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Abstract. In response to the growing needs of spatial recognition
of the intensity of agricultural crop production, a new haNDVI in-
dicator was developed, that measures the amplitude of the NDVI
indicator related to the harvest. The proposed way of calculating
haNDVT is to use the minimum and maximum functions for the
raster layers set from the growing season. This avoids the need
for preliminary classification of crops, including to determine the
moment of harvest. It has been shown that the haNDVTI indicator
calculated on aggregated NDVI layers with a resolution of 1 km
is correlated with soil quality indexes, NPK fertilization intensity
(r = 0.69) and the share of crops in the total area (r = 0.86) for
municipalities. The properties of the haNDVI indicator make it
particularly useful for the initial, rapid scanning of environmental
quality in terms of the intensity of plant production and indicat-
ing the hazards locations associated with the use of fertilizers and
plant protection products.

Keywords: remote sensing, NDVI, nitrogen fertilizers, Sentinel,
MODIS

INTRODUCTION

Today, a growing demand exists for more accurate
mapping of the extent of the soil production potential use
and the level of production factors. Methods are still mis-
sing for quick and cheap delineation of risk areas for the
quality of the environment and in particular threats related
to the emission of biogenic nutrients from farmland. In-
stitutions monitoring agricultural production and the state
of the rural environment need to obtain recognition of the
aforementioned agro-environmental parameters on a ma-
cro-scale. There is also a demand on the microscale from
agricultural producers themselves, using precision farming
systems. However, the costs of field inspections and tests
are still so high that terrestial methods are supported by the
application of remote ones.
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The NDVI (Normalized Difference Vegetation Index)
indicator proved to be particularly useful in remote sensing
of plant condition (Tucker, 1979). The NDVI is proportio-
nal to the fraction of the plant-covered area and thus the
fraction of photosynthetically active radiation PAR absor-
bed by the plants per unit area. The integral after the whole
plant development period from the product of the properly
standardized NDVI and PAR is thus proportional to the
dry biomass produced per unit area and assuming constant
proportions of assimilates allocation to individual plant
organs, used in yield models. However, the direct use of
NDVI as a measure of yield (without integration) encoun-
ters the problem of saturation of the growth of NDVI when
the leaf area index LAI significantly exceeds the value of
1. Many modifications of the indicator and competitive in-
dicators have been proposed, but most of them are strongly
correlated with the NDVI and all have some disadvantages
associated with their greater specialization (Jones, Vau-
ghan 2010).

Despite the above-mentioned limitations in terms of
direct yield forecasting, the NDVI as a measure of the
fraction of the area covered by plants seems to be a use-
ful parameter for the construction of the indicator of the
level of production factors related to the leaf area, such as
fertilizers (especially foliar application) or pesticides. The
proposal of such use of the NDVI indicator is presented in
the further part of the paper.

MATERIALS AND METHODS
Definition and meaning of the new indicator haNDVI

A characteristic feature of agricultural crops is the oc-
currence of a clear minimum value of NDVI in the post-ha-
rvest period (e.g. Sicre et al., 2016), while forests, orchards
or grasslands, apart from short episodes of mowing and
grazing, have relatively constant NDVI, decreasing only
in the autumn. The NDVI values for crops reach a mini-
mum after the harvest, which is related to the reflection of
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radiation from the soil surface and harvest re-
sidues. The maximum NDVI values recorded
before the harvest (or slightly earlier in the
case of plants whose yield are generative or-
gans) are related to the reflection of radiation
from the field with maximum plant density.
It has been shown that the NDVI values for
crops are linearly related to a fraction of plant
cover, with the constant of this relationship
corresponding to the minimum NDVI valu-
es recorded in the season. It follows that the
near to the harvest period difference between
maximum and minimum NDVI values, here-
inafter referred to as the haNDVI indicator, is
approximately proportional to the maximum
fraction of plant cover.

At this stage there is good reason to ask
a question: cannot the NDVI maxima and mi-
nima from the whole year be used to estimate
the plant coverage? The answer is negative
because in a calendar year there may be se-
veral NDVI minima and several NDVI ma-
xima. In winter and sometimes in spring and
autumn there may be minima associated with
the presence of snow cover, while in autumn
or even winter there may be additional maxi-
ma linked to the development of winter crops
sown in the autumn.

The differences in the length of the deve-
lopment period of crop species and varieties
and the influence of meteorological condi-
tions (such as the sum of temperatures) on
sowing moments and growth rates make the
key periods for the analysis of maximum and
minimum NDVI values for crops spatially
different. Therefore, before further interpre-
tation of NDVT layers (but also in relation to
other satellite data used in agriculture), an in-
itial land use classification is most often car-
ried out, allowing for identification of crops
in individual cells of the image raster. Satis-
factory quality of differentiation of individu-
al crops, however, is only possible thanks to
quite complicated multitemporal techniques
employing information about the specificity
of phenological development (e.g. Bargiel,
2017; Heupel et al., 2018), which makes it
justified to look for other ways of solving the
described problem.

The new method described below consi-
sts in bypassing the need to classify crops on
the image by creating two layers comprising
respectively a minimum and a maximum
NDVI value for the corresponding pixel po-
sitions from the collection of all cloudless

NDVI layers recorded for the analyzed area. Such calculations are easy
to perform because in most GIS programs (e.g. QGIS, ArcGIS) maxi-
mum and minimum functions are available for the raster layer collection.
According to the presented interpretation, the layers necessary to deter-
mine the maximum NDVI should include the period starting before the
beginning of the harvest ¢, for the earliest harvested crops and ending
Jjust before the moment of the harvest 7, .of plants ripening at the latest.

In order to determine the minimum NDVI (the moment when there
are either no plants or only harvest residues in the field), layers covering
the period starting just after the moment of harvesting the plants collec-
ted at the earliest date and ending a certain period after harvesting the
plants gathered the latest are necessary:

mxNDVI = max[NDVI(t,),...NDVI(t,)]; 1, <t, <t, <t, [
mnNDVI = min[ NDVI(t,),...,NDVI(t,)]; t,<t,<t, <t [2]

haNDVI = mxNDVI — mnNDVI [3]

For the purpose of further consideration, it has been assumed that in
Poland the first crops harvested since mid-June are barley and rapeseed,
while the crops harvested since the end of September at the latest are sugar
beet and maize for grain. Assuming that the monthly period before and
after the harvest is sufficient to capture the maximum and minimum, for
plants harvested at the beginning and the end of the season, the following
restrictions have been adopted for the period of imaging: t > 15 May,
t =15 June, t <30 September, t < 30 October.

Aggregation of the haNDVI indicator

The practical application of the above mentioned definition of
haNDVI requires such a raster resolution of the NDVT layer, where the
pixel of the raster is much smaller than the size of agricultural parcels,
which in most cases guarantees that the NDVI value recorded in a pixel
concerns only one plant. This condition is fulfilled in case of recording
spectral characteristics from devices placed e.g. on agricultural machi-
nes, for the aerial images or for satellite images of large homogeneous
agricultural parcels. Unfortunately, in regions with a fragmented crop
structure as in south-eastern Poland, the width of the narrowest agricul-
tural parcels is even less than the 20 m pixels of satellite imaginery of the
Sentinel 2 mission. In such regions, the spectral characteristics of sin-
gle pixels of satellite images is a mixture of the characteristics of many
crops, and often also of fallow land, balks and mid-field afforestation.
Similar problems are encountered in the analysis of spatially aggregated
NDVI (e.g. MODIS sensor aggregates with 1 km pixels), which is a use-
ful source of information for analysis on a national or continental scale.

In the case of aggregated data, the NDVI is the weighted mean of
the NDVI, values for the individual k-land uses, where the weights are
their shares 4,/4 in total area A. In case of the NDVI aggregation for
annual crops, it can happen that one pixel of the picture covers the area
of crops with different harvesting moments. As a result of the averaging,
the extreme NDVI values are then mitigated and the haNDVI values are
reduced. For the purpose of further consideration it was assumed that
such situations are rare, e.g. because the pixel size is small enough or
because the share of crops with similar harvest dates in the sowing struc-
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ture is very high. It should be noted that other areas that are not sown,
i.e. with a relatively constant NDVI during the growing season, may
occur in any configuration in the same pixel. The division of the land
use, due to the NDVI behaviour in the growing season, into two groups
has been implemented:
— annual harvested crops and therefore with a clear minimum for the
NDVI during the growing season, hereinafter signed by subscript h,
— other agricultural land (permanent crops, meadows and pastures)
and non-agricultural land (forests, waters, wetlands, rocks, beaches
and dunes, sealed urban areas, etc.), showing in the growing season
a slight variability of the NDVI, hereinafter signed by subscript nh,
For the above classification, the NDVI minimum and maximum
weighted means were calculated, according to the following equations
[1] and [2]:

A-A, la]

(mxNDVI) ~ mxNDVI, % +mxNDVI,

A-A4, 2]

A
(mnNDVI)~ mnNDVI, 7” +mnNDVI,,

where the <> symbol means the average over the area. Substitution of
[1a] and [2a] to averaged relation [3] and application of the definition
of haNDVI [3] gives:

(haNDVI) ~ haNDVI, % —haNDVI,, % +haNDVI, [3a]

where the haNDVI, is, according to previous arrangements, proportio-
nal to the maximum plant cover density and can be assumed to contain
information on the intensity of plant production in the sown area.

If, for example, we take as a measure of production intensity the
consumption of mineral NPK fertilizers expressed in kg per ha, then
in the first approximation the plant cover density can be recorded as
a linear NPK function:

(haNDVI) ~ (o NPK + ﬁ)% —haNDVI, % +haNDVI,,

[4]
=« NPK% +(B—haNDVI,, )% +haNDVI,,

Equation [4] is also a linear function of A /A i.e. the percentage of
annual crops sown in the total area. Aggregated haNDVI is therefore an
indicator of cultivation intensity, similarly to non-aggregated haNDVI.
In addition, when aggregation does not take place, e.g. due to the high
resolution of the images used for calculation, the A, /A ratio is equal to
1 and equation [4] is reduced to equation [3], as expected.

The parameters of the above formula [4] can be estimated using mul-
tiple linear regression. Since the NDVI should increase with increasing
fertilizer doses, o should be positive. Coefficient B should be positive
because even when no fertilizer is applied to the crop, plant growth is
based on the resources of nutrients present in the soil. The vigour of the
natural vegetation changes during the growing season so that haNDVI
should also be greater than zero. The estimation of the parameters of

equation [4] is at the same time an indirect test
of the correctness of the presented considera-
tions and introduced approximations.

haNDVI indicator (Sentinel-2 20 m)
and soil quality and fertilization
in the Pulawy region

The aim of the first test was to check the
correctness of the assumptions concerning the
seasonal variability of the NDVI indicator, in
an area where the land use of fields is well re-
cognized and data on the mineral NPK fertili-
zers consumption are available. Data from the
fields of the Agricultural Experimental Station
,Kepa-Putawy” (Harasim, 2015; Harasim,
Matyka, 2017), as well as statistics from the
surrounding municipalities were used (GUS
PSR 2010), assuming a sufficiently large va-
riation in the haNDVI index. The test used
NDVI values read for Sentinel-2 satellite ima-
ges with 20 m resolution, after L2A atmosphe-
ric correction, for all cloudless days in 2018—
2019. The haNDVT layer used for comparisons
with fertilization was calculated according to
formulas [1-3] for data from 2019 year (days:
14.06, 29.07, 28.08, 22.09, 12.10, 27.10).

Aggregated haNDVI (MODIS 1 km)
and soil quality and fertilization
in Polish municipalities (gminas)

The aim of the second test was to verify
the correctness of prediction of the aggrega-
ted haNDVI relationship with the intensity
of production measured by the consumption
of mineral fertilizers and the share of annual
crops, expressed by equation [4]. It was assu-
med that the variable best characterizing the
area of annual crops A, in municipalities is the
sown area of A, ,. recorded during the Na-
tional Agricultural Censuses (not measured by
geodesic methods). Since the data of the agri-
cultural censuses of the sown area 4, , . are
assigned to the headquarters of farms that may
possess land in different municipalities, it is
theoretically possible that the sown area deter-
mined in this way is larger than the area of the
municipality. Therefore, the area 4, , , . attribu-
ted to the seat of the municipality requires cor-
rection, which can be done in the simplest way
by multiplying it by the inverse of relations of
two other but similar areas measured in the
municipality, both by geodesic methods and by

agricultural census. Thus it was assumed that:
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A=A, (A, /4

wvac Ay geod’ Ay, uo)» Where A, o0 1 geodetic agricul-
tural area and 4

.« nac agricultural area recorded during the
National Agricultural Censuses.

In the case of the NPK variable (kg ha'), denoting
the average mineral fertilization per unit of annual sow-
ing area, it was assumed that its closest readily available
equivalent is the ratio of total consumption of mineral fer-
tilizers (kg) in pure ingredients to the agricultural area in
good agricultural condition Agac (ha) calculated on the basis
of data from the National Agricultural Censuses.

In the calculations performed, both with regard to area
and fertilization, the data from the last National Agricultu-
ral Census of 2010 (GUS PSR 2010) were used. Data on
geodetic plots were taken for the year 2013 (GUS GUGIK
2012).

NDVI values were read from two-week MODIS cloud-
less satellite imaging aggregates with a resolution of
1 km, in the years 2000-2018. For each year the value
of haNDVI was calculated and then the arithmetic mean
was calculated from the values for 19 years. The aver-
age value of the aggregated haNDVI obtained in this way
was used in comparisons with the intensity of fertiliza-
tion and scoring of soil complexes in municipalities. The
complex scores obtained from the Soil Agricultural Map
in the scale 1:25000 where non-agricultural areas were as-
signed 0 points, counted in raster cells identical to those for
haNDVI and then averaged over the area of municipalities.
Moreover, the variability in the country of the arithmetic
means from 19 years of the mnNDVI and mxNDVI values
was illustrated.

NDVI
=
(6]

30 60 90
day of the year
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RESULTS AND DISCUSSION

haNDVI indicator (Sentinel-2 20 m) and soil quality
and fertilization in the Pulawy region

Seasonal variability of the NDVI indicator read for
several points representative for the main land use clas-
ses: arable land, permanent grassland, forests and built-up
areas, confirms the assumption of a significantly higher
amplitude of NDVI changes during the growing season in
the sowing areas and the occurrence of a clear minimum
NDVI in the period from 170 to 240 days of the year (Fig.
1), which corresponds to harvesting dates for most crops.

The map of the haNDVT index for the vicinity of Pu-
tawy in 2019 (Fig. 2 on the left) reveals the existence of
several larger areas on agricultural land with significantly
higher index values (above 0.6) than in their surroundings
(on average about 0.4). These areas are mostly fields of the
,»Kepa-Putawy” Agricultural Experimental Station with
fertilization at the level of 274 kg ha’! A in 2008-2016
(Harasim, 2015; Harasim, Matyka, 2017). The surrounding
agricultural land is located in the area of four municipa-
lities: urban Pulawy with average rate of NPK fertiliza-
tion of 163 kg ha'! Agac, rural Putawy with fertilization of
66 kgha' A " Konskowola municipality with fertilization
of91 kg ha'! Ag and Zyrzyn municipality with fertilization
of 59 kg/ha Agac (GUS PSR 2010). Fertilization in RZD
Kepa-Putawy” is therefore 2—4 times higher than in ave-
rage surrounding farms and it can be concluded that the
haNDVI index reflects these differences correctly. Within

--©6-- Osiny 2018
——o6— Osiny 2019
--¢-- Pulki2018
—o— Pulki 2019
--A-- Kepa 2018
—=2A— Kepa 2019
- - B - Sadtowice 2018
—~8— Sadtowice 2019
Parchatka 2018
Parchatka 2019
--4A-- Pufawy 2018
—a— Putawy 2019
-- - Azoty 2018
—— Azoty 2019

120 150 180 210 240 270 300 330 360

Figurel. Seasonal variability of the NDVI at several points in the Putawy surroundings in 2018-2019 (brown — arable land, light green
— permanent grassland, dark green — forest, grey — built-up area; built-up area was selected as a completely sealed to avoid the

influence of vegetation on the NDVI).
Authors’ own study based on Sentinel-2 data.
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Figure 3. Average values of mxNDVI
in Poland in 1 km grid.

Authors’ own study based on MODIS data
from 2000-2018.

Figure 4. Average values of mnNDVI
in Poland in 1 km grid.
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Figure 6. Scoring of agricultural soil
complexes in 1 km grid.
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Figure 12. The rest of the relation between haNDVI and NPK
and A,/A. Authors’ own study.
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the large fields of RZD ,,Kepa-Putawy”, higher haNDVI
values can also be seen on soils of higher quality (Fig. 2 on
the left and right), which proves their rational use.

Aggregated haNDVI (MODIS 1 km) and soil quality
and fertilization in Polish municipalities

The arithmetic mean values of mnNDVI and mxNDVI,
calculated from equations [1] and [2] for the years 2000—
2018 (Fig. 3-4), clearly differ in terms of spatial distribu-
tion in Poland. Areas of low mxNDVI values (Fig. 3) are
located mainly in regions of low precipitation and drought
in the lowlands of central Poland, whereas areas with high
mxNDVI are situated in the mountains and in the north of
Poland, where precipitation is higher. In turn, the mnNDVI
values are lowest in areas with a high share of arable land
and the highest in forests. Due to much lower variability
of mxNDVI than mnNDVI, related to the saturation of the
increase in the NDVI value when the leaf area significantly
exceeds the size of the area above which they are located
(LAI>>1), the values of haNDVI (Fig. 5) are most strongly
influenced by the variability of mnNDVI.

Due to the fact that optimum use of agricultural soil po-
tential means higher intensity of production on soils with
higher quality (e.g. Witek, 1973), the values of the haNDVI
index should also correlate with the quality of soils measu-
red e.g. by the scoring of soil agricultural complexes or the
value of agricultural land quality index WWRPP (Witek et
al., 1993). Such correlation is visible on the maps of sco-
ring values of complexes and haNDVI in 1 km of rasters
(Fig. 5 and 6), on the graph of dependence of scoring va-
lues of complexes and average haNDVI in municipalities
(Fig. 7) and on the graph of dependence of WWRPP index
and average haNDVI in municipalities (Fig. 8), which con-
firms postulated interpretation of haNDVI index.

According to equation [4] haNDVI is also linearly pro-
portional to the intensity of fertilization and the share of
sowing (Fig. 9) in the total area of municipalities (Fig. 10).

The parameters of the equation [4] linking haNDVI
with a linear combination of NPK fertilization intensity
and the share of crops A /A, estimated by multiple line-
ar regression, are statistically significant at the level of
<0.01 and amount: o = 0.00041; (B-haNDVI ) = 0.157;
haNDVI = 0.143 at n = 2472 (number of municipalities;
out of the total number of 2479 municipalities those in
which A, = 0 were rejected). The fit of the regression line
is good R?=0.77 (Fig. 11) and the spatial autocorrelations
visible as larger clusters of model errors of similar value
(Fig. 12) are so scattered that they may result from the er-
ror of determining mnNDVI and mxNDVI, related to the
availability of cloudless images. As seen, coefficients a,
and haNDVI  are greater than zero as predicted.

The high match of the predicted values with the measu-
red ones indicates that relation [4] has been confirmed.

CONCLUSIONS

1. The proposed new haNDVI indicator, being the am-
plitude of the NDVI value related to the harvest, has the
following characteristics:

— is theoretically linearly dependent on the maximum
share of plant cover on the sown area and the share of
sown area in the total area;

— in aggregate form (1 km) is well correlated with soil
quality index (r = 0.55-0.60), NPK fertilization in
kg ha'! A (r = 0.69) and land under crops in the total
area (r = 0.86) for municipalities of Poland,

— itcan be quickly calculated also using free GIS software;

— it can be updated annually, on the basis of free satellite
imagery.

2. The above mentioned properties of the
haNDVI index make it particularly useful for an initial,
quick recognition of agricultural space in terms of intensity
of plant production, including the analysis of soil quality
variability, as well as environmental threats arising from
the use of fertilizers and plant protection products.
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