Chapter 11
Crop Yield Estimation Using Remote Sensing
and Surface Energy Flux Model

Abstract Spatial variability of energy fluxes calls for remote sensing-based ap-
proaches for mapping of fluxes, especially for larger areas. Cumulative consumptive
use of water by crops can be related to crop yield with the help of remotely
sensed data and surface energy balance models. This chapter discusses the use of
surface energy balance models and Landsat images for correlating crop yield with
latent heat flux. A case study for wheat and soybean fields is also presented. The
modeling frame work and correlation of crop yield to spatially mapped latent heat,
Bowen ratio, and wetness index is discussed. Net radiation was determined using
the Surface Energy Balance Algorithm for Land (SEBAL) procedure. Applying
the Two-Source Energy Balance (TSEB) model, surface temperature and latent
and sensible heat fluxes were partitioned into vegetative and soil components and
estimated at the pixel level. Results show that latent heat flux and Bowen ratio
were correlated (positive and negative) to the yield data, respectively. The effect of
microtopography on latent heat flux was shown using the wetness index and latent
heat relationship. The flux estimation procedure from the SEBAL-TSEB model was
useful and applicable to agricultural fields.

Keywords Remote sensing ¢ Latent heat ¢ SEBAL ¢ Two-source model
e Surface energy flux ¢ Yield » Landsat « Bowen ratio * Wetness index e
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11.1 Introduction

Reliable maps of surface energy fluxes are important for assessing surface—
atmosphere interactions. Surface energy balance models simulate microscale energy
exchange processes between the ground surface and the near ground atmospheric
layer level, and they are required by many environmental disciplines including
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hydrology, agronomy, and meteorology. The energy exchange processes are highly
spatiotemporal variable and include exchanges of radiative, sensible heat; latent
heat; and subsurface heat. The high spatial variability of these fluxes and exchanges
will limit point measurements for larger areas.

Methods for estimating energy fluxes from atmospheric measurements range
from gross regional estimates to direct measurements of atmospheric gradients or
fluxes. The former provides physical bounds over large areas, insensitive to local
surfaces, and the latter measures at a single point (Tanner 1988). The estimation of
surface energy fluxes using conventional ground-based procedures requires multiple
measurements of variables controlling the process and is time, labor, and cost
intensive. For large areas, remote sensing approaches are proven to be useful to
estimate surface energy fluxes and parameters. Remote sensing provides data useful
to estimate surface energy fluxes in the thermal infrared portion of the spectrum.

Remote sensing- and surface energy balance-based approaches are described in
details in Chap. 10. One advantage of using remotely sensed data for hydrologic
modeling and monitoring is its ability to generate information over large space
and time scales, which is very useful for successful model analysis, prediction, and
validation.

Surface energy fluxes are related to surface temperature, vegetative properties,
and surface emissivities of land surface. For instance, low temperatures of land
surface can be indicative of high moisture, irrigated field and/or vegetated cover,
and hence latent heat dominance (Bowen ratio < 1). On the other hand, high
temperatures can be an indication of the dominance of dry surface, low soil moisture
or stressed vegetation, and hence higher sensible heat flux (Bowen ratio > 1).
Vegetative properties can significantly affect the energy fluxes and exchange as
they affect the surface air temperature gradient. This gradient determines fluxes of
sensible heat and exchange of energy. Surfaces having different vegetation cover
can have similar surface temperatures due to the difference in the aerodynamic
properties of the surfaces (French et al. 2000).

Due to water vapor losses from agricultural fields, evapotranspiration may
exhibit large spatial variability depending on the growth stage of crops and health
of the vegetation; hence, studies focused at estimating spatial latent heat fluxes
(evapotranspiration) of crop fields are very important. This knowledge can help in
high-resolution irrigation water management practices.

The yield of many agricultural crops often can be predicted from the amount
of water used by the crop in evapotranspiration (ET), which is the combined
evaporation from the soil and transpiration by the crop (Hanks 1974). The rela-
tionship between yield and ET, called a crop water production function, has been
widely and successfully used in various aspects of crop water management. The
crop water production function is a mathematic model that reflects the rule of
conversion between the crop yield and the water factor (ET). It is widely used
in regional planning for improving irrigation efficiency and system evaluation.
Based on the crop water production function, relationships between crop yield and
consumptive water use have been developed. Such information can be used in crop
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water management to determine the amount of water that will result in the highest
yield production per unit of water use (water use efficiency). The information from
such analysis will be useful to farmers and irrigation managers, as well as to other
researchers who investigate methods to increase the productivity and efficiency of
crop water use.

11.2 Surface Energy Flux Budget

Surface energy flux estimation requires energy inputs, moisture conditions of soil
and vegetation, and surface microclimate conditions (Norman et al. 1995a; French
et al. 2000). Remote sensing has proven to provide the energy inputs (short- and
longwave radiations) and surface moisture conditions of soil and vegetation (surface
temperature and vegetation indices) at a reasonable spatial and temporal scale.
Surface microclimate can be collected from networks of meteorological stations.

As shown in Chap. 10, in the absence of horizontally advective energy, the
surface energy budget of land surface satisfying the law of conservation of energy
can be expressed as

R,—LE—-H-G=0 (11.1)

Energy flux models solve Eq. 11.1 by estimating the different components sepa-
rately. Remote sensing-based models have proven the ability to address the spatial
variability of these fluxes by computing the value of energy budget components in
the equation above at pixel level.

As discussed in Chap. 10, the Surface Energy Balance Algorithms for Land
(SEBAL) (Bastiaanssen et al. 1998a, b) and the Two-Source Energy Balance
(TSEB) (Norman et al. 1995b; Kustas and Norman 1999) models utilize remotely
sensed data such as Landsat, ASTER, and MODIS to solve Eq. 11.1 by computing
surface energy fluxes from satellite images and meteorological data.

The SEBAL model has been used in various studies to assess evapotranspiration
rates in the USA, Spain, Italy, Turkey, Pakistan, India, Sri Lanka, Egypt, Niger, and
China (Bastiaanssen et al. 1998a, b; Wang et al. 1998; Bastiaanssen 2000; Morse
et al. 2000; Melesse and Nangia 2005; Melesse et al. 2007).

This chapter discusses the use of the coupled SEBAL-TSEB model and Landsat
imagery in estimating latent heat fluxes from wheat and soybean agricultural fields
and makes comparisons to actual yield of the crop fields. The two models are
discussed in detail in Chap. 10.

In order to estimate daily evapotranspiration, instantaneous ET was converted to
daily ET using the following equations:

AET
ETinee = 36007 (11.2)
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Table 11.1 Coefficients for ASCE-PM Ref-ET equations (Allen et al. 2005)
Short reference (ET,) Short reference (ET;)

Computation time step C, Cq4 Cy Cqy Units Units for R,, G
Daily or monthly 900 0.34 1,600 0.38 mm day~! MJm~2 day !
Hourly — daytime 37 024 66 0.25 mmh™! MIm2h™!
Hourly — nighttime 37 096 66 1.7 mmh™! MIm2h™!
ETins
ET.F = — st (11.3)
ET;
ETy4 = ET.F x ET}24 (11.4)

ASCE-PM Standardized Reference ET equation (Jensen et al. 1990) is given by

ARy = G) + y 78 ur(es — eq)

ET,es = 0.408
ref A+ )/(1 + Cduz)

(11.5)

where ET, is either the short (ET,) or tall (ET,) reference ET (mm day™!, or
mm h™'), R, is the net radiation at the crop surface (MJ m~2 day ™' or MI m—2h™"),
T is the mean daily or hourly temperature at a 1.5-2.5-m height (°C), G is the soil
heat flux density at the soil surface (MJ m~2 day™! or MJ m™2 h™"), u, is the mean
daily or hourly wind speed at a 2-m height (m s™!), ¢ is the mean actual saturation
vapor pressure at 1.5-2.5-m height (kPa), eq is the mean actual vapor pressure at
1.5-2.5-m height (kPa), A is the slope of the vapor pressure—temperature curve
(kPa °C™"), y is the psychrometric constant (kPa °C™"), and C, is a function of the
computation time step (hourly or daily) and of the aerodynamic resistance, which is
a function of the reference type: grass or alfalfa. The term Cy is a constant that is a
function of the surface resistance values, which are also functions of the reference
type: grass or alfalfa. Jensen et al. (2000) gave the values of Cy and C,, as shown in
Table 11.1.

11.3 Case Study

The surface energy flux versus crop yield study was conducted for six growing
seasons from 1997 to 2002 on four contiguous fields located in Polk County,
Northwestern Minnesota (Fig. 11.1). The study fields covering an area of 250 ha
(2.5 km?) are located in the Red River Valley, which is one of the nation’s most
fertile agricultural areas. Wheat and sugar beets are the most important crops in
Polk County. Barley has the second most acreage but stands as the third most
economically important crop. The study uses yield and ET data from wheat and
soybean fields.



11.3  Case Study 165

Minnesota

Field 152

_— e 2

Field 151

Study
Fields Polk County

Field 154

[ Study Fields
0.4 0 0.4

0.3 Kilometers

Fig. 11.1 Location of the study fields on the map of Minnesota

Table 11.2 Landsat images used in the study

Date Sensor ~ No.of bands  Spatial resolution

June 21, 1997 TM 7 30-m (visible, NIR and MIR), 120-m (TIR)
July 10,1998 TM 7 30-m (visible, NIR and MIR), 120-m (TIR)
July 21,1999 TM 7 30-m (visible, NIR and MIR), 120-m (TIR)
July 23,2000 ETM+ 8 30-m (visible, NIR and MIR), 60-m (TIR)

panchromatic (15-m)

July 10,2001 ETM+ 8 30-m (visible, NIR and MIR), 60-m (TIR)
panchromatic (15-m)
July 13,2002 ETM+ 8 30-m (visible, NIR and MIR), 60-m (TIR)

panchromatic (15-m)

The average winter temperature of the area is —13°C with the average daily
minimum temperature of —18°C. In summer, the average daily temperature is 20°C
with average maximum of 30°C. The total annual precipitation of the area is 505 mm
with 70% of the precipitation occurring in the months of April through September.
The growing season for most crops falls within this period. The soils in Polk County
generally are dark and range in texture from clayey to sandy. Soils in the western
half of the county were formed in silty and clayey lacustrine sediments.

11.3.1 Data

The study used remotely sensed data (Landsat Thematic Mapper, TM, and Enhanced
Thematic Mapper Plus, ETM+), Digital Elevation Model (DEM), and crop data
(yield) and weather data (solar radiation, wind speed, and air temperature).

Seven Landsat TM and ETM 4 images (Table 11.2) were used to process
the intermediate parameters (Normalized Difference Vegetation Index, NDVI),
fractional vegetation cover, radiometric surface temperature corrected using surface
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emissivity, albedo, and surface and atmospheric emissivities, from which surface
energy flux components were estimated. The Landsat images were selected to
represent the growing stage of the crops at full canopy. Figure 11.2 shows one of the
Landsat images of the fields used in this analysis.

The 5-m DEM of the field, used in the energy flux computation, was mapped
during land preparation (Fig. 11.3). The 5-m yield grids (bushels/acre) for each
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Table 11.3 Yield data by

Year  Field 151  Field 152  Field 153  Field 154
season and field
1997  Wheat
1998 Wheat Soybean
1999  Wheat Soybean
2000 Wheat Soybean
2001  Soybean Wheat
2002  Wheat
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Fig. 11.4 Modeled vs. observed energy fluxes at the Fort Peck, Montana, site

season and field were developed from yield point data collected from the combine
harvester’s yield monitor. Table 11.3 shows the year and planted crop type by
field. Yield data were correlated with the surface energy fluxes determined from
the Landsat TM and ETM +- sensors.

The weather data, which were used as input to the surface energy flux model,
include wind speed and air temperature. Hourly values were collected from the
weather station at the study field. Only values at the time of the Landsat overpass of
the area were used.

Since the study fields did not have on-site flux measurements, calibration and
validation of the modeled fluxes were done using data from the micrometeorology
flux tower located at Fort Peck, Montana. Validation results and comparison of the
modeled and observed fluxes are shown in Melesse and Nangia (2005). Figure 11.4
shows the comparison of the modeled and predicted fluxes using the SEBAL model
at the Fort Peck, Montana, USA, experimental site.
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Fig. 11.5 Landsat-based spatial daily evapotranspiration of the study area (1997-2002)

11.3.2 Results and Discussion

Evapotranspiration: Spatial evapotranspiration maps from the six images (1997-
2002) are shown in Fig. 11.5. These are daily ET values on the respective image
dates. Since the different fields are planted different crops at the different periods,
the variation in the spatial and temporal ET emanates from this variation.
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Fig. 11.7 Yield vs. vegetation latent heat (wheat and soybean) from Field 151

Evapotranspiration values in energy units (latent heat flux) were converted
to grids and georeferenced to the respective yield grids. Latent heat grids were
summarized using integer values of yield grids, and scattergrams were drawn using
the mean values of LE for each value of yield. For instance, those latent heat pixels
having a yield of 20 bushels/acre were identified, and their mean latent heat value
was computed. Scattergrams were drawn using the data categorized by crop (wheat
and soybean) and season (2001-2002) for Field 151.

The scattergrams (Figs. 11.6 and 11.7) show that crop yield increases exponen-
tially with the increase of latent heat (total) and vegetative latent heat, with an
average R? of 0.67 (wheat) and 0.70 (soybean).
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Fig. 11.8 Scattergram showing yield vs. Bowen ratio from Field 151

Yield Versus Bowen Ratio(Field 151): The Bowen ratio (B) (Bowen 1926) is
computed as the ratio of H to LE. Bowen ratio shows the relative proportions of
sensible and latent heat. Higher values of B (B > 1) indicate dominance of sensible
heat, which is the case for dry soil or stressed vegetation with little evaporation from
the soil and reduced respiration from the crop. On the other hand, lower values of
B (B < 1) are indications of dominance of respiration and evaporation process over
sensible heat loss from the soil and canopy to the air. This is typical of a wet soil
and vegetated surface. Scattergrams of yield (Fig. 11.8) versus B for Field 151 in
the 2001 and 2002 seasons show a negative correlation for both growing seasons,
indicating dominance of latent heat flux over the sensible heat from the vegetative
surfaces (Fig. 11.8).

Yield Versus Wetness Index(WI) (Field 151): Topography is a determinant for mag-
nitudes and spatial distributions of water and energy fluxes over natural landscapes.
The topographic configuration of a landscape is a control boundary condition for
the hydrologic processes of surface runoff, evaporation, and infiltration, which
take place at the ground—atmosphere interface. For example, wetness index (WI)
provides a description of the spatial distribution of soil moisture in terms of
topographic information. WI is computed as

WI=L (é) (11.6)
=Ln 3 .

where A and S are the specific drainage (i.e., flow accumulation) area and slope,
respectively.

As A increases and/or S decreases, WI becomes larger, indicating that soil
moisture content will increase. Because WI takes into account local slope variations,
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it has proven to be a reasonable indicator for soil wetness, flow accumulation, sat-
uration dynamic, water table fluctuation, evapotranspiration, soil horizon thickness,
organic matter content, pH, silt and sand content, and plant cover density (Kulagina
et al. 1995; Florinsky 2000). Wetness index (WI) for the study area is depicted in
Fig. 11.9.

The microtopography expressed in the form of the wetness or topographic index
and yield from wheat are found to be positively correlated in areas where WI
values were low up to a certain extent (Fig. 11.10). This may be because the
microtopography controls soil moisture content as well as its spatial distribution.
Grids with higher WI values are identified as the areas receiving more overland
flows (i.e., with greater flow accumulations) and having a smaller gradient. These
areas have higher soil moisture but a higher evaporation rate than the areas with
lower WI values. The correlation between WI and soil moisture is further verified by
the observation that when water is a limiting factor of an agricultural field, the crop
in the areas with higher W1 values tends to grow better than the crop in the areas with
lower WI values. This can be attributed to more water availability for transpiration
(i.e., latent heat demand) in areas with higher WI values. Figure 11.10 shows WI
versus yield for wheat and soybean for 2002 and 2001 seasons, respectively. The
relation between yield and WI for soybean was not significant.

Yield Prediction ErrorAnalysis: Once the correlation between yield and LE was
estimated, a predicted spatial map of yield was generated. In order to show
the accuracy of the prediction, the residual mean and standard deviation were
calculated (Tables 11.4 and 11.5). From the prediction error analysis, it is shown
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Fig. 11.10 Scattergram showing yield vs. wetness index (WI) from Field 151

that the average residual means for wheat and soybean fields were —4.2 and 0.11
bushels/acre, respectively. Similarly, the average standard deviations of the residuals
for the wheat and soybean fields were 16.2 and 16.6 bushels/acre, respectively. The
error analysis results show that the average error of prediction for soybean fields was
smaller than that of the wheat fields. It is also shown that the average percentage of
under- or overprediction (ratio of mean residual to observed mean) was also smaller
for soybean (1.4%) when compared to wheat (—9.6%).

11.4 Summary

This chapter discussed the role of remotely sensed data and spatially distributed
energy flux modeling in estimating evapotranspiration and hence correlating the
same to crop yield. The demonstrated case study estimated spatial surface energy
fluxes determined from remotely sensed data for seven growing seasons at four
crop fields. Energy fluxes were calibrated and verified using flux tower data.
Relationships between crop yield to LE, wetness index, and Bowen ratio were
established. The SEBAL-TSEB model predicted components of the surface energy
budget with reasonable accuracy.

The LE versus yield relationship was good, with an average R* of 0.67 for wheat
and 0.70 for soybean, respectively. Similarly, the average mean errors of the pre-
dicted yield were —0.42 and 1.1 bushels/acre for wheat and soybean, respectively.
For developing a better understanding of the close relationships between the LE
and crop yield, more data from different fields, crops, and growing seasons will be
helpful.
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Table 11.5 Mean and

Residuals (all field
standard deviation (SD) of esiduals (all flelds)

residuals and percent under- Crop Mean (buac™")  SD (buac™!) Pred. (%)
or overprediction (% Pred.) of Wheat —4.17 16.19 9.60
yield by crop Soybean  0.11 16.60 1.42
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