
JOURNAL OF
ENVIRONMENTAL HYDROLOGY

The Electronic Journal of the International Association for Environmental Hydrology
On the World Wide Web at http://www.hydroweb.com

VOLUME 17       2009

Journal of Environmental Hydrology                    Volume 17  Paper 1  January 20091

This paper describes the methodology used for estimating the latent heat flux (LE) by means
of the energy balance equation and using data from Landsat EMT+ images. The aim of the
application is to assess the LE distribution in an agricultural region located in the center of
Buenos Aires Province, Argentina. The methodology made use of two images captured in
November and December 2001, which correspond to the period of greatest demand in terms
of evaporation and transpiration. The results from the image processing are quite consistent
as compared to a local-scale Penman-Monteith model. Moreover, the maps obtained show
variations of up to 3 mm/day among neighboring plots, a fact that is not detected by the local-
scale model.
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INTRODUCTION

The ever-increasing demand for water and the worldwide scarcity of water resources dictate the
need for a correct modeling of hydrological systems to achieve a sustainable use of groundwater
resources. These models are based on the balance between the water that enters and leaves the
hydrogeological system. Evapotranspiration (ET) is a major process as far as the water that exits
the system. Scientific advances for estimating the ET at a local scale have been very significant,
although obtaining ET values at larger scales becomes difficult because of the large amount of
information required.

Nowadays, remote sensing (RS) represents one of the most attractive tools for researchers and
technicians who are interested in assessing the spatial and time-related evolution of various natural
systems. Data from RS can be used for determining earth surface geophysical parameters,
including albedo, emissivity, soil heat flux, surface temperature, and latent heat flux, that are very
useful for estimating the regional scale energy balance (EB) (Boegh et al., 2002; Friedl, 2002;
Sobrino et al., 2004; Kustas et al., 2004; Wang et al., 2006; Schirmbeck and Rivas, 2007b;
Timmermans et al., 2007; Sánchez et al., 2007). Calculation of the latent heat flux is critical to
determine the energy available for the ET process.

The objective of this paper is the assessment of the spatial distribution of ET from the EB that
makes use of RS data and meteorological data. The RS information come from data captured by the
Enhanced Thematic Mapper Plus (ETM+, mission Landsat 7) sensor.

METHODOLOGY

The EB consists of the distribution of the net radiation (Rn) at the surface, the soil heat flux (G),
the sensible heat flux (H), and the latent heat flux (LE) (Timmermans et al., 2007):

0=+++ LEHGRn           (1)

where the units of Equation 1 are energy per square meter.

The Rn, G, and H terms of Equation 1 are easily estimated from RS data (Boegh et al., 2002;
Friedl, 2002; Kustas et al., 2004; Sobrino et al., 2005; Wang et al., 2006; Schirmbeck and Rivas,
2007b; Timmermans et al., 2007; Sánchez et al., 2007), whereas LE in most cases is estimated as
the residual term.

In processing the Landsat images, the first step was to transform the digital values of the
different bands into physical parameters for the top of the atmosphere (TOA). Bands 1 to 5 and 7
were converted into radiance and reflectance at the TOA, and band 6H (H meaning high radiometric
resolution) into radiance and temperature following the findings of Schirmbeck and Rivas (2007a).
The next step was the calculation of the EB terms, as will be shown below.

Net radiation (Rn) estimation

The Rn was calculated from the albedo (α), the emissivity (εs), and the surface temperature (Ts)
with data of the ETM+ sensor, as well as local meteorological information. Local data used are the
air temperature (Ta) and the incoming solar radiation (Rs↓), which were measured at the same time
that the image was captured (Friedl, 2002; Schirmbeck and Rivas, 2007a; Timmermans et al., 2007)
(Equation 2):

( ) 441 TssTaasRsRni σεσεεα −+−= ↓           (2)
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where s is the Stefan Boltzmann constant.

The air emissivity (εa in Equation 2) calculation used an expression that depends on Ta
(Brutsaert, 1984):

251092.0 aa T−⋅=ε            (3)

Bands 1, 3, 4, 5, and 7 of the ETM+ sensor were used to calculate a (Liang et al., 2002):

75431 072.0085.0373.0130.0356.0 BBBBB ρρρρρα ⋅+⋅+⋅+⋅+⋅=            (4)

where ρBi is the reflectivity of the ith band.

The emissivity at the surface for each pixel was estimated as follows (Sobrino et al., 2004):

)1( vSvVLs PP −⋅+⋅= εεε            (5)

In Equation 5, εLs calculation assumes that, for the band 6H wavelength, the vegetation
emissivity (Pv) is 0.99 and the soil emissivity (εs ) is 0.973 (Sobrino et al., 2004).

The vegetation cover estimation used the normalized difference vegetation index (NDVI),
assuming that those pixels where the NDVI value is between 0 and 0.3 represent bare soil (Pv=0),
values in the range of 0.3-0.6 are a lineal combination of two components (soil and vegetation),
whereas pixels with NDVI values of 0.6 to 1 are attributed to vegetation presence (Pv=1)
(Schirmbeck and Rivas, 2007a).

In order to correct the temperatures of the TOA for atmospheric effects, the mono channel
equation proposed by Coll et al. (1992) was used:
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where Tl is the black body temperature measured by the sensor, Li is a fitting parameter that has
temperature units (K), Kl is the total atmospheric absortion coefficient (cm2 g-1), W is the water
vapor content in the atmosphere (g cm-2), and q is the sensor observation angle.

Soil heat flux (G) estimation

The G term can be estimated as a fraction of the Rn that is proportional to the vegetation cover.
The G calculation used the Modified Soil Adjusted Vegetation Index (MSAVI), which takes into
account the radiation emitted by the soil and the vegetation (Sobrino et al., 2005):

)13.2exp( MSAVIARnG −⋅⋅=            (7)

The A constant determines the maximum fraction of G that is registered in a bare soil. For a
typical soil of the Tandil area (Buenos Aires Province, Argentina), the A parameter takes on a value
of 0.1 ±0.02 (calculated from an EB Campbell Scientific station for a 300-day period installed on
a short grass plot). The MSAVI estimation used the following equation (Qi et al., 1994):

2
)(8)12(12 34
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Sensible heat flux (H) estimation

The sensible heat flux (H) may be obtained from specific models that are based on one-
dimensional energy flow, such as (Boegh et al., 2002; Kustas et al., 2004; Wang et al., 2006):

ra
TaTscH p

−= ρ            (9)

where ρ is the air density, cp is the specific heat of humid air at a constant pressure, and ra is the
aerodynamic resistance.

Latent heat flux (LE) estimation

The daily LE has been estimated as a residual term of Equation 1. The change from instantaneous
to daily values for net radiation may be obtained from the ratio between both values (Rnd/Rni). In
this work, and according to Seguin and Itier (1983), Rnd/Rni = 0.3 ± 0.03. Therefore, Rnd can be
written as:

3.0⋅= RniRnd          (10)

Reference evapotranspiration (ETo) estimation

As a way of checking the consistency of the LE estimates obtained from Equation 1, the
reference evapotranspiration (ETo) values were calculated. The daily ETo took into account the
records of three meteorological stations within the study area and the Penman-Monteith model
(Allen et al., 1988):
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where ETo (mm d-1), Rn (MJ m-2 d-1), and G (MJ m-2 d-1) have been defined, U2 is the wind velocity
(m s-1), (ea – ed) is the vapor pressure deficit (kPa), D is the slope of the vapor pressure curve (kPa
°C-1), γ is a psychrometric constant (kPa °C-1), 900 is the coefficient for the reference crop (kJ
kg K d-1), and 0.34 is a dimensionless coefficient that comes from the ratio between the
aerodynamic resistance and that of the reference crop.

RESULTS

The proposed methodology has been applied to two images (path-row 225-86) captured by the
ETM+ sensor on November 21 and December 23, 2001. It may be important to mention that in
2001 the rainfall was 54% above the historical annual mean of 918 mm y-1. Excess water was
registered in November, and the local soils held a maximum water content (ETmax≅LE), whereas
in December the rainfall was not abundant and the soils were below their maximum availability of
water ETmax>LE).

The study area (Figure 1) is at the center of Buenos Aires Province, Argentina. It is within the
so-called Humid Pampas, where agricultural activities (mainly cereal crops and oilseeds) are of
primary importance. It is a rather flat plain with a mean annual rainfall of 918 mm y-1 and water
excess during fall and spring seasons. The mean annual temperature is 15 °C, and the winter and
summer seasons are quite different in terms of mean temperature. The wind has a mean velocity
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of 9 Km h-1, and the average air humidity is 72%. According to Thornthwaite, the climate is
classified as sub-humid/humid, mesothermal, with a low or null water deficit. Most of the water
leaves the hydrological system as evapotranspiration (80-85% of the rainfall).

Figure 1 shows the study area and the location of the meteorological stations used for the ETo
estimation. The stations are: El Porvenir (36.7 S, 59.1 W, 132 m), where hourly data are registered
by an automatic Campbell Scientific ET106 station belonging to the Instituto de Hidrología de
Llanuras (data of this station corresponding to the day/time of images captured were used for the
EB models), and two stations operated by the National Weather Service, the Tandil station (37.2
S, 59.2 W, 175 m), and the Benito Juárez station (37.7 S, 59.7 W, 214 m).

Figures 2 and 3 present the ET maps obtained from the processing of the images captured on
November 21 and December 23, 2001. The spatial variability of the evapotranspiration is between
2 and 8 mm day-1 (1 mm day-1 step). It can be seen that adjacent plots have differences of up to 3
mm day-1.

One of the main advantages in estimating the LE from EB is that the values obtained correspond
to the real energy used in the process of transferring the latent heat flux. For the November 21
image, when the soils hold the maximum amount of water available, the LE values are similar to
the ETo Kc estimates, with differences less than 0.6 mm d-1 (Table 1, rows 1 and 2). For the
December 23 image, when the water content of soils is below the vegetation requirements, the LE
values are significantly smaller than those of the ETo Kc, showing the model ability to identify
water stress situations (Table 1, rows 3 and 4).

These results show the ability of the method and its consistency for estimating the real loss of
water (with and without water stress) from the plots considered in this study.

Benito Juárez 
station 

Tandil 
station 

El Porvenir 
station 

 

Figure 1.  Location of the study area and the meteorological stations shown on a portion of band 4 (image
225-86 of December 23, 2001).
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Figure 2.  Latent heat flux (ET, mm d-1) in the study area from the November 21, 2001 image.

Figure 3.  Latent heat flux (ET, mm d-1) in the study area from the December 23, 2001 image.
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CONCLUSIONS

This paper presents a simple method for the estimation of LE (evapotranspiration) from images
captured by the ETM+ sensor. The LE maps are consistent with measurements taken at reference
plots. Further, the detected spatial variability of LE for two different dates of high-water demand
show an important variation of water loss from the soil-water-plant system.

The models used for estimating the components of the EB have been tested and the results
obtained in the center of Buenos Aires Province, Argentina (Table 1) indicate that they can be
usefully applied throughout the region.

The methodology can be very useful for hydrological studies at regional and field plot scales,
including aquifer recharge assessment, estimation of crop water requirements, the quantification
of net primary productivity, and the overall management of water resources.
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