences, and does not
agree with the Dorval-McGill analysis reported above.

On the other hand, the reported urban/rural differences in vertical temperature
structure provide a plausible and sufficient explanation for the calculated decrease in
sky emission over the urban area. The recent studies of Bornstein (1968) for New York,
Clarke (1969) for Cincinnati and of special interest in this study, Yap et al. (1969), and
Oke and East (1971) for Montreal have shown a similarity in urban/rural profile forms
on clear nights. Characteristically the rural areas show surface-based inversions,
whereas the urban area exhibits adiabatic or weak lapse profiles within a shallow
(200-300 m) urban boundary layer. In Montreal this urban mixing layer often exhibits
a lapse rate of —6°C km™?!, The effect of a rural inversion is to provide a warmer
radiating atmosphere aloft which will give greater 7] than predicted from surface
temperatures. Conversely, the urban lapse profile provides a cooler atmosphere aloft,
thus decreasing 1] compared to that expected from surface temperature observations.

Moller (1951) has shown that variations in temperature gradient are capable of
producing marked differences in 7| from clear skies. Table IV shows that the I}
difference between an urban lapse profile and a rural inversion profile is almost
exactly the same as that needed to match the measured and computed I} values in
Montreal, and in its upwind rural area. This reasoning also explains why downwind
rural differences between measured and calculated 7| were often greater than upwind
rural differences (e.g., Figure 7(b) and (c)). In the downwind area when the surface
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temperatures drop and a surface-based inversion begins to develop, an ‘urban plume’
lies overhead (Clarke 1969). This elevated warm layer will augment the value of 7]
and hence the underestimation based on cool surface temperatures.

TABLE IV
The effect of the vertical temperature distribution on I (after Méller, 1951)

Inversion Temperature 12 Difference from
thickness increase (mW cm~2) lapse of 6°C km™1!
(m) O (mW cm~2)

100 9.4 25.11 1.81

200 8.8 24.83 1.53

300 8.2 24.62 1.33

400 7.6 24.48 1.18

500 7.0 24.41 1.11
1000 0.0 23.99 0.70

6°C km 23.29 0.00

Lapse rate Adiabatic 23.23 —0.06

2 Based on a surface temperature of 0°C, and a total water vapour path of 1.12 g cm~2,

The above analysis therefore shows that the role of pollutants and water vapour is
probably not as important as the modification of the vertical temperature structure in
contributing to an increase in 1] over the urban area. Indeed the numerical analysis
of Atwater (1971), and the infra-red flux divergence measurements of Fuggle (1971),
both indicate that the role of pollutants is to cool rather than to warm the atmosphere,
and would thus serve to decrease rather than increase the value of 7| in an urban
atmosphere. It would appear, therefore, that counter radiation does not result from
an increase in emissivity in polluted air and therefore does not represent a source of
energy preferentially found in the city. As such, the observed increase in I is probably
an effect rather than a cause of the urban heat island. Certainly, based on the calcu-
lations of Oke and East (1971), the energy necessary to support the modification of the
urban boundary layer is at least 10 times greater than the observed 1 to 2 mW cm™?
increase in I'|, even if it were considered to be a uniquely urban phenomenon.

6. Urban/Rural Net Radiation Differences

Using the measured I] values as a base, it is possible to arrive at some preliminary
estimates of the net long-wave radiative exchanges in Montreal and the upwind rural
areas. Since at night the net long-wave radiation (I), represents the net all-wave
radiative exchange (Rn), (Equation (2)), this allows some insight into the possibility of
using urban/rural differences to infer the basic radiative component of the surface
energy balance.

Table V presents the components of the long-wave radiation balance for both the
urban and rural areas in and around Montreal for the nights on which traverses were
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conducted. The chosen points represent the maximum or minimum values in each case
(e.g., the lowest upwind I|,, and the highest 7},). The I],, I|, and AI],_, values
were measured. Using the traverse temperature data, IT,, IT, and AT, values were
computed using the simple Stefan-Boltzmann relation. In doing so it was necessary to
assume that urban and rural emissivities were the same and equal to unity, and that
the 1.5-m air temperature approximated that at the surface. The advisability of
employing these assumptions is considered later. Having the above values, I,, I, and
Al,_, were easily obtained.

The individual 7|, and 7|, values show a considerable range due to ambient
temperatures, but as noted previously their differences consistently show an increased
receipt of radiation in the city. Similarly /1 values show a variation due to absolute
temperatures, and because AI%,_, is proportional to AT,_,, IT always shows a
greater loss for the warmer urban area at night. The difference lies between 0.6 and
3.9mW cm™2. The net radiative loss terms for both environments show little
variability ranging only from 6.9 to 10.0 mW cm ™2,

The most important result of this analysis is the very small AI,_, difference
exhibited between the urban and rural areas. On two occasions the rural area
shows a very slightly higher radiative loss; the remaining cases show a very
slightly larger urban deficit. The greatest urban/rural difference is only 0.9 mW cm™?
(=~0.01 cal cm~2 min~!), and the average is 0.4 mW cm~? (0.006 cal cm~? min~?).

It is important at this juncture to consider further the nature of the assumptions
used in this development. The similarity of urban/rural emissivities remains largely
unproven. However, on the basis of previous assessments for concrete and other
building materials, and for typical rural surfaces (Sellers, 1965), the indications are
that emissivities are not radically dissimilar. This is supported by measurements in
Columbia, Maryland (Landsberg, 1971, personal communication). The city may
possess a slightly lower emissivity and this would serve to bring urban/rural values
even closer, rather than accentuate differences. Considering the assumption that
T, s =Ty, if one assumes a reasonable rural temperature difference between the surface
and 1.5 m, on a clear night with weak winds, to be 2°C (e.g., Oke 1970), then I, will
be overestimated by <1 mW cm™2. In the city with the weak lapse conditions already
noted, 17, may be very slightly increased. Both of these errors, however, will be
reduced at higher wind speeds due to mixing, and it therefore seems unlikely that the
figures in Table V will be radically affected. The analysis therefore indicates that the
increase in 7| in the urban area is real, but is completely offset by the increased /1 from
the warmer urban surface. This tends to substantiate the view that urban/rural
radiation differences are unlikely to alter surface energy balance comparisons radically
at night. This view, however, must await vindication through direct measurement of
urban/rural net radiation differences. When taking such measurements, one must be
careful to choose ‘representative’ sites, and one must include temporal variations in
Al,_, since all the traverses presented here were conducted at the time when Montreal’s
urban heatisland is usually atits maximum (Oke and East, 1971). Measurements during
the early evening, when AT, _, is developing, would therefore be particularly helpful.
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7. Conclusion

The results of this study indicate that a large urban area does receive a greater amount
of long-wave radiation from the atmosphere at night in comparison with that received
by a rural area upwind. This increase is still prevalent downwind of the city. It appears,
however, that the increase is due to the increased warmth of the city atmosphere rather
than to any change in the radiative properties of the atmosphere such as is often
attributed to the pollution ‘blanket’. Increased counter radiation cannot therefore be
construed to be a cause of the heat island; rather it is the result of an atmosphere
which is warmed by other means.

Although the results indicate only small changes in counter radiation due to urban
effects, they do indicate that man-made, thermal, gaseous, and particulate pollution
of theatmosphere can influence the infra-red radiation balance at the surface.It would be
interesting, for example, to determine how many kilometres downwind the ‘plume’
effect continues. As urbanization proceeds, these ramifications will increasingly
assume global importance.

The consideration of urban/rural net radiation differences shows a remarkably small
difference in available radiant energy at the surface at night. Indeed, instead of the
urban area showing a preferential radiative gain, on most occasions the city exhibits a
deficit. Presumably therefore, our investigations regarding heat-island causation should
concentrate more deeply upon eddy heat fiux, storage and space-heating considerations.

These results tend to support the assumption that long-wave radiation can be
omitted in the development of certain heat-island models (e.g., Summers, 1964; Myrup,
1969). However, the conclusions should not be construed as relegating long-wave
exchanges to a minor role in the atmospheric energy balance, nor should the small ner
radiation differences be allowed to mask important changes in the size and nature of
each component flux.
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