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Fig. 7. Relationship between Rn, G, H and ET, obtained from METRICerdas and MET-
RIC-GIS for the Landsat 8 scene of the DOY 188 of 2015 (Path 201 Row 34). Grey lines
represent the 1:1 relationships.

3. Results
3.1. Practical validation

Fig. 7 shows the comparison between the energy balance components
derived from METRICg.4,5 and from METRIC-GIS. The performance of
both versions was identical, with relationships for all major energy bal-
ance components coinciding with the 1:1 line (intercept and slope terms
equal to 0.00 and 1.00, respectively), R? values equal to 1.00 and RMSE
equal to 0.00 W m~2 (or mm day~! for ET.). Additionally, the different
components derived from METRIC-GIS were unbiased, since ME was
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equal to 0 W m2 (or mm day~! for ET.). Computationally, the time spent
in the simulation using METRIC-GIS was 50% lower than when using
METRIC¢pgas-

3.2. Crop coefficients curves and variability analysis

Using METRIC-GIS, the energy balance components and K. for each date
were produced and sampled for the 25 maize fields evaluated. Averag-
ing all plots during the irrigation season, R, ranged from 404 to 631 W
m~2 over the irrigation season; G from 43 to 100 W m~?%; and H from 55
to 291 W m~2. These values resulted in ET ranging from 0.88 (at the be-
ginning of the season) to 9.55 mm day~! (at the end of July; DOY 204),
and K. ranging from 0.34 to 1.20, respectively. The spatial distribution of
K. for the days when clear-sky satellite images were available is shown
in Fig. 8.

Fig. 9 shows the temporal evolution of mean, minimum and maxi-
mum K, values for the 25 maize fields during the irrigation season and
the variability among fields. It is observed that the variation among fields
was higher during the crop development stage and the late season stage
due to differences in irrigation scheduling, crop development rates and
spatial distribution of rainfall, whereas this variability was reduced dur-
ing the mid-season stage when nearly all fields were at full ground cover.
Variation among fields is represented by the different thicknesses of the
grey areas (Fig. 9).

A RMSE value of 0.18 was obtained when comparing the mean K.
curve with the theoretical one proposed by Allen et al. (1998) over the
ten image dates. Additionally, most of the time (56%), the theoretical K.
curve was included within the range of the observed K. values (Fig. 9),
experiencing a small underestimation during the initial and crop devel-
opment stages (from DOY 83 to DOY 116; ME equal to -0.26) and a slight
overestimation mainly during the mid-season stage (from DOY 155 to
185 and from DOY 210 to 240; ME equal to 0.21).

Additionally, an example of the intra-field variability is shown in Fig.
9, where the K. values within the maize plot ranged from 0.15, coincid-
ing with an area within the plot that was not cultivated; to values close
to 1.08 in areas where the maize biomass was highest.
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Fig. 8. Crop coefficient (K.) image
for a grass reference ET basis ob-
tained from METRIC-GIS for each
day considered in the study. Red
outlines refer to the maize fields
selected for comparison to the tra-
ditional FAO56 K. method.
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Fig. 9. Temporal evolution of the mean (solid black line), range (grey area), and stan-
dard deviation (whiskers) for Kc over the 25 maize fields evaluated obtained from
METRIC-GIS, and precipitation (vertical blue bars). The red line represents the theo-
retical FAO-56-based curve for maize adjusted for the observed growth stages length.
Ini, dev, mid and late refer to initial, development, mid and late-season crop stages, re-
spectively. White dots represent DOY when a clear-sky satellite image was available.
The raster in the Figure corresponds with an example of Kc map in a single maize field
for the DOY 188.

4. Discussion

METRIC-GIS has been able to reproduce traditional METRIC,q,s €energy
balance and ET estimates with lower computing time and using a sim-
plified data entry and handling procedure for reducing potential user
errors in the application of METRIC model.

METRIC-GIS has been able to assess the temporal evolution of K, in
accordance with the phenological development of maize. Low K. val-
ues were obtained during the initial stage (x0.6), increasing progres-
sively during the development phase reaching its maximum value during
the mid-stage (1.0) and experiencing a decrease during the late phase.
The maize K. values derived from METRIC-GIS agreed with those pro-
posed by Allen et al. (1998). Higher estimation observed during the crop

P (mm)
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development stages than with standard FAO56 approach may have been
due to the occurrence of more rainfall during that period or more sur-
face wetting from drip irrigation than is assumed in the standard FAO-
56 single K. value for the initial period. The period of maximum K, from
METRIC-GIS was much shorter than that estimated from FAO-56, where
the peak period lasted only about 15 days (between two image dates)
with METRIC-GIS as compared to about 70 days from FAO-56.

In addition, whereas METRIC-GIS determines the actual ET and there-
fore can be employed to identify non-optimal field conditions, the FAO-
56 methodology assumes a pristine crop condition when developing
crop coefficients and is not based on individual field observations. Pre-
vious studies in the area integrating field measurements, remote sens-
ing and modelling have confirmed that maize is often not cultivated un-
der optimal and full irrigation conditions in all the fields (Santos et al.,
2008; Garcia-Vila et al., 2008; Lorite et al., 2012). Thus, for fields culti-
vated with maize in the Genil-Cabra Irrigation Scheme, the average ra-
tio between irrigation supply and optimal irrigation supply ranged be-
tween 0.8 and 1.0, but around 35% of the maize fields were irrigated
under deficit irrigation strategies. The causes associated with farmer
behavior are described in Lorite et al. (2012) and are mainly related to
poor irrigation management carried out by the farmers. Thus, although
a significant number of fields were managed under optimal conditions,
a number of fields were managed under deficit irrigation strategies. This
behavior is confirmed in our study. The elevated number of fields prac-
ticing deficit irrigation generated an averaged crop coefficient during
mid-season that was below the values indicated in FAO56.

Another difference between METRIC-GIS and FAO56 methodologies
lies in the way these approaches are extended to other regions with sim-
ilar or different climates. Thus, whereas METRIC-GIS intrinsically con-
siders the spatial/climate variability since it calibrates itself accordingly
to the hot and cold pixel conditions (that change from place to place),
the FAO56 approach needs to adjust K. according to the specific mete-
orological conditions and local crop management and phenology (as
indicated Allen et al. (1998)). Moreover, using METRIC-GIS allows the
consideration of the spatial variability component, which is generally
neglected when applying only numerical methods (Allen et al., 1998)
without field observations. This issue has been previously highlighted
by other authors who have incorporated a spatial component into the



