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ABSTRACT
The Irrigation Training & Research Center (ITRC) at Cal Poly State University, San Luis Obispo
has been using METRIC to compute actual evapotranspiration from remote sensing sources
(namely LandSAT images). The driving force behind this is the increasing need for improved
evapotranspiration information on a large scale. A recent study in the Mexicali Valley of Baja
California, Mexico utilized the ITRC-modified METRIC procedure to compute the crop and
riparian evapotranspiration component of a basin-wide water balance. The resulting comparison
between the mass balance computed change in groundwater storage and that computed using
groundwater elevation data showed excellent agreement. For water planning, the spatial
variability in evapotranspiration can be very important. In this case, there was significant nonuniformity of evapotranspiration that can be attributed to irrigation and drainage infrastructure
and management. Planned improvements in both irrigation and drainage infrastructure will likely
lead to improved evapotranspiration uniformity, resulting in higher per-acre water consumption.
Possible solutions will be discussed.
INTRODUCTION
The need for accurate evapotranspiration information for basin-wide water resource planning has
been well documented. As improved techniques such as remote sensing become more widely
utilized, the information provided can be leveraged to enhance predictions required for long-term
water resources planning.
The Mexicali Valley is located in the northeastern section of the state of Baja California and
constitutes approximately 350,000 hectares of agricultural fields. The Valley has historically
relied upon the large river flows through the Río Colorado Basin. International agreements
between the United States and Mexico, beginning with the International Treaty of 1944, have set
the minimal annual allotment from the basin into Mexico at 1,850 million cubic meters (Mm3).
Since the initial agreement, the Mexicali Valley has typically received slightly more than its
allotment. However, water shortages and policy changes in the United States have led to
increasingly tightened water regulations in the water districts north of the border in recent years.
These changes to the supply across the U.S.-Mexico border have yet to fully materialize in
Mexicali Valley, but are expected to impact the area in the near future.
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As such, the government of Mexico, through the Comisión Nacional del Agua (CONAGUA),
requested a water balance be conducted to evaluate what has been occurring so that appropriate
plans can be made for the future.
METHODOLOGY
The water balance study area is shown in Figure 1. The northern boundary is the U.S.-Mexico
boundary from Yuma, AZ to just west of Calexico, CA. The southern boundary is just north of
the Gulf of California. Since the water balance area must be in three dimensions, the bottom
dimension was set at the confining layer approximately 200 meters below the ground surface.
Groundwater pumping is a major irrigation supply source in some areas of the Mexicali Valley.
The bottom boundary at the confining layer appropriately accounts for the recirculation of
surface water that percolates below the root zone to the groundwater.
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Figure 1. Water balance study area, Mexicali Valley, Baja California, Mexico
A water balance is a mass balance that takes into account all forms of water that enter and leave
the study area balance. The final conclusions determine:
Inflows – Outflows = ΔStorage

(1)

The inflows into the balance area include surface and subsurface inflows and precipitation. The
outflows from the study area include surface drains, subsurface outflow, evaporation from open
water bodies and evapotranspiration. The schematic in Figure 2 shows a detailed accounting of
all water sources, uses, and destinations in the Mexicali Valley system.
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Figure 2. Schematic showing the water balance components of the Mexicali Valley. (Schematic
based on design by the Research Coordination Network)

The water balance investigation examined a single year (2007) of detailed data. In many cases
the data required to conduct the detailed evaluation was limited to estimates or measurements for
an average year. It was determined through evaluating historical data that 2007 was a typical
year in terms of precipitation and water supply. Additionally, it was necessary to use a year prior
to 2010 because of the April 4, 2010 earthquake, which severely damaged irrigation distribution
infrastructure as well as agricultural lands.
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The focus of this report is on evapotranspiration, the largest outflow component of the water
balance, and its influence on water management planning. Therefore, the remainder of this paper
will focus on evapotranspiration other than some brief discussion on where other balance
components were obtained. Information on surface inflows and outflows was obtained from a
number of sources. Surface inflow data was obtained by the International Boundary and Water
Commission (IBWC, 2012a and IBWC 2012b). Other surface inflows and outflow were obtained
from CONAGUA (2012).
METRIC
METRIC is an algorithm developed by Dr. Richard Allen from the University of Idaho, in which
evapotranspiration is computed from LandSAT data. LandSAT satellites have a 30 m × 30 m
resolution for non-thermal bands and 120 m × 120 m resolution for the thermal bands (Courault
et al. 2005). While there are several methods available to compute evapotranspiration from
LandSAT data, the methodology behind METRIC, specifically within the sensible heat flux
computation, has been designed for agricultural crop evapotranspiration estimation. ITRC has
made several modifications to the original METRIC algorithm to enhance usability and decrease
processing time. These include developing a semi-automated calibration procedure and
converting from an alfalfa-based reference evapotranspiration system to a grass-based reference,
which is more applicable for California and other regions in the western U.S.
METRIC is based on the surface energy balance equation:
(2)
where LE is the latent heat flux, Rn is net radiation at the surface, G is the soil heat flux, and H is
the sensible heat flux into the air. LE is converted into ETc at the time the image was taken as
depth per unit time (typically mm/hour). Each component of the surface energy balance requires
numerous computations. The current model is fully described in Allen et al. (2007) and Allen et
al. (2010). The METRIC process depends upon both accurate and frequent LandSAT satellite
thermal images (available only once per 16 days) and an understanding of the agronomic
variable in a region.
The entire study area was not available in a single LandSAT 5 image. The evaluation required
examining a combination of four images. Since images along the same path were taken on the
same day and time, mosaics were developed and processed at the same time. The images on
different paths had to be processed independently (Figure 3). All available images with clear
skies or minimal clouding were processed for the Mexicali Valley region from August 2005
through September 2007. A total of 66 images were processed using METRIC for the
evapotranspiration evaluation.
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Figure 3. Natural color LandSAT 5 image mosaics for Path 39 (left) and Path 38 (right) used to
compute evapotranspiration
The required information for METRIC includes LandSAT images, raster land use maps, digital
elevation models, and hourly corrected weather data from a nearby station (see discussion
below). Utilizing image processing software ERDAS Imagine (Earth Resource Data Analysis
System, Atlanta, GA), Microsoft Excel, and ArcGIS 9 (ESRI, Redlands, CA), the inputs are
processed and the model computes the instantaneous ETc for each pixel within a LandSAT
image. The primary models for each component of Eq. 2 are built in ERDAS Imagine. The
spreadsheet program is used to compute and store parameters that are needed as inputs into
ERDAS.
Weather Data
Other data utilized for the ETc evaluation include digital elevation models and weather data.
Weather data was obtained from reference evapotranspiration weather stations maintained by the
Sistema de Información de Manejo del Agua de Riego en Baja California (SIMARBC). After a
quality control evaluation of the weather data (Allen et al. 1998), some errors in solar radiation
data were found and corrected. Grass reference evapotranspiration (ETo) was recomputed using
REFET 3.1 (Allen 2002). This corrected data, both hourly and daily, was used in the METRIC
process to compute daily, monthly, and annual evapotranspiration. The corrected weather data
and ETo from the Nuevo Leon ETo weather station was used for Path 39 images. The corrected
weather data and ETo from the San Luis ETo weather station was used for the Path 38 images.
Crop Coefficient (Kc)
Each of the 66 images was processed individually to develop an “instantaneous” ETc for each
pixel in the image using a surface energy balance with internal calibration. Instantaneous ETc
occurred at the instant the image was taken. Knowing the hourly grass reference
evapotranspiration (ETo) around the time that the image was taken, an interpolation is made to
estimate the ETo at the instant the image was taken. By dividing the instantaneous ETc by the
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instantaneous ETo, a crop coefficient (Kc) is computed. This Kc is an excellent approximation
of the average daily Kc.
Crop Evapotranspiration (ETc)
Once the daily average Kc values were computed for each pixel in each image the Kc values
were interpolated for each day between images using a cubic splining algorithm. The result was
an image for every day from October 1, 2005 through September 30, 2007 for both Paths 38 and
39. Pixels in each daily image were then multiplied by the daily corrected ETo to determine the
daily ETc for each pixel in the image (ETc = Kc × ETo). The ETc values were then summed
together on a monthly basis to develop ETc images. This resulted in 48 images (24 from each
path)
The annual total ETc was computed on a pixel-by-pixel basis by summing the monthly images.
ArcGIS shapefiles of the field boundaries, which did not include crop type throughout most of
the region, were provided by CONAGUA and used to compute total annual ETc occurring in
each field and other areas of interest throughout the study area.
A secondary analysis was conducted for a region covering approximately 25% of the agriculture
in the study area where crop type information was known within each field boundary. This
analysis looked at the variability in ETc for each crop type within the region. The Spatial
Analyst tool in ArcGIS 10 was used to extract the necessary data from the METRIC output
images.
RESULTS
The actual annual evapotranspiration for the study area is shown in Figure 4. The major crops in
the valley are winter wheat, alfalfa, and cotton. The yellow areas typically indicate wheat (lower
water use since it is grown over winter and harvested in late spring) while the darker red areas
indicate alfalfa ( higher water use because it is grown year around). Cotton is usually somewhere
between the lighter and darker colors.
The volume of evapotranspiration during the 2007 water years from agricultural fields and
riparian areas (“Other”) is shown in the water balance table (Table 1). In this table the annual
inflows and outflow volumes have been summarized. Utilizing Eq. 1, the remainder is computed
as the change in storage. The water balance indicates that there is approximately -165 million
cubic meters (Mm3) of overdraft in the Mexicali Valley.
Alternatively, the change in groundwater storage was computed based on the change in
groundwater elevations combined with local specific yield (Sy) information. Analyzing water
elevation change for approximately 62 wells in the valley, the change in storage was computed
as:
(3)
Where, ∆VA is change in aquifer storage (m3), Sy is the specific yield, A is the weighted area per
well (m2), and ∆H is the change in groundwater elevation (m). The resulting change in storage
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estimate from the groundwater elevation change showed a change in groundwater storage of 115 Mm3.

Figure 4. METRIC ETc image
Table 1. Mexicali water balance for a typical year (2007 water year).
Description
Surface
Groundwater
Inflows
Precipitation
Total Inflow
Surface
Groundwater
Crop Evapotranspiration
Outflow
Other Evapotranspiration
Total Outflow
Change in Storage = Inflow ‐ Outflow
Change in Storage based on groundwater elevations

Volume
(Mm3)
1,872
358
84
2,314
349
193
1,721
216
2,479
‐165
‐115

Given the inherent uncertainties related to a water balance of this magnitude, the fact that these
estimates of groundwater overdraft are within approximately 50 Mm3 is very encouraging. This
indicates that at least the largest components of the inflow and outflow, namely surface inflows
from the Colorado River and crop evapotranspiration, are measured with a relatively high level
of accuracy.
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Relative Consumptive Use for Key Crops
An examination of METRIC ETc images and crop yield data reveals that crop evapotranspiration
in not uniform throughout many fields, and between fields in the Mexicali Valley. Figure 5
shows some of the differences in fields with the same crop but much different evapotranspiration
uniformities. In order to obtain an understanding of the impact of non-uniform crop growth, an
evaluation was conducted over a sample of the Mexicali Valley where ETc from fields with
known crop types were examined.

Figure 5. Fields extracted from different areas of Mexicali Valley showing uniform (left) and
non-uniform (right) evapotranspiration throughout fields.
The average depth of actual ETc (mm) was extracted on a field-by-field basis (1289 fields
sampled). The fields were sorted for each of the three key crop types (alfalfa, cotton, and wheat)
from the highest average evapotranspiration to lowest. The cumulative percent of actual
evapotranspiration by cumulative percent of fields was then computed for the sample of fields in
the Mexicali Valley. The results are shown in Figure 6 for water year 2006-2007. The
cumulative percent of actual evapotranspiration graph has a high slope at the lower percentages
since these are the fields with the highest ETc. As the percentages increase the slope of the
graph decreases, indicating the lower ETc fields are being accounted for.
For comparison, the cumulative percent of potential unstressed evapotranspiration is also shown
on each graph of Figure 6. Under an ideal situation where there was perfect irrigation
scheduling, very good vegetative uniformity, and no stress throughout all fields sampled, both
lines would match. For alfalfa and cotton, the potential unstressed ETc was obtained from an
evaluation of potential evapotranspiration for the same crops in the Imperial Valley. For wheat,
several wheat fields in Mexicali Valley were examined that had the highest evapotranspiration
through the winter growing season (and were not double cropped). The estimated potential
evapotranspiration for alfalfa, cotton, and wheat were 1,590 mm, 1,080 mm, and 900 mm
respectively.
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Figure 6. Comparison of relative unstressed and relative actual crop evapotranspiration for a
sample of alfalfa, cotton, and wheat fields within irrigation “Modulos” #10-12 in Mexicali
Valley
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The results of this evaluation show that if these crops were grown without stress, significantly
more water would be needed by farmers over the region. Without stress, alfalfa, cotton, and
wheat would require a total of approximately 24%, 16%, and 28% more water over the valley,
respectively. While this would undoubtedly result in significant increases in yield, from a water
management planning perspective this poses difficulties, as will be discussed.
Techniques to reduce stress and increase uniformity throughout fields include more flexible
irrigation deliveries, which require improved irrigation scheduling and drip irrigation. Salinity
and nutrient management are also important for improved vegetative health.
WATER MANAGEMENT PLANNING
Global irrigation efficiency is an indicator that is often utilized to obtain an understanding of
inflows versus beneficial use. Irrigation efficiency is defined in Burt et al. (1997) as:
(4)
Irrigation water beneficially used includes crop evapotranspiration and water needed for salinity
leaching. Water required for salinity management was estimated from the water quality of the
irrigation water and the sensitivity of crops to salt. It was estimated that 202 Mm3 of water is
required for salinity management (leaching requirement) over the valley. An additional
beneficial use is consumption by cities and water sent to Tijuana, Mexico from the project. This
accounts for approximately 110 Mm3 of irrigation water that is accounted for as Surface
Outflows in Table 1.
Two contrasting assumptions were considered computing global irrigation efficiency within the
valley:
1) Global irrigation efficiency assuming riparian and environmental habitat is a beneficial
use of irrigation water.
(5)
2) Global irrigation efficiency assuming riparian and environmental habitat is NOT a
beneficial use of irrigation water.
(6)
Other estimates of global efficiency have inaccurately shown efficiency values around 43%
global efficiency (CONAGUA 2006). The value of 43% was computed by extrapolating on-farm
irrigation efficiency from valley-wide irrigation efficiency. This is an erroneous method since
there is significant recirculation of on-farm losses within the basin. In basins where a usable
unconfined aquifer is being utilized, on-farm efficiencies will always be lower than basin
efficiencies.

Basin-Wide Remote Sensing of Actual Evapotranspiration and its Influence on Regional Water Resources Planning
ITRC Paper No. P 12-002
www.itrc.org/papers/pdf/remotesensing.pdf

Obviously, 43% is substantially different from the estimate of global efficiency of 83% - 93%
that is documented in the ITRC water balance study. Clearly, the conclusions on water
conservation potential, water management improvements, and their economic justifications will
be substantially different if one believes the efficiency is 43% versus 83-93%.
Important conclusions and nuances from the 83-93% global efficiency are:
1. There is less "conservable" irrigation water than has been believed in the past.
2. High first-time irrigation efficiency (i.e., reduced canal seepage and improved field irrigation
efficiency) is most valuable for true water conservation if it is applied in areas that have
little-to-no recirculation of return flows. In the Mexicali Valley, this means the southern part
of the Valley where there is little groundwater pumping or re-use of surface drainage water.
3. The 10% difference between 83% and 93% is due to environmental water consumption (e.g.,
water used by plants in riverbeds, drains, or non-irrigated areas with vegetation). Important
decisions should be made regarding whether or not these are truly beneficial uses and, if so,
if there are ways to reduce the consumption from these uses. If these are not deemed to be
beneficial uses, infrastructure and management changes may be necessary to eliminate or
reduce them.
4. It is much more difficult to conserve 10 Mm3 of water in a system that has an 83%
efficiency, versus in a system with a 43% efficiency.
5. Although irrigation efficiency is an important indicator of irrigation performance, it is not the
only indicator. Other important indicators include:
a. Total agricultural production per unit of water consumed
b. Value of agricultural production per unit of water consumed
It is clear from crop yield statistics, casual physical observation of field crops, and an
examination of satellite imagery that many fields in the Mexicali Valley have poor yields and
non-uniform crop growth. The two satellite images shown in Figure 5 indicate that some fields
have relatively uniform growth, while other fields have very non-uniform growth. Poor
irrigation water management is a well-documented and major contributor to such problems.
There is a classic list of field-level irrigation improvements that can be made, including:
1. Improved land grading
2. Lowering of high water tables with tile drainage (this assumes there is some place to
discharge the tile water)
3. Better irrigation scheduling in terms of frequency, rate, and duration of irrigation flows and
events
4. Switching to pressurized irrigation systems such as drip/micro or sprinklers
The authors of this paper strongly support improved field-level irrigation management in
Mexicali Valley. Implementation of the four improvements listed above can enhance the crop
quality, increase the crop production per unit of water consumed, and allow Mexicali Valley
farmers to grow more valuable crops.
However, achieving these improvements will only truly conserve water on a project-wide basis
if:
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1. The field-level improvements are done in the southern third of the valley, where there is
little-to-no recirculation, and
2. Crop evapotranspiration will decline because:
a. Shorter-season crops or crops with less ET are grown, or
b. Less area is irrigated, or
c. Riparian vegetation (drains, river beds, etc) is deprived of water, resulting in less
environmental ET
Figure 6 showed the potential results of improving field level irrigation through the lists of action
recommended. If irrigation uniformity and management are improved, the crop growth and ET
will be more uniform, and HIGHER than before (more uniform growth and less stress = high
crop ET). This means water is not conserved in a basin such as Mexicali Valley, but instead
more water is consumed. This is an extremely difficult concept for the average lay person to
understand, because people are led to believe that technologies such as drip irrigation will
conserve water. It is very well-documented that while the field application of water is sometimes
reduced per hectare with drip, the ET of drip-irrigated crops increases.
However, this fact of higher ET with drip irrigation is definitely not an argument against the use
of drip irrigation. As noted earlier, drip can enable farmers to improve production per acre and
per unit of water consumed. Plus, they can grow some crops that could not otherwise (with
sprinklers or surface irrigation) be grown. On the global scale of the project, however,
widespread implementation of drip would increase ET per hectare and therefore require a
reduction in the total irrigated area.
In addition, the current irrigation distribution infrastructure limits the effectiveness of
implementing irrigation scheduling and the switch to pressurized irrigation. Currently,
CONAGUA is taking steps towards modernization of the major distribution network but this will
take time. The drainage network requires significant rehabilitation and modernization in order to
effectively lower the high water table in the southern portion of the valley.
CONCLUSION
From a water planning perspective it is important to set and understand the objectives and goals
of future work. It is often simple to state that a goal is water conservation in a region. However,
if indicators such as irrigation efficiency are computed incorrectly, the true outcomes of the
conservation will be significantly less than predicted. More importantly perhaps are the
unexpected outcomes of implementing “conservation” techniques. Field-level improvements
such as drip irrigation, land leveling, proper drainage, and irrigation scheduling provide the
potential to significantly enhance yield per acre and the yield per volume of applied water.
However, the overall consumption in regions that have recirculation of field level losses can be
substantially higher.
Once this is recognized, planners can establish the correct strategy of implementation. Whether
that may involve plans to purchase and fallow the poorest quality land, or target improvements in
areas without recirculation, first having an understanding of the problems, corrective actions, and
consequences is essential.
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