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bstract

Extensive conversion of paddy fields to other landuse/landcover types may have adverse consequences including microclimate change. In this
tudy we assess the effect of landcover changes on ambient air temperature using remote sensing images. NOAA AVHRR thermal images were
sed for surface temperature retrieval using the split window technique. SPOT multispectral images were used for landcover classification using the
upervised maximum likelihood classification method. Through an inversion algorithm, landcover-specific surface temperatures were estimated.
ocally calibrated relationships between surface and air temperatures with respect to different landcover types were developed using field data and
sed to yield average air temperatures over individual NOAA pixels. Significant linear relationships were found between average air temperatures
nd within-pixel coverage ratios of individual landcover types. Such relationships are inter-related and they collectively characterize the prevalent
andcover conversion pattern in the region. Quantitative assessment of the effect of landcover changes on ambient air temperature was conducted

y considering conditions under the prevalent landcover conversion and forced landcover conversion. Under the prevalent landcover conversion,
educing the within-pixel coverage ratio of paddy fields from the maximum of 26% to none will result in an ambient air temperature rise of
.7–3.1 ◦C. Forced landcover conversion contradict the existing landcover pattern and may cause complicated consequences. Additional resources
llocation and incentives may need to be introduced in order to ensure a successful forced conversion.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Rice cultivation through paddy irrigation has had a long his-
ory in eastern and southeastern Asia. The vast extent of paddy
elds necessitates a well-organized and sophisticated irrigation
etwork including reservoirs, ponds, intake/outlet structures,
umps, channels, and flumes to convey enough water to all
oints in an irrigation district. Despite of its long history and
elevant cultural aspect, such practices have been criticized for
nefficiency of water utilization. In addition, demand and request

or larger share of water utilization from industrial sectors are
ver increasing due to low market prices of agricultural pro-
uce as compared to industrial products. After entering WTO,
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gricultural sectors in Taiwan also face harsh competition of
mported produce from labor-cheap countries. As a result, paddy
elds in some regions are left fallow and converting paddy
elds to other landuse types have been discussed. However, in
ddition to rice production, there are also concerns about mul-
ifunctionality of paddy cultivation. Such concerns have been
he focus of countries and professional societies in eastern and
outheastern Asia over the last several years. An important and
pparent function of paddy field is its capability of flood reten-
ion during the typhoon and monsoon seasons (Nakanishi, 2004;
nami and Kawachi, 2005). Other functions of paddy culture

nclude recharge of groundwater (Greppi, 2004), air tempera-
ure cooling (Saptomo et al., 2004; Yokohari et al., 1997, 2001),
emoval of pollutants in irrigation water (Ishikawa et al., 2003;
akasone, 2003), providing habitat for inhabitants (Fukuda et
l., 2006), aesthetic landscape, and facilitating religious/cultural
ctivities. Many of these functions have been experienced or
racticed for many generations. However, quantitative evalua-
ions of individual functions are difficult and rare due to lack
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f data and, in some cases, difficulty in determining what to
easure.
Many major cities in eastern Asia still have paddy fields

ithin their close vicinities. Existence of such paddy fields pro-
ides many functions in urban areas (Yokohari et al., 1994).
xtensive landuse changes of paddy fields may have signifi-
ant environmental, ecological, cultural, and social impacts and
ield potentially severe and adverse consequences. Therefore,
he positive and adverse effects of paddy culture should be thor-
ughly investigated and considered in the landuse planning and
ecision-making process.

Yokohari et al. (1994, 1997, 2001) conducted a series of stud-
es on the temperature cooling effect of paddy fields in urban
ringe areas of Tokyo using field measured land surface and air
emperatures. They found that measured surface temperatures
aried by approximately 20 ◦C, while measured air tempera-
ures differed by more than 2 ◦C. For large study areas, it would
e labor and time consuming to conduct field measurements.
ith the availability of many images from weather and land

bservation satellites, it seems beneficial and feasible to use
emote sensing images to aid in similar studies. In addition,
hat kinds of landuse conversions should be pursued in order to

void adverse effect and to sustain the environmental quality in
he region must also be investigated for a sound decision making.
herefore, the objectives of this study are to quantitatively evalu-
te the effect of landcover types on ambient air temperature using
emote sensing images and to understand the inter-relationships
f different landcover types in a region through a pilot study
onducted in northern Taiwan.

. Energy exchange between the land surface and the
tmosphere

Surface of paddy fields (partly to fully covered by crop
anopy, depending on the growth condition) generally has a
ower temperature than landcover types like bare soil and paved
urfaces due to its higher moisture content in soils. However,
nstead of the land surface temperature, the ambient air temper-
ture is of interest in assessment of the cooling effect of paddy
eld. The relationship of land surface temperature and ambient
ir temperature depends on landcover types and can be derived
y considering energy exchange between the atmosphere and
he land surface.

Energy exchange between the atmosphere and the land sur-
ace (or the crop canopy) can be expressed by the following
nergy balance equation:

n − LE − H − G = 0 (1)

here Rn, LE, H and G respectively, represent the net radiation
t the land surface, the latent heat flux, the sensible heat flux,
nd the soil heat flux.

The net radiation is the sum of incoming and outgoing short

nd longwave radiations on the land surface, and is expressed
y

n = (1 − rss)S0 − εsσT 4
s + (1 − rsl)εaσT 4

skyτ (2)

I
c

G
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n the above equation S0 is the incident solar radiation, rss
nd rsl are respectively the shortwave and thermal (longwave)
eflectance of the land surface, εs and εa are respectively ther-
al emissivities of the land surface and the atmosphere, and Ts

nd Tsky are respectively the absolute temperature of the canopy
r land surface and the atmosphere. τ represents the average
ransmittance of the atmosphere and σ is the Stefan–Boltzmann
onstant. The first term in the right-hand-side of the above equa-
ion is the net incoming shortwave radiation. The second term is
he thermal radiation emitted from the land surface. The last term
s the thermal radiation emitted by the atmosphere and absorbed
y the land surface. For thermal radiation, transmittance through
he land surface can be assumed to be zero and, under the ther-

al equilibrium, the emissivity equals the absorptance (αs).
herefore,

s + rsl = εs + rsl = 1 (3)

he net radiation of the land surface Rn can thus be expressed
s

n = (1 − rss)So − εsσT 4
s + εsεaσT 4

skyτ (4)

he sensible heat flux can be expressed in terms of temperature
ifference as (Monteith and Unsworth, 1990):

= ρCp
Ts − Ta

ra
(5)

here ρ is the air density, Cp the specific heat of air at con-
tant pressure, ra the aerodynamic resistance, and Ta is the air
emperature at a reference height above the land surface.

The latent heat is the energy used for transport of water vapor
rom the land surface, through crop evapotranspiration or evap-
ration from the soil, to the atmosphere and may be expressed
s (Monteith and Unsworth, 1990):

E = ρCp[e0(Ts) − ea]

raγ
(6)

here e0(Ts) is the saturation vapor pressure at temperature Ts, ea
s the actual vapor pressure, and γ is the psychrometric constant.
he vapor pressure deficit (VPD) of the atmosphere is defined
s

PD = e0(Ta) − ea (7)

he e0(Ts) − ea term in Eq. (6) can be expressed by

o(Ts) − ea = [eo(Ta) − ea] + �(Ts − Ta) (8)

here � is the slope of the saturation vapor pressure as a function
f temperature. Substituting Eq. (8) into Eq. (6), it yields:

E = ρCp [VPD + �(Ts − Ta)]

raγ
(9)
dso et al. (1997) suggested that the soil heat flux (G) can be
onsidered as a fraction (ξ) of Rn, i.e.,

= ξRn (10)
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details of the following derivations.

Let the radiance received by a sensor with spectral window
centered at wavelength λ and the radiance emitted by a tar-
K.-S. Cheng et al. / Landscape a

earrangement of the energy balance equation, i.e. Eq. (1),
ields:

1 − ξ)Rn = H + LE (11)

ubstituting Eqs. (5) and (9) into Eq. (11), we have

1 − ξ)Rn = ρCp
Ts − Ta

ra
+ ρCp[VPD + �(Ts − Ta)]

raγ
(12)

earranging the above equation yields:

1 + �

γ

]
(Ts − Ta) = ra(1 − ξ)Rn

ρCp
− VPD

γ
(13)

a = Ts −
[
raγ(1 − ξ)Rn

(� + γ)ρCp
− VPD

� + γ

]
(14)

he above equation expresses the relation of the air and surface
emperatures. Both the land surface temperature Ts and the net
adiation Rn vary with landcover types, and therefore, the Ts ∼ Ta
elationships are landcover-dependent. The best way of collect-
ng the landcover information in a large study area is by using
emote sensing images, and thus Eq. (14) provides the rationale
f combining remotely sensed land surface temperature Ts and
ocally calibrated Ts ∼ Ta relationship for estimation of the air
emperature with respect to different landcover types.

. Study area and remote sensing data set

An area of approximately 275 km2 in Tao-Yuan County of
orthern Taiwan was chosen for this study (Fig. 1). It encom-
asses different landcover types including paddy field, water
onds, residential and factory buildings, and other vegetations.
he western half is mostly agricultural area while the eastern
alf has mixed land uses including manufactural and indus-
rial parks, densely populated residential blocks, and agricultural
reas. Multispectral remote sensing images of the study area
rom NOAA-16 AVHRR sensors and SPOT-4 HRVIR sensors
ere collected. Overpasses of the NOAA satellites were almost

oncurrent with the time of field data collection on 16 March and
April 2005. NOAA thermal images (channels 4 and 5, with a

patial resolution of 1.1 km × 1.1 km) were used for retrieval of
and surface temperature. High-resolution multispectral SPOT
mages (green, red, and near infrared channels, with a spatial
esolution of 20 m × 20 m) were used for landcover classifica-
ion. A set of 45 orthorectified aerial photos (Fig. 2) at 1:5000
cale were also collected to assist in landcover classification.

. Land surface temperature estimation using NOAA
mages

The first step of our approach for assessing the effect of
andcover types on ambient air temperature is to estimate the
and surface temperatures using NOAA thermal images. The
VHRR sensors aboard NOAA satellites receive and record
hermal emissions from objects on the land surface. These sen-
ors receive radiances within specific spectral windows and
echniques have been developed for retrieval of land surface
emperatures from remote sensing thermal images (Prabhakara

F
r

Fig. 1. Location map and pseudo-color SPOT image of the study area.

t al., 1974; McMillan, 1975; Chedin et al., 1982; Price, 1984;
err et al., 1992; Li and Becker, 1993; Vasquez et al., 1997).
mong these methods, the split window technique (SWT)
riefly described below is most widely applied and is adopted in
his study. Readers are referred to Schott (1997) for theoretical
ig. 2. Orthorefectified aerial photos of the study area and the field sampling
oute.
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et object on the earth surface be respectively represented by
�(h) and L(0). The radiance from the air column between the

arget and the sensor due to its mean effective temperature is
epresented by LTA. We then have

λ(h) = L(0)τλ(h) + LTA[1 − τλ(h)] (15)

here h is the height of the satellite orbit and τ�(h) is the effec-
ive transmittance of the air column with respect to the sensor’s
pectral window.

For atmospheres dominated by absorption effects, the trans-
ittance can be expressed as

λ(h) = e−βα(λ)h (16)

here β�(λ) is the absorption coefficient with respect to the
pectral window centered at λ and β�(λ)h is the optical depth.
or clear atmospheres, τλ(h) can be expanded using a Taylor
eries and truncated to yield as a good approximation:

λ(h) ≈ 1 − βα(λ)h (17)

herefore,

λ(h) = L(0) − [L(0) − LTA]βα(λ)h (18)
ssuming linear relationship between the radiance and the
pparent temperature, it yields:

λ(h) ≈ T (0) − [T (0) − TA]βα(λ)h (19)

T

=

ig. 3. (a) and (b): spatial variation of apparent surface temperatures derived from N
rea A with paddy and other vegetations. (d) Area B with residential and factory bui
ban Planning 85 (2008) 85–96

here T�(h) is the apparent temperature at the sensor, T(0) the
pparent temperature at the surface, and TA is the apparent
emperature corresponding to LTA. The apparent temperature
also known as the brightness temperature) of an object is the
inetic temperature which a perfect radiator would be required
o maintain in order to generate the radiance measured from the
bject.

Suppose that images of two spectral channels (each of nom-
nal wavelength λ1 and λ2) within an atmospheric window are
vailable. Then,

λ1 (h) = T (0) − [T (0) − TA]βα(λ1)h (20)

λ2 (h) = T (0) − [T (0) − TA]βα(λ2)h (21)

here Tλ1 (h) and Tλ2 (h) are the apparent temperatures at the sen-
or with respect to channels 1 and 2, respectively. Rearranging
qs. (20) and (21), we have

(0) = Tλ1 (h) + [T (0) − TA]βα(λ1)h (22)

(0) − TA = T (0) − Tλ2 (h)

βα(λ2)h
, (23)

T (0) − Tλ2 (h)

(0) = Tλ1 (h) +

βα(λ2)h
βα(λ1)h (24)

Tλ1 (h) + (T (0) − Tλ2 (h))
βα(λ1)

βα(λ2)
(25)

OAA AVHRR images. Brighter pixels have higher apparent temperatures. (c)
ldings.
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et

= βα(λ1)

βα(λ2)
, (26)

t yields:

1 − R)T (0) = Tλ1 (h) − Tλ2 (h)R (27)

(0) = Tλ1 (h) − RTλ2 (h)

1 − R
(28)

(0) = c1Tλ1 (h) + (1 − c1)Tλ2 (h)

= c1Tλ1 (h) + c2Tλ2 (h), [c1 + c2 = 1] (29)

r,

(0) = Tλ1 (h) + R

1 − R
[Tλ1 (h) − Tλ2 (h)] (30)

q. (30) shows that the land surface temperature can be cal-
ulated using the at-sensor apparent temperatures (which can
e calculated using the measured radiances and the Planck’s
quation) of two spectral channels.

Gallo et al. (1993) and Florio et al. (2004) proposed the fol-
owing equation for estimation of the land surface temperature
sing NOAA images of channels 4 and 5.

(0) = T4 + 3.3(T4 − T5) (31)

here T4 and T5 are respectively the apparent temperatures of
he target object derived from NOAA images of channels 4 and
. Hereafter, apparent surface temperatures estimated using Eq.
31) will be referred to as the SWT surface temperatures.

Fig. 3 shows the spatial variation of SWT surface tempera-
ures over the study area during 2 days of field data collection
described later). It can be seen clearly that apparent surface
emperatures are higher in areas with residential and factory
uildings (the circled area) and lower in the northwestern region
here paddy fields and other vegetations are the dominant land-

over types. However, NOAA AVHRR images have a spatial
esolution of 1.1 km and each pixel corresponds to an area of
.21 km2 on the earth surface. There may be different landcover
ypes within the spatial coverage of a NOAA pixel, and the SWT
urface temperatures are average temperatures of all landcover
ypes within the pixel coverage.

. Estimating the landcover-specific surface
emperatures

SWT surface temperatures derived from NOAA images
epresent average temperatures within a pixel which may be
omposed of several landcover types. Four major landcover
ypes are present in the study area: (1) paddy fields, (2) water
onds, (3) built-up areas (including paved roads, residential area,
nd factory buildings) and bare soils, and (4) other vegetations.

n order to assess the effect of landcover types on ambient air
emperatures, it is necessary to further estimate the apparent
emperatures of individual landcover types from the SWT sur-
ace temperatures. This can be done by determining the coverage

T

T
c
r

ban Planning 85 (2008) 85–96 89

atios of different landcover types within individual NOAA pix-
ls using the multispectral SPOT images. Detailed procedures
re described below.

Assume that k different landcover types are present in the
tudy area. Within the spatial coverage of a pixel, each land-
over type accounts for wi(i = 1, 2, . . . , k) coverage ratio of
he total pixel coverage and the apparent temperatures of dif-
erent landcover types are represented by Ti(i = 1,2,. . .,k). The
ixel-average land surface temperatures can thus be calculated
s

¯ (j) =
k∑

i=1

wi(j)Ti(j), j = 1, 2, . . . , N (32)

here j is the index specifying individual pixels in the NOAA
VHRR images and N is the total number of pixels in the study
rea. The coverage ratios wi’s not only vary with landcover types
ut also pixels.

We also assume that within the study area the apparent tem-
eratures of specific landcover types do not vary with spatial
ocations, i.e.,

i(j) = Ti, j = 1, 2, . . . , N. (33)

here Ti’s represent the landcover-specific apparent temper-
tures. Such assumption is reasonable since, for a specific
andcover type, spatial variation of the apparent temperature
ithin the study area (approximately 21 km × 13 km) is small,

nd more importantly the effect of landcover types on ambi-
nt air temperatures should be assessed on a region scale, not
ased on individual pixels. Thus, spatial variation of the pixel-
verage land surface temperatures depends on coverage ratios
f different landcover types present in individual NOAA pixels,
.e.,

¯ (j) =
k∑

i=1

wi(j)Ti, j = 1, 2, . . . , N. (34)

r equivalently in matrix form,

T̄ (1)

T̄ (2)
...

T̄ (N)

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

w1(1) w2(1) · · · wk(1)

w1(2) w2(2) · · · wk(2)

. . .

w1(N) w2(N) · · · wk(N)

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

T1

T2

...

Tk

⎤
⎥⎥⎥⎥⎦ (35)

¯ = WT (36)

n the above equation the pixel-average land surface tempera-
ures (T̄ ) can be substituted by the SWT surface temperatures,
nd thus if the coverage ratios wi(i = 1, 2, . . . , k) are known,
he landcover-specific surface temperatures Ti(i = 1, 2, . . . , k)
an be determined by solving the inversion problem with the
ollowing least squares estimator:

′ −1 ′ ¯
= (W W) W T. (37)

he pixel-specific coverage ratios (W) were obtained by
onducting a supervised landcover classification using high-
esolution multispectral SPOT images and orthorectified aerial
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hotos. Implementation of the supervised landcover classifica-
ion using remote sensing images involves the following steps:

1) Determining the landcover types to be specified in the sub-
sequent analysis. Both the landcover conditions present in
the study area and the required level of landcover details
should be taken into consideration. Four major landcover
types—paddy fields (P), water ponds (W), built-up area
and bare soils (B), and other vegetations (V) are present
in the study area. However, there were also areas covered
by clouds (C), and therefore, a total of five landcover types
were specified.

2) Determining the classification features to be used in clas-
sification. The selected features jointly should be able to
differentiate different landcover types. SPOT multispectral
(green, red, and near infrared) images were chosen as clas-
sification features in our study.

3) Collecting training pixels of individual landcover types.
This is done by making several field investigations and
referencing to the aerial photos to identify areas on satel-
lite images which are representative of different landcover
types. Digital numbers of training pixels are then extracted
to establish the spectral signatures of different landcover
types. Such signatures characterize the distribution and vari-
ation of digital numbers of individual landcover types in the
feature space and form the basis of supervised landcover
classification.

4) Pixels of unknown landcover types are classified by ref-
erencing their digital numbers to spectral signatures of
different landcover types. Many classification methods have
been developed and the maximum likelihood classification
method was used in our study. Details of the supervised clas-
sification and the maximum likelihood classification method
can be found in Schowengerdt (1997) and Schott (1997).

Results of landcover classification are assessed by the con-
usion matrix shown in Table 1. It achieves a very high overall
ccuracy (92.10%) and the user’s and producer’s accuracies of

ll landcover types except vegetations (V) are all higher than
6%. Table 1 shows some pixels belonging to paddy fields and
egetations are mutually misclassified since their spectral signa-
ures are more similar. Particularly, vegetation pixels are more

p
e
t
t

able 1
onfusion matrix of the landcover classification using training data

Reference landcover types

W P B

lassified landcover types
W 3236 0 11
P 0 3963 2
B 98 1 5344
V 4 487 26
C 0 0 88

um 3338 4451 5471
roducer’s accuracy (%) 96.94 89.04 97.68
ig. 4. Results of landcover classification using multispectral SPOT images. [W:
ater ponds, P: paddy fields, B: built-up, V: other vegetations, and C: clouds].

ikely to be classified into paddy fields. Fig. 4 demonstrates the
andcover image resulted from landcover classification using

ultispectral SPOT images.
The landcover image derived from multispectral SPOT

mages has a spatial resolution of 20 m which is much smaller
han the spatial resolution (1.1 km) of the NOAA AVHRR
mages. By overlaying NOAA AVHRR images on the landcover
mage (Fig. 4), the coverage ratios (Wi) of individual landcover
ypes within each NOAA pixel can be determined and landcover-
pecific surface temperatures Ti(i = 1,2,. . .,k) can be obtained
sing Eq. (37). It should also be noted that NOAA pixels contain-
ng classified cloud pixels were excluded in subsequent analysis
ince coverage ratios of real landcover types in cloud-covered
reas cannot be determined. As a result, among a total of 228
OAA pixels, only 183 pixels (N = 183 in Eq. (35)) were used

or estimation of landcover-specific surface temperatures.
Landcover-specific surface temperatures of the 2 days of field

nvestigation (described in the Section 6) are shown in Table 2.
sing the landcover-specific surface temperatures and within-

ixel coverage ratios (Wi), pixel-average temperatures can be
stimated by Eq. (35) and compared against the SWT surface
emperatures. Fig. 5 demonstrates that pixel-average surface
emperatures (T̄ ) estimated by landcover-specific surface tem-

Sum User’s accuracy (%)

V C

0 0 3247 99.66
613 0 4578 86.57

13 316 5772 92.58
1126 0 1643 68.53

0 5669 5757 98.47
1752 5985 20997 Overall accuracy

64.27 94.72 92.10%



K.-S. Cheng et al. / Landscape and Ur

Table 2
Estimated landcover-specific surface and air temperatures (◦C)

Date Landcover type

W P B V

Surface temperature
03/16/2005 25.18 33.17 37.49 29.90
04/04/2005 20.84 28.88 33.31 24.65

Air temperature
03/16/2005 26.35 28.51 29.34 27.77

W

p
c
o
r
i
r

F
w
p

6

2
s
t
c
2
t
b
w
s
s
n
a

04/04/2005 23.05 25.17 27.23 23.70

: water ponds, P: paddy fields, B: built-up, V: other vegetations.

eratures and the SWT surface temperatures (TSWT) are well
orrelated and the regression lines are almost identical to the line

f equivalence (slope and interception of the regression lines are
espectively very close to 1.0 and 0), suggesting the applicabil-
ty of the landcover-specific surface temperatures and coverage
atios within individual NOAA pixels.

ig. 5. Comparison of pixel-average surface temperatures derived by the split
indow technique (TSWT) and estimated using landcover-specific surface tem-
eratures (T̄ ).
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. Pixel-average air temperature estimation

Field investigations were conducted on 16 March and 4 April
005 in order to develop landcover-specific relationships for
urface and air temperatures. During each trip of field inves-
igation surface temperatures of different landcover types and
orresponding air temperatures at 0.2, 0.4, 0.8, 1.2, 1.6 and
m above the ground surface were measured by an infrared

hermometer. The field investigations were conducted roughly
etween 11:00 am and 2:30 pm in order to be nearly concurrent
ith the daytime overpass of NOAA AVHRR sensors. A V-shape

ampling route as shown in Fig. 2 was adopted to take into con-
ideration the spatial variation of temperatures and to cover both
orth–south and east–west extent of the study area. Land surface
nd air temperatures of different landcover types were mea-
ured at locations near centers of individual aerial photos (see
ig. 2) along the sampling route. At each location and height,
0 temperature readings were recorded and the average value
as taken as the representative temperature. In order to take the
iurnal temperature changes into consideration, a temperature
djustment practice suggested by Yokohari et al. (1997) was
dopted. Upon completion of temperature sampling along the
ampling route, land surface and air temperatures at the starting
oint were measured again and all other temperature measure-
ents were adjusted to be consistent with the last measurement

y assuming a linear temporal variation of temperatures. Fig. 6
llustrates vertical air temperature profiles of different landcover
ypes.

Air temperatures above the surface of water ponds have
eversed vertical profiles, i.e., the surface temperatures are lower
han the air temperatures at different heights. For other landcover
ypes, surface temperatures are higher than air temperatures.
n particular, built-up areas have a sharp temperature decrease
about 6–12 ◦C) from the ground surface to 20 cm above the
round. Paddy fields and other vegetations have much smaller
emperature decrease (about 0.5–3 ◦C) at the same height. More
pecifically, paddy fields seem to have a little larger temperature
ecrease than vegetations.

Using the above temperature measurements, the following
mpirical relationships (also shown in Fig. 7) of land surface
emperature (Ts) and air temperatures at 2 m height (Ta) with
espect to different landcover types were developed:

a = 0.7748Ts + 2.8106 (paddy field) (38a)

a = 0.505Ts + 10.407 (built − up) (38b)

a = 0.76Ts + 7.2131 (water ponds) (38c)

a = 0.7747Ts + 4.6043 (other vegetations) (38d)

hese relationships are needed for calculation of NOAA-pixel-
verage air temperatures using a procedure illustrated in Fig. 8
nd described below.

Spatial variation of surface temperatures within a NOAA

ixel is characterized by the landcover-specific surface tem-
eratures and spatial distribution of different landcover types
ithin the NOAA pixel. The landcover-specific surface temper-

tures are then converted to landcover-specific air temperatures



92 K.-S. Cheng et al. / Landscape and Urban Planning 85 (2008) 85–96

rofiles
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Fig. 6. Vertical temperature p
sing the empirical relationships of Eqs. (38a)–(38d). Although
mpirical relationships between the surface temperatures and air
emperatures were derived based on point temperature measure-

ents, they were also used for converting the landcover-specific
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Fig. 7. Landcover-specific empirical relationships between the air
of different landcover types.
urface temperatures (which represent area-average tempera-
ures) to corresponding air temperatures. Finally, the average
ir temperatures over individual NOAA pixels were calculated
s the area-weighted average of landcover-specific air tempera-

temperature at 2 m height (Ta) and surface temperature (Ts).
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Fig. 8. Schematic illustration of procedures for calculation of pixel-average air
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ures, i.e.,

a(j) =
k∑

i=1

wi(j)Tai , j = 1, 2, . . . , N. (39)

here Ta(j) is the average air temperature of the jth NOAA
ixel, Tai the air temperature of the ith landcover type, and wi(j)
epresents the coverage ratio of the ith landcover type presents
n the jth NOAA pixel.

Table 2 shows the landcover-specific air temperatures at the
ime of field investigation estimated using the above method.

eaders are reminded that the average surface and air tem-
eratures discussed in this paper refer to respective average
emperatures over individual NOAA pixels. We consider the
ize of a NOAA pixel (1.1 km × 1.1 km) is appropriate for
ssessing the landcover changes and its effect on ambient air
emperatures.
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. Effect of landcover types on ambient air
emperatures

Table 2 indicates that surface temperatures vary with land-
over types. Built-up areas with paved roads and residential and
actory buildings have significant higher surface temperatures
han other landcover types, while water ponds have the lowest
urface temperatures. Surface temperatures of paddy fields are
–4◦ higher than that of other vegetations. This may be due to
he fact that rice crops in the paddy fields have not formed full
anopy coverage at the time of this study. However, with regard
o the living environment, it is the ambient air temperature that
s of major concern.

Although the built-up landcover has a significantly higher
urface temperature than other landcover types, the correspond-
ng air temperature differences are smaller. This is because the
uilt-up landcover has the largest vertical temperature gradi-
nt. On 16 March 2005 the maximum air temperature difference
between the built-up areas and the water ponds) was about 3 ◦C,
hile on 4 April 2005 the maximum difference was about 4.2 ◦C.

t is worthy to mention that the differences between landcover-
pecific surface and air temperatures are also dependent on local
limatological condition.

The data in Table 2 imply that if an area of NOAA pixel
ize (1.1 km × 1.1 km) with a complete water ponds coverage
s converted to a complete built-up coverage, the ambient air
emperature will be raised by about 3 ◦C (29.34 − 26.35) to 4 ◦C
27.23 − 23.05). Other kinds of landcover conversions will result
n smaller changes on ambient air temperatures. Similarly, if the
ame area is converted from a full paddy coverage to a complete
uilt-up area, the ambient air temperature rise will be about
.8 ◦C (29.34 − 28.51) to 2 ◦C (27.23 − 25.17). Such arbitrar-
ly hypothesized landcover conversions between two landcover
ypes are referred to as the blind landcover conversions since it

ay not reflect the actual landcover conditions of the study area.
or example, in our study there is no pixel with complete paddy
r water coverage.

We argue that landcover conversions will not arbitrarily occur
nd the likely conversions are often restricted by the local or
egional conditions of resources availability, transportation, etc.

ithin an area of NOAA pixel size, landcover conversions are
ore likely to take place among several landcover types, instead

f mutual conversion between two landcover types. Prevalent
andcover conversions are related to climatological, geographi-
al, economical, sociological, and other factors, and should be
onsidered in assessing the effect of landcover types on ambient
ir temperatures. Such prevalent conversions often are too com-
licated to be characterized by a generally applicable model and
hould be considered as a local or regional phenomenon. Thus,
locally based assessment of the effect of landcover types on

mbient air temperatures is presented below.
Apart from comparing the landcover-specific air tempera-

ures based on blind landcover conversions, another way of

ssessing the effect of landcover types on ambient air temper-
tures is by evaluating average air temperatures with respect
o coverage ratios of certain landcover types within individ-
al NOAA pixels. Such assessment is similar to Yokohari et al.
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Fig. 9. Empirical relationships between within-pixel coverage ratios of different
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andcover types and pixel-average air temperatures. The inter-related regression
ines collectively characterize the prevalent landcover conversion pattern of the
tudy area.

1997), although in their study temperature differences between
0 m × 50 m cells and a reference urban area with respect to
addy coverage ratios were evaluated.

Fig. 9 illustrates relationships between pixel-average air tem-
eratures (Ta) and within-pixel coverage ratios (CR) of different
andcover types. All regression lines, particularly the one asso-
iated with the built-up landcover type, are very significant,
uggesting well-established landcover patterns in the study area.
t should be emphasized that, for any given value of average
ir temperature (e.g., 28.8 ◦C), the sum of corresponding cov-
rage ratios of different landcover types (determined by the
egression lines) is always very close to 100%. It indicates the
egression lines shown in Fig. 9 are inter-related and collec-
ively they characterize the existing landcover pattern within the
tudy area. For example, a pixel with 60% built-up coverage
s likely to have about 27 and 13% coverages of vegetations
nd paddy fields, respectively. The maximum coverage ratio of
addy fields within a NOAA pixel is about 26% whereas the
aximum coverage ratio of built-up areas reaches near 100%
ue to the dense population and fully developed industrial and
anufactural parks. It can also be observed that water ponds

nly exist in areas which are agriculture (paddy fields and other
egetations combined) dominant since they are used as irriga-
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ion water supply. Another important observation of Fig. 9 is that
eduction in paddy and vegetation coverages tend to occur con-
emporaneously due to decline in agricultural activities, and such
eductions are converted to increase of built-up areas. For regions
ith no well-established landcover pattern, co-existence of the

andcover-specific regression lines in Fig. 9 will not appear.
The increasing (or decreasing) trend of ambient air temper-

tures with respect to increasing within-pixel coverage ratio
f built-up areas (or other landcover types) is apparent. Under
he existing landcover pattern (i.e., the pattern of inter-related
egression lines in Fig. 9), the ambient air temperature will rise
y 1.7 ◦C (from 27.8 to 29.5 on 16 March) to 3.1 ◦C (from 24.3
o 27.4 on 4 April) if the coverage ratio of paddy fields decreases
rom its maximum of 26% to none. It may seem unreasonable
hat this amount of ambient air temperature rise is higher than
he 0.8–2 ◦C rise under the blind landcover conversion. This can
e explained by considering the existing landcover pattern in the
egion.

Under the existing landcover pattern of the study area, a pixel
ith 26% paddy coverage is likely to have 19% water ponds,
1% vegetations, and only 5% of built-up area, resulting in a
ixel-average air temperature of 27.8 ◦C (16 March 2005) which
s lower than the landcover-specific air temperature of paddy
elds (28.51 ◦C). Similarly, when the paddy coverage is reduced

o zero, the vegetation coverage will also decrease due to decline
f agricultural activities in the area. Reduced coverages of paddy
elds and vegetations are converted to built-up areas, caus-

ng the pixel-average air temperature to reach around 29.5 ◦C
very close to the landcover-specific air temperature for built-up
reas, 29.34 ◦C). The well-established existing landcover pattern
eflects the complex local conditions that sustain the totality of
he living environment in the region. Blind landcover conversion
gnores such existing landcover pattern and will only yield imag-
nary assessment results. For example, assessing the effect of
urning huge areas (several pixels) of all-paddy fields into water
onds is unrealistic since such all-paddy pixels do not exist in
he study area. Scenarios contradicting the existing landcover
attern should not be presented for assessment.

We may further consider the situation of changing from
n existing landcover condition to a forced landcover condi-
ion. Suppose a pixel with existing landcover condition of 26%
addy fields is forced to become 50% of built-up areas and 50%
f paddy fields. Under such forced landcover conversion, the
verage air temperature will be raised from 27.8 to 28.93 ◦C
using landcover-specific air temperatures on 16 March 2005),
n increase of 1.13 ◦C. In contrast, if a prevalent landcover con-
ersion (conversion following the existing landcover pattern)
s taken, a pixel with 50% built-up coverage (corresponding to
6% and 32% coverages of paddy fields and other vegetation,
espectively) has an average air temperature of 28.63 ◦C. The
orced conversion results in a higher temperature increase than
ould be under prevalent conversion.
The concept of different landcover conversions can be better
llustrated in a coverage-ratio space as shown in Fig. 10. Scatter-
ng of actual landcover ratios of individual NOAA pixels (points

arked by� except C and D) exhibits a pattern which character-
zes the existing landcover conditions. Landcover condition of
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ig. 10. Illustrative example of the prevalent, blind and forced conversions.
umbers represent coverage ratios in percentage. Points marked by � (except C

nd D) represent actual landcover coverage ratios of NOAA pixels in the study
rea. Scattering of these points characterizes the existing landcover pattern.

oint C is unrealistic and thus landcover conversion from point
to B is a blind conversion. Point A represents an existing land-

over condition and conversions from point A to B and D are
espectively the prevalent and forced landcover conversions. A
orced landcover conversion contradicts the existing landcover
attern and may cause complicated consequences. For instance,
onversion from point A to D will force landcover types of veg-
tation and water ponds to disappear and increase the coverage
f paddy fields and built-up areas. It may encounter problems
uch as not having enough water for irrigation and low inten-
ion of local farmers to transform from vegetation growing to
addy culture. Additional resources allocation and incentives
ay need to be introduced in order to ensure a successful forced

onversion.
Several final remarks should also be mentioned:

1) We recognize that environmental changes are dynamic pro-
cesses and the existing landcover pattern may gradually
change over time. Therefore, long-term monitoring of land-
cover changes should be pursued.

2) Analyses and results of this pilot study were based on data
collected in only 2 days of field investigation. It may not
reflect the complete range of temperature changes during the
full growing period of paddy rice. Therefore, continuation of
this pilot study is necessary for a more complete assessment
of landcover effect on ambient air temperature in the study
area.

3) Spatial scattering of different landcover types within a
NOAA pixel may also affect the pixel-average air tem-
peratures. Yokohari et al. (1997) studied the effect of
segmentation of paddy fields on air temperature and found
that, for intermediate coverage ratios (30–70%) of paddy
fields, segmentation level of paddy fields has strong influ-
ence on air temperature. However, spatial scattering (or
segmentation) involves four different landcover types and
their overall effect on air temperatures is more complicated
and should be pursued in future study.
. Conclusions

In this study we present a new method for assessment of
andcover effect on ambient air temperature using remote sens-
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ng images. The proposed method takes into account the existing
andcover pattern. A few concluding remarks are drawn as fol-
ows.

Landcover-specific empirical relationships exist between
ithin-pixel coverage ratios and pixel-average air temperatures.
hese empirical relationships are inter-related and they collec-

ively characterize the existing landcover pattern of the region.
Landcover conversions tend to follow a local prevalent pat-

ern which sustains the totality of the living environment in the
egion.

In our study, under the prevalent landcover conversion pat-
ern, reducing the coverage ratio of paddy fields from its

aximum of 26% to none will result in an ambient air tem-
erature rise of 1.7–3.1 ◦C.

Increasing the coverage ratio of built-up areas (or decreasing
overages of paddy fields, other vegetations, and water ponds)
ill result in rise of ambient air temperatures (measured at 2 m
eight).

In the study area, reductions in paddy and vegetation coverage
end to occur contemporaneously due to the decline in agricul-
ural activities, and such reductions are converted to increase of
uilt-up areas.
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