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Abstract Conventional methods and remote sensing were applied for the estima-
tion of reference evapotranspiration and actual evapotranspiration over the Fogera
floodplain. Reference evapotranspiration (ET0) by Modified Makkink (MM),
Priestly-Taylor (PT) and Abtew (A) simple equations was compared to the Penman-
Monteith (PM) estimations, in order to decide which method for ET0 is the most
suitable alternative to PM in data scarce conditions. A comparison was also made to
a satellite based energy balance approach that estimated actual evapotranspiration.
For the remote sensing approach, images from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor were selected. For the study, data has been used
from Bahir Dar meteorological station at a distance of 50 km from the floodplain
and from Woreta weather station that is located in the floodplain. The comparison
of results from the conventional methods indicated that the MM method performed
best over the floodplain as compared to the PM approach while the PT and Abtew
(A) simple equations only produced fair results. The latter two approaches required
calibration of site specific coefficients that may have affected the estimation results.
Accumulated actual evapotranspiration from the satellite based approach for the
year 2008 was about 1,519 mm for rice, while the reference evapotranspiration by
the PM approach was 1,498 mm. A comparison of these results with literature values
of the crop coefficient of rice indicated that rice transpired at a potential rate.
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8.1 Introduction

Population growth over the past decades in the Lake Tana basin caused the demand
for fresh water to increase. Water supply has to meet requirements not only for
irrigation and agricultural production but also for domestic uses. Hence, in the
area well planned and adequate water resources management is required at local
and regional scales. For such management, first quantitative assessments need to
be made for meteorological processes of precipitation and evapotranspiration that
affect the water balance of the basin at large. This study aims to estimate actual
evapotranspiration on the Fogera floodplain, Lake Tana basin, Ethiopia, that proba-
bly is the most productive agricultural area in the Lake Tana basin. Also, large scale
irrigation is scheduled in the near future.

In the literature, many approaches are available to estimate actual evapotran-
spiration. Approaches commonly rely on estimated potential evapotranspiration
that is estimated from meteorological data. Empirical coefficients in the various
conventional methods estimations are usually not transferable to other regions
and only have validity for the areas and the period over which estimations are
made. As such use of conventional methods results in estimation errors of dif-
ferent magnitude and selecting the most reliable method requires comparison of
estimates to select the method that gives best results with preferably minimum data
requirement.

8.1.1 Background and Literature Review

Evapotranspiration is a general term that includes all the processes that water in the
liquid state or solid state change into gaseous state. Hence the term includes evapora-
tion from open water surface and from bare soil, transpiration through plant leaves
and sublimation from snow and ice surfaces. This phase change is mainly influ-
enced by the availability of solar energy at the evaporating and transpiring surfaces.
Both processes occur simultaneously and quantifying these processes separately is
complex.

Conventional reference ET estimation methods are commonly applied in spe-
cific climatic conditions. For instance, Penman Monteith (PM), Priestly-Taylor (PT),
Modified Makkink (MM), and Abtew (A) simple methods were developed for
humid areas. In Allen et al. (1998), the Penman-Monteith (PM) method is discussed
as a standard method for reference evapotranspiration estimation and is globally
most widely used. Conventional methods are ground based and estimate ET using
weather station data that is collected at a point scale. Spatial variation of the tur-
bulent fluxes as caused by differences in land cover and topography constrains the
translation of ground based methods for ET0 into ETa for larger spatial areas. To
overcome the issue of the observation scale, remote sensing is often advocated since
an entire area such as a catchment can be covered by satellite images. Nowadays
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there are a number of satellite based approaches developed for the estimation of
actual evapotranspiration that are all based on solving the land surface energy bal-
ance equation. Examples are the Surface Energy Balance Systems (SEBS) (Su,
2002), the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen,
1998), and the Two Source Energy Balance approach (TSEB) (Norman et al., 1995).

In this chapter, the SEBS approach is selected. In this approach, the latent heat
flux is estimated as a residual of net radiation from sensible and soil heat flux esti-
mations. SEBS has applications in various climatic zones with good performance
when estimating the surface energy fluxes. In central Arizona, it was tested by Su
(2002) and good results were reported. McCabe and Wood (2006) in their study in
central Iowa, USA showed that SEBS based latent heat fluxes agree well with the
flux tower measurements.

SMEC (2007) reported in a hydrological study of the Tana-Beles sub-basins
and estimated ET over the floodplain to be 140, 117, 116 mm, and 129 mm for
the months of June, July, August and September, respectively. Water Watch (2005)
reports on a satellite based energy balance approach of Tana-Beles sub basins and
reported an average ETa of 672 mm/year over the entire lake basin area. Hence,
this study will be valuable for estimation of the reference and actual ET over the
floodplain using both conventional methods and the SEBS approach.

The effects of characteristics that distinguish field crops from the reference grass
are integrated in to the crop coefficient (Kc). The Kc of a crop varies with the crop
growing stages (Allen et al., 1998). The rice crop coefficient (Kc) is estimated here
as the ratio of actual evapotranspiration (ETa) to PM reference ET of the rice field
in the floodplain.

8.1.2 Objectives

The main objective of this study is to analyze ET estimations by different con-
ventional methods and estimation of spatiotemporal distribution of actual ET over
the Fogera floodplain. The specific objectives are (1) estimation of reference ET
using Penman-Monteith (PM), Priestley-Taylor (PT), Modified Makkink (MM) and
Abtew (A) equation and (2) the application of Surface Energy Balance Systems
(SEBS) for the estimation of actual ET from satellite data.

8.2 Study Area

The Fogera floodplain is located in northwestern Ethiopia, about 625 km from the
capital Addis Ababa along the shores of Lake Tana. The Ribb and Gumara Rivers
with catchment areas of 1,283 and 1,302 km2 respectively (Abeyou, 2008), pass
through the plain and both drain to Lake Tana (Fig. 8.1).
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Fig. 8.1 Location map of the Fogera floodplain

The floodplain is bounded by Lake Tana in the west, the Gumara River in south,
the Ribb River in the north, and the Bahir Dar-Gondar road in the east. Its lati-
tude ranges from 11◦45′ N to 12◦03′ N while its longitude lies between 37◦29′ E
and 37◦49′ E. It stretches about 15 km east-west and 34 km north-south, with an
elevation of about 1,800 m amsl, having an inundation area of about 490 km2.

8.2.1 Climate

Total annual rainfall in the floodplain ranges from about 1,100–1,530 mm. The mean
monthly rainfall in the floodplain ranges from 0.4 mm in January to 414 mm in
August. The mean monthly temperature of the area is about 19◦C, monthly mean
maximum temperature of about 27.3◦C, and monthly mean minimum temperature
is 11.5◦C (Dagnachew and Woubet, 2008). The rainy season in the area starts in
June and ends in October. About 56% of the Fogera floodplain is covered by rice
fields (Temesgen, 2009).
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8.3 Materials and Data

8.3.1 Station Data

For this study, weather station data is collected from Woreta weather station and
from Bahir Dar (BD) station that is part of the National Ethiopian Meteorological
Network. Woreta weather station (WWS) is located at 11◦54′ N and 37◦41′ E.
Four months data of temperature, relative humidity, atmospheric pressure, incom-
ing solar radiation, and wind speed were collected from this station. These variables
were observed at frequency of 1 Hz and automatically recorded at 5-min inter-
val. Bahir Dar station is located at 11◦04′ N and 37◦25′ E and was used in this
study, although its location is some 50 km from the study area. The station was
selected to allow for better estimation of ET. Extraterrestrial solar radiation differ-
ences computed at the both stations was found less than 1 W/m2 (Temesgen, 2009).
Also daily temperature and relative humidity were compared and a relation was
established between these two stations. The comparison showed that the Bahir Dar
station data could be used without significant error in the estimation of ET in the
floodplain.

8.3.2 Remote Sensing Data

The Moderate Resolution Imaging Spectroradiometer (MODIS) on board of Terra
products were collected which were processed in SEBS. Products used include land
surface temperature, surface reflectance and leaf area index. The detailed description
of the MODIS products are shown in Temesgen (2009).

8.4 Theory and Methods

8.4.1 Ground Based Evapotranspiration Estimation Models

8.4.1.1 Penman-Monteith Method

The Penman-Monteith equation (Monteith, 1965; Penman, 1948) is a physically
based combination approach that incorporates energy and aerodynamic considera-
tions. The Penman-Monteith (PM) equation produces direct estimates of actual ET
(ETa), but requires knowledge of the PM canopy resistance (Sumner and Jacobs,
2005). Generally, the PM equation gives acceptable ET estimates for practical appli-
cations (Widmoser, 2009), which require measurement of net radiation, soil heat
flux, air temperature, relative humidity, and wind speed. The calculation of the net
radiation and the assumption of soil heat flux were according to the FAO-56 ver-
sion. Reference evapotranspiration (ET0) is the potential ET from a hypothetical
green grass of uniform height, 0.12 m, well watered, and a constant albedo of 0.23
with fixed surface resistance of 70 s/m (Allen et al., 1998). After the aerodynamic
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resistance, ra = 208/u2 and the surface resistance rs = 70 s/m are estimated; for the
reference crop, the PM equation can be rewritten as:

ET0 = 0.408�(Rn − G) + γ 900
T+273 u2 (es − ea)

� + γ (1 + 0.34u2)
(8.1)

where

ET0 = reference evapotranspiration (mm/day),
Rn = the net radiation at the crop surface (MJ m–2/day),
G = soil heat flux density (MJ m–2/day), assumed zero on daily basis,
T = mean daily air temperature at 2 m height (◦C),
u2 = wind speed at 2 m height (m/s),
es = saturation vapour pressure (kPa),
ea = actual vapour pressure (kPa),
es = ea saturation vapour pressure deficit (kPa),
� = slope vapour pressure curve (kPa/◦C),
γ = psychrometric constant (kPa/◦C).

8.4.1.2 Priestley-Taylor Method

The PT equation (Priestley and Taylor, 1972) was developed for open water and
wet land surfaces, so the PT method gives better results (Brutsaert, 2005) when soil
moisture is not a limiting factor for ET. The Fogera plain is wet for a long period
in the year. ET0 estimation with the PT method will be compared with the standard
PM ET0 and a locally calibrated coefficient will be proposed for the study area. The
PT equation is expressed as:

ET0 = α

(
�

� + γ

)(
Rn − G

λ

)

(8.2)

where ET0 is in mm/day, and the other input parameters as defined in equation (8.1).
It was reported that, the coefficient α varies in the range of 1.3±0.03 for wetland
surfaces (Priestley and Taylor, 1972). For this study, α value of 1.3 was used.

8.4.1.3 Modified Makkink Method

The Modified Makkink (MM) method is widely used in western Europe. This
method is one of the simplest radiation models. The result from this will be com-
pared with PM method and a calibrated coefficient will be proposed. The MM
method is defined as (De Bruin, 1981):

ET0 = 0.65
�

λ(� + γ )
Rs (8.3)

where Rs is the incoming solar radiation (MJ m–2/day).
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8.4.1.4 Simple Abtew Equation

This method requires only solar radiation for estimation of ET. This simple method
gives actual ET when soil moisture is not a limiting factor for ET and in drier
conditions it gives potential ET (Abtew, 1996). It is formulated as:

ET = k
Rs

λ
(8.4)

where ET (mm/day) is the daily evapotranspiration, k is taken as 0.53, this coeffi-
cient could be calibrated locally (Abtew and Obeysekera, 1995). A locally calibrated
coefficient will be proposed, after comparing with the P-M reference ET.

8.4.2 Surface Energy Balance Systems (SEBS)

The SEBS method developed by Su (2002) is one of the remote sensing methods to
estimate turbulent surface energy fluxes. MODIS spectral products and meteorolog-
ical data were used for the estimation of energy fluxes in SEBS. Actual ET (ETa)
is estimated as a residual of mass balance and energy balance equations, which is
written as:

ETa = Rn − G − H

λ
(8.5)

where Rn is the net radiation, G is the soil heat flux, H is the sensible heat flux and λ

is the latent heat of evaporation (J/kg). Parameterizations of the inputs for the SEBS
algorithm are explained in detail in Su (2002) and Temesgen (2009). The instanta-
neous values obtained with Eq. (8.5) are first extrapolated to daily values using the
assumption that the evaporative fraction is constant during the day. Secondly, the
daily values are extrapolated to monthly estimates, using the monthly PM estimates
based on sunshine hours. All pixels of the floodplain are then averaged to obtain a
single monthly ETa value.

8.5 Results and Discussion

In this section, first, the performance of conventional methods of reference ET esti-
mations are compared to the Penman-Monteith PM equation. Second, the results
of the calculation of actual ET with the SEBS approach are discussed. Finally, the
results are combined to yield the local crop coefficient of rice.
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8.5.1 Reference Evapotranspiration

8.5.1.1 Priestley Taylor

Figure 8.2 shows scatter plots of PT versus PM reference ET for two stations:
Woreta (left panel) and Bahir Dar (right panel), using an a priori coefficient of
α = 1.3. Table 8.1 shows the statistics of the comparison: the R2, the root mean
square error (RMSE), the average mean error (AME) and the bias (in mm/day). The
table includes both the results for the a priori value of α= 1.3 and a (least square
error) calibrated coefficient of α =1.14. Calibration obviously improved the results
significantly for both the stations: the RMSE, AME and bias are reduced by a factor
2 or more.

8.5.1.2 Modified Makkink

A similar comparison between PM and MM shows that the Makkink method per-
forms very well (Fig. 8.3 and Table 8.1). Even though the Makkink method was
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Fig. 8.2 Scatter plot of PT vs PM ET0 at stations (a) Woreta (b) Bahir Dar

Table 8.1 Comparison of different methods (PT, MM and A) with PM

Methods R2
RMSE
(mm day−1)

AME
(mm day−1)

Bias
(mm day−1)

PT WWS BD WWS BD WWS BD WWS BD

α = 1.30 0.79 0.81 0.77 0.63 0.72 0.56 0.71 0.53
α = 1.14 0.79 0.81 0.29 0.34 0.25 0.27 0.13 0.01
MM 0.93 0.88 0.19 0.25 0.16 0.19 0.00 0.01
A
k = 0.53
k = 0.48

0.90
0.90

0.81
0.81

0.60
0.25

0.63
0.34

0.55
0.21

0.55
0.21

0.54
0.11

0.53
0.11
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Fig. 8.3 Scatter plot of MM vs PM ET0 at stations (a) Woreta (b) Bahir Dar

developed for well-watered grassland in The Netherlands (De Bruin, 1981), the
MM equation performs well for both stations without the need for calibration of
the coefficient to obtain better matching ET0 estimations.

8.5.1.3 Abtew Equation

Figure 8.4 and Table 8.1 show the analysis for Abtew’s equation. Abtew simple
method also requires local calibration of the coefficient. After local calibration with
coefficient k = 0.48, the result improved (Table 8.1). The MM method appears to
be slightly better than Abtew’s method because it does not require much calibration
and hence it would be more generally valid in Ethiopian conditions.
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Fig. 8.4 Scatter plot A vs PM equation at stations (a) Woreta (b) Bahir Dar
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8.5.2 Actual Evapotranspiration with SEBS

8.5.2.1 Comparison of Remote Sensing (RS) Actual ET to PM ET0

Reference evapotranspiration is a climatologic variable characterizing the evapora-
tive demand of the surface, whereas actual evapotranspiration (ETa) represents the
effects of soil moisture, land cover heterogeneity and the variability of climatic con-
ditions. Comparing actual to reference evapotranspiration gives insight in the spatial
variability of land cover and stress conditions. Differences between time series of
actual evapotranspiration and reference evapotranspiration for specific crops indi-
cate the seasonal cycle for the crop coefficient. It is noted that differences also
are due to possible effects of water stress that is unaccounted for. We assume that
water is sufficiently available not to constrain evapotranspiration. We note that ET
estimations are for the wet season where rainfall commonly occurs in heavy daily
showers. When comparing remote sensing based ETa with ground based ET0, one
should realize that ET0 estimates are spatially limited and computed on daily basis,
whereas the remote sensing technique estimates of ETa are spatially distributed, but
they are only valid for the instantaneous time of the satellite overpasses.

Time series of ET0 and ETa are shown in Fig. 8.5. One day per month was
analysed. The instantaneous RS ETa values were extrapolated to daily and monthly
values.

The annual ETa estimated from this approach was 1,519 mm, while PM ET0
was 1,498 mm in the year 2008 (Nov 2007–Oct 2008). The mean annual rainfall
over the last 5 years in the Fogera floodplain was 1,296 mm (Temesgen, 2009). This
indicates that the annual actual ET was 17% higher than the mean annual rainfall
over the area. This is probably due to the spate irrigation practices in the area during
the dry seasons, which use water from upstream areas.

In Fig. 8.5, both the remote sensing daily and monthly actual ET and the PM
ET0 daily and monthly estimations follow a similar trend. In the wet season (July to
October) the daily estimations from SEBS were larger than the respective PM ET0,
whereas in dry seasons, the PM ET0 was larger than SEBS estimations.

This could be explained by the drying out of the top soil layers leading to a
reduction of moisture available for evapotranspiration.

April is the driest month in the floodplain and soil moisture is then the limiting
factor for ETa and reduction in ETa is then observed. ETa is limited by the available
net radiation during the rainy season.

8.5.2.2 Spatiotemporal Distribution of ETa over the Entire Floodplain

The spatial and temporal variation of ET over the plain was analyzed using three
selected images. The spatial variation over the entire area was more pronounced in
the dry seasons. The spatial and temporal variation of ET for some selected months
is shown in Fig. 8.6.

On January 1st 2008, the actual ET over the plain ranges from 2 mm in a day in
bare lands to 4.6 mm a day on wet surfaces, with mean value of 3.3 mm and standard
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Fig. 8.5 (a) Daily actual ET and daily PM ET0 (b) monthly actual ET and PM ET0

deviation of 0.59 mm. The evaporative fraction for this day ranges from 0.4 to 0.95,
with mean of 0.71 and standard deviation of 0.11.

In the same way, on 26 April 2008 the spatial distribution of ET follows similar
pattern as of January 1st 2008, except here more pixels become drier. The minimum
and maximum ET was 1.5 and 5 mm a day respectively, with mean value of 3.25 mm
and standard deviation of 0.61 mm. The evaporative fraction ranges from 0.3 to 0.9
with mean of 0.55 and standard deviation of 0.11.

On 6 September 2008, daily ET ranges from 4 to 6 mm with mean value of
4.95 mm and standard deviation of 0.37 mm. The evaporative fraction ranges from
0.74 to 0.95 with mean value of 0.83 and standard deviation of 0.05. The lower
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a) January 1 b) April 26

c) September 6
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Fig. 8.6 Spatio-temporal distribution of ET over the floodplain (Projection: UTM, WGS 84)

standard deviation here clearly shows that the spatial variation in wet months is less
pronounced.

The high ETa values in September clearly show the abundant vegetation growth
in the area at the end of the rainy season. The ETa values are lowest in April when
fields are being ploughed, and conditions are dry. The January values show that
vegetation is still growing vigorously near the lake shore, i.e. the lowest part of the
floodplain where spate irrigation can be maintained for the longest period of time.

8.5.2.3 Spatiotemporal Distributions of Actual ET over Rice Fields

The spatiotemporal distribution of ET over the rice field in the floodplain was ana-
lyzed using three selected images. On July 7, the actual ET over the rice field ranges
from 2.7 to 4.7 mm/day, with mean and standard deviation of 3.6 mm and 0.27 mm
respectively. Similarly, on September 6, ET varies from 3.5 to 5.9 mm in a day, with
mean and standard deviation of 4.95–0.37 mm respectively, whereas on December
7 ET varies from 1.5 to 4.7 mm/day with mean 2.88 mm and standard deviation of
0.79 mm. The lower value of standard deviation in July and September indicate that
spatial variation in rice field was less pronounced; whereas in December as majority
of the rice has been harvested and the spatial variation was more pronounced.
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a) July 7 b) September 6

c) December 7
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Fig. 8.7 Spatiotemporal distribution of ET on rice field (a) July7 (b) September 6 (c) December
7 (Projection UTM, WGS84)

In summary, the spatial variation of ET over the rice field during the seedling
and the fully growing seasons was not pronounced; whereas the temporal variation
of ET in the rice field was larger. During early and harvesting stage of rice, ET was
relatively low compared to its fully growing season. The images of the three selected
days are shown in the Fig. 8.7.

8.5.2.4 Single Crop Coefficient (Kc) for Rice Field

The spatial and temporal variation of Kc is shown in selected images of Fig. 8.8. In
July, where the rice was in seedling stage, the Kc had an average value of 0.9 with
standard deviation of 0.12. In September, when the rice was in its mid growing stage,
the Kc value had increased to an average value of 1.16, with standard deviation of
0.13 and during harvesting period, Kc reduced to an average of 0.81 and standard
deviation of 0.30. These values agree well with the literature values of 1.0, 1.15 and
0.7–0.45 for initial, mid and harvesting seasons of the cropping period respectively
(Allen et al., 1998). It is assumed that, there is no water stress during this period and
therefore Ks can be taken as 1. This seems to be realistic because rains are usually
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a) July 7 b) September 6

c) December 7

1.35

0.4

KC

Fig. 8.8 Spatiotemporal distribution of Kc on rice field (a) July 7 (b) September 6 (c) December
7 (projection UTM, WGS84)

abundant during the rainy season and surface water is also flowing in from upstream
areas. The length of the rice growing season appears to be normal (120–150 days)
(Allen et al., 1998).

8.6 Conclusions and Recommendations

The two objectives of this study were to compare different ET0 methods to the (more
complete) PM estimate, and to derive remotely sensed based actual ET relative to
ET0 over the Fogera floodplain. MODIS products were used in SEBS. The Woreta
and the Bahir Dar weather station data were also used.

Ground based estimations of ET0 for the year 2008 were carried out using dif-
ferent methods. The different empirical methods were compared to the standard PM
reference ET0. From the different conventional methods used, the MM method was
the only method which does not require local calibration of the coefficient. This
method performed the best among the models tested, with a coefficient of deter-
mination R2 of 0.93, RMSE of 0.19 mm, and AME of 0.16 mm. The PT method
overestimated ET0 when the a priori coefficient, α = 1.3 was used. Better estimates
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were found when the coefficient α was reduced to 1.14. The simple Abtew equa-
tion also performed well in the area. However it proved necessary to calibrate the
coefficient which then gives R2 of 0.9, an RMSE of 0.25 mm/day, and AME of
0.21 mm/day. The advantage of Abtew’s method is that ET0 can be estimated using
radiation data only.

The spatial average of actual ET estimated from remote sensing over the flood-
plain was smaller than the PM reference ET0 in relatively drier periods, whereas in
wet season the actual ET was larger than the PM reference ET0. The annual actual
ETa over the floodplain was found about 1,519 mm whereas the annual PM refer-
ence ET0 was 1,498 mm. In wet seasons, the spatial variation of actual ETa was not
well pronounced, whereas in relatively dry months the spatial variation was clearly
pronounced.

The crop coefficient (Kc) of the rice field was estimated in the three growing
stages in 2008. The estimations of Kc in the seedling, fully grown, and harvesting
periods were 0.9, 1.16, and 0.81 respectively, where these values agree well with
the literature values. The length of the growing season lies between 120 and 150
days which appear to be in line with values reported by Allen et al. (1998). The crop
stress coefficient Ks has been taken as 1 because rains are usually quite good during
the rainy season.

The preliminary results obtained with the MM and A methods appear to be
promising. However, further validation and calibration work is required before these
simple methods can be routinely applied in the area.

Acknowledgements This work was funded by an ITC fellowship grant. The support of Bahir Dar
Me-teorological office staff who provided the weather station data is much appreci-ated. We are
grateful to Dr. Assefa M. Melesse and other anonymous reviewers. We thank Abeyou Wale and
Alebachew Abreham (both staff members of Bahir-Dar University) for their support during the
field campaign.

References

Abeyou W (2008) Hydrological balance of Lake Tana Upper Blue Nile basin, Ethiopia. ITC,
Enschede, p 94

Abtew W (1996) Evapotranspiration measurements and modeling for three wetland systems in
South Florida. Water Resour Bull 32(3):465–473

Abtew W, Obeysekera J (1995) Lysimeter study of evapotranspiration of cattails and comparison
of three estimation methods. Trans Am Soc Agric Eng ASAE 38:121–129

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspiration: guidelines for computing
crop water requirements. Rome, FAO, Report 56

Bastiaanssen WGM (1998) Remote sensing in water resources management: the state of the art.
International Water Management Institute (IWMI), Colombo

Brutsaert W (2005) Hydrology: an introduction. Cambridge University Press, Cambridge
Dagnachew L, Woubet G (2008) Flood Hazard and Risk Assessment in Fogera Woreda using

GIS & Remote sensing. In: Hydrology and ecology of the Nile Basin under extreme conditions,
Addis Ababa, Ethiopia

De Bruin HAR (1981) The determination of (reference crop) evapotranspiration from routine
weather data. Proc Inform Comm Hydr Res TNO Hague 28:25–37



178 T. Enku et al.

McCabe MF, Wood EF (2006). Scale influences on the remote estimation of evapotranspiration
using multiple satellite sensors. Rem Sens Environ 105(4):271–285

Monteith JL (1965) Evaporation and surface temperature. Quart J Roy Met Soc 107:1–27
Norman JM, Divakarla M, Goel NS (1995) Algorithms for extracting information from remote

thermal-IR observations of the earth’s surface. Rem Sens Environ 51(1):157–168
Penman HL (1948). Natural evaporation from open water, bare soil, and grass. Proc R Soc London

A193:120–145
Priestley CHB, Taylor RJ (1972) On the assessment of surface heat flux and evaporation using

large scale parameters. Monthly Weather Rev 100(2):81–92
SMEC (2007). Hydrological study of the Tana-Beles sub-basins. Report SMEC International Pty.

Ltd
Su Z (2002) The surface energy balance system (SEBS) for estimation of turbulent heat fluxes.

Hydrol Earth Sys Sci 6(1):85–99
Sumner DM, Jacobs JM (2005) Utility of Penman-Monteith, Priestley-Taylor, reference evapo-

transpiration, and pan evaporation methods to estimate pasture evapotranspiration. J Hydrol
308(1–4):81–104

Temesgen E (2009) Estimation of evapotranspiration from satellite remote sensing and meteoro-
logical data over the Fogera Floodplain – Ethiopia. ITC, Enschede, p 89

Water Watch (2005) Remote sensing studies of Tana-Beles Sub Basins, A Nile Basin Initiative
project Ministry of Water Resources, Ethiopia

Widmoser P (2009) A discussion on and alternative to the Penman-Monteith equation. Agric Water
Manag 96:711–721


	8 Evapotranspiration Modeling Using Remote Sensing and Empirical Models in the Fogera Floodplain, Ethiopia
	8.1 Introduction
	8.1.1 Background and Literature Review
	8.1.2 Objectives

	8.2 Study Area
	8.2.1 Climate

	8.3 Materials and Data
	8.3.1 Station Data
	8.3.2 Remote Sensing Data

	8.4 Theory and Methods
	8.4.1 Ground Based Evapotranspiration Estimation Models
	8.4.1.1 Penman-Monteith Method
	8.4.1.2 Priestley-Taylor Method
	8.4.1.3 Modified Makkink Method
	8.4.1.4 Simple Abtew Equation

	8.4.2 Surface Energy Balance Systems (SEBS)

	8.5 Results and Discussion
	8.5.1 Reference Evapotranspiration
	8.5.1.1 Priestley Taylor
	8.5.1.2 Modified Makkink
	8.5.1.3 Abtew Equation

	8.5.2 Actual Evapotranspiration with SEBS
	8.5.2.1 Comparison of Remote Sensing (RS) Actual ET to PM ET 0
	8.5.2.2 Spatiotemporal Distribution of ET a over the Entire Floodplain
	8.5.2.3 Spatiotemporal Distributions of Actual ET over Rice Fields
	8.5.2.4 Single Crop Coefficient (Kc) for Rice Field


	8.6 Conclusions and Recommendations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




