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1. Introduction

Temperature changes due to urban warming
can be a biasing factor in monitoring climate
changes, as many observation stations are
located at cities and towns. On the global scale,
urban warming is believed to be negligible to the
observed temperature trend. The IPCC’s Fourth
Assessment Report (IPCC 2007) has concluded
that the global mean temperature trend, estimated
to be 0.74°C/century for 1906 to 2005, is little
affected by urbanization. Parker (2006, 2010)
compared the temperature trends on “windy” and
“calm” days at 290 stations in the world, using the
NCEP-NCAR reanalysis surface wind data, to
define windy and calm weather, and found no
significant differences with only a small number of
exceptional stations. This fact was interpreted as
indicating the insignificance of urban effects on
large scale temperature changes, because the
urban heat island is generally enhanced on calm
nights (e.g., Landsberg 1981; Oke 1987).

On the other hand, studies for some regions
including the east Asia have revealed larger
temperature trends at urban stations than at rural
sites (Zhou et al. 2004, Griffiths et al. 2005; Stone
2007; Hua et al. 2008; Ren et al. 2008; Kataoka et
al. 2009; Lai and Cheng 2010; McCarthy et al.
2010). In Japan, urban influence on temperature is
quite conspicuous at large cities (Fukui 1957;
Kawamura 1985; Fujibe 1995, 2010a; Kato 1996;
Ichinose 2003), while urban heat islands have
been observed even in small towns and
settlements (Tamiya 1968; Tamiya and Ohyama
1981; Sakakibara and Morita 2002). A statistical
analysis using data on the AMeDAS (Automated
Meteorological Data Acquisition System) network
has detected anomalous temperature increase
relative to rural sites at stations in areas with
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population of 100 to 300 people per square
kilometer (Fujibe 2009, 2010b), indicating that
urban warming is detectable not only in large cities
but also at slightly urbanized sites. A signal of
urban effect has also been found in the weekly
temperature cycle, with lower temperature on
Saturdays and holidays than on weekdays (Fujibe
2010a). It is therefore interesting to apply the
method of Parker (2006, 2010) to Japan, and to
see whether there is any signal indicating
urban-induced trend.

The aim of the present study is to detect urban
warming in Japan on the basis of dependence on
meteorological conditions. It is recognized that the
intensity of nocturnal heat island depends not only
on wind speed but also on weather, with a larger
urban-rural temperature difference under cloudless
skies than in cloudy and rainy conditions (e.g.,
Yamashita et al. 1986; Sakakibara and Matsui
2005). The study therefore evaluates the
difference of temperature trends between rainy
and non-rainy cases, as well as between windy
and calm cases.

2. Data and analysis procedures
2.1 Temperature and population data

The study uses hourly AMeDAS data of
temperature, wind and precipitation for 30 years
from March 1979 to February 2009. The data are
provided with resolution of 0.1°C, 1m/s and 1mm,
respectively. The analysis procedure is almost the
same as that of Fujibe (2009), except that the
period has been extended forward by three years,
and that wind and precipitation data have been
added for case selection. Stations at which
percentage of days with missing data exceeded
3% of the total number of days for any one of the
quantities and for any one of the twelve months
(for January, for example, days with undefined
values were more than 31 days x 30 years x 3% =
28) were not used. In order to avoid the influence
of discontinuity due to site changes, stations which



Table 1

List of AMeDAS stations used for analysis.

Definition or explanation

Number of stations

Large cities  Stations in cities with population of = 500,000. 16
Group A P > 3000km™, except those in "large cities" 27
Group B P = 1000-3000km™. 72
Group C P = 300—100km™. 137
Group D P = 100-300km™. 110
Reference P < 100km™. 142

Total 504

moved by a horizontal distance of 1km or more, or
a height of 5m or more, were not used. Figure 1
shows the distribution of 504 stations selected in
this way.

The population density around a station i was
calculated using the 2000 census data on grids of
30" in latitude and 45" in longitude (about
1km x 1km), applying a weighted average in the
form
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where P(g) is population on the grid g, rg is its
distance from the station i, and R = 3km. Stations
were categorized into six groups in P as listed in
Table 1. Stations at sites with P <100 km™ were
regarded as non-urban and were used as
reference stations for defining the urban anomaly.
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2.2 Definition of rainy and non-rainy cases
Selection of rainy cases was based on the
precipitation data of AMeDAS. However, the 1mm
resolution of the data is not sufficient to detect
weak precipitation that may affect urban heat
budget. The analysis was therefore made using
six-hourly precipitation, which was expected to
capture weak, continuous precipitation more
efficiently than hourly precipitation. A case was
regarded as “rainy” if there was =1mm
precipitation for the preceding six hours, and
“non-rainy” otherwise. It is to be noted that the
term “rainy case” is used symbolically, although it
includes some cases of frozen precipitation.

2.3 Definition of windy and calm cases

The analysis was based on surface

geostrophic wind speed (GWS) calculated from the
sea-level pressure at observatories of the JMA, as
an index of the regionally representative wind
intensity. Calculation of GWS was made using
six-hourly (0300, 0900, 1500, and 2100 JST) data
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Distribution of AMeDAS stations used in the analysis, and the division of Japan into regions.



at 146 observatories, which were selected on the
condition that missing data were less than 100
during the analysis period, based on the least-
squares criterion

z exXp{(—H pi (X +biy; +G,)} —> min. )
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where p; is sea-level pressure at station i, x; and y;
are eastward and northward distance from the
target point, rg=150km, and a and b; are
eastward and northward pressure gradient that
were used for calculating GWS. “Windy” and
“‘calm” cases were defined by upper and lower
terces, respectively, of GWS at each of the
six-hourly observation times during the 30 years.
The average values of GWS in windy and calm
cases are 9.15m/s and 2.10m/s, respectively. The
average GWS over all the cases, namely the
annual mean GWS, is 5.29m/s.

2.4 Calculation of urban temperature trends

Hereafter we use the notation Tj,(y) to indicate
the temperature observed at time j on day n at
station i in the year y. The analysis of temperature
trend was made using the departure from the
climatic mean, Tj,, which was defined for each
calendar day as the 30-year average of T, on that
calendar day, with a nine-day running averaging
that was applied three times to filter out day-to-day
irregularities. The departure from the climatic
mean, T*j,, was then defined as T*ni(y) = Tjni(y) —
Tjni .

The average of T* at non-urban sites
surrounding station i was obtained from the
least-squares condition:
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where xj, and y;, are respectively the eastward
and northward distances from station i of a
non-urban station h, rih2=Xih2+yih2. rp is a
parameter controlling the spatial scale of
interpolation, and &, by, and T*,, are least-
squares coefficients. The value of ry was set to
300 km, to ensure that a sufficient number of

non-urban stations were included in the calculation.

The departure of T*j,; from T%,, defined as ST*i(y)
= T*ni (¥) — T%ni (y), was used as the measure of

urban anomaly.

The analysis of long-term trend was made
after summing oT*; (y) over days satisfying a
specified condition, and stations in a specified
group. In order to avoid the influence of seasonal
inhomogeniety in number of cases, the summing
was first made for each month. For the rainy case,
for example,

<OT*n; (y; rainy)> = % OT*ni (Y)IN, (4)

where m is month. The summation in i covers all
the stations in the specified region, while the
summation in n is for all the days satisfying the
specified condition in the month m, and N is the
total number of cases covered by these
summations. The difference of rainy and non-rainy
cases was then obtained by

<AST*mj (y; RA)>
= <6T*n (y; rainy)> — <6T*y; (y; non-rainy)> (s

Likewise, <oT*m (y)> for windy and calm cases,
and their difference <A40T*y (y, GWS)> was
calculated.

Then <oT*y; (y)> was smoothed in the way
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or, for the daily mean value of <6T*y; (y)>,
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The daytime and nighttime mean of <oT*n (y)>
was defined by the average for 0700 to 1800 JST,
and for 1900 to 0600 JST, respectively.

The linear trend of <&T*y; (y)> was calculated
using the least-squares criterion

y,zm{<é_T*mi (y)> - (A + Ty —> min, (8)

where the summation in m covers specified
months, and A; and T are least-squares
coefficients. The linear trend is given by T’. The
same procedure as egs.(6) to (8) was applied to
<46T*> to obtain the differential trend between
cases. Hereafter we use the notation AT’; (RA) and
AT’} (GWS) to indicate the differential trend of each
parameter.



3. Results

Figure 2 shows the time series of
<OT*yi (y; rainy)> and <dT*y (y; non-rainy)>, and
the difference <A46T*y; (y; RA)>, for the daily mean
values at stations in large cities. The time series of
<AST*y; (y; RA)> for the nighttime (19-06 JST) is
also shown. There is an increasing trend in <6T*>
both for rainy and non-rainy cases, with a slightly
larger value for the former, so that <A5T*> has a
decreasing trend. Figure 3 shows the time series
for windy and calm cases, and their difference. The
increase of <46T*> is higher for calm cases than for
windy cases, so that <45T*y; (y; GWS)> shows a
negative trend.

Figure 4 shows the annually averaged values
of T’} (non-rainy and rainy) and AT’; (RA) for each
population group. Figure 5 shows those of
T’j (calm and windy) and AT’; (GWS). Generally T,
is positive, and tends to be larger for groups with
larger values of P. This fact indicates that urban
signal is detectable both in non-rainy and rainy
conditions, and in calm and windy conditions.
However, AT’; (RA) is significantly negative for all
the station groups including that for 100<P<
300 km?, indicating that urban warming is more
conspicuous under non-rainy conditions than in
rainy conditions not only in large cities but also at
slightly populated sites. For AT'; (GWS), significant
negative values are found for stations in large
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Fig.2 Time series of ST* for non-rainy and rainy cases
(daily mean), and their difference A46T* (daily and
nighttime mean) for stations in large cities, based
on an analysis covering the whole year and
whole country.
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Fig.3 Same as Fig.2, but for calm and windy cases.
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Fig.4 Dependence of T’ for non-rainy and rainy cases
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(daily mean), and their differential trend AT’ (daily
and nighttime mean) on categories of population
density, P. Vertical bars indicate 95% confidence
ranges.
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Fig.5 Same as Fig.4, but for calm and windy cases.
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Fig.6 Time-of-day dependence of AT' (RA) for each

category of population density, P, and season.
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Fig.8 Same as Fig.5, but for the daytime (10-15 JST)
of spring (March-May).

cites and the P=23000 km? group. Negative
values of AT’ tend to be larger in the nighttime
than for the daily mean, in agreement with our
general understanding that urban warming is more
conspicuous in the nighttime than in the daytime.

Figure 6 shows the diurnal variation of AT’
(RA) for each season (for simplicity, results for
100<P <300 km™ stations are not shown). In all
the seasons, AT’j (RA) has significant negative
values at night or at least part of the night, while it
is generally small in the daytime. A similar diurnal
variation pattern is observed for AT’ (GWS) in
winter (Fig.7). For large cities, significant negative
values of AT’; (GWS) are also found in spring and
autumn, although no difference is found for
summer.

An exceptional feature in Fig.7 is the positive
AT'j (GWS) values in the daytime of spring at
stations in groups P=1000 km™. Figure 8 shows
T, (GWS) and AT’} (GWS) for the midday of spring
(10-15 JST from March to May). There are positive
trends (T’;>0) in windy cases, while calm cases
show no significant trends that tend to decrease
with P, so that AT’; has significant positive values
for stations in large cities and the P=3000 km™?
group. The AT} value for stations in the
1000 <P <3000 km™ group is also significant at
the 10% level.

4. Concluding remarks

The present study has revealed higher urban
warming, which was defined by the trend of
temperature departure from rural sites, in non-rainy
cases than in rainy cases even for slightly
urbanized sites with population density of
100<P <300 km®. For the difference between
windy and calm cases, higher trends in calm cases
are found for stations with population density of
P>3000 km®. Both the rainy versus non-rainy
difference and the windy versus calm difference
are more conspicuous for the nighttime
temperature than the daily mean. These features
agree with our understanding that urban
temperature anomaly is enhanced in the nighttime
under calm and cloudless conditions. In this
respect, the present study has given convincing
evidence of urban warming in Japan, not only in
large cities but also at slightly urbanized sites. This
result is in agreement with the previous finding of
anomalous trends and weekday-weekend
differences in urban temperature in Japan (Fujibe
2009, 2010a,b).
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