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Fig. 9. Correlation scatterplots between six stress indices (1400 h for CWSI, DANS, DACT and daily for TTT, IDANS, IDACT) separated by treatment Tcmean . Ellipse �  = 0.95
indicating that 95% of the data resides inside the ellipse.

responsive at high canopy temperatures (i.e. above 29 ◦C) than at
lower temperatures.

4. Discussion

The use of canopy temperature and infrared thermometry can be
a powerful tool to monitor and quantify water stress. Stress indices
such as DANS use a non-stressed Tc as a reference, so ideally the
site for TcNS would be placed in an area with finer soils that have
sufficiently high water holding capacities or irrigation frequencies
to minimize the potential of any stress through the season. This
idea also has promoted our adoption of TcNS as the lowest observed
single value among all individual observations. Using this method,
we minimize the potential bias because of unexpected stress in the
“unstressed” canopy. We  assume the non-stressed temperature is
represented by the least stressed observation. This can be somewhat
problematic in some cases: first, if the IRTs are poorly calibrated
and measurement uncertainty results in a low-temperature bias

in the TcNS value. This issue can be minimized by frequent calibra-
tion, and checking divergence of nighttime temperatures observed
by all sensors (Fig. 3). Using DANS and its related IDANS can have
numerical issues in their interpretation (such as in Table 3 where
IDANS was around 30 ◦C h for days where no stress was indicated by
other indices or in Fig. 10 where DANS and IDANS are greater than 0
for SWD  = 0), so interpretation must be made with caution. Similar
conclusions using TSD were found by Gardner et al. (1981a). How-
ever, if this limitation is understood, it remains a better alternative
for DANS than taking an average of a “non-stressed” treatment that
may  still be prone to temperature bias.

Additionally, use of lowest observation as TcNS can also have
interpretation issues when the least stressed observation is actu-
ally under some water stress, such as a very hot/windy/dry day
where all crops will likely wilt. Days like this will likely be well
represented by CWSI, but DANS or IDANS would have values of
zero for the coolest observation, regardless of whether the crop is
in stress or not. However, this response can also be an advantage of

Fig. 10. All six indices (1400 h for CWSI, DANS, DACT and daily for TTT, IDANS, IDACT) vs. soil water deficit (mm), when treatment Tcmean > 29 ◦C. Dark band indicates 95%
confidence of the mean, light band indicates 95% confidence of the data.
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DANS because it does not confuse water stress with heat stress or
other environmental impacts. For example, as Fig. 4 shows, CWSI
becomes negative when the wind suddenly increases, while water
status has clearly not changed over such a short period; DANS (and
even DACT) do not reflect this drop due to wind. Even well-watered
crops may  close stomata on very hot/dry/windy days, resulting
in higher CWSI but little difference in DANS; therefore CWSI
may  falsely indicate the need for an irrigation, where DANS will
not.

The CWSI has its advantages in that it responds not only to
temperature but also VPD. However, other researchers have com-
mented that the complexity of the CWSI may  limit its practicality of
use by farmers (Kacira et al., 2002). While CWSI is often viewed as
the standard index for quantifying water stress, the additional need
of data (VPD), prior computation (baselines), and ideal conditions
(clear sky) make it more cumbersome than indices that require only
measures of Tc. Additionally, Fig. 1 indicates that the canopy tem-
perature alone can be highly correlated with physiological stress
measurements such as midday leaf water potential. Because Tc-
based indices DANS and DACT are so highly correlated with CWSI
at high temperatures, they could have been used as effectively as
CWSI without the need for the additional measurements that are
required by CWSI. Although the integrated daily indices shown in
this study are also useful regardless of sky conditions and require
no prior computation, the simpler methods of DANS and DACT may
have the most promise for practical use. By assessing Tc at peak
stress in the early afternoon, there may  be opportunities for spa-
tial crop stress assessment via unmanned aerial vehicles or other
monitoring equipment.

A noted advantage of non-dimensional crop indices such as
CWSI is that they are typically considered to be scalable to a
stress crop coefficient Ks for ET estimation (i.e. Ks = 1 − CWSI).
This was also the basis behind the Tcratio approach (Bausch
et al., 2010), although as previously mentioned it has dimen-
sionality restrictions. Although new indices such as DANS and
DACT and their integrated counterparts have dimensional values
outside of the range of 0–1, the fact that they are highly cor-
related with CWSI at high temperatures (Fig. 9) suggests that
they could be fitted empirically to serve the same purpose [i.e.
Ks = 1 − DACT(◦C)/10].

5. Conclusions

A two-year study of regulated deficit irrigation of corn was  used
to evaluate three existing and three new water stress indices based
on canopy temperature. All thermal indices were responsive to
irrigation treatment differences at major growth stages. Ideally, any
model or index should be meaningful, simple, interpretable, and
transferrable. The results of this study show that alternative indices
such as DANS or DACT (and their integrated surrogates) have simi-
lar representation of water stress to CWSI, despite requiring fewer
parameters and prior calculation. Future studies are recommended
to evaluate these new indices under other conditions and compar-
ison with plant physiological measurements of water stress and
evapotranspiration data, as well as the impacts of soil texture on
water stress.
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