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Background
The World’s Water

The world population is expected to increase by about 60% from 2010 to 2100 from 6.9 billion people
to 10.9 billion (Andreev et al. 2013). Vasileska and Rechkoska (2012) report that the average global
per capita food consumption (kcal/day) is expected to increase by 4% in the next 15 years. At the
same time, diets are shifting toward more livestock products, which require more water per kcal than
do grains and vegetables. Various projections of food shortages by the year 2050 have been made
(Ray et al. 2013), and groundwater overdraft is of great concern worldwide. NASA’s GRACE
program (NASA 2014) estimated in 2014 than there was a total overdraft of the aquifers in California’s
Central Valley of 42 cubic kilometers. Furthermore, the same program estimated that between 2002
and 2008, northern India had about 109 cubic kilometers of groundwater overdraft.

Net versus Gross

It is very common for the general public and scientists and salespersons to completely misinterpret
technically correct concepts from incorrect ones. Sometimes the misinterpretations stem from
confusing two different situations. For example, most people understand generally what energy
efficiency means: An engine efficiency of 30% means that only 30% of the potential energy in the fuel
was converted to mechanical power. The remaining 70% is gone – disappearing in vapor and gases
that are unrecoverable.
On the other hand, irrigation efficiency is a completely different concept. There is a common
perception that water is “conserved” by using drip/micro irrigation – simply because farmers tend to
apply less water to their fields (gross) than before installing these systems. This represents total
confusion between “net” and “gross”. An on-farm irrigation efficiency of 75% means that 75% of the
applied irrigation water was used “beneficially” (which is primarily evapotranspiration, ET), but the
other 25% did not disappear – that water typically ran off as surface flows, or recharged the
groundwater. The “wasted” 25% is someone else’s supply – albeit typically containing more
chemicals and/or sediment than before.
Unfortunately, large investments in certain irrigation technology are commonly made by wellintentioned people who do not understand the difference between “net” and “gross” applications. At
the core of this is a misunderstanding of water balances.

Groundwater Modeling

In California, recent groundwater legislation requires that groundwater management units be formed.
At the core of good management is the requirement that the water balance be properly understood.
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The concept of a water balance should be very simple. To compute a water balance, one must first
define:
1. The “temporal” scale. In other words, is the water balance for a month, a year, or two years?
2. The “spatial” scale. This means the 3-D boundaries must be defined.
3. Any changes of water storage that might occur within the 3-D box over the defined temporal scale.
4. All the components that enter and leave the 3-D boundaries.
For basin water management plans, groundwater models are only a piece of the whole picture.
Engineers who deal with the whole picture generally want groundwater modelers to provide the
closure term in the following equation:
Inflows = Outflows + Change in Storage
Inflows
+ Surface water diversions

+ River and tributary flows
+ Precipitation and snowfall
+ Groundwater inflow
Outflows
- Total consumptive use

- Surface water discharge
Change in Storage
- Change in surface water storage

- Change in root zone storage
- Change in groundwater storage

= Net lateral groundwater inflow/outflow (closure term)
Rephrasing the challenge, our 3-D boundaries for regional water management are:
1. The upper boundary is the air interface with bodies of water, the soil, and the plant.
2. The lower boundary is the bottom of the aquifer(s).
3. The lateral boundaries are both on the surface and subsurface, and must account for lateral inflow
and outflow of both groundwater and surface water.
We have the upper boundary (1) and the surface lateral boundary of (3) well-defined. We already
typically have good data for changes in aquifer storage over the temporal scale. We know that what
comes in on the surface, minus what goes out on the surface, has to go into or come out of the aquifer.
If groundwater modelers could give us the correct subsurface lateral inflow and outflow numbers, we
would be happy. In other words, we would know the net inflow/outflow and have a double check on
all the other values. However, in about 30 years of working on/off with groundwater modelers, I have
never been able to obtain these simple values based on aquifer characteristics alone.
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Groundwater Models – Internal Uncertainties

Any groundwater model must be populated by numerical values that describe internal characteristics as
well as boundary characteristics. There can be tremendous variability and uncertainty regarding
internal aquifer properties. For example, well driller logs were never intended to provide accurate
estimates of hydraulic conductivity, and a simple check on well logs from adjacent drilling sites will
often give (at least in California) huge differences between the depths, thicknesses and materials of
various aquifer soil layers. We don’t know exactly where lenses begin and end. So I understand that
groundwater modeling is somewhat of an art.

Groundwater Models – the Upper Boundary

The focus of this paper is on the upper boundary of the aquifer. Here is the situation:
1. The upper boundary of saturated flow is the top of the aquifer, not the air/soil interface.
2. It seems that all or most of the groundwater models begin much higher than the top of the aquifer –
they try to begin at the air/soil interface.
3. The groundwater modelers insist on precision of numbers related to groundwater pumping, and
crop ET, although neither of these provides a “net to the top of the aquifer” value.
In addition:
1. While the groundwater model science behind root zone water balances may be correct, the problem
is obtaining the correct values to put into the equations. Groundwater modelers are interested in
the NET deep percolation below the root zone. The science of how to obtain this value bypassed
the science of groundwater modeling about two decades ago. In other words, the groundwater
models start with huge (this is no exaggeration) errors that are introduced by incorporating root
zone water balance computations.
2. Groundwater pumping records are poor, at best, and they are not the numbers that matter.

A New and Improved Approach to the Upper Boundary

The bottom line for groundwater modelers, with respect to the upper boundary of the aquifer, should
be simple:
What is the horizontal distribution of NET to/from the top boundary of the aquifer?
Again, the current groundwater modeling approach utilizes a very sloppy root zone water balance
(sloppy not due to the theoretical approach, but rather due to the poor data used to make computations)
with gross groundwater pumping records, which are inaccurate.
Groundwater models need to be modified to accept the net vertical in/out values that are separately
computed by experts using modern analytic tools.

Remote Sensing of ET

We now have excellent abilities to compute ET on a pixel-by-pixel basis (30 m × 30 m and finer
resolution). The technique uses satellite data, with proper local weather data, computational
procedures, and quality control. ITRC has several people working with the ITRC-METRIC software
full time; it is not a new concept. For example, we have mapped multiple years of ET for the Central
Valley for the California DWR. Google already has a beta version of maps with fairly real-time
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images of ET; although the quality control will not be sufficient for good groundwater modeling for
some time, the technology is already fairly mature.
We no longer need to know what crop is growing, when it was planted, the irrigation practices, the soil
type and depth, and all the other information that varies widely across a basin, which is rarely known,
and which is required in today’s groundwater models. In other words, for the top vertical boundary of
our water balance spatial boundaries, we have very accurate estimates of the volumes of water that
leave.

Figure 1. ET estimates for the southern San Joaquin Valley on two specific dates.

Bare
High

Figure 2. ET estimates for multiple fields
METRIC utilizes an energy balance to compute evapotranspiration (ET). Figure 3 shows a very
simplified energy balance in an agricultural field, which covers the basic concepts listed below:
1. Evapotranspiration (ET) is a process of conversion of liquid water to water vapor, which requires
energy.
2. The energy to convert to water vapor ultimately comes from the sun as net radiation (Rn).
3. The soil will either absorb or release some energy (G).
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4. The air will either absorb or release some energy (H).
ET = Rn – G – H

Figure 3. Simplified energy balance in a field
The sensible heat flux (H) is computed as:

H=

ρ * c p * dT
rah

Where,
• ρ and cp are constants
• rah is aerodynamic resistance
• dT is difference in surface and air temperatures
– Surface T is from LandSAT
– Air temperature is determined via a calibration technique using hot and
cold pixels in the area, combined with CIMIS data.
Of course, there is always the question of whether the answers are correct. Fortunately, we have had a
number of projects where there is minimum subsurface movement and conjunctive use, in which the
surface boundary conditions are well known. The METRIC procedure has proven to be the most
accurate method we have of estimating actual ET.

Net Vertical Movement To/From the Aquifer

We recommend that groundwater models be modified to accept this value – throwing away the
complex and inaccurate estimates of groundwater pumping and the computations of deep percolation
from root zones.
Instead, the net to/from groundwater in any field/area (Figure 4) equals:
Net to/from = Precipitation
+ Surface water deliveries
+/- Change in root zone moisture storage (zero over a year or so)
- Surface water leaving the field/area
- ET
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NET to/from aquifer
ET (ITRC)

Precipitation
Canal Water

Surface Runoff

Δ Soil Moisture

Net to or from Aquifer

•

No pump flows or estimates of evapotranspiration needed
Copyright Cal Poly ITRC 2016

Figure 4. Root zone water balance
In other words, there does not need to be any estimate of gross groundwater pumping. It is very
simple: the total volume of water had to come from precipitation, surface water deliveries, or pumping.
Any excess or deficit had to be supplied to/from the aquifer. There is no need to make any estimates
of “efficiency”, or “effective precipitation”.

Example of Net to Groundwater

Figure 5 shows an example of the data that can be provided to groundwater modelers: the net to/from
groundwater, on a pixel-by-pixel basis, for the Merced Area Groundwater Pool Interest (MAGPI) in
July of 2002. MAGPI extends throughout the eastern side of the Merced County.
Figure 5 shows areas of net extraction of groundwater (red, yellow), and areas of net recharge to
groundwater (blue). The figure is developed with a combination of ITRC-METRIC values on a pixelby-pixel basis, plus records of irrigation district deliveries (on a field basis), plus spatially varied
precipitation data, and estimates of surface runoff.
The large center area with a mix of blue and red indicates fields within the irrigation district boundary
that receive surface water. Outside the irrigation district area, groundwater provides the majority of
ET.
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Figure 5. Net to/from groundwater in the MAGPI study.

Conclusion

The geo-spatial data seen in Figure 5 provides much more accurate estimates of net to/from
groundwater than do the internal calculations that are embedded in groundwater models. This is
extremely important, because a relatively small percentage error in ET estimates will have a much
larger percentage error in the groundwater model results.
There are, of course, more details to consider, but they can be dealt with if model programmers have
the proper skills and if the modelers understand the physical situation they are modeling. For example,
this discussion did not mention canal seepage, or the possibility that groundwater might be pumped in
one location and then transported miles away before being used. Additionally, there can be questions
about pumping and recharge from confined versus unconfined aquifers. These are all subjects for a
much more in-depth conversation than this paper can provide.
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