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Abstract

Remote sensing parameters were used along with weather data to assess the large-scale
sugarcane water balance in Northeast Brazil, using a dataset from 2007 to 2024. Rainfall (P)
was spatially quantified from interpolated pluviometer data and actual evapotranspiration
(ET) was estimated using the SAFER algorithm. Considering the sugarcane crop areas for
each year, the mean annual P varied from 8555 million cubic meters in 2009 to 3172 million
cubic meters in 2021. Regarding ET, it varied from 5869 million cubic meters in 2007 to
3375 million cubic meters in 2017. The assessments showed time lags of around two months
between rainfall water supplies and root zone moisture levels and highlighted the use of
evaporative fraction (E¢). Anomalies in P and ET were detected through their standardized
indices by comparing the results for the years 2021 to 2024 with the long-term values from
2007 to each of these years, showing that the rainfall water supplies and water fluxes may
vary along sugarcane phases and years. It can be concluded that large-scale water balance
assessments can potentially serve as the basis for public policies aimed at sustainable crop
management and rational expansion in areas with environmental suitability.

Keywords: precipitation; actual evapotranspiration; land-use changes; sustainable agricul-
ture; bioenergy

1. Introduction

Sugarcane (Saccharum officinarum) is a significant crop in several parts of the world,
particularly in tropical and subtropical regions. Besides its use for producing sugar, it
is also important for ethanol production, an alternative fuel source that is progressively
becoming popular as a cleaner and more sustainable energy option. Ethanol from sugarcane
is considered more environmentally friendly than fossil fuels and significantly reduces the
carbon footprint. As countries seek to reduce their reliance on traditional fuels, sugarcane-
derived ethanol is a viable solution [1-5]. However, it is crucial to manage water and soil
resources wisely in sugarcane fields to prevent negative environmental impacts from their
coexistence with natural ecosystems [6-9]. Under these global scenarios, Brazil stands
out as one of the main sugarcane-producing countries, expanding its sugar and ethanol
production, due to the environmental importance of renewable energy generation [10,11].

The search for sustainable sugarcane management to improve biomass growth is
crucial for producing sugar and ethanol from sugarcane under climate and land-use change
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scenarios, which affect productivity [3,4,9,12]. Sugarcane meets the requirements for rapid
growth and high biomass production for yielding bioenergy [5]; however, its cultivation
increases regional water demand [1,13,14] impacting the environment [6,15-19], which are
crucial issues for sustainable sugarcane production. The sustainability aspects connect
directly to the Sustainable Development Goals (SDGs). Instead of focusing only on yield,
sugarcane crops should try to balance sugar, ethanol and bioenergy production with climate
protection, biodiversity conservation, and economic opportunities.

Regarding SDG 6, which is about clean water and sanitation, it includes efficient
water use and protection of freshwater ecosystems, supporting rivers, wetlands, and
groundwater because less water is wasted. Considering irrigation conditions, sustainable
crops should invest in sustainable irrigation technologies, such as drip or sprinkler systems,
and in monitoring soil moisture and evapotranspiration to avoid water deficit or water
excess. These strategies reduce withdrawals from rivers and aquifers, lowering the risk
of water pollution from runoff, and supporting healthier watersheds [13,14]. Another
clear link between sugarcane and the SDGs is with clean energy, in SDG 7, as the crop can
produce ethanol, which reduces greenhouse gas emissions and helps fight climate change,
which is related to SDG 13. Techniques such as conservation tillage, cover cropping, and
well-planned irrigation schedules can enhance soil organic matter, which captures carbon
and improves water retention capacity. At the same time, climate-smart agriculture uses
weather data and seasonal forecasts to adjust planting dates, crop varieties, and water use,
making farms more resilient to heat waves, droughts, and floods [2,7-9].

Sugarcane is a crucial crop in Northeast Brazil and significantly contributes to the re-
gion’s economy. The climate in the cultivated area of this region is well-suited for the plants,
due to warm conditions and seasonal rainfall, which favor yield. However, environmental
impacts, such as deforestation caused by this monocultural production, demand research
to reduce these externalities through more sustainable agricultural practices [7,20]. Remote
sensing and Geographic Information Systems (GIS) are powerful tools for monitoring sug-
arcane growth patterns and optimizing water management, enhancing sustainability while
meeting the rising demand for sugar and its derivatives [17,21-23]. By balancing economic
interests with ecological concerns, the Northeast Brazil aims to maintain its position as one
of the country’s leaders in the sugar and ethanol industry [9,19].

Sugarcane crops require a significant volume of water during their growing cycles.
Nonetheless, rainfall water is not always available in the same amounts every year in the
agricultural areas of Northeast Brazil [22-24]. In this context, assessing the long-term water
balance in sugarcane fields is important to understand how water enters and leaves the
system over time. The water balance accounts for water inputs, mainly through rainfall
and irrigation, and water outputs, such as evapotranspiration, runoff, and deep percolation.
When water input exceeds output, there is a positive water balance and a water surplus in
the root zones. When output exceeds input, there is a negative water balance and a water
deficit for the crop [17,22,25,26]. Analyses of many years of water balance data enable the
identification of patterns of drought, excess rain, and normal years, helping producers plan
planting dates, irrigation strategies, and even choose sugarcane varieties more tolerant to
water stress.

The difficulties of measuring and analyzing long-term water balance components
solely through local measurement points [27] add value to the need for the use of geotech-
nologies, which have been applied in Northeast Brazil [19,22,23]. They enable estimating
actual evapotranspiration (ET) across sugarcane fields, which is fundamental for large-scale
water balance [17]. ET represents the main water output, helping the detection of water
stress and crop performance. Instead of measuring only a few experimental plots, geotech-
nologies make it possible to analyze entire regions of sugarcane production [17,21-23,26].
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In the current paper, we used remote sensing parameters together with weather data to
directly estimate ET, while precipitation (P) was obtained by pluviometers. Thus, it was
not strictly necessary to measure or estimate runoff and deep percolation for our purpose.

Geotechnologies favor the construction of long-term series of water balance compo-
nents and the evaluation of thermal and moisture conditions within the same sugarcane
fields for several years. With these tools, it is easier to identify trends of increasing wa-
ter deficit, shifts in rainy season onset, or more frequent extreme events [28-31]. This
enables farmers to adjust the sugarcane crop cycles to avoid water stress during high-water-
demanding periods and preserve yield and sugar content, helping to define more sustain-
able sugarcane water management, reduce waste and protect water resources [17,21-23].
This broader view improves regional planning and public policies related to agriculture
and water security and is useful for adaptation to climate change in the sugarcane sector. It
also supports practical decision making, such as defining priority areas for irrigation based
on environmental conditions [7,9].

In terms of long-term series of water and vegetation parameters, standardized indices
for detection of environmental anomalies have been used. The inclusion of water and
vegetation parameters in these indices is important for environmental monitoring [32-34].
For these assessments, distinct remote-sensing algorithms can be used to obtain ET [35-37].
Considering its biophysical aspects, the SAFER (Simple Algorithm for Evapotranspiration
Retrieving) algorithm was developed by using simultaneous field and remote sensing
measurements in Northeast Brazil to estimate ET [37]. After that, the algorithm was vali-
dated under different thermal and moisture conditions in distinct agroecosystems [22,37].
These validations showed good agreement, with the regression analysis explaining 89%
of the variance and a mean square error (RMSE) of 0.34 mm d~! [37]. Another important
advantage of choosing SAFER’s in the current research, compared to other algorithms, is
that its newer version allows the use of only the red and near-infrared satellite bands [22].

Despite previous studies with SAFER applications, few studies have been carried out
to monitor the water balance components over the years in sugarcane fields and to monitor
anomalies for specific periods. These long-term assessments can add knowledge about
the impact of sugarcane expansion on the environment. In the current study, SAFER was
applied in Northeast Brazil to estimate ET in sugarcane fields within a Brazilian agricultural
region called SEALBA, whereas pluviometer data were interpolated using geostatistical
tools to quantify precipitation (P). SEALBA is being replaced by agricultural crops, mostly
sugarcane under rainfed conditions, affecting the large-scale water balance [23,24].

Using land-use shapes to demark sugarcane fields within SEALBA for each year from
2007 to 2024 and cross-referencing them with information about producing counties, re-
flectance MODIS images and weather data were integrated for long-term water balance
assessments aiming to monitor the components of this balance and their anomalies through-
out the years. We used the standardized index (5TD) based on P and ET values (Pstp and
ETstp) for specific periods during the last four years of this long-term dataset. The authors
expect that, with successful applications in rainfed sugarcane fields of Northeast Brazil,
the large-scale modeling could be carried out in other environments, probably requiring
calibrations to infer distinct environmental and local sugarcane management conditions.
The hypothesis is that long-term sugarcane water balance components can be monitored
using reflective bands and weather data at good spatial and temporal resolutions, which
are useful for supporting rational sugarcane management and generating rational criteria
for its sustainable commercial expansion, helping to maintain sugar and ethanol yields.
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2. Materials and Methods
2.1. Study Area, Weather Stations and Sugarcane Fields

Figure 1 shows the location of the SEALBA region in Northeast Brazil (Figure 1a), its
sugarcane-producing counties with the weather stations from the Brazilian National Me-
teorological Institute INMET—nhttps:/ /www.gov.br/agricultura/pt-br/assuntos/inmet,
accessed on 19 May 2026) (Figure 1b), and the extension of the sugarcane fields in 2024
obtained by cross-referencing the shapes from MapBiomas (https:/ /brasil. mapbiomas.org)
and sugarcane yield information from the Brazilian Institute of Geography and Statistics
(IBGE—www.ibge.gov.br) (Figure 1c).
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Figure 1. Location of the SEALBA region in Northeast Brazil (a); sugarcane-producing counties
together with the weather stations (b) and sugarcane fields within these counties in 2024 (c).

The climate in the SEALBA region is humid tropical [23]. Following [27], for a gener-
alized sugarcane growing cycle of 12 months in Northeast Brazil, the crop phases can be
divided into four: Phase 1—germination, lasting from day 0 to day 40; Phase 2—tillering,
from day 40 to day 120; Phase 3—grand growth, from day 120 to day 270; and Phase
4—maturation, from day 270 to day 365.

During Phase 1, the crop is influenced by moisture, temperature and aeration of the
soil; in Phase 2, the most important parameters are cultivar, solar radiation, air temperature,
root zone moisture and fertilization; for Phase 3, the most important parameters are solar
radiation and root-one moisture levels are highly required to favor stalk elongations; and
during Phase 4, high solar radiation values are desirable but at low root zone moisture
levels, since this last phase is characterized by low vegetative growth [38].
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2.2. Long-Term Water Balance Modeling

The weather data obtained from the 16 weather stations were spatially interpolated
using the Ordinary Kriging method, generating continuous surfaces in grid format (raster)
to be coupled with MODIS remote sensing parameters at the 250 m spatial resolution.
The theoretical semi variogram was adjusted to a spheric model, with nugget of 0, sill of
1 and maximum distance of 1000 m. The search for neighboring points was limited to
1000 m, considering a minimum of 1 point and a maximum of 16 points for estimations.
Duplicated points were removed by averaging the matching values, with tolerance of
0.1 m. The output maps were generated at a precision of 0.001, without using the spherical
distance and without error maps. These weather grids were matched with the sugarcane
fields from the land-use shapes and with the producing counties within SEALBA from
2007 to 2024. To retrieve the water balance components from all MODIS images and
gridded weather data, the SAFER’s equations were applied by using a script built in
the Integrated Land and Water Information System (ILWIS), version 3.8.6, which is a
geographic information system (GIS) and remote sensing software for both vector and
raster processing (https://52north.org/news/new-ilwis-3-8-6-release/, accessed on 19
May 2026). For reference evapotranspiration (ETy), daily weather data were used [25].
Together with the reflectance MOD13Q1 product, these weather data were also used
as input for ET modeling and using interpolated P data the large-scale water balance
components were assessed [22].

The Normalized Difference Vegetation Index (NDVI) was calculated according to [28]:

NDVI = 22— 1

—_ 1
P2 + P1 M

where pl e p2 are, respectively, the MODIS reflectance from bands 1 (red) and 2 (near-
infrared).
The o values were calculated as:

ag = a+bp; +cpy )

where a, b and c are regression coefficients of 0.08, 0.41, and 0.14 for Northeast Brazil [22].
Ty was acquired by applying the Stefan-Boltzmann equation to the long wave energy
balance components [17,23]:

{/Ra(1 - ag) + o€, T,* — Ry

o

©)

To

where ¢4 and eg are the atmospheric and surface emissivities, respectively; Ry, is the net
radiation; and o = 5.67 10 ~8 W m —2 K —* is the Stefan-Boltzmann constant.
Following [39,40], R, was estimated through the Slob equation:

Rn = (1 —a0)Rg —arTsw (4)

where Tg,, is the short-wave atmospheric transmissivity, and ay, is a regression coefficient
upscaled through T, pixel values:
The €5 and eg values were calculated as:

€a = aa(In Tsw)ba )

€g = ag InNDVI + bs (6)
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where a,, ba, ag, and bg are regression coefficients, which were reported as 0.94, 0.11, 0.06,
and 1.00, respectively, for the Northeast Brazil [37].

For water balance, ET is derived directly from remote sensing parameters, thus with-
out the need for runoff and deep percolation. The daily values of evaporative fraction
(E¢ = ET/ETj) were modeled:

T
Ef = exp [asr + bgr <DC()I\HODW>:| (7)

where ag; and b, are regression coefficients, respectively 1.9 and —0.008 for Northeast
Brazil, which can be calibrated for other environmental conditions [41].
The ET daily values were calculated according to [37]:

ET = EET, (8)

For comparisons between the remote sensing sugarcane ET and the FAO approach [25],
the equation for crop coefficient for mid-season (K. ;) stage under optimum sugarcane
root zone moisture was used:

03

Kemid = Kcrap + [0.04(up — 2) — 0.004(RHpin — 45)] (2) )]

where K. tap is the tabled crop coefficient for sugarcane, u; is the average wind speed at

2 m height, RHp;y, is the average minimum value for relative humidity, and h is the mean

crop height. The K. ;4 values were then multiplied by the corresponding ETj ones to
give ETFAO-

For quantification of the moisture degree in the vicinities of the sugarcane fields, the

water balance (WB) indicators difference (subscript d) and ratio (subscript r) were used [22]:

WBy4 =P — ET (10)

P
WB; = — 11
=5 )
Following [31,33], to detect anomalies, the standardized indices (STD) for the water
balance (WB) components were calculated from 2021 to 2024:
WB — WBean
WBsrp = —————— 12
STD Whep (12)
where WBgp is the standardized index for P or ET for the period (from 2021 to 2024);
WB are their values for the specific year (2021, 2022, 2023, and 2024); WBpean are
historical averages (2007-2021, 2007-2022, 2007-2023, and 2007-2024); and WBgp are
standard deviations.

3. Results and Discussion
3.1. Thermal Conditions

Figure 2 shows the daily average values, at the 16-day MODIS timescale, of the
incident global solar radiation—Rg—, air temperature—T,—(Figure 2a) and reference

evapotranspiration—ETy—(Figure 2b), for the sugarcane fields in the producing counties
at SEALBA, from 2007 to 2024, in terms of day of the year (DOY).
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Figure 2. Average daily values, at the 16-day MODIS timescale of incident global solar radiation—Rg
and air temperature—T), (a); and reference evapotranspiration—ETj (b), for the sugarcane fields of
the producing counties within SEALBA, from 2007 to 2024.

The thermal dynamics presented in Figure 2 may be considered historical averages
for each 16-day MODIS period, because they represent interpolated mean pixel values for
18 years of data (2007 to 2024).

The hottest period under the highest solar radiation levels in the sugarcane fields
occurs from September to April (DOY 257 to 096), with mean Rg and T, values over
20.00 M] m~2 d~! and 24.00 °C, respectively. This period portrays the zenith position
of the Sun and the period outside the rainy season in SEALBA. The lower limits for
both climatic parameters happen in the middle of the year, reaching the average Rg of
14.00 MJ] m~2 d~! from June to July (DOY 161-192), while for T,, it reaches 23.00 °C,
between July and August, both corresponding to the winter solstice in the Southern hemi-
sphere. The one-month gap in the magnitudes of Rg and T, shows the time differences
between heating and cooling compared with the maximum and minimum solar radiation
levels, respectively.

In terms of the atmospheric demand, ETj follows solar energy and thermal tendencies
throughout the year. However, since the climatic parameter that most affects this demand
is R, the upper and the lower limits for ET; are over 4.00 mm d~! from September to
March and lower than 3.00 mm d~! between June and July, respectively. The highest
thermal conditions affecting the atmospheric demand happen at the start and at the end of
the year, and involve the generalized Phases 1 and 4 of the sugarcane fields, respectively;
however, since the region is close to the Equator (Figure 1), ETy amplitudes are not so
large, and somewhat limit their effects on the sugarcane water balance, even under high
rainfall amounts.
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3.2. Moisture Conditions

Figure 3 presents the spatial dynamics of the precipitation (P) values, pixel averages
and standard deviations (SD) at the annual scale for sugarcane fields in SEALBA, from 2007
to 2024.
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Figure 3. Long-term dynamics of annual precipitation (P) values, pixel averages and standard
deviations (SD) for sugarcane fields in SEALBA from 2007 to 2024.

Spatial and temporal variations in P pixels are noticeable within the sugarcane fields.
The strongest contrast is observed comparing pixel values in 2007, with average below
800 mm yr~!, to those in 2009, when the average was above 1850 mm yr~!. Considering
the values represented by the averages and SDs, P rates ranged between 500 mm yr~! in
2021 and 2063 mm yr~! in 2009. The largest spatial variations occurred in 2021, when SD
represented 38% of the mean pixel value, while the lowest ones, 10%, happened in 2008,
2010 and 2013.

Figure 4 shows the spatial dynamics of the actual evapotranspiration (ET) values,
pixel averages and standard deviations (SD) at the annual scale, for the sugarcane fields in
SEALBA, from 2007 to 2024.

As for D, several spatial and temporal variations are also clear on ET throughout the
years from 2007 to 2024 for the sugarcane fields within SEALBA. Rainfall is the main ET
driving force in SEALBA [23]. However, the upper and lower limits of ET and P values for
sugarcane fields throughout the years did not coincide. For ET, the maximum pixel values
occurred in 2007, with annual average above 1260 mm yr—!, even during the lowest P for
this year in the time series, while the minimum ET rates, below 900 mm yr’l, occurred in
2017. These differences between the maximums and the minimums in P and ET values
are due to soil remaining wet after the high rainfall amounts, even with high Rg and T,
levels [22,23].
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Figure 4. Long-term dynamics of annual actual evapotranspiration (ET) values, pixel averages and
standard deviations (SD) for sugarcane fields in SEALBA, from 2007 to 2024.

Earlier studies using field measurements for irrigated sugarcane in Florida (USA) [42]
resulted in a total ET of 1060 mm for one sugarcane growing cycle, within the ranges for
the generalized 12-month growing cycle in SEALBA, under rainfed conditions. In more
recent research in Ethiopia, using Landsat satellite measurements, an annual ET ranging
from 1312 to 1682 mm was reported for irrigated sugarcane [26]. However, ref. [21] found
lower growing cycle totals, between 690 and 829 mm using remote sensing measurements
under rainfed conditions in Southeast Brazil. The ET differences can be related to soil cover
by the canopies [43], and climate conditions [44].

3.3. Long-Term Water Balance Accounting

To assess water balance dynamics from 2007 to 2024, Figure 5 presents the average
pixel values and SDs for P (Figure 5a) and for ET (Figure 5b) throughout the year, in the
sugarcane fields within SEALBA.

Accounting for the water input in the long-term water balance, the highest mean P
values (Figure 5a), with an average total over 100 mm 16d !, occur from April to July (DOY
097 to 192), while the lowest ones, below 30 mm 16d !, occur between September and
January (DOY 257 to 016). Considering the water output from the sugarcane fields, the
maximum ET rates (Figure 5b), with a total average higher than 50 mm 16 d !, occur after
the rainiest period, between June and October (DOY 161 to 288), under good levels of root
zone moisture promoted by the previous rains, while the minimum ones, 30 mm 16 d-1
occur from DOY 305 (November) to 080 (March), off the rainy period.

Sugarcane daily mean ET values in SEALBA range between 1.10 mm d ! (during
the climatically driest period) and 4.50 mm d~! (within the rainy season). These rates
are slightly above those reported by [45], who found averages from 1.60 to 2.90 mm d !
for distinct cultivars and root zone moisture conditions, a range involving drought stress
and well-watered conditions in South Africa. However, our values are lower than those
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reported for irrigated sugarcane in Ethiopia, between 2.00 and 6.60 mm d~!, based on
Landsat measurements [26]. For an irrigated sugarcane field in Florida (USA) in an earlier
study, ref. [42] reported a minimum daily ET rate of 0.70 mm d~! and a maximum of
4.60 mm d !, while from Bowen ratio measurements in irrigated sugarcane located in
Southeast Brazil, ET ranged from 3.70 to 4.40 mm d~1 [46]. Also in Southeast Brazil, from
remote sensing measurements in rainfed sugarcane daily ET ranging between 0.30 and
5.80 mm d ! was reported for the dry and rainy periods, respectively [21]. The similarity
between daily ET values in the current study and in the literature conveys reliability to
SAFER applications integrating MODIS images and weather data for large-scale estimations
of sugarcane water consumptions.
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Figure 5. Pixel averages and standard deviations (SD) for precipitation—P—(a) and actual
evapotranspiration—ET—(b), in the sugarcane fields within SEALBA.

Figure 6 shows the average dynamics for the sugarcane moisture indicators WB4 and
WB; (Figure 6a) and E; (Figure 6b) for the sugarcane fields in SEALBA.
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Figure 6. Dynamics of pixel averages for the water balance indicators difference—WBy4 and ratio—
WB:; (a) indicators, together with evaporative fraction—Es (b) for the sugarcane fields in SEALBA.

According to WB; and WBy values (Figure 6a), the periods with the largest climatic
water deficits occur between August and November (DOY 241 to 320), when WBy is below
—20 mm 16 d~1. However, WB; only drops below 0.50 when P is less than half of ET, from
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October to the start of December (DOY 289 to 336), which is evidence that even under a
reduction in rainfall amounts after the end of August, the sugarcane root zones still show
good available moisture for crop growth until the end of September (DOY 273).

The temporal gaps, around two months of lag, between rainfall and sugarcane root
zone moisture, are much clearer when assessing the E¢ dynamics (Figure 6b). The highest
E¢ values, above 1.00, occur during the generalized sugarcane transition phases from grand
growth to maturation, between June and September (DOY 161-257). The lowest ones, below
0.50, occur from November to March (DOY 321-080), involving the maturation phase and
the transition from germination to tillering. The E¢ values depict the conditions for high
or low water fluxes [47,48]. Under optimum root zone moisture levels, E¢ is taken as the
crop coefficient (K¢), used in irrigation management [14,25,47] and agroclimatic zoning [22].
Although the E; values in the current study refer to rainfed sugarcane, the range between
0.35 and 1.25, averaging 0.71, shows that, in general, the plants are under good root zone
moisture, a little lower than those for the standard FAO K. tabled values for K. j; and
Kc mig of irrigated sugarcane [25], and differed only for the K. .,q of 0.75 against 0.40
in SEALBA.

In the SEALBA agricultural region, considering the generalized sugarcane growing
cycle of 12 months, it may be observed from the ET rates in Figure 5b and E; values in
Figure 6b that this cycle starts from February to March (DOY 049-065), indicating that the
farmers strategically adjust the sugarcane phases with rainfall water availability and crop
water requirements. WBy ranges from —31 mm 16 d~! in September (DOY 257-272) to
72 mm 16 d~! in May (DOY 129-144), while the range for WB; is between 0.39 in December
and 2.50 in May (DOY 129-144). This last month is climatically characterized by rainfall
equivalent to three times the water consumed by the crop and brings the possibility of
negative effects of excess water on plants. This is also an opportunity for applying water
storage techniques to be used under rainfall water scarcity periods [22,23].

Under these planting dates, the period with the highest rainfall water availability
for the sugarcane-producing counties within SEALBA matches Phases 2 (tillering) and
3 (grand growth). The period with some water scarcity occurs in Phase 4 (maturation).
During active growth, water deficit reduces biomass production [49]; however, rains are
undesirable in phase 4, because they favor low-quality sugarcane products [38]. It may
be concluded that rainfall in sugarcane-producing areas within SEALBA generally meets
the crop’s water requirements for good yields. However, supplementary irrigation and
rainfall water storage techniques are recommended in some areas facing rainfall water
deficit periods.

Considering the WBy 16-day values (Figure 6a), a mean sugarcane crop area of
431,078 ha from 2007 to 2024, and environmental conditions throughout these years, there
was a supplementary irrigation demand of 733 million cubic meters from 29 August to
16 January, and possibilities for rainfall water storage of 1957 million cubic meters from
17 January to 28 August, avoiding water loss by runoff and/or deep percolation.

3.4. Sources of Uncertainties and Limitations

One of the main difficulties of using satellite images to follow large-scale water balance
dynamics throughout the years is cloudy conditions. The 1000 m spatial resolution of
the MODIS thermal bands means that the images should cover more pixels that are not
sugarcane fields. To minimize these problems, we used the reflectance MOD13Q1 product
applying the residual method to estimate surface temperature (T¢) [22]. The HDF file has
reflectance bands 1 and 2 at 250 m spatial scale.

Another issue for modeling large-scale water balance is ET validation with simulta-
neous field and satellite measurements. In general, micrometeorological towers are used
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together with remote sensing parameters, these towers being equipped with very expensive
sensors which are not always available and present several maintenance problems. In the
current research, we did not have field measurements for our study region for the period
2007 to 2024, but previous studies had already validated the SAFER algorithm in distinct
agroecosystems and environmental conditions of Northeast Brazil [22,37,40]. The algorithm
was previously called PM2, and the satellite results showed good agreement with field
measurements, with the regression analysis explaining 89% of the variance and a mean
square error (RMSE) of 0.34 mm d~!. Field data used for SAFER development involved
irrigated crops and natural vegetation from 2001 to 2007, being described in detail in [40].
After this, it was also calibrated and validated under distinct environmental conditions of
several Brazilian agroecosystems [22].

However, to become more confident with ET values for our purposes in the current
study, besides comparisons with literature, ET results under optimum root zone moisture
conditions were checked with those from FAO crop coefficient (K.) approach [25] by using
K¢ and ETj values during the sugarcane mid-season stage. Thus, one can expect sufficient
accuracy for sugarcane water balance evaluations in Northeast Brazil, making it not strictly
necessary to perform new expensive validations with flux towers.

The FAO approach considers ET at potential rates under irrigation conditions (ETpp0).
Thus, for comparisons with our values, we considered ET retrieved from SAFER dur-
ing the period of mid-season stage (ETsp), corresponding to the sugarcane transition
Phases 3 (grand growth) to 4 (maturation). Although our sugarcane fields are under
rainfed conditions, according to Figure 6, it was assumed that during this period the con-
ditions of good root zone moisture were satisfied for the superior limit of the standard
deviations (SD).

FAO calculations start with tabled K. values through Equation (9). Table 1 shows an
overview of the parameters used for ETga0 calculations, and its comparisons with ETgg
from 2007 to 2024 in the sugarcane fields within SEALBA.

The K. tap and mean sugarcane crop height (h) were kept constant for sugarcane, 1.25
and 3 m, respectively [25]. We used interpolated pixel values of ETy, minimum relative
humidity (RHp;in) and average wind speed at 2 m height (uy), within the sugarcane land-
use shapes from 2007 to 2024. For the FAO mid-season stage, the average daily ETj values
did not vary too much throughout the years, between 3.00 and 4.00 mm d~' however, the
highest atmospheric demand was for 2007, while the lowest one was for 2008. Regarding
the minimum relative humidity (RHpin) values, there were more variations, between 35%
and 55%. The driest year was 2007, coinciding with the largest atmospheric demand (>ET));
and the moistest year was 2008, when the lowest atmospheric demand occurred (<ETy),
respectively. The range for wind speed (u,) was narrow, with averages from 1.30 m s ! to
1.70 m s~ !, thus not affecting the ET and ETpp significatively (Table 1).

Through the fixed K. 1op and h, RHpin and uy pixels, the K. 1,;q values were obtained
(Equation (9), Table 1). Considering the averages and SDs, the range from 1.18 (2008) to
1.28 (2007) confirms the climate dependence of this coefficient. The average value of 1.22
was 98% of the tabled one (1.25) [25]. The product of K.pao by ETy gave ETgs0 rates from
2007 to 2024. Considering averages and SDs for evapotranspiration, ETpao was 16% higher
than ETgp, but 6% lower in 2008 and 42% higher in 2015. However, spatial variations were
much lower for ETgs0 than for ETsg, with SD accounting for 6% and 24% of the mean pixel
values, respectively.
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Table 1. Parameters used to calculate the mid-season FAO crop coefficient for sugarcane and compar-

isons of evapotranspiration from FAO approach and SAFER, during the FAO mid-season sugarcane

phases from 2007 to 2024.
Year  KeTab h ET) RHmin uz K¢ mid ETra0 ETsp
¢ (m) (mm d-1) (%) (ms™1) ) (mmd-1!)  (mmd-Y)
2007 1.25 3.00 3.89+014 36894046 1.66+0.21 1.27 £0.01 494 +0.20 4.39 £ 0.88
2008 1.25 3.00 313+0.10 5444+1.27 139+0.15 1.19 £ 0.01 3.72+0.13 3.50 £ 0.78
2009 1.25 3.00 320+0.09 51.04+141 155+0.15 1.21 £0.01 3.86 £ 0.12 347 £0.74
2010 1.25 3.00 327+010 48.16+1.10 1.58+0.16 1.22 £0.01 3.99 +£0.13 3.66 £+ 0.80
2011 1.25 3.00 3.14+0.08 51.024+142 1524+0.17 1.21 £0.01 3.79 £0.12 3.35+0.76
2012 1.25 3.00 339 +£0.08 48.64+1.18 1.55+0.14 1.22 £0.01 413 +£0.10 3.51 £0.80
2013 1.25 3.00 329+0.13 50594+1.04 1.47+0.13 1.21 £0.01 3.97 £ 0.16 3.54 +£0.82
2014 1.25 3.00 332+017 49.68+1.69 1.58+0.15 1.21 £0.01 4.03 +£0.22 3.61 £0.83
2015 1.25 3.00 353+030 4780+230 154+0.14 1.22 £0.01 4.31 £ 0.38 3.03 £ 0.78
2016 1.25 3.00 359+023 41.194+273 154+0.14 1.25 £ 0.01 4.48 +0.33 3.58 £ 091
2017 1.25 3.00 320+025 48424391 1.58+0.22 1.22 £0.02 3.90 £ 0.34 3.35 +£0.94
2018 1.25 3.00 347 +031 4484 +351 1.46+0.14 1.23 £ 0.01 4.26 +0.39 3.59 + 0.89
2019 1.25 3.00 335+026 47524259 134+0.16 1.21 £0.01 4.07 £ 0.31 3.51 £ 0.96
2020 1.25 3.00 332+019 45.05+277 131+0.14 1.22 £ 0.01 4.06 +£0.24 3.64 + 0.87
2021 1.25 3.00 333+018 39.12+277 1.26+0.14 1.24 £ 0.01 414 +0.22 3.43 £ 0.86
2022 1.25 3.00 328+022 4873+217 148+0.14 1.21 £0.01 3.98 £0.27 3.53 £0.88
2023 1.25 3.00 314 +021 5231+156 1.50+£0.10 1.20 £0.01 3.77 £ 0.26 2.87 £ 0.66
2024 1.25 3.00 323+024 47624230 1.48+0.12 1.22 £ 0.01 3.94 +0.31 3.61 +0.81
Mean 1.25 3.00 334+018 47394201 1.49+0.15 1.22 £ 0.01 4.07 £0.24 3.51 £0.83
K 1ab—Tabled FAO mid-season crop coefficient for sugarcane; h—Mean sugarcane crop height; ETo—Reference
evapotranspiration; RHpin—Minimum values for relative humidity; up—Average values for wind speed at
2 m height; K. _;q—Calculated crop coefficient for the mid-season; ETgso—Evapotranspiration from Kc FAO
approach during mid-season; and ETsg—Evapotranspiration from SAFER during mid-season.

Figure 7 presents the daily evapotranspiration for the FAO mid-season phases at the
annual scale and its standard deviations (SD). By FAO Kc approach (ETga0) (Figure 7a)
and by the SAFER algorithm (ETsg) (Figure 7b), in sugarcane fields within SEALBA from
2007 to 2024.
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Figure 7. Daily evapotranspiration and its standard deviations (SD) at the annual scale, for the FAO
mid-season phases in sugarcane fields within SEALBA, from 2007 to 2024. (a) Calculated by the FAO
Kc approach (ETgs0); (b) retrieved by the SAFER algorithm (ETgE).

When considering only the average pixel values, larger ETgs0 than ETgg for all years
are notable. For both methods, the highest rates, with a difference of 1.12 mm d~! between
them were in 2007 (see also Table 1). The lowest averages were in 2008 for ETgs0 (below
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Pgrp (-) or ETgrp ()

Pgrp or ETgrp

-1.10

3.75mm d~!) and in 2023 for ETgf (below 2.90 mm d~'). However, considering the range
of values represented the averages and SDs, it is from 3.51 mm d ! (2023) to 5.14 mm d !
(2007) for ETpa0 and between 2.21 mm d ! (2023) and 5.27 mm d~! (2007) for ETsp. As
both methods were applied under optimum root zone conditions, a possible explanation
for the lower ETgp values could be due to different soil cover by the canopies. However,
accounting for SDs, the upper limit for ETgsp (Figure 7b) followed well the ETpao values
(Figure 7a), meaning that for some pixels of sugarcane fields the FAO optimum moisture
conditions are satisfied while for others they are not.

Furthermore, the SAFER results compared with those from the standard FAO ap-
proach are acceptable for our purposes of long-term assessments, and these comparisons
may be considered plausible when there are no field measurements available. Atten-
tion must be paid to the optimum root zone moisture conditions as prescribed by the
K¢ FAO approach [22,25]. In addition, in the absence of simultaneous ET satellite and
field measurements to calibrate the regression coefficients of the main SAFER equation
(Equation (7)) for specific crop and environmental conditions [41], one can use the K. FAO
approach, selecting pixels where the conditions of optimum root zone moisture are assured.

3.5. Standardized Index for the Water Balance Components

Figure 8 shows the standardized indices for precipitation (Pstp) and for actual evapo-
transpiration (ETgtp) values during 2021 (Figure 8a), 2022 (Figure 8b), 2023 (Figure 8c), and
2024 (Figure 8d), for sugarcane fields within SEALBA, regarding the respective long-term
periods 2007-2021, 2007-2022, 2007-2023, and 2007-2024.
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Figure 8. Standardized index for precipitation (Psyp) and actual evapotranspiration (ETsrp) during
2021 (a), 2022 (b), 2023 (c), and 2024 (d), for sugarcane fields within SEALBA.
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Considering P, most of the 16-day periods showed average negative Pgrp, meaning
lower rainfall for all the four last years analyzed in the dataset. Few occasions with positive
Pstp values represented better moisture conditions for plant growth. In the case of ETgp,
although with lower values compared to Pstp, the opposite situation was observed. Most
positive values indicated higher ET from the sugarcane fields.

During 2021 (Figure 8a), the most negative Psrp, lower than —0.95, occurred in June
(DOY 161-176) and from July to August (DOY 209-224). The highest positive Psrp, over
1.30, occurred from September to the start of December (DOY 257-336). The ETsrp values
were only slightly negative in March (DOY 065-080), around —0.08. The highest positive
ETsrp, above 0.40, was between September and October (DOY 273-288).

In 2022 (Figure 8b), as for 2021, the most negative Psrp was also concentrated in
June (DOY 161-176) and from July to August (DOY 209-224), below —1.00. The highest
positive Psrp, over 0.70, occurred between September and October (DOY 257-272) and
from November to December (DOY 321-226). Regarding ETsrp, only three 16-day periods
showed negative values, but close to zero, being the most negative one of —0.18 in March
(DOY 065-080), while the maximum of 0.55 occurred in December (DOY 353-366).

Analyzing Psrp in 2023 (Figure 8c), as for 2021 and 2022, the most negative average
values also occurred between June (DOY 161-176) and July to August (DOY 209-224) but
lower than —1.30, while the highest positive ones also occurred from September to October
(DOY 257-272) and November to December (DOY 321-226), with Pgtp over 0.70. There
were few negative ETgtp in 2023, but with averages close to zero, being the lowest one of
—0.25 in March (DOY 065-080). However, the positive ETsrp values were also low, the
maximum being 0.41 in December (DOY 353-366).

For 2024 (Figure 8d), again the most negative Pstp occurred between June (DOY
161-176) and from July to August (DOY 209-224), even lower than —1.40, showing that this
year was the driest among the analyzed ones. The highest positive Pstp average values
were also from September to October (DOY 257-272) and November to December (DOY
321-226), over 0.65. The ETstp was very low, with average values oscillating between
positive to negative values around zero. The maximum of 0.38 was in December (DOY
353-366) and minimum of —0.33 occurred in March (DOY 065-080).

The average values of Pstp were —0.20, —0.30, —0.42, and —0.47 for 2021, 2022,
2023, and 2024, respectively. For ETsrp, this sequence was 0.27, 0.17, 0.08, and —0.01.
These values show that the driest year was 2024 (<Pstp), but with ET rates close to
the historical value (ETstp™0), while during 2021 ET from the sugarcane fields was the
highest (>ETsrp). It can be concluded that detections of WB anomalies are appropri-
ate for sustainable sugarcane crop management because they represent the alterations
of water availability for specific periods, showing suitable periods for crop cycles as
well as the irrigation needs, while helping to minimize competition among other water
users [31-33,50,51].

3.6. Overview of the Volumetric Water Balance

Considering the variation in sugarcane crop areas from 2007 to 2024 in producing
counties of SEALBA, Table 2 offers an overview of the water balance components in million
cubic meters of water for each year over this long-term period.

According to Table 2, variations are observed in sugarcane crop areas (Agc) between
2007 and 2024. From 2007 to 2012, Agc was stable, around 462,744 ha, dropping until
2017, at a rate of 15%, stabilizing again with an average of 393,245 ha until 2021, and
declining by 7% in 2022. Thereafter, Agc rose until 2024, when it reached its biggest size
of over 493,000 ha, 7% larger than that of 2007. These changes in Agc, together with the
differences between rainfall and atmospheric demand, affected total sugarcane water con-
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sumption at the regional scale. By making these considerations, water balance assessments
were also done in cubic meters of water, incorporating crop expansion throughout the
analyzed years.

Table 2. Overview of the water balance components, in million cubic meters of water, considering the
total area for each year from 2007 to 2024 in producing counties within SEALBA.

Year Asc P ET ET, WBy4 WB, E;
(ha) (m3 10°) (m3 10°) (m3 10°) (m3 10°) -) -)
2007 463,125 3660 5869 7336 —2208 0.62 0.80
2008 462,925 6451 4645 7099 1806 1.39 0.65
2009 460,650 8555 4208 7045 4347 2.03 0.60
2010 461,463 7502 4853 6906 2648 1.55 0.70
2011 464,225 7782 4540 6829 3242 1.71 0.66
2012 464,075 4623 4717 7151 —94 0.98 0.66
2013 451,406 6236 4135 6887 2101 1.51 0.60
2014 447,713 6524 4591 6586 1933 1.42 0.70
2015 440,225 5093 3510 7134 1583 1.45 0.49
2016 428,381 4240 3985 6758 255 1.06 0.59
2017 394,650 5777 3375 5992 2402 1.71 0.56
2018 392,119 4522 4177 5911 345 1.08 0.71
2019 392,950 4249 3853 6024 396 1.10 0.64
2020 392,775 5008 3802 5980 1206 1.32 0.64
2021 393,731 3172 3877 5978 —705 0.82 0.65
2022 369,681 5204 4482 5694 722 1.16 0.79
2023 385,938 5847 3811 5536 2036 1.53 0.69
2024 493,375 6055 4691 7313 1364 1.29 0.64
Mean 431,078 5583 4284 6564 1299 1.32 0.65

Agc—Sugarcane crop area for the year; P—precipitation; ET—actual evapotranspiration; WB3—Water Balance
Difference indicator; WB,—Water Balance Ratio indicator; E;—evaporative fraction.

The largest rainfall water input in the regional water balance occurred in 2009, with P
higher than 8500 million cubic meters under an Agc of over 460,000 ha, and corresponded to
the maximum WBy and WB; values, above 4300 million cubic meters and 2.00, respectively,
although with a relatively low E; of 0.60, given that the E; maximum value of 0.80 was
detected in 2007. The lowest rainfall amounts occurred in 2021, under an Agc below
400,000 ha, a total P of 3200 million cubic meters, WBy lower than —700 million cubic
meters but WB; above 0.80 and Es still higher than 0.65, indicating that even under low
rainfall conditions, the root zone moisture was still at good levels for crop growth.

In terms of sugarcane water consumption, the highest water outlet occurred in 2007,
with ET above 5800 million cubic meters and Agc over 463,000 ha, but with the largest
water deficit, WB4 below —2200 million cubic meters, although WB, was higher than 0.60.
In this situation, the largest ET, even under a large water deficit, is justified by the highest
E¢ of 0.80, indicating that high soil moisture promoted large water fluxes. The lowest ET,
below 3400 million cubic meters, was detected in 2017, under Agc smaller than 395,000 ha,
with high WBy above 2400 million cubic meters and WB, larger than 1.70, but E; below
0.60, evidence of poor root zone moisture conditions and a smaller Agc when compared
with previous years.

Based on the long-term regional water balance, the temporal gap between rainfall
water supplies and the root zone moisture levels also causes a delay regarding water
consumption and rainfall.

https://doi.org/10.3390/su18136610


https://doi.org/10.3390/su18136610

Sustainability 2026, 18, 6610

17 of 20

4. Conclusions

The integration of MODIS remote sensing parameters together with weather data
allowed assessments of the long-term regional rainfed sugarcane water balance, for produc-
ing areas within SEALBA. The evaporative fraction was a good root zone moisture indicator,
evidencing that sugarcane rainfall water generally meets crop water requirements, and
that farmers strategically adjust the crop cycles to rainfall water availability, mainly during
the tillering and grand growth sugarcane phases. The period with some rainfall water
scarcity occurs in the maturation phase, which favors sugar content. On the one hand,
when rainfall is much higher than water consumption, the water balance showed possible
negative effects on plants caused by water excess, but with opportunities for root zone
water storage. On the other hand, during periods when water output is greater than water
input, there is a negative water balance and a water deficit for the crop, showing benefits of
supplementary irrigation.

The similarity between evapotranspiration values in the current study and those in
the literature together with good agreement with k¢ FAO approach under optimum root
zone moisture conditions, conveys reliability to SAFER applications integrating MODIS
images and weather data, for large-scale estimations of sugarcane water consumption. The
assessments allowed anomaly analyses on rainfall and water fluxes from sugarcane fields
by using standardized indices for these water balance components. The modeling may be
implemented for sustainable management of established sugarcane fields as well as for
monitoring the environmental effects of their expansion under scenarios of climate and
land-use change. By analyzing many years of data, it is possible to identify patterns of
drought, excess rain, and normal years. These patterns can support producers in planning
planting dates, irrigation strategies, and even choosing varieties that are more tolerant to
water stress.

The success of the model applications in the reference Brazilian Northeast agricultural
region highlighted possibilities for replication in other environmental conditions, with
probable calibrations of regression coefficients of the modeling equations, which can be
done using simultaneous remote sensing and field evapotranspiration measurements.
However, it was demonstrated that in the absence of field measurements to calibrate the
regression coefficients for specific crops and environmental conditions, one can use the
well-known K. FAO approach, selecting pixels where the optimum root zone moisture
conditions are ensured.
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The following abbreviations are used in this manuscript:

FAO Food Agricultural Organization of the United Nations
GIS Geographic Information Systems
IBGE Instituto Brasileiro de Geografia e Estatistica (in portuguese)

INMET Instituto Nacional de Meteorologia (in portuguese)
MODIS Moderate Resolution Imaging Spectroradiometer
SDG Sustainable Development Goals
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