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Abstract. Monitoring of the state of agricultural crops and forecasting the crops development begin with aerial photography using
a unmanned aerial vehicles and a multispectral camera. Vegetation indexes are selected empirically and calculated as a result of
operations with values of different spectral wavelengths. When assessing the state of crops, especially in breeding, it is necessary
to determine the limiting factors for the use of vegetation indexes. (Research purpose) To analyze, evaluate and select vegetation
indexes for conducting operational, high-quality and comprehensive monitoring of the state of crops and the formation of optimal
management decisions. (Materials and Methods) The authors studied the results of scientific research in the field of remote sensing
technology using unmanned aerial vehicles and multispectral cameras, as well as the experience of using vegetation indexes
to assess the condition of crops in the precision farming system. The limiting factors for the vegetation indexes research were
determined: a limited number of monochrome cameras in popular multispectral cameras; key indicators for monitoring crops
required by agronomists. After processing aerial photographs from an unmanned aerial vehicle, a high-precision orthophotomap,
a digital field model, and maps of vegetation indexes were created. (Results and discussion) More than 150 vegetation indexes
were found. Not all of them were created through observation and experimentation. The authors considered broadband vegetation
indexes to assess the status of crops in the fields. They analyzed the vegetation indexes of soybean and winter wheat crops in the
main phases of vegetation. (Conclusions) The authors found that each vegetative index had its own specific scope, limiting factors
and was used both separately and in combination with other indexes. When calculating the vegetation indexes for practical use,
it was recommended to be guided by the technical characteristics of multispectral cameras and took into account the index use
effectiveness at various vegetation stages.
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Pedepar. AspodoTochemMKy ¢ TIOMOIIBIO0 OECIIMITOTHBIX JIETATENbHBIX allapaToB U MyJIBTHCIIEKTPAILHOH KaMephl IPHMEHSIOT
1711 MOHUTOPUHTIA COCTOSHUS [IOCEBOB U IIPOTHO3a PAa3BUTHS CEIbCKOXO3SMCTBEHHBIX Ky/IbTyp. B pesynbrare onepauuii co 3Ha-
YEHMAMH Pa3UYHBIX CTIEKTPATBHBIX UTHH BOJIH SMIMPHYECKH TOI0MPAIOT M PAaCCUNTHIBAIOT BETETAMOHHBIE HHICKCHI, COCTaB-
151 KapThl. [Ipy O1eHKEe COCTOSHUS MOCEBOB HEOOXOAMMO ONPEAENSTh IMMUTHPYIOMUE (PAKTOPbI IPHMEHEHHS BETCTALIHOHHBIX
nHAeKcoB. (Lenb ucciedoganus) llpoaHam3npoBaTh, OLEHNTH U BEIOPATh BETeTAIMOHHBIE HHACKCHI UTA HPOBEACHNUS OTepaTHB-
HOT0, Ka4e€CTBEHHOTO ¥ KOMILIEKCHOTO MOHUTOPUHIA COCTOSIHUS CENbCKOXO3AHCTBEHHBIX KYIbTYp U (JOPMUPOBAHHS ONTHMANb-
HBIX YIIPABICHYCCKHX peteHuil. (Mamepuanst u memoowt) VI3yunim pe3ysnsTaTsl HayqHBIX HCCICIOBAHHI B 00IACTH TEXHOMOT I
JMCTAHIMOHHOTO 30H/MPOBAHMS C HCIIONB30BAaHHEM OCCITMIIOTHBIX JIETATENbHBIX AllllapaToB M MYJBTHCIIEKTPAIBHBIX Kamep, a
TAKOKE OIIBIT IPUMEHEHNUS BETCTALIMOHHBIX MHEKCOB [JIs1 OLIEHKH COCTOSIHUS CEIbCKOX03AHCTBEHHBIX KY/IBTYpP B CUCTEME TOUHOTO
semnezenst. Onpeneniii IMMATHPYIONTHE (aKTOPBI IS HCCIEI0BAHNS BETETAlMOHHBIX HHACKCOB: OTPAHHYEHHOE KOJTHYECTBO
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MOHOXPOMHBIX KaMep B MONYJISPHBIX MYJIBTHCIICKTPAIBHBIX KaMepax; OCHOBHBIE MMOKA3ATENH [Tl MOHHTOPHHIA CENbCKOX03sTii-
CTBEHHBIX KYJBTYp, HeoOxoaumele arpoHomam. [locne 06paboTku a3poOTOCHUMKOB ¢ OECIHIOTHOTO JIETaTeIbHOTO anmapara
CO31aJH BBICOKOTOYHEIH 0pTOo(oTOIIIaH, HH(POBYIO MOJIENb OIS U KapThl BETCTAIMOHHBIX HHICKCOB. (Pesymbmamul u 0bcyic-
Oenue) ObHapyxwtu 6onee 150 BereTalMoHHBIX HHAEKCOB. He Bce MX HHUX CO3/1aBaIiCh MTyTeM HaOMIOAEHHI M OKCIEPHMEHTOB.
PaCCMOTpeJ'[I/I MIAPOKOIIOJIOCHBIC BETETALMOHHBIC MHJICKCHI IJI OL[CHKA COCTOSIHUS ITOCEBOB HA MOJIAX. HpO&HaJ’[I/I?;I/IpOBa.HI/I BETC-
TALMOHHbBIC HHICKCHI TOCEBOB COM M 03UMOH TIICHHIIBI B OCHOBHBIX (ha3ax BereTaluu. (Bvigoost) BbIsSBUIIH, YTO KaX/IbIi BereTa-
IIMOHHBII HH/EKC NMEET CBOIO CHENH(pUUIECKYIO chepy TPUMEHEHHS, OTPaHIUIMBAIOIIHE (HAKTOPBI M UCTIONB3YETCs Kak OTAEIBHO,
TaK M B KOMIUIEKCE C JPYTUMH HHICKCaMH. PeKOMEHI0BAN IPH pacyeTe BEreTAlMOHHBIX HHICKCOB I IPAKTUYECKOTO IpUMe-
HEHHs PyKOBOJICTBOBATHCS TEXHHYECKHMH XapaKTePHUCTUKAMH MYJIBTHCIIEKTPAJIbHBIX KaMepP W yYUTBIBATh dQ(QEKTHBHOCTD TIPH-
MEHCHHS HHICKCA HA PA3NHYHBIX CTAJIMAX BEreTaLHH.

KuroueBsle ci10Ba: nnpoBoe 3emiesienie, TMCTaHIMOHHOE 30HANPOBaHNE, MOHUTOPHHT IIOCEBOB, OECIIMIIOTHBIH JIeTaTeNbHBIN

anmapar, BEreTalliOHHbIC MHACKCHI, MYJIBTUCIIEKTPAJIbHBIC KaMEPHI, a3p0(l)OTOC’beMKa, BCTCTAIIMOHHAA KapTa IIOCCBOB.

areas of monitoring the state of the field and plants

in order to obtain information necessary for fur-
ther analysis and the formation of effective management
decisions. This technology allows you to measure soil cha-
racteristics, crops and water resources using unmanned
aerial vehicles (UAVs), airplanes and satellites in precision
agriculture [1]. It is based on the interaction of electromagnetic
radiation with soil, vegetation or other biological object
(Fig. 1). The use of remote probing tools is mainly used
to assess the plants state: growth, dynamics of green
phytomass development (normalized difference vegetation
index NDVI, leaf area index LAI), vegetation density,
yield potential, as well as to detect and map biotic (insects,
weeds, etc. disease) and abiotic (lack of water, lack of
mineral and organic substances) stress [2].

High-resolution imaging by remote probing from sa-
tellites and aerial platforms can be limited by the cloud
layer. Land cover makes it difficult to collect soil data.
The spatial resolution also plays a significant role [3]. As
this indicator improves, the area of the smallest pixel de-
creases, and the uniformity of soil or crop characteristics
in this pixel increases. A lower spatial resolution means
larger pixel sizes and increased heterogeneity in soil and
plant characteristics.

The UAV, complete with suspended equipment such
as the MicaSense Altum or Parrot Sequoia, allows high-
ly accurate crops monitoring. It becomes possible, on the
basis of aerial surveys, to assess the density of seedlings,
foci of plant damage and observe the development of pro-
cesses in dynamics. After processing the aerial survey da-
ta, vegetation indexes are calculated and maps of these in-
dexes are generated. The vegetation index is a relative in-
dicator that determines the presence or absence of vege-
tation cover and evaluates its viability. Vegetation index-
es are used not only for monitoring agricultural crops, but
also for studying arid regions, forests, environmental
changes, the impact of biotic and abiotic stresses on agri-
cultural biological objects [4-10].

RESEARCH PURPOSE is to analyze, evaluate and select
vegetation indexes for conducting operational, high-qua-
lity and comprehensive monitoring of the state of crops

Remote probing is one of the rapidly developing
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Fig. 1. Monitoring of soybean crops from UAVs

and the formation of optimal management decisions.

MATERIALS AND METHODS. Using the method of com-
parative analysis, the authors studied the results of scien-
tific research and reviews on the use of vegetation index-
es to obtain information on the agricultural crops state in
the precision farming system. They considered modern
achievements and developments in the field of remote
sensing technologies using UAVs for assessing the agri-
cultural biological objects state using vegetation indexes.
They identified limiting factors for the study of vegeta-
tion indexes:

- a limited number of monochrome cameras of popu-
lar multispectral cameras: red (Red), extreme red (Red-
Edge), infrared (NIR), blue (Blue), green (Green) chan-
nels;

- the main indicators for monitoring agricultural crops
required by agronomists (biomass volume, nitrogen con-
centration, chlorophyll content in plant leaves, leaf area,
etc.).

Aerial photography was carried out in the Ryazan
Region in the breeding fields of soybeans and winter wheat
using a DJI Phantom 4 pro quadcopter and a Parrot Se-
quoia multispectral camera in April-August 2019. Wea-
ther data were recorded daily by the local weather station.
Multispectral data were processed using Pix4DMapper
software.

After processing aerial photographs from the UAV, a
high-precision orthophotomap, a field digital model and
maps of vegetation indexes for selection soybeans and
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winter wheat crops were created.

Results and discussion. Remote probing of agricultu-
ral biological objects is based on spectral channels avail-
able for shooting (Fig. 2):

_ 1 II!Mj-
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450495 540-580 620680 707-727 800-880
Blue Gireen Red RedEdge NIR

Wavelength, nm.

Fig.2. Spectral channels

- blue (Blue) — 450-495 nm;

- green (Green) — 540-580 nm;

- red (Red) — 620-680 nm;

- extreme red (RedEdge) — 707-727 nm;

- near infrared (NIR) — 800-880 nm.

Radiation, reflection or scattering of electromagnetic
waves depends on the chemical and morphological prop-
erties of biological objects. Near and middle infrared chan-
nels are used to assess characteristics that go beyond quan-
tifying plant growth and biomass, namely, those related
to the content of water, pigments, sugar and aromatic sub-
stances [11]. Therefore, the indexes developed in the last
decade are applicable for monitoring the water potential
of plants and the levels of abiotic and biotic stresses [9,
10]. The vegetation index is a metric calculated by trans-
forming data from multiple spectral channels in each pix-
el of the resulting images. When using high-resolution
spectral devices, the number of channels received by re-
mote sensing increases, and the transmission channel be-
comes narrower. The most popular multispectral came-
ras for monitoring agricultural crops using UAVs include
Parrot Sequoia, RedEdge-M X, MicaSense Altum, Sen-
tera Quad Sensor, Sentera Double 4K, Sentera 6X Multi-
spectral Sensor (Fig. 3).

The combination of serial commercial drones, multi-
spectral cameras and modern software for processing re-
ceived aerial photographs allows the development of po-
werful platforms for solving many important problems in
agriculture, such as monitoring agricultural biological ob-
jects and the environment [12-14].

More than 150 vegetation indexes are mentioned in the
scientific literature, calculated from data in wide and nar-
row spectral channels. The broadband spectral index equa-
tions use the Red or NIR channels. Multispectral cameras
consist of monochrome cameras with different centers of
spectral channels and their width, therefore, when calcu-
lating vegetation indexes, it is necessary to be guided by
the documentation about the camera used. For example,
Parrot Sequoia shoots in NIR in the 750-830 nm range with
a channel center at 790 nm, while the MicaSense Altum
has a 800-880 nm range for this channel with a center at
840 nm. Only a small part of the vegetation indexes is ver-
ified experimentally or has a significant biophysical basis.

Most vegetation indexes are calculated based on the
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Fig. 3. Popular models of multispectral cameras:

a — Parrot Sequoia; b — RedEdge-MX; ¢ — MicaSense Altum;
d— Sentera Quad Sensor, e — Sentera Double 4K; f— Sentera 6X
Multispectral Sensor

two most stable (independent of other factors) spectral
ranges — Red and NIR. The first is the maximum absorp-
tion of solar radiation by chlorophyll, and the second is
the maximum reflection of plant energy. High photosyn-
thetic activity, usually associated with a large phytomass
of vegetation, leads to reduced reflectivity in the red chan-
nel and high values in the near infrared channel.

According to the spectral signature, green vegetation
has very low reflectivity in the Red and Blue channels and
high reflections in the Green, so the vegetation appears
green. However, the reflectance is relatively higher in
NIR. At the same time, the Blue channel is more sensitive
to the presence of suspended microparticles in the air, due
to its shorter wavelength compared to Red. The ratio of
these indicators makes it possible to classify vegetation
and other objects [15].

One of the first vegetation indexes published in the sci-
entific literature was the Ratio Vegetation Index (RVI)
proposed by K.F. Jordan in 1969 [16]. It is also called Sim-
ple Ratio Index - SR and is used for quick assessment of
biological objects. The RVI Index (SR) has become one
of the most readily available vegetation indexes. It rep-
resents the ratio between the reflectivity of vegetation in
the NIR and Red channels:

NIR

RVI(SR) = .
where NIR — near infrared reflection;

Red — red reflection.

As aresult of simulations carried out by Japanese sci-
entists, it is revealed that RVI (SR) is sensitive to solar ra-
diation [17]. Its value is close to 1 if the object under study
has the same reflection in both the Red and NIR channels,
for example, soil. At the same time, the index value for
green vegetation will be above 1.

This index is useful when you need to estimate quick-
ly the relative vegetation biomass, distinguish green veg-
etation from other features on the map, or identify areas
of low/high density of vegetation cover.

When monitoring agricultural biological objects, the
Normalized Difference Vegetation Index (NDVI) is of-
ten used [18]. It is calculated from multispectral survey

1)
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data as the normalized ratio between Red and NIR chan-
nels:
NIR — Red

NDVI= NIR + Red @

This index is suitable for monitoring the yield through-
out the growing season. The direct use of the index is to
detect and assess the intensity of the plants vegetation.
NDVI takes values from —1 to 1. Green vegetation has
positive NDVI values: the more green phytomass, the
higher the index.

Using the NDV1 vegetation maps, in the selection fields
at the first stages of the soybean vegetation, areas with
uneven seedlings, vegetation with a small amount of phy-
tomass, areas with a large number of weeds (problem are-
as) are identified (Fig. 4).

Makn growih tages of soybeass

Cc

Fig. 4. NDVI vegetation map of soybean, aerial photography from
the DJI Phantom 4 pro and multispectral camera Parrot Sequoia:
a — aerial photography at emergence phase from May 29, 2019,

b — aerial photography at budding and flowering phases of July
2, 2019; ¢ — chart of average NDVI values for the main growth
stages of soybeans

Aerial photography is made using a DJI Phantom 4 pro
and a Parrot Sequoia multispectral camera. On sites 1-5,
weeds are visible, the NDVI of which is 0.39-1. In the ger-
mination phase, the soybean crop index does not exceed
0.4, and during the budding and flowering period — more
than 0.8. At these growing season stages, according to
NDVI maps, problem areas 1-3 with a small amount of
phytomass in the range of 0.57 and below are found (Fig. 4b).
At the growing season final stages, the maps analysis
makes it possible to determine the readiness of the crop
for harvesting, as well as the presence of weeds. The curves
of average NDVI values for the main phases of the grow-
ing season of soybeans in comparison with weeds differ
(Fig. 4c). The graph shows that the NDVI index allows
you to separate weeds from soybeans in the initial and fi-
nal phases of the growing season. The authors do not rec-
ommend using the NDVI index when examining sparse
and dense vegetation. The NDVI is sensitive to soil and
aerosol atmospheric pollution, so additional indexes will
be required for more accurate vegetation analysis.

NDVI vegetation maps, based on aerial photographs
from UAVs, were used in a study by scientists from Chi-
nato estimate biomass, predict yields and select breeding
wheat varieties. The authors studied 32 wheat varieties
grown under conditions of limited and complete irriga-
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tion [19]. Scientists also used the index to assess crops un-
der the influence of abiotic stresses, for example, for phe-
notyping corn crops with a lack of nitrogen [10].

The level of air pollution, evaporation from the vege-
tation and soil cover surface changes during the day, es-
pecially in areas with sharp elevation changes, for exam-
ple, in vineyards. Microparticles in the air, just like agri-
cultural biological objects, are capable of emitting, re-
flecting or scattering electromagnetic waves. They cause
errors in the calculation of vegetation indexes, including
the NDVI index. To reduce such errors, it is advisable to
use indexes that are resistant to aerosol pollution of the
atmosphere and reflections of the soil cover, calculated
mainly when using the blue channel. For example, the Mi-
caSense Altum multispectral camera has the Blue chan-
nel in the range of 455-495 nm. Fog, dust, smog, air pol-
lution distort aerial photography data. The main reason
the Blue channel is more susceptible to sources of aero-
sol pollution than Red, is because of its short wavelength.
Generally, the shorter the wavelength, the stronger the
scattering. The indexes resistant to aerosol pollution of
the atmosphere include:

- Atmospherically Resistant Vegetation Index — ARV,
used to estimate phytomass at average values of vegeta-
tion cover density, calculation by RGB data is possible;

- Enhanced Vegetation Index — EVI, used to assess
phytomass at high density of vegetation cover, has a high
correlation with Leaf Area Index — LAI;

- Structure Insensitive Pigment Index — SIPI, suitable
for identifying plant diseases at early stages, as well as for
detecting hydrocarbon deposits [11, 20].

In the germination phase, the vegetation cover is sparse,
there are open soil areas. In the final stages of the grow-
ing season, when assessing crops before harvesting, the
vegetation also becomes thinner. In such a situation, due
to the high degree of crops sparseness and the strong in-
fluence of the soil, NDVI is ineffective in the analysis of
plant phytomass. To eliminate some of the limitations of
the NDVI, the Modified Soil Adjusted Vegetation Index
(MSAVI) and its later version, MSAVI12, are used.

The problem with the original Soil Adjusted Vegeta-
tion Index (SAVI) is that it requires trial and error to de-
termine the soil brightness correction factor (L) based on
the amount of vegetation in the study area. When calcu-
lating SAVI, the default value £ = 0.5 was usually used,
which distorted the obtained data. In 1994, scientists de-
veloped a modified index to facilitate a simple and reli-
able calculation [21]:

2:NIR+1—(2-NIR+1)2—8:(NIR—Red)
5 .

The MSAVI2 index takes into account the reflections
of open soil areas and is used to study biological objects
with a sparse vegetation cover, for example, in the early
or final stages of crop vegetation.

In the middle of the growing season, healthy plants de-

MSAVI2 = 3)
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velop and gain biomass, the density of the vegetation cov-
er often exceeds 80%. With such a density, the most po-
pular NDVTI index turns out to be uninformative. The in-
dexes assessing the plant cover photosynthetic activity are
more sensitive to changes in the plant chlorophyll and give
a detailed picture of the crops state. Chlorophyll content
reflects the physiological state of vegetation. It decreases
in stressful situations. Therefore, the estimate of the chlo-
rophyll amount can be used as a plant health indicator.

In the scientific literature, there are many vegetation
indexes for assessing the photosynthetic activity of veg-
etation. In remote sensing, the following broadband veg-
etation indexes are used to assess the chlorophyll content
in the leaves of different plant species [22-25]:

- Normalized Difference Red Edge Index — NDRE;

- Green chlorophyll index — ClGreen (GCI);

- Green leaf index — GLI;

- Canopy Chlorophyll Content Index — CCCI;

- Green Normalized Difference Vegetation Index —
GNDVI;

- Chlorophyll vegetation index — CVI;

- Leaf Area Index — LAIL

The narrow-band Modified Chlorophyll Absorption
in Reflectance Index — MCARI [11] is referred to adapt-
ed for broadband indexes. In the adapted formula, the nar-
row-spectrum p670 channel is replaced with a broadband
RedEdge. The index reacts to minimal changes in chlo-
rophyll and is used to estimate leaf area, as it has a high
correlation with LAI.

The Normalized Difference Red Edge Index (NDRE)
is suitable for assessing the photosynthetic activity of the
vegetation cover and the leaves saturation with nitrogen.
It can be calculated only if there is a RedEdge channel
[22]:

NIR —RedEdge
NDRE =

NIR+ RedEdge’
where RedEdge — extreme red reflection.
Compared to the red channel, it penetrates the leaf bet-
ter and is less absorbed by chlorophyll in the first layers
of the leaf. The RedEdge canal is very sensitive to medi-
um and high chlorophyll levels and is considered a good
indicator of the selection crop health during the growing
season when there is a relatively high concentration of
chlorophyll in the leaves. In addition, the NDRE evalu-
ates the nitrogen concentration in plant leaves, which con-
tributes to the recommendations for nitrogen fertilization.
The index varies from —1 to 1. Green vegetation corre-
sponds to NDRE values above zero: the higher the nitro-
gen concentration in plant leaves, the higher the index.
When assessing the soybean crops state at the main
stages of the growing season, NDRE made it possible to
identify areas with depressed vegetation, with a minimum
nitrogen content in the leaves (Fig. 5). An analysis of the
NDRE vegetation map dated June 20, 2019 in the budding
phase and at the beginning of the flowering phase revealed
abnormally low, close to zero indicators of nitrogen con-

Q)
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tent in soybean leaves: variants /b, 2b, and 3b. Normally,
crops take such values a few days before harvesting. When
analyzing the NDRE vegetation map, orthophotomap sites
la, 2a and 3a, the results of soil samples and data from
weather conditions, it was noted that the crops were in a
depressed state. They could not consume macro- and mi-
cronutrients due to high temperatures and lack of rain for
more than 30 days. The falling precipitation improved the
physiological characteristics of soybean crops (Fig. 3,
NDRE map from 02.07.2019). The NDRE index values
(Ic, 2¢, 3¢) approached the norm — 0.3-0.4 for the consid-
ered phases of the soybean growing season.
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Fig. 5. NDRE vegetation maps of soybean, aerial photography
from the DJI Phantom 4 pro and multispectral camera Parrot
Sequoia

la, 2a, 3a — areas of ortophotoplan from June 20, 2019 at the
places where soil samples were taken

1b, 2b, 3b — areas of NDRE vegetation map from June 20, 2019 at
the places where soil samples were taken

lc, 2¢, 3¢ — areas of NDRE vegetation map from July 2, 2019 at the
places where soil samples were taken

4 — concentration of Nitrogen in soil samples from June 20, 2019
5 — concentration of Nitrogen in soil samples from July 2, 2019

There was practically no precipitation from 01.06 to
23.06 in 2019 (Fig. 6). Ground observations of breeders
showed the absence of a depressed or stressful state of
soybean crops in the phases of branching, budding, and
the beginning of flowering. However, according to aeri-
al photography, the average NDRE values for the field
during this period decreased from 0.18 to 0. The precipi-
tation —46.7 mm in the period from 24.06 to 15.07 — con-
tributed to an increase in the average NDRE value over
the field to 0.28. During a drought, nitrogen in the soil
was in an inactive form and was not assimilated by plants.
Its nitrogen lack disrupted plant growth and also causes
yellowing due to insufficient chlorophyll formation. The
visual assessment of the plants state did not accurately re-
flect the current situation. Analysis of the NDRE vegeta-
tion map promptly revealed the stress state of soybean
crops before the appearance of visual deviations.

The authors recommend using the index on both sparse
and dense crops, where the density of the vegetation cov-
er is more than 80%.
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Fig. 6. Dependences of average NDRE data on amount of
precipitation

Scientists at an experimental farm at Niigata University
in Japan compared the NDRE and NDVI vegetation in-
dexes. As a result, it was found that NDVI was more ef-
fective for analyzing large crops areas, determining the
density of vegetation cover, assessing the health of crops
and seeding rates. While NDRE allowed visualizing the
chlorophyll content in leaves, identifying problem areas
where additional nitrogen fertilization was required, or
areas oversaturated with nitrogen [26].

Revealing seasonal changes in the photosynthetic po-
tential of agricultural crops is assessed using the relative
chlorophyll index (Green chlorophyll index — ClGreen, or
GCI) [23]. The total chlorophyll content is linearly cor-
related with the difference between the mutual reflections
of the green and near infrared channels:

ClGreen (GCI) = NIR__ 1 ®)

Green
where Green — green reflection.

The ClGreen Index (GCI) is used to assess the chloro-
phyll content a and b in leaves, the state of plant nutrients,
aging processes and the presence of biotic stresses. Cl-
Green (GCI) ranges from — 1 and up. If green vegetation
with a high content of chlorophyll is in the leaves, then
the index value is greater than 4. For example, in soybean
crops, such indicators are achieved at the phases of flow-
ering and fruit formation [27].

Using the maps of vegetation indexes NDVI and ClI-
Green (GCI), the authors estimated the overwintering of
winter wheat crops (7able). Photogrammetric processing
of spectral data was carried out in the Pix4dMapper soft-
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ware. The ranges of values for the NDVI and ClGreen
(GCI) were given based on the classification of their veg-
etation maps. Analysis of the NDVI map showed that ar-
eas with healthy seedlings made up 0.18 ha of the total
field area. Analysis of the ClGreen (GCI) map revealed
areas with healthy seedlings over a larger area — 0.31 ha.
Ground verification of breeders confirmed the ClGreen
(GCI) values. For a reliable assessment of winter wheat
overwintering, it was not enough to rely only on the NDVI,
since it was not informative on sparse seedlings. ClGreen
(GCI) was more sensitive than NDVI to changes in veg-
etation status, especially at low phytomass values. It eval-
uates the chlorophyll content in plants more differentially.

The soybean crops analysis in the main phases of the
growing season was carried out using a number of index-
es. ClGreen (GCI) was informative throughout the grow-
ing season and contributed to the assessment of the crops
photosynthetic potential, the identification of early ma-
turing varieties and the creation of recommendations for
harvesting (Fig. 7). The graph shows how sensitive the
ClGreen (GCI) curve is to the slightest changes in plant
health, unlike other indexes.
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Fig. 7. Average value of NDVI, NDRE u ClGreen (GCI) on the field

The index helps to identify seasonal changes, environ-
mental stresses, the impact of pesticides used on plant
health. It is recommended for the analysis of crops during
the entire growing season both with sparse vegetation and
vegetation with a large amount of phytomass.

Table
VALUES OF THE VEGETATION INDICES CLGREEN (GCI) AND NDVI FOR WINTER WHEAT CROPS*
ClGreen (GCI) NDVI

value square, ha description value square, ha description
1.61...2.03 0.04 healthy seedlings 0.55...1.0 0.05 healthy seedlings
1.20...1.61 0.09 healthy seedlings 0.41...0.55 0.13 healthy seedlings
0.78...1.20 0.18 healthy seedlings 0.27...0.41 0.19 inhibited seedlings
0.36...0.78 0.44 inhibited seedlings 0.13...0.27 0.46 inhibited seedlings

-1.00...0.36 0.08 soil -1.00...0.13 0.00 soil
* Aerial photography using DJI Phantom 4 pro and the Parrot Sequoia multispectral camera on April 4, 2019
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During the photosynthetic plants activity studies, the
following indexes will also be informative:

- GLI helps to assess the plants condition when exam-
ining crops using RGB data;

- CCCl is effective for the chlorophyll study and the
assessment of nitrogen saturation, at different crop den-
sities;

- CVI —to assess the level of chlorophyll at the initial
stages of plant vegetation;

- GNDVI - for assessing aging and withering vegeta-
tion, in the absence of RedEdge channel data;

- LAI—for arelative assessment of the crops leaf area.

With a comprehensive crops assessment during the
growing season, it is most effective to use several vege-
tation indexes, depending on the growing season, research
goals and camera capabilities. So, when examining crops
using RGB data, the GLI index is informative for an over-
all assessment of the crops state. In the variant with a mul-
tispectral camera, monochrome images are examined, and
the number of indexes available for calculation increases.
If a quick assessment of the vegetation cover density is re-
quired, the RVI (SR) should be used. During the entire
growing season, it is more rational to use indexes that are
resistant to aerosol atmospheric pollution and the effects
of the soil cover: EVI, NDRE, ClGreen (GCI), MCARI
and LAIL At the initial stages of the growing season, with
sparse vegetation and a large influence of soil reflections —

DIGITAL TECHNOLOGIES

MSAVI, CVI. With a vegetation density of 20-80%, NDVI
and ARVI are optimal. In the middle of the development
cycle, with a high level of photosynthetic activity and the
need for early diseases diagnosis, the CCCI and SIPI in-
dexes are the most differentiated and sensitive to crops
changes. When plants are ripe, ready for harvesting and
wilting, it is advisable to use the MSAVI and GNDVI in-
dexes.

ConcLusions. The vegetation indexes specifics indi-
cate that the need to use one or more of them depends on
the tasks of studying agricultural crops and the multispec-
tral cameras capabilities.

On the basis of multispectral data obtained as a result
of aerial photography, various vegetation indexes are cal-
culated, which help to assess agricultural crops state, to
identify the presence of biotic and abiotic stresses. De-
pending on the used vegetation index, broadband and nar-
rowband spectral channels are used.

It was found that each vegetation index had its own
specific scope, limiting factors and was used both sepa-
rately and in combination with other vegetation indexes.
When calculating vegetation indexes for practical use, one
should be guided by the technical characteristics of mul-
tispectral cameras and took into account the effectiveness
of using the index at different stages of the growing sea-
son.
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