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Abstract: The characteristics of evapotranspiration estimated by the complementary relationship actual evapotranspira-
tion (CRAE), the advection-aridity (AA), and the modified advection-aridity (MAA) models were investigated in six 
pairs of rural and urban areas of Japan in order to evaluate the applicability of the three models the urban area. The main 
results are as follows: 1) The MAA model could apply to estimating the actual evapotranspiration in the urban area. 
2)  The actual evapotranspirations estimated by the three models were much less in the urban area than in the rural. 
3)  The difference among the estimated values of evapotranspiration in the urban areas was significant, depending on 
each model, while the difference among the values in the rural areas was relatively small. 4) All three models underesti-
mated the actual evapotranspiration in the urban areas from humid surfaces where water and green spaces exist. 5) Each 
model could take the effect of urbanization into account. 
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INTRODUCTION 

 
Evapotranspiration from the land surface is the important 

factor for both heat balance and water balance. Reliable meth-
ods for evaluating regional evapotranspiration are needed in 
many fields of study, such as hydrology, meteorology, irrigation 
planning, and water availability, and so on. However, evapo-
transpiration is a really complicated phenomenon which varies 
according to surface water conditions, plant physiology, and 
meteorological conditions. This, therefore, makes it difficult to 
estimate the actual evapotranspiration from the land surface. 

Several models have been proposed to estimate the actual 
evapotranspiration. One of them is the Penman-Monteith model, 
which was firstly introduced by Monteith (1965). This model 
has been successfully used to estimate evapotranspiration from 
different land uses. However, this approach requires such pa-
rameters as canopy resistance and aerodynamic resistance 
which depends very much on the wind speed, the atmosphere 
stability conditions and the height at which the weather data are 
measured. Without prior field surveys, therefore, it is difficult to 
apply this model to areas where the above parameters have not 
been obtained. 

Another approach for estimating evapotranspiration is the 
complementary relationship method (Bouchet, 1963). The main 
advantage of this method is to require only standard meteoro-
logical variables. It does not need the surface specific parame-
ters, like surface resistance, aerodynamic resistance, and soil 
moisture content. Several estimation models based on the com-
plementary relationship have been proposed, which include the 
complementary relationship areal evapotranspiration (CRAE) 
model by Morton (1978) and the advection-aridity (AA) model 
by Brutsaert and Stricker (1979). A modified version of the 
advection-aridity (MAA) model was also proposed by Otsuki et 
al. (1984). Many studies have evaluated the validity of these 
models in different climate regions and with different time 
scales (e.g., Crago and Crowley, 2004; Hobbins et al., 2001a, b; 
Parlange and Katul, 1992; Xu and Singh, 2005). Hobbins et al. 
(2001a) reported that the estimation performance of the AA 

model increased when moving toward regions of increased 
climate control of evapotranspiration rates and decreased when 
moving toward regions of increased soil control. Xu and Singh 
(2005) also reported that several complementary relationship-
based models worked reasonably well for temperate humid 
regions, while the predictive accuracy fell when soil water 
content decreased. It is still needed to investigate the applicabil-
ity of the complementary relationship-based models to the low 
soil moisture regions such as the urban area. 

The primary objective of this study is to evaluate whether the 
above three complementary relationship models can apply to 
the urban area or not. For its purpose, the models are applied to 
six pairs of rural and urban areas of Japan which have very 
different meteorological variables. We compare the estimated 
values of evapotranspiration in the urban with those in the rural 
area, and demonstrate their characteristics. The main causes for 
the difference between the estimated evapotranspiration in rural 
area and that in urban area are examined by carrying out statis-
tical tests. Furthermore, the relationship between urbanization 
and the actual evapotranspiration is discussed. Finally, we show 
the complementary relationship models applicable for the urban 
area. 
 
DESCRIPTION OF MODELS 
Complementary relationship 
 

The concept of a complementary relationship was first pro-
posed by Bouchet (1963). He assumed a largely homogeneous 
surface of regional size. When the surface is saturated and 
evapotranspiration is only limited by the available energy, the 
potential evapotranspiration (Ep) and the actual evapotranspira-
tion (E) equal the wet surface evapotranspiration (Epo, E = Ep = 
Epo). As the wet surface dries, while the available energy re-
mains constant, E decreases to a value below Epo. As a result, a 
certain amount of energy (q1) occurs, that is, 
 

1poE E q= −   (1) 
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This energy q1 primarily affects the air temperature, the air 
humidity, and the turbulence of the air near the surface. Bouchet 
(1963) supposed that this in turn causes an increase in Epo by q1. 

 

1p poE E q= +  (2) 
 

Combining Eqs. (1) and (2) yields the following complementary 
relationship: 

 
2p poE E E+ =  (3) 

 
We can calculate E from Ep and Epo by using Eq. (3). 

There are several methods for estimating the actual evapo-
transpiration based on the complementary relationship. These 
methods, however, differ in their calculations of Ep and Epo. The 
three models used in this study, i.e., CRAE, AA, and MAA, are 
described below. 
 
CRAE model 
 

The CRAE model proposed by Morton (1978) is formulated 
as follows: First, the Penman's equation (1948) for potential 
evapotranspiration was modified as follows:  

 
' '

2 ( )CRAE n n
s a

R M R FE e e
l l l

ηϕ
η η

 + Δ = − + − Δ + Δ +  
 (4) 

 
where ECARE is the actual evapotranspiration (mm d–1), ϕ is the 
energy-weighting factor (-) , Rn

’ is the net radiation (MJ m–2 d–1), 
Δ is the slope of the saturation vapor pressure curve (kPa K–1), η 
is the heat transfer coefficient (kPa K–1), l is the latent heat of 
vaporization (MJ kg–1), F is the vapor transfer coefficient 
(MJ m–2 d–1 kPa–1), and ea and es are the vapor pressure of the 
air and the saturation vapor pressure at air temperature, 
respectively (kPa). The ϕ  is 1.26 which is the modified factor 
of the Priestley and Taylor equation (1972). The η contains the 
effect of the long-wave radiation in addition to the 
psychrometric constant. 

The complementary relationship needs the Ep as shown in 
Eq. (3). Morton (1978) presented the following equation for the 
Ep: 

 
' ( )CRAE n

p s a
R FE e e
l l

η
η η

Δ= + −
Δ + Δ +

 (5) 

 
where Ep

CARE is the potential evapotranspiration modified by 
Morton (1978) (mm d–1). 

The net radiation was estimated, using the following equation 
suggested by Morton (1978): 

 
' (1 ) (0.18 0.55 / )n aR Q n N Bα= − + −  (6) 

 
where α  is the albedo, Qa is the extra-atmospheric solar radia-
tion, n / N is the percentage of possible sunshine, and B is the 
effective long wave radiation that will occur if the surface tem-
perature equals the air temperature (Morton, 1978). Theα is the 
value corresponding to land use types (Table 2). The Qa was 
calculated using the solar constant, latitude, and the day of year. 
The B is estimated as follows: 
 

4( 273.2)  {1 (0.707 / 158)}aB t eεσ ρ= + − +  (7) 
 

21 {0.25 0.005(  )} ( / 10)  s ae e Cρ = + − −  (8) 

where ε  is the emissivity, σ  is the Stefan-Boltzmann constant, t 
is the air temperature (℃), and C is the cloud amount. 

Morton (1978) also modified the Priestley and Taylor 
equation (1972) to calculate the equilibrium evapotranspiration. 
The modified equation is written as:  

 

CRAE n
po

R M
E ϕ

λ
+

=  (9) 

 
where M is the advection energy (MJ m–2 d–1). The M can be 
empirically calculated as: 

 
'0.66 0.44 nM B R= −   ( 0)M ≥  (10) 

 
The substitution of Eqs. (5) and (9) into Eq. (3) yields the 
CRAE model, Eq. (4). 

 
AA model 

 
The AA model was suggested by Brutsaert and Stricker 

(1979). In this approach, Ep is calculated by the Penman (1948) 
equation, as follows: 
 

n
p a

R
E E

l
γ

γ γ
Δ= +

Δ + Δ +
 (11) 

 
where γ  is the psychrometric constant (= 0.66 kPa K–1), Rn is 
the net radiation, and Ea is the  drying power of the air. The Rn 
was estimated using the following equation which had been 
used by Penman (1948): 
 

4

(1 ) (0.18 0.55 / )

( 273.2) (0.56 0.092 0.866 )(0.1 0.9 / )

n a

a

R Q n N

t e n N

α

σ

= − +

− + − × +
 (12) 

 
Theα in Eq. (12) is the value corresponding to land use types 
(Table 2) as same as in Eq. (6). The Ea is generally described as: 

 
( )( )a z s aE f u e e= −  (13) 

 
where uz is the mean wind speed (m s–1) at a reference level 
z (m) above the ground and f(uz) is a function of uz (m kPa–1 d–1). 
In this study, estimations were conducted on a daily basis so 
that the effect of the atmospheric stability could be disregarded 
(Brutsaert, 2005). The following simple approach for f(u2), 
therefore, is available: 

 

2 2 2( ) ( ) 2.6(1 0.54 )f u f u u≈ = +  (14) 
 
The wet surface evapotranspiration for the AA model is 

calculated by the Priestley and Taylor (1972) equation as 
follows: 

 

AA n
po

R
E

l
α

γ
Δ=

Δ +
 (15) 

 
where α is a constant coefficient. The value of α was seen to 
vary slightly around 1.26 in most of the previous studies (e.g., 
Davies and Allen, 1973; Mukammal and Neumann, 1977; 
Stewart and Rouse, 1977; Thompson, 1975). The α = 1.26 is 
also used here. Further details on the AA model are shown in 
Brutsaert and Stricker (1979). The substitution of Eqs. (11) and 
(15) into Eq. (3) yields the AA model, namely, 
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2(2 1) ( )( )AA n
s a

R
E f u e e

l
γα

γ γ
Δ= − − −

Δ + Δ +
 (16) 

 
where EAA is the actual evapotranspiration presented by 
Brutsaert and Stricker (1979) (mm d–1). 
 
MAA model 
 

This model was developed by Otsuki et al. (1984) to add the 
effect of advection to the AA model. Otsuki et al. (1984) noted 
that the AA model, compared with the water budget method, 
underestimates the actual regional evapotranspiration in winter, 
because the effect of advection is not considered in the model. 
Thus, advection term M, shown in Eq. (10) and derived from 
Morton’s CRAE model, was added to the AA model. From this 
process, the MAA model is now expressed as 
 

2(2 1) ( )( )MAA n
s a

R M
E f u e e

l
γα

γ γ
+Δ= − − −

Δ + Δ +
 (17) 

 
where EMAA is the actual evapotranspiration presented by Otsuki 
et al. (1984) (mm d–1). 
 
STUDY AREAS AND DATA 
 

The actual evapotranspiration was estimated in six rural 
areas of Japan: Iwamizawa in Hokkaido (IW), Shinjo in 
Yamagata (SH), Chichibu in Saitama (CB), Ueno in Mie (UE), 
Tsuyama in Okayama (TS), Izuka in Fukuoka (IZ) and in six 
urban areas near each of these rural areas: Sapporo in Hokkaido 
(SP), Sendai in Miyagi (SE), Otemachi in Tokyo (TK), Nagoya 
in Aichi (NA), Kuwata-cho in Okayama (OM), and Ohori in 
Fukuoka (FK) to compare the results from the two groups of 
areas. The location of each area is shown in Fig. 1. In these areas,  

 

 
 
Fig. 1. Location of each study area. The squares represent the rural 
areas: Iwamizawa (IW), Shinjo (SH), Chichibu (CB), Ueno (UE), 
Tsuyama (TS), and Izuka (IZ), and the filled circles represent the 
urban areas: Sapporo (SP), Sendai (SE), Otemachi (TK), Nagoya 
(NA), Kuwata-cho (OM), and Ohori (FK). The meteorological 
variables in each area were measured by the Automated Meteoro-
logical Data Acquisition System (AMeDAS). 

the daily meteorological data used in this study, which were air 
temperature, relative humidity, wind speed, sunshine duration, 
and cloudiness, were measured by the Automated 
Meteorological Data Acquisition System (AMeDAS) managed 
by the Japan Meteorological Agency. For simplicity, we defined 
the study areas as being within a 5 km radius of the 
meteorological stations and assumed that the data represent the 
meteorological conditions in those areas. The data from January 
1 to December 31, 2000 were used. Table 1 presents a summary 
of the meteorological conditions in each area. 

Since evapotranspiration from the land surface is strongly in-
fluenced by the way in which the land is being used, infor-
mation of the land use distribution around each meteorological 
station is required. We examined the distribution from an image 
analysis using the Geographic Information System (GIS) data 
presented by the Japan Ministry of Land, Infrastructure and 
Transport (JMLIT). Table 2 shows the areal fraction and the 
albedo for each land use in all the study sites. We assigned a 
surface albedo (αs) for each land use in the estimation of the net 
radiation. The values of the surface albedo used in this study 
were obtained from Kotoda (1986). 
 
RESULTS AND DISCUSSION 
Actual evapotranspiration 

 
The annual actual evapotranspiration estimated by the three 

models are shown in Fig. 2a (rural) and Fig. 2b (urban). The 
potential evapotranspiration calculated by the Penman (1948) 
equation is also shown because it is used as a reference for the 
three models. The actual evapotranspiration estimated in the 
urban areas was much less than that in the rural areas, especially 
between TK and CB. Fig. 3 shows the relationship between the 
complementary relationship-based actual evapotranspiration 
and the Penman potential evapotranspiration calculated in (a) 
rural and (b) urban areas. In the rural areas, the actual evapo-
transpiration values approximately corresponded to the potential 
ones. Those differences were relatively small. On the other 
hand, in the urban areas, the actual evapotranspiration values, 
especially estimated by the AA and the MAA models, were 
smaller than the potential ones. The differences among the 
models were larger in the urban areas than in the rural ones. 
This seems to reflect the lower surface moisture conditions, 
which in turn signifies that urban areas have a less evaporative 
environment. 

Statistical tests were carried out to investigate the main caus-
es of the difference in the estimated evapotranspiration between 
the rural and the urban areas. We used T-tests to identify which 
meteorological variables show a significant difference between 
the rural and the urban areas in annually averaged values. The 
T-test results are shown in Table 3. It is seen that the values for 
the air temperature and the vapor pressure deficit in urban areas 
were significantly larger than those in the rural areas by 1% 
significant level. There was not a significant difference between 
the two areas in regards to the other variables: the mean wind 
speed, the sunshine duration, and the cloudiness. Therefore, the 
higher values for the air temperature and the vapor pressure 
deficit cause the actual evapotranspiration estimated in the 
urban areas to be less than that in the rural areas.  

Moriwaki and Kanda (2004) had measured the latent heat 
flux at Kugahara in Tokyo which is spatially close to TK, from 
May, 2001 to April, 2002, using an eddy correlation method. 
We converted the latent heat flux to the actual evapotranspira-
tion. As a result, the evapotranspiration was 364.3 mm y–1. This 
value is close to the actual evapotranspiration in TK estimated 
by the MAA model (404.0 mm y–1). Though the estimation period  
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Table 1. Summary of annual meteorological data for the period of 2000 in estimation areas. H: Altitude, P: Precipitation, T: Air tempera-
ture, VPD: Vapor pressure deficit, u2: Mean wind speed at 2-m above the ground, n: Sunshine duration, and c: Cloudiness. T, VPD, u2, n 
and c are annual mean values. P is annual total values. The minimum and maximum temperature are also shown in parentheses on T column.  
 

Site 
location 

H 
(m) 

P 
(mm year–1) 

T 
(°C) 

VPD 
(hPa) 

u2* 
(m s–1) 

n 
(h d–1) 

c 
(–)*** 

Rural Iwamizawa, Hokkaido, IW 
(43°13'N, 141°47'E) 42.3 1575.5 7.7  (–20.7~33.9) 1.8 2.3 4.2 7.8 

 
Shinjo, Yamagata, SH 
(38°45'N, 140°19'E) 105.1 1932.5 11.1   (–9.6~35.8) 2.5 1.8 3.5 7.2** 

 
Chichibu, Saitama, CB 
(35°59'N, 139°04'E) 232.1 1128.0 13.5   (–7.4~37.4) 4.0 1.1 5.4 5.4** 

 
Ueno, Mie, UE 
(34°46'N, 136°09'E) 159.2 1307.5 14.6   (–5.1~36.8) 4.1 1.7 4.8 6.0** 

 
Tsuyama, Okayama, TS 
(35°04'N, 134°01'E) 145.7 1328.5 14.1   (–5.2~36.3) 3.7 1.1 5.1 7.0 

 
Izuka, Fukuoka, IZ 
(33°39'N, 130°42'E) 37.1 1449.5 16.0   (–3.2~35.4) 4.9 1.7 5.5 6.5 

Urban Sapporo, Hokkaido, SP 
(43°04'N, 141°20'E) 17.2 1444.5 9.0  (–14.7~36.0) 3.0 1.6 4.3 7.8 

 
Sendai, Miyagi, SE 
(38°16'N, 140°54'E) 38.9 1186.5 12.9   (–6.1~34.9) 4.5 2.1 5.0 6.9 

 
Otemachi, Tokyo, TK 
(35°41'N, 139°46'E) 6.1 1603.0 16.9   (–0.7~37.8) 7.8 2.1 5.4 6.4 

 
Nagoya, Aichi, NA 
(35°10'N, 136°58'E) 51.1 1735.5 16.2   (–3.9~37.9) 6.2 2.2 5.9 6.3 

 
Kuwatacho, Okayama, OM 
(34°40'N, 133°55'E) 2.8 813.0 16.5   (–2.4~36.8) 6.9 1.9 5.5 6.5 

 
Ohori, Fukuoka, FK 
(33°35'N, 130°23'E) 2.5 1344.0 17.2   (–0.2~35.9) 6.7 1.8 5.5 6.3 

 
* Converted to 2-m height value by assuming logarithmic profile.  
** Estimated from ratio of sunshine due to non-measurement of c.  
*** (–) means that the unit of c is dimensionless. 

 
Table 2. Areal fraction of each land use in estimation area. Forest in urban area was regarded as green space or garden trees. Industrial 
means playground, airport, racetrack, etc. "–" means there is no area of the land use. Building and pavement were regarded as urban ele-
ments. Albedo varies month by month. 

 

  Areal fraction (%) 

 Site Paddy field Vegetation Forest Bare soil Building Pavement Industrial Water Grass land 

Rural Iwamizawa, Hokkaido, 
IW 27.0 28.8 11.9 1.5 18.2 3.1 8.2 1.0 – 

 Shinjo, Yamagata, SH 36.6 7.4 38.0 0.6 10.8 0.6 3.5 1.1 1.4 

 Chichibu, Saitama, CB 3.8 11.3 55.3 3.3 13.2 1.8 4.5 4.9 1.9 

 Ueno, Mie, UE 32.1 3.4 39.1 1.3 11.3 2.3 4.5 5.9 – 

 Tsuyama, Okayama, TS 25.4 6.8 41.6 1.1 13.9 2.1 4.6 3.8 0.8 

 Izuka, Fukuoka, IZ 16.9 2.5 23.3 7.4 30.6 3.1 11.1 4.8 – 

Urban Sapporo, Hokkaido, SP – 1.1 18.7 2.1 59.2 7.1 9.5 2.0 – 

 Sendai, Miyagi, SE 3.1 – 6.1 – 70.2 6.0 11.9 2.0 – 

 Otemachi, Tokyo, TK – – 0.7 – 76.2 9.8 10.8 2.5 – 

 Nagoya, Aichi, NA – – 4.5 – 73.2 4.7 13.9 2.2 0.6 

 
Kuwatacho, Okayama, 
OM 12.6 2.3 11.7 0.7 50.8 4.5 10.6 6.7 – 

 Ohori, Fukuoka, FK – – 1.8 – 77.4 3.8 13.8 2.6 – 

 Albedo 0.06–0.11 0.16–0.18 0.09–0.12 0.26–0.32 0.27–0.32 0.27–0.32 0.26–0.32 0.06– 0.11 0.17– 0.20 
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Fig. 2. Annual actual evapotranspiration estimated by the three complementary relationship-based models and potential evapotranspiration 
calculated with the Penman equation in (a) rural and (b) urban areas. The calculations were made on a daily basis for the year 2000. 

 

 
 

Fig. 3. The relationship between the complementary relationship-based actual evapotranspiration and the Penman potential evapotranspira-
tion calculated in (a) rural and (b) urban areas. The calculations were made on a daily basis for the year 2000, as well as Fig. 2. 

 
Table 3. The result of T-test performed to identify what meteorological variables have significant differences between rural and urban 
areas. Annually averaged values in urban and rural areas are displayed. T: Air temperature, VPD: Vapor pressure deficit, u2: Mean wind 
speed at 2-m above the ground, n: Sunshine duration, c: Cloudiness, and SD: significant difference. 
 

 
T 

(°C) 
VPD 
(hPa) 

u2* 
(m s–1) 

n 
(h d–1) c 

Rural 12.8 3.5 1.6 4.8 7.0 
Urban 14.8 5.8 2.0 5.3 6.7 

SD ** ** 
        * Converted to 2-m height value by assuming logarithmic profile. 
        ** Variable has a significant difference between rural and urban areas at 1% significant level. 

 
in the MAA model is different from that in the measurement, 
we consider that the annual actual evapotranspiration estimated 
by the MAA model in from 2000 to 2002 is approximately the 
same because the meteorological data for calculating the actual 
evapotranspiration were almost the same values. Watanabe et 
al. (2009) reported that the actual evapotranspiration estimated 
using the water balance method in Tokyo was 438 mm y–1 on 
the annual means from 1971 to 2000. From these previous 
studies, the MAA model can probably estimate the actual evap-
otranspiration in urban areas reasonably well. The difference in 
the actual evapotranspiration between the rural and the urban 
areas was at the maximum with the AA model (128 to 426 
mm y–1) and at the minimum with the CRAE model (42 to 
161 mm y–1). The difference with the MAA model varied from 

65 to 299 mm y–1, which was at an intermediate values between 
the CRAE model and the AA model. As shown in equation 
(17), in the MAA, the advection term, M, is added in the AA 
model of equation (16). The estimations of the MAA model 
were larger by the M than those of the AA model. The CRAE 
model also includes the M. The differences between the CRAE 
and the MAA models was probably caused by some parameters 
in the CRAE which were different from those in AA and MAA, 
such as R’

n, F, and η. 
On the other hand, the potential evapotranspiration was 

greater in the urban areas. In general, the surface in urban areas 
is widely covered with asphalt and concrete, and any precipita-
tion falling onto these surfaces immediately runs off. Therefore, 
the vapor pressure deficit in urban areas is very high (see Table 1), 
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and this increases the potential evapotranspiration. Overall, the 
difference in the estimated values between the actual and the 
potential evapotranspiration were large in the urban areas (68 to 
825 mm y–1) and small in the rural areas (24 to 325 mm y–1). It 
was also shown that the difference in the evapotranspiration 
values estimated among the three models was larger in the 
urban areas. This indicates that each model has a different re-
sponse to the meteorological variables, especially in the urban 
areas. The air temperature is needed to calculate all variables on 
the right hand side of equation (4), the Δ, the Rn, the l, and the es 
of equations (16) and (17), and the M of equation (17). The 
vapor pressure deficit is equal to the term of es – ea in equations 
(4), (16), and (17). Since the values for the air temperature and 
the vapor pressure deficit are high in the urban areas and have 
the significant differences by 1% significant level, the sensitivi-
ty to these variables is different among the three models. The 
difference in values varied from 93 to 456 mm y–1 in the urban 
areas and from 40 to 249 mm y–1 in the rural areas. 
 
Actual evapotranspiration with each land use 

 
Fig. 4 shows the actual evapotranspiration estimated from 

each land use in TK and CB. The results from the other sites are 
very similar to those shown in Fig. 4. Once again, the difference 
in the estimated evapotranspiration among the three models was 
larger in the urban areas (TK). The potential evapotranspiration 
in TK takes a very high value, especially from the water and the 
forest, which signifies green spaces or garden trees in the urban 
areas. The Penman (1948) equation can reasonably estimate the 
actual evapotranspiration from such humid surfaces, because 
the actual evapotranspiration equals the potential evapotranspi-
ration when the surface has plenty of water. Moriwaki and 
Kanda (2003) indicated that vegetation in urban areas has a 
potential to release the latent hear flux equaling or exceeding in 
magnitude the net radiation received, due to the oasis effect. If 
the latent heat fluxes from water and green spaces are as much 
as the net radiation, the annual evapotranspiration from water 
and green spaces in TK will reach about 1110 and 1030 mm y–1, 
respectively. These values are compatible with the potential 
evapotranspiration shown in Fig. 3. Therefore, the three models 
based on the complementary relationship obviously underesti-
mated the actual evapotranspiration from such surfaces. Alt-
hough the areas of water and green spaces are few, the magni-
tude of the underestimation is so large that the error derived 
from this underestimation is significant. 

 
 

Fig. 4. Annual actual evapotranspiration from each land use at CB 
(Chichibu in Saitama) and TK (Otemachi in Tokyo). The difference 
in evapotranspiration between land uses was derived from the 
difference in albedo without considering those in temperature and 
vapor pressure deficit. Similar results were obtained from other 
areas. 

Relation between urbanization and the ratio of E to Ep 
 

If urbanization advances and the ratio of the impervious 
surface increases, the mean surface moisture probably 
decreases. According to Brutsaert (2005) and Kahler and 
Brutsaert (2006), the ratio of actual evapotranspiration E to 
potential evapotranspiration Ep can be regarded as the surface 
moisture index. Therefore, the relation between urbanization 
and the ratio of E to Ep was investigated. The areal fractions for 
the buildings and the impervious surfaces in each area and the 
corresponding ratio of E to Ep are shown in Fig. 5. In all the 
models, the ratio of E to Ep has a high correlation with 
urbanization. The ratio is seen to decrease with the progress of 
urbanization, while the actual evapotranspiration approached 
the potential evapotranspiration in rural areas. This means that 
the three complementary relationship-based models can take 
into account the effect of urbanization. Since the linear 
regression coefficients are different among these three models, 
the models have different responses to urbanization. The slope 
of the regression line is the smallest for the AA model and the 
largest for the CRAE model. The MAA model has a slope 
intermediate between the AA model and the CRAE model. The 
ratio of E to Ep at Kugahara (Moriwaki and Kanda, 2004) is also 
shown in Fig. 4. The ratio at Kugahara is really close to the ratio 
of the MAA model at TK. This also indicates that the MAA 
model can probably estimate the actual evapotranspiration in 
urban areas reasonably well. 

 

 
 
Fig. 5. Ratio E/Ep versus areal fractions for buildings and impervi-
ous areas. The areal fractions for the buildings and the impervious 
areas were regarded as indices of urbanization. 

 
CONCLUSIONS 

 
To evaluate the applicability of the complementary relation-

ship-based models to the urban area where soil moisture is 
generally low, the characteristics of evapotranspiration estimat-
ed by three complementary relationship-based models (i.e., 
CRAE, AA, and MAA) were investigated in six pairs of rural 
and urban areas of Japan. The main results obtained in the pre-
sent study were as follows: 
1) The MAA model could estimate the actual evapotranspira-

tion most reasonably among the three models. 
2) The actual evapotranspiration estimated in the urban areas 

was much less than that in the rural areas. The T-tests 
showed that the higher values for air temperature and the va-
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por pressure deficit in the urban areas caused a significant 
difference between rural and urban areas. 

3) The difference in estimated values of evapotranspiration in 
the urban areas was significant, depending on each model, 
while the difference in values in the rural areas was relatively 
small. This was mainly because each model had a different 
sensitivity to the air temperature and the vapor pressure 
deficit.  

4) Compared with the estimation results of the Penman 
equation, it was shown that all three models underestimate 
the actual evapotranspiration in the urban areas from humid 
surfaces, like water and green spaces. 

5) The clear relationship between the ratio of an impervious 
area and the ratio of E to Ep showed that each model took in-
to account the effect of urbanization. In addition, the linear 
regression coefficients are different among the three models 
so that the models have different responses to urbanization. 
We could not validate this new finding by comparing the es-

timation results with the observations, because the actual evapo-
transpiration in the urban areas had scarcely been observed. For 
a more precise evaluation of the results in this study, the estima-
tions and the measurements of evapotranspiration in the same 
urban areas will be needed. 
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