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Drought is a major cause of limited productivity in 
rainfed agroecosystems throughout the world, account-

ing for a large proportion of the crop losses and yearly yield 
variation of annual crops (Boyer, 1982). Drought costs are 
estimated to vary from US$6 to 8 billion yr–1 in the United 
States; however, single events can cause losses as high as US$39 
billion (e.g., the 1987–1989 drought that aff ected the central 
and eastern states; Federal Emergency Management Assess-
ment, 1997). Drought is a climatological event characterized by 
low precipitation and intensifi ed by weather factors such as low 
atmospheric humidity, high wind speeds, and high tempera-
tures (Federal Emergency Management Assessment, 1997). 
Diff erent types of drought are recognized, including meteo-
rological, agricultural, and hydrological drought, each with 
specifi c characteristics and magnitudes (Dziegielewski et al., 
1991). Meteorological drought, which is defi ned as persistent 
below-average precipitation, can alter the seasonal replenish-
ment of soil water, which may lead to agricultural drought. 
According to Mkhabela et al. (2010), agricultural drought is a 
defi ciency in soil water that is severe enough to harmfully stress 
rangelands and pastures and to decrease crop production.

Accurate assessment of seasonal patterns in drought prob-
ability is important because if the crop cycle can be matched 

with periods when drought is less likely to occur, yield losses 
due to drought may be reduced (Purcell et al., 2003). Current 
drought probability assessment methods are typically based 
on long-term atmospheric data such as rainfall and maximum 
and minimum temperatures, on precipitation indices, or on a 
crop-specifi c drought index and typically do not consider site-
specifi c soil properties (Keating and Meinke, 1998; Tsakiris 
et al., 2007). Methods that consider soil conditions have been 
proposed mainly to assess drought intensity (Palmer, 1965) 
or moisture accessibility for crop growth and development 
(Palmer, 1968), but no existing methods use actual soil mois-
ture measurements to assess drought probabilities.

Purcell et al. (2003) suggested a method of drought avoid-
ance assessment for summer crops based on long-term weather 
data. In this method, latitude, altitude, and long-term measure-
ments of daily average wind speed and maximum and minimum 
temperatures are used to calculate reference evapotranspiration 
(ET0). Th e cumulative ET0 for the preceding 6 d and the day 
under consideration are summed (7-d total), and the 7-d cumula-
tive precipitation is subtracted from this value, resulting in a 7-d 
cumulative AWD estimate for each day of the long-term record. 
From these AWD estimates, the drought probability for each 
day of the year (DOY) is determined. Th is method can be widely 
applied due to the availability of temperature and precipitation 
data, but it does not account for long-term water defi cit accumu-
lation or soil water storage (Purcell et al., 2003).

Soil physical properties such as texture and porosity infl u-
ence the degree to which soil water is available for plant uptake, 
so a water stress threshold based on only soil water content 
would not be applicable across soil types. A more general 
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threshold can be developed using the concept of total available 
water (TAW), which is the diff erence between the volumetric 
water content at fi eld capacity and at the wilting point, multi-
plied by the thickness of the soil layer being considered (Allen 
et al., 1998). Water uptake by plants decreases considerably 
before the wilting point is reached, and therefore only a frac-
tion of the TAW, varying from 0.3 to 0.7, is readily available 
water (RAW). When the RAW is depleted, water stress begins 
(Allen et al., 1998). We hypothesized that, when long-term soil 
moisture data are available, these concepts can be used to create 
SWD-based drought probability assessments, which are more 
reliable than those based on the AWD alone. Th e objectives 
of this study were to develop a drought probability assessment 
method based on long-term measurements of SWD and to 
compare the resulting drought probability assessments with 
those of an existing method based on the AWD.

MATERIALS AND METHODS
Long-term weather data were obtained for eight sites across 

the state of Oklahoma (Table 1) from the Oklahoma Mesonet, 
an automated network of 116 remote meteorological stations 
(McPherson et al., 2007). Sites were chosen to represent dif-
ferent annual rainfall amounts and soils across the state. Th e 
sites included Goodwell, Woodward, and Hollis with rainfall 
between 406 and 639 mm yr–1; Acme and Stillwater with 788 
to 881 mm annual rainfall; and Nowata, Lane, and Wister 
with >1000 mm of annual rainfall. Soil textures ranged from 
sandy loam to clay, with sand contents varying from 11 to 54% 
and clay contents from 6 to 57%.

Data sets were composed of 15 yr of observations (1996–
2010) and contained daily values for maximum and minimum 
temperatures (Tmax and Tmin), precipitation, wind speed, and 
reference temperature diff erence (ΔTref) for three soil depths: 
5, 25, and 60 cm. Th e ΔTref values, measured with 229-L heat 
dissipation sensors (Campbell Scientifi c), represent the increase 
in the sensor temperature aft er a 21-s heat pulse and were 
used to calculate the soil matric potential (ψm) (Illston et al., 
2008). Sensors were installed under perennial vegetation; the 
dominant species varied by location but included bermudagrass 
[Cynodon dactylon (L.) Pers.], white clover (Trifolium repens 
L.), and tall fescue (Festuca arundinacea Schreb.).

Th e number of years used in statistical analysis of the climate 
is of great importance. In our analysis, we used 15-yr data sets 
for both the AWD and SWD methods because soil moisture 
data were not available before 1996. Our goal was to compare 
the methods using data collected from the location for the 
same period. Van Wart (2011) indicated that 15 yr of consecu-
tive daily weather data were enough to achieve a coeffi  cient of 
variation (CV) of 0.05 in the analysis of the yield potential of 
rainfed corn (Zea mays L.) systems in the U.S. Corn Belt, a 
variable that was associated with the mean annual rainfall. Th e 
period needed to achieve a CV of 0.05 was reduced to 12 yr 
when analyzing the yield potential of rice (Oryza sativa L.) sys-
tems in China. Th e results obtained by Van Wart (2011) led us 
to believe that the data used in this study is adequate. Follow-
ing the methodology suggested by Purcell et al. (2003), missing 
data were not gap-fi lled and DOY 366 values from leap years 
were ignored.

Defi nition of the Growing Season

Th e growing season for warm-season crops is primarily 
limited by low temperatures, which restrict seed germination, 
plant emergence, and crop growth (Andrews, 1987). Th erefore, 
the temperature limits of the growing season were determined 
for each location based on the probability (P) < 0.05 of the 
occurrence of Tmin < 0°C, as suggested by Purcell et al. (2003). 
Probabilities were calculated as the number of years when 
Tmin < 0°C occurred, over the total number of observations 
for each DOY, using data from 1994 to 2010. Th e P values of 
Tmin < 0°C were plotted against DOY and regressed separately 
against the decreasing P values in the spring and the increasing 
P values in the fall. Th e resulting linear equations developed 
for each location were used to determine the respective DOYs 
when P < 0.05 of Tmin < 0°C occurred for the spring and for 
the fall.

Drought Probability Assessment Methods

Th e AWD approach followed the methodology suggested by 
Purcell et al. (2003). Th is method uses latitude, altitude, wind 
speed (m s–1), Tmax, and Tmin to estimate daily ET0 by the Pen-
man–Monteith equation (Allen et al., 1998) as modifi ed by the 
FAO. Altitude, latitude, Tmax, and Tmin were used to estimate 

Table 1. Location and description of key weather variables for eight studied sites throughout the state of Oklahoma. Location of 
each site is specifi ed by latitude, longitude, and elevation, and weather variables are average daily values for the entire year for 
mean temperature (Tmean) and total annual precipitation (Precip.) and the fi rst and last day and duration of the growing season.

Site Latitude Longitude Elevation Tmean Precip.

0°C Tmin occurrence Duration 
of season†Last First

m °C mm  ———— DOY‡ ———— d
Goodwell 36°36′ N 101°36′ W 997 13.3 406 120 281 161
Woodward 36°25′ N 99°25′ W 625 14.9 639 103 291 188
Hollis 34°41′ N 99°49′ W 497 16.2 616 94 298 204
Acme 34°48′ N 98°1′ W 397 16.2 788 101 295 194
Stillwater 36°7′ N 97°5′ W 272 15.5 881 106 293 187
Nowata 36°44′ N 95°36′W 206 14.6 1033 104 290 186
Lane 34°18′ N 95°59′ W 181 16.5 1103 95 300 205
Wister 34°59′ N 94°41′ W 143 15.8 1119 108 290 182

† Duration of the growing season was defi ned as the period between the last (in spring) and fi rst (in fall) occurrence of a minimum temperature of 0°C (P = 0.05).
‡ Day of the Year; fi rst and last day of the growing season determined when P of Tmin < 0°C was <0.05.
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the total solar radiation for each DOY, while the vapor pressure 
defi cit was estimated based on the daily Tmax and Tmin (Allen 
et al., 1998). When wind speed measurements were not avail-
able, a value of 2 m s–1 was used, following the procedure sug-
gested by Allen et al. (1998). Th e 7-d AWD was estimated for 
each DOY by calculating the 7-d running sum of ET0 and sub-
tracting the 7-d running sum of precipitation for each DOY. 
An AWD threshold of 50 mm was used to identify drought 
occurrence. Purcell et al. (2003) recommended this value 
assuming an eff ective rooting depth of 592 mm multiplied 
by 0.13, the diff erence between the soil water content at fi eld 
capacity and the wilting point (average for 401 soils across the 
United States; Ratliff  et al., 1983), and by 0.65, the assumed 
fraction of TAW depletion when plants start to suff er water 
stress (Ritchie, 1981; Ray and Sinclair, 1998). Th e drought 
probability for each DOY was then estimated as the number 
of times in which a 7-d AWD > 50 mm occurred on that DOY 
divided by the total number of observations for that DOY. 
Periods of relatively low drought probability were defi ned as 
those DOY with P < 0.20 of exceeding the AWD threshold. 
Th e same linear regression methodology used to defi ne the 
growing season was applied to defi ne the portion of the year 
with relatively low drought probability.

In the SWD approach, the soil matric potential (ψm) was 
used to calculate the volumetric soil water content (θ) for each 
depth according to the van Genuchten (1980) water reten-
tion curve. Th e van Genuchten parameters, including residual 
and saturated water contents (θr and θs, respectively, m3 m–3) 
and the empirical constants α (kPa–1) and n (dimension-
less) were estimated for the 5-, 25-, and 60-cm soil depths at 
each location using the ROSETTA pedotransfer function, 
Model H3 (Schaap et al., 2001). Th is model estimates the van 
Genuchten parameters based on the percentage of sand, silt, 
and clay and the bulk density, which we obtained for each site 
and depth from the Oklahoma Mesonet website. Volumetric 
soil water contents, calculated from data collected by 229-L 
sensors, resulted in root mean square errors of 0.066 and 
0.052 cm3 cm–3 when compared with independent θ measure-
ments by gravimetric sampling or the neutron probe scattering 
technique, respectively (Illston et al., 2008).

Th e SWD for each soil layer (D) was estimated by multiply-
ing the diff erence between the soil water content at fi eld capac-
ity (θfc), calculated using a ψm of –33 kPa (Veihmeyer and 
Hendrickson, 1931) and the calculated θ by the thickness of 
the soil layer (Δz):

( )fcD z= θ −θ Δ  [1]

Th e soil layers were defi ned as ranging from 0 to 10 cm for the 
sensor at the 5-cm depth, from 10 to 40 cm for the sensor at the 
25-cm depth, and from 40 to 80 cm for the sensor at the 60-cm 
depth. For each DOY, the 0- to 40-cm SWD (SWD40) was 
determined by the summation of the D values for the fi rst two 
layers, and the 0- to 80-cm SWD (SWD80) was determined by 
the summation of the D values for all three layers.

Th e SWD threshold corresponding to plant water stress, and 
drought occurrence was specifi c to each site and each profi le 
depth (40 or 80 cm). Th e thresholds were calculated as the read-
ily available water (RAW), as suggested by Allen et al. (1998):

RAW  TAWp=   [2]

where p is the fractional depletion of TAW at which water stress 
begins. Th e TAW was calculated for each site and layer as the 
diff erence between θfc and the soil water content at the wilting 
point (θwp) multiplied by the layer thickness (Allen et al., 1998). 
A ψm of –1500 kPa was used to estimate θwp (Veihmeyer and 
Hendrickson, 1931). For the SWD40 method, the threshold 
was the sum of the RAW values for the fi rst two layers, and for 
the SWD80 method, the threshold was the sum of the RAW 
values for all three layers. Th e value of p depends on the species 
and ranges from 0.3 to 0.7. We set p = 0.5 because this is a com-
monly used value for many crops (Allen et al., 1998). We note 
in passing that if p = 0.5 were used to set the threshold for the 
AWD method instead of the 0.65 value used by Purcell et al. 
(2003), the AWD threshold would become 38 mm.

Th e drought probability for each site for each DOY was then 
estimated as the number of times in which SWD exceeded the 
depth-dependent threshold on that DOY divided by the total 
number of observations for that DOY. Periods of relatively low 
drought probability were defi ned as those DOYs with P < 0.20 of 
exceeding the SWD threshold. Th e same linear regression meth-
odology used to defi ne the growing season was applied to defi ne 
the portion of the year with relatively low drought probability.

Root mean square diff erence (RMSD) and the index of 
agreement (d) of Willmott (1981) were used to compare the 
AWD and SWD methods.

RESULTS AND DISCUSSION
Site Characteristics

Th e procedure for delineating the growing season for each 
site is illustrated in Fig. 1 using data from Hollis, OK. Based 
on the intersection of the regression lines with the line for 
P = 0.05, the growing season for Hollis was determined to be 

Fig. 1. Determination of the growing season for summer crops 
based on the 0.05 probability of occurrence of minimum 
temperatures (Tmin) <0°C for each day of the year for 17 yr in 
Hollis, OK.
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from DOY 94 to 298. Th is delineation is similar to the growing 
season length of 210 d estimated by the Oklahoma Climatolog-
ical Survey (2012). Th e growing season duration increased from 
161 d at Goodwell, the second northernmost site, to 205 d at 
Lane, the southernmost site (Table 1). Mean annual precipita-
tion ranged from 406 mm at Goodwell, the westernmost site, 
to 1119 mm at Wister, the easternmost site (Table 1).

Key weather variables averaged across the growing season 
are shown in Table 2. Growing season maximum temperatures 
and solar radiation values are similar to or slightly higher than 
those reported by Purcell et al. (2003) for the Mid-South 
region (Arkansas and Mississippi). In contrast, growing season 
precipitation values are generally lower than those in the Mid-
South, indicating the drier climate, on average, in Oklahoma. 
Average growing season ET0 values ranged from 28.5 mm wk–1 
at Lane to 45.6 mm wk–1 at Goodwell, resulting in average 7-d 
cumulative AWDs ranging from 6.4 to 35.4 mm for these loca-
tions. Th e growing season AWD generally increased from east 
to west across the state.

Purcell et al. (2003) reported 7-d cumulative AWDs averag-
ing 22.2 mm during the growing season in the Mid-South, 
a value more than twice as large as the AWD we observed in 
eastern Oklahoma (i.e., Nowata, Lane, and Wister). Th at larger 
AWD was apparently caused by overestimated ET0 values. 
For example, the annual average ET0 for Stuttgart, AR, was 
reported as 35.9 mm wk–1, corresponding to 1867 mm yr–1, 
whereas Scott et al. (1998) reported a value of 1141 mm yr–1 for 
the same location. Th e overestimation of the ET0 values by Pur-
cell et al. (2003) was caused by the inadvertent use of incident 
solar radiation instead of net radiation in the ET0 calculations 
(Purcell, personal communication, 2012). Th e overestimation 
of ET0 was compensated by the relatively high AWD threshold 
chosen by Purcell et al. (2003). Although the absolute values of 
ET0 and AWD in Purcell et al. (2003) are incorrect, we believe 
there should be no changes in the major conclusions from their 
study. Reference evapotranspiration from the present study is 
in agreement with previous work performed in Greer County, 
Oklahoma, located approximately 70 km from Hollis. Th e 
reported ET0 for the period 15 Apr. to 15 Sept. 2000 (corn 
growing season) was 41.4 inches, or 48.1 mm wk–1, calculated 
using the Doorenbos and Pruitt (1977) method (Masoner 
et al., 2003). Our ET0 calculations for Hollis for the same 
period accounted for 43.7 mm wk–1, 10% lower than the values 

presented by Masoner et al. (2003). Th e Doorenbos and Pruitt 
method has been shown to overestimate ET0 from 10 to 24% 
compared with the Penman–Monteith method used in our 
calculations (Fontenot, 2004).

Table 2 also shows the 15-d cumulative AWD for the study 
sites, ranging from 11.7 to 77.2 mm for Lane and Goodwell, 
respectively. When the 15-d summation period was used, the 
values of AWD were roughly double those from the 7-d sum-
mation period. Th is was expected because the magnitude of 
these variables should be aff ected by the period of summation 
(Purcell et al., 2003). Below we consider the eff ects of changing 
the summation period on the drought probability assessment 
by the AWD method.

Soil characteristics used to determine SWD thresholds for 
each location are presented in Table 3. Among the soil texture 
classes studied, sandy loam and silty clay loam soils comprised 
the soil textures with lowest and highest RAW, respectively. 
Th e mean RAW for the 0- to 10-, 10- to 40-, and 40- to 80-cm 
soil layers were 7, 22, and 27 mm, respectively. Averaged across 
soil textures, the mean θfc was 0.24 m3 m–3, while the mean 
θwp was 0.10 m3 m–3, with an average diff erence between θfc 
and θwp of 0.14. Th is is similar to the 0.13 suggested by Ratliff  
et al. (1983) and used by Purcell et al. (2003).

Water Defi cits

Calculated SWD40 and SWD80 values were typically near 
zero in the winter, rose to moderate levels in mid-spring, and 
then climbed sharply in early summer. At Hollis, the long-
term average SWD80 reached a maximum of 100 mm in early 
August (Fig. 2). Negative SWD values in the winter and spring 
indicate periods when the soil water content exceeded fi eld 
capacity. Values of the 7-d cumulative AWD were similar to 
the calculated SWD40 during most of the spring and early 
summer for all the locations studied (e.g., Fig. 2). During mid 
and late summer, the AWD still displayed fl uctuations similar 
to the SWD40 but with lower values, probably because the 
AWD does not account for defi cits that accumulate beyond 
the 7-d time scale (Purcell et al., 2003). Th ese results indicate 
that, during the spring, the 7-d AWD, determined from widely 
available data, can provide reliable estimates of the SWD40 
determined from soil moisture measurements that are less oft en 
available. We are not aware of any prior studies comparing 
cumulative AWDs with calculated SWDs or showing the 

Table 2. Description of key weather variables for eight studied sites throughout the state of Oklahoma. Weather variables are 
mean daily values over the entire growing season for maximum (Tmax) and minimum (Tmin) temperatures, solar radiation at the 
soil surface (Rs), in addition to 7- and 15-d running sums of precipitation (Precip.), reference evapotranspiration (ET0), and atmo-
spheric water defi cit (AWD, ET0 – Precip.).

Site Tmax Tmin Rs

7-d running sum 15-d running sum

Precip. ET0 AWD Precip. ET0 AWD

 ————— °C ————— MJ m–2 d–1  ————————— mm —————————  ————————— mm ————————— 

Goodwell 30.4 14.5 24.3 10.2 45.6 35.4 22.0 99.3 77.3
Woodward 29.3 16.1 21.5 16.2 38.6 22.4 34.7 85.2 50.5
Hollis 30.7 15.8 22.5 14.9 39.5 24.6 31.6 84.1 52.5
Acme 29.8 17.0 20.9 18.9 35.1 16.2 40.4 76.3 35.9
Stillwater 29.6 16.9 20.7 22.7 33.5 10.8 48.8 73.0 24.2
Nowata 28.5 15.9 20.6 25.5 32.3 6.8 54.5 67.6 13.1
Lane 29.4 16.8 20.4 22.1 28.5 6.4 47.2 58.9 11.7
Wister 30.4 16.2 22.0 22.9 31.6 8.7 48.8 66.6 17.8



432 Agronomy Journa l  •  Volume 105, Issue 2 •  2013

springtime correspondence between the two. Further research 
into this type of coupling across the soil–plant–atmosphere 
continuum is clearly warranted.

Another important feature depicted in Fig. 2 is that the 
mean AWD never reached the 50-mm threshold although 
Hollis has a hot and dry summer climate and is known to 
have high drought probability. Th is suggests that the 50-mm 
threshold was too high for the AWD method to accurately 
estimate drought P at this location. Th e same problem was 
observed at all the locations. Th e fact that Purcell et al. (2003) 
indicated reasonable probabilities of drought occurrence with 
this threshold may be explained by the prior observation that 
ET0, and thus AWD, was overestimated in their study.

During the winter, soil moisture was typically replenished 
and values of AWD were greater than the actual SWD. Th e 
data from Hollis showed positive AWDs almost every DOY, 
whereas SWD40 and SWD80 indicated soil water recharge 
during winter and early spring (Fig. 2). Th is diff erence was a 
consequence of calculating the AWD based on ET0, which 
assumes an actively transpiring grass surface. During the 
winter, the ET0 estimates may not be applicable due to the 

reduced vegetative activity, and even the concept of ET0 has 
limited validity under freezing conditions (Allen et al., 1998). 
Th e AWD and SWD methods in this study were intended 
to be used to evaluate drought probabilities for warm-season 
vegetation and should not be applied outside that growing 
season without additional research.

Drought Probabilities

Th e estimated drought probabilities were remarkably 
congruent between the SWD40 and SWD80 methods during 
the summer (Fig. 3), and the SWD-based drought probability 
seasonal patterns were consistent with general knowledge 
about drought in the region. Averaged across all eight sites, the 
drought probability in Oklahoma reached a maximum of 70 to 
80% in the fi rst half of August (Fig. 3). Th ere was a tendency 
for the SWD40 method to estimate slightly higher drought 
probabilities in the spring and slightly lower probabilities in 
the fall than the SWD80 method (Fig. 3). Th is may be linked 

Table 3. Description of soil physical properties for eight sites 
across the state of Oklahoma. For each location, the physical 
properties of soil water content at fi eld capacity and at the 
wilting point, as well as total and readily available water are 
presented for three different soil depths (0–10, 10–40, and 
40–80 cm).

Site
Soil 

depth Soil texture

Soil water content Available water

Field 
capacity†

Wilting 
point‡ Total§

Readily 
available¶

cm  —— m3 m–3 ——  ——— mm ——— 

Goodwell 0–10 loam 0.24 0.09 14 7

10–40 loam 0.25 0.10 43 22

40–80 clay loam 0.26 0.11 59 29

Woodward 0–10 sandy loam 0.18 0.07 11 6

10–40 loam 0.21 0.08 40 20

40–80 loam 0.19 0.07 47 24

Hollis 0–10 silty clay 0.30 0.14 17 8

10–40 clay 0.32 0.16 49 24

40–80 silty clay 0.31 0.16 62 31

Acme 0–10 sandy loam 0.19 0.07 12 6

10–40 sandy clay loam 0.27 0.11 48 24

40–80 sandy clay loam 0.21 0.10 46 23

Stillwater 0–10 silty clay loam 0.35 0.14 21 10

10–40 loam 0.25 0.09 47 24

40–80 loam 0.25 0.10 62 31

Nowata 0–10 silty loam 0.25 0.07 18 9

10–40 silty loam 0.26 0.07 55 27

40–80 silty clay loam 0.27 0.13 57 28

Lane 0–10 sandy loam 0.15 0.06 9 5

10–40 sandy loam 0.16 0.06 31 16

40–80 sandy loam 0.15 0.06 37 18

Wister 0–10 silty loam 0.27 0.08 19 9

10–40 silty loam 0.27 0.09 54 27

40–80 silty loam 0.26 0.09 67 33
† Soil at fi eld capacity was considered to have a matric potential of –33 kPa.
‡  Soil at the wilting point was considered to have a matric potential of –1500 kPa.
§  Total available water was calculated as the difference between fi eld capacity 

and the wilting point.
¶ Readily available water was calculated as half of the total available water.

Fig. 2. Water deficit estimation by the atmospheric water 
deficit (AWD) method and soil water deficit methods for the 
0- to 40- (SWD40) and 0- to 80-cm depths (SWD80), with 
corresponding water deficit thresholds. Averages of 15 yr for 
Hollis, OK.

Fig. 3. Drought probabilities estimated by the atmospheric 
water deficit (AWD) method and soil water deficit methods 
for the 0- to 40- (SWD40) and 0- to 80-cm depths (SWD80). 
Average for 15 yr and eight sites in Oklahoma for Days of the 
Year (DOY) 121 to 304.
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to the seasonal deepening of the active root water uptake zone 
throughout the year, depleting the 40- to 80-cm layer toward 
the end of the season. Linear regression of the SWD40 vs. 
SWD80 drought probabilities from Fig. 3 resulted in a slope of 
0.90, an intercept of 0.003, and an r2 of 0.89 (P < 0.001). Th us, 
the drought P estimates were largely independent of depth, 
producing similar results despite the fact that actual SWD 
values were diff erent between depths as shown in Fig. 2.

Th e probabilities of drought for the 15 yr averaged across eight 
sites were substantially lower for the AWD method than the SWD 
methods (Fig. 3), even though the actual AWD values were similar 
to the SWD40 values during the spring. Th is again implies that 
the original 50-mm threshold used to defi ne drought in the AWD 
method was too high, hence the P of drought was lower than 
the SWD method. Based on the AWD method, the statewide 
drought probability peaked in the second half of July between 10 
and 20%. Th at estimate is inconsistent with general knowledge 
about drought patterns in the region and with prior estimates of 
drought probabilities in nearby states (Purcell et al., 2003).

Th e thresholds used at each location for the SWD40 and 
SWD80 methods are shown in Table 4. Recall that these 
thresholds were obtained based on RAW, whereas the AWD 
method used a fi xed 50-mm threshold. Th resholds for SWD40 
were consistently less than 50 mm across all locations, ranging 
from 20.2 mm in a sandy loam at Lane to 36.5 mm in a silty 
loam at Wister and Nowata. Th e lower drought probability 
estimates of the AWD method were largely due to its higher 
threshold. Th resholds for SWD80 were usually >50 mm, varying 
between 38.7 mm at Lane and 69.8 mm at Wister. Because the 
actual SWD values were also higher when summed to a depth 
of 80 cm, reasonable probabilities of drought occurrence were 
estimated by this method despite the greater thresholds.

Th e SWD-based drought probability assessments identifi ed 
critical periods during the year when water stress is likely. 
Following Purcell et al. (2003), we used the P > 0.20 level to 
defi ne the portion of the year with relatively high drought 
probability. Table 4 shows the fi rst and last day of high drought 
probability, the duration of the period of high drought 

Table 4. Threshold water defi cits for each location for the atmospheric water defi cit (AWD) and the soil water defi cit for the 
0- to 40- (SWD40) and 0- to 80-cm depths (SWD80), the fi rst and last Day of the Year (DOY) and duration of the period with 
high drought probability (P > 0.20), low drought probability growing days in the spring and fall, and DOY and value of the highest 
drought probability for eight locations in Oklahoma.

Site Method
Defi cit 

threshold†

High drought
probability period‡ Duration 

of water 
defi cit

Low drought 
probability growing 

days in spring§

Low drought 
probability growing 

days in fall¶
Highest drought 

probabilityFirst Last

mm  ———— DOY ————  —————————————— d —————————————— DOY P
Goodwell AWD 50.0 143 230 87 23 51 200 0.64

SWD40 28.7 1 365 365 0 0 155 1.00
SWD80 58.0 1 365 365 0 0 145 1.00

Woodward AWD 50.0 204 210 6 101 81 204 0.21
SWD40 25.4 132 353 221 29 0 222 1.00
SWD80 49.0 141 365 224 38 0 226 1.00

Hollis AWD 50.0 187 208 21 93 90 203 0.42
SWD40 32.5 91 356 265 0 0 202 1.00
SWD80 63.6 129 359 230 35 0 220 1.00

Acme AWD 50.0 na# na 0 97 97 219 0.15
SWD40 29.9 156 326 170 55 0 216 0.92
SWD80 53.0 174 341 167 73 0 229 0.85

Stillwater AWD 50.0 na na 0 94 93 208 0.07
SWD40 34.0 187 284 97 81 9 223 0.64
SWD80 65.2 196 274 78 90 19 227 0.54

Nowata AWD 50.0 na na 0 77 76 0 0.00
SWD40 36.5 179 353 174 75 0 226 0.75
SWD80 64.8 183 356 173 79 0 217 0.66

Lane AWD 50.0 na na 0 102 103 0 0.00
SWD40 20.2 195 268 73 100 32 225 0.64
SWD80 38.7 202 266 64 107 34 227 0.50

Wister AWD 50.0 na na 0 91 91 208 0.07
SWD40 36.5 162 325 163 67 0 228 0.93
SWD80 69.8 160 345 185 65 0 222 0.93

† Soil water defi cit thresholds fi xed at 50 mm for AWD and determined as readily available water for SWD.
‡ First and last day of period with drought P > 0.2.
§  Low drought probability growing days in the spring refers to the number of days between the last occurrence of temperatures below 0°C (P = 0.05) and the fi rst occur-

rence of a water defi cit greater than the adopted threshold (P = 0.2). When P of drought was <0.2 throughout the growing season, the number of low drought probabil-
ity growing days in the spring was calculated as the duration of the growing season divided by two.

¶  Low drought probability growing days in the fall refers to the number of days between the last occurrence of drought P > 0.2 and the fi rst occurrence of temperatures 
below 0°C (P = 0.05). When P of drought was <0.2 throughout the growing season, the number of low drought probability growing days in the fall was calculated as the 
duration of the growing season divided by two. 

# na, not applicable; drought P < 0.2 throughout the growing season.
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probability, and the number of low-drought-probability 
growing days in the spring and fall for each method for the 
eight locations. Th e SWD-based methods produced plausible 
drought probability assessments, which were generally in line 
with expectations for these sites. Averaged across locations, 
SWD40 indicated drought beginning approximately 11 d 
earlier and ending 5 d earlier than SWD80. At Goodwell, 
Woodward, and Hollis, the periods of low drought probability 
in the spring were less than 40 d in duration. Forty days is 
generally not suffi  cient time to produce a crop, so these results 
are consistent with the fact that, when summer crops are grown 
at these locations, they are typically irrigated. Th e remaining 
fi ve sites had from 55- to 107-d periods in the spring with low 
drought probability based on the SWD methods, with the 
longest period occurring at Lane. Th ese results are consistent 
with the fact that short-season, rainfed summer crops are part 
of the agricultural systems near these locations. Th e majority 
of days with low drought probability occurred during the 
spring rather than the fall. None of the sites in this study had 
more than 34 growing days with low drought probability in 
the fall according to the SWD methods. Th e highest drought 
probabilities occurred between DOY 202 and 229 (late July to 
mid-August) for all sites except Goodwell, which experienced 
the highest drought probability around DOY 150 (late May).

Th e AWD method indicated later occurrence and earlier 
disappearance of the periods of high drought probability 
than the SWD methods at Goodwell, Woodward, and Hollis 
(Table 4). In the other fi ve locations, which had higher rainfall, 
the AWD method indicated that the P of drought was never 
>0.2, which contradicts general knowledge about the climate 
of the region and the results obtained by the SWD methods. 
Th e AWD values for these locations rarely reached the 50-mm 
threshold. Th e underestimation of drought probabilities by the 
AWD method is obviously undesirable when assessing drought 
probability for summer crops because it indicates favorable 
conditions when, in fact, serious drought stress is likely.

Refi ning the Atmospheric Water Defi cit Method

Th e advantage of the AWD method is that the required data 
are available for more sites than those that have the long-term 
soil moisture data required for the SWD methods. Th us, we 
sought to refi ne the AWD method. To fi nd a better fi t between 
the AWD and the SWD methods, two diff erent approaches 
were used. First, the AWD threshold was reduced from 50 
to 37 mm. Th is value was cited by Purcell et al. (2003) as 
the minimum soil water defi cit at which Mid-South farmers 
typically schedule their irrigations (Cahoon et al., 1990). A 
similar threshold (38 mm) is obtained if a fractional depletion 
of 0.5 in Eq. [2] is chosen instead of the 0.65 value chosen 
by Purcell et al. (2003), all other assumptions remaining 
unchanged. Better agreement between the AWD- and 
SWD80–based drought probabilities resulted at all sites, as 
confi rmed by lower RMSD and d values when 37 mm was used 
as the AWD threshold (Table 5).

Purcell et al. (2003) also suggested possible adjustments 
to the model including the calculation of AWD based 
on a 15-d running sum instead of 7-d running sum. Th is 
second refi nement was tested using 50 mm as the AWD 
threshold. Further improvement in the agreement between 

the AWD- and SWD80–based drought probabilities was 
achieved with this approach (Table 5). Th e RMSD decreased 
for all sites except Stillwater and Lane, where the 7-d running 
sum and 37-mm threshold still resulted in lower RMSD. It is 
important to remember that RMSD and d complement each 
other because no single measure of agreement can properly 
defi ne model performance, hence more than one measure of 
performance should be reported (Willmott, 1982). Th is can 
be verifi ed by noting the higher d for Stillwater when the 15-d 
sum was used for the AWD method. Th us, for seven of eight 
sites, using a 15-d cumulative AWD and a threshold of 50 mm 
led to the best performance among the three variants of the 
AWD method we evaluated. At the warmest site, Lane, a 7-d 
sum with a 37-mm threshold performed best.

Figure 4 shows the 15-yr P of drought averaged across the 
eight locations as estimated by the SWD method and the two 
modifi cations to the AWD method described above. Th e 7-d 
running sum of AWD using a threshold of 37 mm resulted 
in drought probabilities that closely followed those of the 
SWD80 method in the beginning of the growing season, 
as the P of drought increased (Fig. 4A). Beginning in early 
summer, however, the AWD-based probabilities diverged 
from the SWD-based probabilities and became unreasonably 
low. When using the 15-d AWD with a 50-mm threshold, 
the AWD method resulted in somewhat higher drought 
probabilities than the SWD80 method in the beginning of 
the growing season and somewhat lower probabilities late 
in the growing season (Fig. 4B). Although both modifi ed 
AWD methods in Fig. 4 resulted in lower drought probability 
estimates than the SWD80 method late in the growing season, 
the diff erences were smaller when using the 15-d AWD with 
the 50-mm threshold. It appears that, to best match drought 
probabilities based on the SWD, increasing summation periods 
and thresholds would need to be used in the AWD method as 
the season progressed. For example, the 7-d AWD and 37-mm 
threshold could be used to calculate drought probability in 
the beginning of the growing season, with a switch to the 
15-d AWD and 50-mm threshold at some point near the 
middle of the season. Further research would be needed to 

Table 5. Comparison between drought probabilities estimated 
by the soil water defi cit method for the 0 to 80 cm depth 
(SWD80) and by the atmospheric water defi cit (AWD) meth-
od using different drought thresholds (50 and 37 mm) and run-
ning sums of water defi cit (7 and 15 d). Statistical measures 
were root mean square difference (RMSD) and Wilmott’s 
index of agreement (d).

Site

RMSD† d‡

7-d sum
15-d 
sum 7-d sum

15-d 
sum

50 mm 37 mm 50 mm 50 mm 37 mm 50 mm

Goodwell 0.66 0.33 0.11 0.17 0.30 0.57
Woodward 0.53 0.36 0.26 0.46 0.55 0.67
Hollis 0.52 0.34 0.25 0.48 0.58 0.67
Acme 0.45 0.32 0.26 0.58 0.65 0.71
Stillwater 0.23 0.19 0.20 0.32 0.54 0.71
Nowata 0.35 0.25 0.17 0.37 0.56 0.83
Lane 0.19 0.16 0.31 0.22 0.72 0.62
Wister 0.53 0.39 0.27 0.46 0.27 0.76

† Model’s fi t improves as RSMD approaches zero.
‡ Model’s fi t improves as d approaches unity.
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defi ne and validate such a “sliding” AWD approach. Another 
modifi cation, using a threshold of 37 mm with a summation 
period of 15 d, resulted in much greater drought probabilities 
throughout the growing season for all the locations and 
therefore is not shown.

CONCLUSIONS
Th e new SWD-based methods presented here represent 

the fi rst known application of data from a long-term, 
automated soil moisture monitoring network to the problem 
of quantitative drought probability assessment. Th e Oklahoma 
Mesonet is one of the oldest such networks in the world, so the 
opportunities for these types of analyses are just now emerging. 
Th e Soil Climate Analysis Network of the USDA-NRCS 
(Schaefer et al., 2007) is of similar longevity and off ers the 
potential to extend this analysis across the United States, as will 
the more recent NOAA Climate Reference Network. Similar 
networks are emerging around the globe. Th ere is a clear need to 
develop and apply conceptual frameworks and analyses, like the 
SWD methods presented here, to translate the growing wealth 
of soil moisture data into useful knowledge.

Th e SWD method gave plausible and consistent estimates of 
drought probability when applied to both the 0- to 40- and 0- 
to 80-cm soil layers and should be utilized when long-term soil 
moisture data are available. Th e 7-d AWD values were similar 

to the SWD values for the 0- to 40-cm layer in the springtime, 
an interesting fact that has not been previously reported. Th e 
7-d AWD values were lower than the SWD values for the 0- to 
40-cm layer toward the end of the growing season, perhaps due 
to longer term soil water defi cit accumulation. Th e original 
AWD method as proposed by Purcell et al. (2003) resulted 
in lower drought probabilities compared with the SWD 
method at all eight sites studied. Improvements were obtained 
when adjustments were applied, either by reducing the AWD 
threshold from 50 to 37 mm or by increasing the AWD 
summation period from 7 to 15 d. Further research is needed 
to determine the relationship between the selected drought 
thresholds and actual drought impacts such as crop yield 
reduction. Th e calculated soil moisture values provided a sound 
empirical basis for evaluating refi nements to an atmospheric 
method for assessing drought probabilities in Oklahoma. Th e 
refi nements to the AWD method presented here should be 
applied when using that method for locations that lack long-
term soil moisture data.

ACKNOWLEDGMENTS

This research was initiated as a class project, and we are thankful 
for the preliminary work and input of the students in SOIL 4683 
in the fall of 2010. We wish to thank Andres Patrignani for the 
critical review of the manuscript, Jason Masoner for sharing helpful 
information regarding reference evapotranspiration in Oklahoma, 
and thesis advisors Dr. William R. Raun and Dr. Jeffrey T. Edwards 
for allowing G.M. Torres and R.P. Lollato freedom to pursue this 
research. We also gratefully acknowledge valuable input from Dr. 
Larry Purcell. Financial support for this work was provided in part by 
the Oklahoma Agricultural Experiment Station.

REFERENCES

Allen, R., L.S., Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration: 
Guidelines for computing crop water requirements. Irrig. Drain. Pap. 56. 
FAO, Rome.

Andrews, C.J. 1987. Low-temperature stress in fi eld and forage crop production: 
An overview. Can. J. Plant Sci. 67:1121–1133. doi:10.4141/cjps87-152

Boyer, J.S. 1982. Plant productivity and environment. Science 218:443–448. 
doi:10.1126/science.218.4571.443

Cahoon, J., J. Ferguson, D. Edwards, and P. Tacker. 1990. A microcomputer-
based irrigation scheduler for the humid Mid-South region. Appl. Eng. 
Agric. 6:289–295.

Doorenbos, J., and W.O. Pruitt. 1977. Guidelines for predicting crop water 
requirements. Irrig. Drain. Pap. 24. FAO, Rome.

Dziegielewski, B., G.D. Lynne, D.A. Wilhite, and D.P. Sheer. 1991. National study 
of water management during drought: A research assessment. IWR Rep. 
91-NDS-3. U.S. Army Corps of Eng., Inst. Water Res.,. Fort Belvoir, VA.

Federal Emergency Management Assessment. 1997. Multi hazard identifi cation 
and risk assessment. U.S. Gov. Print. Offi  ce, Washington, DC.

Fontenot, R.L. 2004. An evaluation of reference evapotranspiration models in 
Louisiana. M.S. thesis. Louisiana State Univ., Baton Rouge.

Illston, B.G., J.B. Basara, D.K. Fisher, R. Elliot, C.A. Fiebrich, K.C. Crawford, et 
al. 2008. Mesoscale monitoring of soil moisture across a statewide network. 
J. Atmos. Ocean. Technol. 25:167–182. doi:10.1175/2007JTECHA993.1

Keating, B.A., and H. Meinke. 1998. Assessing exceptional drought with a crop-
ping systems simulator: A case study for grain production in northeast 
Australia. Agric. Syst. 57:315–332. doi:10.1016/S0308-521X(98)00021-3

Masoner, J. R., C.S. Mladinich, A.M. Konduris, and S.J. Smith. 2003. Com-
parison of irrigation water use estimates calculated from remotely sensed 
irrigated acres and state reported irrigated acres in the Lake Altus drainage 
basin, Oklahoma and Texas, 2000 growing season. Water Resour. Invest. 
Rep. 03-4155. USGS Water-Resour. Div., Oklahoma City, OK.

Fig. 4. Drought probabilities based on the soil water deficit 
method for the 0- to 80-cm depth (SWD80) compared with 
two different modifications of the atmospheric water deficit 
(AWD) method: (A) a 7-d cumulative AWD using a water 
deficit threshold of 37 mm, and (B) a 15-d cumulative AWD 
using a water deficit threshold of 50 mm. Average for 15 yr and 
eight sites in Oklahoma for Days of the Year (DOY) 121 to 304.



436 Agronomy Journa l  •  Volume 105, Issue 2 •  2013

McPherson, R.A., C.A. Fiebrich, K.C. Crawford, R.L. Elliott, J.R. Kilby, D.L. 
Grimsley, et al. 2007. Statewide monitoring of the mesoscale environment: 
A technical update on the Oklahoma Mesonet. J. Atmos. Ocean. Technol. 
24:301–321. doi:10.1175/JTECH1976.1

Mkhabela, M., P. Bullock, M. Gervais, G. Finlay, and H. Sapirstein. 2010. 
Assessing indicators of agricultural drought impacts on spring wheat yield 
and quality on the Canadian prairies. Agric. For. Meteorol. 150:399–410. 
doi:10.1016/j.agrformet.2010.01.001

Oklahoma Climatological Survey. 2012. Harmon County climate summary. 
OCS, Norman, OK. http://climate.ok.gov/county_climate/Products/
QuickFacts/harmon.pdf (accessed 25 Aug. 2012).

Palmer, W.C. 1965. Meteorological drought. Res. Pap. 45. U.S. Weather Bureau, 
Washington, DC.

Palmer, W.C. 1968. Keeping track of crop moisture conditions, nationwide: Th e 
new crop moisture index. Weatherwise 21:156–161. doi:10.1080/004316
72.1968.9932814

Purcell, L.C., T.R. Sinclair, and R.W. McNew. 2003. Drought avoidance assess-
ment for summer annual crops using long-term weather data. Agron. J. 
95:1566–1576. doi:10.2134/agronj2003.1566

Ray, J.D., and T.R. Sinclair. 1998. Th e eff ect of pot size on growth and transpira-
tion of maize and soybean during water defi cit stress. J. Exp. Bot. 49:1381–
1386. doi:10.1093/jxb/49.325.1381

Ratliff , L.F., J.T. Ritchie, and D.K. Cassel. 1983. Field-measured limits of soil-
water availability as related to laboratory-measured properties. Soil Sci. Soc. 
Am. J. 47:770–775. doi:10.2136/sssaj1983.03615995004700040032x

Ritchie, J.T. 1981. Water dynamics in the soil–plant–atmosphere system. Plant 
Soil 58:81–96. doi:10.1007/BF02180050

Schaap, M.G., F.J. Leij, and M.Th . van Genuchten. 2001. ROSETTA: A com-
puter program for estimating soil hydraulic parameters with hierar-
chical pedotransfer functions. J. Hydrol. 251:163–176. doi:10.1016/
S0022-1694(01)00466-8

Schaefer, G.L., M.H. Cosh, and T.J. Jackson. 2007. Th e USDA Natural 
Resources Conservation Service Soil Climate Analysis Network (SCAN). 
J. Atmos. Ocean. Tech. 24:2073–2077. doi:10.1175/2007JTECHA930.1

Scott, H.D., J.A. Ferguson, L. Hanson, T. Fugitt, and E. Smith. 1998. Agricul-
tural water management in the Mississippi Delta region of Arkansas. Res. 
Bull. 959. Arkansas Agric. Exp. Stn., Fayettville.

Tsakiris, G., D. Pangalou, and H. Vangelis. 2007. Regional drought assessment 
based on the Reconnaissance Drought Index (RDI). Water Resour. Man-
age. 21:821–833. doi:10.1007/s11269-006-9105-4

van Genuchten, M.Th . 1980. A closed-form equation for predicting the hydrau-
lic conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44:892–898. 
doi:10.2136/sssaj1980.03615995004400050002x

Van Wart, J. 2011. Estimating national crop yield potential and the relevance of 
weather data sources. Ph.D. diss. Univ. of Nebraska, Lincoln (Diss. Abstr. 
3487078).

Veihmeyer, F.J., and A.H. Hendrickson. 1931. Th e moisture equiva-
lent as a measure of the fi eld capacity of soils. Soil Sci. 32:181–193. 
doi:10.1097/00010694-193109000-00003

Willmott, C.J. 1981. On the validation of models. Phys. Geogr. 2:184–194.
Willmott, C.J. 1982. Some comments on the evaluation of model 

performance. Bull. Am. Meteorol. Soc. 63:1309–1313. 
doi:10.1175/1520-0477(1982)0632.0.CO;2


