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CubeSat constellations provide
enhanced crop phenology

and digital agricultural insights
using daily leaf area index
retrievals

Kasper Johansen'*, Matteo G. Ziliani%2, Rasmus Houborg?, Trenton E. Franz* &
Matthew F. McCabe!

Satellite remote sensing has great potential to deliver on the promise of a data-driven agricultural
revolution, with emerging space-based platforms providing spatiotemporal insights into precision-
level attributes such as crop water use, vegetation health and condition and crop response to
management practices. Using a harmonized collection of high-resolution Planet CubeSat, Sentinel-2,
Landsat-8 and additional coarser resolution imagery from MODIS and VIIRS, we exploit a multi-
satellite data fusion and machine learning approach to deliver a radiometrically calibrated and
gap-filled time-series of daily leaf area index (LAl) at an unprecedented spatial resolution of 3 m.

The insights available from such high-resolution CubeSat-based LAl data are demonstrated through
tracking the growth cycle of a maize crop and identifying observable within-field spatial and temporal
variations across key phenological stages. Daily LAl retrievals peaked at the tasseling stage,
demonstrating their value for fertilizer and irrigation scheduling. An evaluation of satellite-based
retrievals against field-measured LAl data collected from both rain-fed and irrigated fields shows high
correlation and captures the spatiotemporal development of intra- and inter-field variations. Novel
agricultural insights related to individual vegetative and reproductive growth stages were obtained,
showcasing the capacity for new high-resolution CubeSat platforms to deliver actionable intelligence
for precision agricultural and related applications.

Growing populations in the developing world combined with shifting dietary patterns globally’ are driving
projections of future food production increases well beyond current levels®. Precision agriculture will play an
important role in delivering this increased food demand, requiring an additional level of agricultural intensifi-
cation on an already constrained system®. At its heart, precision agriculture is essentially an effort to optimize
agricultural production inputs to maximize outputs*. The optimization process is based on a range of data
resources, spanning in situ sensing technologies as well as information derived from remote sensing, including
ground robotics, unmanned aerial vehicles, and airborne and satellite image data’. Data streams, often analyzed
in near real-time, provide information facilitating improved and timely farm management practices designed to
enhance productivity in a more sustainable manner®. Information on crop phenology is particularly important
for optimal timing of treatment applications’, which in turn can help harvest and yield optimization, as well as
for forward planning of on-farm logistics®. For larger or spatially distributed fields, satellite imagery is often the
only feasible means of deriving consistent and accurate information that is needed for intra-field spatiotemporal
assessment of crop growth variability and performance’.
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The identification of within-field variability is key to delivering upon the promise of precision agriculture.
Amongst a range of supporting technologies, this effort has been accelerated by the relatively recent emergence
of constellations of small light-weight CubeSats!?. The most recent manifestation of these new Earth observ-
ing platforms provides a capacity for near daily global terrestrial coverage at an unprecedented resolution of
approximately 3 m''. The emergence of this new observational platform has driven an increasing range of
precision agricultural applications that have delivered insights into crop development and phenological events.
For example, Aragon et al.'>!* estimated crop-water use from a time-series of CubeSat imagery, finding good
agreement against ground-based assessments. Paul et al.'* used CubeSat images for detection of intermittent
ponding in maize and soybean fields, while Sadeh et al.'* employed a sequence of CubeSat data to detect sow-
ing dates, achieving an accuracy of fewer than 2 days. From a soil and vegetation perspective, Cai et al.® used
weekly CubeSat data for successful detection of nitrogen stress in corn, while Houborg and McCabe'""” as well as
Kimm et al.’® have demonstrated retrievals of leaf area index (LAI), finding that CubeSat data provided improved
estimates relative to a fused MODIS-Landsat collection.

Leaf area index is an important biophysical variable for agricultural monitoring of crop physiological and
phenological status, as well as for regular monitoring of yield potential and crop health!>?. Defined as the ratio
of the one-sided foliage area to ground area, ground-based LAI measurements can be collected both indirectly
and directly. Indirect measurements are often acquired optically based on the relation between vegetation indices
and LAL or via calculations of gap fraction and light transmission®?2. Direct measurements generally consist of
destructive sampling and analysis of collected leaves. Although being both labor-intensive and time-consuming,
direct LAI measurements are considered the most accurate?, but are impractical for operational purposes. In
order to provide LAI estimates at the field scale and beyond, remote sensing-based crop-specific radiative trans-
fer inversion models have also been applied*!. Alternatively, field-based measurements may be scaled up using
remotely sensed image data, or employed for independent calibration and validation purposes.

Indeed, image-derived LAI measurements have been used extensively in agricultural applications. For
instance, LAI has been used for determining nitrogen fertilizer applications for maize production®, map-
ping chlorophyll content®, and estimating yield”’. Image-based LAI retrievals have been performed at local,
regional, and global scales. Daily LAI retrievals produced from different course resolution image sensors such
as VEGETATION?, MODIS?, and AVHRR® have provided useful information for evaluating temporal vari-
ations in vegetation cover and phenology at global scales, albeit not at a spatial resolution suitable for detailed
assessment of individual agricultural fields. Course resolution MODIS-derived LAI data have also been used as
reference data for producing MODIS-consistent LAI products from Landsat imagery at 30 m resolution [e.g.>!~**].
While 30 m Landsat and 10 m Sentinel-2 based LAI products*~¢ can be produced routinely, neither of these
products provide the combination of spatial and temporal resolution required for precision agricultural applica-
tions. Using a non-continuous time-series of CubeSat-derived LA, Houborg and McCabe'! demonstrated the
spatiotemporal advantages in monitoring alfalfa when compared to 30 m resolution Landsat-8 data. In another
study, Sadeh et al.*” fused cloud-free Planet CubeSat and Sentinel-2 imagery to produce surface reflectance and
LAI information, achieving root mean square errors (RMSE) ranging from 1.73 to 1.78 based on CubeSat data
over wheat fields in Australia and Israel using vegetation indices and empirical relationships. However, the
applied fusion method was based on simple averaging of PlanetScope and Sentinel-2 data, potentially incor-
porating cross-sensor radiometric inconsistencies common to PlanetScope surface reflectance data, and used
linear interpolation between dates with missing or cloud-affected data. Sadeh et al.*” reported that LAI values >3
were underestimated without the application of a correction equation relying on field-based LAI measurements.

Until now, there has been no demonstration of the capacity to retrieve consistently calibrated daily-scale
high-resolution time-series of crop structural parameters such as LAI throughout an entire growing season.
Here, we demonstrate that capacity for one rain-fed and two irrigated fields of maize in Nebraska, USA and show
how daily CubeSat-derived LAI measurements produced using a multi-satellite image fusion approach can be
related to plant phenology. In addition to providing spatiotemporally dense information that can be used to drive
treatment and irrigation scheduling, identification of within-field variability, and monitoring of crop phenology
and health, these data may deliver further insights to facilitate food production and early estimates of yield**.

Materials and methods
Study site and field campaign data. The study sites were located within the domain of the Eastern
Nebraska Research and Extension Center (ENREC) at the University of Nebraska-Lincoln in the United States.
Three separate fields growing yellow maize for cattle feed were examined during the 2019 growing season, with
two irrigated fields covering an area of 48.7 ha (US-Nel) and 52.4 ha (US-Ne2), and a third rain-fed field cover-
ing an area of 65.4 ha (US-Ne3)* (Fig. 1). US-Nel, Ne2 and Ne3 were planted on April 19, 23 and 24, respec-
tively. Approximately one week prior to planting, nitrogen (N) fertilizer was applied at a rate of 175 kg N ha™* for
US-Nel, and 157 kg N ha™! for US-Ne2 and Ne3, by coulter injection of liquid urea ammonium nitrate. In addi-
tion to this pre-planting application, a further 45 kg N ha! was used for the irrigated sites at the beginning of July
to improve maize N use efficiency. US-Nel received approximately 7 mm of irrigation on April 23, June 13, and
July 1, 2019, followed by approximately 31 mm of irrigation on July 15, 24 and 29 and August 9. US-Ne2 received
approximately 31 mm of irrigation on July 2, 8, 15, and 29. Herbicides and pesticides were applied in accordance
with standard practices prescribed for maize production in eastern Nebraska*'. Monthly rainfalls recorded after
planting were 20, 147, 111, 57, 72, 107, and 128 mm between April 23 and October 31, respectively, with radia-
tion totaling 3324 MJ/m? for the same period.

LAI was collected from each field within six 20 x 20 m plots (referred to herein as intensive measurement
zones; IMZs), which were established to perform detailed plant measurements*. Assessment of the phenological
stage and destructive samplings of 5-7 plants per IMZ were carried out 13 times, 1-2 weeks apart, between May
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Figure 1. Locations of the three studied maize fields in Nebraska, USA displayed in a true color composite of
Maxar imagery from Google Earth collected on June 5, 2018 (Google, Imagery ©2022 Maxar Technologies,
U.S. Geological Survey, USDA Farm Service Agency, Map data ©2022). These included irrigated fields US-Nel
and US-Ne2 and the non-irrigated US-Ne3 field (yellow outlines). The red squares identify each of the intensive
measurement zones, where plants were collected for LAI measurements. Software used to produce the map:
ArcGIS version 10.8.1 (www.esri.com/en-us/arcgis).

23 and September 25 for US-Nel and Ne2, and 11 times between May 29 and September 18 for US-Ne3. Maize
plants used for LAI measurements were collected following guidelines provided by the University of Nebraska-
Lincoln at the Eastern Nebraska Research and Extension Center. This project is part of the Ameriflux Network
and Long Term Agricultural Research Network. In August, sampled plants averaged 2.81 m in height (with a
range of 2.46-3.08 m), 2.56 m (1.82-2.78 m), and 2.38 m (1.78-2.82 m) for US-Nel, Ne2, and Ne3, respectively.
The sampled plants were subsequently analyzed in a laboratory and divided into stems, reproductive organs,
and green and dead leaf components for leaf area and biomass estimation®**. The leaf area was then measured
with a LICOR LI-3100C area meter. Herein, only the green leaf components were used for calculating LAI and
for comparison with the image-derived measurements.

Production of planet CubeSat-based LAI.  Planet CubeSat data consisting of blue (450-510 nm), green
(510-530 nm), red (640-670 nm), and near-infrared (NIR; 850-880 nm) bands were acquired from the three
PlanetScope constellations (Dove Classic, Dove Refreshed, SuperDove) over the study site (Fig. 1) from April 1 to
November 30, 2019. A total of 159 CubeSat images, with 52 of these affected by clouds or cloud shadows, under-
went Planet Fusion processing*, which leverages data from multiple sensor sources, including three PlanetScope
generations, Sentinel-2, Landsat 8, Visible Infrared Imaging Radiometer Suite (VIIRS), and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS). The fusion of these multi-satellite platforms combines uniquely dif-
ferent radiometry, quality, and resolution characteristics to produce analysis-ready surface reflectance data that
inherit the best traits from each sensor while ensuring radiometric consistency across the fleets. Houborg and
McCabe® developed the CubeSat Enabled Spatiotemporal Enhancement Method (CESTEM) to enable radio-
metric harmonization of CubeSat time-series data with Landsat-8 and Sentinel-2 data. In fact, Kong et al.*® found
that normalized difference vegetation index (NDVI) values derived using the CESTEM approach provide better
agreement with in situ NDVI measurements than other fusion approaches such as the Enhanced Spatial and
Temporal Adaptive Reflectance Fusion Model (ESTARFM)?, the Flexible Spatiotemporal DAta Fusion model
(FSDAF)*, and SaTellite dAta IntegRation (STAIR)*. For the Planet Fusion processing, CESTEM* was used to
rigorously harmonize multi-sensor spectral data into a consistent radiometric surface reflectance standard for
full fleet interoperability. The Framework for Operational Radiometric Correction for Environmental Monitor-
ing (FORCE)* was used to generate a combined Landsat 8 and Sentinel-2 BRDF-adjusted surface reflectance
product (30 m) to represent the “gold standard”. Planet Fusion processing (Planet version 1.0.0-beta.l used
herein) also included: (1) sub-pixel geometric alignment of source imagery; (2) temporally driven cloud and
cloud shadow detection; (3) fusion of Sentinel-2 and Landsat 8 data to fill gaps in PlanetScope coverage; and (4)
advanced gap-filling based on multi-sensor observation data both before and after the prediction date, delivering
daily gap-free 4-band radiometrically robust and spatiotemporally consistent surface reflectance data.

The Planet Fusion derived surface reflectance data (daily, gap-free, 3 m) were used as the foundation for deriv-
ing LAI across the three maize fields. LAI was retrieved using a novel hybrid inversion method (Planet version
1.0.0-alpha.1 used herein) that combines non-parametric machine-learning and state-of-the-art physically-based
understanding. The adopted model training and prediction approach, which was independent of the ground-
collected LAI, leverages (1) the enhanced spectral capability of the Sentinel-2 sensor data to establish robust
spectral-to-plant trait relationships via machine learning, and (2) 4-band CubeSat data to enable significant
enhancements both spatially and temporally (Fig. 2). As part of the Planet Fusion surface reflectance product
generation, Sentinel-2 (and Landsat-8) surface reflectance data were processed and harmonized using the FORCE
atmospheric correction approach with an output at 30 m resolution. Resampling to a coarser resolution (30 m)
optimized the Sentinel-2-based LAI generation and CubeSat-Sentinel-2 fusion. Therefore, Sentinel-2 based LAI
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Figure 2. Flowchart of the processing workflow to produce daily gap-free LAI maps at 3 m resolution. The
forward runs of PROSAIL produces a dataset of vegetation indices and corresponding LAI values, which are
used to train the Sentinel-2-based LAI prediction models using random forest. The models are applied to the
Sentinel-2 vegetation index data to produce Sentinel-2-based LAI at 30 m. The multi-temporal Sentinel-2 LAI
data are then sampled to derive date and tile-specific LAI reference maps corrected for LAI change occurring
over the given CubeSat-Sentinel-2 acquisition time spans. The relative LAI change is derived on the basis of a
simple multi-variate regression model trained on the multi-day pool of Sentinel-2-LAI and co-incident Planet
Fusion vegetation index predictor data. Finally, date and tile-specific model learning (Cubist) and prediction is
performed by relating the Planet Fusion-based predictor variables and the LAI reference data.

at 30 m was estimated on the basis of random forest prediction models trained on a comprehensive synthetic
dataset of target (i.e., LAI) and explanatory spectral variables (i.e., vegetation indices). The training dataset was
constructed from forward runs with the PROSAIL®! canopy reflectance model over a wide distribution of soil
brightness levels (e.g. soil reflectance), leaf (e.g., leaf pigment concentrations), and canopy (e.g., LAI, leaf angle)
parameter realizations (Fig. 2). The explanatory dataset consisted of nine Sentinel-2 bands transformed into a
broad set of vegetation indices (Table 1) covering the visible (V), red-edge (RE), near-infrared (NIR), and short-
wave infrared (SWIR) domain in order to learn robust non-linear vegetation index—LAI associations applicable
to a wide range of surface characteristics and LAI values. While the high spectral resolution of Sentinel-2 helps
mitigate the ill-posed nature of canopy reflectance model inversion (i.e., the fact that different combinations of
model variables can produce near-identical surface reflectance spectra), prediction models with different spectral
feature sets (i.e., VNIR + RE, VNIR + SWIR, VNIR + RE + SWIR) were combined as an additional regularization
constraint to improve robustness and reduce the overall uncertainty of the LAI predictions. A model based only
on the 4-band CubeSat data would hinder the capacity to capture subtle variations and the full range of LAI
magnitudes. Incorporating Sentinel-2 bands in the red-edge and SWIR portions of the spectrum significantly
helps in constraining the LAI retrieval process and increases the sensitivity to LAI, providing enhanced perfor-
mance over denser canopies!”>2,

While the random forest approach performs well for modeling complex and non-linear associations such
as those produced by forward runs of PROSAIL, Cubist on the other hand (using a limited set of multi-variate
regressions) is quick to train and build, while being less prone to overfitting when applied to unseen data (e.g.
for modeling the temporal change in LAI between Sentinel-2 and CubeSat acquisitions)'’. Similar to the Planet
Fusion radiometric harmonization approach, Sentinel-2 LAI estimates serve as the “gold reference”, as outlined

Scientific Reports |

(2022) 12:5244 | https://doi.org/10.1038/s41598-022-09376-6 nature portfolio



www.nature.com/scientificreports/

Vegetation index Abbre-viation | Equation Spectral category | Source
Simple ratio SR bses /bess V, NIR S2, PF
Normalized difference vegetation index NDVI (bses — bees)/ (bses + bess) V, NIR S2, PF
Optimized soil adjusted vegetation index OSAVI 1.16 x (bsss — bees )/ (bses + bees + 0.16) V, NIR S2, PF
Green simple ratio GSR bses/bseo V, NIR S2, PF
S\ﬁe:;l normalized difference vegetation GNDVI (bsss — bseo)/(bsss + bsso) V, NIR $2, PF
1.5 x —(L:2x(bses—beos) =2.5x (bees +bseo))

Modified triangular vegetation index 2 MTVI2 . (2 bags+1)2— (bags —5% +/Dses)—0.5 V, NIR S2, PF
Enhanced vegetation index 2 EVI2 2.5 x (bges — bees)/(bses + 2.4 X bees + 1) V, NIR S2, PF
Modified chlorophyll absorption ratio index | MCARI ((b704 — bess) — 0.2 x (b7oa — bsen)) % (b704/bsss) | V, RE S2
MERIS terrestrial chlorophyll index MTCI (b740 — b704)/(b704 — bess) V,RE S2
Vogelmann red edge index VREI1 b740/b704 RE S2
iliedde idge normalized difference vegetation RENDVI (bsss — bros)/ (bses + bros) RE, NIR S
&edde ic;ge normalized difference vegetation RENDVI2 (bses — brso)/ (bses + brag) RE, NIR S
Reduced simple ratio RSR bses/b7oa RE, NIR S2
Reduced simple ratio 2 RSR2 bges/b7a0 RE, NIR S2
Normalized Difference Water Index NDWI (bges — bie14)/ (bges + bie14) NIR, SWIR S2
Normalized difference water index 2 NDWI2 (bges — b2202)/(bsgss + ba202) NIR, SWIR S2
Mid-infrared simple ratio MSR bses /bis14 NIR, SWIR S2
Mid-infrared simple ratio 2 MSR2 bses /02202 NIR, SWIR S2
Plant senescence reflectance index PSRI (bess — bse0)/b7oa V, RE S2

Table 1. List of vegetation indices across the visible (V), red-edge (RE), near infrared (NIR), and shortwave
infrared (SWIR) domains used in the training of the random forest (Sentinel-2) and Cubist (Sentinel-2 and
Planet Fusion) based leaf area index prediction models. The indicated spectral wavelengths represent the center
of the corresponding Sentinel-2 band. Note that the four Planet Fusion bands were identical to the Sentinel-2
bands as the bands were aligned during the Planet Fusion radiometric harmonization approach.

in*. CubeSat-based relative LAI change information (30 m) over given Sentinel-2-CubeSat acquisition time
spans was derived using a set of multivariate regression models trained on the available multi-day pool of Senti-
nel-2 LAT and day-coincident CubeSat-based vegetation index predictor data (Table 1). With this information,
Sentinel-2 LAI reference samples were drawn from multiple Sentinel-2 scenes, correcting for any change in LAI
magnitudes, occurring over the acquisition time spans to provide weighted and outlier screened pixel-wise (30 m)
estimates of reference LAI for any given CubeSat tile. The Sentinel-2-based LAI reference sampling was specific
to each Planet Fusion tile as well as the date of that tile (Fig. 2). Any given Planet Fusion tile was associated with
a corresponding Sentinel-2 LAI reference tile, which was based on LAI sampling from multiple Sentinel-2 LAI
images in the past (or future, relative to the prediction date) acquired over the Planet Fusion tile domain. As a
result, the models were highly localized (date and tile-specific) and therefore will not be affected by transferability
issues. For a full Planet Fusion tile (8000 x 8000 pixels of 3 m), LAI data for 800 x 800 pixels (640,000 samples)
were used for training. In order to map LAI at the spatial and temporal resolution of the CubeSat data, a Cubist
rule-based regression tree approach was used to learn the relationships between CubeSat-based vegetation index
predictor variables and the derived LAI reference data for any given CubeSat tile. The resulting date and tile-
specific prediction models were then used to derive gap-free LAI at 3 m resolution, with the cadence (daily) of
the CubeSat surface reflectance data. While the training was performed at 30 m, the CubeSat-based LAI at 3 m
was achieved by applying the model to the vegetation index data at the 3 m level, with the Sentinel-2 data being
matched to the Planet Fusion tile domain as part of the Planet Fusion processing*!. As the training was date and
tile-specific, very good fits (i.e. with an R*>0.95) were achieved between the Sentinel-2 based LAI reference data
and the CubeSat-predicted LAI, with overfitting considered unlikely due to the constrained approach.

For each of the three maize fields, the in situ LAI measurements derived from the six IMZs (see Fig. 1) were
used to evaluate the CubeSat-based LAI maps. The laboratory-derived LAI measurements of the green plant
components of the 5-7 plants assessed per IMZ were averaged and then multiplied by the plant population within
each IMZ to form a representative LAI value'. Using the center location of each 20 x 20 m IMZ, a window of
7 x 7 CubeSat pixels (i.e. 21 X 21 m) was then used to extract an average LAI value for comparison with the in situ
LAI measurements. RMSE and relative RMSE (rRMSE) between in situ and CubeSat-derived LAI values were
reported. With six IMZs for each of the three fields and 13 multi-temporal observations for US-Nel and Ne2
and 11 for US-Ne3, a total of 222 observations were available for comparison with the CubeSat-derived LAI
maps for the corresponding dates.
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Figure 3. Scatterplots between field-measured LAI and LAI estimates of 7 x 7 pixels derived from the
corresponding locations of the Planet CubeSat data collected 13 times during the growing season for US-Nel
and Ne2 and 11 times for the US-Ne3 maize field.

Results and discussion

Evaluation of CubeSat-retrieved LAI. Independent assessment of the LAI values derived from the
CubeSat-based approach was performed against the field-derived LAI measurements. As can be seen in Fig. 3,
there was a strong linear relationship between the field and CubeSat-based LAI measurements, producing coef-
ficient of determination (R?) values>0.94. Interestingly, the rRMSE for US-Ne3 (12.74) was significantly lower
than those from the two irrigated fields (16.54 and 17.96; Fig. 3), suggesting more accurate LAI estimates within
the rain-fed field. LAI values <5 generally followed a linear relationship, whereas the field-based LAI values>5
were in most cases underestimated by the CubeSat-based approach; a common characteristic identified in other
studies using satellite imagery for estimating LAI [e.g. 53,54]. While the laboratory-based measurements of LAI
represented the green leaf cover, the CubeSat image data provide a top-down view, which may be affected by the
leaf angle distribution, clumping effects, senescent leaves, plant stems, and any exposed soil background. Hence,
variations between the two estimates can be expected, especially due to changing soil color and texture or the
presence of weeds>. Canopy bi-directional reflectance, including that associated with canopy shadowing, may
also affect image-derived vegetation structural measurements such as LAT*.

Remotely sensed vegetation indices generally employ a combination of two spectral bands, with these indices
showing different levels of correlation with LAI, where correlations often vary as a function of the phenological
crop stage®”*8. Here, we integrated a number of vegetation indices, incorporating the visible, red edge, NIR and
SWIR bands of Sentinel-2 for generating LAI reference data to optimize the detection of subtle variations and to
capture the full range of LAI magnitudes. Using individual vegetation indices as an indicator of LAI has proven
difficult in the past, due to sensitivities to background reflectance effects, differences in crop varieties and their
structure, and variations in canopy shadowing®~¢, all of which can hinder temporal comparison of (unitless)
indices for phenology characterization. As such, quantitative measurements of biophysical parameters, such as
LAL tend to be more appropriate to compare across time and space®. However, previous studies have found that
remotely sensed vegetation indices can saturate at high LAI values, i.e. become insensitive to variations in LAI
values above a certain threshold, due to the horizontal leaf stratification®, which provides a likely explanation
of the CubeSat-based LAI underestimation in fields US-Nel and 2 from the beginning of July to mid-August
depicted in Fig. 3. As the rain-fed US-Ne3 field generally had LAI values < 5, saturation effects were therefore not
a strong consideration. Sadeh et al.*” found fused Sentinel-2 and CubeSat data-derived LAI values >3 of wheat
fields to saturate, requiring model adjustments. After their model adjustment, R? ranged from 0.27 to 0.92, with
RMSEs of 0.35-0.63 depending on the vegetation indices used. Kimm et al.'® produced LAI approximations for
corn with an R? of 0.76 and a RMSE of 1.12 based on CubeSat data. As such, our retrieval accuracies are within
or better than those reported by both Kimm et al.!® and Sadeh et al.””, and are similar or exceed LAI estimates
from Sentinel-2 [e.g. 61,62] and Landsat [e.g. 63-65].

Spatiotemporal LAl dynamics drive field insights. The precise application of inputs such as irriga-
tion, fertilizer, herbicides, and pesticides at the right time, rate and place within a field® requires spatiotempo-
rally dense data delivered with a low latency. Having a spatial resolution sufficient to identify intra-field vari-
ability, while obtaining daily temporal updates on the progression of plant growth, would provide a level of
actionable intelligence that farmers could exploit to tailor management decisions for yield optimization®”.
High spatiotemporal resolution data also allows the consequences of management decisions and interventions
to be assessed. For instance, fields US-Nel and Ne2 were planted on April 19 and 23, 2019, respectively. The
4-day time gap between planting of the two fields can be observed in Fig. 4, with the progression of LAI values
in US-Ne2 consistently lagging those of US-Nel. The non-irrigated US-Ne3 field that was planted on April 24
appears to be approximately 5 days behind the irrigated US-Ne2 field, even though there was only 1 day differ-
ence in planting and irrigation did not start until July 2 (see Fig. 4). Following irrigation, it becomes apparent
that the rainfed US-Ne3 field had lower LAI than the two irrigated fields (e.g. 14 July in Fig. 4): an expected out-
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Figure 4. Daily sequence of leaf area index (LAI) maps, covering 19 days (June 13-July 1, 2019) during part of
the vegetative stage and one selected day (14 July) with peak LAI values of the two irrigated US-Nel and Ne2
fields and the non-irrigated US-Ne3 field. Software used to produce the maps: ArcGIS version 10.8.1 (www.esri.
com/en-us/arcgis).

come given the differing volumes of water available to the crops. The relative temporal lag in LAI development
between the three fields remained throughout the vegetative stage (Fig. 4).

Intra-field variability in LAI is evident across all three fields, with underperforming darker patches easily
recognizable during the greening period displayed in Fig. 4 (June 13-July 1), and even at the very beginning
of plant growth (June 13). While these are most likely the imprint of underlying soil characteristics, irrigation
issues, or inconsistencies during planting®, the spatially dense CubeSat retrievals provide detail that would
likely be unresolved using coarser scale satellite platforms such as Landsat!! and perhaps even Sentinel-27°.
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Figure 5. Box-and-whisker plots showing the field-identified stages of the 2nd (V2), 6th (V6) and 11th (V11)
leaf collar, tasseling (VT), and the six reproductive stages, representing silking (R1), blister (R2), milk (R3),
dough (R4), dent (R5) and maturity (R6). Boxes: interquartile range (IQR); lower limit of boxes: first quartile
(Q1); upper limit of boxes: third quartile (Q3); whiskers: Q1-1.5(IQR) and Q3+ 1.5(IQR); line through boxes:
median. All outliers were removed for visual clarity. Each green circle represents the average daily CubeSat-
derived LAI per field during the growing season.

The full resolution (i.e., 3.125 m) of the CubeSat LAI maps permits an improved delineation of field sections
showing optimal or suboptimal growth performance. The advantage of the daily image sequence is particularly
pronounced given the rapid crop development during the vegetative stage of maize. It is noticeable at the time
of peak LAI values (July 14) that the underperforming patches during the vegetative stage tend to dissolve and
reach LAI values similar to the remaining parts of the fields, particularly in the US-Ne2 field, which received
two lots of 31 mm irrigation between July 1-14.

Identifying different growth stages of maize is a key component for precision insights, as plants have differ-
ent requirements at different phenological stages”. To investigate the relation of CubeSat-derived LAI with key
phenological stages of maize, box-and-whisker plots were produced to show the range of LAI pixel values within
each field at specific field-identified vegetative and reproductive growth stages (Fig. 5). At the early vegetative
stage, representing the second leaf collar (V2) at the end of May, CubeSat-observed LAI values can be seen to
increase. Subsequently, rapid LAI increases occur in response to plant growth and the production of additional
leaf collars (e.g. V6 and V11). The vegetative stages see high nutrient uptakes and rapid plant growth, which relies
on moisture, temperature and light interception®. Maximum LAI was reached around the time of tasseling (V'T,
at the beginning of July) and silking (R1, in mid-July), which is the first reproductive stage of maize, coincid-
ing with plant growth that shifts towards pollination and kernel formation. Plant stress (nutrient and moisture
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deficiencies) prior to tasseling and during pollination can greatly affect pollination and yield, emphasizing the
need for careful management inputs in relation to maize phenology’’. Based on Fig. 5, the tasseling stage was
clearly identified as the peak, with a subsequent plateau in LAI, demonstrating the capacity to use daily LAI
information for fertilizer and irrigation scheduling.

During the first four reproductive stages of kernel development, i.e. silking (R1), blister (R2), milk (R3) and
dough (R4), no distinct variation in LAI was observed, despite the continuing increase in reproductive biomass.
During kernel development, moisture stress, coupled with high temperatures, nutrient deficiency, disease or
insect attack can significantly reduce kernel size and yield”!. Hence, sudden drops in LAI values during the initial
reproductive stages may be an indication of biotic or abiotic stress, requiring urgent management intervention.
However, the spectral saturation at high LAT values may have contributed to the similarity in the observed LAI
from the tasseling stage and during the first four reproductive stages, which may conceal fluctuations in LAI
values above 5, especially in the irrigated fields. The LAI of maize fields depends on the planting density, plant
variety, rainfall, temperature, sunlight, availability of nutrients and overall crop growth’>. In some parts of the
world, the LAI of maize is generally below 5°*7*-%, which would eliminate saturation issues. Towards the dent
stage (R5) at the end of August and beginning of September, the number of green leaves started decreasing,
while the number of dead leaves increased, resulting in a distinct decrease in LAL According to O’Keeffe’!, the
last irrigation should generally occur when the grain is well dented (a couple of weeks before maturity) to reach
maximum yield, emphasizing the benefits of daily LAI information, as the R5 stage could clearly be identified in
Fig. 5 for all three fields. The senescence of green leaves progressed rapidly towards the second half of September,
when the plants reached physiological maturity (R6) and maximum biomass accumulation. Approximately four
weeks prior to harvest (beginning of November), green LAI values approached zero, as all leaves had dried at
that stage. As the yellow maize was used for cattle feed, it is often common practice to postpone harvest until all
plants are fully dried for silo storage, hence highlighting another advantage of daily LAI information for harvest
scheduling.

While the relation of maize phenology to the LAI time series (which covers the full growth cycle) provides
useful agroinformatic insights, real-time forecasting of phenology based on a daily evolving time-series of LAI
information during the growth cycle may be more difficult to interpret (e.g. it is difficult to determine when
maximum LAIT values are reached before seeing a plateau in the trend). However, based on a gradually evolv-
ing time-series of image-derived LAI values added with a 2-3 day latency, information suited for management
practices can still be obtained. Such information includes steadily increasing LAI values during the vegetative
stage, timing of silking based on a week of LAI plateauing, premature drops in LAI within the first month of LAI
plateauing (potentially indicating some kind of biotic or abiotic stress), and full senescence of the field when
green LAI values approach zero. In case of cloud cover, Planet Fusion tiles can generally be produced with a 48-h
latency using the forward-fill operation**. However, prolonged periods of cloud cover may impact the accuracy
of LAI predictions.

Not surprisingly, given the increased potential for plant stress due to water deficit, the rain-fed field (US-
Ne3) displayed a larger range of LAI values compared to US-Nel and Ne2 in the hotter and drier months of
July, August and September (Fig. 5). US-Ne3 also experienced a slightly delayed greening stage and started to
senesce, reflected by a drop in green LAI at the end of August, before both US-Nel and Ne2. More generally,
US-Ne3 displayed lower LAI values than both US-Nel and Ne2, indicating the increased production of biomass
due to the irrigation of the other two maize fields. In fact, field measurements of biomass for the three fields
at the time of plant physiological maturity (R6) showed a difference of approximately 7000 kg/ha between the
irrigated (25,000 kg/ha) and the rain-fed (18,000 kg/ha) fields. Larger production differences between irrigated
and rain-fed maize are likely to be more distinct in drier years, where the timing and amounts of irrigation can
significantly impact end-of-season yield’®.

Conclusions

The provision of high resolution spatiotemporal information is central to realizing the precision agricultural
advances needed to achieve global food and water security objectives. Providing farmers with timely informa-
tion at the within-field scale is a significant step in this direction, and not only allows for the optimization of
variable inputs, such as water and nutrients, but also for the early detection of areas with potentially low pro-
ductivity. Such high resolution digital insights enable time-critical management intervention that can be used
to facilitate yield optimization. Leveraging the high radiometric quality of Sentinel-2, Landsat-8, and VIIRS/
MODIS time-series, a CubeSat-based LAI product was used to track within-field LAI variations across several
maize fields through the course of an entire growing season. Apart from offering new spatiotemporal insights
into crop development and behavior, these daily CubeSat-based LAI data demonstrated the capacity to capture
recognized relationships between LAI and key vegetative and reproductive phenology stages. CubeSat-based LAI
was produced with high accuracy (rRMSE and RMSE between 12 ando 18% and 0.42 and 0.73, respectively) and
correlated highly with field-collected measurements. Some saturation of LAI values greater than 5 was noted,
potentially contributing to LAI maps with reduced field heterogeneity at the tasseling stage and during the first
four reproductive stages (R1-4). Importantly, a decrease in LAI values was recorded for all three fields during the
dent (R5) stage, followed by a significant drop towards the plant majority stage (R6). More generally, the CubeSat
data demonstrated clear capacity to reproduce key crop development stages and growth patterns from initial
planting, to maturity and ultimately harvest. Ongoing work is required to demonstrate broader scale applica-
tions of these high spatiotemporal data assets. Research required to further advance the precision agricultural
application of these novel CubeSat data might include an assessment of crop growth patterns, the influence of
management decisions, an evaluation of retrievals over different crop varieties, or addressing yield prediction,
disease detection and soil monitoring related challenges. Such analyses will help to determine the contribution of
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high spatiotemporal resolution information towards sustainable agricultural intensification and food production
and better quantify the cost-to-benefit ratio of using high-resolution satellite-based daily products for precision
agricultural applications.

Data Availability

The Planet Fusion imagery and LAI data can be provided by KAUST pending scientific review. Requests for
the data should be submitted to: Dr Kasper Johansen, kasper.johansen@kaust.edu.sa. All remaining data are
presented in the paper.

Received: 2 December 2021; Accepted: 21 March 2022
Published online: 28 March 2022

References

1

2.

3.

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Strzepek, K. & Boehlert, B. Competition for water for the food system. Philos. Trans. R. Soc. B 365, 2927-2940. https://doi.org/10.

1098/rstb.2010.0152 (2010).

Karthikeyan, L. C. I. & Mishra, A. K. A review of remote sensing applications in agriculture for food security: crop growth and
yield, irrigation, and crop losses. J. Hydrol. 586, 124905. https://doi.org/10.1016/j.jhydrol.2020.124905 (2020).

Shepherd, M., Turner, J. A., Small, B. & Wheeler, D. Priorities for science to overcome hurdles thwarting the full promise of the
‘digital agriculture’ revolution. J. Sci. Food Agric. 100, 5083-5092. https://doi.org/10.1002/jsfa.9346 (2018).

. Banu, S. Precision agriculture: tomorrow’s technology for today’s farmer. J. Food Process. Technol. 6, 468. https://doi.org/10.4172/

2157-7110.1000468 (2015).

. Fahey, T. et al. Active and passive electro-optical sensors for health assessment of food crops. Sensors 21, 171. https://doi.org/10.

3390/s21010171 (2021).

. Tang, Y. et al. A survey on the 5G network and its impact on agriculture: Challenges and opportunities. Comput. Electron. Agric.

180, 105895. https://doi.org/10.1016/j.compag.2020.105895 (2021).

. Sharifi, R. S. & Namvar, A. Effects of time and rate of nitrogen application on phenology and some agronomical traits of maize

(Zea mays L.). Biologija 62, 35-45 (2016).

. Robson, A., Rahman, M. M. & Muir, J. Using WorldView satellite imagery to map yield in avocado (Persea americana): a case study

in Bundaberg Australia. Remote Sens. 9, 1223. https://doi.org/10.3390/rs9121223 (2017).

. Sishodia, R. P,, Ray, R. L. & Singh, S. K. Applications of remote sensing in precision agriculture: a review. Remote Sens. 12, 3136.

https://doi.org/10.3390/rs12193136 (2020).

McCabe, M. E, Houborg, R. & Mascaro, J. CubeSats in hydrology: ultrahigh-resolution insights into vegetation dynamics and
terrestrial evaporation. Water Resour. Res. 53, 10017-10027. https://doi.org/10.1002/2017WR022240 (2017).

Houborg, R. & McCabe, M. E Daily retrieval of NDVI and LAI at 3 m resolution via the fusion of CubeSat, Landsat, and MODIS
data. Remote Sens. 10, 890. https://doi.org/10.3390/rs10060890 (2018).

Aragon, B.,, Houborg, R., Tu, K., Fisher, J. B. & McCabe, M. CubeSats enable high spatiotemporal retrievals of crop-water use for
precision agriculture. Remote Sens. 10, 1867. https://doi.org/10.3390/rs10121867 (2018).

Aragon, B,, Ziliani, M. G., Houborg, R., Trenton, E. E. & McCabe, M. F. CubeSats deliver new insights into agricultural water use
at daily and 3 m resolutions. Sci. Rep. 11, 12131. https://doi.org/10.1038/s41598-021-91646-w (2021).

Paul, R. E et al. Spatiotemporal derivation of intermittent ponding in a maize-Soybean landscape from Planet Labs CubeSat images.
Remote Sens. 12, 1942. https://doi.org/10.3390/rs12121942 (2020).

Sadeh, Y., Zhu, X,, Chenu, K. & Dunkerley, D. Sowing date detection at the field scale using CubeSats remote sensing. Comput.
Electron. Agric. 157, 568-580. https://doi.org/10.1016/j.compag.2019.01.042 (2019).

. Cai, Y. et al. Detecting in-season crop nitrogen stress of corn for field trials using UAV- and CubeSat-based multispectral sensing.

IEEE J. Select. Topics Appl. Earth Observ. Remote Sens. 12, 5153-5166. https://doi.org/10.1109/JSTARS.2019.2953489 (2019).

. Houborg, R. & McCabe, M. F. A hybrid training approach for leaf area index estimation via Cubist and random forests machine-

learning. ISPRS J. Photogramm. Remote. Sens. 135, 173-188. https://doi.org/10.1016/j.rse.2017.03.013 (2018).

. Kimm, H. et al. Deriving high-spatiotemporal-resolution leaf area index for agroecosystems in the US Corn Belt using Planet Labs

CubeSat and STAIR fusion data. Remote Sens. Environ. 239, 111615. https://doi.org/10.1016/j.rse.2019.111615 (2020).

. Guindin-Garcia, N., Gitelson, A. A., Arkebauer, T. J., Shanahan, J. & Weiss, A. An evaluation of MODIS 8- and 16-day composite

products for monitoring maize green leaf area index. Agric. For. Meteorol. 161, 15-25. https://doi.org/10.1016/j.agrformet.2012.
03.012 (2012).

Kross, A., McNairn, H., Lapen, D., Sunohara, M. & Champagne, C. Assessment of RapidEye vegetation indices for estimation of
leaf area index and biomass in corn and soybean crops. Int. J. Appl. Earth Obs. Geoinf. 34, 235-248. https://doi.org/10.1016/j.jag.
2014.08.002 (2015).

Liu, J. & Pattey, E. Retrieval of leaf area index from top-of-canopy digital photography over agricultural crops. Agric. For. Meteorol.
150, 1485-1490. https://doi.org/10.1016/j.agrformet.2010.08.002 (2010).

Liu, J., Pattey, E. & Jégo, G. Assessment of vegetation indices for regional crop green LAI estimation from Landsat images over
multiple growing seasons. Remote Sens. Environ. 123, 347-358. https://doi.org/10.1016/j.rse.2012.04.002 (2012).

Guangjian, Y. et al. Review of indirect optical measurements of leaf area index: recent advances, challenges, and perspectives. Agric.
For. Meteorol. 265, 390-411. https://doi.org/10.1016/j.agrformet.2018.11.033 (2019).

Richter, K., Atzberger, C., Vuolo, E. & D’Urso, G. Evaluation of Sentinel-2 spectral sampling for radiative transfer model based
LAI estimation of wheat, sugar beet, and maize. IEEE J. Select. Top. Appl. Earth Observ. Remote Sens. 4, 458-464. https://doi.org/
10.1109/JSTARS.2010.2091492 (2010).

Zhao, B. et al. Determination of critical nitrogen concentration and dilution curve based on leaf area index for summer maize.
Field Crop Res. 228, 195-203. https://doi.org/10.1016/j.fcr.2018.09.005 (2018).

Milas, A. S., Romanko, M., Peil, P., Abeysinghe, T. & Marambe, A. The importance of leaf area index in mapping chlorophyll
content of corn under different agricultural treatments using UAV images. Int. J. Remote Sens. 39, 5415-5431. https://doi.org/10.
1080/01431161.2018.1455244 (2018).

Fernandez-Ordonez, Y. M. & Soria-Ruiz, ]. Maize crop yield estimation with remote sensing and empirical models. In International
Geoscience and Remote Sensing Symposium (IGARSS) Vol. Volume 2017-July, 3035-3038 (Institute of Electrical and Electronics
Engineers Inc., Fort Worth, United States, 2017).

Baret, E et al. LAI, fAPAR and fCover CYCLOPES global products derived from VEGETATION. Part 1: principles of the algorithm.
Remote Sens. Environ. 110, 275-286. https://doi.org/10.1016/j.rse.2007.02.018 (2007).

Myneni, R. B. et al. Global products of vegetation leaf area and fraction absorbed PAR from year one of MODIS data. Remote Sens.
Environ. 83, 214-231 (2002).

Claverie, M., Matthews, J. L., Vermote, E. E & Justice, C. O. A 30+ year AVHRR LAI and FAPAR climate data record: algorithm
description and validation. Remote Sens. 8, 263. https://doi.org/10.3390/rs8030263 (2016).

Scientific Reports |

(2022) 12:5244 | https://doi.org/10.1038/s41598-022-09376-6 nature portfolio


https://doi.org/10.1098/rstb.2010.0152
https://doi.org/10.1098/rstb.2010.0152
https://doi.org/10.1016/j.jhydrol.2020.124905
https://doi.org/10.1002/jsfa.9346
https://doi.org/10.4172/2157-7110.1000468
https://doi.org/10.4172/2157-7110.1000468
https://doi.org/10.3390/s21010171
https://doi.org/10.3390/s21010171
https://doi.org/10.1016/j.compag.2020.105895
https://doi.org/10.3390/rs9121223
https://doi.org/10.3390/rs12193136
https://doi.org/10.1002/2017WR022240
https://doi.org/10.3390/rs10060890
https://doi.org/10.3390/rs10121867
https://doi.org/10.1038/s41598-021-91646-w
https://doi.org/10.3390/rs12121942
https://doi.org/10.1016/j.compag.2019.01.042
https://doi.org/10.1109/JSTARS.2019.2953489
https://doi.org/10.1016/j.rse.2017.03.013
https://doi.org/10.1016/j.rse.2019.111615
https://doi.org/10.1016/j.agrformet.2012.03.012
https://doi.org/10.1016/j.agrformet.2012.03.012
https://doi.org/10.1016/j.jag.2014.08.002
https://doi.org/10.1016/j.jag.2014.08.002
https://doi.org/10.1016/j.agrformet.2010.08.002
https://doi.org/10.1016/j.rse.2012.04.002
https://doi.org/10.1016/j.agrformet.2018.11.033
https://doi.org/10.1109/JSTARS.2010.2091492
https://doi.org/10.1109/JSTARS.2010.2091492
https://doi.org/10.1016/j.fcr.2018.09.005
https://doi.org/10.1080/01431161.2018.1455244
https://doi.org/10.1080/01431161.2018.1455244
https://doi.org/10.1016/j.rse.2007.02.018
https://doi.org/10.3390/rs8030263

www.nature.com/scientificreports/

32.

33.

34,
35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

. Ganguly, S. et al. Generating global Leaf Area Index from Landsat: Algorithm formulation and demonstration. Remote Sens.
Environ. 122, 185-202. https://doi.org/10.1016/j.rse.2011.10.032 (2012).

Gao, E, Anderson, M. C., Kustas, W. P. & Wang, Y. Simple method for retrieving leaf area index from Landsat using MODIS leaf
area index products as reference. J. Appl. Remote Sens. 6, 63551-63554. https://doi.org/10.1117/1.JRS.6.063554 (2012).

Kang, Y. et al. A data-driven approach to estimate leaf area index for Landsat images over the contiguous US. Remote Sens. Environ.
258, 112383. https://doi.org/10.1016/j.rse.2021.112383 (2021).

Weiss, M. & Baret, E S2ToolBox Level 2 products: LAI, FAPAR, FCOVER. (2016).

Pasqualotto, N., Delegido, J., Van Wittenberghe, S., Rinaldi, M. & Moreno, J. Multi-crop green LAI estimation with a new simple
Sentinel-2 LATI index (SeLI). Sensors 19, 904. https://doi.org/10.3390/s19040904 (2019).

Estévez, ]. et al. Gaussian processes retrieval of LAI from Sentinel-2 top-of-atmosphere radiance data. ISPRS J. Photogramm.
Remote. Sens. 167, 289-304. https://doi.org/10.1016/j.isprsjprs.2020.07.004 (2020).

Sadeh, Y. et al. Fusion of Sentinel-2 and PlanetScope time-series data into daily 3 m surface reflectance and wheat LAI monitoring.
Int. J. Appl. Earth Obs. Geoinf. 96, 102260. https://doi.org/10.1016/j.jag.2020.102260 (2021).

Burke, M. & Lobell, D. B. Satellite-based assessment of yield variation and its determinants in smallholder African systems. Proc.
Natl Acad. Sci. U. S. A. (PNAS) 114, 2189-2194 (2017).

Ziliani, M. G. et al. Early season prediction of within-field crop yield variability by assimilating CubeSat data into a crop model.
Agric. Forest Meteorol. 313, 108736 (2022).

Hunt, E. D. et al. Monitoring the effects of rapid onset of drought on non-irrigated maize with agronomic data and climate-based
drought indices. Agric. For. Meteorol. 191, 1-11. https://doi.org/10.1016/j.agrformet.2014.02.001 (2014).

Suyker, A. E. et al. Growing season carbon dioxide exchange in irrigated and rainfed maize. Agric. For. Meteorol. 124, 1-13. https://
doi.org/10.1016/j.agrformet.2004.01.011 (2004).

Ajaere, N. M. Multi-Temporal Analysis of Crop Biomass using Selected Environmental Variables and Remote Sensing Derived Indices
Masters thesis, University of Nebraska, (2012).

Nguy-Robertson, A. L., Suyker, A. & Ziao, X. Modeling gross primary production of maize and soybean croplands using light
quality, temperature, water stress, and phenology. Agric. For. Meteorol. 213, 160-172. https://doi.org/10.1016/j.agrformet.2015.
04.008 (2015).

Planet Fusion Team. Planet fusion monitoring technical specification. https://assets.planet.com/docs/Planet_fusion_specificat
ion_March_2021.pdf (San Francisco, CA., 2021).

Houborg, R. & McCabe, M. A cubesat enabled spatio-temporal enhancement method (CESTEM) utilizing planet, landsat and
MODIS data. Remote Sens. Environ. 209, 211-226. https://doi.org/10.1016/j.rse.2018.02.067 (2018).

Kong, J. et al. Evaluation of four image fusion NDVI products against in-situ spectral-measurements over a heterogeneous rice
paddy landscape. Agric. Forest Meteorol. 297, 108255 (2021).

Zhu, X, Chen, J., Geo, E, Chen, X. & Masek, J. G. An enhanced spatial and temporal adaptive reflectance fusion model for complex
heterogeneous regions. Remote Sens. Environ. 114, 2610-2623 (2010).

Zhu, X. et al. A flexible spatiotemporal method for fusing satellite images with different resolutions. Remote Sens. Environ. 172,
165-177 (2016).

Luo, Y., Guan, K. & Peng, J. STAIR: a generic and fully-automated method to fuse multiple sources of optical satellite data to
generate a high-resolution, daily and cloud-/gap-free surface reflectance product. Remote Sens. Environ. 214, 87-99 (2018).
Frantz, D. FORCE—Landsat + Sentinel-2 analysis ready data and beyond. Remote Sensing 11, 1124 (2019).

. Jacquemoud, S. et al. PROSPECT + SAIL models: a review of use for vegetation characterization. Remote Sens. Environ. 113,
$56-S66 (2009).

Amin, E. et al. Prototyping Sentinel-2 green LAI and brown LAI products for cropland monitoring. Remote Sens. Environ. 255,
112168. https://doi.org/10.1016/j.rse.2020.112168 (2021).

Kang, Y. et al. How universal is the relationship between remotely sensed vegetation indices and crop leaf area index? A global
assessment. Remote Sens. 8, 597. https://doi.org/10.3390/rs8070597 (2016).

Vifa, A., Gitelson, A. A., Nguy-Robertson, A. L. & Peng, Y. Comparison of different vegetation indices for the remote assessment
of green leaf area index of crops. Remote Sens. Environ. 115, 3468-3478. https://doi.org/10.1016/j.rse.2011.08.010 (2011).
Prudnikova, E. et al. Influence of soil background on spectral reflectance of winter wheat crop canopy. Remote Sens. 11, 1932.
https://doi.org/10.3390/rs11161932 (2019).

Duthoit, S., Demarez, V., Gastellu-Etchegorry, J.-P., Martin, E. & Roujean, J.-L. Assessing the effects of the clumping phenomenon
on BRDF of a maize crop based on 3D numerical scenes using DART model. Agric. For. Meteorol. 148, 1341-1352. https://doi.
org/10.1016/j.agrformet.2008.03.011 (2008).

Din, M., Zheng, W., Rashid, M., Wang, S. & Shi, Z. Evaluating hyperspectral vegetation indices of leaf area index estimation of
Oryza sativa L. at diverse phenological stages. Front. Plant Sci. 8, 820. https://doi.org/10.3389/fpls.2017.00820 (2017).

Gitelson, A. A., Vina, A., Arkebauer, T. J. & Rundquist, D. C. Remote estimation of leaf area index and green leaf biomass inmaize
canopies. Geophys. Res. Lett. 30, 1248. https://doi.org/10.1029/2002GL016450 (2003).

Ji, L. & Peters, A. ]. Performance evaluation of spectral vegetation indices using a statistical sensitivity function. Remote Sens.
Environ. 106, 59-65. https://doi.org/10.1016/j.rse.2006.07.0 (2007).

Corti, M., Cavalli, D., Cabssi, G., Gallina, P. M. & Bechini, L. Does remote and proximal optical sensing successfully estimate maize
variables? A review. Eur. J. Agron. 99, 37-50. https://doi.org/10.1016/j.¢ja.2018.06.008 (2018).

Yu, H. et al. Validation of Sentinel-2, MODIS, CGLS, SAF, GLASS and C3S leaf area index products in maize crops. Remote Sensing
13, 4529. https://doi.org/10.3390/rs13224529 (2021).

Zhang, M. et al. Super-resolution enhancement of Sentinel-2 image for retrieving LAI and chlorophyll content of summer corn.
Eur. ]. Agron. 111, 125938 https://doi.org/10.1016/j.€ja.2019.125938 (2019).

Dahms, T., Seissiger, S., Conrad, C. & Borg, E. Modelling biophysical parameters of maize using Landsat 8 time series. In The
International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, XLI-B2, Prague, Czech Republic
(2016).

Houborg, R. et al. Joint leaf chlorophyll content and leaf area index retrieval from Landsat data using a regularized model inversion
system (REGFLEC). Remote Sens. Environ. 159, 203-221. https://doi.org/10.1016/j.rse.2014.12.008 (2015).

Nguy-Robertson, A. L. & Gitelson, A. A. Algorithms for estimating green leaf area index in C3 and C4 crops for MODIS, Landsat
TM/ETM+, MERIS, Sentinel MSI/OLCI, and Venps sensors. Remote Sens. Lett. 6, 360-369. https://doi.org/10.1080/2150704X.
2015.1034888 (2015).

Hedley, C. The role of precision agriculture for improved nutrient management on farms. J. Sci. Food Agric. 95, 12-19. https://doi.
org/10.1002/jsfa.6734 (2015).

Battude, M. et al. Estimating maize biomass and yield over large areas using high spatial and temporal resolution Sentinel-2 like
remote sensing data. Remote Sens. Environ. 184, 668-681. https://doi.org/10.1016/j.rse.2016.07.030 (2016).

Khanal, S., Fulton, J., Klopfenstein, A., Douridas, N. & Shearer, S. Integration of high resolution remotely sensed data and machine
learning techniques for spatial prediction of soil properties and corn yield. Comput. Electron. Agric. 153, 213-225. https://doi.org/
10.1016/j.compag.2018.07.016 (2018).

Panda, R. K., Behera, S. K. & Kashyap, P. S. Effective management of irrigation water for maize under stressed conditions. Agric.
Water Manag. 66, 181-203. https://doi.org/10.1016/j.agwat.2003.12.001 (2004).

Scientific Reports |

(2022) 12:524

4 | https://doi.org/10.1038/s41598-022-09376-6 nature portfolio


https://doi.org/10.1016/j.rse.2011.10.032
https://doi.org/10.1117/1.JRS.6.063554
https://doi.org/10.1016/j.rse.2021.112383
https://doi.org/10.3390/s19040904
https://doi.org/10.1016/j.isprsjprs.2020.07.004
https://doi.org/10.1016/j.jag.2020.102260
https://doi.org/10.1016/j.agrformet.2014.02.001
https://doi.org/10.1016/j.agrformet.2004.01.011
https://doi.org/10.1016/j.agrformet.2004.01.011
https://doi.org/10.1016/j.agrformet.2015.04.008
https://doi.org/10.1016/j.agrformet.2015.04.008
https://assets.planet.com/docs/Planet_fusion_specification_March_2021.pdf
https://assets.planet.com/docs/Planet_fusion_specification_March_2021.pdf
https://doi.org/10.1016/j.rse.2018.02.067
https://doi.org/10.1016/j.rse.2020.112168
https://doi.org/10.3390/rs8070597
https://doi.org/10.1016/j.rse.2011.08.010
https://doi.org/10.3390/rs11161932
https://doi.org/10.1016/j.agrformet.2008.03.011
https://doi.org/10.1016/j.agrformet.2008.03.011
https://doi.org/10.3389/fpls.2017.00820
https://doi.org/10.1029/2002GL016450
https://doi.org/10.1016/j.rse.2006.07.0
https://doi.org/10.1016/j.eja.2018.06.008
https://doi.org/10.3390/rs13224529
https://doi.org/10.1016/j.eja.2019.125938
https://doi.org/10.1016/j.rse.2014.12.008
https://doi.org/10.1080/2150704X.2015.1034888
https://doi.org/10.1080/2150704X.2015.1034888
https://doi.org/10.1002/jsfa.6734
https://doi.org/10.1002/jsfa.6734
https://doi.org/10.1016/j.rse.2016.07.030
https://doi.org/10.1016/j.compag.2018.07.016
https://doi.org/10.1016/j.compag.2018.07.016
https://doi.org/10.1016/j.agwat.2003.12.001

www.nature.com/scientificreports/

70. Li, Z., Zhang, H. K., Roy, D. P, Yan, L. & Huang, H. Sharpening the Sentinel-2 10 and 20 m bands to planetscrope-0 3 m resolutiion.
Remote Sens. 12, 2406. https://doi.org/10.3390/rs12152406 (2020).

71. O’Keeffe, K. Maize Growth and Development. (NSW Department of Primary Industries, 2009).

72. Blancon, J. et al. A high-throughput model-assisted method for phenotyping maize green leaf area index dynamics using unmanned
aerial vehicle imagery. Front. Plant Sci. 10, 685. https://doi.org/10.3389/fpls.2019.00685 (2019).

73. Baez-Gonzalez, A. D. et al. Large-area maize yield forecasting using leaf area index based yield model. Agron. J. 97, 418-425 (2005).

74. Berdjour, A. et al. Direct estimation of maize leaf area index as influenced by organic and inorganic fertilizer rates in Guinea
savanna. J. Agric. Sci. 12, 66-75. https://doi.org/10.5539/jas.v12n6p66 (2020).

75. Jégo, G., Pattey, E. & Liu, J. Using leaf area index, retrieved from optical imagery, in the STICS crop model for predicting yield and
biomass of field crops. Field Crop Res. 131, 63-74. https://doi.org/10.1016/j.fcr.2012.02.012 (2012).

76. Trout, T. J. & DeJonge, K. C. Water productivity of maize in the US high plains. Irrig. Sci. 35, 251-266. https://doi.org/10.1007/
500271-017-0540-1 (2017).

Acknowledgements

Funding for these AmeriFlux core sites at the Eastern Nebraska Research and Extension Center was provided
by the U.S. Department of Energy’s Office of Science. This research was a contribution from the Long-Term
Agroecosystem Research (LTAR) network. LTAR is supported by the United States Department of Agriculture.
The authors acknowledge the support of Dr Joseph Mascaro and the Planet Ambassadors program.

Author contributions

K.J., M.G.Z. and M.EM. designed the experiment. R.H. collated and processed the Planet Fusion image data.
T.E.F collected and analyzed the LAI field data. K.]J. and M.G.Z. undertook the satellite data analysis and field data
integration. M.G.Z., K.J. and R.H. produced the figures and table. K.J., M.G.Z. and M.EM. drafted the original
manuscript. All authors contributed to editing the manuscript and evaluating the data.

Funding

The work presented herein was funded by the King Abdullah University of Science and Technology. T.E.E.
acknowledges the financial support of the USDA National Institute of Food and Agriculture, Hatch project
#1009760, #1020768 and project #2019-67021-29312.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5244 | https://doi.org/10.1038/s41598-022-09376-6 nature portfolio


https://doi.org/10.3390/rs12152406
https://doi.org/10.3389/fpls.2019.00685
https://doi.org/10.5539/jas.v12n6p66
https://doi.org/10.1016/j.fcr.2012.02.012
https://doi.org/10.1007/s00271-017-0540-1
https://doi.org/10.1007/s00271-017-0540-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	CubeSat constellations provide enhanced crop phenology and digital agricultural insights using daily leaf area index retrievals
	Materials and methods
	Study site and field campaign data. 
	Production of planet CubeSat-based LAI. 

	Results and discussion
	Evaluation of CubeSat-retrieved LAI. 
	Spatiotemporal LAI dynamics drive field insights. 

	Conclusions
	References
	Acknowledgements


