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Figure 1: The result of data on modelling the dynamics of soil moisture in East Kazakhstan (1), Pavlodar (2) and
Akmola (3) regions of the Republic of Kazakhstan: straight lines - ERA-Interim reanalysis, dotted line -
regression model Eq (4)

The Froa flux is calculated depending on the season and the zenith angle of the Sun:

Froa(ta) = Fo 1+ 0.033 cos (%2:4)] (cos 6;) (6)

where Fo = 1,367 W/m? is the solar constant, cosBs is the average cosine of the zenith angle of the Sun at a
given time of the year. The average value of cos6s at a given time of the year at a given latitude 3 is found by
the following formula.

cos 6, = sin 8 sin § + cos f§ cos 6# (7)

3 Results and discussion

Given the difficulties in identifying arable land in aerospace imagery, a correlation method to isolate informative
pixels was used. A US produced spectroradiometer of medium spatial resolution MODIS, which has a fairly long
observation series (2000 — 2021), was chosen as a satellite device for monitoring the conditions of crops and
forecasting yield. The authors assume that the state of crops is comprehensively characterised by the
normalised difference vegetation index NDVI, calculated with a spatial resolution of 500 m by the brightness
coefficients of the underlying surface in the red (620 — 670 nm) and near-infrared (841 — 876 nm) channels of
the MODIS instrument. Unlike MODIS information products such as Leaf Area Index (LAl) and FAPAR, NDVI
determination does not require the use of a priori assumptions about vegetation architecture and radiation
transfer models, which makes it less prone to measurement and calculation errors. Due to this, the random
component in the NDVI time dynamics associated with inaccuracies in the atmospheric correction of satellite
images is much less pronounced than the random component of LAl and FAPAR. The NDVI data obtained by
the MODIS device is freely available and is provided in the form of 16 d composite maps, built on all images
available during this time, taking into account the following requirements for each pixel: minimum cloud cover,
smallest sighting angle, maximum NDVI value. For crop monitoring purposes, NDVI composite maps are used
for eight 16 d periods from late March to late July. For the Republic of Kazakhstan, data on the yields of the
main agricultural crops are available from the "Experimental Oilseed Farm". Analysis of these data shows the
presence of trends in crop yields: from 2018 to 2021 (Figure 1). The detected significant change in the trend
component of yield since 2018 indicates exclusively technological reasons for the phenomenon (level of
technology, change of varieties, change in fertilizer doses, etc.). The yield component that remains after
subtracting the linear trend is mainly determined by meteorological factors. Further, when studying the
dependence of yield on various factors, it is the yield component that is determined as the most significant
parameter, the forecast of which is the goal of most agrometeorological studies. Correlation coefficients are
calculated between the yield of the test crop and the 16-day NDVI values. To select pixels on NDVI maps that
contain information about the potential yield of a particular crop. Such correlations were considered separately
for each of the fifteen regions of the Republic of Kazakhstan and each of the eight intra-seasonal NDVI
composites, taking into account only those pixels that fall within the boundaries of the region under
consideration. From the correlation coefficients calculated for each pixel, the maximum modulus coefficient is
selected, which refers to one of the 16-day intervals during the growing season. The map of the vegetation
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coefficient NDVI and the yield of spring wheat in the "Experimental Oilseed Farm" located in East Kazakhstan
is shown in Figure 2, which shows maps for 3 y, in the period for the month of July. Positive values of the
correlation coefficients correspond to the period of intensive plant growth accompanied by an increase in NDVI.
Negative - the period of earing of spring wheat, when the formation and filling of grain occur, and the NDVI
values decrease. The pixels for predicting yield are selected based on the requirement that the corresponding
correlation coefficient between NDVI and yield exceeds a certain threshold value. The NDVI values averaged
over the mask of such pixels for each area are used to calculate the dynamics of crop biomass in those areas.
Figure 2 is presented only as a verification of the field study, collection, and summary analysis of NDVI
vegetation data for 3 years.

20.07.19 TN

Figure 2: Data on the state of the experimental site from the Sentinel-2 satellite for 2019-2021 y

The fraction of solar radiation absorbed by the vegetation cover depends on the leaf index, angular foliage
distribution, leaf pigment concentrations, soil optical properties, sun zenith angle, and other factors. Their full
account in determining FAPAR is possible only with the involvement of laborious field measurements.
Nevertheless, the seasonal variation of FAPAR is quite adequately reflected by the NDVI index, which is quite
easily determined from measurements from space. The presence of a linear correlation between FAPAR and
NDVI has been shown both experimentally and on the basis of modelling the radiation transfer in vegetation. In
this regard, when modelling biomass dynamics based on the Monteith equation, we use the assumption that
the energy of solar radiation absorbed by vegetation per day is proportional to the product of the flux Fsoa and
NDVI. Taking into account the assumptions made, the assessment of the yield of agricultural crops on the it"
day of the growing season is carried out on the basis of the following equation:

Y = VZ€V=1 Froa X NDVI; x n,(T;) X n,(W;) X (1 : (Ti)) (8)

where y is an empirical coefficient that depends on the region and crops. In total, the dynamic-statistical model
of yield based on Egs (1) - (8) includes six unknown parameters: a and Topt in Eq(1), Wort in Eq(2), Ro and Tr
in (3), yin (8). Their specific values are established separately for each region and crops grown in it by comparing
the results of biomass modelling with the actual yield in that region. The paper presents a mathematical model
of the dynamics of the biomass of agricultural crops, taking into account the main meteorological factors of crop
formation and easily adaptable for different regions and crops in the geographic information system of a smart
farmer, as shown in Figure 3. To model the dynamics of biomass, satellite measurements of the vegetation
index of the underlying surface and standard meteorological observations (temperature, humidity, precipitation
and cloudiness).

Figure 3: A geoinformation system for smart agriculture has been developed, which includes many tools for field
management
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In the calculations of biomass dynamics, only those territories of the region are used for which the vegetation
index correlates with the yield of the agricultural crop under consideration, which eliminates the need to identify
arable land in satellite images. Modelling biomass dynamics directly at the level of administrative units of the
state also minimises the amount of information required to calibrate the model.

3. Conclusions

The method for predicting crop production, described above, models the dynamics of plant biomass. It has been
tested on the example of monitoring the process of forming the yield of spring crops grown in the Republic of
Kazakhstan. Calculations of the dynamics of the biomass of agricultural crops were carried out with a time
resolution of one day based on meteorological data ERA-Interim (temperature, precipitation, air humidity deficit)
and data from the MODIS satellite spectroradiometer. Compositional indices NDVI, determined from the MODIS
instrument data, were assumed to be unchanged throughout the entire 16 d period covered by them. Modelling
the dynamics of biomass begins from the day the first composite image of the NDVI is obtained during the
growing season. The end date of the calculation period was selected based on the analysis of the correlation
between the calculated biomass and official data on crop yields. The best correlations are achieved at the end
of the calculation period at the beginning of July, i.e. at least one month before the start of cleaning. The
parameters of the dynamic-statistical biomass model were determined separately for each region of the
Republic of Kazakhstan based on training data for 21 y (2000 — 2021). The correlation coefficient between the
calculated yield values and the official statistics is 0.84. In view of the small sample size, the Leave-One-Out
cross-validation procedure was used to check the quality of the model, based on the sequential exclusion of
data for one year from the training sample, calibration of the model against the data for the remaining years,
and testing the model on the excluded data. According to the results of cross-validation, the correlation
coefficient between the actual and predicted yield of spring wheat was ~ 0.70, which indicates a sufficient
resistance of the model to the variability of meteorological conditions for the formation of the crop. Deviations
between the actual and calculated values of the yield may be associated with an insufficiently accurate
description of the daily meteorological fields by the reanalysis data. In this regard, a further increase in the
accuracy of the model is possible due to the use of data from direct meteorological measurements on a network
of ground stations for its calibration. However, in this case, there are problems of missing meteorological data
and heterogeneity of their coverage of the territory, the elimination of which is a separate and rather difficult
task. Meteorological parameters that are difficult to measure, such as the solar flux at the lower boundary of the
atmosphere and soil moisture, are calculated based on empirical formulas with coefficients obtained for the
region under study from reanalysis data. On the example of "Experimental Oilseed Farm" the applicability of the
developed model for predicting the yield of agricultural crops using readily available data from official statistics,
Era-Interim reanalysis and NDVI satellite measurements using the MODIS device is shown.
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