CoBpeMeHHbIe TPOOIeMBbl AUCTAHIIMOHHOTO 30HANPOBaHMs 3eMin u3 kocmoca. 2014. T. 11. Ne 4. C. 137-150

Forecasting of locust mass breeding by using satellite data
A.A. Tronin, V.I. Gornyy, A.V. Kiselev, S.G. Kritsuk, I.Sh. Latypov

Saint-Petersburg Scientific-Research Centre for Ecological Safety RAS
Saint-Petersburg 197110, Russia
E-mail: a.a.tronin@gmail.com, v.i.gornyy@mail.ru

The recent locust outbreaks in Russia raised considerable interest in applying remote sensing methods to locust con-
trol and forecast. The life cycle of the locust depends on such environmental conditions as temperature, soil mois-
ture, air humidity, plant biomass, and soil type. Few remote sensing methods are able to retrieve these parameters; in
our investigations, we used NOAA (AVHRR) and EOS (MODIS) satellite data. A complex index of locust hazard
based on other indexes, such as NDVI, aridity, number of sunspots, was developed for the area of Western Siberia.
It was found that the risk to locust hazard in the Southern Siberian region should be considered high when the locust
index is higher than, or equal to 0,51. However, no correlation was found between that index and the locust outbreak
in the southern part of European Russia, which led to the investigation, based on GRACE satellite effective water
layer thickness in the Lower Volga region. It was concluded that the complex index of locust hazard has to be loca-
lized regionally.

Keywords: Italian locust, multi-temporal satellite data, locust mass breeding, locust hazard index, Western Siberia,
European Russia.

Introduction

Few types of locust are common in Russia: Moroccan locust (Dociostaurus maroccanus),
Asian migratory locust (Locusta migratoria migratoria), and Italian locust (Calliptamus itali-
cus), which is considered to be the most harmful [5, 7]. The locust significantly affects two areas
in Russia: North Caucasus-Lower Volga River and the Southern part of Western Siberia.

The dangerous locust population outbreak in South Siberia was observed in 1996-2001
with the maximum manifestation between 1999-2001. Locust population density reached up to
150 adults per square meter, while in the ordinary conditions it does not exceed 10 adults per
square meter. The main species of the outbreak was Italian locust. In 1999 Italian locust de-
stroyed 220000 ha of cropland in Kazakhstan, with estimated financial losses ~15 million USD.
Agricultural protection expenses amounted to 23 million USD in 2000 [12]. During the 3-rd dec-
ade of April 2012 in the North Caucasus, the average density was of 47 hoppers/m? [1]. More
than 3 million ha were treated during the June 2012 in Kazakhstan and in the Russian Federation
[8]. The dramatic rise of Italian locust activity in European Russia requires additional investiga-
tions to find out the reasons and factors behind those outbreaks.

A successful application of Landsat data [6, 10, 11] is mapping Asian migratory locust ha-
bitats in Central Asia. These positive results are based on the Migratory locust (Locusta migratoria
migratoria) ecology. Deltas of Central Asian rivers are reed covered forming an ecological niche

of migratory locust. It was proved in [6, 10, 11] that the spectral features of reed beds in visible and
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nearest infrared spectral bands are significantly different from the spectrum of other land-cover
types. As a result, Terra (MODIS) and Landsat TM data are quite effective for Migratory locust
population habitat mapping for the region of Central Asia. Italian Locust ecology is more compli-
cated than other locust species [5, 7]. There are no specific ecosystems representing the natural ha-
bitat of this locust, which is the main difficulty for remote sensing monitoring of spatial distribu-
tion of Italian Locust population density. The methodology of quantitative remote mapping of Ital-
ian locust habitat was developed and verified on the basis of this investigation [3, 4].

The next step in using remote sensing data for the locust control is prediction of locust
population outbreaks. The locust, being an insect, strongly depends on climatic conditions such
as temperature and humidity. Climate has changed dramatically during the last decades affecting
the distribution of locust population. Looking at temperature variations in the above-mentioned
areas of Russia (Fig. 1) it is possible to see an important difference between them. The tempera-
ture growth in the City of Astrakhan (Lower Volga Region) is typical of the Northern Hemis-
phere, with +1 - +2 °C increase in the last 40 years. A different situation is in the Southern part
of Western Siberia: the annually averaged air temperature was steadily growing during the pe-
riod of observations at the City of Barnaul (Altai's capital), starting from 0 °C in the first half of
19-th century, which was an unacceptable condition for locust development. Now the annually
averaged temperature has exceeded +3°C and it opens possibilities for the locust invasion. Con-
siderations on the global warming were supported by the recent results announced by Berkeley

Earth Team (http://berkeleyearth.org/results-summary/).

o °C T T T T T T T T T T T T T T T T
el T I N T T O I I O O
N Y VIR A o Ll ‘
1 ~ % -l 7 A
g ; " T4 A A (A M A
e 8 | I | | | | I ] i I | |
- T Nt A
= 4 ——=Barnaul I | | | | | I 1 I I 1 [N
m 1 T T T T T T T T T T
T 7 ] i I | | | | I I i I I
T 2 | L ip I 3 b AR i ]
T T T Y
g o M : % h : I I j
< ‘Vw v 1 W A 2o 1 v [
2 ! ! ! ;
v i i i i 1
| ] | | ] I I |
-4 AT T T T T T T T

1835 1845 1855 1865 1875 1885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005
Years

Fig. 1. Longtime average annual temperature variations in the City of Astrakhan (North
Caucasus — Lower Volga region) and the City of Barnaul (South Siberia). Solid lines show
polynomial temperature trend

Modern satellites make it possible to obtain information on above-mentioned environmental
characteristics. This paper describes practical verification of the methodology we used to predict locust
outbreaks in the West Siberian region, as well as our attempt to apply this methodology on the territory

of the Southern part of European Russia for medium-term prediction of Italian locust outbreaks.
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1. Data and methods

1.1. Sites

The following two regions affected by locust were selected for investigations:

- “Siberian Region” in the southern part of Western Siberia (53-55N and 76-79E, area ~
50 000 km?) is located in the Steppe Biome and characterized by continental climate. Most of the
natural zonal ecosystems there have been destroyed by anthropogenic activity, and native plant
communities almost never occur now [9]. From the beginning of the XXI century cultivation
agriculture has been reoriented to livestock breeding, which resulted in the increasing areas of
unplowed lands, hay-fields, and pastures displaying a succession of steppe communities. A num-
ber of vegetation communities are common in this area: steppe and meadow on saline soils; ha-
lophytes on salt marshes; coastal lakes and rivers; riparian vegetation of steams; fragments of
forests (birch forests and artificial planting belts).

— “European Region” is the southern part of European Russia (North Caucasus — Lower
Volga River) with coordinates: 43-50N, 38-50E, the area ~ 450000 km?. The climate of this land
varies from moderate-continental to arid. The region is represented by three biomes - Temperate
steppe, Semi-desert and Mountain forests. The greater part of the region is plain, intensively
plowed fertile steppe. “European Region” includes a semi-desert area near the Caspian Sea,
which, in some places, transforms into a real sand desert. The salted steppe areas are located in
small depressions of surface relief in some parts of the territory. The southern part of the region
1s a mountainous area covered with broad leaves forests. The Valley of the Lower Volga with its
rich soils is used for vegetable growing. The Volga River delta is characterized by rich vegeta-

tion including reed beds.

1.2. Data

The locust outbreaks data were used in the form of binary time series (7able 1).

Table 1. Binary time series of locust outbreaks (“1” - outbreak. “0” - outbreak absence)
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This study has used the data collected by TERRA (MODIS) and NOAA (AVHRR) satel-
lites. AVHRR NDVI data were acquired from 1981 to 1998, and TERRA (MODIS) monthly
NDVI data from 1999 up to the present time have been used for assessing vegetation condition
and changes during the study period.

Maps of the land surface temperature (LST) were retrieved from NOAA (AVHRR) for 1981-
2002 period and TERRA (MODIS) for 2003-2011 period. The choice of the satellite data on precipi-
tation or soil moisture was based on the following considerations: we did not use TRMM (Tropical
Rainfall Measuring Mission) precipitation data due to the relatively high latitude of our regions. Pre-
cipitation data are reliable in the strip within the latitudes 50 degrees South up to 50 degrees North.
Soil moisture provided by AQUA (AMSR) is inadequate in our Regions, as we discovered a signifi-
cant difference between precipitation data observed at meteorological stations and by satellite obser-
vations. Most probably, this difference is caused by a considerable number of unknown parameters
and by the problem of vegetation/roughness separation.” For this reason the soil moisture retrieved
from AQUA (AMSR) data is more accurate for desert region without rich vegetation and with a big
percentage of bare soil, whereas the Lower Volga and the North Caucasus regions are almost totally
covered with natural (forest) and agricultural vegetation with small areas of semi-desert landscape.
On the other hand, the satellite gravimetric survey data are based on Newton's law of universal gravi-
tation and only well-known astronomical corrections are needed. That is why the estimation of soil
moisture required the equivalent thickness of water layer (ETWL) provided by the satellite gravime-
tric survey (GRACE constellation [13]). The GRACE satellite mission was launched in March
20022 Tt is a tandem of two small satellites, moving at sub polar orbits at an altitude of 220 km. The
mission can measure the gravity field with square root error ~ 1 mGal, which corresponds to ~1 cm
of ETWL. The spatial resolution of data is about 100x100 km. ETWL combines underground water,
water in soil, water of snow cover, and water in atmosphere. The GRACE monthly averaged 1°x 1°
fragments of ETWL were used for the total investigated territory from June 2002 to April 2009. Our
aim was to calculate the accumulated ETWL in the moving 5 months window, taking into account
that survivability of locust eggs depends on the soil moisture during the total time of eggs being in
the soil (autumn, winter, and spring). ETWL time series were analyzed for the territory of three ad-
ministrative areas (Fig. 2), representing different agricultural and climatic conditions.

Meteorological data from 16 weather stations in “European Region” and from 7 weather
stations in “Siberian Region” were processed and monthly average LST, NDVI (satellite data)

and precipitations (meteorological station data) in the period of 1981-2011 were compiled. Some

! NSIDC. AMSR-E/Aqua L2B Surface Soil Moisture, Ancillary Parms, & QC EASE-Grids:
http://nsidc.org/data/docs/daac/ae_land 12b_soil moisture.gd.html#njoku05.

: NASA/German Aerospace Center (DLR) Gravity Recovery and Climate Experiment (GRACE) mission:
http://www.csr.utexas.edu/grace/.
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additional information (number of sunspots from astronomical observations, the air temperature
from weather stations) was involved in data processing. The air temperature was used in
processing for satellite data validation. The number of sunspots was taken as an indicator of pe-

riodic climate processes probably affecting the locust outbreaks [14].
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Fig. 2. The map of sites in the Lower Volga Region (European Russia), chosen for the
investigation of local variations of environmental conditions important for locust ecology

ETWL (GRACE data) and day time LST (TERRA (MODIS) data) were averaged over
the territory of three administrative units with different mesoclimatic conditions. Variations of
ETWL (GRACE data) and daytime LST were plotted for each of these test sites for the period of
three-year cycles (2006-2009 — two years before 2009, when the locust mass breeding occurred,
and one year before, as the background). For simplicity, ETWL was normalized, based on the

maximum value for the investigated period.

1.3. Methods

After the visual analysis of time series shown in Figs. 3 and 4 we came to the preliminary
conclusion that there is a correlation between some environmental factors (which we will call

indicators of risk) and the locust population density. These factors were averaged for the whole
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area of West Siberia region. We obtained three quantitative time series of NDVI, a number of
sunspots, and aridity index (Figs. 3, 4). The annual increment of sunspot numbers was chosen as
an indicator of risk, as suggested by Uvarov [14]. The aridity index describes the ecological con-
ditions of the area: I,=P/t, where: P is the total precipitation in August, mm (meteorological da-
ta), ¢ is averaged LST for the same period, °C. From the practical point of view, it is better to use
the complex index of locust hazard. It was introduced [3, 4] as a linear combination of NDVI,

number of sunspots, and an aridity indexes:

Liy=1-(I4+Inpyrtl,) (1)
where: 1, is the normalized aridity index, Iypy;is normalized NDVI (satellite data), /, is the nor-
malized index of the annual increment of sunspot numbers (indexes are normalized according to
the maximum value during the investigated period). The one year shift into a future was done for
time series of indexes, taking into account the main aim of index application, which, in our case,

is forecasting locust outbreaks for the next year using the current year index values.
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The statistic dependence of chosen time series indexes on binary time series of locust
outbreaks was investigated. The Kendall tau rank correlation coefficient was applied, as most
correct in this case (7able 2. Only the smallest (optimal) sums of probabilities of false alarm and
outbreak miss are shown in Table 2).

As one can see, p-values of the Kendall correlation are very small for all indexes. Thus,
there is the strong statistic dependance between the chosen indexes and binary locust outbreak
time series. The Locust Hazard index is characterized by the biggest Kendall correlation coeffi-

cient and by smallest probabilities of false alarm and outbreak miss. That is why the Locust Ha-

zard index was chosen as the best.

Table 2. Parameters of rank correlations between different indexes and binary time series of lo-
cust outbreaks (the Siberian Region)

Statistical parameter Inpyr 1, 1, Inpyr and 1, Iy
Coefficient of Kendall correlation -0,54 -0,55 -0,40 -0,74 0,75
Kendall correlation p-value 0,0004 0,0003 0,009 1,5%10°® 1,0%10°®
Probability of false alarm 0,13 0,09 0,43 0,09 0,04
Probability of outbreak miss 0,13 0,13 0,13 0,0 0,0

2. Results

2.1. Siberian Region

The analysis of LST and precipitation variations indicates a clear relationship between
the drought and the locust outbreak (Fig. 3). Two drought periods of 1986-1991 and 1996-2000
were followed by locust outbreaks in 1988-1991 and 1991-2001. From 2001 to 2011 Italian lo-
cust outbreaks were not detected in this region. LST value was not too high during these years,
and there was enough precipitation. 2010 looked like the beginning of a drought, whereas 2011
appeared to be wet enough.

Figure 5 shows the index of locust hazard in the course of the last 30 years. The distribu-

tion of false alarm and outbreak miss probabilities for the given threshold is shown in Fig. 6.
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Fig. 5. The index of the locust hazard (I y) for “Siberian Region”. Grey columns indicate the
periods of locust mass breeding
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2.2. European Region

The behavior of indexes does not show any strong connection with locust outbreaks
(Fig. 7), with the exception of aridity index, which has some association with locust mass
breeding. Outbreak miss and false alarm probabilities (Fig. 8) are too high for practical ap-

plication.
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Fig. 7. Indexes for “European Region”. Grey columns indicate the periods of locust mass
breeding
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3. Discussion

Statistical analysis of false alarms and missed breeding shows that the suggested index of
locust hazard (1) makes it possible to predict locust outbreaks in “Siberian Region”. The fore-
casting threshold should be chosen on the basis of economic strategy. It could be chosen as

I =0.51 (Figs. 5, 6) if the main strategy is the minimization of economic losses due to a false
LH

alarm and outbreak miss.

The technique of the locust outbreak prediction was developed in 2007, with the amount
of data constantly increasing since that time, extending the time series shown in Fig. 5. As one
can see (Fig. 5), the index of locust hazard overcame the threshold in 2011. Mass breeding of the
Italian Locust was actually detected in 2012 in Novosibirsk Oblast’ and in Altaiskii Krai of
Western Siberia [2]. This example shows that the method makes it possible to predict locust out-
breaks not only retrospectively, but also practically.

Let us call the locust outbreak forecast, following the previous outbreak, a long-term pre-
diction, and the forecast of locust outbreak after the spring egg pods accounts, a short-term pre-

diction. In these terms, our forecast can be considered a medium-term forecast.
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The locust outbreak prediction, carried out on the basis of the index of locust hazard, pro-
duced an inevitable level of errors for the European Region (Fig. §). We advanced a hypothesis
that the reason for this unacceptable result is the size of the region and the mosaic structure of
landscapes. “European Region” is about 10 times larger than “Siberian Region”, has frequent
climatic variations and consists of several biomes.

Figure 9 exhibits a steady decrease of ETWL during the period of 2006 — 2009. Moreo-
ver, one can conclude that the water supply at Sholohovskii & Bokovskii administrative areas
(site No.1) was higher than at Bykovskii administrative area (site No.2) and Gorodischenskii &
Svetloyarskii administrative areas (site No.3). Therefore, during the last two years (before 2009,
when the Italian locust mass breeding occurred) conditions for locust egg survival were better on
sites No.2 and No.3. According to the classical concept [5] this should have caused the locust
mass breeding. In reality, mass breeding was observed in 2009 (Fig. 1/0). The highest density of
the locust population was on site No. 2. On the other hand, the locust mass breeding was not rec-
orded on site No.1, where ETWL was the highest of all the sites during the last 2 years. Site No.3
had an intermediate state. The locust mass breeding was recorded in the Southern part of this

site. It correlates with the intermediate quantities of ETWL of site No. 3.
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Additionally, the spatial distribution of NDVI was also analyzed (Fig. /1), using quanti-
ties of NDVI averaged for each site, as the spatial resolution of GRACE data is very low
(~ 150x150 km), while the spatial resolution of NDVI (250 m) is much better. For this reason, it
is very difficult to compare the original spatial resolution NDVI and ETWL. The highest quanti-
ty of NDVI was recorded on site No.1, and the lowest was on site No. 2. The NDVI on site No.3
had intermediate quantity, again (Fig. /7). The distribution of NDVI can be explained by two
reasons. First of all, the drought in 2009 was more severe in the Eastern part of the investigated
territories (sites No. 2 and No. 3). The second possible reason is the impact of the locust.

Thus, GRACE data may be quite promising for the locust mass breeding prognosis, and
that GRACE data can be used in the future for aridity index monitoring. In the framework of this
paper, precipitations measured at weather stations are used for aridity index calculation. Loca-
lized in space and time, these data have significant deficiency. Besides, GRACE project provides
water supply, averaged over the investigated area and within a period of time. Moreover, GOCE,
the next generation of satellite for gravity force measurement, was launched. It measures the

field of Earth’s gravity force with better sensitivity by one order of magnitude.

147



42° 43° 44° 45° 46° \
1 1 1 1 1 1 N
517 510
Volgogradskaya &
Oblast’ Jdiunn. 2
50° & Nikolaevskii ~- 50°
o al . bbbt r,-
Seraflmowchsku T ykovskil Pallasovskii | -
- " llovlinskii | DUbOVSMf 2 -
Kletskii j; ’ 1
49° ) —— i +* N 5 - 49°
e et ‘3 orodlschendw __Sredneahtubinskii
! » Leninskil )
Rostovskaya . _Kalachevs¥ii | £ S
Surowklnsku ok RSN
Oblast’ J - : Svetloyarsku( .
y e [ ChernoyarskuP Ahtubinsk
48° 48°
River Astrakhanskaya
<. Do" ~Oblast' %, X
42° 43° 44° 45° 46°
NDVI
W os3-04
04-05 0 50 100 200 Kilometers
o T T N TR N N B I |
B os-0s
pananag ) (5 -Administrative Units and their names;
Gansanat - TEStsite NO1; ]
—— —— - Rivers;
Leessses - TeStsite NO2; ,
- Borders of Oblast's.
- Test site No3.

Fig. 11. The scheme of NDVI for the Lower Volga Region (“European Region”). Legend: 1, 2, 3
denote sites as per Fig. 2

4. Conclusions

1. A very simple and inexpensive method of locust outbreak prediction using satellite and
meteorological data has been developed and verified for “Siberian Region”.

2. Precipitation information is critical for this method. Ground meteorological informa-
tion cannot be replaced with the satellite data for a temperate zone. One of the promising ap-
proaches to resolve this problem is to use satellite gravimetric data (GRACE, GOCE).

3. The size, landscape and climate variability of the test site is also quite significant. Ap-
plying the method developed for “Siberian Region” directly in “European Region” produced in-
appropriate results, the reasons for this being a large area and the complexity of the new test site.
It should be split into several parts according to the ago-climatic areas, and the method should be

applied to each part separately.
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npOI'HOSVIpOBaHMe BClbilleK CapaH4Y0BbIX Ha OCHOBEe MaTepuanoB
CNYTHUKOBbLIX CbeMOK

A.A. TpouuHn, B.WU. I'opusiii, A.B. Kuceaes, C.I'. Kpunyk, U.111. Jlatbinos

Canxm-Ilemepbypeckuii Hay4HO-UCCIE008AMENLCKUL YEHMDP IKOI02UYeCKOU be30nacHocmu
Poccuiickoii akaoemuu nayk
Canxm-Ilemep6ype, 197110, Poccua
E-mails: a.a.tronin@gmail.com, v.i.gornyy@mail.ru

YyacTuBIIMECs B IOCIEAHUE TO/bl B POCCHN BCHIBIIIKY YMCIEHHOCTH CapaHYOBBIX BHI3BAJIN 3HAYUTEIIBLHBIN HHTEPEC
K IPUMEHEHHUIO JTUCTAHIMOHHBIX METOJOB JUI MX NMPOTHO3HpOBaHUsS. JKM3HEHHBIN LUK CApaHYOBBIX 3aBUCHUT OT
TaKUX 3KOJIOTHYECKHUX YCIOBHM Kak TeMIIEpaTypa, BIaXXHOCTh IOYBBI M BO3/yXa, NMuIleBas 0a3a, TMI mouBbl. He-
CKOJIBKO IUCTAHIIMOHHBIX METOJIOB MO3BOJIAIOT BOCCTAHOBUTH KOJIMYECTBEHHBIE XapPAKTEPUCTUKH, OTPAKAIOLINE ITH
ycrnoBus. B Hammx MccienoBaHMAX HCIIOJB30BaHbI Marepuaisl chbeMok cimyTHukamMu NOAA (AVHRR) u EOS
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(MODIS). ITo 5TuM gaHHBIM A5 F0)KHOM YacTH 3anagHoi CuOupH 1 tora eBporenckoit yactu Poccun mocTpoeHsl U
MpOaHaIN3UPOBAHbI MHOTOJIETHUE Psiibl BereTallMoHHOro uHjaekca NDVI, nHaekca apuIHOCTH, YHCIIa COTHEYHBIX
nsteH. [IpeioskeH KOMIUIEKCHBIM MHAEKC capaHuoBoi omacHocTH. [lokazano, yro mns 3amamHod Cubupu puck
BCHBIIKN YHUCJICHHOCTH HUTAJILAHCKOT'O IPpyCa MOXKET CUHUTATHCA BBICOKUM, €CJIM MHICKC CapaH‘iOBOl‘/II OIIaCHOCTH
paBen wiu npesbinaetr 0,51. B 1o ke Bpems, s tora EBpomeiickoii yactu Poccun He BBISIBIIEHA CBSI3b MEXTY
BCIBIIIKAMHU YUCJIEHHOCTH CapaHYOBBIX U 3THUM HMHAEKCOM. OTO SIBWIOCH MPUYUHOMN Al JaJbHEHIINX UCCIIE0Ba-
HUI, OCHOBAHHBIX Ha MCIOJIb30BaHUU MarepuanoB ciyTHuka GRACE, usmepstomiero Bapualyy Mois CHIIbI TshKe-
ctu. I1o pe3ynbraraMm ChbeMOK 3THUM CIIlyTHHKOM BOCCTaHABIIMBAETCS TOJIIMHA 3()(HEKTHBHOTO ClIos BOIBI. B pe3yib-
TaTe MOKa3aHO, YTO MHAEKC CApaHYOBOM OMACHOCTH Ul NMPUPOAHBIX yciIoBUH tora EBpomneiickoit Poccun nosmken
OBITH palfOHHPOBAH.

KiaroueBsbie cnoBa: VTanpsHCKHI NMpyc, MHOIOpa30oBble CIIYTHHUKOBBIE ChEMKH, BCIBIIIKM YHUCIEHHOCTH CapaH4o-
BBIX, MHJIEKC CapaH4OBOW onacHocTH, 3amnannas Cubupsb, EBponetickas gacts Poccun.
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