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J. Irrig. Drain Eng., 2003, 129(1): 27-35

Estimating Soil Moisture Under Low Frequency Surface
Irrigation Using Crop Water Stress Index

Paul D. Colaizzi*; Edward M. Barnes?, Thomas R. Clarke®; Christopher Y. Choi*; and Peter M. Waller®

Abstract: The present study investigated the relationship between the crop water stressGid8X and soil moisture for surface
irrigated cotton(Gossypium hirsutum, Delta Pine 90&h Maricopa, Arizona during the 1998 season. The CWSI was linked to soil
moisture through the water stress coefficiggtthat accounts for reduced crop evapotranspiration when there is a shortage of soil water.
A stress recovery coefficied . was introduced to account for reduced crop evapotranspiration as the crop recovered from water stress
after irrigation events. A soil water stress ind@WSI)was derived in terms df; andK ... The SWSI compared reasonably well to the
CWSI, but atmospheric stability correction for the CWSI did not improve comparisons. When the CWSI was substituted into the SWSI
formulation, it gave good prediction of soil moisture deplet{tidEP; when to irrigateand depth of root zone depletiob(; how much

to irrigate). Disagreement was greatest for {BEP6 because cotton is less sensitive to water stress in this range.

DOI: 10.1061/(ASCE)0733-9437(2003)129:1(27)

CE Database keywords: Soil moisture; Surface irrigation.

Introduction sured canopy temperature, allowing estimates of fDEP through a
soil water balanceHatfield et al. 1984; Kjelgaard et al. 1996;

The crop water stress inddéWSI) has been the subject of ex-  Barnes et al. 2000). Within-field variation in crop water use has
tensive research in the past 20 years to schedule irrigations usingheen found to contribute to variation in crop yield, which is of
canopy temperature. By timing irrigations based on some thresh-interest in site-specific crop manageméadler et al. 2000).
old value, the CWSI can reduce water use without significant  The present research investigates a more direct approach of
compromise to final yieldWanjura et al. 1990; Shae et al. 1999). relating fDEP to the CWSI. Jackson et &l981) related the
Furthermore, canopy temperature can be measured rapidly andCws| to crop evapotranspiration (ET where CWSI values
non-invasively with portable infrared thermometéiRTs), which greater than zero indicate reductions in E¥low atmospheric
are more reliable for detecting water stress than in situ soil mois- demand(i.e., water stress). The Food and Agriculture Organiza-
ture measurementgackson 1982). The CWSI and other canopy tjon Paper No. 56FAO 56) (Allen et al. 1998)procedures com-
temperature-based indices, however, indicate when but not howpute ET, as the product of reference evapotranspiratiop &Td a
much to irrigate. They are not uniquely correlated to the fraction crop coefficientk .. Reductions in EJ below atmospheric de-
of soil moisture depletiodfDEP), which is more practical and  mand are accounted for through a water stress coeffikigtitat
universally understood in timing and determining application js included in theK . term. In FAO 56, theK, term for a given
depths(Martin et al. 1990rnd for relating the effect of irrigation  ¢rop is a function of fDEP and atmospheric demand. Jensen et al.
management strategies to yidldussman et al. 1998). Nonethe- (1970) give another commonly used expressionkafas a func-
less, crop water use can be simulated because it is linked to meayjgp, only of fDEP. By deriving a soil water stress ind€WSl)in
terms ofKg, it is hypothesized that the CWSI can be related to

!Agricultural Engineering, Conservation and Production Research fDEP through theK term by assuming the SWSI and CWSI are
Laboratory, U.S. Dept. of Agriculture/Agricultural Research Service, P.O. equal. It is recognized, however, that the FAO 56 and Jensen
Drawer 10, Bushland, TX 79012. _ formulations of theK term do not account for a stress recovery

‘Agricultural Engineer, U.S., Water Conservation Lab., U.S. Dept. of oinq following irrigations. The CWSI does not always drop to
Agriculture/Agricultural - Research - Service, 4331 East Broadway, ;o immediately after an irrigation because the plant must regen-
Phoenix, AZ 85040. . -

3physical Scientist, U.S. Water Conservation Lab., U.S. Dept. of erate itself after sufficient stress has occur(ddckson et al.

Agriculture/Agricultural Research Service, 4331 East Broadway, 1981; Jackson 1982). It is also possible that plant transpiration

Phoenix, AZ 85040. can be reduced by the lack of oxygen in the root zone for several
4pssociate Professor, Dept. of Agricultural and Biosystems Engineer- days after a large volume of water is applié@eicosky et al.
ing, Univ. of Arizona, Tucson, AZ 85721. 1985). Therefore, a stress recovery coeffici€pt. is proposed to

SAssociate Professor, Dept. of Agricultural and Biosystems Engineer- gccount for plant recovery.

ing, Univ. of Arizona, Tucson, AZ 85721. _ _ The objectives of the present research are to investigate the
Note. Discussion open until July 1, 2003. Separate discussions mUStreIationship between the CWSK,, and fDEP during a cotton
. . . . S
be submitted for individual papers. To extend the closing date by one season in Arizona, and to introduce the stress recovery coefficient

month, a written request must be filed with the ASCE Managing Editor. L R .
The manuscript for this paper was submitted for review and possible Krec. Additional objectives are to compare the CWSI using four

publication on April 12, 2001; approved on May 16, 2002. This paper is calculation proceduregempirical CWSI and theoretical CWSI

part of theJournal of Irrigation and Drainage Engineering, Vol. 129, using three aerodynamic resistance modafu to evaluate two
No. 1, February 1, 2003. ©ASCE, ISSN 0733-9437/2003/1- KsmethodqFAO 56 and Jensen). The ultimate goal is to estimate
27-35/$18.00. fDEP by combining the CWSI with FAO 56 procedures using the
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best CWSI andK calculation method. With fDEP known, the
depth of root zone moisture depletiod (, how much to irrigate)
can be estimated.

Calculation of Crop Water Stress Index

where g=gravitational constanf9.81 ms?); H=sensible heat
(Wm™?); p,=density of dry air(1.19 kg n ®); C,=specific heat
of dry air (1013 Jkg'°C™), T,=air temperaturgK); and u*
=friction velocity (m s %). Like sy, andis,,, {>0 for stable and
{ <0 for unstable conditions. Sensible héhis

C,(T,—T
H:pa p( c—Ta)

The CWSI can be defined as ; (5)
a
(Tc_Ta)m_(TC_Ta)II * .
= n i fin mpbell 1
Cwsi T Ty (Te—To; Q) andu* is defined agCampbe I(985)
whereT.= canopy temperatur€C); T,= air temperatur¢°C); m u* = _d+u (6)
indicates measured conditions, llewer limit (crop canopy tran- In z Zm "
spiration not limited by available soil moisture); and wlpper
limit (nontranspiring crop). The empirical CWSI was computed Eq. (2) can be simplified by combining it with Eg6)
according to Idso et al1981), where T.—T,)y and (T,—To)u
were assumed functions of the atmospheric vapor pressure deficit In( Z_d+ZH) o
using crop-specific, empirically determined coefficients. Empiri- Zy H
cal parameters for cotton were taken from the data presented by a= K2u* )

Idso (1982). The theoretical CWSI was computed according to
Jackson et al1981), which uses surface energy balance relation-

ships to define the lower and upper limits in Ed). The lower

and upper canopy resistance terms for cotton were assumed con-

stant at 10 and 250 s, respectively(Ehrler 1973; Keener and
Gardner 1987).

The theoretical CWSI requires computation of the aerody-
namic resistance, term, which quantifies the resistance to en-
ergy transfer between the crop canopy and atmosphere. In gen-

For unstable conditionsy is given as(Kjelgaard et al. 1996)

1+1-16¢
Ypy=—21In — % ) (8)
andisy, is given as(Campbell 1985)
Ym= 0.6y 9)

The Monteith aerodynamic resistance model has a more em-

eral, resistance to energy transfer is enhanced or suppressed bgirical and computationally simpler approach for stability correc-
forced and free convection, where the latter is usually expressedtion. It has the form(Monteith 1973)

by atmospheric stability correction terms. The simplgsinodels

assume forced convention dominates and therefore neglect stabil-

ity correction. This study compared threemodels, consisting of
the Campbell mode{with and without stability correctionand

2

i

In -
M .
raM:T(1+ nRi)

(10)

the Monteith model. Calculation procedures were nearly identical yhere n=atmospheric condition numbéassumed 5.2 and 4.5

to those used by Kjelgaard et 41.996). The Campbell model is
given as(Campbell 1977)

(z—d+zH>
In| ———— |+ ¥y
Zy

a k2u

where z=anemometer heightm), d=zero plane displacement

M

z—d+zy
In| ————
Zm

&)

for stable and unstable conditions, respectively); aRd
=Richardson number, defined as
z—d)(T,—T
nis (DT To) )

Tu?

where T=average of the air and canopy temperature in Kelvin.
For stable conditionsRi is positive and results in an increase in

(m), z,; andz,,=roughness lengths for sensible heat and momen- r,,, from Eq. (10). The opposite is the case for unstable condi-

tum (m), ¢y and s, = stability correction factors for heat and
momentum, respectiveljk=von Karman constan®.41); andu
=wind speed at height (2 m). Both termsd and z,, can be
estimated as functions of canopy heightl.2 m for cotton at full
canopy), andz, as a function ofzy; i.e., d=0.67 h, zy
=0.13 h, andz;=0.2z, .

The stability correction factorgy andis,, account for buoy-

tions, whereRi becomes negative. From E@.1), the magnitude
of R indicates the relative roles of buoyanégumerator)and
forced convectioridenominator).

Wind speeds below 2 m$resulted in unrealistic values fog
in all three models. Thereforaj=2 ms ! was the minimum
value used when observed wind speed was less.

ancy effects on heat and momentum transfer that are suppressed

or enhanced from the canopy-air temperature differefecg.,

Crop Water Stress Index and Soil

Kustas et al. 1989). For stable conditions, the canopy temperature\pisture Relations

is less than the air temperature, afi and s, are positive,

increasingr, in Eq. (2). The opposite is the case for unstable The c\WSI can be expressed in terms of latent heat(Baxkson

(enhancedgonditions. The Campbell model without stability cor-
rection is simplyysy =1, =0.
An expression for stable conditions ([Businger 1975)

bpy=vy=4.7¢ (3)
where{=atmospheric stability correction parameter, defined as
—kzgH

T paC T “4)

et al. 1981)

\ET,
~ \ET,

where NET,; and NET,=instantaneous crop and potential crop
evapotranspiration of a full canopy, respectivéy m2). “Po-
tential” refers to conditions where latent heat flux is limited only
by atmospheric demands.g., soil moisture depletion is not lim-

CWSI=1 (12)
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iting plant water uptake), so that a&ET.—NET,, CWSI—0.

Crop water stress is most detectable when atmospheric demand is
at a diurnal maximum; therefore, IRT measurements are generally

taken during afternoon hourgJackson 1982). The ratio
(NET./NET,) will therefore likely reach a daily minimum, par-
ticularly if a soil moisture deficit causesET, to fall below
NET,. Assuming the instantaneous latent heat flux ratio during
the maximum diurnal atmospheric demand is similar to the daily
latent heat flux ratidJackson et al. 1983), and converting latent
heat flux to depth, the ratio (ETET,) is substituted for
(AET./\ET,) in Eq.(12). The resulting expression is termed the
soil water stress index because EAill be related to soil mois-
ture:

Te

ET,

SWSI=1- (13)
The dual crop coefficient procedure of FAO Béllen et al.
1998)gives ET. as

ET.=ETo(KpKst+Keg) (14)

where ET=reference evapotranspiratiofimmday?); K,
=basal crop coefficientK;=water stress coefficient; ani.
=soil evaporation coefficient for sunlit bare soil. Since the CWSI
is valid only for full canopy cover when soil background is absent
(Jackson et al. 1981), evaporation from sunlit bare soil is negli-
gible, andK; can be omitted from Eq14) (Allen et al. 1998).

A stress recovery coefficiett,. is proposed for this study to

Ke=1

1-fDEP
sST1-p
where p=fDEP threshold when the crop begins to experience

water stress. If ETis different than 5 mmday', p can be ad-
justed as a function of ET

P= Praple 227 0.045—ET,) (20)

where pyupe 2= Crop-specific value given in Table 22 of FAO 56,
and ET, units are(mmday ). The pupe 2> Values used in this
study are 0.60 for initial and development stagestablishment
to early boll formation)and 0.65 thereaftgAllen et al. 1998).
Jensen et al(1970) give an expression foKg that is an
asymptotic function of fDEP but independent of ET

In[(1—fDEP)100+1]
s In[101]

Egs. (18) and (19) or (21) can be combined and solved for
fDEP as a function of the SWSI. If the CWSI is substituted for the
SWSI in the resulting expression, fDEP can be estimated using
the CWSI. With fDEP known, the depth of root zone depleiyn
is the product of fDEP and total available wat@AW) in the root
zone, whereD, is the basis of how much to irrigate. Total avail-
able water igAllen et al. 1998)

TAW = 1,000 01— Oyp) Z, (22)
where 1,000 converts TAW to mmn= soil moisture content

fDEP<p (19)

fDEP>p

(21)

account for the time required for roots to regenerate and leaves to(m m ) at field capacity9,,,= soil moisture contentm m3) at

rehydrate following an irrigation, provided plants have become
water stressed prior to the irrigatiédackson et al. 1981; Jackson
1982). This is usually the case for low-frequency surface irriga-
tion methoddi.e., 10—14 daysbhat prevail in Arizona; however,
the K,¢c term may not be necessary for high frequency irrigation
systemge.g., sprinkler or microirrigatiomyvhere soil moisture is
ideally maintained above water stress thresholds. Inclutling
and omittingK, in Eq. (14) results in

ETc=ETo(KepKsKred- (15)

wilting point; andZ, = effective rooting deptkim). Fig. 1 is a flow
chart of the procedures given to estimate fDEP Bndrom the
CWSI.

Experimental Methods

The experiment was conducted at the Univ. of Arizona, Maricopa
Agricultural Center(latitude 33°04N, longitude 111°58V, 361

m mean sea level). Cottofizossypium hirsutum, cv. Delta Pine
90b, full seasonwas planted on 26 April 1998day of year

Experimental data in the present study suggest that the recov{pQY) 116] on east—west raised beds spaced 1.0 m apart on a

ery of ET; is a logarithmic function of cumulative ET{CET,),
but only up to some maximum cumulative Eivhen recovery is
complete (CET. a0 Therefore, theK, . term is defined as

Kiee=1—(aIn(CET,)+b) CET,<CET, max

Krec=1 CETy,> CETy max (16)

wherea and b=regression coefficients. The justification for Eq.
(16) and regression procedures fmandb are presented later.

The ET, term in Eq.(13) describes conditions where ET
reaches a maximum possible value that is limited only by atmo-
spheric demanéi.e., K;=K =1 in Eq.(15)], given by

ETp=ETo(Kep) (17

Substituting Eqs(15) and(17) into Eqg. (13) and simplifying,
the SWSI is

SWSI=1— KK jec. (18)

Two methods of estimatink were investigated. The FAO 56
procedure assumés; is unity until the fDEP reaches a threshold
p, then decreases linearly to zero when fDEP reaches 1.0

laser-leveled 1.3 ha field. The soil is classified as a Casa Grande
series, with sandy loam or sandy clay loam textuffesst et al.
1988). The study was part of a larger remote sensing experiment
consisting of two nitrogen levels in a random block design with
16 plots; however, measurements pertinent to this paper were
made only in Plots 12 and 16 where nitrogen treatments were
identical (140 kg ha® was the seasonal total). The field was sur-
face (gravity) irrigated by six alfalfa valves located along the
West boundary of the field. Irrigations varied from 100 to 150 mm
per application and were the same for both plots for each event; a
total of nine surface irrigations occurred during the season. A
linear move irrigation system with drop hoses was under con-
struction concurrently during the experiment, but was not opera-
tional until September when irrigations were essentially complete.
An additional three application&, 25, and 20 mmpccurred
during September using the linear system, but only the 5 mm
application for Plot 12 occurred during the period considered in
this paper.

A meteorological station was placed in Plot 12. Measurements
consisted of incoming solar irradiandgg, relative humidity,
wind speedu, and air temperaturé,. Canopy temperaturé.
was measured using stationary IRTs placed in Plots 12 and 16.
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Soil Crop-Specific IRT Weather
Texture Parameters Station

7T
3 v
. (2)
A
GDD (. ch ETO
I Surface I A
P A 4 CWSI(1) Irrigation ET, (17)
O, Owp [® VA Event ¢
Assumed|Equal £— ET. (15)
A
vy oo K (16) v
TAW (22) p (20)
A
K (18) ¢

A
fDEP (21) | or | fDEP (19)

A
;Dr

Fig. 1. Flow chart for estimating fraction of soil moisture depletion &hdfrom crop water stress indeparentheses refer to equations in fext

The IRTs(Model 3000.3 WLC, Everest, Tucson, Arizvere with nently buried in each plot; each location had four probes at 0.05,
custom 15° field of view optics and viewed 50° from nadir and 0.10, 0.15, and 0.20 m depths. The TDR probes were multiplexed
135° azimuth, which was 45° relative to the rows. This was to to a Tektronix(Beaverton, Ore.mmodel 1502C cable tester; volu-
ensure that soil background would not influedgenmeasurements  metric soil moisture was retrieved every hour using T#RCQ
(Jackson et al. 1981). The IRTs were calibrated at the end of thesoftware programEvett 1998). The upper and lower limits of
season in a constant temperature room over a room temperatur@olumetric soil moisture available to the crépssumed field ca-
range of 5—-45°C to an extended area blackb@dgdel TEC-5-3, pacity 8, and wilting pointé,,,, respectivelywere estimated at
Advanced Kinetics, Huntington Beach, Calivhere target tem-  each location at 20 cm increments down to a 2 m depth by taking
peratures were set from 0 to 70°C at 5°C intervals for each am-the maximum and minimum values observed during the season.
bient temperature run. The calibration resulted in a polynomial for For 6;., measurements were not considered until 3 days follow-
each IRT that determined the actual surface temperature as a funcing a surface irrigation event to allow complete drainage by grav-
tion of the instrument body temperature and its reported apparentity throughout the root zone. Fdr,,, the cotton was severely
surface temperature. Meteorological and IRT measurements werestressed several times, especially on 24 AugDQY 236) when
recorded simultaneously every 15 min throughout the 24 h perioda broken pipe delayed irrigation. The estimateéd and 6,
during most of the season; IRT instrument height was 2.0 m from ranged, respectively, from 0.08 to 0.13 and from 0.18 to 0.24 and
furrows. A daily CWSI value was obtained by averaging measure- were similar to those given by Post et §1988). The range in

ments between 1,400 and 1,60@lso et al. 1982). values was attributed to differences in both measured soil texture
Volumetric soil moisture was measured using neutron scatter- (sand contents ranged from 50 to 75%nd in accounting for
ing, a capacitance probe, and time domain reflectom@BR). increases in rooting depths as the season progressed.

Two neutron access tubes were placed in each plot; measurements A soil water balance spreadsheet was used to estimate soil
were taken 2—3 times per week at depths 0.4-2.0 m from the moisture between days of neutron measurements. Daily water use
surface in 0.2 m increments using a Campbell Pacific Nuclear (i.e., crop evapotranspiration ETwas estimated using E¢L4).
(Martinez, Calif.) model 503 DR probe. A portable capacitance The ET, term was calculated using the Penman—Monteith equa-
probe (Model ML1 - Theta Probe, Delta-T, Cambridge, U.K.) tion for a grass reference crop with daily time st¢fs|. (6) in
measured volumetric soil moisture in the top 0.05 m of the raised FAO 56|, andKg was calculated using Eq&l9) or (21). Calcu-
beds at five locations per plot two or three times per week. The lation of K, also followed FAO 56 procedurd&qgs. (71)—(75)].

TDR measurements consisted of four groups of probes perma-This required knowing the fraction of vegetation co¥gr which
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Table 1. Crop Development Stages and Basal Crop Coeffidiept Development Stage Nomenclature is Taken from Food and Agricultural
Organization Paper 56 for Generic Crop, and Agronomic Stages for Cotton Are in Parentheses

DOY Date Development stage Cumulative GDD(°C) Keb
114 24 Apr Plant

114-160 24 Apr—9 Jun Initial (establishment, early vegetative) 0-440 0.15
161-218 10 Jun—6 Aug Developmenegetative, flowering, early boll formation) 440-1,320 0.15-1.15
219-248 7 Aug-5 Sep Mid-Seasdate flowering, mid-late boll formation) 1,320-1,760 1.15
249-284 6 Sep—11 Oct End (yield formation, ripening) 1,760-2,200 1.15-0.4
310 6 Nov Harvest

was estimated by weekly destructive plant sampling in three lo- testing the newly constructed linear move system. There was a 19
cations of each plot. Th&, term is based on percentage of and 16% reduction in ETbelow ET, in Plots 12 and 16, respec-
cumulative growing degree daySlack et al. 1996)nstead of tively, suggesting water availability was limited during the sea-
percentage lengths of the growing season as specified in FAO 56son, as EJ more closely matched total irrigation depths. Final
Values ofK, vary linearly with cumulative growing degree days lint yield was about 15% greater in Plot 16 than Plot 12, not
(GDDs) for the developmengvegetative to early boll formation)  surprising since there were similar differences in. EDoorenbos
and end(yield formation and ripeningstages; otherwise ., is and Kassam 1979). The differences in Eilay have been influ-
constant. Table 1 summarizes the crop development stage, cumuenced by root development, which in turn may have been influ-
lative GDDs, and basal crop coefficieit, values for the season.  enced by soil texture. Plot 12, for example, had more sand in the
The mid-seasoiK, value as given was corrected for local cli- top 0.9 m of the soil profile than Plot 16. The differences inET
matic conditiongAllen et al. 1998). Cumulative GDDs were cal- were established by the middle of the mid-season stagk for-
culated following the procedures of Snyde€r985), where the mation), and they may have been even greater without the linear
lower and upper threshold temperatures for cotton were 12.8 andmove irrigations in Plot 12.
30.0°C, respectivelyBrown 1991). Effective rooting depths, Fig. 2 shows the time series of CW@lo stability correction),
were assumed to increase linearly from 0.15 to 1.4 m from plant- SWSI (JenserKy), and irrigation and rainfall events from DOY
ing up to the end of the mid-season development s{dgasen 204 to DOY 264 for both plots without the stress recovery coef-
et al. 1990). This assumption was supported by neutron scatter-ficient K .. During this period, there were four surface irrigation
ing, in that soil moisture measurements remained fairly constantevents; these occurred on DOY 20450 mm), DOY 216(100
at depths beyond the assumed effective root zone. mm), DOY 236(90 mm), and DOY 247130 mm). There was
The stress recovery coefficieKt,. described in the previous  also an irrigation on DOY 2615 mm) in Plot 12 using the linear
section was used in calculating EMllowing the three irrigation move. Measurable rain occurred on DOY 229mm), DOY 240
events that occurred during the end of the development and mid-(3 mm), and DOY 250(5 mm). The 3 days when rain occurred
season stagdfate vegetative to late boll formatiomhen canopy were eliminated from the analysis because clouds and the corre-
cover was full f.~1). At this period in the season, evaporation sponding cooling effect on canopy temperatures prevented the
from sunlit bare soil is negligible, resulting K,~0 (Allen et al. detection of water stress. DOY 245 was also eliminated because
1998), and Eq(14) becomeq15). of drizzle and overcast skies, although total rain was too small to
The CWSI was compared to the SWSI; comparisons are givenbe measurable. Four other da§BOY 204, 224, 263, and 264)
in terms of slope, intercept?, bias, and root mean squared error were eliminated because of instrument malfunctions. A total of 53
(RMSE). The CWSI was computed using four meth¢etapirical days were considered for this study. Immediately after the irriga-
and theoretical using the three aerodynamic resistance mpdels tions on DOY 204, 216, and 236, the SWSI dropped below 0.05;
and the SWSI was computed using two methodsfigf FAO 56 however, the CWSI remained above SWSI for about 5 days. This
and Jensen models; i.e., EG$9) and(21), respectively], making ~ was not observed immediately after the irrigation on DOY 247,
a total of eight comparisons. Using the most favorable compari- which was at the end of the mid-season stégée boll forma-
son, the fDEP was estimated by substituting CWSI for SWSI in tion). The level of stress reached on DOY 247 was somewhat less
Eq. (18), combining with Eqs(19) or (21), and solving for fDEP. than on DOY 216 and 23@ossibly because of overcast skies on
The depth of root zone depletidd, was then computed as the DOY 245 and intermittent clouds on DOY 246-24&nd the root
product of fDEP and TAW in the root zone. The fDEP abd volume was probably more developed. Both factors may have
estimated from the CWSI were then compared to those estimatednfluenced the much quicker recovery time. However, CWSI on
from soil moisture measurements and the soil water balance.DOY 247 was similar to that observed on DOY 216 for Plot 16,
Measurements spanned from DOY 205 to ZBfe flowering to when a recovery time was noticeable.
boll formation to early yield formation).

Table 2. Total Water Application, Potential Crop Water Use (T

Results and Discussion actual Crop Water Use (EY, and Lint Final Yield

Plot 12 Plot 16
Table 2 summarizes the seasonalltotgls of irrigation, precipitation, Irrigation (mm) 1,120 1,070
actual, and potential evapotranspiration (ERhd ET,), and final ;
. . P Rain (mm) 25 25
lint yield for both plots. ET was computed from Eq<14) or
. . . . ET, (mm) 1,220 1,220
(15), and ET is the upper limit of ET (i.e., Ks=K=1). Irri- ETp 990 1.020
gation totals for Plot 12 were 50 mm greater than Plot 16 because~ ¢ (mm) ’
Lint (kg/ha) 1,150 1,360

three irrigation events occurred in Plot 12 during September when
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Fig. 2. Time series of soil water stress ind&enserK), crop water

Fig. 4. Time series of soil water stress indeenserK), crop water

stress indexno stability correctiop irrigation applications, and rain-

fall events for 1998 season without recovery coefficieti . stress indexno stability correctiopy irrigation applications, and rain-

fall events for 1998 season with recovery coefficiknpt,.

Fig. 3 shows(CWSI-SWSI)from Fig. 2 versus cumulative
ET, after the three irrigations on DOY 205, 216, and 236 for both ¢ ;rred when cumulative ETwas 55 mm. The resulting empiri-
plots. The difference appears to decrease logarithmically until the 5| constants andb were —0.08 and 0.32, respectively. Another
cumulative ET, reaches about 55 mm, then levels off. Regres- roqression was performed for CWSI—SWSI when cumulative ET

sions of CWSI-SWSI were performed for cumulativeHiom was equal to or greater than 55 mm, and no relationship between
40 to 120 mm in 5 mm increments, and the highe’st0.80)

. y = -0.08Ln(x) + 0.32
\ R?=0.80
""""""""""""""""""""""""" y = -0.0000x - 0.0001
R?=0.0011

I A P PP

CWSI-SWSI and cumulative ETwas observed. Tha and b
values obtained from regression were used in @§), and the
SWSI was recomputed using H4.7). Fig. 4 is identical to Fig. 2,
except the SWSI now reflects the computations ugipg. Com-
paring Figs. 2 and 4 during the 5 days after the irrigations on
DOY 204, 216, and 236 shows closer agreement between SWSI
and CWSI, and suggests the importance of accounting for stress
recovery. The present study, however, is merely an initial attempt,
and future efforts should focus on more rigorous development of
the K ¢ term under a variety of irrigation management schemes.
In Fig. 4, the CWSI was greater than the SWSI several times
despite the inclusion oK .. One instance occurred in Plot 12

. :. »" - 7. just before the irrigation on DOY 236, but not in Plot 16. It was

""""""""""""""" S noted in Table 2 that total ETor the season was less for Plot 12,
010 _ . . . . , , possibly the result of different root volumes and soil textures,
0 20 40 60 8 100 120 140 160 180 which may explain this difference. Differences also occurred on

Fig. 3. Plot of (crop water stress index—soil water stress index-
sus cumulative reference evapotranspiration, Efter irrigations,

Cumulative ETo (mm)

with regression coefficients used for the recovery coefficiegt.

DOY 211 (Plot 16), DOY 219-222DQY 220 only for Plot 16),
DOY 249 (Plot 16), and DOY 251-254. High winds may have
broken the stems of outer leaves, which could increase plant
stress. The average daily wind run was 48.5 kmiddsom DOY

204 to 264. Wind runs recorded on DOY 211, 219, 246, 252, and
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Table 3. Linear Regression Analysis Between Soil Water Stress Index and Crop Water Stress Index

2

CWSI method r, method Ks method Slope Intercept r Bias RMSE
Empirical N/A FAO 56 0.41 -0.04 0.50 —0.193 0.260
Theoretical No Stabil. Corr. FAO 56 0.39 0.12 0.70 —0.044 0.166
Theoretical Campbell FAO 56 0.42 0.06 0.65 —0.094 0.185
Theoretical Monteith FAO 56 0.41 0.14 0.62 -0.013 0.163
Empirical N/A Jensen 0.94 -0.13 0.59 —0.144 0.169
Theoretical No Stabil. Corr. Jensen 0.91 0.02 0.86 0.005 0.044
Theoretical Campbell Jensen 1.0 -0.04 0.82 —0.045 0.070
Theoretical Monteith Jensen 036 0.04 0.77 0.036 0.069

aSlopes were not significantly different than 1®=0.05).

254 were all greater than 80 km ddy The CWSI was less than
the SWSI on DOY 231-238ollowing rain on DOY 229), and and the soil water balance. Fig. 6 shows tiyescatter. With TAW
on DOY 246-247 for Plot 12Zfollowing drizzle on DOY 245). known from Eq.(22), D, was estimated as the product of TAW
These underestimates may have been caused by intermittenand fDEP, and a similar comparison can be mdelg. 7). Statis-
clouds during the time of measurement. Cloud passages reducedical results of these comparisons are summarized in Table 4.
R, by 50% or more, and several minutes may be required for the Correlation ¢2) was similar to the comparisons between CWSI
canopy temperature to reach equilibrium following a chandesin  and SWSI; however, for fDEP the intercept, bias, and RMSE
(Pennington and Heatherly 1989). were about two times greater. The slope and intercept values for
Table 3 gives regression statistics between CWSI and SWSI.the fDEP andD, comparisons were both significantly different
The CWSI without stability correction compared most favorably from one and zero, respectively € 0.05).
to the SWSI using the Jens&nR model, having an intercept clos- In Fig. 6, greater error is observed for in situ fDEP below 0.6.
est to zero, the best correlation, the least bias, and least RMSEA similar trend is observed in Fig. 7 fdD, less than about 80
Fig. 5 shows thexy scatter. The Campbell stability correction mm. This can be explained by Fig. 8, whefe is plotted as a
method, however, resulted in a slope closest to one. Only thefunction of fDEP. The FAO 56 and Jensen models are shown
Campbell and Monteith stability correction methods using the along with K¢ points estimated from the CWSI by substituting
JenserK, model had slopes that were not significantly different CWSI for SWSI in Eq.(18) and solving forKs. When fDEP is
from one; intercepts for all methods were significantly different less than about 0.6 is relatively insensitive; howeveK falls
from zero @ =0.05). Stability correction did not improve CWSI  off rapidly as fDEP increases over 0.6. This results in a similar
comparisons. Kjelgaard et dlL996)reached a similar conclusion  relationship between the CWSI and fDEP, in that small errors of
after comparing the canopy temperature energy balance to theCWSI will lead to larger errors in fDEP when soil moisture in the
Bowen ratio energy balance. root zone is relatively plentiful. In a cotton cultivar study, Lacape
Egs. (18) and (21) JensenKy model) were combined and et al. (1998) also observed that the CWSI did not change appre-
solved for fDEP, where the CWSI without stability correction was ciably until fDEP reached 0.5-0.6. Finally, Fig. 8 shows tKat
substituted for SWSI in Eq.18). The resulting fDEP was com-  points estimated from the CWSI agree more closely with the

pared to that estimated from in situ soil moisture measurements

1.0 1.0
Y3 ESS N S S N .
0.8 -t R SRR SICLLLEEEREEES - ; : :
H [72] H ‘
s S i + odFt
o * EE’ 0.8 ooroeeef e > o
I A S 8 [ ve ,{0 0:‘
7] ; ° : e/ ;
2 ; £ 041 T 3 o S R
© oa z E 'y A
' ' £ 2 ’ P RaY AT, y = 0.92x + 0.0
& 5 , ] « r* = 0.85
o of * ; : e N n=106
0.2 & ST i -y =091x+0.02.... 0.0 . ; ,
: ' r#=0.86] )
' n=106 | .
0.0 ; ; ; : 0.2 d . ; . ;
0.0 0.2 0.4 0.6 0.8 1.0 02 00 0.2 0.4 0.6 0.8 1.0
SWSI Fraction of Soil Moisture Depletion (fDEP)

Fig. 5. Scattergram of crop water stress indew stability correc-
tion) versus soil water stress indéXenserkKy)

Fig. 6. Scattergram of fraction of soil moisture depleti@stimated
from crop water stress index versus in situ measurements
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Fig. 7. Scattergram of fraction of root zone depletiob,} (esti-
mated from crop water stress index versus in situ measurements

tent clouds, broken leaf stems following high winds, low atmo-

) . spheric demand following rain, and estimates of effective root
Jensen than the FAO 58, model, which explains the better depths used in the soil water balance.

comparisons between the CWSI and the SWSI using the Jensen ne yse of the CWSI, which is a remote sensing technique, to

Ks model. estimate fDEP and, could greatly improve irrigation manage-
ment and lead to greater water use efficiency. This is an important
. goal for irrigated agriculture as competition for water resources,
Conclusions land, and pressure to lessen environmental impacts are expected
to increase in the coming decades. The next step is to test this

A procedure to estimate soil moisture depleti®BEP, when 1o ocequre in real-time irrigation management for different crops,
irrigate) and the fraction of root zone depletio®(, how much locations, climates, and irrigation practices.

to irrigate) using the remotely sensed CWSI was demonstrated.
The procedure was tested for low frequency surface irrigated cot-
ton in Maricopa, Ariz., and performed reasonably well. Stability
correction in calculating aerodynamic resistamgedid not im-
prove estimates. The CWSI was linked to in situ measurements of
soil moisture through the water stress coefficikgt The Jensen

K model resulted in much better correlation between the CWSI
and soil moisture than the FAO 36, model.

A water stress recovery coefficieit,. was introduced and
accounted for about 20% reduction in actual to potential evapo-
transpiration immediately after irrigations as observed through the
remotely sensed CWSI. Th€,. term should undergo more rig-
orous development; however, it may not be necessary under high
frequency irrigation, such as sprinkler or drip, where fDEP is
e e o e o about 0667, . €. Paria, L S, Rass, D, an S, 498

. . . . . ’ evapotranspiration.lrrigation and Drainage Paper No. 56, Food and
becauseK is Ies.s sensitive to changes in fDEP in th|s.range. Agriculture Organization of the United Nations, Rome.
Consequently, this procedure may not perform well for high fre- games, E. M., Pinter, Jr., P. J., Kimball, B. A., Hunsaker, D. J., Wall, G.
quency irrigation because soil moisture is usually maintained at  w,, and LaMorte, R. L.(2000). “Precision irrigation management
higher levels. Other possible sources of error included intermit-  using modeling and remote sensing approachBsot., 4th National

Irrigation Symp., Phoenix, ASAE, St. Joseph, Mich., 332-337.
Brown, P. W.(1991). “Normal values of heat unit accumulation for
Table 4. Regression Statistics for Estimating Fraction of Soil Mois- ~ Southern Arizona.’Arizona Cooperative Extension, Rep. No. 190041
ture Depletion and Root Zone Depleti} Using Theoretical Crop Univ. of Arizona, Tucson, Ariz.

Water Stress IndefNo Stability Correction, Jensef, Method) Businger, J. A(1975). “Aerodynamics of vegetated surfacebiéat and
mass transfer in the biosphere, Part 1, Transfer processes in the plant
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