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ARTICLE INFO ABSTRACT

Handling Editor: Dr. B.E. Clothier In the semiarid conditions of the Sao Francisco River Basin, Brazil, irrigated fruit crops are replacing natural
vegetation, being lemon highlighted by incentives for the national and international markets. This paper aimed
to support the rational water management of lemon orchards under different irrigation systems under these
conditions. We present a methodology based on the use of the visible and near infrared images from Landsat 8
(L8) satellite together with weather and actual yield data (Y,), to assess the eneigy balance components and
irrigation performance indicators (IPI) by applying the SAFER (Simple Algorithm for Evapotranspiration
Retrieving) in six commercial farms under different iirigation systems inside the basin in the northern Minas
Gerais state, Southeast Brazil. The ET rates averaged 2.7 mm d 1, 2.9mm d 1, and 3.7 mm d 1, for drip, micro
sprinkler, and pivot irrigated orchards, respectively. The evaporative fraction (latent heat flux by the available
energy) reached above 1.00 for localized irrigation (drip and micro sprinkler), and 1.30 for pivots, during the
lemon phenological stages from fruit growth to harvest peaks. Pivor irrigation systems were not recommended
under the semi-arid conditions, due to large water direct evaporated from the soil and air close to the surface. For
drip and micro sprinkler irrigated orchards, crop coefficient curves were modeled based on the accumulated
degree-days (DD,.) to estimate lemon crop water requirements. Drip iirigated orchards presented better water
productivity levels being recommended together with deficit i1rigation strategies which could allow good lemon
yields with saving water savings. The most important findings of the cuirent research are that the SAFER al-
gorithm can be applied to estimate crop ET with satellite images without the thermal bands which together with
modelled Y, data, iirigation assessments can be cairied out at high spatial resolution following the principles of
precision agriculture. For replication of the methods in other regions, simple calibrations of the modelling
equations can be performed to infer the specific environmental conditions.
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1. Introduction mainly fruit crops. Irrigation scheme here refers to the total irrigation

complex, irrigation systems, the irrigated land, buildings, and roads (Bos

Citrus is a high waterrequiring evergreen perennial crop, mainly
growing in the tropics (Panigrahi and Srivastava, 2016). Among the
lemon (Citrus limon L.) producing countries around the world, Brazil
stands out with the highest yields, with Minas Gerais state (MG) ranking
in the second national position (Gongalves et al., 2020). In the northern
MG, commercial lemon orchards have been growing under the semi-arid
conditions of the Sdo Francisco river basin, because of the Jaiba irriga-
tion scheme at the vicinities of the River, which was built to promote
sustainable regional development, based on irrigated agriculture,

* Corresponding author.

et al., 2015). Under these circumstances, crop water consumption and
crop water requirements must be optimized inside the scheme,
designing an optimal irrigation strategy to maximize yield while pro-
moting water savings (Jamshidi et al., 2020).

The Jafba irrigation scheme encompasses the municipalities of Jaiba
and Matias Cardoso, which together account for 70% of the whole lemon
production in MG, with large participation in the international market
(Gongalves et al., 2020). However, caution must be taken regarding the
rapid replacement of the natural vegetation by irrigated orchards in the
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Brazilian semiarid region due to alterations on the energy and water
balance components. The main impacts caused by the land-use changes
on the environment are the large water withdrawals from the Sao
Francisco River, reducing its flow to the ocean, and the pollution caused
by the agricultural drainage, increasing water competitions among
different water users (Teixeira et al., 2018, 2020).

Good efficiencies of irrigation systems are extremely important to
reduce actual evapotranspiration (ET) while preserving crop yield
(Hatfield and Dold, 2019), i.e., increasing water productivity for a sus-
tainable agriculture, which here is considered as the ratio of actual yield
(Y,) to ET (WPgp) (Nyoley et al.,, 2019). According to Consoli et al.
(2017), maintaining high WPgr levels, is an important goal, when water
resources are limited, but also in view of mitigating the negative envi-
ronmental impacts of irrigation, such as threats to groundwarter caused
by excessive leaching of agrochemicals (Dahan et al., 2014). Most lemon
orchards in the Brazilian semi-arid region are drip and micro sprinkler
irrigated. These localized irrigation systems are considered the most
efficient water distribution systems and allows increasing citrus WPgr
if coupled with effective water-saving irrigation management
strategies (Rallo et al., 2017).

To determine ET in sparse irrigated orchards, one suitable way is
trough quantifications of the radiation and energy balance components
(Consoli and Papa, 2013). After considering all the radiation balance
components, the net radiation (Ry) is the difference between incoming
and outgoing radiation of both short and long wavelengths. An accurate
determination of R, is critical for the assessment of R,-dependent pro-
cesses, such as ET (Zheng et al., 2016; Ramirez-Cuesta et al., 2018). Ry is
partitioned into latent (AE), sensible (H), and soil (G) heart fluxes, but at
daily timescales G may be neglected for irrigation management (Consoli
and Papa, 2013). In scenarios of climate and land use changes, AE is
important, because it represents the energy for ET, which is the main use
of the water resources by agriculture, when the crops are under good
water status. On the other hand, the magnitude of H can indicate surface
warming or cooling effects (Bhattarai et al., 2017a; Teixeira et al.,
2017a).

An effective water supply through precise irrigation, is one of the
pathways to sustain agriculture with high WPgt levels (Panigrahi and
Srivastava, 2016; Jamshidi et al., 2020). According to Nawaz et al
(2020), the energy partition has substantial effects on fruit growth and
development phases as well as physical characteristics of citrus, being
ET the major consumptive use of irrigation water and precipitation in
semi-arid regions, and any attempt to improve WPt must be based on
reliable ET estimates (Consoli and Vanella, 2014). A well scheduled and
dosed irrigation regime is essential for martching crop water re-
quirements, which in turn require ET estimations (Gu et al., 2017; Gong
et al., 2019). A practical way to estimate ET is through the K. approach,
and for this purpose, it is important to make distinctions between the
concepts of reference (ETg), actual (ET), and potential (ET,) evapo-
transpiration, adopted in the current paper. ETy is the reference
evapotranspiration calculated with weather data, while ET is the water
flux involving all environmental conditions, and ET, is considered to
happen when the crop is under optimum root-zone moisture conditions
(Allen et al., 1998). ET may deviate from ETp, due to water stress, and
these deviations will affect the yield and quality of lemons.

In well-irrigated orchards, i.e, without water stress, the values of the
root-zone moisture index ET/ETy may be considered as K. being ET
replaced by ET, (K. = ETp/ETo) (Consoli and Papa, 2013; Mateos et al.,
2013; Consoli and Vanella, 2014; Longo-Minnolo et al., 2020). K. may
be partitioned into the transpiration (Ke,) and evaporation (Ke) com-
ponents (Longo-Minnolo et al., 2020) and several studies have assessed
crop water requirements from these single (K.) and dual (K¢, and Ke)
approaches (Jamshidi et al, 2020). On the other hand, under non--
optimum root-zone moisture situations, low ET/ET, values characterize
crop water stress (Lu et al., 2011). While K. multiplied by ET,, one es-
timate ET, (Ramirez-Cuesta et al., 2019a), when including a stress co-
efficient (Ky), it is possible to retrieve ET under water limited conditions
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(Rallo et al., 2017; Longo-Minnolo et al., 2020; Jamshidi et al., 2020).

Single K. values for improving irrigation management have been
determined through field measurements in Brazil (Teixeira et al., 2008a;
Marin et al., 2019); however, remote sensing from satellite images is
another powerful way for K. modelling that has also been used in
different Brazilian agroecosystems, through vegetation indices (Silva
et al., 2018; Teixeira et al., 2019). The upper limit of the ET/ET, pixel
values during a growing season or a year may be used to fit a repre-
sentative K. curve, for estimation crop water requirements, when aiming
to irrigation performance assessments (Teixeira et al., 2014a, 2014b).
However, the adoption of deficit irrigation strategies by adding K;
values, is desirable for saving water while ensuring food yield levels,
mainly in scenarios of water scarcity conditions, what have been done
for orange orchards growing in semi-arid regions (Germand and Sardo,
2004; Panigrahi and Srivastava, 2016; Garcia Tejero et al., 2010, 2019;
Jamshidi et al., 2020; Longo-Minnolo et al., 2020).

Although energy and water balance field measurements have been
done by different methods in some Brazilian agroecosystems (Teixeira
et al., 2008a, 2008b; Cabral et al., 2015; Marin et al., 2019), few efforts
have been carried out in irrigated lemon orchards bring site-specific
results (Junior et al., 2008), not suitable for irrigation performance as-
sessnients at commercial farm levels (Zheng et al., 2016; Bhattarai et al.,
2017b; Nyoley et al., 2019), especially under semi-arid conditions with
advective heat advections from the drier areas at the vicinities of the
irrigated orchards (Consoli and Vanella, 2014). Besides variations of
these balances with the weather, they will also depend on the root-zone
moisture levels, which in turn are related to irrigation water
management.

Due to limitations of field measurements at the irrigation scheme
scale, up-scaling tools based on remote sensing from satellite images are
important for crop water management decisions (Kamble et al., 2013;
Zheng et al., 2016; Wagle et al., 2016; Bhattarai et al., 2017b, Ram{r-
ez-Cuesta et al.,, 2018; Tazekrit et al., 2018; Holtzman et al. 2018;
Nyoley et al., 2019; Teixeira et al., 2019; Santos et al., 2020; Mhawej
et al., 2020a, 2020b), which, from the knowledge of the authors of the
current paper, have not yet been performed on farm scales for lemon
orchards covering different irrigation systems. A generalized use of these
tools requires a deep knowledge of biophysical variables and their re-
lations with remote sensing parameters (Cancela et al., 2019). Remote
sensing algorithms to quantify the energy and water balance compo-
nents were previously developed, presenting advantages and short-
comings, for example, SEBAL - Surface Energy Balance Algorithm for
Land (Bastiaansssen et al., 1998), S-SEBI - Simplified Surface Energy
Balance Index (Roerink et al., 2000); SEBS - Surface Energy Balance
System (Su, 2002), and the ET-Watch (Wu et al., 2008). These algo-
rithms can be used to estimate ET and crop water requirements at farm
level (Mhawej et al., 2020a, 2020b).

For operational purposes, the Penman-Monteith (PM) equation has
been suggested by applying remotely sensed vegetation indices (VI),
together with agrometeorological data (Cleugh et al., 2007; Nagler et al.,
2013; Consoli and Vanella, 2014). The use of these PM-based methods
has been suggested due to their simplicities and operationalities, while
maintaining the physical basis (Consoli et al., 2016; Olivera-Guerra
et al., 2018). When together with weather interpolation processes these
methods are suitable for applying to satellite of low temporal resolutions
(Mateos et al., 2013), requiring few inputs including phenological stage,
irrigation amounts, and standard weather data (Vanella et al., 2019).
The PM equation is also applied in the METRIC - Mapping Evapotrans-
piration with High Resolution and Internalized Calibration algorithm
(Allen et al., 2007), an improved version of the SEBAL algorithm, which
allow to up scale the satellite overpass ET to longer timescale, by
calculating ETq from hourly weather data.

SEBAL and METRIC are nowadays the most used algorithms for ET
estimations, however, the difficulties for applications of their original
versions, is the requirement of hot and cold pixels in a scene, which is
difficulty during rainy conditions because the absence of zero AE for the
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Fig. 1. Locations of the iirigated lemon orchards, in the municipality of Jaiba, semiarid region of the Sao Francisco river basin, northern Minas Gerais state (MG),
Southeast Brazil, together with the agrometeorological station used. Highlights are given for the irrigation systems (drip, micro sprinkler, and pivot), and the orbital/

pointer of the Landsat 8 images used.

required hot one. On the other hand, selecting these anchor pixels is
labor intensive over large spatial areas or long time series if it is done
manually (Lee and Kim, 2016). To overcome this difficult, this process
has been solved by automating this selection eliminating the need for
user-intervention (Bhattarai et al., 2017b; Jaafar and Ahmad, 2020). For
instance, Mhawej et al. (2020a, 2020b) proposed some improvements in
SEBAL by considering only agricultural areas, validating a dynamic
calibration approach to retrieve ET, related to wind speed and air hu-
midity conditions over water bodies.

By using time-series of Landsat images in Lebanon, Jaafar and
Ahmad (2020) compared ET estimations from applications of the
modified versions of METRIC and SEBAL, which have automated pro-
cedures to identify the hot and cold pixels. The authors concluded that
the two models give comparable water use estimates at the seasonal and
annual time steps. The modified version of SEBAL was also applied in
South Korea to MODIS images for retrieving ET (Lee and Kim, 2016), but
the low resolution of the thermal band (1000 km) brought the need of
using temperature data from weather stations to fill gaps due clouds
and/or snow and, according to the authors, errors in surface tempera-
tures have great impacts on H estimations.

Aiming to subsidize water resources use, which include better agri-
cultural crop management practices, the improved version of SEBAL was

Table 1

also used with MODIS images in a cultivated African catchment,
Tanzania, by Nyoley et al. (2019), to estimate ET, and then derive WPgr
values by coupling Landsat 8 and Sentinel 2 images at a spatial resolu-
tion of 10 m. The authors reported satisfactory results when crossing
with local information on crop yields, water allocation, and agricultural
management practices in different agroecological zones within the
catchment. Zheng et al. (2016) calibrated the original SEBAL empirical
equations, coupling a radiation module on MODIS data in an arid land of
Central Asia to better estimated ET, reporting improvements on the es-
timations of available energy (R, — G) when comparing with the original
equations in the SEBAL algorithm. However, although automation
procedures reduce the bias in the output ET, these algorithms still
require conditions for the anchor pixels (Jaafar and Ahmad, 2020). In
addition, METRIC being based on a similar approach with SEBAL, re-
quires high quality hourly weather data for ET calculations (L.ee and
Kim, 2016).

Satellite images for irrigation performance assessments in orchards
has been used previously in an irrigation scheme in Northeast Brazil, by
applying the SEBAL algorithm to NOAA images (Bastiaansssen et al.,
2001). However, the spatial resolution of 1.1 km implies that land-cover
in the pixels is a mixture of different surface types. According to Lon-
go-Minnolo et al. (2020), the remote sensing results in citrus orchard

Phenological stages for iirigated the lemon orchards, in the Jaiba iirigation scheme, semi-arid region of the Sdo Francisco River basin, northern Minas Gerais state

(MG), Southeast Brazil.

MONTH/
STAGE'
F
FG
HP
'F — Flowering; FG — Fruit Growth; HP — Harvest Peaks

01 02 03 04 05 06 07 08

09 10 11 12
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Table 2
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Lemon farms, rootstocks, cultivars, planting dates, spacings, areas, irrigation systems, and productivities (Prod) in 2015, in the Jaiba irtigation scheme in the semi-arid
region of the Sao Francisco River basin, northern Minas Gerais state (MG), Southeast Brazil.

Farm® Rootstock Cultivar Planting Date Spacing (m) Area (ha) Irrigation System Prod (tha™1)
ES Rangpur Lime IACS 03/2008 8.0x 5.0 22.00 Micro 26.2
YA Rangpur Lime IACS 01/2010 7.5x6.3 10.93 Micro 30.5
Citrumelo Quebra Galho 01/2010 7.5x5.0 23.87 Pivot 36.2
Rangpur Lime IACS 01/2010 7.5x5.0 22.41 Pivot 27.7
SF Rangpur Lime IACS 09/2009 7.0x 6.0 21.66 Micro 37.5
Rangpur Lime JTACS 09/2009 7.0x 6.0 20.89 Micro 30.5
Rangpur Lime IACS 03/2010 7.0x6.0 3.06 Drip 16.2
Rangpur Lime IACS 03/2010 7.0x 6.0 3.87 Drip 14.3
SA Rangpur Lime Quebra Galho 08/2010 7.0x 5.0 35.78 Drip 341
Fly Dragon IACS 08/2010 6.0x 3.0 18.15 Drip 40.1
MA Fly Dragon IACS 01/2012 7.5x 3.0 9.96 Micro 14.2
Rangpur Lime Quebra Galho 01/2010 7.0x 5.0 5.48 Micro 24.8
Rangpur Lime IACS 01/2007 7.0x 5.0 13.24 Micro 35.9
TR Rangpur Lime IACS 11/ 2009 7.0x 5.0 17.85 Micro 21.2

® ES — Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR — Tropical

may be influenced by the pixel heterogeneity, containing vegetated and
bare soil surfaces, highlighting the need of higher resolution images.
Although SEBAL had been calibrated and validated with simultaneous
field and Landsat satellite measurements, demonstrating a good per-
formance in Brazilian semi-arid region of the Sdo Francisco river basin
(Teixeira et al., 2009a), the greatest difficulty for its application during
the rainy season in this region is the absence of zero AE for the required
hot pixel. Teixeira et al. (2009b) have reported that under these con-
ditions, native Caatinga species can present AE rates even higher than
those for irrigated orchards.

Considering the operationality of the PM equation for large-scale
applications, the SAFER (Simple Algorithm for Evapotranspiration
Retrieving) algorithm was developed by using simultaneous field and
remote sensing measurements, for determining the energy and water
balance components (Teixeira et al., 2008a, 2008b, Teixeira, 2010). To
apply SAFER, it is not necessary selection of anchor pixels in the scene
and it requires daily weather data. SAFER was previously called PM2,
being after validated in a range of agroecosystems in Southeast Brazil
(Coaguila et al., 2017; Silva et al., 2018; Santos et al., 2020; Rampazo
et al., 2020). In addition, with its actual version, it is possible to estimate
the energy and water balance components with and without the satellite
thermal bands. In this last case only the visible and near infrared bands
are used (Teixeira et al., 2019; Araujo et al., 2019; Silva et al., 2019;
Teixeira et al., 2020), allowing analyses of irrigated areas at better
spatial resolution with satellite images without the thermal spectrum.
According to Consoli and Vanella (2014), the main advantage is that
satellite imagery in the reflective bands are more readily available than
the thermal band data, and generally at higher spatial resolution.

The objective of the current study was to test the application of latest
version of the SAFER algorithm by using the visible and near infrared
bands of the Landsat 8 images together with weather data at a 30-m
spatial resolution, to retrieve the energy and water balance parameters
in commercial lemon orchards, under drip, micro sprinkler, and pivot
irrigation systems, for irrigation performance assessments, in the agri-
cultural growing semi-arid region of the Sao Francisco river basin, in the
northern Minas Gerais state, Southeast Brazil. The results would be
important to generate criteria for improving lemon irrigation practices
in this region, but the success of these local specific applications, may
allow replication of the methods in other semi-arid environments
around the world, probably requiring only simple adjustments in the
regression coefficients of the modelling equations.

2. Materials and methods
2.1. Characteristics of the study area

Fig. 1 shows the locations of the lemon orchards, under different
irrigation systems, together with the agrometeorological station, in the

municipality of Jaiba, semiarid region of the Sao Francisco river basin,
northern Minas Gerais state (MG), Southeast Brazil.

The study area has a central latitude and longitude of 15° 20” 14”* S
and 43° 41° 09"’ W, respectively, at a mean altitude of 475 m. This region
has tropical dry and hot climate, with an average annual precipitation (P)
is 860 mm yr*, although varying along the years and strongly irregu-
larly distributed within a year, with 90% of rains concentrated in the first
(January-April) and fourth (September-December) quarters of the year.
The annual ETg is 1335 mm yr’l, thus, accounting for P and ETy, there is
an annual climatological water deficit of 475 mm yr . The thermal
regime is characterized by high air temperatures (T,), with an annual
average of 24.0 °C and long-term monthly maximums from September to
October, between 31.0 and 32.0 °C. The corresponding minimums are
between 14 and 17 °C in June and July, respectively, during the winter
solstice of the southern hemisphere (Lumbreras et al., 2014).

In the northern MG, the ecosystems under the semi-arid conditions of
the Sao Francisco River basin, have distinct and typical vegetation, most
corresponding to Caatinga species, but with a transition area with
savanna (Costa et al., 2010). Inside the Jafba irrigation scheme, agri-
cultural crops are interspersed with these natural species, which are
brown outside the rainy period, strongly contrasting with irrigated
areas, but as soon as the rains start, they become moist and green. Due to
the irrigation technologies at the banks of the Sao Francisco River,
natural vegetation is rapidly being replaced by irrigated crops, mostly
commercial orchards (Leivas et al., 2016).

2.2. Crop conditions

Table 1 presents the phenological stages of the studied irrigated
lemon orchards, considered by the Lemon Producers Association
(ASLIM), in the Jaiba irrigation scheme.

According to ASLIM, lemon harvests occur during the whole year, but
with two harvest peaks (HP) — in June/August and in November/February,
being the main concentration of fruits from December to February. In the
middle of the year, HP periods coincide with Flowering (F) and Fruit
Growth (FG) stages, from June to August. The crop has two F periods during
the year but mixed with FG stages in the same irrigated parcel; however, the
bloom intensity depends on the weather and root-zone moisture conditions.
The cropped lemon clones are the locally called Quebra Galhe and IACS,
grafted on the rootstocks Rangpur lime (Citrus limonia), Fly Dragon (Pon-
cirus trifoliata), and Citrumelo (Citrumelo Swingle).

Table 2 shows the analyzed producing lemon farms, rootstocks,
cultivars, planting dates, spacings, areas, irrigation systems, and pro-
ductivities (Prod) in 2015.

According to Table 2, the analyses involved plant ages from 3 to 8
years. The spacings are from 6.0 to 8.0 m between lines and 3.0-6.3 m
between plants, with an average height of 3 m, in areas of 60.9, 122 and
46.3 ha irrigated by drip, micro sprinkler, and pivot systems,
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Table 3
Characteristics of the bands used from the Landsat 8 (L8) satellite in the study
region during 2015.

Satellite Spatial

Resolution

Orbital/
Pointer

Spectral
Bands (um)

Imaging
Sweep

Temporal
Resolution

Landsat 30m B1:

8 0.43-0.45
B2:
0.45-0.51
B3:
0.53-0.59
B4: 218/71
0.64-0.69
B5: 219/70
0.85-0.88
B6:
1.57-1.65
B7:
2.11-2.29

185 Km 16 days 218/70

*Image acquisition days in terms of day of the year (DOY):

Orbital/Pointer 218,70 — DOY: 003, 067, 115, 147, 211, 275, 307
Orbital/Pointer 218/71 — DOY: 243, 019, 131, 163, 259, 291, 355
Orbital/Pointer 219/70 — DOY: 010, 090, 154, 170, 186, 202, 218, 250, 266,
282, 314, 330, 346

respectively. Prod ranged between 14.2 and 40.1 t ha™!, with the lowest

level occurring under micro sprinkler irrigation and the highest one
under drip irrigation, but with the same cultivar (IAC5) and rootstock
(Fly Dragon). In the pivot irrigated areas there were high Prod levels
(above 25.0 t ha—1), but these levels also happened in drip and micro
sprinkler irrigated orchards. Differences on Prod values may be attrib-
uted to plant ages, densities, irrigation systems and irrigation schedule,
as well as rootstock/cultivar combinations.

DN,
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2.3. Energy and water balance modelling

2.3.1. Data set and modelling steps

One agrometeorological station (Lat. 15° 13’ 54" S, Long. 43° 58’
04" W, Alt. 454 m) close to the studied commercial lemon farms
(Fig. 1), was used, from which daily weather data covered different
thermohydrological conditions, along the year 2015 were modelling
inputs. Daily data on global solar radiation (Rg), air temperature (T,),
relative humidity (RH), and wind speed at 2 m height (uz) were used for
computing daily ETg by the PM method (Allen et al., 1998) together with
remote sensing parameters from Landsat 8 (L8) images, surface albedo
(0p) and the Normalized Difference Vegetation Index (NDVI). The
agrometeorological station is programmed to collect data at each minute
and storage half-hour averages and then 24-hour mean values were
considered for the SAFER application.

The L8 scenes used were from orbital/pointer 218/70, 218/71 and
219/70, overlapping the study area on the same date (see Fig. 1).
Overlapping satellite crossings, gave the opportunity of 27 image ac-
quisitions, and when there were cloud problems, oy and NDVI were
successively interpolated, by averaging the pixel values between dates,
and then weather data for these cloudy days were used, allowing the
assessnients of energy balance components and irrigation performance,
covering all irrigated lemon orchard phenological stages shown in
Table 1. According to Mateos et al. (2013), interpolated vegetation
indices are subject to less uncertainty than interpolated ET values ob-
tained on satellite overpass days.

Table 3 shows the characteristics of the L8 bands used:

Fig. 2 presents the modeling steps for the energy balance and irri-
gation performance assessments by applying the SAFER algorithm.

L8 bands from 1 to 7 (spatial resolution of 30 m) were used to calculate
dp (by to by), being by and bs used for NDVI, whereas the surface

Fig. 2. Steps for the energy balance and iirigation perfor-
mance assessments for lemon orchards, by applying the SAFER
algorithm, in the semi-arid region of the Sdo Francisco River
basin, northern Minas Gerais state (MG), Southeast Brazil.
Dashed polygonal shaped boxes are data from the agro-
meteorological station. Note: DNy, — Digital number from bands
bl to b7; Ly — Spectral radiances from bands bl to b7; p, —
Reflectance from bands bl to b7; a, — Planetary albedo; ag —
Surface albedo; NDVI — Normalized Difference Vegetation
Index; Ty — Surface temperature; ET, — Ratio of the actual to
reference evapotranspiration; Rg — Incident global solar radi-
ation; T, — Mean air temperature; RH — Relative Humidity; u; —
Wind speed at 2 m height; ET, — Reference Evapotranspiration;
K. — Crop coefficient; R, — Atmospheric radiation; R, — Net
radiation; e, — Atmospheric emissivity; go — Surface emissivity;
ET — Actual Evapotranspiration; ET, — Potential Evapotrans-

piration; RET - Relative Evapotranspiration; WD - Water
Deficit; Y, — Actual yield; WPgr — Water Productivity based on
ET; G — Soil heat flux; AE — Latent heat flux; H — Sensible heat
flux.
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(T,) values, during 2015, according to the Days of the Year (DOY), in the Municipality of Jaiba, semi-arid region of Sao Francisco river basin, northern Minas Gerais

(MG) state, Southeast Brazil.

temperature (Ty) was retrieved as residue in the radiation balance. This
residual method has been successfully tested in distinct Brazilian agro-
ecosystems (Teixeira et al., 2019, 2020; Araujo et al., 2019; Silva et al.,
2019; Rampazo et al., 2020). The suitability of retrieving the energy and
water balance components, without the satellite thermal bands, has been
also demonstrated in other recent studies around the word (Castelli et al.,
2018; Rozenstein et al., 2018; Vanino et al., 2018; Mokhtari et al., 2019;
Longo-Minnolo et al., 2020). We opted for using the residual method to
estimate Ty, to bring all pixel to suitable sizes (30 m) in relation to the
lemon parcels. The use of the L8 thermal band retrieve T, from applica-
tion of the Plank’s low at satellite overpass time, while by its daily esti-
mation from residue in the radiation balance we followed the physical
principle of the Stefan Boltzmann equation for the emitted both atmo-
spheric and surface radiation. Thus, in this way, it is possible to capture
the water stress effects without the need of the thermal portion of the
electromagnetic spectrum (Consoli and Vanella, 2014).

All the regression coefficients for SAFER application, described in Fig. 2
were previously determined and statistically analyzed against field mea-
surements in semi-arid region of the Sao Francisco River basin, Brazil. In
addition, acquiring Tq as residue in the radiation balance gives mutual
compensation, reducing possible errors in this model input parameter, as in
the upward and downward long-wave fluxes, they are self-canceling. The
algorithm was elaborated and validated with Landsat images (Teixeira,
2010) when it was called PM2. Later, it was also calibrated and validated in
several agroecosystems under semiarid conditions of the basin (Araujo
et al., 2019; Silva et al., 2019; Teixeira et al., 2020).

Field data used for the SAFER elaboration involved irrigated crops
and natural vegetation (Caatinga) from 2001 to 2007, being described in
detail in Teixeira et al. (2008b). Table grapes were micro sprinkler
irrigated and conducted by an overhead trellis system, wine grapes were
drip irrigated and conducted by a vertical trellis system, and mango
orchard were micro sprinkler irrigated. The experimental period for
Caatinga involved different species and rainfall conditions above and
below the local long-term value. In addition, ET; values under optimum
root-zone moisture conditions in the current lemon study were checked
with the crop coefficient (K.) approach (Allen et al., 1998) from litera-
ture. Thus, with previous calibrations and validations, together with
assumptions for the Brazilian semi-arid environments, one can expect
sufficient accuracy for evaluations of the lemon energy balance and
irrigation performance assessments among different irrigation systems
under the study region conditions, being not strictly necessary new
expensive validations with field data.

2.3.2. Coupling remote sensing and agrometeorological data

Following Fig. 2, the spectral radiances (L) from bands (b) 1-7, were
computed from their Digital Numbers (DNp):
Lb =a-+ bDNb (1)
where Ly is in Wm ™2 st™! pm ™}, and a and b are regression coefficients
given in the metadata file (Vanhellemont and Ruddick, 2014).

The reflectance for each Landsat satellite band (pp) was calculated by
using the general equation:

Lyad?

— _ 2
P R,, cos @ 2

where d is the relative earth-sun distance; R, is the mean solar irradi-
ance at the top of the atmospheric irradiance for each band (W m™>
pum 1), and ¢ the solar zenith angle.

R,, for each of the bands 1-7 of the L8 sensor was calculated ac-
cording to the Planck’s low, integrating the radiation over the wave-
length intervals and considering its fraction over the solar spectrum,
assuming the sun as a blackbody. The broadband planetary albedo (ay)
was then computed as the total sum of the py values, according to the
weights for each band (wy) (Teixeira et al., 2017b):

by
a, = Z WP (3)
by

For estimating «p, armospheric corrections were applied to the ap
values through regressions from previous field measurements and Landsat
estimations of incident and reflected solar radiation, involving irrigated
crops and natural vegetation under different weather conditions in the
Brazilian semi-arid region (Teixeira et al., 2008b; Teixeira, 2010).

NDVI was calculated from the ps and ps pixel values:

Npvi =L P )
Pst P

The atmospheric radiation (Ry) (W m2) was calculated by the Stefan-

Boltzmann law (Ramirez-Cuesta et al., 2018):

R, = m—‘aTi (5)
where 6 is the Stefan-Boltzmann constant (5.67 x 10 W m2 K’4); T, (K)

was measured at the agrometeorological station, and &, is the atmo-
spheric emissivity.
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Fig. 4. Spatial distribution, averages, and standard deviations (SD), for the net radiation (R,) quarterly values. Blue, black, and green contour lines represent lemon
orchards irrigated by drip, micro sprinklers, and pivot irrigation systems, respectively, inside the commercial farms descried in Table 2. Q1- First quarter (January to
March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Average quarterly values and standard deviations (SD) for net radiation (R,,), in drip, micro sprinkler, and pivot irrigated lemon orchards of each studied commercial
farm, in the semi-arid region of Sao Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil.

Farm/Irrigation system Net radiation - Ry (MJ m2d™h)

“ES Q1 Q2 Q3 Q4 Year

Micro Sprinkler 11.05 + 0.08a 8.58 + 0.07b 8.12 + 0.07a 10.87 + 0.10b 9.66 + 0.07
YA

Micro Sprinkler 10.92 + 0.07a 8.56 + 0.05a 8.07 + 0.05a 10.72 + 0.07a 9.57 + 0.06
Pivot 10.90 + 0.08a 8.43 £ 0.08a 7.97 + 0.08a 10.66 + 0.12a 9.49 + 0.08
SF

Drip 10.86 + 0.24a 8.45 + 0.23a 7.96 + 0.24a 10.60 + 0.22a 9.47 +0.23
Micro Sprinkler 10.94 4 0.19a 855 4 0.19a 8.13 + 0.22b 10.75 £ 0.25b 9.59 £ 0.20
SA

Drip 10.90 + 0.10a 8.52 +0.12a 7.84 £ 0.11a 10.47 + 0.10a 9.43 +0.10
MA

Micro Sprinkler 10.96 £ 0.12a 8.50 £ 0.10a 7.94 +£0.17a 10.51 £0.17a 9.48 £ 0.13
TR

Micro Sprinkler 11.11 £ 0.08b 8.72 4 0.08b 8.23 + 0.09b 10.83 £ 0.12b 9.72 £ 0.09

® ES - Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR — Tropical

b Q1-First quarter (January to March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). Ry,
rates with the same letter in each column indicate no significant differences from each other at 5% (pairwise comparisons using the Tuckey HSD post-hoc test per-
formed for each quarter).

The daily values of R, (W m™2) were estimated by applying the Slob
equation:

R, = (1 —ao)R; — art,, (6)
with the regression coefficient aj, estimated through its relationship with
Ta (Teixeira et al., 2008b).

The g, term from Eq. (5) was computed as a function of the short-
wave atmospheric transmissivity (T = Rg/Ra):

g, = as(In fsw)b" (7)

with as and by being the regression coefficients. For the Brazilian semi-
arid conditions, they are a, = 0.94 and by = 0.10, resulted from field

measurenents or estimations of Ry, T, and Tgy (Teixeira et al., 2008b).
The surface emissivity (eg) was estimated according to Santos et al.
(2020):

Ey =y lll(NDVI) + bg (8)

with ag and by being the regression coefficients. For the Brazilian semi-
arid conditions, they are ag = 0.06 and ag = 1.00, resulted from field
measurements of emitted surface radiation and Ty, together with remote
sensing calculations of NDVI (Teixeira et al., 2008b; Teixeira, 2010).

By the residual method, Ty, was estimated applying the Stefan-
Boltzmann equation applied to the emitted long-wave radiations
(Ramirez-Cuesta et al., 2018):
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Table 5

Average quarterly values for the net radiation (R,,) to global solar radiation (Rg)
ratios, in drip, micro sprinkler, and pivot irrigated lemon orchards, in the semi-
arid region of the Sao Francisco river basin, northern Minas Gerais state (MG),
Southeast Brazil.

Quarter/Trrigation System Q1° Q2 Q3 Q4 Year
Drip 0.49 0.44 0.45 0.48 0.47
Micro Sprinkler 0.50 0.44 0.46 0.49 0.47
Pivot 0.50 0.43 0.46 0.48 0.47

® Q1- First quarter (January-March); Q2 — Second quarter (April-June); Q3 —
Third quarter (July-September); Q4 — Fourth quarter (October-December).

9

+[Ro(1 — &) + 06, T, — R,
To = s
0

The evapotranspiration ratio, ETy, i.e. the ratio of the actual (ET) to
reference (ETy) evapotranspiration, was estimated as (Teixeira, 2010):

T,
ET, = exp [asf +by (GOTBW)]

where ags and bgr are regression coefficients, being respectively 1.8 and
—0.008 for the semi-arid conditions of the Sao Francisco River basin,
Brazil, resulted from simultaneous field and remote sensing measure-
ments of ET and ETy, and ag, Ty and NDVI, respectively (Teixeira et al.,
2008b; Teixeira, 2010).

The daily ETg values were then multiplied by satellite overpass ET,
pixel values, giving the large-scale daily ET values, which in turn were
transformed into energy units, resulting in the AE daily rates.

G was considered as a fraction of R, and H estimated by residue in
the energy balance equation (Teixeira et al., 2017b):

(10)
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H=R,AE—-G (12)
where ag and bg are regression coefficients, being respectively 3.98 and
—25.47 for the semi-arid conditions of the Sao Francisco River basin,
resulted from simultaneous field measurements of G, Ry, and ag (Teix-
eira et al., 2008b; Teixeira, 2010).

For assessments of the root-zone moisture conditions, besides ETy,
the evaporative fraction (Ef) was also used:

AE

Ef:—

&~ G) 4

The above equations were applied involving the whole Jaiba irri-
gation scheme, encompassing irrigated crops, natural vegetation,
buildings, and roads (Fig. 1). Shapes of the lemon orchards areas under
different irrigation systems were built from GPS control points, and the
energy balance and irrigation performance assessments were carried out
cutting the pixels inside these shaped areas. The central portions of the
individual lemon parcels were considered avoiding edge-pixel contam-
inations, and the averages and standard deviation (SD) values resulted
from around 475, 940, and 360 pixels, were taken for further analysis
and comparisons among the drip, micro sprinkler, and pivot irrigated
orchards (Longo-Minnolo et al., 2020).

For statistical analyses, we performed a pairwise comparison by
applying the Tuckey honestly significant difference (HSD) post-hoc test
for the energy balance components, to analyse their differences at 5%
significance level, regarding the irrigation systems (drip, micro sprin-
kler, and pivort), and quarters of the year (Q1 - January to March; Q2 -
April to June, Q3 - July to September, Q4 - October to December).

For lemon crop irrigation performance assessments, the key param-
eters are precipitation (P) and irrigation (I); soil moisture conditions;
actual evapotranspiration (ET); as well as the crop water requirements,

G b represented by the potential evapotranspiration (ETp); and actual yield
R, agexp(boav) an (Y,). As we did not have reliable data on I, the assessments were
43°52'W 43°50'W 43°48'W 43°52'W 43°50'W 43°48'W
Esperanga ‘ . Esperanca ‘ .
Marazul Marazul
Ql Yamada f‘:; Q2 Yamada @ o
15°03'S ) -~ Saara T Saara
Santa Fé 500 Santa Fé |
E I i ~ 130!
4 | Drip=7.98+1.50 z g7 | B 4 | Drip =6.43+2.00 E A | .
Micro = 8.40+2.40 E s ! N i Micro =8.14+1.80 'E" s ! A
Pivot =9.45£2.30 ! A | Pivot=9.09£2.40 < | [*7 |
15°05'S H H m i
-_-.Ej 00 L = Uoo |
[Jorip [] Micro || Pivot ‘Tr'opicai [ orip [] Micro || Pivot ‘ﬂ'OPfW’
Esperanga @ . Espemnga’ .
Marazul Marazul
e — ﬂ L8 Yemada @
i = - Saara - = Saara
Santa Fé ~ 3.0l Santa Fé —~ 30!
4 |Drip-498+150 T Moo | 4 ﬁip:ii‘ﬁil-"fov“g g7 |
—_— =] ° H . - ' N
Micro = 6.89%2.40 = ! Micro =7.10£2.00 !
15°05'S — 23 | — =S R
Pivot =9.33£1.70 ! Pivot =8.19£0.90 = !
=~ Hoo ] 0
D Drip D Micro Pivot ﬁTmpiml |:| Drip |:| Micro Pivot ‘ifropicai

Fig. 5. Spatial distribution, averages, and standard deviations (SD), for the latent heat flux (AE) quarterly values. Blue, black, and green contour lines represent
lemon orchards iirigated by drip, micro sprinklers, and pivot irrigation systems, respectively, inside the commercial farms from Table 2. Q1 First quarter (January to
March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 6
Average quarterly values and standard deviations (SD) for latent heat flux (AE), in drip, micro sprinkler, and pivot irrigated lemon orchards of each studied commercial
farm, in the semi-arid region of Sao Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil.

Farm/Irrigation system Latent heat flux - AE (MJ mZd1)

*ES bQ1 Q2 Q3 Q4 Year

Micro Sprinkler 8.88 +0.75b 9.04 + 0.58b 8.24 + 0.96b 8.70 + 0.85b 8.72 £ 0.70
YA

Micro Sprinkler 7.24 + 0.55a 7.29 +0.67a 7.03 + 0.56a 7.18 + 0.66a 7.19 + 0.58
Pivot 9.45 £ 2.33b 9.09 £ 2.44b 9.33 £ 1.65b 8.19 + 0.90b 9.02+1.71
SF

Drip 7.73 + 2.05a 6.56 +1.97a 4.85 + 2.05a 5.94 + 1.95a 6.27 +£1.92
Micro Sprinkler 8.16 + 1.46a 7.07 +1.79a 5.41 + 1.75a 6.78 + 1.55a 6.86 + 1.52
SA

Drip 8.22 +1.27a 6.29 +1.53a 5.11 + 1.04a 5.38 + 0.94a 6.25 + 1.08
MA

Micro Sprinkler 9.03 + 0.88a 8.75 + 0.91b 6.56 + 2.01a 5.55 + 1.90a 7.47 +£1.31
TR

Micro Sprinkler 8.68 £ 0.68b 8.55 + 0.81b 719 +£1.12a 7.31 £ 1.10b 7.93 £0.87

# ES — Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR — Tropical

b Q1- First quarter (January to March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). AE
rates with the same letter in each column indicate no significant differences from each other at 5% (pairwise comparisons using the Tuckey HSD post-hoc test per-
formed for each quarter).

Table 7
Average quarterly values for the latent heat flux (AE) to net radiation (R,,) ratios, in drip, micro sprinkler, and pivot irrigated lemon orchards, in the semi-arid region of
the Sao Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil.

Quarter/Irrigation System Q1® Q2 Q3 Q4 Year
Drip 0.73 0.76 0.63 0.54 0.66
Micro Sprinkler 0.76 0.95 0.85 0.66 0.79
Pivot 0.87 1.08 1.17 0.77 0.95

# Q1- First quarter (January-March); Q2 — Second quarter (April-June); Q3 — Third quarter (July-September); Q4 — Fourth quarter (October-December).

restricted to ET, soil moisture, ETp, and Y, data. (Teixeira et al., 2014a).

For K. estimations in drip and micro sprinkler lemon irrigated areas,
the average ET; pixel values (Eq. (10)), summed by the upper limit of the
SD values, were considered, allowing K. modelling as a function of the
accumulated degree-days (DD,.), taking the basal temperature of 10 °C

K eppstionn = Apyip MiereDDaac” + Bpyip sicro DDoac + Corip Micro a4
where apyip Micros DpripMicro» and Cprip micro are regression coefficients
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Fig. 6. Spatial distribution, averages, and standard deviations (SD), for the sensible heat flux (H) quarterly values. Blue, black, and green contour lines represent
lemon orchards irrigated by drip, micro sprinklers, and pivot irrigation systems, respectively, inside the commercial farms from Table 2. Q1- First quarter (January to
March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 8

Agricultural Water Management 247 (2021) 106725

Average quarterly values and standard deviations (SD) for sensible heat flux (H), in drip, micro sprinkler, and pivot irrigated lemon orchards of each studied com-
mercial farm, in the semi-arid region of Sao Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil.

Farm/Irrigation system

Sensible heat flux - H (MJm 2d~1)

*ES b1 Q2 Q3 Q4 Year

Micro Sprinkler 1.66 + 0.73a -0.93 + 0.57a -0.53 + 0.97a 1.73 + 0.82a 0.48 + 0.69
YA

Micro Sprinkler 3.24 + 0.52b 0.80 + 0.65a 0.67 + 0.54a 3.16 + 0.66b 1.98 + 0.56
Pivor 1.02 + 2.32a -1.05 + 2.45b -1.69 + 1.73a 2.11 + 1.16a 0.10 +£1.83
SF

Drip 2.71 +1.92b 1.48 +1.87b 2.76 + 1.98b 4.32 + 1.85b 2.82 + 1.80
Micro Sprinkler 2.32 + 1.37b 1.02 + 1.73b 2.27 + 1.74b 3.57 + 1.39b 2.30 + 1.44
SA

Drip 2.25 + 1.27b 1.77 +1.52b 2.45 4+ 1.01b 4.79 + 0.89b 2.81 4+ 1.06
MA

Micro Sprinkler 1.47 + 0.87a -0.69 + 0.89a 1.05 + 1.97a 4,65 + 1.76b 1.62 +1.25
TR

Micro Sprinkler 1.88 + 0.65a 0.42 + 0.81a 0.53+1.11a 3.10 + 1.02a 1.27 £ 0.84

# ES — Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR — Tropical
b Q1- First quarter (January to March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). H
rates with the same letter in each column indicate no significant differences from each other at 5% (pairwise comparisons using the Tuckey HSD post-hoc test per-

formed for each quarter).

Table 9

Average quarterly values for the sensible heat flux (H) to net radiation (R,) ra-
tios, in drip, micro sprinkler, and pivot irrigated lemon orchards, in the semi-arid

region of the Sdo Francisco river basin, northern Minas Gerais state (MG),

Southeast Brazil.

determined specifically for lemon orchards irrigated by drip (subscript
Drip), and micro sprinkler (subscript Micro) systems.
The values of potential evapotranspiration (ETp) were estimated

according to Mateos et al. (2013):
ET, = K.ET, (16)

Thus, the following irrigation performance indicators were consid-

Quarter/Irrigation System Q1° Q2 Q3 Q4 Year R L.
- ered (Bastiaansssen et al., 2001; Bos et al., 2015; Teixeira et al., 2014a;
Drip ) 0.23 0.19 0.33 0.43 0.30 Ferndndez et al., 2019; Jamshidi et al, 2020):
Micro Sprinkler 0.19 -0.01 0.10 0.30 0.16
Pivot 0.09 -0.12 -0.21 0.20 0.01 ET
RET = — a7
# Q1- First quarter (January-March); Q2 — Second quarter (April-June); Q3 — P
Third quarter (July-September); Q4 — Fourth quarter (October-December).
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Fig. 7. Spatial distribution averages, and standard deviations (SD), for the soil heat flux (G) quarterly values. Blue, black, and green contour lines represent lemon
orchards irrigated by drip, micro sprinklers, and pivot iirigation systems, respectively, inside the commercial farms from Table 2. Q1- First quarter (January to
March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 10

Agricultural Water Management 247 (2021) 106725

Average quarterly values and standard deviations (SD) for soil heat flux (G), in drip, micro sprinkler, and pivot irrigated lemon orchards of each studied commercial
farm, in the semi-arid region of Sao Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil.

Farm/Irrigation system

“ES

Soil heat flux - G (MJ m2d™?)

bQ1 Q2 Q3 Q4 Year

Micro Sprinkler 0.51 + 0.05a 0.47 + 0.06a 0.41 + 0.05a 0.44 + 0.04b 0.46 + 0.05
YA

Micro Sprinkler 0.44 + 0.04a 0.47 +0.03a 0.37 +0.03a 0.38 + 0.03a 0.41 4+ 0.03
Pivor 0.43 £ 0.04a 0.39 £ 0.04a 0.33 £ 0.04a 0.36 + 0.04a 0.38 4+ 0.03
SF

Drip 0.42 +0.11a 0.41 +£0.11a 0.35+0.11a 0.34 + 0.07a 0.38 +0.10
Micro Sprinkler 0.46 + 0.09a 0.46 + 0.10a 0.45 +0.13a 0.40 + 0.09a 0.44 4 0.09
SA

Drip 0.43 + 0.05a 0.46 + 0.10a 0.28 + 0.04a 0.30 + 0.04a 0.37 4 0.04
MA

Micro Sprinkler 0.46 + 0.07a 0.44 + 0.06a 0.33 +0.08a 0.31 + 0.06a 0.39 4 0.06
TR

Micro Sprinkler 0.55 =+ 0.05b 0.59 £ 0.06b 0.51 + 0.07b 0.42 + 0.05b 0.52 4 0.05

# ES — Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR — Tropical
b Q1- First quarter (January to March); Q2 — Second quarter (April to June); Q3 — Third quarter (July to September); Q4 — Fourth quarter (October to December). G
rates with the same letter in each column indicate no significant differences from each other at 5% (pairwise comparisons using the Tuckey HSD post-hoc test per-

formed for each quarter).

Table 11

Average quarterly values for the soil heat flux (G) to net radiation (R,,) ratios, in
drip, micro sprinkler, and pivot irrigated lemon orchards, in the semi-arid region
of the Sao Francisco river basin, northern Minas Gerais state (MG), Southeast
Brazil.

Quarter/Irrigation System Q1° Q2 Q3 Q4 Year
Drip 0.04 0.05 0.04 0.03 0.04
Micro Sprinkler 0.04 0.06 0.05 0.04 0.05
Pivot 0.04 0.05 0.04 0.03 0.04

_ ET o Worip + ET e, Whkicro (20)

Worip + Widicro

ET,

Prarm

where ETy, , ETy,,, and ETy,,, ., are the potential evapotranspiration for
a specific farm (subscript Farm), for drip irrigated areas (subscript Drip),
and for micro sprinkler irrigated (subscript Micro) areas, respectively;
while wpyip and Wigiero are the percentages of areas for each irrigation
systenn.

# QI1- First quarter (January-March); Q2 — Second quarter (April-June); Q3 —
Third quarter (July-September); Q4 — Fourth quarter (October-December).

WD = ET, — ET (18)
Ya
WPgr = T (19)

where RET is the relative evapotranspiration, WD the water deficit
(mm), WPg the water productivity based on ET (kg m ), and Y, is the
actual lemon yield (kg).

To retrieve ET}, in farms with both drip and micro sprinkler irrigation
systems, weight averages for each farm according to the areas under these
systems were performed:
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3. Results

3.1. Weather drivers

Fig. 3 shows the fortnightly values, during the year 2015, for totals of
precipitation (P) and reference evapotranspiration (ETg); and for the
mean daily global solar radiation (Rg) and air temperature (T,), in terms
of Days of the Year (DOY).

The highest rainfall amounts occurred at the beginning of the year,
when the fortnightly P totals were above 50 mm, during the second half
of February (DOY 046-059). The driest periods, with some absence of
rains, were from DOY 150-255 (end of May to the first half of
September). Considering the annual timescale, P was 318 mm yr 2,
concentrated in the first and last three months. The highest ETy rates
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Fig. 8. Soil moisture indicators for lemon orchards under drip (Drip), micro sprinkler (Micro), and pivot (Pivot) iirigation systems in the semi-arid region of the Sao
Francisco river basin, northern Minas Gerais state (MG), Southeast Brazil: (a) Fortnightly values of evaporative fraction (Eg); (b) Relationship between E; and the

evapotranspiration ratio (ET,).
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Fig. 9. Models for estimating single lemon crop coefficients (K.) in the semi-arid region of the Sdao Francisco river basin, northern Minas Gerais (MG) state, Southeast
Brazil. (a) Drip iirigated orchards (subscript Drip); (b) Micro sprinkler irtigated orchards (subscript Micro).

occurred at the end of the year, with fortightly totals higher than
80 mm, from October (DOY 274) to December (DOY 365), when there
was a peak of 107 mm; while the lowest ones, below 60 mm, were from
May to the first half of August (DOY 120-227). Regarding the annual
timescale, ETp was 1670 mm yr’l.

The highest Rg levels were from January to the first half of April
(DOY 001-105), and between August and December (DOY 213-265),
when the fortnightly values were higher than 22.5 MJ m~2 d %, drop-
ping to around 18.5 MI m~2 d~?! in the middle of the year, from DOY
121-196 (May-July). Considering the annual timescale, Rg averaged
20.2MJm~2 d~! The lowest T, fortnightly values, below 24.0 °C,
occurred in July (DOY 182-212), while the highest ones, above 29.0 °C,
were from the second half of October (DOY 288) to the end of November
(DOY 334). Regarding the annual timescale T, averaged 26.0 °C.

3.2. Energy balance assessments

To follow the rainfall water availability and atmospheric demands along
the year, the energy and water balance assessments were carried out in
quarter periods, as in the Brazilian semi-arid region there are no well-
defined four seasons, being restrict to dry and wet periods along the year.

Fig. 4 presents the spatial distribution, averages, and standard

1.00

deviations (SD), of the Ry, quarterly values (each three months), during
the year 2015, for the lemon orchards irrigated by drip, micro sprinkler,
and pivot systems, in the commercial farms from Table 2.

Table 4 shows the average quarterly values and SD for R, in lemon
orchards of each studied commercial farm, irrigated by drip, micro
sprinkler, and pivot systems, together with the results of the pairwise
comparison, using the Tuckey HSD post-hoc test performed at the 5%
significance level for each quarter.

According to the Tuckey HSD test for each quarter, some differences
on Ry, values at the 5% significance level were found among irrigations
systems, with higher values for micro sprinkler orchards in ES farm, in
Q2 (April to June) and Q4 (October to December); SF farm, in Q3 (July
to September) and Q4 (October to December); and TR farm, from Q1
(January to March) to Q4 (October to December).

The quarterly Rg average values from Fig. 3, resulted in 22.0, 19.5,
17.5, and 22.1 MJ m 2 d-1, for Q1 (January-March), Q2 (April-June),
Q3 (July-September), and Q4 (October-December), respectively. The
corresponding R, averages (Fig. 4) ranged from 7.90 MJ m™ d under
drip irrigation system in Q3 (July-September) to 11.00 MJ m 2 d "~ for
micro sprinkler irrigation system in Q1 (January to March).

These radiation values resulted in average R,/Rg quarterly ratios for
each irrigated system showed in Table 5.

——WD_ . c—wD

Drip Miczo

0.88

--#- RET,, —*— RET,

r35.0

Micro

Days of the Year - DOY

=
0 280 —
g

n g

8 I g

£

2 076 I 210 7

=3 A

S 064 1 140

— o ]

] R, =

e Lj‘

= ]

& 052 f 7.0
0.40 . . m . 0.0

001-015  060-075 120-135 180-195  240-255 300-315

Fig. 10. Fortnightly values of iirigation performance indicators (IPI) for lemon orchards in terms of Days of the Year (DOY): water deficit (WD) and relative
evapotranspiration (RET), for drip (subscript Drip) and micro sprinkler (subscript Micro) irrigation systems in the semi-arid region of the Sao Francisco river basin,
northern Minas Gerais state (MG), Southeast Brazil.

12



A. Teixeira et al.

Table 12

Agricultural Water Management 247 (2021) 106725

Iirigation performance indicators (IPI) for localized irrigated (drip and micro sprinkler systems) lemon orchards in the semi-arid region of the Sao Francisco river basin,
northern Minas Gerais state (MG), Southeast Brazil. Actual (ET) and potential (ET,) evapotranspiration; evapotranspiration ratio (ET,); relative evapotranspiration
(RET); water deficit (WD); actual yield (Y,); and water productivity based on ET, on physical (WPgr) and monetary (WPgrg) terms.

IPI°/Farms” ET (m®) ETp (m®) ET; (1) RET (-) WD (m®) Y, (ton) WPgr (kg m 3) WPzrs (USS m °)
ES 302,049 302,049 0.81 1.00 0 576 1.90 0.48
YA 129,848 150,063 0.73 0.87 20,215 333 2.60 0.65
SF 538,582 675,812 0.67 0.80 137,230 1554 2.90 0.73
SA 547,255 713,009 0.62 0.77 165,753 1948 3.60 0.90
MA 328,889 393,762 0.71 0.84 64,873 753 2.30 0.58
TR 242,403 245,072 0.83 0,99 2669 378 1.60 0.39

# IPI — lirigation performance indicators

b Farms: ES — Esperanca; YA — Yamada; SF — Santa Fé; SA — Saara; MA — Marazul; and TR - Tropical

The R,/Rg ratios ranged from 43% in Q2 — April to June (Pivot
systems) to 50% in Q1 — January to March (drip and pivot systems).
However, at the annual scale all irrigation systems presented a fraction
of 47% of Rg transformed into Ry,

From Fig. 4 and Tables 4 and 5, in general, there were no strong
distinctions among the Ry pixel values, regarding the irrigation systems
at the annual scale. Although the R, spatial variations being small, with
the SD values ranging from 1% (micro sprinkler and pivot) to 2% (drip)
of the mean values (Table 4), drip systems promoted more irregular soil
moisture, as wet bulbs are more concentrated to the root-zones under
this irrigation method.

The spatial and temporal pixel differences among the irrigation
systems under the distinct root-zone moisture conditions along the year,
should be more perceived when considering the Ry, partitions into AE, H,
and G. According to Consoli and Vanella (2014), accurate knowledge of
the R, partitioning is needed to develop reliable tools for studying
short-term or long-term processes within agricultural crop ecosystems,
which are particularly fragile under water scarcity conditions.

Fig. 5 shows the spatial distribution, averages, and standard de-
viations (SD), of the AE quarterly values, during the year 2015, for the
lemon orchards irrigated by drip, micro sprinkler, and pivot systems, on
the commercial farms from Table 2.

Table 6 shows the averages quarterly values and SD for AE in lemon
orchards of each studied commercial farm, irrigated by drip, micro
sprinkler, and pivot systems, together with the results of the pairwise
comparison, using the Tuckey HSD post-hoc test performed at the 5%
significance level for each quarter.

According to the Tuckey HSD test for each quarter, significant dif-
ferences on AE values were found among irrigations systems, with higher
values in the ES farm, under micro sprinkler irrigations, in all quarters;
in YA farm, under Pivot irrigation, in all quarters; and in TR farm, in Q1
(January to March), Q2 (April to June), and Q4 (October to December),
under micro sprinkler irrigation.

Considering all analyzed irrigation systems, the highest AE rates
occurred in Q1(January to March) and Q2 (April to June), above
9.00 MJ m 2 d ! for micro sprinkler and pivot irrigation systems. The
average AE quarterly values ranged from 4.85 to 9.45 MJ m 2 d~%, for
drip (Q3 — April to June) and pivot (Q1 — January March) irrigation
systems, respectively. At the annual scale, AE averaged 6.26 MJ m 2
dl, 7.63MIm2d L, and 9.02 MI m 2 d?, under drip, micro sprin-
kler, and pivot irrigation systems, respectively.

Table 7 shows the average quarterly values for the AE to R, ratios in
lemon orchards irrigated by drip, micro sprinkler, and pivot systems.

The AE/R;, values were above 100% during Q2 (April to June) and Q3
(July to September), in lemon orchards irrigated by pivot systems. The
lowest ones, with quarterly average below 0.55, occurred in Q4
(October to December) for drip irrigation systems, at the end of the
climatically driest period and increasing atmospheric demand in the
study region (see also P and ETy values from Fig. 3).

Fig. 6 presents the spatial distribution, averages, and standard de-
viations (SD), of the H quarterly values, during the year 2015, for the
lemon orchards irrigated by drip, micro sprinkler, and pivot systems, in
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the commercial farms from Table 2.

Table 8 shows the average quarterly values and SD for H in lemon
orchards of each studied commercial farm, irrigated by drip, micro
sprinkler, and pivot systems, together with the results of the pairwise
comparison, using the Tuckey HSD post-hoc test performed at the 5%
significance level for each quarter.

According to the Tuckey HSD test for each quarter of the year, sig-
nificant differences on H values were also found among irrigations
systems, with higher values for drip systems in SF farm for all quarters,
in micro sprinkler systems of YA (Q1 - January to March, and Q4 —
October to December) and MA (Q4 — October to December) farms; and
also for the pivot systems of YA farm during Q2 (April-June). In this last
case, negative values indicated heat horizontal advection from the drier
vicinity areas to irrigated orchards.

The highest H rates occurred in Q4 (October to December), above
4,50 MJI m~2 d7}, for localized irrigation systems (drip and micro sprin-
kler irrigated orchards). The quarterly averages ranged from
~1.69 MJ m 2d ! (Pivor) in Q3 (April-June) to 4.79 MJ m2d?! (drip)
in Q4 (October to December). The largest positive H for the drip irrigated
lemon orchards happened at the end of the climatically driest period under
the highest atmospheric demand conditions (see also Fig. 3). At the annual
scale, H averaged 2.82 MJ m2d?, 1.53MIm™2d7}, and 0.10 MJ m ™2
d %, for drip, micro sprinkler, and pivot irrigation systems, respectively.

Table 9 shows the average quarterly values for the H to R, ratios in
lemon orchards irrigated by drip, micro sprinkler, and pivot systems.

Energy partition into H (H/Ry,) was above 43% during Q4 (October to
December), for drip irrigated lemon orchards. The negative average H/
R, values occurred under pivot irrigation areas from Q2 (April to June)
to Q3 (July to September), but also under micro sprinkler irrigation
systems in Q2 (April to June). The most negative H/R;, ones in pivot
irrigated areas, during Q3 (July to September), evidenced a high
contribution of an extra horizontal energy transfer from the drier and
hotter Caatinga species to the moistier and colder irrigated lemon or-
chards in YA farm, during this time of the year.

Fig. 7 shows the spatial distribution averages, and standard de-
viations (SD), of the G quarterly values, during the year 2015, for the
lemon orchards irrigated by drip, micro sprinkler, and pivot systems, on
the commercial farms from Table 2.

Table 10 shows the average quarterly values and SD for G in lemon
orchards of each studied commercial farm, irrigated by drip, micro
sprinkler, and pivot systems, together with the results of the pairwise
comparison, using the Tuckey HSD post-hoc test performed at the 5%
significance level for each quarter.

According to the Tuckey HSD test for each quarter, some differences
on G values were found among irrigations systems with higher values in
ES farm only in Q4 (October to December), but in all quarters in TR farm
for micro sprinkler irrigation systems.

The highest G average quarterly value, above 0.55MJm ™2 d~}
occurred in Q2 (April to June) for micro sprinkler irrigated lemon orchards
in TR farm, while the lowest one, bellow 0.30 MJ m~2 d ™! occurred in Q3
(July to September), in SA farm under drip irrigated orchards.

Table 11 shows the average quarterly values of the G to Ry, ratios for
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lemon orchards irrigated by drip, micro sprinkler, and pivot systems.

The largest G/R, values were in Q2 (April to June), around 6%, for
micro sprinkler irrigation systems and 5% for both drip and pivot irrigated
areas, while the lowest ones happened in Q4 (October to December) cor-
responding to average G/Ry, ratios of 4% (micro sprinkler systems) and 3%
(drip and pivot systems). However, at the annual scale, G/R, averaged
only 5% (micro sprinkler system) and 4% (drip and pivot systems).

3.3. Irrigation performarce assessnients

Considering the AE rates from Fig. 5 in terms of ET, at the annual
scale, pixel values averaged 2.6 mm d %, 3.1 mm d %, and 3.7 mm d %,
respectively for drip, micro sprinkler, and pivort irrigated lemon or-
chards. Thus, among the irrigation systems, pivot was the one with the
highest ET rates. To analyze the root-zone moisture levels, the remote
sensing indicators firstly considered were the evapotranspiration ratio
(ET,) and the evaporative fraction (Ey), resulting from applications of the
Egs. (10) and (13), respectively.

Fig. 8 presents the E¢ fortnightly values (Fig. 8a), in terms of Days of
the Year (DOY), and its relationship with ET; (Fig. 8b), for lemon or-
chards irrigated by drip, micro sprinkler, and pivot systems, along the
year 2015.

The average Esranged from 0.44 to 1.20, 0.47-1.24, and 0.42-1.58, for
the drip, micro sprinkler, and pivot irrigation systems, respectively
(Fig. 8a). The highest E; values occurred between DOY 154 and 163 (first
half of June), from the FG to HP phenological stages (see also Table 1), with
few occasions with low Eg, when it values dropped below 0.60 for drip and
micro sprinkler irrigation systems after DOY 282. On the other hand, the
pivot Es values often above 1.00 indicated the highest water consumption
among systems, strongly evidenced by its curve on Fig. 8a, after the firsthalf
of May (DOY 131). Fig. 8b shows that, for irrigated lemon orchards,
values were around 92% of those for ET,, corresponding to an ET, range
from 0.30 to 0.90, under localized irrigation (drip and micro sprinkler
systems), and between 0.30 and 1.30 for the pivot irrigated orchards.

Because lemon orchards under pivot irrigation systems use too much
water, according to their E; and ET, values, these systems are not rec-
ommended under the water scarcity scenarios of the Brazilian semi-arid
region. Fig. 9 shows the models to estimate K. as a function of DDy, for
the recommended drip (Fig. 9a) and micro sprinkler (Fig. 9b) irrigation
systems under these conditions (Teixeira et al., 2014a). Similarly, Rallo
et al. (2017), to infer the phenological stages of drip irrigated orange
orchards, used site-specific polynomial equation to determine K. as a
function of the measured canopy fractional cover to determine water
requirements under the semi-arid conditions of Spain..

Points above the curves from Fig. 9 indicate high contributions of soil
evaporation while the ones bellow represent conditions of ET lower than
ET,. Then, both conditions are eliminated when estimating the crop
water requirements by applying the polynomial equations. For drip
irrigation systems, the modelled K. values ranged from 0.37 to 0.90,
averaging 0.78, while the corresponding ranges and average for the
micro sprinkler irrigation systems were respectively 0.43-0.92, and
0.81. By crossing Table 1 and Fig. 9, the maximum K. values occurred
during the transition from F to FG phenological stages, between March
and April, and from September to October; while the minimum ones
were from November to December, during the HP phenological stage.

Fig. 10 shows the fortnightly values for the irrigation performance
indicators (IPI); the water deficit (WD) and the relative evapotranspi-
ration (RET), for drip (subscript Drip) and micro sprinkler (subscript
Micro) irrigated lemon orchards, in terms of DOY.

From Fig. 10, in general, RET values were higher than 0.60, except
from the start of September (DOY 240) to the end of October (DOY 300),
when it dropped below 0.50 and the fortnightly WD values increased
above 20.0 mm, from F to FG phenological stages (see also Table 1). The
annual RET and WD values for drip and micro sprinkler irrigation systems
were 0.77 and 293 mm yr!, and 0.79 and 278 mm yr!, respectively.

On the annual scale, the IPI values are summarized in Table 12, for
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each studied lemon producer farms, by weighting drip and micro
sprinkler irrigated areas for each one according to Eq. (20).

According to the previous Table 2, among the producer farms, the
largest lemon cropped area is for micro sprinkler irrigation, with a total
of 122.01 ha. The orchards are drip irrigated only in SA and SF farms,
with 53.93 ha and 6.93 ha, respectively. For total ET, data on cropped
area for each farm allowed transforming mm into m® of water, to
illustrate the magnitude of water withdrawals from the Sao Francisco
River, resulting in maximum and minimum rates for SA and YA farms,
respectively. As for ET, the highest and lowest ET,, values were also for
SA and YA farms, respectively. Regarding the root-zone moisture levels,
the best conditions were for TR and ES farms, with ET, above 0.80, not
coinciding with the largest evapotranspiration rates.

Data on Prod together with the monetary returns, allowed water
productivity assessments on both physical (WPgr) and economical
(WPgrs) terms, for each studied lemon producer farm. The WPgy ranged
from 1.60 to 3.60 kg m~2, yielding monetary values (WPgrs), between
0.39 and 0.90 US$ m™>. The highest values were for SA farm, with 100%
of its lemon cropped area being drip irrigated, while the lowest ones
were for TR farm, under only micro sprinkler irrigation system.

4, Discussion

Considering the climatic water balance (Fig. 3), P was more variable
than ETg, with absence of rain in the middle of the year, agreeing with
the long-term tendencies, of the study region (Lumbreras et al., 2014).
However, scarce rainfall was registered, even during the rainy season,
from DOY 060-120 (March to April), with fortnightly P values dropping
below 4% of ETy. At the annual scale P was 37% of the climatological
value (560 mm yr') and only 19% of ETy in 2015, indicating a strong
dry year regarding the long-term conditions of the region. The highest
R and T, values were at the end of the year, at the sun’s zenith position
and under low cloud cover, while the lowest ones were in the middle of
the year, winter solstice in the southern hemisphere. Thus, the highest
lemon water consumptions and photosynthesis activities occurred in the
first (Q1, January-March) and fourth (Q4, October-December) quarters
of the year.

Regarding the energy balance, R, was strongly influenced by the Rg
levels, with the lowest values in the middle of the year, all quarters
having low SD, representing only 1-3% of the average values (Fig. 4 and
Table 4). An average R,/Rg fraction of 47% (see Table 5) agrees with
other remote sensing measurements in different agroecosystems of the
Southeast (Teixeira et al., 2017a; Silva et al., 2018), and Northeast
(Teixeira et al., 2017b) Brazil, as well as with field measurements in an
olive orchard under the Mediterranean semi-arid climate conditions
(Ramirez-Cuesta et al., 2019b). However, the annual R, value of
9.45 MJm~2 d7! in the current study was much lower than that of
15.00 MJ m™2 d~! reported by Villalobos et al. (2009) for drip-irrigated
oranges growing in the semi-arid conditions of Spain.

The highest AE rates in Q1 — January to March (Fig. 5 and Table 6)
were due to the coupled effects of rains and irrigation water applied,
which increased the root-zone moisture, under high atmospheric de-
mands (see also Fig. 3). The AE range, between 4.98 MJ m2d! (Drip
irrigation in Q3 — April to June) and 9.45 MJ m2 d! (Pivot irrigation in
Q1 - January to March), encompassed the values from 4.90 to
9.40 MJ m > d_l, reported for olive orchards (Ramirez Cuesta et al.,
2019b), and drip irrigated orange (1.80-9.50 MJ m2d™) (Consoli and
Papa, 2013), both studies under the Mediterranean semi-arid conditions.
Differently from Ry, the AE spatial variations are clear, with higher SD
values. From Q2 (April to June) to Q3 (July to September), some LE pixel
values were higher than R, in the well-irrigated lemon parcels meaning
horizontal heat advection, mainly under pivot irrigation systems, pro-
moting an average AE/R, higher than 1.00 (Table 9). This additional
horizontal energy was also verified in drip irrigated orange orchards,
under the Mediterranean semi-arid conditions of Sicily, Italy (Consoli
and Papa, 2013). The AE rates were most affected by variations on
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root-zone moisture levels, which in turn depended on the weather
conditions, but also the type of irrigation system which affects ET par-
titions into transpiration and soil evaporation (Fandino et al., 2012;
Consoli and Vanella, 2014; Rosa et al., 2016; Longo-Minnolo et al.,
2020). Our average Ry, partition into AE of 66% for drip-irrigated lemon
orchards (Table 7) was higher than that of 38% reported by Villalobos
et al. (2009) for drip-irrigated orange orchards in the semi-arid region of
Spain, which differences may be related to distinet species and envi-
ronmental conditions but also to irrigation management.

From the H spatial variations (Fig. 6 and Table 8), there were some
negative pixel values, promoting an average H/R,, ratio lower than 0,00
in Q2 (April to June) and Q3 (July to September), mainly in lemon or-
chards under the pivot irrigation systems (Table 9). The magnitudes of
the negative H values indicate the degree of horizontal heat advection,
what was more noticed in Q3 (July to September), highlighting the
stronger cooling effects of the pivot irrigation systems, while higher
positive H rates under drip irrigation lemon orchards in Q4 (October to
December) indicated strong warming effects. The absence of negative H
values in Q1 and Q4 is that rainfalls promoted more uniform root zone
moisture to the irrigated orchards and natural vegetation. Negative H
values from remote sensing measurements, up to —4.00 MJ m~2 47!
were also reported in mixed agroecosystems in Southeast Brazil (Teix-
eira et al., 2017a). From a field energy balance study, Consoli and Papa
(2013) reported negative H/Ry, values, but with quarterly values, rep-
resenting up to 47% of Ry, in a drip-irrigated orange orchard, growing in
the Mediterranean semi-arid region, similar to our H/R,, ratio of 43% in
Q4 (October to December) for drip-irrigated lemon orchards (Table 9).
From water balance measurements under the semi-arid conditions of
southern Iran, Jamshidi et al (2020), also found high horizontal heat
advection in a drip-irrigated orange orchard. H values for drip-irrigated
lemon orchards in our study region were 45% of those for AE much lower
than those reported by Villalobos et al. (2009), who found H being 155%
of AE from field energy balance measurements in drip-irrigated orange
orchards under the semi-arid conditions of Spain. Average K; of 0.16
indicated some of water stress in this last study, what reinforce that one
of the reasons for differences in energy partition should be related to
irrigation management.

Small spatial and temporal variations on G happened along the year,
and among irrigated lemon orchards (Fig. 7 and Table 10). The partition
of R,, on G was of the lowest magnitude, when comparing with the other
energy balance terms (Table 11). According to the SD values, G spatial
variation was small and independent of the irrigation system, ranging
from 0.0 to 0.1 MJ m~2 d. Both, G magnitude and SD small values
testified that this energy balance component can be neglected at daily
timescale in semiarid regions (Consoli and Papa, 2013; Teixeira et al.
2017b). Vilallobos et al. (2009), measuring G with soil heat flux plates
during two years in an irrigated orange orchard, under the semi-arid
conditions in Spain, registered average G values being 3% of Ry, a little
lower than ours from Table 11. Teixeira et al. (2008b), throughout field
measurements in drip and micro sprinkler irrigated vineyards and micro
sprinkler irrigated mango orchards also found near zero G daily values in
the Brazilian semi-arid region.

At the annual timescale, the AE/R,, and H/R,, ratios for drip, micro
sprinkler, and pivot irrigated lemon orchards, were respectively 0.66
and 0.30; 0.79 and 0.16; and 0.95 and 0.01, evidencing the largest
available energy being used for ET in all analyzed irrigation systems.
These distinct energy partitions are related to the different water use for
transpiration and evaporation (Fandino et al., 2012; Consoli and
Vanella, 2014; Rosa et al.,, 2016; Longo-Minnolo et al., 2020). For
example, for pivot system, there is much more evaporation from both
near-surface air and soil, what can explain the highest AE/R, ratios (and
therefore the lowest H/R,) when compared with the localized irrigation
systems (drip and micro sprinkler systems).

Although knowledge about the available energy partition in irrigated
crops being strongly relevant for agriculture, it is restricted to academic
readers, being of difficult understanding by water managers as the end
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users. For operational interpretations, simple irrigation performance
indicators (IPI) are used in the current paper, resulted from the energy
and water balance computations. The IPI ranges would facilitate water
management by irrigation advisors and technicians, while promoting a
more efficient use of water resources (Cancela et al., 2019).

After transforming the LE pixel values (Fig. 5) into ET, we assessed
the performance of the drip, micro sprinkler, and pivot irrigation sys-
tems inside the farms described in Table 2 throughout IPI values. One of
the reasons of varying ET rates might be caused by different areas of soil
covered by each of these systems (Villalobos et al., 2009). Pivots wet
more surface than drips and micro sprinklers. For instance, considering a
difference of 1.0 mm d ! between the pivot and drip irrigation systenis,
and the pivot total area of 46.28 ha in Yamada (YA) farm (see Table 2),
this means an annual ET difference of 168,922 m® yr'.

Consoli and Papa (2013), through field energy balance measure-
ments in a drip irrigated orange orchard, found an average ET rate of
2.4 mm d!, under the Mediterranean semi-arid conditions. Yang et al.
(2003) reported similar rates from lysimeter measurements, also in drip
irrigated oranges but growing in Japan. Lysimeter measurements in
lemon orchard in Southeast Brazil, retrieved an average ET value of
2.9 mm d~! (Junior et al., 2008). The average values from these previ-
ous studies are inside of the range for the localized irrigated lemon or-
chards in the current study (daily averages of 2.0 mmd~' and
3.4 mm d %, respectively for drip systems in Q3 — July to September,
and micro sprinkler systems in Q1 — January to March). However, in
southern Italy, Consoli and Vanella (2014), using different remote
sensing methods, found higher average daily ET, ranging from 3.1 to
4.1 mmd~! in drip irrigated oranges. In the same region, crop, and
irrigation system, Longo-Minnolo et al. (2020), also reported a higher
average ET value of 3.8 mm d ™}, coupling remote sensing and weather
data. On the other hand, in central India, Panigrahi and Srivastava
(2016) found a lower average ET value of 1.8 mm d’l, from water
balance measurements. These distinct ET values in Italy and India
regarding the current study, may be attributed to differences in atmo-
spheric demands and irrigation managements, when compared to those
for the Brazilian semi-arid conditions.

In general, lemon orchards in the Brazilian semi-arid region were at
good root-zone moisture but the highest Ef and ET; values (Fig. 8) were
for the pivot systems, while the lowest ones happened in drip irrigated
areas. The reason is that besides pivot system spread water over a
large portion of soil and the air close to the orchards, favoring
evaporation, this irrigation system also modifies the microclimate,
while drip systems restrain the wet bulb close to the root zones,
reducing the partition of ET into evaporation and increasing the
partition of R, into H. According to Zhou and Zhou (2009), air
humidity and the available energy, were the most important variables
for the root-zone moisture variations in a reed marsh in Northeast
China. However, Ef and ET, values in plants under non-optimum root--
zone moisture conditions, are also influenced by the stomatal regulation
(Mata-Gonzalez et al., 2005; Mateos et al., 2013).

The maximum single K. values represented by the peak of the
polynomial curves in Fig. 9 (0.90 and 0.92, for drip and irrigation sys-
tems, respectively) were higher than the single K. ones tabulated for
citrus by Allen et al. (1998). One of the reasons of the lower values for
drip irrigation systems in comparison with the micro sprinkler ones,
should be its higher partition into transpiration, lowering the evapora-
tion coefficient (K.). Longo-Minnolo et al. (2020), analyzing irrigation
strategies in citrus orchards from remote sensing and agro-
meteorological data in Southern Italy, reported K. values ranging from
0.56 to 0.67 for drip-irrigated oranges, varying according to treatments
as indicators of transpiration activities, also bellow the FAO tabled
values (Allen et al., 1998). Differences on K. values from the recom-
mended FAO tabulated values were also found by Consocli and Papa
(2013) from field measurements in an irrigated orange orchard under
the Mediterranean semi-arid conditions, resulting in a K, range from
0.20 to 1.10, averaging 0.68. Also, for irrigated orange orchard, K.
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values averaging 0.91 and 0.75 were reported, during respectively
summer and winter seasons in Japan, respectively (Yang et al., 2003).
On the other hand, in Southeast Brazil, Junior et al. (2008) found K.
values from 0.82 to 1.18 from lysimeter measurements in an irrigated
lemon orchard, like the range of our K. values.

From soil water balance measurements under the semi-arid condi-
tions of southern Iran, Jamshidi et al. (2020) reported K. range from
0.67 to 0.96 in a drip-irrigated orchard under different deficit irrigation
strategies, higher than our results for drip-irrigated lemon orchards.
According to these authors, discrepancies in the reported K. values are
due to climatic differences (Yang et al., 2003; Nizinski et al., 2017),
irrigation management (Zitouna-Chebbi et al., 2015), plant physical and
biological features (Consoli et al., 2006; Garcia-Tejero et al., 2011;
Consoli and Papa, 2013), and soil evaporation rates (Maestre-Valero
et al., 2017), highlighting the need for local calibrations (Rana et al.,
2005; Villalobos et al., 2009, 2013). As, one of the reasons for K, dif-
ferences may be arttributed to climate and phenological stages, the
models relating K. and DD, depicted in Fig. 9 can be used to calibrate
the effect of the thermal effects, when aiming irrigation performance
assessments and water management (Teixeira et al., 2014a). However, if
some water stress is desired during specific phenological stages, to
improve water productivity (Panigrahi and Srivastava, 2016; Garcia—
Tejero et al., 2010, 2019), a reduction coefficient (K;) can be included in
water management (Mateos et al., 2013; Rallo et al, 2017; Lon-
go-Minnolo et al., 2020; Jamshidi et al., 2020).

Increasing on WD and decreasing on RET from DOY 240 (end of
August) to 315 (first half of November), during the F to FG phenological
stages in the current study (Fig. 10), may had affected the lemon yield,
according to Panigrahi et al. (2016) and Garcia Tejero et al. (2010,
2019). These authors recommended reduction of irrigation water to a
certain level, during the initial growth period and final fruit stages of
citrus, to improve WPgt. On the other hand, according to Jamshidi et al.
(2020), some care should be taken with this reduction as water stress
conditions could occur due to environmental or physiological stresses.
The WD and RET differences between the drip and micro sprinkler
irrigation systems, in mid-May (DOY 105-150), could be also attributed
to gaps for recovering the soil moisture after rains in drip irrigated
lemon orchards, compared with the micro sprinkler irrigated ones,
which promote a high partition of ET into soil evaporation (Mateos
et al., 2013, Longo-Minnolo et al., 2020).

From Table 12, it seems that a better water use is done in the SA farm,
which could be taken as a reference farm in terms of irrigation perfor-
mance in the study region. Thus, the best yield levels were achieved
under drip irrigation, where some gaps happened between crop water
consumption and crop water requirements. These findings agree with
other authors (Garcia Tejero et al., 2010, 2019; Pedroso et al., 2014;
Ballester et al., 2014; Chai et al., 2016; Robles et al., 2017; Jamshidi
etal., 2020; Longo-Minnolo et al., 2020), who reported that some deficit
irrigation in specific phenological stages of citrus orchards will favor
yield and quality, while maximizing water savings in arid and semi-arid
regions.

Rallo et al. (2017) emphasized that water-saving management stra-
tegies, such as regulated deficit irrigation (RDI) and partial root-zone
drying (PRD), can contribute to increase citrus WPgt. Under RDI, water
is generally supplied at levels below full crop transpiration during spe-
cific periods of the growing season. PRD method involves the exposure
of half of the roots system in a drying state, while the remaining roots are
wetted (Hutton and Loveys, 2011; Romero-Conde et al., 2014). Previous
studies proved that in citrus orchards, fruit drop is not very sensitive to
soil water deficit applied during some periods of fruit growth and, if
returning to the full water dosage for a sufficiently long period before
harvesting (Gonzalez-Altozano and Castel, 1999). More recent studies
have proved that these strategies are promising techniques to increase
citrus yield with water savings (Melgar et al., 2010; Hutton and Loveys,
2011; Ballester et al., 2013, 2014).

In central India, drip irrigation in orange orchards saved 30%
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irrigation water while enhancing yield by 50%, compared with basin
irrigation (Panigrahi et al., 2012). In the same region and crop, Pani-
grahi and Srivastava (2016) demonstrated that reducing 20% and 40%
of irrigation requirements, during the fruit growth periods, increased
18% on fruit yield with better quality, and 30% on WPgr levels.
Analyzing two years of water balance and yield of an orange orchard
under different irrigation deficit strategies in the Iranian semi-arid,
Jamshidi et al (2020), found significant differences among drip irriga-
tion treatments (water applied at 45-100% of ETy), with increases on
yield as water applied increased, but till a certain degree, when yield and
fruit size differences were not statistically significant. Consoli et al.
(2017) studying the effects of the PRD technique on yield and fruit
quality of young orange trees Eastern Sicily (Southern Italy), concluded
that with trees irrigated at 50% of crop water requirements, fruit yield
increased by 10-20%, without fruit quality reductions, improving WPgr
three times when compared with the full irrigation treatment.

Considering all assessed farms in the current study, ET was equiva-
lent to more than 75% of ET,, indicating, in general, enough irrigation
water supplies, however, the large WPgt range (Table 12), highlighted
rooms for irrigation water management improvements. Panigrahi and
Srivastava (2016), reported a WPgr increase in a drip irrigated orange
orchard in central India from 2.3 to 2.9 kg m > proportionally to water
stress level. Improvements on WPgr with deficit irrigation were also
reported in a semi-arid region of Spain (Garcia Tejero et al., 2010,
2019). Considering the irrigation water applied ranging from 45% to
100% of ETg in the semi-arid of Iran, Jamshidi et al. (2020) reported
WPgr values for drip irrigated oranges from 2.0 to 3.0 kg m ™. The au-
thors recommended the treatment of irrigation water applied at 60 or
70% of ETy as the best option for minimizing the amount of water use
while still maintaining the benefit of a good yield.

Although lemon WPgrg values for the studied lemon orchards from
0.39 to 0.90 US$ m >, being higher than those for corn in Southeast
Brazil (0.34-0.68 US$ m™®) (Teixeira et al., 2014a), and other arable
crops around the world (0.10-0.20 US$ m~%) (Sakthivadivel et al.,
1999), they are much lower than those for table grapes (2.2 and 8.1 US$
m~3, respectively) and mangos (1.3 and 1.8 US$ m~3) in Northeast
Brazil (Teixeira et al., 2009b). However, besides irrigation management
and schedule, other issues are important to consider in WPgrg assess-
ments, as for example, the overall production costs, the root-
stock/cultivar combinations, plant ages, spacings, and environmental
differences (Germana and Sardo, 2004; Panigrahi et al., 2012; Pedroso
et al., 2014; Ballester et al., 2014; Panigrahi and Srivastava, 2016; Chai
etal., 2016; Robles et al., 2017; Garcia Tejero et al., 2019; Teixeira et al.,
2009b).

According to the current irrigation performance assessments, tech-
niques about the use of regulated deficit irrigation strategies, in some
phenological stages of lemon orchards are encouraged in the study re-
gion, aiming to maintain or improve lemon yield, while promoting
water savings. Applications of the SAFER algorithm without the satellite
thermal band improving spatial resolutions can contribute to these
studies, being of great value for both researchers and advisors (Cancela
et al., 2019). In addition, the algorithm implementation can also
contribute to minimize conflicts among farmers and other water users,
under the water scarcity conditions in semi-arid environments.

Although SAFER had been elaborated and validated with Landsat
images in the Brazilian semi-arid regions, to replicate the method in
other regions should require calibrations of the regression coefficients,
mainly for Eq. (10), what can be done by remote sensing estimations of
dp, NDVI and T together with field measurements of ET and ETy. For ET
one can apply energy or water balance methods, while for ETg, weather
data close to the experimental areas can be used (Venancio et al., 2021).
The algorithm allows to overcome the limitations of energy balance
models related to the lack of thermal data at high spatial/temporal
resolution. In addition, the temporal upscaling process of ET values is
avoided as daily ET values can be used directly (Consoli and Vanella,
2014).
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The main limitations of remote sensing algorithms for water advisors
are the availability of cloud-free satellite images, reliable agro-
meteorological data, and the need of some radiation physic knowledges.
However, the development of simple regressions as showed in Fig. 9
allow the water management based only on weather data. Having data
on T, and ETy it is possible to estimate lemon water requirements in any
time of the year based on DD, allowing applications of regulated deficit
irrigation strategies incorporating the K coefficient in specific crop
stages.

5. Conclusions

The joint use of Landsat 8 (1.8) images and agrometeorological data
made it possible to estimate the energy balance components for irriga-
tion performance assessments in lemon orchards, under different irri-
gation systems, in the semi-arid region of the Sao Francisco river basin,
northern Minas Gerais state, Southeast Brazil. The magnitude of the
energy balance components varied spatially and temporally along the
year, with the evaporative fraction above 1.00 and 1.30 for localized
(micro sprinkler and drip systems) and pivot irrigation systems,
respectively, from fruit growth to harvest peaks phenological stages.

Applications of the SAFER algorithm to L8 images identified different
water fluxes from irrigated areas in lemon producer farms under distinct
irrigations system. Due to high water use by pivot irrigation systems
under the circumstances of water scarcity of the Brazilian semi-arid
region, only localized irrigation systems were recommended, through
the modeling of crop coefficient and estimations of crop water
requirements.

Lower water consumptions were detected in lemon drip irrigated
orchards with some degree of water deficit because the evapotranspi-
ration (ET) process occurs on a limited extension close to the root zones
wetted by the drippers, increasing the ET partition into transpiration.
The use of drip irrigation systems with regulated deficit irrigation stra-
tegies are then encouraged when aiming at good lemon yield, while
promoting water savings.

Besides the results of the current study being important for
improving irrigation performance assessments and irrigation water
management of lemon orchards in the study region, the success of these
specific applications may allow the replication of the methods in citrus
around the world, with probably the need of simple adjustments in the
regression coefficients of the modelling equations.
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