
 
 

Delft University of Technology

A novel approach to the use of earth observation to estimate daily evaporation in a
sugarcane plantation in Xinavane, Mozambique

den Besten, N. I.; Kassing, R. C.; Muchanga, E.; Earnshaw, C.; de Jeu, R. A.M.; Karimi, P.; van der Zaag,
P.
DOI
10.1016/j.pce.2020.102940
Publication date
2021
Document Version
Final published version
Published in
Physics and Chemistry of the Earth

Citation (APA)
den Besten, N. I., Kassing, R. C., Muchanga, E., Earnshaw, C., de Jeu, R. A. M., Karimi, P., & van der
Zaag, P. (2021). A novel approach to the use of earth observation to estimate daily evaporation in a
sugarcane plantation in Xinavane, Mozambique. Physics and Chemistry of the Earth, 124(1), Article
102940. https://doi.org/10.1016/j.pce.2020.102940
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.pce.2020.102940
https://doi.org/10.1016/j.pce.2020.102940


Physics and Chemistry of the Earth 124 (2021) 102940

A
1

Contents lists available at ScienceDirect

Physics and Chemistry of the Earth

journal homepage: www.elsevier.com/locate/pce

A novel approach to the use of earth observation to estimate daily
evaporation in a sugarcane plantation in Xinavane, Mozambique
N.I. den Besten a,b,∗, R.C. Kassing b, E. Muchanga c, C. Earnshaw c, R.A.M. de Jeu a, P. Karimi d,
P. van der Zaag b,d

a VanderSat, Haarlem, The Netherlands
b TU Delft, Delft, The Netherlands
c Tongaat Hulett Xinavane, Xinavane, Mozambique
d IHE Delft, Delft, The Netherlands

A R T I C L E I N F O

Keywords:
Remote sensing
Evaporation
Priestley–Taylor equation
Sentinel-2
Albedo
NDVI
Irrigation

A B S T R A C T

Efficient irrigation water management for an 18,000 ha sugarcane plantation in Xinavane in southern
Mozambique is a challenge. Sugarcane is an irrigation intensive crop and its productivity is sensitive to water
stress. Options to adopt field water management best practices and proper irrigation scheduling are limited
due to the lack of plot-level information on the actual crop water use and stress levels throughout the growing
season. Due to heterogeneity in cropping calendar within the sugarcane plantation, at a certain point of time,
different plots are at different growth stages. This makes scheme level irrigation scheduling complex and
calls for frequent crop water use information. To fill this gap, this study presents a novel approach where
a combination of satellite imagery with local weather data is used to provide daily evaporation rates. The
Priestley–Taylor equation is applied to quantify evaporation (soil evaporation + transpiration) using radiation
and temperature data from a meteorological station and spatial albedo estimates derived from the Sentinel-2
satellites. The results show 20 meter resolution maximum crop evaporation estimates can be derived with the
proposed methodology. Additionally, the results show NDVI in the last two crop stages is able to distinguish
between poor and good performing fields. Therefore, NDVI can be a useful index to estimate actual evaporation.
First, the evaporation estimates were corrected for the crop stage using NDVI proxies and an additional stress
indicator was used to calculate the actual evaporation flux spatially. The spatial evaporation estimates provide
the water manager with information on actual crop water use and biomass development, which is relevant to
both crop monitoring and irrigation management water management when drought-related stress is filtered.
1. Introduction

Globally agriculture accounts for approximately seventy percent of
the total fresh water withdrawals (FAO, 2016b). To cope with the
increasing competing demands for water in river basins it is necessary
to focus on enhancing water use efficiency and water productivity
in irrigated agriculture which is the largest water consumer sector.
Due to its importance and urgency this goal is referred to in the
UN sustainable development goals (SDGs) under the target 6.4 which
calls for substantial increase in water-use efficiency to address water
scarcity.

The predominant irrigation technique, globally, is surface irrigation
which accounts for 86% of the total (FAO, 2016b; Berg and Carter,
1980). Surface irrigation is considered an irrigation method with a low
water use efficiency. Poor field water management practices in surface

∗ Corresponding author at: VanderSat, Haarlem, The Netherlands.

irrigation often result in drainage issues and erosion (Berg and Carter,
1980), salinization (Aroca, 2012), and low field irrigation application
uniformity (Raine and Bakker, 1996). These issues all lead to reducing
gains, and low land and water productivity (Gunarathna et al., 2018;
Singh et al., 2018).

Sugarcane, with a global cultivated area of 26 million hectares, is
widely used as an industrial crop to produce bioethanol and sugar (En-
dres et al., 2018). The economic contribution of this commercial crop
is of vital importance to some of the African economies such as Mozam-
bique (Jelsma et al., 2010). As a water-intensive crop, sugarcane often
requires frequent irrigation (Endres et al., 2018). Its large scale culti-
vation is known to highly impact freshwater abstraction rates (Olivier
and Singels, 2015). The majority of the irrigated sugarcane is irrigated
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using surface irrigation method (FAO, 2016a) and its productivity is
prone to inherent challenges that surface irrigation has.

Proper water management is essential in achieving the target crop
yield for sugarcane. The yield is sensitive to both water stress and
waterlogging, a situation in which the soil remains saturated with
water for prolonged periods. In water stress conditions the plant closes
stomata pores to avoid water losses, leading to a decrease in transpi-
ration and subsequently reduced biomass production (Aroca, 2012).
Short periods of water logging mostly do not result in a sugarcane
yield decrease, nor decrease in transpiration, but it is observed that if
flooding is persistent (>21 days) or if the water tables are very shallow
(<15 cm) biomass growth can be significantly hampered (Chabot et al.,
2002; Glaz et al., 2004). In addition, the salinity of the soil and/or
irrigation water decreases the stomatal conductance and photosynthesis
and inhibits the growth of sugarcane (Plaut et al., 2000).

Water stress may lead to curling of sugarcane leaves, alteration
in chlorophyll content of the plants, reduced leaf area, and stomatal
closure (Ferreira et al., 2017; Inman-Bamber and Smith, 2005). These
symptoms of stress can be observed by the over-passing satellites,
which observe vegetation status of the growing crops, and surface
temperature, amongst other variables. This data can be used to derive
spatial evaporation estimates. These spatial evaporation estimates can
be very helpful in efficiently allocating water in especially irrigated
agriculture (Bastiaanssen et al., 2000).

Several algorithms have been suggested to retrieve evaporation
estimates from data collected by orbiting satellites. For instance, the
Two Source Energy Balance (TSEB) (Norman et al., 1995), the Sur-
face Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al.,
1998), the Atmosphere–Land Exchange Inverse (ALEXI) model (An-
derson et al., 2007), and the Global Land-Surface Evaporation: the
Amsterdam Methodology (GLEAM) (Miralles et al., 2011), and the
FAO Water Productivity Open-access portal (FAO). These algorithms
apply different methodologies to derive crop water stress and estimate
actual evaporation. For example, within GLEAM stress is integrated as
a function of the availability of water in the root-zone and canopy
size, using microwave soil moisture observations and vegetation optical
depth (Miralles et al., 2011). With the Alexi and TSEB models infor-
mation from the thermal band is used to detect crops stress, based on
the principle that canopy temperature increases with increasing crop
stress (Anderson et al., 2007).

To serve the needs of agricultural management at field level and
within a field, a high spatial and temporal resolution is required. With
the launch of the Copernicus Sentinel-2 satellites, valuable high spatial
resolution imagery became available which can assist field-scale and
within field agricultural management (Vanino et al., 2018).

Several authors have demonstrated or researched the use of spatial
evaporation estimates based on satellite remote sensing to estimate
and visualize the crop water requirement to assist irrigation plan-
ning (Vuolo et al., 2015; Vanino et al., 2018, 2015; FAO; Atzberger,
2013; Mulla, 2013; Bastiaanssen et al., 2000). Detailed evaporation
estimates can be used in (irrigation) water management to estimate the
crop water requirement or maximum crop evaporation. For instance,
this information can be used to irrigate at the proper time and with the
proper amount per field. Optimizing irrigation water use, in an irriga-
tion scheme, can benefit from frequent spatial evaporation updates on
the actual development of the crop and its water requirement (Vuolo
et al., 2015; Vanino et al., 2018; Calera et al., 2017). This is because
farmers tend to over irrigate in the absence of objective information on
crop status and water requirement (Vanino et al., 2018).

An operational irrigation monitoring system that incorporates near
real-time high spatial resolution evaporation information in irrigation
decisions and practices will be a significant improvement over the
point-based evaporation estimates which are still common even within
relatively hi-tech plantations and irrigation schemes (Inman-Bamber
and McGlinchey, 2003; Singels et al., 1998). High spatial resolution
2

evaporation estimates enable plantations to monitor water needs at and
within the plots, keep track of crop growth, take corrective actions
when necessary, and consequently leading to better yields (Calera et al.,
2017).

Previous studies demonstrating high spatial resolution evaporation
estimates have combined meteorological and satellite data (Vuolo et al.,
2015; Vanino et al., 2018, 2015). Information on Leaf Area Index (LAI)
and albedo was retrieved by Sentinel-2 imagery, whereas other data
was obtained from a nearby meteorological tower (Vanino et al., 2018).
These methodologies use the FAO-56 Penman Monteith method as a
basis for their calculations to estimate maximum crop evaporation and
irrigation water requirements (Allen et al., 1998).

In this research we focus on a sugarcane plantation in Xinavane
in southern Mozambique. The Priestley–Taylor methodology is used
to get spatial evaporation estimates (Priestley and Taylor, 1972). Due
to the mono-culture in the plantation we are able to develop a sug-
arcane specific remote sensing evaporation estimate. The application
of the Priestley–Taylor (PT) methodology with satellite data has so far
shown promising results in several remote sensing based evaporation
algorithms and studies (Miralles et al., 2011; Fisher et al., 2015; Chen
et al., 2014). However, these researches do not apply their research
in an irrigated context. Priestley–Taylor requires limited data and
parameterization and therefore fits the study due to the limited data
availability (Fisher et al., 2015).

The objective of this study is to present a novel approach for
estimating daily actual evaporation at a high resolution of 20 m using
a combination of satellite imagery and local weather data. The analysis
focuses on a furrow-irrigated area within the plantation, covering 420
hectares. This area was part of a pilot project IWACA-Tech, which
aimed at improving water use efficiency at irrigation systems using
advanced remote sensing technology.1

2. Methodology and data

2.1. Study site

The Xinavane plantation is located within the lower reaches of the
Incomati river basin, in Mozambique (Fig. 1). The irrigated sugarcane
plantation in Xinavane is in competition over water with the increas-
ing population and water users in upstream South Africa and Swazi-
land where numerous sugarcane plantations are located (Santillán-
Fernández et al., 2016; Van der Zaag and Carmo Vaz, 2003). From
2012 until 2014, the plantation experienced three successive seasons of
flooding which adversely affected the operations within the plantation.
These events were followed by two consecutive drought years in 2015
and 2016, associated with El Nino (Gelcer et al., 2018). In the years
2017 and 2018 the annual rainfall was also below average.

Twenty-four furrow irrigated fields of the IWACA-Tech project were
selected for the analysis, with a total area of approximately 420 ha
(Fig. 1). The slope runs from Northwest to Southeast in the study
area. The irrigation interval is approximately 10–12 days, and the net
irrigation application depth aimed by the agricultural department is
1,350 mm/year. The long-term, 1967 to 2017, average annual precip-
itation in the area is 721 mm/year.

2.2. Sugarcane growth characteristics

The furrow irrigated study site plots have a size of approximately
20 ha each. Within the sugarcane plantation, sugarcane is harvested
after approximately 12 months when the crop is nearly four meters tall.
From April to December fields are harvested based on the production
capacity of the factory, meaning the crop stages and length of growing
season differ between fields.

1 www.iwacatech.com.

http://www.iwacatech.com
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Fig. 1. The left panel shows the location of the sugarcane plantation in Xinavane, Mozambique. The map on the right zooms in to the project site.
Sugarcane is grown as a ratoon crop, so new cane grows from the
same root in 8–9 consecutive years. Ratooning naturally leads to a
decline in yield over the years, due to several factors, such as soil
degradation and fertility (Yadav et al., 2009). Sugarcane growing stage
is often divided into four periods: an initial stage (30 days), tillering
stage (90 days), development stage (150 days), and the final stage
(90 days) (Doorenbos and Pruitt, 1977; Silva et al., 2015). In these
different stages the consumptive water use differs and, therefore, it
is important to characterize the different stages for agricultural water
management. The initial stage commences right after harvest or plant-
ing, characteristic for this stage is the germination of the original stool.
After the initial stage, the tillering stage commences, during which the
sprouted sugarcane rapidly starts to form shoots and leaves. Next, the
smaller shoots die off due to plant competition, and the elongation of
the stem starts in the development stage. In this stage, not many new
leaves are formed, but energy is used for the growth of existing leaves
and the stalk (Cock, 2001). The final stage of the sugarcane crop is
characterized by senescence, where the plant cells degrade and the end
of the crop cycle approaches (Martins et al., 2016).

2.3. Field data

Data for this research was shared by the agricultural department
of Xinavane’s estate. This included data on planting dates, harvesting
dates, and yields in the period between April 2012 and June 2018.
The critical level for yield in the sugarcane plantation is defined at 80
tonnes sugarcane per hectare (tonnes/ha) by the estate management.
Fields below the critical level will trigger a diagnostic performance
assessment by the plantation management and will be followed up by
corrective measures. The set target yield is 105 tonnes cane per hectare.

We also studied the spatial differences in yield during the growing
seasons of 2016–2017 and 2017–2018. To compare different fields
adequately, fields were selected with the same growing period for an
in-depth analysis, since the yield is affected by the harvest date. The
selected fields were clustered to good performing (>90 tonnes/ha),
medium performing (80–90 tonnes/ha) and poor performing (<80
tonnes/ha) fields. Table 1 presents the selected fields and Fig. 1 shows
the location of these particular fields. Table 1 displays the yield of the
fields in the year of the analysis, the planting date, and the harvest date
with the nearest Sentinel-2 overpass date used as a final date for the
analysis.
3

2.4. Reference evaporation

The full workflow proposed in this paper is visualized in Fig. 2. In
order to take the first step in estimating the actual evaporation spatially
with the available data, we first estimated the reference evaporation
with Priestley–Taylor (Priestley and Taylor, 1972). The methodology
and input used to get the reference evaporation are visualized in the
first column of Fig. 2. Priestley–Taylor describe the evaporation from
saturated surfaces into an unsaturated atmosphere, which is expressed
as a function of an equilibrium rate (Viswanadham et al., 1991).
According to Priestley–Taylor, the daily evaporation rate can be defined
as:

𝐸𝑃𝑇 = 1
𝛾
⋅
𝑠(𝑅𝑛 − 𝐺)

𝑠 + 𝜆
⋅ 𝛼 (1)

where 𝐸𝑃𝑇 is the daily evaporation flux (mm d−1), 𝛾 the latent heat of
vaporization (2.45 MJ kg−1), 𝑠 the slope of saturation vapor pressure–
temperature relationship (kPa C−1), 𝛼 is a dimensionless empirical
number and better known as the Priestley–Taylor coefficient [-], 𝑅𝑛 the
net radiation (MJ m−2 d−1), 𝜆 the psychrometric constant (kPa C−1), and
G the soil heat flux (MJ m−2 d−1), which is assumed negligible when
averaged over a day (Price, 1982).

The net radiation is computed by balancing the incoming shortwave
radiation and incoming 𝐿𝑖𝑛 and outgoing 𝐿𝑜𝑢𝑡 longwave radiation. The
latter is calculated through the surface and air temperatures in combi-
nation with the Stefan–Boltzmann law, to determine the temperature
flux for sensible heat. Air temperature data was obtained from the
estate’s weather station.

Daily Land Surface Temperature and Emissivity (LST and E) at
1 kilometer (km) spatial resolution was derived from the MOD11A1
Version 6 product from the MODIS Terra satellite (Wan et al., 2015).
The surface albedo, 𝑟0, controls the partitioning of incoming shortwave
radiation 𝑅𝑔 . 𝑅𝑔 data was also obtained from the local weather station.
The net radiation 𝑅𝑛 can be calculated as:

𝑅𝑛 = (1 − 𝑟0)𝑅𝑔 + 𝐿𝑖𝑛 − 𝐿𝑜𝑢𝑡 (2)

Data on surface temperature from (MODIS), air temperature and
incoming shortwave radiation data of the meteorological station were
used in combination with spatially distributed albedo maps. Combin-
ing spatial satellite data with meteorological data requires combining
data layers with different spatial and temporal resolutions. This has
been successfully done by other authors, such as Vuolo et al. (2015)
and Vanino et al. (2018). Combining resolutions is possible because not
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Table 1
An overview of three groups of fields that were considered for analysis with a similar harvest date and length of growing season. The rows
indicate the yield (tonne/ha), planting date, harvest date with the date of the nearest Sentinel overpass.

Group 1

XNC18 XNE22 XND19 MDD17 XND24
(ratoon 5) (ratoon 4) (ratoon 8) (ratoon 7) (ratoon 8)

Yield 2017 110.3 93.5 92.5 44.0 50.4
(tonne/ha)

Planting date 5/28/2016 7/26/2016 7/22/2016 6/18/2016 5/28/2016

Harvest date 6/3/2017 6/25/2017 7/10/2017 7/12/2017 6/15/2017
(Overpass) (5/19/2017) (6/28/2017) (6/28/2017) (6/28/2017) (11/22/2017)

Group 2

MDC17 MDC16 XNE19 XNC19 XNC22
(ratoon 7) (ratoon 7) (ratoon 4) (ratoon 6) (ratoon 5)

Yield 2017 68.8 53.3 86 90.4 71.9
(tonne/ha)

Planting date 11/14/2016 11/16/2016 11/26/2016 11/11/2016 12/8/2016

Harvest date 12/21/2017 12/17/2017 12/17/2017 12/17/2017 12/19/2017
(Overpass) (11/22/2017) (11/22/2017) (11/22/2017) (11/22/2017) (11/22/2017)

Group 3

XNC18 XNE22 XND18 XND20
(ratoon 6) (ratoon 5) (ratoon 8) (ratoon 9)

Yield 2018 89.3 90.7 66.8 69.7
(tonne/ha)

Planting date 6/3/2017 6/25/2017 6/16/2017 7/10/2017

Harvest date 6/4/2018 5/26/2018 5/31/2018 6/21/2018
(Overpass) (5/11/2018) (5/11/2018) (5/11/2018) (6/10/2018)
Fig. 2. A visualization of the methodology.
all variables show large variability spatially (e.g. incoming radiation)
or temporally (e.g. albedo). To illustrate, incoming shortwave radiation
can be covered by daily meteorological point measurement, because
there is little spatial variability. In contrast, albedo varies spatially, but
shows less variability temporally, and therefore can be estimated with
the help of satellite data.
4

The albedo is calculated using two spectral signature curves: one for
sugarcane (Apan et al., 2004) and one for clay soil (Vertisol, obtained
from Aster Spectral Library (Meerdink et al., 2018)). The signatures
were used to extrapolate the reflection registered within the different
bands of Sentinel 2. To continue, the reflection within the same band-
widths as the satellite observations in the spectral signature curves were
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averaged (𝜌𝑏,𝑟𝑐) for the respective Sentinel-2 bands. The reflectance
observed in the sentinel bands (𝜌𝑏,𝑠) were divided by 𝜌𝑏,𝑟𝑐 , weighted
according to the band contribution to the total 𝑤𝑏, and summed to get a
correction factor (𝐶𝑓 ) to reconstruct the reflection curve for each pixel:

𝐶𝑓 =
∑

((𝜌𝑏,𝑠∕𝜌𝑏,𝑟𝑐 ) ×𝑤𝑏) (3)

Finally, the albedo was estimated over the extent of spectral re-
flection curves. Additionally, the computed albedo was scaled with the
BRDF/albedo Parameters Daily L3 Global Version 6 of MODIS to correct
for overestimation caused by limited observation bands of Sentinel-
2 (Schaaf and Wang, 2015). Sentinel-2 data is available at a 5-day
interval. For the construction of the albedo daily time series, only Level
2A (Louis et al., 2016) and cloud-free images were used. Missing dates
were linearly interpolated. This resulted in daily albedo maps for the
study region from April 2016 until July 2018. Given the fact that
temporal changes of albedo in a short timeframe are negligible, the
linear interpolation method is expected to result in realistic daily values
per pixel (Vanino et al., 2018).

The conditions in Xinavane, with relative humidity ranging be-
tween 68 and 75 percent and annual mean daily wind speed below 2
m/s, are favorable to obtain optimal reference evaporation estimates
with the Priestley–Taylor equation (Cristea et al., 2012). Therefore,
the Priestley–Taylor coefficient can remain 1.26 for the vegetated
areas (Priestley and Taylor, 1972; Cristea et al., 2012). For soil pixels,
the 𝛼 value is 1.08 as proposed by Miralles et al. (2011).

2.5. Maximum crop evaporation

The reference evaporation obtained using the Priestley–Taylor equa-
tion does not account for the growing stage. Generally, to convert
reference evaporation to crop evaporation a crop coefficient (𝐾𝑐) is
used that compensates for the crop type and crop growing stage (Allen
et al., 1998). Furthermore, the growing cycle of a crop is divided into
three or four crop stages and for each of these crop stages, a different
crop coefficient is used. The FAO has provided crop coefficients for each
crop stage of some common crops (Allen et al., 1998). The methodology
and input used to get from reference evaporation to maximum crop
evaporation are visualized in the second column of Fig. 2.

There is a similarity between the evolution of Kc and the Normalized
Difference Vegetation Index (NDVI) (Bausch and Neale, 1987). Veg-
etation absorbs radiation in the visual spectrum and reflects a large
amount of infrared radiation. Therefore, a normalized ratio can be
used to identify vegetation activity of which the Normalized Difference
Vegetation Index (NDVI) has become the most commonly used index
today.

NDVI can be translated into a crop coefficient using a simple linear
regression model (Kamble et al., 2013). Kamble et al. (2013) showed a
strong linear correlation (𝑟2=0.91) between the NDVI and the measured
crop coefficients. However, for our study, no measured values are
available that can be used for regression. Nonetheless, in this study, the
crop factors of ratoon sugarcane that are proposed in Allen et al. (1998)
will be used to compensate for the growing stage of the sugarcane.

Mean NDVI data per observation along the growing period was
obtained for the fields XNC19, XND18, 20, and XNE18–21, 23. These
fields were selected because of their increasing NDVI curve. Next, using
the planting and harvest dates of each field, the NDVI data of each crop
cycle were obtained. Furthermore, temperature data for each crop cycle
was used to convert growing days to Cumulative Growing Degree Days
(CGDD), in order to correct for the influence of temperature on the crop
development over the growing season (Lofton et al., 2012), see Fig. 3.
A quadratic regression resulting from the NDVI observations was used
to obtain an NDVI curve as a function of CGDD.

According to Allen et al. (1998) and Doorenbos and Kassam (1979),
the initial crop stage has a crop coefficient of 0.4 for ratooned sug-
5

arcane and 1.25 when the canopy is at its peak size, and 0.7 at the
Fig. 3. NDVI observations per field are visualized in relation to CGDD. Fields XNC19,
XND18, 20, and XNE18–21, 23 were used to create a crop growth curve. The black
line indicates the quadratic regression curve fitting the NDVI observations 𝑁𝐷𝑉 𝐼𝑒𝑠𝑡.
The dotted gray line indicates the optimal NDVI curve 𝑁𝐷𝑉 𝐼𝑜𝑝𝑡.

end of the growing season. These crop factors were used as boundaries
to translate the 𝑁𝐷𝑉 𝐼𝑒𝑠𝑡 to a crop coefficient curve dependent on the
CGDD:

𝐾𝑐 = −6.24 × 10−7 × 𝐶𝐺𝐷𝐷2 + 1.51 × 10−3 × 𝐶𝐺𝐷𝐷 + 0.4 (4)

2.6. Actual evaporation

In the last part of the analysis, we tested whether crop stress is
visible within NDVI and albedo values in different crop stages to test a
methodology to correct maximum crop evaporation estimates for crop
stress to retrieve actual evaporation. The methodology and input used
in this step are visualized in the third column of Fig. 3. By looking at
three performance groups, based on their yield obtained from ground
observations (Section 2.3), we assess whether the spectral indices are
significantly different from each other in different growth stages. It is
assumed that if there is a lot of non-uniformity within a field, then
this is related to either mismanagement and/or stress within a field.
The non-uniformity should be visible in high spatial resolution spectral
indices (Ač et al., 2015).

In order to test if the non-uniformity is present within different
crop stages, we first look at the coefficient of variation (CV) of NDVI
and albedo within differently performing fields in different crop stages.
Then, the statistical significance was tested of the distribution of spec-
tral indices within the different groups. Moreover, the mean value and
CV of a field per observation were used as samples for the Mann–
Whitney U test. The observations within the groups of fields were
at times not normally distributed and the groups showed unequal
variances. Therefore the Mann–Whitney U test was found to be most
suitable for the analysis (Mann and Whitney, 1947). A significance level
of 0.05 was chosen. In each crop stage we tested whether the mean and
CV values of NDVI and albedo of the observations within each growth
stage were significantly different from each other. In other words, we
tested whether the performance groups could be distinguished based
on NDVI or albedo.

Ultimately, the relationship between actual NDVI compared to the
optimal NDVI was used to account for stress in the evaporation estimate
per time step. The optimal NDVI curve, 𝑁𝐷𝑉 𝐼𝑜𝑝𝑡, is assumed to be
above the estimated NDVI curve as the boundary between sugarcane
and bare soil is set where NDVI is 0.3:

𝑁𝐷𝑉 𝐼 = −2.78 × 10−7 × 𝐶𝐺𝐷𝐷2 + 8.46 × 10−4 × 𝐶𝐺𝐷𝐷 + 0.3 (5)
𝑜𝑝𝑡
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Fig. 4. Figure (a) shows the cumulative maximum crop evaporation in mm for five selected fields (see group 1, Table 1). The red lines indicate the cumulative maximum crop
evaporation for fields with a poor yield in seasons 2016/2017. The green lines indicate fields with a medium or good yield. Figure (b) shows the same selected fields, but in this
figure the cumulative albedo is displayed against the cumulative growth degree days.
To compute actual evaporation from maximum crop evaporation,
the following stress factor was applied:

𝐹𝑠 =

⎧

⎪

⎨

⎪

⎩

𝑁𝐷𝑉 𝐼
𝑁𝐷𝑉 𝐼𝑜𝑝𝑡

for 𝑁𝐷𝑉 𝐼 ≤ 𝑁𝐷𝑉 𝐼𝑜𝑝𝑡

1 for 𝑁𝐷𝑉 𝐼 > 𝑁𝐷𝑉 𝐼𝑜𝑝𝑡
(6)

Where a value of 1 indicates no stress and a value of 0 indicates
maximum stress.

3. Results and discussion

3.1. Maximum crop evaporation

In Fig. 4 the evolution of maximum crop evaporation and albedo
over CGDD is presented for five selected fields. A similar analysis was
done for other groups within the selected 24 fields, but the results
do not differ. Within the two figures we zoom in to the difference in
maximum crop evaporation and albedo over the growing season.

In theory, the albedo is affected when crop stress is present (Wang
and Davidson, 2007). For instance, the albedo of leaves facing water-
stress is higher than well-watered leaves (Wang et al., 2004). Therefore,
working with high spatial resolution albedo estimates may already
include crop stress in the maximum crop evaporation calculations.
Fig. 4, however, shows that the difference in albedo between fields is
marginal.

A difference between the albedo can only be observed in the first
150 CGDD, this can explained by the difference in the start date of
the growing season (which is determined by the harvesting date of the
previous season). The growing season of fields MDD17, XND24, and
XNC18 starts earlier than fields XNE22 and XND19 (see Table 1). In
Fig. 4b fields MDD17, XND24, and XNC18 therefore show a steeper
increase in the first 150 CGDD, which results from a higher albedo
in this first part. The albedo increases when sugarcane grows. The
sugarcane in fields MDD17, XND24, and XNC18 grow faster at the start.
After the difference at the start, the albedo evolution in the different
fields have the same shape. Finally, there is barely a difference in
cumulative albedo at the end of the season.

The maximum crop evaporation estimates in Fig. 4b also confirm
insignificant differences between selected fields. The albedo estimates,
therefore, do not include crop stress directly. The reason why crop
stress is not directly visible in the albedo estimates results from the
methodology applied to retrieve albedo estimates, where MODIS is
downscaled with Sentinel-2 bands. The evaporation estimates derived
in Fig. 4a, barely include crop stress and can be used to calculate
maximum crop evaporation.
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3.2. Detecting crop stress

In Fig. 5 we consider the CV of NDVI and albedo within the different
performance categories in different growth stages. Similar to the results
in Fig. 4, the albedo estimates are not able to distinguish between good
and poor performing fields, except for the development stage. The CV
values in all growth stages are very low (min=0.003, max=0.0325).
This indicates a marginal variability in albedo estimates, resulting from
the MODIS correction.

However, considering CV values of NDVI are in Fig. 5, it is possible
to distinguish good, medium, and poor performing fields in the devel-
opment and final stage. The CV of NDVI shows on average a strong
negative correlation between the CV and yield in the last two stages.

NDVI is able to distinguish between good and poor performing fields
in the last two stages, see Table 3 in the Appendix. The results of the
Mann–Whitney U test to distinguish the different groups within crop
growth stages shows the different groups can be distinguished based on
the NDVI. However, in earlier growth stages the performance categories
are not distinguished by the NDVI.

A thick canopy cover, like sugarcane, challenges the performance of
spectral indices. Baghdadi et al. (2009) found a similar outcome in the
NDVI signal, where NDVI saturated after a height of 150 cm. Saturation
effects in spectral indices of sugarcane were also documented by Simões
et al. (2009). Only in the case of significant differences, where non- or
barely-vegetated pixels are present, spatial heterogeneity is detectable.
Such as at the last two stages in Fig. 5 where there is a significant
contrast between good and poor performing fields. Molijn et al. (2019)
found high spatial resolution NDVI imagery best suitable to monitor
sugarcane crop growth compared to different Synthetic Aperture Radar
(SAR) products. Molijn et al. (2019) found saturation of NDVI around
80 tonnes/ha. This may explain the results presented in Fig. 5 and
Table 3 in the Appendix, where we are able to distinguish between poor
and good performing fields based on the CV of NDVI and mean NDVI
in the last two growth stages.

Additionally, Molijn et al. (2019) point out the inconsistencies when
relating early crop growth imagery with later imagery. The NDVI in
the first crop stages shows more variability between images in their
analysis. The inconsistencies found by Molijn et al. (2019) in NDVI at
the start of the growing period can explain partly the reason why the
start of the growing season is not indicative of the biomass production
or final yield. This corresponds with the results in Fig. 5.
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Fig. 5. The first and second column represent the NDVI and Albedo, respectively. The rows present the different growth stages of sugarcane and the relation of NDVI in the
different performance categories.
3.3. Actual evaporation

In the fields considered for analysis in group 1, mean actual evap-
oration per field ranged between 1390 and 1483 mm/season, with
minimum values of 693 mm/season and maximum 1589 mm/season.
There is a large difference between actual evaporation values within
fields. To compare the actual evaporation estimates, we consult another
7

actual evaporation product with a different methodology (FAO). For the
years 2016 and 2017, yearly values between 1098 to 1505 mm/season
and 1013 to 1513 mm/season were documented within WAPOR for the
same area. These estimates are also in line with the reported industry
standard sugarcane ET of 1365 mm/season in the sugarcane states in
Swaziland that are located near the Mozambique border (Karimi et al.,
2019).
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Fig. 6 presents the accumulated difference between maximum crop
evaporation and actual evaporation over the growing period within
each pixel and field. Each pixel in figure Table 2 indicates accumulated
stress. The three fields with a good performance, indicating 110.3,
93.5 and 92.5 tonnes/ha, show a small difference between maximum
crop and actual evaporation. In these fields, the mean field difference
is 91 mm/season, 93 mm/season, and 126 mm/season respectively.
The fields with a yield of 50.4 and 44.0 tonnes/ha indicate a large
difference between the maximum crop and actual evaporation. In these
fields the mean field difference is 223 mm/season and 335 mm/season
respectively. A large difference between maximum crop and actual
evaporation indicates more stress.

Additionally, Table 2 shows the effect of harvest date on the dif-
ference between maximum crop and actual evaporation. In groups 1
and 3 this difference is smaller than in group 2. Group 2 the differ-
ence between maximum crop evaporation and actual evaporation is
259 mm/season or more. The larger difference can be explained by
the harvest date. The harvest dates of the fields in groups 1 and 3 lie
around June, whereas the harvest dates in group 2 are around the end
of November. This is in line with expectation as the yield decreases
with harvest dates towards the end of the year. Fields with a harvest
date at the end of a calendar year experience nearly two times the rainy
season within their growing season. This is the period with the highest
evaporation rates and largest difference between maximum crop and
actual evaporation.

Using NDVI to incorporate stress in actual evaporation calculations
it is possible to distinguish between differently performing fields. NDVI
is indicative of the chlorophyll content in the crop or irregularities
in sugarcane growth, which can be affected by several factors besides
drought. To continue, NDVI can identify hampered growth due to soil
nutrition deficits, poor drainage, or secondary salinity effects, amongst
other factors. However, to assist irrigation the spatial evaporation
estimates need to distinguish between drought-related stress and other
crop stresses to prevent overirrigation. This pitfall in current satellite
based evaporation algorithms is also identified by Jones (2016). With
regard to crop monitoring, the spatial information provided in Fig. 6
can already identify problematic fields and in-field irregularities which
can provide valuable information for on-site agronomists.

4. Conclusion

The objective of this study was to determine daily actual evapora-
tion estimates at 20 m resolution for a furrow irrigated site of a large
sugarcane plantation in Xinavane, Mozambique, using a combination
of satellite imagery and local weather data. A method is set up to
apply the Priestley–Taylor methodology spatially and demonstrate the
accompanied steps.

Creating a crop growth curve from NDVI as a function of CGDD,
allowed the correction of the reference evaporation to the specific
growth stage. This resulted in maximum crop evaporation estimates.
Identifying stress with spectral indices on a daily scale and with the
current resolution of the Sentinel-2 imagery is challenging. Analysis
was done to compare the spectral indices of good, medium, and poor
performing fields in different growth stages. Albedo estimates show
little spatial variability. NDVI in different crop stages in different
performance categories showed better results.

With crop yield data and NDVI images per observation from the
plantation, different categories of differently performing fields were
detected. Especially in the last crop stages the poor, medium, and
good performing fields could be distinguished by NDVI observations.
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Fig. 6. The difference between maximum crop potential and actual evaporation is
presented. Figures A, B, and C zoom in on different groups sugarcane fields with
similar growing periods. The fields presented show simulations of the fields with their
corresponding plant and harvest dates, as explained in the methodology. The numbers
in each field indicate the yield in tonne/ha.

Therefore, NDVI shows potential to be used as an input for a crop stress
adjustment factor. This adjustment factor can be used to incorporate
crop stress in the maximum crop evaporation calculations to obtain ac-
tual evaporation estimates. Testing the consistency of the methodology
should be part of future research with a larger database and preferably
at different geographic locations. Additionally, the methodology can
benefit from a comparison with in situ field measurements.

In practice irrigation scheduling is often based on calculations
which considers point-based meteorological data. Spatial visualization
of the evaporation fluxes will give farmers and/ or plantations an
overview of crop development and growth irregularities. However, in
order to be of use to irrigation scheduling, the identified crop stress
should be related to drought stress to prevent over-irrigation. The
proposed methodology sets a first step in deriving an operational high
spatial and temporal resolution of the actual evaporation flux.
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Table 2
An overview of three groups of fields that were considered for analysis with a similar harvest date and length of growing season.

Group 1

XNC18 XNE22 XND19 XND24 MDD17
(ratoon 5) (ratoon 4) (ratoon 8) (ratoon 8) (ratoon 7)

Yield 2017 110.3 93.5 92.5 50.4 44.0
(tonne/ha)

Ecrop-Eact: 91 (𝜎=23) 93 (𝜎=51) 126 (𝜎= 63) 223 (𝜎=95) 334 (𝜎=88)
mean (std)

Group 2

XNC19 XNE19 XNC22 MDC17 MDC16
(ratoon 6) (ratoon 4) (ratoon 5) (ratoon 7) (ratoon 7)

Yield 2017 90.4 86 71.9 68.8 53.3
(tonne/ha)

Ecrop-Eact: 259 (𝜎=84) 322 (𝜎=89) 361 (𝜎=93) 411 (𝜎=121) 345 (𝜎=113)
mean (std)

Group 3

XNE22 XNC18 XND20 XND18
(ratoon 5) (ratoon 6) (ratoon 9) (ratoon 8)

Yield 2018 90.7 89.3 69.7 66.8
(tonne/ha)

Ecrop-Eact: 129 (𝜎=39) 187 (𝜎=67) 265 (𝜎=101) 193 (𝜎=77)
mean (std)
Table 3
NDVI results. The results in this table present the outcome of the Mann–Whitney U test for mean NDVI in different crop stages.

Good–Poor Good–Medium Medium–Poor

Stage 1 U-Statistic = 353 U-Statistic = 151 U-Statistic = 159
P-value = 0.27 P-value = 0.16 P-value = 0.32
Sample size — Good: 29 Sample size — Good: 29 Sample size — Medium: 13
Sample size — Poor: 27 Sample size — Medium: 13 Sample size — Poor: 27

Stage 2 U-Statistic = 382 U-Statistic = 234 U-Statistic = 203
P-value = 0.28 P-value = 0.45 P-value = 0.31
Sample size — Good: 30 Sample size — Good: 30 Sample size — Medium: 16
Sample size — Poor: 28 Sample size — Medium: 16 Sample size — Poor: 28

Stage 3 U-Statistic = 1073 U-Statistic = 503 U-Statistic = 831
P-value = 0.02 P-value = 0.16 P-value = 0.2
Sample size — Good: 42 Sample size — Good: 42 Sample size — Medium: 28
Sample size — Poor: 67 Sample size — Medium: 28 Sample size — Poor: 67

Stage 4 U-Statistic = 337 U-Statistic = 260 U-Statistic = 339
P-value = 3.44 × 10–7 P-value = 0.003 P-value = 0.02
Sample size — Good: 41 Sample size — Good: 41 Sample size — Medium: 22
Sample size — Poor: 44 Sample size — Medium: 22 Sample size — Poor: 44
Table 4
Albedo results. The results in this table present the outcome of the Mann–Whitney U test for mean albedo in different crop stages.

Good–Poor Good–Medium Medium–Poor

Stage 1 U-Statistic = 382 U-Statistic = 169 U-Statistic = 151
P-value = 0.44 P-value = 0.3 P-value = 0.24
Sample size — Good: 29 Sample size — Good: 29 Sample size — Medium: 13
Sample size — Poor: 27 Sample size — Medium: 13 Sample size — Poor: 27

Stage 2 U-Statistic = 306 U-Statistic = 223 U-Statistic = 178
P-value = 0.04 P-value = 0.35 P-value = 0.13
Sample size — Good: 30 Sample size — Good: 30 Sample size — Medium: 16
Sample size — Poor: 28 Sample size — Medium: 16 Sample size — Poor: 28

Stage 3 U-Statistic = 1050 U-Statistic = 417 U-Statistic = 928
P-value = 0.01 P-value = 0.02 P-value = 0.47
Sample size — Good: 42 Sample size — Good: 42 Sample size — Medium: 28
Sample size — Poor: 67 Sample size — Medium: 28 Sample size —- Poor: 67

Stage 4 U-Statistic = 480 U-Statistic = 346 U-Statistic = 366
P-value = 0.0001 P-value = 0.07 P-value = 0.055
Sample size — Good: 41 Sample size — Good: 41 Sample size — Medium: 22
Sample size — Poor: 44 Sample size — Medium: 22 Sample size — Poor: 44
9
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