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ABSTRACT

Several equations were developed that related the effect of urban growth, measured by increasing population,
to the mean seasonal and annual temperature: the diurnal maximum, minimum, average, and range. These
equations were derived from a network of 1219 stations across the United States, which were analyzed for the
years 1901-84. The results indicate that urban effects on temperature are detectable even for small towns with
populations under 10 000. Stations with populations near 10 000 are shown to average 0.1°C warmer for the
mean annual temperature than nearby stations located in rural areas with populations less than 2000. Urbanization
decreases the daily maxima in all seasons except winter and the temperature range in all seasons. It increases
the diurnal minima and the daily means in all seasons.

The equations indicate that, for the annual mean temperature, urbanization during the twentieth century
accounts for a warm bias of about 0.06°C in the U.S. Historical Climatology Network (HCN). Due to the large
number of stations located in sparsely populated areas [(over 85% (70%) of all stations had a 1980 population
of less than 25 000 (10 000)], the impact of urbanization is not large in relation to decadal changes of temperature
in the United States. The average heat island impact during the period 1901-84 for the HCN is largest for the
daily minima (0.13°C) and the temperature range (—0.14°C), while the impact on the daily maxima (—0.01°C)

1099

is an order of magnitude smaller.

1. Introduction

The instrumental records of monthly, seasonal, and
annual averages of land surface temperatures are useful
in a wide range of applications, from studies of im-
portant seasonal and multiyear climate anomalies and
fluctuations (Ropelewski and Halper 1986; Yarnal and
Diaz 1986; Karl and Young 1987; Karl 1988), to as-
sessments of long-term (nineteenth and twentieth cen-
tury) temperature trends (Diaz 1986; Jones et al. 1986;
Ellsaesser et al. 1986; Karl et al. 1984). The latter is an
important and essential aspect of efforts aimed at the
early detection of the greenhouse effect (Wigley et al.
1985). Considering the importance and usefulness of
such data, it is surprising to find a dearth of studies
aimed at the identification and quantification of the
effects of urbanization, not only for large urban areas
but for cities of all sizes, especially since urbanization
and the greenhouse effect are expected to produce sim-
ilar signals in the climate record.
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Analysis Division; NOAA/NCDC, Federal Building, Asheville, NC
28801.

© 1988 American Meteorological Society

A considerable number of studies (Oke 1973;
Landsberg 1975; Oke 1979; Landsberg 1981; Oke 1982;
WMO 1986) have addressed urban heat as a physical
phenomenon and quantified various aspects of maxi-
mum instantaneous urban-to-rural temperature dif-
ferences. Unfortunately, these results are difficult to
link to seasonal and annual mean temperatures. Other
studies have attempted to quantify the effect on the
temperature record of increasing levels of urbanization
in major cities (Mitchell 1953; Dettwiller 1970; Fukui
1970; Cayan and Douglas 1984; Duchon 1986; Good-
ridge 1985; Kukla et al. 1986; Chow 1986). These
studies demonstrate the importance of isolating and
removing from the climate record, for some applica-
tions (i.e., climate change detection, seasonal and
monthly forecasts, etc.), the anomalous warmth pro-
duced by major cities. At the same time, the question
remains regarding the level of urbanization which can
be tolerated in the construction of a temperature record
with an acceptably low bias for climate change studies.

There are many reasons why this important issue
has not been adequately addressed in the construction
of large-area averages of temperature. The difficuity in
quantifying “urbanization” has no doubt frustrated
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many investigators. In addition, a more physically ori-
ented approach necessitates the study of the urban cli-
mate of specific cities, each with its own unique char-
acteristics. As pointed out by Oke (1979), the internal
pattern of the heat island of each city is often dominated
by microscale features related to land use and building
density. In large-scale studies of climate change using
hundreds or even thousands of stations, the microcli-
mate of each station cannot, at present, be properly
parameterized. This presents a major obstacle to the
quantification of the heat islands produced by small
cities and necessitates the use of population as a mea-
sure of urbanization. The noise introduced by the mi-
croclimate of each city, however, may disguise the effect
of urbanization.

One method of trying to overcome such difficulties
is to use very large samples, i.e., many pairs of small
cities and rural stations. Until recently, such data were
not readily accessible. Fortunately, the Historical Cli-
matology Network (HCN) provides a relatively dense
network of long-term stations (1219) across the con-
tiguous United States (Quinlan et al. 1987). Many sta-
tions in this network are located in small cities in re-
mote areas [over 85% (70%) of all stations had a 1980
population of less than 25 000 (10 000)]. Data from
this network provide an opportunity to assess the effect
of urbanization on the climate record for urban areas
of various sizes.

2. Data

The HCN contains monthly averages of maximum,
minimum, and average temperature for 1219 stations
with varying periods of record, most beginning either
in the early 1900s or the late 1800s. In the United States
and in many other countries, the daily average tem-
perature is defined as the sum of the maximum and
minimum divided by 2. At the time of this study, these
data were available through 1984. The data have been
subjected to rigorous quality control procedures and
to various other procedures that adjust for documented
potential discontinuities (station moves, new obser-
vation schedules, new instruments, etc.). Karl and
Williams (1987) and Karl et al. (1986a) discuss the
methodology used to adjust the data for these discon-
tinuities. Karl and Williams (1987) use the method of
differences between neighboring stations and Monte
Carlo simulations to assess the significance of any po-
tential discontinuity, and Karl et al. (1986) provide a
model for eliminating the bias associated with varying
observation schedules at cooperative stations. Quinlan
et al. (1987) provide information regarding the quality
control procedures used in making the data computer
compatible as well as an objective summary of the in-
tegrity of each station’s record for a variety of factors.
They rank the stations in the HCN in terms of the
statistical confidence interval of the adjustments they
apply (or do not apply) for potential discontinuities

JOURNAL OF CLIMATE

VOLUME 1

and the percent of adjusted data that had to be esti-
mated using the Karl and Williams (1987) methodol-
ogy. For some- early periods, potential discontinuities
are either too frequent or nearby stations too distant
for any adjustments to be reliably attempted. These
data were not used. Relationships developed in this
study for the detection of the urban heat island are
derived from HCN stations that were ranked in the
upper 90% with respect to the average width of the
confidence intervals for adjustments due to disconti-
nuities. In addition, no station had more than 25% of
its data replaced with estimates from nearby stations
because of missing observations or frequent moves.
The magnitude of the heat island bias in the HCN
was estimated using these stations as well as a network
that included all stations, regardless of the confidence
interval of the adjustments and the quantity of esti-
mated data (see section 6). :

3. Procedures

The purpose of this study is to produce a method
by which the urbanization effects of even small cities
in midlatitudes (in the United States, at least) can be
removed prior to their use in forming regional- or con-
tinental-scale spatial averages of temperature for ana-
lyzing secular climate change. The parameter chosen
to represent urbanization is the population of the city
or metropolitan area where the station is located. This
is not the most desirable physical quantity for repre-
senting urbanization around the climate station, but it
is one of the few documented statistics that is readily
available for the past century and over much of the
world. Differences in the thermal conductance between
urban and rural surfaces may be important, but Oke
(1981) argues that there is little data to support large
differences. Indeed, Oke (1981) provides data to sup-
port the notion that the canyon sky-view factor (the
fraction of the overlying hemisphere occupied by sky)
in the city is the dominant mechanism that produces
urban heat islands during nights with calm, cloudless
skies, where anthropogenic heat is of negligible im-
portance. Unfortunately, it is not possible to calculate
this quantity from existing station histories. In the
United States, however, the populations of every in-
corporated city has been defined by the U.S. Census
Bureau since 1790. In this study, these populations
were used as a measure of urbanization. When popu-
lations of metropolitan areas were defined by the U.S.
Census Bureau, they were used to represent urbaniza-
tion in contrast to the population within city limit
boundaries. '

A total of 941 stations were identified from the HCN
as having complete records going back to 1941 and
541 with records going back to 1901 in which adjust-
ments for potential discontinuities could be assessed.
It must be emphasized that these stations underwent
extensive scrutiny before they were used (Karl et al.
1986a; Karl and Williams 1987). From these stations
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a set of urban/rural station pairs was formed so that
the distance between the urban and rural sites was no
more than 100 km and each rural station was at least
30 km from the urban station. In this regard, we suspect
that most of the rural stations were outside the urban
plume. Indeed, as Lowry (1977) indicates, in the surface
boundary layer the thermal effects of the city have a
limited area of extent. The conceptual basis for this is
described in Oke (1976, 1982) and Clarke (1969). Dur-
ing the evening and nighttime, the urban thermal
plume quickly rises above the surrounding rural surface
boundary layer.

We have arbitrarily defined rural stations as those
with a 1980 population of less than 2000. Figures 1-4
depict these station pair groupings for the periods 1901~
84 and 1941-84 for both seasonal mean temperature
and the means of the maximum, minimum, and diur-
nal temperature range (the latter being the difference
between the maximum and minimum temperature
values). During the 1901-84 period these form a dis-
proportionate share of the stations in the eastern United
States, but for the 1941-84 period the distribution is
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more symmetric. In the HCN, adjustments for discon-
tinuities were made independently for each element
(maximum, minimum and mean), so that the number
of pairs can vary because of the differing quality and
availability of data for the different elements. Station
pairs among the maximum, minimum, and tempera-
ture range, however, were not allowed to vary. Stations
were used only if both the maximum and minimum
passed the quality checks. As depicted in Figs. 1-4, a
different set of stations was used for the maximum,
minimum, and temperature range compared to the
mean temperature.

The question of an appropriate method for segre-
gating the urban effect from the background climate
arises. Lowry (1977) provides a general framework de-
scribing the assumptions required when using, among
other methods, urban-to-rural temperature differences
as a measure of the urban heat island. These temper-
ature differences have been used with two different
techniques. First, urban-to-rural temperature differ-
ences were related to a measure of urbanization at the
urban station. The rural station was assumed to be

Temperature
Average
Station Pacurs

1901 -

1984

LEGEND
@® - population <2000

[7 = populoteon 22000 to <10000
& ~ populoteon 210000 to <100000
8 - populatcon 2100000

FG. 1. Urban/rural station pairs for the mean temperature, 1901-84.
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Temperature
Average
Station Paurs

1941 -

1984

LEGEND

@ - population <2000

[0 = populateon 22000 to <10000
i = populotion 210000 to <100000
B~ population 2100000

~FI1G. 2. As in Fig. 1, except for 1941-84.

uneffected by urbanization. In this approach, which
we define as the basic Time Averaged Method (TAM),
differences between the two stations in local landscape
(topography, vegetation, water bodies, soil types, etc.)
and background climate (latitude, continentality, etc.)
must also be assumed to be unimportant. Clearly, this
is a poor assumption, one we will need to address. In
the second approach, which we define as the Time Rate
of Change Method (TCM), the time trends of the ur-
‘ban-to-rural differences of temperature are related to
a measure of urbanization at the urban station (cf.
Mitchell 1953, 1961). In this approach, the differences
in local landscape and background climate are mini-
mized, but as Lowry (1977) points out, even here, one
must assume that the probability of weather regimes
or weather types remains constant over time. In ad-
dition, and perhaps in some instances this is a more
severe assumption, the homogeneity (no significant
changes of instruments, instrument location, vegeta-
tion, observing schedules, etc.) of the temperature rec-
ords at the two sites must continue throughout the pe-
riod of comparison. Since neither method of detecting
the effects of urbanization is ideal, we used both, but

with some significant variations in the basic TAM due
to the assumptions of the background climate and
landscape at each station.

After all urban-to-rural station pairs were identified,
temperature differences were calculated, for each sea-
son and annually, for the urban minus the rural station
temperature. To assess the effects of urbanization on
the temperature record, these temperature differences
were used with the two techniques. In the TCM, the
changes in the urban-to-rural temperature differences
were categorized over time. That is, time series of urban
minus rural temperature differences were calculated
and categorized as defined in Table 1. The rural stations
chosen had a relatively low population throughout the
period of record, while the urban stations were selected
solely on the basis of their 1980 population. This means
that the rate of growth of these urban stations is only
limited by their 1980 population, but growth rates can
vary from station to station within categories.! In ad-

! The effects of varying population growth rates within categories
were also tested using this method.
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'emperature
Moxiemum/Munemum/Range
Station Pacrs

1901 -

Ce————

T

1984

LEGEND
® - populateon <2000 .
]~ populotion 22000 to <10000
& ~ populateon 210000 to <100000
B~ populoteon 2100000

FI1G. 3. As'in Fig. 1, except for the maximum, minimum, and diurnal temperature range.

dition to the Mitchell (1961) study, many others have
used this approach to identify the effect of urbanization
in climate time series (Duchon 1986; Cayan and
Douglas 1984; Kukla et al. 1986; Goodridge 1985). In
the alternative to the basic TAM, hereafter referred to
simply as TAM, averages of the urban-to-rural tem-
perature difference over small time segments (several
years) after removing the effects of elevation and lati-
tudinal differences, were related to the population of
the urban station. (As previously noted, the rural sta-
tion’s population is known to be less than 2000.)

Identical station pairs were used with both tech-
niques for the 1941-84 period of record (the 1901-84
station pairs were not used in the TAM). Another sep-
arate set of data was included to make sure the ad-
justment procedure used by Karl and Williams (1986)
did not mask heat island biases. The original obser-
vations (adjusted for time of observation biases) were
used in the TCM for the station pairs depicted in
Figs. 1-4. '

In the TCM one must identify the time rate of change
of the seasonal and annual means of the urban-to-rural
temperature differences. We accomplished this by dif-

ferencing period means. The 1901-42 mean difference
was subtracted from the 1943-84 mean; likewise, the
mean for the period 1941-62 was subtracted from the
mean for 1963-84. Other methods, such as ordinary
least square trends and resistant (robust) least square
trends (Emerson and Hoaglin 1983), were considered
but dismissed because of the nature of the time series
derived using the TCM. Irregular fluctuations were of-
ten deeply embedded in the time series, exaggerating
the leverage of the time series near the beginning and
end points associated with trend analysis (although re-
sistant methods would tend to minimize this to some
extent). Because of the relatively large number of pairs
in each category of population (Table 1), it was possible
to assess the statistical significance of this difference
across the various time periods by using a paired dif-
ference t-test with a null hypothesis, “The difference
of the mean of all stations aggregated within a category
across the two time periods is zero,” versus an alternate
hypothesis, “The difference of the mean across the two
time periods is positive.” In the paired difference t-test,
the standard deviation is calculated on the basis of the
station-to-station (pairs) variability of the urban-to-ru-
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Temperature
Moximum/Munumum/Range
Station Pairs

1941 - 1984

LEGEND
@ - population <2000
[0 = population 22000 to <1000Q
& - populotion 210000 to <100000
B - populotion 2100000

FIG. 4. As in Fig. 3, except for 1941-84.

ral temperature difference between the two time peri-
ods. In this method, factors such as the differences be-
tween urban and rural station pairs, i.e., topography,
latitude, continentality, etc., are not very important
because only the changes within each station pair are
considered, not the absolute difference.

The TAM avoids the disadvantages associated with.

the use of long time series to assess the effects of ur-

banization. Instead, time averages of a small group of
years are used to calculate mean urban-to-rural tem-
perature differences. Specifically, the mean urban-to-
rural temperature difference (7,-,) was calculated sep-
arately for 9 years centered around both 1950 and 1980,
i.e., 1946-54 and 1976-84, respectively. The differ-
ences were then related to the urban population. This
approach minimizes the effects of undocumented

’

TABLE 1. The mean 1980 population (left of solidus) and the number of urban-to-rural station pairs which includes the total for all
comparisons under the <2000 category (right of solidus) is given for one rural and three urban categories. Abbreviations are NA, not
applicable; MAX, maximum temperature; MIN, minimum temperature; RNG, temperature range (maximum — minimum); AVERAGE,

(MAX + MIN)/2.

1980 Population

Period Rural Small urban Medium urban Large urban
of record , Variable <2000 2000-9999 10 000-100 000 >100 000
1941-84 Average 750/414 5030/233 23 362/150 740 403/31
1941-84 Max/Min/Rng 724/407 5084/226 23 365/148 805 202/32
1901-84 Average 840/213 5086/120 24 416/75 987 474/18
1901-84 - Max/Min/Rng 841/305 5250/152 25652/128 1296 767/25
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changes to the stations but, as previously mentioned,
it introduces other related nonurban sources of vari-
ability between pairs, i.e., differences in elevation, lat-
itude, continentality, etc. To the extent possible, this
additional variability was removed from the urban-to-
rural temperature differences by modifying the basic
TAM. This was accomplished by using the observed-
predicted residuals (T%_,) of T,,_, from multiple regres-
sion equations, in which the differences in latitude (part
of the background climate) and elevation (part of the
local landscape climate) of the station pairs were used
as independent variables and the 7., as the dependent
variable. These equations were developed on a seasonal
and annual basis over the entire United States. Such
an approach cannot address all the important local
landscape climate characteristics, such as a river valley
location versus a plateau, a mountain slope versus a
mountain valley, a sea breeze versus no sea breeze,
etc., but it does help to minimize two of the major
differences in climate among the urban-to-rural station
pairs.

Throughout this study we average across many sta-
tion pairs, which mitigates much of the noise intro-
duced by local landscape climate variability and back-
ground climate if this variability occyrs in a near-ran-
dom manner across the station pairs. We have no rea-
son to believe that it does not.

4. Results

a. Detection of urbanization using the Time Rate of
Change Method (TCM)

The year-to-year, urban-to-rural temperature differ-
ences (7,,_,) for the 1901-84 time period and for each
of the four elements—annual average, maximum and
minimum temperature, and temperature range—are
depicted in Figs. 5-8 for various categories of 1980
urban population. In Fig. 5, it is apparent that there is
considerable year-to-year variability of T,_, for all cat-
egories, and that there are also significant decadal or
multidecadal fluctuations, For the lowest category of
urban population, 2000-10 000, it is difficult to detect
a systemic change in T,,,, but for other categories there
is a general tendency toward larger positive T,_, in the
later years of record. It must be emphasized that these
time series are compiled from many station pairs and
that some time series of individual urban-to-rural sta-
tion pairs look quite different from those presented
here. Although it can be logically argued that abrupt -
shifts in the times series of urban-rural temperatures
are characteristic of the steplike development and ar-
chitectural spurts common in large cities, it is difficult
to explain the fluctuating or vacillating characteristics
of the time series using this reasoning. It is conceivable
that these are part of natural climate fluctuations
(changes in the frequency of weather types) as envi-
sioned by Lowry (1977). This is especially pertinent
considering that no time series presented in Fig. 5 con-
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sists of fewer than 18 pairs and usually includes many
more.

The maximum temperature (Fig. 6) for all categories
with a 1980 population of less than 100 000 displays
no tendency toward increasing 7, and in fact, the
category with a population of 10 000 to 25 000 exhibits
a tendency toward decreasing urban-rural temperature
differences over time. The category with 100 000 or
more shows an abrupt rise during the mid-1950s, with
a tendency in later years to return to differences of
magnitude prior to the 1950s. When differences’ be-
tween the two 42-yr periods (1901-42 versus 1943-
84) and the two 22-yr periods (1941-62 versus 1963-
84) are calculated, larger positive values of T, can be
found in the latter period. The nature of the abrupt
rise in the 1950s and the fall in the 1980s, however,
suggests that this difference may be due to causes un-
related to urbanization effects.

All categories of population exhibit a general increase
of T,,_, with respect to the minimum temperature (Fig.
7). This is apparent for the categories with a 1980 pop-
ulation of 2000~10 000, 10 000-25 000, and >100 000
categories. The trend in the 10 000-25 000 category,
however, may simply be an overestimate of the urban
effect, since temperatures are shown to be lower in ur-
ban areas than in rural areas prior to 1925, and there
is no trend for the 25 000 to 100 000 category until the
mid-1960s. As stated earlier, systematic differences in
local landscape and background climatic differences
are not considered in this method, so it is conceivable
that urban areas could have cooler temperatures than
nonurban areas, although, in addition, multiyear fluc-
tuations of the frequency of weather types affecting
these differences must also be considered. Nevertheless,
the general increase in the mean 7,_, is seen primarily
as a consequence of changes in minimum (or night-
time) temperatures.

The effects on the diurnal temperature range reflect
the nonuniformity of the trends of 7., for the maxi-
mum and minimum (Fig. 8). There is a definite trend
toward a decreasing temperature range in the 10 000
to 25 000 category. Here again, a large portion of the
decrease in this category is due to the rise in the min-
imum (Fig. 7), which may be exaggerated. This is also
true in the 2000 to 10 000 category, but only for the
period 1901-40. The decrease in range for other cat-
egories in less apparent. _

Figures 9 and 10 summarize the magnitude of 7,_,
for each variable and category identified in Table 1
with respect to the differences of T, for the first half
and second half (averages) of the 1901-84 and 1941~
84 time periods. The most important result that can
be derived from these figures in terms of the TCM is
the fact that the average temperature appears to be
slightly affected by urbanization even down to the low-
est category, 2000 to 10 000; these results, however,
are not statistically significant until the next category,
10 000 to 100 000, is considered. For the minimum
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FI1G. 9. Relative change in temperature (°C/decade) at urban stations compared to rural stations during

the years 1901-84. Here WI implies winter; AN, annual; and SU, summer. Open (blackened) dots and
dashed (solid) lines pertain to the TAM (TCM). Dashed (solid) lines connect annual values for the TAM
(TCM) for the three population categories. For the TCM blackened dots are replaced by an asterisk when
significant at the 10% level and double asterisks at the 1% level.
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F1G, 10. As in Fig. 9, except for the 1941-84 time period.

temperature the increase in the urban-rural tempera-
ture difference can be found to be statistically significant
even down to the 2000 to 10 000 population category.
The inconsistency of the results for the maximum
temperature for the different population groups is puz-

TEMPERATURE (°C)
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zling, especially for the 1941-84 time period. Previous
work, summarized by Landsberg (1981), suggests that
the maximum temperature is substantially less affected
by urbanization than the minimum. Figures 5-8 in-
dicate that a significant portion of the change of T,
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is in the form of fluctuations or vacillations, as opposed
to gradual increases that would reflect general increases
in population or urbanization aggregated across many
stations. Noting the uncertainty of the maximum tem-
perature, the temperature range seems to have been
only slightly affected by urbanization during the 1941
84 period but generally decreased in an erratic manner
with respect to the urban stations over the 1901-84
period.

In order to determine if there were important re-
gional differences with respect to the TCM, the analysis
procedure was repeated by dividing the country in half,
a northern network and a southern network, using the
40° parallel as a boundary. No significant differences
could be detected. Similarly, it was divided into eastern
and western networks, using the 90° meridian as a
boundary, but again, no significant differences were
found. '

When the same analysis was repeated with original
observations, uncorrected for potential discontinuities
but corrected for time of observation biases, the relative
warming of the stations located in urbanized areas was
found to be approximately the same or smaller than
that obtained from the adjusted data. This implies that
the procedure used by Karl and Williams (1987) to
adjust for potential discontinuities did not appreciably

mask or smear urban warming effects across the net-

work.

The rate of population change did not help explain
the low-frequency fluctuations in the time series. The
rate of change was used to categorize the subsets based
on the population from 1920, 1950 and 1980. The log-
arithms and ratios of the changes were compared to
the temperature difference series but no significant re-
lationship was found. Many other transformations are
possible, but only these two were tested.

b. Detection of urbanization using the Time Average
Method (TAM)

1) DEVELOPMENT OF REGRESSION EQUATIONS

Prior to the development of the relationship between
instantaneous heat island intensity and canyon sky-
view factors as a measure of urbanization, Oke (1976)
and other workers used empirical methods to develop
relationships between city size and the instantaneous
maximum 7T,._,. The goal in this part of the analysis is
to produce similar relationships, but for seasonal and
annual differences of temperature. Once developed,
these relationships can be used to remove the effects
of increasing population (urbanization) in large-scale
studies of climate change. For this reason, we developed
regression coefficients for various regression equations.
They are given in Table 2. Each equation was devel-

2 This means that for a few urban pairs, the 1950 population was
less than 2000. ‘
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) TABLE 2. Coefficient ¢ and the correlation (R) of regression equa-
tions using all populations of the form: T#, = a (urban. popula-

tion)***, where T*_,is the urban-rural temperature difference in °C.
Coefficient 95% confidence interval
Season  Coefficient a Upper Lower R
Average
Winter 1.81 x 1073 2.01 X 1073 1.61 X 1073 0.53
Spring 147X 107 1.64%107*  130x 107  0.50
Summer 2,03 x 1073 2.35x 1073 1.71 X 1073 0.40
Fall 201 X107 221 x 102  1.81X107> 057
Annual 1.82X 107 200X 1073  1.64 X107  0.57
Maximum
Winter 2.4 x 107 4.8 X 1074 0 0.07
Spring —-86X 10 —58X10™* -114X10"* —0.22
Summer -6.5X 107 25X 10 -10.5Xx10"* -0.11
Fall =27 X10% -05X%X10¢ —-49Xx10™% -0.18
Annual -39%x10* -1.7X10"* -56X10* -0.12
Minimum
Winter 3.18 X107 350 x 107 286X 107  0.57
Spring 302X 107 341 x107°  283x107 0.60
Summer 4,00 X 1073 444 x 1072 3.56 X 1073 0.54
Fall 4.10 X 1073 448 x 1073 3.72 X 1073 0.60
Annual 3.61 X 1073 393 x 1073 337 x 1073 0.62
Range
Winter —2.97 X 107 —2.59 X 107 —3.35X 107 —0.48
Spring -398 X 10~ —-3.55x 107 —441 X107 —0.54
Summer —4.79 X 107 —-429x 107 -529x10~* -0.56
Fall —436 X 1072 -3.88X 107 -—484X107° -0.54
Annual  —3.99 X 107* —-3.57 X 107> —4.41 X107 -0.56

oped separately for both 1950 and 1980, and subse-
quently, by combining data for both 1950 and 19802
after some of the effects of local landscape and back-
ground climate (elevation and latitude) were consid-
ered. In the process of formulating these equations,
several problems emerged.

The first problem was related to the appropriate
transformation of the population variable as repre-
sented by the urban metropolitan population. The
regression equation used was of the form:

T*, = f(POPULATION,), )]

where population refers to the urban population and
T%*, is the mean urban minus rural temperature dif-
ference after the differences between the stations in ele-
vation and latitude are considered. Several transfor-
mations .of population were chosen; the square root
and the logarithm of population were tested first.
Mitchell (1953) used the square root of population and
Oke (1973, 1976) the logarithm of population in his
work dealing with instantaneous 7,_,. Here, the square
root of population proved more satisfactory, as statis-
tically significant higher values of R in each of the sep-
arate regression equations were obtained using the 1950
and 1980 populations. As Mitchell (1953) argued, the
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square root function may have its basis in the tendency
of the area of a city to: 1) be proportional to its pop-
ulation; 2) change in area proportional to its population
change; and 3) be roughly circular in shape. The reason
why the square root function proved more satisfactory
than the logarithm in the regression equations is of
interest. Oke (1976) has convincingly demonstrated the
utility of using the logarithm of population, and more
recently (Oke 1982), he has attached physical signifi-
cance to the use of the logarithm of population in terms
of city canyon sky-view factors. It must be remembered,
however, that his work addresses the maximum ob-
served urban-to-rural temperature difference, which is
usually measured in parts of the city that have the
greatest development, i.e., the lowest sky view factors.
In this analysis, however, it is unlikely that an urban
station will be located in that part of the city with the
greatest development or lowest sky view factor. Instead,
observing stations may be scattered across the city, and
the probability that a station is located in an area with
relatively low canyon sky view factor is likely to be
disproportionately higher for cities with large popula-
tions and many developed areas than for cities with
small populations and only one central developed area.
In this regard, the square root function increases with
population at a faster rate than the logarithm. This,
then, could help explain the better relation of the square
root function with heat islands studied herein. Fur-
thermore, it would suggest that there is no reason why
the square root of population should be the best de-
pendent variable, and that other powers should be
considered if the residuals of the regression equation
are not well behaved. For both the 1950 and 1980 data,
the resulting form of (1) then became

T*, = a (POPULATION, ), 2

where qg is a coefficient determined by least squares
methods and b equals 0.5.

The second problem concerned the variance of the
residuals of Eq. (2) which were not random for pre-
dicted values of 7%, and were heteroscedastic. This
undesirable characteristic was addressed by a weighted
least squares regression analysis as suggested by Draper
and Smith (1966). For each of the three categories of
population defined in Table 1, the relative importance
of the observations within each category was made
equal. Since there are three categories, the weight of
each observation was defined by

0.333(N/N.), 3)

where N is the total number of observations and N, is
the number of observations in category c.

In order to test whether the form of (2) was an ap-
propriate /inear equation, a was calculated for each of
the three categories of urban population in Table 1
using unweighted least squares procedures. For these
calculations, both the 1950 and the 1980 subsets were
merged together, since the coefficients were quite con-
sistent for these two subsets. After calculating q, it be-
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came apparent that, as the population increased, the
value of @ tended to become slightly smaller in absolute

“value, especially for the average temperature. Further-

more, several of the coefficients from each category
were found to be outside of others’ 95% confidence
interval. Other values of b were tried in order to resolve
this problem, i.e., » = 0.35, 0.40, and 0.45. A satisfac-
tory result was achieved using

T%, = a (POPULATION,)**. 4)

Tables 2-5 contain the results of these tests with b
= 0.45. Inspection of the coefficients indicates that all
the coefficients, regardless of population category, are
contained within the limits of others’ 95% confidence
interval. Table 6 was prepared in order to show any
remaining systematic tendency of decreasing values of
a with increasing population. None exists for the av-
erage or the maxima, but it could be argued that the
exponent b = 0.45 has undercorrected for the mini-
mum and temperature range. It is possible that a more
appropriate exponent in (4) would be slightly below
0.45 for the range and the minimum, but the end points
of the 95% confidence intervals for each of the popu-
lation categories were quite close; therefore, no such
change was made. Slightly different values of b for the
temperature range and the minimum temperature

TABLE 3. As in Table 2, except for population
of less than 10 000.

Coefficient 95% confidence interval

Season  Coefficient a Upper Lower R
Average
Winter 146 X 1072 3.12x 107 -020%x 1072 008
Spring 203X 107%  335x%x 107 0.71 X 107 0.13
Summer 3.19 X 107 5.06 X 1073 1.31 X 107 0.15
Fali 1.73 X 107 325 x 1073 0.21 X 10  0.10
Annual 207 X 107 3.43 % 1073 0.71 X 107°  0.13
Maximum
Winter —1.41 X 107 0.19 X 107> -3.01 X 107> —0.08
Spring —0.74 X 107 0.89 X 10 -239 X 10° —0.04
Summer 033 X 107 239X 107 —1.72x 10" 0.01
Fall —~1.17X 107 0.35x 107 =269 X 107> -0.07
Annual -0.77 X 107> 0.63 X 107> =2.17 X 10 -0.05
Minimum
Winter 411 X 107*  6.71 X 1073 1.51 X107  0.14
Spring 490 X 107*  7.10 X 1073 270 X 107* 0.20
Summer 6.75 X 107 9.35 x 1073 415%x 107 023
Fall 4.80 X 107 7.60 x 1073 220 x 1072 0.15
Annual 512X 107 752X 1073 272 x 107 0.20
Range
Winter —5.56 X 107* —=2.76 X 107> —8.36 X 107> -0.18
Spring  —5.65 X 107 —2,65 X 10~ —8.65 X 10> —0.17
Summer —6.74 X 107 =334 X 107 -10.14 X 10 -0.18
Fall ~597 X 107 =257 x 107 -937Xx107° -0.16
Annual ~5.89 X 107 -2.89 X 107? —8.89 x 10~ —0.18
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TABLE 4. As in Table 2, except for population
of between 10 000 and 100 000,

Coefficient 95% confidence interval

Season  Coefficient a Upper Lower R
Average .
Winter 148 X 1073 266X 1073 030x10°  0.15
Spring 126 X107 220X 107 032x107 016
Summer 2.13 X107 3.55x 107 071x10°*  0.18
Fall 1.27 X 1073 227 %X 1073 0.27 X 1073 0.15
Annual 1.51 X 107 251107 061 x107* 020
Maximum
Winter —0.80 X 107 0.60 X 107> ~2.00 X 10" -0.08
Spring —1.84 X 1072 032X 107 -336 x 10 —-0.14
Summer -1.89 X 107  0.31 X 10 ~4.09 X107 -0.10
Fall 113X 107 0.13x107* -239x107% -0.11
Annual —1.14 X 1072 0.16 X 107 ~-244 x10* —0.13
Minimum
Winter 345X 1072 515X 107 175X 107 0.24
Spring 326X 1073 456%x 1070 196X 102 029
Summer 4.81 X 107} 637 x107%  325x107% 035
Fall 3.09x 10 485x107*  1.33%x10°%  0.20
Annual 365X 107 507%x10°*  223x107*  0.30
Range
Winter —4.33 X107 -2.61 X 107 —6.05X% 10" —0.29
Spring  —5.11 X 107 =291 X 10"* -7.31x10"* —0.27
Summer —6.94 X 107 —4.34X 107 -9.54 X 1073 —0.30
Fall —-422 X107 -1.82X 107 —-6.62X107* —0.21
Annual —5.08 X 1073 7.08 X 107  —0.28

—-3.08 X 1072

maxima. These differing signs and the relatively large
positive coefficients of the minima produce negative
coefficients for the temperature range for all seasons.
The magnitude of the coefficients for the average tem-
perature is about one-half that for the minimum tem-
perature, but the signs are unchanged.

The seasonal variation of the magnitude of the coef-
ficients is significant. The coefficients are larger for the
range, minima, and average during the summer and
fall months than during the winter and spring months.
The changes in the minima are mainly responsible for
the larger coefficients of the average and range during
summer and fail.

5. Interpretation of the results

A cor‘npan'son of the results of the TCM and the
TAM was completed by applying the equations derived
from the TAM, in the same format as that used for the
TCM, to predict the magnitude of the urbanization
effect. Equation (4), the coeflicients in Table 2, and
twentieth-century population statistics were used to
calculate the change in the T,_, over the two sets of
time peniods, 1941-62 versus 1963-84 and 1901-42
versus 1943-84, using the station pairs depicted in Figs.
1-4 for each set. Population estimates were obtained

TABLE 5. As in Table 2, except for population
greater than 100 000.

Coefficient 95% confidence interval

compared to the other elements could not be ade-
quately justified on any physical basis. Furthermore,
such a change would alter the results to only a very
small degree. : )

The information provided in Tables 2-5 is of par-
ticular importance because it indicates that (4) can be
applied to very low as well as to very high urban pop-
ulations, a result that is not so obvious from an in-
spection of the scatter in Fig. 11, especially for low
populations. In particular, the large number of urban-
to-rural station pairs in the low population categories
helps to offset the large variance in residuals and re-
duces what otherwise would be very large standard er-
rors of estimate for a.

2) CHARACTERISTICS OF THE REGRESSION EQUA-
TIONS

Some of the important characteristics of the regres-
sion equations are immediately apparent (Table 2).
First, for most seasons the coefficients associated with
the minima have a different sign than those associated
with the maxima. Furthermore, the magnitude of the
coefficients for the minima are much larger (by ap-
proximately an order of magnitude) than those for the

Season  Coefficient a Uprper Lower R
Average
Winter 1.74 X i07* 212X 107* 136 X 107 0.81
Spring 146 X 107 186 X 10* 106 X 10 0.75
Summer 1.94 X 107> 284X 107 1.04 X 107* 0.53
Fall 1.86 X 107 232X 107 ¢«£Lx 87 078
Annuat 1.74 x 107* 2,18 x107% 1.30x107% 071
‘ Maximum
Winter 028 X107 088 x107% -032x107% 0.14
Spring  —0.68 X 107*  0.04 X 107 —~1.40 X 107* —0.28
Summer —0.52X 107 048 X 10 -152X107 -0.16
Fall -0.24 X 107 024 X 107 ~072 X 10® -0.16
Annual —0.29 X 107 0.25 X 107 —0.83 X 107 -0.16
Minimum
Winter 302X 107 376 X 1073 228X 1073 0.78
Spring 3.02 X107 3R2x 1073 222%x107% 075
Summer  3.81 X 107  5.17 X 107 245X 10 0.65
Fall 379 X 1072 479 X107 279 %X 107 0.75
Annual 342 X 1072 432X 107 242X%10°% 076
Range

Winter -2.77 X 107 —1.67 X 10> -3.87 X 103> -0.61
Spring =371 X 107 =251 X 1073 —4.91 X% 107 -0.68
Summer —4.41 X 1073 =371 X 16¥ ~<€ K48 -0.74
Fall —402 X 107 -2.76 X 10 -5.28 X 107 -0.69
Annual =371 X 107?255 X 10" —-4.87 x 10* —0.70
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TABLE 6. Relative position of the magnitude of the coefficient g
of the regression equation: 7%, = g (population,)®** with respect to
three categories of population: 1) 2000 to 10 000, 2) 10 000 to 100 000,
and 3) >100 000. Here L, M, H, stand for the rank of the coefficients:
low, medium, or high.

Season 1 2 3
Average
Winter L M H
Spring H L M
Summer H M L
Fall M L H
Annual H L M
Maximum
Winter L M H
Spring M H L
Summer L H M
Fall H M L
Annual M H L
Minimum
Winter H M L
Spring H M L
Summer H M L
Fall H L M
Annual H M L
Range
Winter H M L
Spring H M L
Summer M H L
Fall H M L
Annual H M L

from the U.S. Census Bureau statistics for the 1920,
1950, and 1980 census. From these census figures the
population of each station during each year from 1900
to 1984 was estimated by using the time rate of change
derived from the difference in population 1950-20 for
the period prior to 1950, and 1980-50 for the period
after 1950. Figures 9 and 10 give the results of such
calculations for the TAM. Several general character-
istics are apparent. First, for the TAM, the difference
between the rate of urban warming (or cooling) is con-
sistent regardless of the time period (either 1901-84 or
1941-84) chosen for comparison. For example, for the
- average temperature, the warming rate of the most
populous category is approximately 0.09°C decade™
for the period from 1941 to 1984 and 0.08°C decade™"
for the whole period from 1901 to 1984. This consis-
tency in the rates of change holds for all elements and
population categories. The same cannot be said for the
TCM results. The warming due to urbanization for the
maximum temperature is greater by nearly 0.04°C for
two of the three population categories solely by chang-
ing time periods. The results from the TAM indicate
that this cannot be attributed to a change in the network
of station pairs nor to a large change in the rate of
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population increase. It is more likely that this variability
is a result of the noise in the time series introduced by
imperfect adjustments for discontinuities, undocu-
mented inhomogeneities, changes in the frequency of
air mass regimes or weather types, and other inherent
random and nonrandom variations.

- The primary difference between the two methods of
deriving average temperature is manifested in the
highest population category (>100 000). Compared to
the TCM, the TAM predicts nearly twice the bias due
to urban warming. Both methods, depict a positive ur-
ban bias, however, even at very low urban populations.
This is consistent with the resuits of Landsberg (1975)
for Columbia, Maryland. The difference in the highest
category (> 100 000) is due to the much larger warming
rate of the TAM for the minimum temperature. In the
same category, very large differences occur in the rate
of temperature decrease of the diurnal temperature
range. There is much closer agreement for the two lower
population categories with respect to the sign and mag-
nitude of the rates of change of T,_, for most elements.
In these two categories, only during the period from
1941 to 1948 is there a discrepancy between the two
methods, namely, in the maximum temperature for
the 10 000 to 100 000 category.

In terms of seasonal variations, both the TAM and
the TCM indicate that the rate of warming for the min-
imum and the average temperature is larger during
summer and fall than during winter and spring. This
is consistent with the results of other work for both
T.., and the instantaneous maximum 7, in much of
the United States (Landsberg 1981). The season with
the smallest urban effect is spring. Apparently, the rel-
ative infrequency of calm nights in midlatitudes during
the spring as compared to the other seasons, and the
smaller amounts of anthropogenic heat compared to
winter, prevent the urbanization effect in spring from
being as large as that during other seasons.

6. Implications of urbanization

The results of previous studies can be used to help
resolve the differences between the TCM and the TAM.
Prior analyses, which have addressed both the maxi-
mum and minimum temperature using variations of
either the TCM (Cayan and Douglas 1984) or the TAM
(Chandler 1965; Landsberg 1981; Hage 1972; Garstang
et al. 1975), have all indicated that the minimum tem-
perature is more strongly affected by urbanization than
the maximum. Furthermore, the many studies of in-
stantaneous 7, suggest that the urbanization effects
in daytime (maximum temperature) are small; some
studies have detected a “cool island” (Oke 1982). This
is consistent with the results of the TAM. Because of
this, and because

1) the TCM is somewhat inconsistent from time
period to time period with respect to the warming rate
of the maximum temperature;
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FIG. 11. Scatter plots of T%, (see section 3) related to population shown in four different ranges. The solid line depicts regression line of

best fit, and a vertical dashed line represents no relation between population and 7%.,. The regression line is based on all urban populations
for 1950 and 1980 combined.

2) the TCM is vulnerable to imperfect adjustments

‘for station changes;

3) the TCM can be adversely affected by undocu-
mented changes in the local landscape in the immediate
vicinity of the station any time over the entire twentieth

century;

4) the TCM can be affected by changes in the fre-
quency of air mass regimes over time; and

5) there is uncertainty about the most appropriate
technique for calculating the time rate of change due
to the fluctuations and vacillations in the series; the
results from the TAM are preferred.
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The TAM was used to calculate the effect of urban-
ization on the climate record of the United States in
the HCN. Stations from two subsets of the original
1219 stations were used. In both subsets, data were
adjusted for potential discontinuities. In one subset
(subset a), at least 75% of the adjusted data had to be
present (no more than 25% of the data estimated), and

Temperature Difference °C (urban ~ rural)

FiG. 11. (Continued)

the stations with the widest confidence intervals in the
adjustments were not used (i.e., the widest 10% were
omitted). In the other subset (subset b), all stations that
could be adjusted were used, regardless of quality. Area-
weighted temperatures were calculated by forming 23
regions in the United States (Fig. 12) and identifying
a fixed network of stations for various time periods for
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FIG. 12. Regions used to area weight temperatures in the United States area-average calculation.

the maximum, minimum, and range, as well as for the
average temperature (Fig. 13). Seasonal means for each
region were calculated by weighting each station within
a region equally, and a United States area mean was
calculated by weighting each area according to the area
of the region relative to the area of the contiguous
United States. Adjustments for urbanization effects
were applied to the data using (4) for each network
and for each season. The populations of each station
were derived as described in section 5. Figure 14 depicts
the urbanization corrected and noncorrected temper-
ature time series for the “higher” quality network (sub-
set @). The urbanization bias in these networks is small.
It averages approximately +0.06°C for the average
temperature, +0.13°C for the minimum temperature,
—-0.01°C for the maximum temperature, and a
—~0.14°C for the temperature range over the 1901-84
time period. When the same urbanization corrections
are applied to the subset b time series, the heat island
bias is nearly identical in both networks.

Much of what is presented in Fig. 14 with respect
to the mean temperature has been noted by others,
who have used mostly nonurban stations (Diaz and
Quayle 1980; Karl et al. 1984), but the changes in the
maximum, minimum, and temperature range in the
United States over the entire twentieth century have
never before been documented. One of the most in-
teresting characteristics of the climate record is the de-
crease in the diurnal temperature range since the 1940s

and the lack of any noticeable trend prior to this time.
Karl et al. (1984, 1986b, 1987) discuss this recent de-
crease as it may relate to the greenhouse effect or aerosol
loading. _

Table 7 and Fig. 15 provide an estimate of the effect
of urbanization for cities of various sizes compared to
a rural station. It is clear from Figs. 14 and 15 that,
due to the large number of rural stations in the HCN,
the effect of population growth in the HCN networks
is not large when temperature data are aggregated
across much of the HCN database. The average differ-
ence in the mean temperature trend is only 0.06°C,
quite small compared to the year-to-year variability of
the annual mean and many of the multiyear climate
fluctuations or changes in level (cf. Fig. 14). However,
the use of another dataset with a greater urban repre-
sentation, if uncorrected, could easily result in much
larger biases.

7. Conclusion and recommendations

Urbanization has influenced the climate records of
even small towns in the United States (Fig. 15). A
method has been developed that, when used with large-
scale area averages, removes most of the bias for the
temperature maximum, minimum, average, and range,
given the history of station population. The urbaniza-
tion bias was found to be a predominately nighttime
phenomenon especially pronounced in minimum
temperature and the diurnal temperature range.
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FIG. 13. Fixed network of stations (1901-84) where the confidence of the adjustments and the amount
of estimated data (a) were considered and (b) where they were not considered.

The effect of urbanization on the Historical Cli- mum temperature but significant for the diurnal min-
matology Network during the twentieth century (1901- ima, means, and range. On an annual basis it amounts
84) is shown to be practically negligible for the maxi- t0 0.06°C, 0.13°C and —0.14°C for the average, min-
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TABLE 7. The effect of urbanization on the annual temperature
(°C) in the United States with respect to a station located in a rural
environment (population < 2000). Each element is derived inde-
pendently of other elements [(max + min)/2 = avg].

Diurnal
temperature
Population  Average Maximum Minimum range
2000 0.06 -0.01 0.12 —0.13
5000 0.08 ~-0.02 0.16 -0.18
10 000 0.11 ~0.02 0.22 -0.24
20000 0.16 -0.03 0.32 -0.35
50 000 0.24 -0.05 0.48 -0.53
100 000 0.32 -0.07 0.63 -0.70
200 000 0.44 -0.09 0.87 —-0.96
500 000 0.67 -0.14 1.33 —-1.47
1 000 000 0.91 -0.20 1.81 -2.00
2 000 000 1.25 -0.27 2.48 - =274
5 000 000 1.88 —0.40 - 373 —4.12
10 000 000 2.57 -0.55 5.10 —5.63

imum and diurnal temperature range, respectively. It
must be noted, however, that the Historical Climatol-
ogy Network is a relatively rural station network, in
which over 85% of the stations are located in cities with
a population of less than 25 000 in 1980. This implies
that the growth rate of these stations has been quite
small over the twentieth century. Results from subsets
of the network and from other studies indicate that
much larger biases are present in rapidly growing urban
areas. Several additional points about the resulis de-
serve emphasis:

1) The results are based on a statistical aggregate
over many station pairs.

2) There are strong fluctuations in long time series
of urban-to-rural temperature differences, which may
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be related to climate variability or local changes around
each site. This makes it difficult to assess the effect of
urbanization using such time series, especially for sta-
tions with small urban warming biases.

3) No significant regional differences were detected,
but some significant seasonal differences were found
with respect to the magnitude of the urban bias. The
bias was found to be greatest during summer and fall,
and least during winter and spring.

4) The adjustment scheme used in the HCN had
little effect on the results. '

Some words of caution are pertinent. The rural sta-
tions used to estimate the impact of urbanization had
an average population in 1980 of 700, so that, for a
station located in an unpopulated area, the computed
magnitude of the annual average heat island effect is
underestimated. On the other hand, if the equations
we developed are extrapolated to a population of zero,
such underestimates are likely to be relatively small,
no more than 0.03°C.

We do not recommend the use of the equations de-
veloped in this study to predict the impact of a heat
island at any particular station as the explained variance
of the equations is not high enough for such an ap-
praisal to be valid. Instead, the equations should be
used only if a number of stations are available to rep-
resent regional averages. Local climate effects, the spe-
cific location of the station in relation to the city center,
and the special attributes of any given city, possibly
unrelated to population, preclude the prediction of the
urban effect at any single location by this methodology
alone.

For similar reasons, the general application of such
equations in a global context cannot be recommended

0.6 Left Scale ﬁ»l ———3=  Right Scale MIN -6
—  0.44 be
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F1G. 15. Annual mean temperature bias due to urban effects as a function of population derived
from stations in the U.S. Historical Climatology Network. The left scale is for population up to
90 000 and the right scale for populations of 90 000 or more. Here AVG implies average tem-
perature, MAX, maximum temperature, MIN, minimum temperature, and RNG, temperature

range.
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TABLE 8. Predicted annual T, (°C) using Oke’s (1976) equations.

Population Europe North America Ratio
2000 2.6* 33 0.79

5000 3.4* 45 0.76

10 000 4.0* 5.5 0.73

20 000 4.6* 6.4 0.72

50 000 5.4 7.6 0.71

100 000 6.0 8.5 0.71
200 000 6.6 9.4 0.70
500 000 7.4 10.6 0.70

1 000 000 8.0 11.6 0.69
2 000 000 8.6 12.5 0.69
5 000 000 9.4* 13.7 0.69
10 000 000 10.0* 14.6 0.68

* Predicted values are outside the bounds of the developed regres-
sion equations.

either. The varying ratios of anthropogenic heat gen-
erated by the city to amount of insolation received,
quantities of evapotranspiration, ventilation, etc., are
likely to be appreciably different in tropical and polar
climates compared to the midlatitudes. Indeed, pro-
longed intense inversions in polar climates have been
shown to produce very large heat islands (Weller 1982).
On the other hand, the climate of the United States
may be similar enough to other midlatitude locations
in Europe and Asia that the equations developed might
be effective. Oke (1976, 1982) provides evidence to
suggest, however, that the estimate of the greatest in-
stantaneous T, for any given city is characteristically
different for European and North American cities be-
cause of characteristic differences in canyon sky-view
factors for equal populations. Table 8 contains the es-
timated effect of population on the largest instanta-
neous T,_, in Europe and North America. Since these
values were associated with clear, calm nocturnal tem-
peratures, one can assume that a large portion of the
differences can be attributed to the characteristics of
the cities themselves. If so, then one could conceivably
use the ratio of the maximum instantaneous 7,_, of
European versus North American cities as an adjust-
ment to the predicted effect of urbanization as derived
from the equations developed in this study, but this
should only serve as an interim solution to the problem

until data can be examined in other parts of the world.

At the present time, however, the station density of
computer compatible global land surface datasets needs
improvement,
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