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652.0900 General

Irrigation water management (IWM) is the act of
timing and regulating irrigation water application in a
way that will satisfy the water requirement of the crop
without wasting water, soil, and plant nutrients and
degrading the soil resource. This involves applying
water:

According to crop needs

In amounts that can be held in the soil and be
available to crops

At rates consistent with the intake characteris-
tics of the soil and the erosion hazard of the site
So that water quality is maintained or improved

A primary objective in the field of irrigation water
management is to give irrigation decisionmakers an
understanding of conservation irrigation principles by
showing them how they can judge the effectiveness of
their own irrigation practices, make good water man-
agement decisions, recognize the need to make minor
adjustments in existing systems, and recognize the
need to make major improvements in existing systems
or to install new systems. The net results of proper
irrigation water management typically:

Prevent excessive use of water for irrigation
purposes.

Prevent excessive soil erosion

Reduce labor

Minimize pumping costs

Maintain or improve quality of ground water and
downstream surface water

Increase crop biomass yield and product

quality

Tools, aids, practices, and programs to assist the
irrigation decisionmaker in applying proper irrigation
water management include:

Applying the use of water budgets, water bal-
ances, or both, to identify potential water appli-
cation improvements

Applying the knowledge of soil characteristics
for water release, allowable irrigation application
rates, available water capacity, and water table
depths

Applying the knowledge of crop characteristics
for water use rates, growth characteristics, yield
and quality, rooting depths, and allowable plant
moisture stress levels

Water delivery schedule effects

Water flow measurement for onfield water
management

Irrigation scheduling techniques

Irrigation system evaluation techniques

See Chapter 15 for resource planning and evaluation
tools and for applicable worksheets.
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652.0901 Irrigation water
management concepts

(a) Irrigation water management
concepts

Field monitoring techniques can be used to establish
when and how much to irrigate. The long existing rule
of thumb for loamy soils has been that most crops
should be irrigated before more than half of the avail-
able soil water in the crop root zone has been used. It
has also been demonstrated that certain crops respond
with higher yields and product quality by maintaining a
higher available soil-water content, especially with
clay soils. Desired or allowable soil moisture depletion
levels, referred to as Management Allowable Depletion
(MAD), are described in Chapter 2, Soils, and Chapter
3, Crops. If the Available Water Capacity (AWC) of the
soil, the crop rooting depth for the specific stage of
growth, and the MAD level are known, then how much
water to apply per irrigation can be determined. Part
652.0903 reviews measurement of soil-water content
and describes tools, techniques, and irrigation schedul-
ing. Part 652.0908, Water management, addresses the
importance of measuring a predetermined quantity of
water onto the field.

(1) Concepts of irrigation water management
The simplest and basic irrigation water management
tool is the equation:

QT=DA
where:

Q = flow rate (ft3/s)

T =time (hr)

D = depth (in)

A = area (acres)

For example, a flow rate of 1 cubic foot per second for
1 hour = 1-inch depth over 1 acre. This simple equa-
tion, modified by an overall irrigation efficiency, can
be used to calculate daily water supply needs by
plants, number of acres irrigable from a source, or the
time required to apply a given depth of water from an
irrigation well or diversion. Typically, over 80 percent
of IWM concerns can be at least partly clarified by the
application of this equation.

Quantity of water to be applied is often determined by
available water capacity of the soil, planned manage-
ment allowable depletion, and estimated crop evapo-
transpiration (ET.). When rainfall provides a signifi-
cant part of seasonal plant water requirements, irriga-
tion can be used to supplement plant water needs
during dry periods resulting from untimely rainfall
events.

Water should be applied at a rate or quantity and in
such a manner to have sufficient soil-water storage, be
nonerosive, have minimal waste, and be nondegrading
to public water quality. Irrigations are timed to replace
the planned depleted soil moisture used by the crop.
Effective rainfall during the growing season should be
taken into consideration.

(2) When to irrigate

When to irrigate is dependent on the crop water use
rate, sometimes referred to as irrigation frequency.
This rate can be determined by calculation of ET, rate
for specific crop stage of growth, monitoring plant
moisture stress levels, monitoring soil-water depletion,
or a combination if these. Too frequently, crop condi-
tion is observed to determine when to irrigate. When
plants show stress from lack of moisture, it is typically
too late. Generally, crop yield and product quality have
already been adversely affected. The over-stress
appearance may also be from shallow roots resulting
from overirriga-tion or from disease, insect damage, or
lack of trace elements. Certain plants can be exces-
sively stressed during parts of their growth stage and
have little effect on yield. Part 652.0903 reviews mea-
surement of plant moisture stress levels and describes
tools, techniques and irrigation scheduling.

(3) Rainfall management

In moderate to high rainfall areas, managing the timing
of irrigations to allow effective use of rainfall during
the irrigation season is a common practice. The irriga-
tion decisionmaker can attempt to predict rainfall
events and amounts (which too often does not work),
or the depleted soil water is never fully replaced with
each irrigation. Instead, between 0.5 and 1.0 inch of
available water capacity in the soil profile can be left
unfilled for storage of potential rainfall. Rainfall prob-
ability during a specific crop growing period and the
level of risk to be taken must be carefully considered
by the irrigation decisionmaker. Applied irrigation
water should always be considered supplemental to
rainfall events.
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(4) Water supply limitations

Where water supply is limiting, deficit or partial year
irrigation is often practiced. Partial irrigation works
well with lower value field crops. It does not work
well with high value crops where quality determines
market price, especially the fresh vegetable and fruit
market. Typically, water is applied at times of critical
plant stress (see Chapter 3, Crops) or until the water is
no longer available for the season. Yields are generally
reduced from their potential, but net benefit to the
farmer may be highest, especially when using high
cost water or a declining water source, such as pump-
ing from a declining aquifer. An economic evaluation
may be beneficial.

(5) Water delivery

Water supply and delivery schedules are key to proper
irrigation water management. When water users pump
from a well or an adjacent stream or maintain a diver-
sion or storage reservoir, they control their own deliv-
ery. In some areas delivery is controlled by an irriga-
tion district or company. Delivery by an irrigation
district may be controlled by its own institutional
constraints (management) or by canal supply and
structure capacity limitations.

Flexibility in delivery generally is controlled by institu-
tional restraints or capacity limitations on the down-
stream ends of irrigation laterals. Capacity limitations
are primarily because required storage is not within or
very close to farm delivery locations. Where water
supplies are not limited and delivery is in open canal
systems, irrigation districts often carry from 10 to 30
percent additional water through the system as man-
agement water to reduce district water management
requirements. Low cost semi or fully automated con-
trollers are available for water control structures that
accomplish the same purpose with less water. (One
large irrigation district discovered they had over 20
percent more water available to users when water
measuring devices and semiautomatic gate controls
were installed at each major lateral division.) The
following schedules are widely used.

(i) Fixed and rotation—With fixed delivery time
at fixed delivery rates, irrigation districts provide a
single delivery point to an individual water user or to a
group of neighbors that rotate the delivery among
themselves. Generally the delivery schedule is the

easiest to use and the least costly. Turnout gates are
adjusted to deliver a given share of water on a con-
tinual basis. This delivery schedule however, generally
promotes the philosophy of use the water (whether
the crop needs it or not) or lose it. This practice is
not conducive to proper irrigation scheduling. Many
project delivery systems have been designed based on
this delivery schedule method because of the percep-
tion it allows minimum capacity sizing of all compo-
nents. When in fact, only the lower end of laterals (+ 5
water users) is affected.

(ii) Arranged—The water user requests or orders
water delivery at a rate, start time, and duration in
advance. Most arranged schedules require a minimum
of 24 to 48 hours advance notice for water to be turned
on or turned off. Arranged schedules often require
water be turned on or off at specific times; i.e., 7t0 9
a.m., to correspond to ditch riders’ schedules. This
delivery schedule requires good, advance communica-
tion between water user and irrigation company.
Irrigation districts need to have flexibility in their
delivery with this method. Temporary storage facilities
are typically needed because water spills out the end
of the delivery system.

(iii) Demand—A demand schedule is one that allows
users to have flexibility of frequency, rate, and dura-
tion of delivery. A municipal water system meets this
type of delivery schedule system. It also works best
where the water user owns and maintains the water
supply; i.e., well, storage reservoir, and stream diver-
sion. On-demand schedules are technically feasible for
most moderate to large irrigation districts. Except for
downstream ends of supply laterals, canal and lateral
sizes are the same whether demand, rotation, or ar-
ranged deliveries are used. Temporary storage is
provided by main canals and laterals; however, canal
appurtenances (diversions, turnouts, and flow measur-
ing devices) must be sized accordingly. With smaller
delivery systems, slight oversizing of main canals and
temporary storage facilities can often be provided at a
small increase in delivery system cost. Modifications
to on-demand schedule can work well. For example,
the rate may be limited, but frequency and duration
made flexible. This method works quite well in many
projects if the main canal capacity is increased slightly
and if temporary storage facilities are provided within
the delivery system.
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Most onfarm irrigation delivery and distribution facili-
ties are limited by their capacity. Therefore, variable
frequency and duration are typically the best delivery
schedule reasonably available. A good irrigation
scheduling program can be developed around this type
of delivery schedule.

(6) Water measurement

A key factor in proper irrigation water management is
knowing how much water is available to apply or is
applied to a field through an irrigation application
system. Many devices are available to measure open
channel or pipeline flows. See Chapter 7, Farm Distri-
bution Systems, for more details. Too many irrigators
consider water measurement a regulation issue and an
inconvenience. The importance of flow measurement
for proper irrigation water management cannot be
overstressed. Typically, less water is used where
adequate flow measurement is a part of the water
delivery system and a unit cost billing mechanism is
used. In addition to chapter 7, the joint USBR, ARS,
and NRCS water measurement publication should be
consulted.

652.0902 Soil-plant-water
balance

Detailed soil and crop characteristics were described
in chapters 2 and 3 of this guide. Applying those char-
acteristics and monitoring changes in soil-water con-
tent, plant moisture tension levels, canopy cover, root
development, and water use rates provide valuable
factors to implement proper irrigation water manage-
ment. Generally, water budgets are a planning tool,
water balance is the daily accounting of water avail-
ability. Both can be important irrigation water manage-
ment tools.

(a) Soil

Soil intake characteristics, field capacity, wilting point,
available water capacity, water holding capacity,
management allowed depletion, and bulk density are
soil characteristics that irrigation consultants and
decisionmakers must take into account to implement
proper irrigation water management. Also see Chapter
2, Soils, and Chapter 17, Glossary.

Field capacity (FC) is the amount of water remain-
ing in the soil when the downward water flow from
gravity becomes negligible. It occurs soon after an
irrigation or rainfall event fills the soil. Field capacity
is generally assumed to be 1/10 atmosphere (bar) soil-
water tension for sandy soils and 1/3 atmosphere (bar)
tension for medium to fine textured soils. For accurate
results these points should be measured in the labora-
tory, but can be measured (reasonably close) in the
field if done soon after an irrigation and before plants
start using soil moisture.

Free or excess water is available for plant use for the
short time it is in the soil. With coarse textured soil,
excess water can be available for a few hours because
free water drains rapidly, but with fine textured soil it
can be up to 2 days because free water drains more
slowly. Laboratory results are typically good for ho-
mogenous soils, but results may be inaccurate for
stratified soils because of free water movement being
restricted by fine textured layers. In stratified soils,
proper field tests can provide more representative
data.
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In stratified soils, a common perception that down-
ward water movement is held up by fine textured soil
layers is not entirely true. In fact, water enters fine
textured soil layers almost immediately. However,
because the fine textured soil has greater soil-water
tension, downward water movement into a coarse
textured soil below is restricted. A recently published
NRCS video, How Water Moves Through Soil, demon-
strates water movement in various soil profiles.

Wilting point (WP), sometimes called wilting coeffi-
cient, is the soil-water content below which plants
cannot obtain sufficient water to maintain plant
growth and never totally recover. Generally, wilting
point is assumed to be 15 atmospheres (bar) tension. It
is measured only in the laboratory using a pressure
plate apparatus and is difficult to determine in the
field.

Available water capacity (AWC) is that portion of
water in the soil (plant root zone) that can be ab-
sorbed by plant roots. It is the amount of water re-
leased between field capacity and permanent wilting
point, also called available water holding capacity.
Average available water capacities are displayed in
table 9-1, based on texture in the profile. A specific
soil series (i.e., Warden) can have different surface
textures. Average soil-water content based on various
textures and varying bulk density is displayed in figure
9-1.

Soil-water content (SWC) is the water content of a
given volume of soil at any specific time. This is the

water content that is measured by most soil-water

content measuring devices. Amount available to plants
then is SWC - WP.

Figure 9-1  Total soil-water content for various soil textures with adjustment for changes in bulk density
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Management allowable depletion (MAD) is the
desired soil-water deficit at the time of irrigation. It
can be expressed as the percentage of available soil-
water capacity or as the depth of water that has been
depleted in the root zone. Providing irrigation water at
this time minimizes plant water stresses that could
reduce yield and quality.

Bulk density is the mass of dry soil per unit bulk
volume. It is the oven dried weight of total material
per unit volume of soil, exclusive of rock fragments

2 mm or larger. The volume applies to the soil near
field capacity water content. To convert soil-water
content on a dry weight basis to volumetric basis, soil
bulk density must be used. Bulk density is an indicator
of how well plant roots are able to extend into the soil.
See Chapter 2, Soils, for example of conversion proce-
dure. Core soil samplers are most commonly used to
collect inplace density samples. Commercial samplers
available include the Madera sampler in which a 60 cc
sample is collected. This sampler was developed for
use with a neutron probe. The Eley Volumeter and the
AMS core sampler are other examples. Other commer-
cial push type core samplers use known volume re-
movable retaining cylinders. These cylinders contain
the core samples.

NRCS soil scientists use liquid saran to coat soil clods,
and the volume of the clod is determined in a soils
laboratory using a water displacement technique. This
process provides the least disturbance to a soil
sample; however, obtaining clods from sandy soils can
be difficult. Techniques to determine density used in
construction, such as using a sand cone, and balloon
methods can also be used in soils with coarse rock
fragments or with coarse sandy soils. Rock fragments
cause disturbance of core samples when using a push
type core sampler.

Soil-water profiles are a plot of soil-water content
versus soil root zone depth. As a water management
tool, this plot visually displays available water, total
water content, or water content at the time to irrigate
level (fig. 9-2).

The rate of decrease in soil-water content is an indica-
tion of plant water use and evaporation, which can be
used to determine when to irrigate and how much
to apply. This is the basic concept in scheduling
irrigations.

Table 9-1 Available water capacity for various soil

— textures

Soil texture Estimated AWC

in/in in/ft

Sand to fine sand 0.04 0.5

Loamy sand to loamy fine sand 0.08 1.0

Loamy fine sands, loamy very fine 0.10 1.2
sands, fine sands, very fine sands

Sandy loam, fine sandy loam 0.13 1.6

Very fine sandy loam, silt loam, silt  0.17 2.0

Clay loam, sandy clay loam, 0.18 2.2
silty clay loam

Sandy clay, silty clay, clay 0.17 2.0

Figure 9-2  Soil-water content versus depth
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An interpretation of data that soil moisture curves 1
through 4 on figure 9-2 represent includes:

e Curve #1—This curve shows the upper 6 inches
of the soil profile is below wilting point. Shallow
rooted plants are excessively stressed. Below a
depth of 12 inches, soil moisture is still ample at
50 percent. If it is desirable to maintain soil
moisture at 50 percent of total available moisture
or higher (i.e., for plants with less than 10 inches
rooting depth), it is time to irrigate, maybe even a
little late to maintain optimum growth condi-
tions. Deeper rooted plants are still drawing
moisture from below a depth of 12 inches.

e Curve #2—This curve represents what soil mois-
ture may be a day or two after an irrigation. The
lower part of the soil profile did not reach field
capacity. However, this situation may be desir-
able for crops with less than 25-inch rooting
depth. For deeper rooted crops, additional water
should have been applied.

* Curve #3—This curve represents moisture with-
drawal from shallow rooted plants. There is
ample moisture below 12 inches. A light applica-
tion of water, to 12 inches depth, is needed for
shallow rooted plants. A heavy application of
water could put excess water below the crop
root zone.

e Curve #4—This curve represents what soil mois-
ture may be a day or two after an irrigation. The
soil profile below a depth of 12 inches is nearly
at field capacity, indicating a good irrigation
application to approximately a 4-foot depth.
Water is probably still moving downward.

(b) Measuring soil-water content

To measure soil-water content change for the purpose
of scheduling irrigation, several site locations in each
field and each horizon (or if homogenous at 6 inch
depth increments) at the site (test hole) should be
sampled. Quite often, the experienced irrigation
decisionmaker calibrates available soil water in the
soil profile relative to one sample at a specific depth.
Multiple sites in a field are used to improve confidence
in determining when and how much water to apply.

Most commercial soil-water content measuring de-
vices provide a numerical measurement range. This
measurement range is an indication of relative water
content. The range might be 0 to 100 percent AWC or 0

to 10. Readings represent different specific soil-water
content depending on soil type. Most devices that
indicate relative values are difficult to calibrate to
relate to specific quantitative values. A calibration
curve for each specific kind of soil and soil-water
content (tension) should be available with the device
or needs to be developed.

If the irrigator is only interested in knowing when to
irrigate, a specific indicated value on the gauge or
meter may be sufficient. The manufacturer may pro-
vide this information either prebuilt into the device or
with separate calibration curves. Irrigators must know
what number (value) on the meter represents what
approximate soil-water content level for their field and
soils. They then must associate a specific number on
the gauge to when irrigation is needed for each soil
texture. Irrigation system design and water manage-
ment planning provide the how much to apply. Ex-
ample worksheets are provided in Chapter 15, Plan-
ning and Evaluation Tools.

(1) Methods and devices to measure or esti-
mate soil-water content
(i) Soil feel and appearance method—This
method is easy to implement and with experience can
be accurate. Soil samples are collected in the field at
desired depths, typically at 6 inch increments. Samples
are compared to tables or pictures that give moisture
characteristics of different soil textures in terms of
feel and appearance. With practice, estimates can be
obtained within 10 percent of actual. Typically the
irrigation decisionmaker needs to learn only a few
soils and textures.

Exhibit 9-1 displays the identification of soils and
corresponding available water content when using feel
and appearance method for determining soil-water
content. The NRCS color publication, Estimating Soil
Moisture by Feel and Appearance, is reproduced in
chapter 15. Figure 9-3 is an example worksheet for
determining soil-water deficient (SWD) in the soil
profile.

Every operation can afford tools necessary to use this
method of soil-water determination. Tools required are
a push type core sampler, auger, or shovel. Care
should be taken to not mix soil layers when sampling.
Example forms for recording field data and calculating
depleted or available soil-water content are in chapter
15.
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Chapter 9 Irrigation Water Management

Exhibit 9-1 Guide for estimating soil moisture conditions using the feel and appearance method

Available
soil

Coarse texture
fine sand,

Moderately coarse texture
sandy loam,

Medium texture
sandy clay loam,

Fine texture
clay loam,

moisture loamy fine sand fine sandy loam loam, silt loam silty clay loam

(%) e Available water capacity (infft) ------------------omm
0.6-1.2 1.3-17 15-21 1.6-24

0-25 Dry, loose, will hold Dry, forms a very Dry, soil aggregations Dry, soil aggrega-
together if not dis- weak ball ¥, aggregated ~ break away easily, no tions easily sepa-
turbed, loose sand soil grains break away moisture staining on rate, clods are hard
grains on fingers easily from ball fingers, clods crumble to crumble with
with applied pressure applied pressure

25-50 Slightly moist, forms a Slightly moist, forms a Slightly moist, forms a Slightly moist,
very weak ball with well  weak ball with defined weak ball with rough forms a weak ball,
defined finger marks, finger marks, darkened surfaces, no water very few soil aggre-
light coating of loose and color, no water staining on fingers gations break away,
aggregated sand grains staining on fingers few aggregated soil no water stains,
remain on fingers grains break away pressure clods flatten with

applied

50-75 Moist, forms a weak Moist, forms a ball with ~ Moist, forms a ball, Moist, forms a
ball with loose and defined finger marks, very light water stain- smooth ball with
aggregated sand grains very light soil water ing on fingers, dark- defined finger
remain on fingers, dark-  staining on fingers, ened color, pliable, marks, light soil
ened color, heavy water  darkened color, will forms a weak ribbon water staining on
staining on fingers, will not slick between thumb and fingers, ribbons
not ribbon Z forefinger between thumb and

forefinger

75 -100 Wet, forms a weak ball,  Wet, forms a ball with Wet, forms a ball with Wet, forms a ball,
loose and aggregated wet outline left on hand,  well defined finger uneven medium to
sand grains remain on light to medium water marks, light to heavy heavy soil water
fingers, darkened color,  staining on fingers, soil water coating on coating on fingers,
heavy water staining makes a weak ribbon fingers, ribbons ribbons easily
on fingers, will not between thumb and between thumb and between thumb and
ribbon forefinger forefinger forefinger

Field Wet, forms a weak ball,  Wet, forms a soft ball, Wet, forms a soft ball, Wet, forms a soft

capacity  light to heavy soil free water appears briefly free water appears ball, free water

(100%) water coating on on soil surface after briefly on soil surface appears on soil

fingers, wet outline
of soft ball remains
on hand

squeezing or shaking,
medium to heavy soil
water coating on fingers

after squeezing or
shaking, medium to
heavy soil water
coating on fingers

surface after squeez-
ing or shaking, thick
soil water coating
on fingers, slick and
sticky

1/ Ball is formed by squeezing a hand full of soil very firmly with one hand.
2/ Ribbon is formed by when soil is squeezed out of hand between thumb and forefinger.

9-8
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Figure 9-3  Available soil-water holding worksheet (feel and appearance)

U.S. Department of Agriculture
Natural Resources Conservation Service

Soil Water Holding Worksheet

Field Location in field
Year By
Crop

Planting data

Soil name if available

Emergence data

Season

Factor

1st 30 days

Remainder of season

Root zone depth or max soil depth - ft

Available water capacity AWC - in

Management allowed deficit MAD - %

Management allowed deficit MAD - in

(Note: Irrigate prior to the time that SWD is equal to or greater than MAD - in)

Estimated irrigation system application efficiency

percent

Data obtained during first field check

Data obtained each check

(€} ) ®) 4) (5) (6) (7) (8)
Soil Available AWC Field Soil Soil
Depth layer Soil water in check water water
range thickness texture capacity soil number deficit deficit
(AWC) layer (SWD) (SWD)
(in) (in) (infin) (in) (%) (in)
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
Total AWC for root zone depth of ft= SWD summary
Total AWC for root zone depth of ft= Check Check SWD
number date totals
1
2
AWC(5) = layer thickness(2) x AWC(4) 3
4
5
SWD(8) = AWC(5) x SWD(7) 5
100 7
8

(210-vi-NEH, September 1997)
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(ii) Gravimetric or oven dry method—Soil
samples are collected in the field at desired depths
using a core sampler or auger. Care must be taken to
protect soil samples from drying before they are
weighed. Samples are taken to the office work room,
weighed (wet weight), ovendried, and weighed again
(dry weight). An electric oven takes 24 hours at 105
degrees Celsius to adequately remove soil water. A
microwave oven takes a few minutes. Excessive high
temperatures can degrade the soil sample by burning
organic material. The drying oven can exhaust mois-
ture from several samples at one time, but the micro-

wave typically dries only one or two samples at a time.

Percentage of total soil-water content on a dry weight
basis is computed. To convert to a volumetric basis,
the percentage water content is multiplied by the soil
bulk density. Available soil water is calculated by
subtracting percent total soil water at wilting point.

Tools required to use this method are a core sampler
or auger, soil sample containers (airtight plastic bags
or soil sample tins with tight lids), weighing scales,
and a drying oven. Soil moisture will condense inside
plastic bags, when used. This is part of the total soil
moisture in the sample and must be accounted for in
the weighing and drying operation. Standard electric
soils drying ovens are commercially available. A much
shorter drying time can be used with a microwave
oven or infrared heat lamp, but samples need to be
turned and weighed several times during drying to
check water loss. Samples should be allowed to cool
before weighing. These drying procedures are more
labor intensive than using a standard drying oven at
105 degrees Celsius. Figure 9-4 displays an example
worksheet for determining soil-water content of the
soil profile.

(iii) Carbide soil moisture tester—A carbide soil
moisture tester (sometimes called Speedy Moisture
Tester) can provide percent water content of soil
samples in the field; however, practice is necessary to
provide satisfactory and consistent results. The tester
is commercially available. Typically, a 26-gram soil
sample and a measure of calcium carbide are placed in
the air tight container. Some models use a 13-gram
sample. When calcium carbide comes in contact with
water in the soil, a gas (oxy-acetylene, C,H,) develops.
As the reaction takes place, the gas develops a pres-
sure in the small air tight container. The amount of gas
developed is related to amount of water in the soil
sample (providing excess carbide is present).

Caution: If inadequate carbide is available to react
with all of the water, indicated moisture content is
low. The higher the water content, the higher the
pressure. The tester provides a gauge that reads per-
cent soil-water content on a wet-weight basis. A stan-
dard chart is available to convert percent soil-water
content from wet weight basis to dry weight basis.
Figure 9-4 displays an example worksheet for deter-
mining soil-water content of the soil profile. The
worksheet shown in figure 9-5 can help determine soil
moisture and bulk density using the Eley volumeter
and carbide moisture tester. Table 9-2 displays oven
dry moisture content, Py, based on meter gauge read-
ing, Wp. This instrument measures total water held in
the soil sample. To obtain AWC, subtract water held at
WP.
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Figure 9-4
I

U.S. Department of Agriculture

Natural Resources Conservation Service

Soil-water content worksheet (gravimetric method)

Worksheet
Soil-Water Content
(Gravimetric Method)

Land user, Date Field office
Taken by Field name/number
Soil name (if available) Crop Maximum effective root depth
Soil Sample Net Volume Moisture Soil- Layer
layer Wet Dry Water Tare dry of per- Bulk water water
Depth thickness weight weight loss weight weight sample centage density content content
range inches Soil g g g g g cc % glcc infin inches
inches d texture ww DW Ww Tw Dw Vol Pd Dbd SWC TSwWC
Dry weight (Dw) of soil = DW - TW = g Weight of water lost (Ww) = WW - DW = g Bulk density (Dbd) = Dw(g) = glcc
Vol (cc)

Percent water content, dry weight Pd = Ww x 100 =

Dw

Total soil-water content in the layer (TSWC) = SWC xd =

%

Soil-water content (SWC) = Dbd x Pd =

inches

100x 1

infin

apIno uoebiu|

6 491deyd
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Figure 9-5  Determination of soil moisture and bulk density using Eley volumeter and Speedy moisture tester
|
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U.S. Department of Agriculture - _ Determination of Soil Moisture and Bulk Density (dry)
Natural Resources Conservation Service Using Eley Volumeter and Carbide Moisture Tester
Farm Location SWCD
Crop Soil type Date Tested by
(1) &) (©)] 4 (5) (6) (] (® €C) (10) (11) (12) (13)
Volumeter
Texture Thickness Bulk Soil- Soil- Soil-
of Reading Reading Volume % % % % density water water water
layer before after (co) Wet Dry Wilting Sail- (g/cc) content content deficit
S (cc) (cc) wt. wt. point water (in) at (in)
5 field
= capacity
z
T
= d v W, Py Pu swc, Dby SWC AWC SWD
3
5]
3
o
@
—~
[{e)
©
N
Wet weight of all samples in grams unless otherwise shown. Totals
Dby- _ 26 SWC _ Dby x SWC, x d SWC,-Py4- P,
V(1 +Pg) 100 x 1

100
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Table 9-2 Oven dry moisture content based on 3-minute carbide moisture tester readings

I
Gauge = e Oven dry moisture, Py (%) - - --------------mmmmmmamas
reading ¥ 0 A 2 3 4 .5 .6 N4 .8 9

2 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
3 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
4 4.0 4.1 4.2 43 4.4 45 4.6 4.7 4.8 49
5 5.1 5.2 5.3 54 5.5 57 5.8 5.9 6.0 6.1

6 6.2 6.3 6.4 6.5 6.6 6.8 6.9 7.0 7.1 7.2
7 7.3 7.4 7.5 7.6 7.7 7.9 8.0 8.1 8.2 8.3
8 8.4 8.5 8.6 8.7 8.8 9.0 9.1 9.2 9.3 9.4
9 9.5 9.6 9.7 9.8 9.9 10.1 102 10.3 10.4 10.5
10 10.6 10.7 10.8 11.0 111 112 113 114 11.6 11.7
11 11.8 11.9 12.0 122 123 124 125 12.6 12.8 12.9
12 13.0 13.1 13.3 134 135 13.7 138 13.9 14.0 14.2
13 14.3 144 14.6 147 1438 150 151 15.2 153 15.5
14 15.6 15.7 15.9 16.0 16.2 16.3 164 16.6 16.7 16.9
15 17.0 17.1 17.3 174 175 177 1738 17.9 18.0 18.2
16 18.3 18.4 18.6 18.7 189 19.0 191 19.3 19.4 19.6
17 19.7 19.8 20.0 20.1 203 204 205 20.7 20.8 21.0

18 21.1 213 214 216 217 219 220 222 22.3 22.5
19 226 228 229 231 232 234 235 237 23.8 24.0
20 24.1 243 244 246 247 249 25,0 25.2 25.3 25.5

21 256 258 259 26.1 262 264 265 267 26.8 27.0
22 27.1 213 274 276 277 279 281 28.2 28.3 28.5
23 286 288 289 29.1 292 29.4 296  29.7 29.9 30.0
24 30.2 304 305 30.7 30.8 31.0 311 313 314 31.6
25 31.7 319 320 322 323 325 327 328  33.0 33.1

26 333 335 336 33.8 339 341 343 344 346 34.7
27 349 351 35.2 354 355 357 359 36.0 362 36.3
28 365 367 36.8 37.0 371 373 345 376 378 37.9
29 38.1 383 384 386 38.8 39.0 391 39.3 395 39.6
30 39.8 400 401 40.3 405 40.7 408 410 412 41.3

31 415 417 41.8 420 422 424 425 427 42.9 43.0
32 43.2 434 435 43.7 438 440 442 443 445 44.6
33 448 450 451 453 455 457 458 460  46.2 46.3

1/ Carbide moisture tester—3-minute readings = W,
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(iv) Tensiometers (moisture stake)—Soil-water
potential (tension) is a measure of the amount of
energy with which water is held in the soil. Tensiom-
eters are water filled tubes with hollow ceramic tips
attached on the lower end and a vacuum gauge on the
upper end. The container is air tight at the upper end.
The device is installed in the soil with the ceramic tip
in contact with the soil at the desired depth. The water
in the tensiometer comes to equilibrium with soil
water surrounding the ceramic tip. Water is pulled out
of the ceramic tip by soil-water potential (tension) as
soil water is used by plants. This creates a negative
pressure (vacuum) in the tube that is indicated on the
vacuum gauge. When the soil is rewetted, the tension
gradient reduces, causing water to flow from the soil
into the ceramic tip.

The range of tension created by this devise is 0 to 100
centibars (0 to 1 atmospheres). Near 0 centibars is
considered field capacity, or near 0 soil water tension.
Practical operating range is 0 to 80 centibars. The
upper limit of 80 centibars corresponds to about: 90
percent AWC depletion for a sandy soil and about 30
percent AWC depletion for medium to fine textured
soils. This limits the practical use of tensiometers to
medium to fine textured soils with high frequency
irrigation or where soil-water content is maintained at
high levels. Tensiometers break suction if improperly
installed and if the soil-water tension exceeds practi-
cal operating limits, typically 80 to 85 centibars. Once
vacuum is broken, the tube must be refilled with water
and the air removed by using a small hand-operated
vacuum pump. A period to establish tensiometer-soil-
water stability follows.

Tensiometers require careful installation, and mainte-
nance is required for reliable results. They must also
be protected against freeze damage. Maintenance kits
that include a hand vacuum pump are required for
servicing tensiometers. The hand pump is used to
draw out air bubbles from the tensiometer and provide
an equilibrium in tension. Tensiometers should be
installed in pairs at each site, at one-third and two-
thirds of the crop rooting depth. A small diameter
auger (or half-inch steel water pipe) is required for
making a hole to insert the tensiometer. Figure 9-6
shows a tensiometer and gauge and illustrates installa-
tion and vacuum pump servicing. Tensiometers are
commercially and readily available at a reasonable
cost.

When installing tensiometers, make a heavy paste
from part of the soil removed at the depth the ceramic
tip is to be placed. When the hole has been augured
about 2 inches below the desired depth of the ceramic
tip, the paste is placed in the hole. As you install the
tensiometer tube, move the tube up and down a few
times to help assure good soil paste contact with the
ceramic tip. Do not handle or touch the ceramic tip as
contamination from material and body oil on the
hands affects water tension on the tip. If the soil is wet
at the desired ceramic tip depth, tensiometers can be
installed by driving a rod or 0.5-inch diameter galva-
nized iron pipe to the desired depth. The end of the
driving rod should be shaped the same as, but slightly
smaller than the tensiometer tip. Pour a little water in
the hole, move the driving rod up and down a few
times to develop a soil paste at the bottom of the hole.
Insert tensiometer tube, move the tube up and down a
few times to help assure good soil paste contact with
the ceramic tip.

Tensiometers installed at different rooting depths have
different gauge readings because of soil water poten-
tial change in rooting depths. With uniform deep soil,
about 70 to 80 percent of soil moisture withdrawal by
plant roots is in the upper half of the rooting depth.
Recommended depths for setting tensiometers are
given in table 9-3.

Table 9-3 Recommended depths for setting tensiometers
|
Plant root Shallow Deep
zone depth tensiometer  tensiometer
(in) (in) (in)
18 8 12
24 12 18
36 12 24
> 48 18 36
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Figure 9-6  Tensiometer, installation, gauge, and servicing
|
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tip —»
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12 15
40 50
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Vacuum gauge Servicing tensiometer using
a vacuum pump
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(v) Electrical resistance (porous) blocks—
Electrical resistance blocks are made of material
where water moves readily into and out of the block.
Materials are typically gypsum, ceramic, nylon, plastic,
or fiberglass. When buried and in close contact with
the surrounding soil, water in the block comes to
water tension equilibrium with the surrounding soil.
Once equilibrium is reached, different properties of
the block affected by its water content can be mea-
sured. Electrical resistance blocks work best between
0 and 2 atmospheres (bars). Thus, they have a wider
operating range than do tensiometers, but are still
limited to medium to coarse textured soils.

Electrical resistance blocks are buried in the soil at
desired depths. Intimate contact by the soil is essen-
tial. With porous blocks, electrical resistance is mea-
sured across the block using electrodes encased in the
block. Electrical resistance is affected by the water
content of the block, which is a function of the soil-
water tension. Electrical resistance is measured with
an ohm meter calibrated to provide numerical read-
ings for the specific type of block. Higher resistance
readings mean lower water content, thus higher soil-
water tension. Lower resistance readings indicate
higher water content and lower soil-water tension.

Gypsum blocks are affected by soil salinity, which
cause misleading readings, and are prone to break-
down in sodic soils. They are best suited to medium
and fine texture soils. Being made of gypsum, the
blocks slowly dissolve with time in any soil. The rate is
dependent upon pH and soil-water quality. Freezing
does not seem to affect them. Blocks made from other
material do not dissolve; therefore, have a longer life.
Electrical resistance blocks are relatively low cost and
with reasonable care are easy to install. Close contact
with soil is important.

Installation tools required are a small diameter auger
for making a hole for inserting blocks, a wooden
dowel to insert blocks, and water and a container for
mixing soil paste. (Multiple electrical resistance
blocks can be installed in the same auger hole.) After
the hole has been augured to about 2 inches below the
deepest block installation depth, a soil paste is made
from removed soil and placed about 6 inches deep in
the bottom of the hole. Wet resistance block with
clean water.

Handling or touching the electrical resistance block
may affect soil moisture readings. With the electrical
resistance block carefully held on the end of the dowel
by the wires, place the block in the hole at the desired
depth with a slight up and down movement to help
assure soil paste contact with the block. Check for
broken wires with an electric meter. Hold the electric
wires along the side of the hole and carefully fill the
hole with soil. Soil should be replaced by layers. It
should be from the same layer from which it was
removed. Repeat soil paste and block procedure at
each electrical resistance block depth.

When electrical resistance blocks are located properly,
almost anyone can obtain readings. One person with a
meter can provide readings for many field test sites.
Where farms are small, neighbors can share a single
meter. Following each reading a report is developed
and given to each farm irrigation decisionmaker. The
irrigation decisionmaker must learn to interpret meter
readings to decide the right time to irrigate.

Electrical resistance blocks and resistance meters
(battery powered) are commercially and readily avail-
able. Table 9-4 displays interpretations of readings
from a typical electrical resistance meter.

(vi) Thermal dissipation blocks—These blocks
are porous ceramic materials in which a small heater
and temperature sensors are imbedded. This allows
measurement of the thermal dissipation of the block,
or the rate at which heat is conducted away from the
heater. This property is directly related to the water
content of the block and thus soil-water content.
Thermal dissipation blocks must be individually cali-
brated. They are sensitive to soil-water content across
a wide range. Meter readings can be used directly, or
translated using manufacturer’s charts to soil-water
tension. Specific meters are to be used with specific
type of blocks.
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(vii) Neutron scattering—A neutron gauge esti-
mates the total amount of water in a volume of soil by
measuring the amount of hydrogen molecules in the
soil. Hydrogen is a key element in water (i.e., H,0).
The device is commonly called a neutron probe. The
probe itself consists of a radioactive source that emits
(scatters) high energy neutrons and a slow speed
neutron detector housed in a unit that is lowered into
a permanent access tube installed in the soil. The
probe is connected by a cable to a control unit (neu-
tron gauge) remaining at the surface. The control unit
includes electronics for time control, a neutron
counter, memory, and other electronics for processing
readings.

Fast neutrons, emitted from the source and passing
through the access tube into the surrounding soil,
gradually lose their energy (and speed) through colli-
sions with hydrogen molecules. The result is a mass of
slowed or thermalized neutrons, some of which diffuse
back to the detector. The detector physically counts
returned neutrons. The number of slow neutrons
counted in a specific interval of time is directly related

to the volumetric soil-water content in a sphere rang-
ing from 6 to 16 inches. A higher count indicates
higher soil-water content, and a lower count indicates
lower soil-water content.

When properly calibrated and operated, the neutron
gauge can be the most accurate and most repeatable
method of measuring soil-water content. When plot-
ted, count versus soil-water content is a linear rela-
tionship. The gauge as it comes from the manufacturer
is calibrated to a general kind of soil (medium texture)
and to a medium soil bulk density. A microprocessor
calculates soil-water content in acre-inches or percent,
dry weight basis. However, the gauge must be cali-
brated for inplace soils and type of access tube mate-
rial being used; i.e., PVC, aluminum, or steel. Calibra-
tion is done using gravimetric sampling procedures.
Also, for any soil texture other than what the device
was calibrated to by the manufacturer, or with widely
varying bulk density, the device must be recalibrated.
This is a time consuming process in layered soils on
alluvial sites where the texture and bulk density vary
widely. Recalibration is generally not necessary in
medium textured, medium bulk density, uniform soils.

Table 9-4 Interpretations of readings on typical electrical resistance meter
|

Soil water Meter Interpretation

condition readings V

(0 - 200 scale)

Near saturated soil often occurs for a few hours following an irrigation.

Danger of water logged soils, a high water table, or poor soil aeration if
readings persists for several days.

Excess water has mostly drained out. No need to irrigate. Any irrigation

would move nutrients below irrigation depth (root zone).

Usual range for starting irrigations. Soil aeration is assured in this range.

Starting irrigations in this range generally ensures maintaining readily
available soil water at all times.

Nearly saturated 180 - 200
Field capacity 170 -180
Irrigation range 80-120
Dry <80

This is the stress range; however, crop may not be necessarily damaged or

yield reduced. Some soil water is available for plant use, but is getting

dangerously low.

1/ Indicative of soil-water condition where the block is located. Judgment should be used to correlate these readings to general crop conditions
throughout the field. It should be noted, the more sites measured, the more area represented by the measurements.
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The total volumetric soil-water content reading
(count) of the neutron gauge should be translated into
available soil-water content (AWC). Field capacity and
wilting point levels must be known. It is more conve-
nient if field measurements could be taken near those
soil-water content levels. The neutron gauge method is
highly accurate (1 to 2 percent of actual) if properly
operated and adequately calibrated except:
< in the upper 6 inches of soil profile where fast
neutrons tend to escape above the soil surface;
= in high clay content soil that contain tightly
bound hydrogen ions that are not reflected in the
detecting process;
< in soil with high organic matter content; and
< in soil containing boron ions.

These soil conditions all require recalibration of the
gauge. Chapter 15 contains example worksheets,

typical calibration curves, and sample displays for soil-

water content by depth relationships.

Because a neutron gauge contains a radiation source
and is a potential safety hazard to a technician using a
gauge, special licensing, operator training, handling,
shipping, and storage are required. The wearing of a
radioactive detecting film badge is required by all
technicians when handling and using a neutron gauge.
The use of a neutron gauge is not to be taken lightly.
NRCS operates under a site license held by the USDA
Agricultural Research Service. Inspections of storage
facilities are made periodically. Disposal of old neu-
tron probes (radioactive source) is strictly controlled
by U.S. Nuclear Regulatory Commission (NRC).

A neutron probe is recommended for large farms or
farm groups where use efficiency and accuracy can
justify high initial cost, maintenance, and operating
under NRC requirements.

Tools needed are:

= Approved storage facility for the probe at the
workshop and in the vehicle

« Small diameter soil auger

« Soil bulk density sampler

= Watertight access tubes that fit snugly against
the soil

« Gravimetric soil sampling equipment (core
sampler, auger, sample bags, weighing scales,
drying oven) for calibration

* Neutron gauge

« Small square of canvas
* Tool box containing a variety of tools
< Film badges for everyone involved

(vii) Diaelectric constant method—The diaelectric
constant of material is a measure of the capacity of a
nonconducting material to transmit high frequency
electromagnetic waves or pulses. The diaelectric
constant of a dry soil is between 2 and 5. The diaelec-
tric constant of water is 80 at frequency range of 30
MHz - 1 GHz. Relatively small changes in the quantity
of free water in the soil have large effects on the
electromagnetic properties of the soil-water media.
Two approaches developed for measuring the
diaelectric constant of the soil-water media (water
content by volume) are time domain reflectometry
(TDR) and frequency domain reflectometry (FDR).

For TDR technology used in measuring soil-water
content, the device propagates a high frequency trans-
verse electromagnetic wave along a cable attached to
parallel conducting probes inserted into the soil. A
TDR soil measurement system measures the average
volumetric soil-water percentage along the length of a
wave guide. Wave guides (parallel pair) must be care-
fully installed in the soil with complete soil contact
along their entire length, and the guides must remain
parallel. Minimum soil disturbance is required when
inserting probes. This is difficult when using the
device as a portable device. The device must be prop-
erly installed and calibrated. Differing soil texture,
bulk density, and salinity do not appear to affect the
diaelectric constant.

FDR approaches to measurement of soil-water content
are also known as radio frequency (RF) capacitance
technique. This technique actually measures soil
capacitance. A pair of electrodes is inserted into the
soil. The soil acts as the diaelectric completing a
capacitance circuit, which is part of a feedback loop of
a high frequency transistor oscillator. The soil capaci-
tance is related to the diaelectric constant by the
geometry of the electric field established around the
electrodes. Changes in soil-water content cause a shift
in frequency. University and ARS comparison tests
have indicated that, as soil salinity increases, sensor
moisture values were positively skewed, which sug-
gests readings were wetter th