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Near 40-year drought trend during 1981-2019 earth
warming and food security

Felix Kogana, Wei Guob and Wenze Yangb
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National Environmental Satellite Data and Information Services, College Park, USA; bIMSG, College
Park, USA

ABSTRACT
Following the 2014 report of the International Panel on Climate
Change (IPCC), Earth surface has been warming up since the mid-
18th century. From the late 1970s, Earth warmed up intensively,
leading to unusual environmental, economic and social events.
An intensive 19th century’s, Earth warming has speeded up ice
melting and sea level rise, increased water shortage and drought
intensity. Expected drought intensification and expansion would
reduce crop production, deteriorating food security and intensify-
ing poor population’s hunger. Since climate warming is continu-
ing, we estimate long-term interaction between global warming
and high-resolution drought tendencies and its consequences for
global and regional food security. This paper develops and inves-
tigates satellite-derived 38-year high-resolution drought data sets
and evaluate their trends, during 1981-2018. Drought was esti-
mated using satellite-based Vegetation Health (VH) method. The
results indicated that for the entire globe, hemispheres and the
main grain-producing countries (China, USA and India) drought
has not intensified and expanded during 38-year, while the global
temperature anomaly has strongly increased. Since drought has
not intensified and expanded during strong global warming, food
security in the next few years is likely to remain at the level of
the most recent decade.
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Introduction

Since the mid-18th century, Earth climate has been warming up (IPCC 2007, 2014,
2018a, 2018b). From the 19th century, this process has intensified, especially since the
late-1970s, when by the turn of the 20th century, global temperature anomaly (TA,
relative to 1980-2010 climatology) increased up to 0.6 �C (IPCC 2014; NOAA 2017;
WMO 2018b), leading to quite unusual environmental, economic and social events
(IPCC 2014; NOAA 2016, 2017, NOAA/NCEI 2017; UNESCO 2018, NASA 2018b,
2017). Such a strong climate warming has been frequently reported to speed up ice
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melting in the northern pole and sea level rise, to affect changes in biological systems
(plants, birds, insects etc.), to increase water scarcity and to deteriorate drought
(Bromwich et al. 2013; IPCC 2014; Godfray et al. 2010; Chandler 2018; Coats 2018;
FAO 2017, 2018; Serreze 2018; UNESCO 2018; Watts 2018; Eilpering et al. 2019).
One of the most frequently cited (by climate publications and media) consequences
of the recent 38-year global Earth warming for food security, was drought intensifica-
tion and expansion, leading to a reduction of agricultural production, shortages of
food and even hunger in developing countries of Africa, Southeast Asia and South
America (NOAA 2016, 2017; WMO 2016, 2017, 2018b; FAO 2017, 2018; Charles
et al. 2018; Najafi et al. 2018; Seager 2018). Experts from the United Nations are
warning that continuation of climate warming, would further intensify and expand
droughts leading to a stronger reduction of crop production, especially in developing
countries, further deterioration of food security, leading to more intensive population
malnutrition and hunger (FAO 2017; WMO 2017; UNESCO 2018).

Following continues climate warming and food security concerns (Coats 2018;
Eilpering et al. 2019), a reasonable question to ask is what to expect in the near
and distant future with anticipated drought intensification and expansion, water
shortages and considerable increase in global and regional agricultural losses.
These problems would deteriorate considerably food security, leading to more peo-
ple suffering from hunger, especially considering that in the last 50-year, Earth
population has been growing faster than the agricultural production (Brown 2012,
2013; Charles et al. 2018; Kogan 2018; Najafi et al. 2018; Kogan et al. 2019;
Toulmin 2010). Many climate scientists predict that the Earth warming will affect
not only developed but also developing countries. Since developing countries have
been already suffering from a lack of food, drought intensification and expansion
will increase agricultural losses deteriorating food security and well-being of nearly
one-half of the world population. If droughts are more frequent, intensive and
spreads to new areas, agricultural losses would be much larger, creating more
problems with global and regional food supply. If agriculture would be less pro-
ductive due to drought intensification and expansion, a negative difference
between food supply and demand would be increasing much stronger and faster
(IPCC 2014; WMO 2016; FAO 2017, 2018; Godfray et al. 2010; Kogan 2018;
UNESCO 2018).

The recent 20-year climate-change scientific publications, covering drought dynam-
ics and its impacts on the Earth environment, economy and food supply-demand, are
based on less than two decades of wide-spread weather station data records for rela-
tively local areas, rather than on analysis of multi-decadal global, hemispheric and the
main agricultural countries’ drought assessments (Bromwich et al. 2013; Christy 2017;
; FAO 2017; Forzieri et al. 2017; Godfray et al. 2010; Chandler 2018; IPCC 2014,
2018a, 2018b; Cheng et al. 2019). Therefore, the goals of this paper were to (a) ana-
lyze the 1981-2018 high-resolution (4 km2, weekly) satellite-based, global and regional
drought dynamics, (b) approximate changes in drought area and intensity, (c) esti-
mate drought contribution to agricultural losses, (d) match the 1981-2018 global and
regional drought dynamics with global TA trend and (e) investigate the consequences
of drought changes during global warming for food security. This analysis is based
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on high spatial and temporal resolution of global drought records, obtained from the
National Oceanic and Atmospheric Administration (NOAA) operational afternoon
polar-orbiting satellites. They were measuring weekly vegetation health (since 1981
for each 4 km2 land surface) in response to moisture-thermal variations, including
their extreme values, which cause vegetation stress, during the recent 38-year
(Kogan 2018).

Vegetation Health

What is Vegetation Health?

The Vegetation Health (VH) is the state of vegetation in response to the environmen-
tal conditions. In general, if vegetation is intensively green (due to elevated chloro-
phyll contains), vigorous (due to substantial water content) and distributed uniformly
over an area, it is considered to be healthy. In opposite situation, vegetation is yellow,
wilting, not uniform (missing in some places) it is estimated to be stressed (Kogan
2018; Kogan et al. 2019). The quantitative measures of extreme and intermediate
vegetation health are determined from satellite data. The 1981-2019 high-resolution
weekly Vegetation Health data is derived from NOAA operational afternoon polar-
orbiting satellite measuring reflected and emitted solar radiation from earth surface.
During the 39-year of NOAA’s satellites operation, two sensors were used the
Advanced Very High Resolution Radiometer (AVHRR) from 1981 through 2012 and
Visible Infrared Imaging Radiometer Suite (VIIRS) during 2013-2019. Both sensors
were measuring reflected solar radiation in the visible (VIS) and near infrared (NIR)
and emitted radiation in infrared (IR) wavelength (Kogan et al. 2015; Kogan 2018;
Kogan et al. 2019). In VH development, NOAA data were thoroughly calibrated and
processed to remove multiple sources of long- and short-term noise (technical, sen-
sors’ difference, environmental etc.), in order to receive reliable estimates of drought
characteristics and trends. Almost four decades satellite data and derived indices were
measuring global high-resolution pixel-based daily solar reflectance and emission.
These original data were aggregated to 4.0 and 16 km2 areal and one-week temporal
resolution. Finally, the new satellite-based Vegetation Health methodology was
applied to estimate vegetation performance, including drought-caused vegetation
stress (Kogan and Guo 2014; Kogan 2018, 2001, 1997; Kogan et al. 2019). Important
that VH-based drought was derived inside crops and pasture areas, rather than from
air temperature and precipitation, measured at 2-m heights by a limited number of
weather stations ( principally used by climate research to estimate global and regional
temperature trends (IPCC 2014, 2018a, 2018b; WMO 2018b; NOAA 2017; NASA
2017, 2018b)).

Original data

What is important for VH-based drought detection and estimation of its intensity
and area coverage is that the VIS and NIR measurements characterize vegetation
productivity following changes in photosynthetic rate (based on chlorophyll-a, -b and
carotenoids content) and water content, while infrared (IR) measurements estimates
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thermal conditions of vegetation cover. These moisture-thermal vegetation character-
istics are regulated by climate and weather (Hashemi and Chenani 2004; Kogan
2018). Following physiological laws, several indices were developed, using VIS, NIR
and IR measurements. Two initial indices included Normalized Difference Vegetation
Index (NDVI) from VIS and NIR (Tucker 1979) and Brightness Temperature (BT)
from IR (Trishchenko 2006) to characterize vegetation greenness and radiative (or
brightness) temperature (equations 1 and 2, respectively).

NDVI ¼ ðNIR � VISÞ=ðNIR þ VISÞ (1)

BT ¼
��

C2Vc= log ðC1Vc
3=R þ 1Þ

�
– B

�
=A (2)

Where BT - brightness (radiation) temperature (�K); R the observed IR (mWm-
2 sr �1(cm-1) �1), C1¼ 2hc2 and C2 ¼ (hc)/k, where c, h, and k are the speed of
light, Planck-, and Boltzmann-constant, respectively; V - wavenumber (cm-1); A, and
B parameters are found from a non-linear regression of a pre-calculated lookup table.

Noise Removal is an extremely important procedure to be absolutely sure that
drought time series, discussed below, are not distorted by long-term noise and are
appropriate to identify correctly long-term trends. Therefore, before 38-year weekly
drought time series were developed the original data and indices (NDVI and BT)
have been intensively processed to remove noise. A short description below summa-
rizes noise removal, which is comprehensively described in Kogan (2018). Daily VIS,
NIR and BT values were calibrated comprehensively and the two initial indices
(Equations 1 and 2) were calculated. Daily NDVI and BT data were aggregated to 7-
day composite values for each 4.0 and 16.0 km2 pixels of the global land (NOAA/
NESDIS 2019). The sources of noise in NDVI and BT data are multiple. They include
difference between the sensors (S-NPP/VIIRS from NOAA-20/VIIRS and VIIRS from
AVHRR) and even between AVHRR-2 and AVHRR-3 sensors (due to difference in
sensor design and response functions). Since the time of NOAA-7 through NOAA-18
satellite observation is changing from 1:30 pm at their launch to almost 6 pm at the
end of satellite life due to orbital drift, this noise was carefully corrected. Long-term
aerosol noise from El Chichon in 1982 and Mt. Pinatubo in 1991 (Kogan 2018,
WMO 2017, NOAA 2016(IPCC 2018a)) volcanos was corrected using the Empirical
Distribution Function (EDF). Besides long-term, short-term corrections have been
performed, eliminating noise related to daily clouds and aerosols, sun-surface sensor
geometry, bi-directional reflectance, open canopy background, difference in ecosys-
tems, human errors and others. All of these corrections were accomplished and have
been described in Kogan (2018). that the users were absolutely sure that the data are
reliable to be used for drought trend analysis.

Vegetation Health indices

As the result of high- and low-frequency noise removal, NDVI and BT weekly time
series were transferred to no-noise Smoothed NDVI (SMN) and Smoothed BT (SMT)
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values (Kogan 2018). The SMN and SMT indices characterize two environmental
components: the long-term ecosystem-climate (for example, tropical forest versus
broad-leaf forest or grassland) and short-term, weather changes (daily-weekly-
monthly (up to one year) precipitation, temperature etc.). Since the VH is designed
for monitoring weather impacts (including drought) on vegetation, the long-term cli-
mate component was removed from SMN and SMT weekly data for each 4.0 km2

pixel. Following three bio-physical laws: Liebig’s Law-of-minimum, Shefield’s Law-of-
tolerance and the Principle of Carrying Capacity, weather component was singled out
for each week and pixel by normalizing SMN and SMT to the extreme 34-year (1981-
2014), maximum (MAX) and minimum (MIN) weekly-pixel values of SMN and
SMT, characterizing extremely favorable and unfavorable vegetation conditions or
very healthy and unhealthy (or stressed) vegetation. Finally, three indices assessing
weather-impact on vegetation were developed (Equations 3–5): Vegetation Condition
Index (VCI), Temperature Condition Index (TCI) and Vegetation Health Index
(VHI). VCI, TCI and VHI indices characterize vegetation health, specifically, mois-
ture (VCI), thermal (TCI) and combined moisture-thermal (VHI) conditions.

VCI ¼ 100 � ðSMN � SMNminÞ=ðSMNmax � SMNminÞ (3)

TCI ¼ 100 � ðSMTmax � SMTÞ=ðSMTmax � SMTminÞ (4)

VHI ¼ a � VCI þ ð1�aÞ � TCI (5)

Equation (5) contains coefficient a, which is used to estimate a portion of moisture
and thermal conditions in the VHI’s combine estimation of moisture-thermal based
vegetation health. This share depends on VHI’s application, ecosystem, climate, wea-
ther, season and others. Since, the share is generally not known for specific applica-
tions, it was assumed that VCI and TCI contributions are equal (a¼ 0.5). Meanwhile,
a can be calibrated against ground measurements, such as biomass value, agricultural
production, number of affected people by a disaster and others. Some examples of
using calibrated a against crop yields in USA, China, Bulgaria and other countries are
presented in Kogan (1983, 2001), Kogan et al. (2005), and Najafi et al. (2018). For a
calibration we first, correlated 15-30 years’ yield anomaly (for a region) with weekly
VCI and TCI over the season (for example, March-September in the Northern
Hemisphere). Second, used correlation coefficients values to derive their share.

The VCI, TCI and VHI indices estimate weather-related moisture (VCI), thermal
(TCI) and combined moisture-thermal (VHI) conditions inside vegetation on a scale
from zero, indicating extremely unhealthy or stress vegetation, to 100 specifying the
healthiest vegetation. The VH indices (VCI, TCI and VHI) have been calibrated and
validated based on crops and pasture yield anomaly in 34 countries, including princi-
pal producers of grain (Kogan 2018). The VH indices assess physiologically-based
vegetation performance, on a scale from healthy to unhealthy, which are changing
following weather fluctuation from favorable (warm and moist) to unfavorable (hot
and dry), respectively. Vegetation Health indices are assigned values from zero (0)
when vegetation is extremely stressed to 100 if vegetation is very healthy. In principal,
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green, vigorous and uniformly distributed vegetation indicates that favorable weather
(warm and wet) induced healthy conditions, estimated by high values of VH indices
(56-100). In opposite case, not green (yellow-brown), wilting, not uniformly distrib-
uted vegetation indicates unfavorable weather conditions (dry and hot) inducing,
vegetation stress (VH indices are below 46). These two opposite cases, healthy and
unhealthy (or stressed) vegetation characterize two opposite vegetation conditions
with several levels of intermedium vegetation performance for these two levels of
vegetation condition values (healthy and unhealthy). The two extreme values (0 and
100) have generally low frequency over time and space.

Drought from Vegetation Health

Comparison of VH indices (VCI, TCI and VHI) with crop yields in 34 countries on
all continents (Kogan 2018) indicated that drought and crop yield reduction usually
start when the indices fluctuate between zero and 45 (Kogan 2018). Classification of
drought intensity was based on the amount of corn yield reduction in the USA’s
corn-belt and reduction of spring wheat yield in the main area of Russia (Kogan
2018). Numerical drought estimates included several categories: light (indices between
45 and 36), moderate (35-26), severe (25-16), extreme (15-6) and exceptional (<6).
Following this classification, VH is widely used for analysis of such drought features
as start, intensity, area, duration, frequency and impact. The VH indices are normally
applied to estimate vegetation stress from moisture, thermal and more frequently
from combine moisture-thermal conditions. Drought might affect vegetation strongly
from either moisture deficit or excessive heat or from their combine moisture-thermal
stress (moisture deficit and excessive heat, which is the best estimates).
Environmentally-based drought impacts on vegetation depend on severity and dur-
ation of combined moisture and thermal stress. Relatively mild stress (both moisture
and thermal) produces minor impacts on vegetation in general, especially on crops
and pasture. Severe stress produces major impacts, reducing crops and pasture pro-
duction more than 50% (relative to multi-year mean values). Drought degrades nat-
ural vegetation as well. However, if only one of the parameters (moisture or thermal)
is in extreme conditions drought impacts might be offset by favorable conditions
from another parameter. For example, in case of extreme environmental heat, crops
and pasture can survive for some time if there is no moisture deficit. In opposite
case, if vegetation experience strong moisture deficit, its condition might deteriorate
slowly if the weather is relatively cool. There are many such examples in scientific
publications (Myneni et al. 1997; Lucht et al. 2002; Nemani et al. 2003; Murph and
Timbal 2008; Godfray et al. 2010; Kogan 2018; Kogan et al. 2018). Meanwhile, if both
moisture and thermal conditions are unfavorable or stressful, drought impacts on
vegetation are estimated more accurately. Therefore, further discussion presents ana-
lysis of 38-year drought trends from the Vegetation Health Index (VHI), which pro-
vides combine moisture-thermal drought conditions during the entire period of
intensive Earth warming. Specifically, VHI-based drought time-series were used for
statistical trend assessments of different drought levels, and analysis if these trends
are matching with intensive global warming trends. This is an important goal for

474 F. KOGAN ET AL.



estimation of the future tendencies in drought, vegetation stress and problems
expected with agricultural production and food security.

Global warming

Following IPCC (2014, 2007, 2018a, 2018b) and other reports (Hansen et al. 2000,
2010; Karl et al. 2015; NOAA 2017; WMO 2014, 2017; NASA 2017, 2018b; UNESCO
2018), continuous general global warming has been going on since the mid-1850’s
(Figure 1a). However, the strongest global temperature increase occurred after the
mid-1970s (better seen in Figure 1b). As IPCC (2014) indicates, “… the period from
1983 to 2012 was likely the warmest 30-year period of the last 1,400 years in the
Northern Hemisphere…”, when “… the global average combined land and ocean
temperature data calculated as linear trend, show a warming of 0.85 �C (0.65 to
1.06 �C) during 1980-2012.” Many other publications are also focusing on an inten-
sive global warming since mid-1970s (NASA 2017; NOAA 2017; FAO 2018; IPCC

Figure 1. Annual global mean Earth temperature anomaly during (a) 1850-2012 (relative to 1986-
2005 global mean annual temperature (from IPCC 2014, color indicates different data sets)) and (b)
1950-2014 (relative to 1981-2010 global mean annual temperature with an indication of ENSO
years (WMO 2014)); red vertical lines indicate the period from 1981, when Vegetation Health data
has started. Source: Author
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2018a, 2018b). The period of the intensive global warming practically coincides with
availability of moisture-thermal VHI data set (started in 1981), which characterize
physiological vegetation response to weather and climate (NOAA/NESDIS 2019).
Therefore, further analysis is focusing on global warming and VHI-estimated drought
trends since 1981. Figure 1b is showing global annual temperature anomaly presented
by the World Meteorological Organization, following IPCC and other reports (IPCC
2014; Karl et al. 2015; NASA 2017; NOAA 2017; USGCRP 2017). The period from
1981 through 2014 is focusing on global annual temperature anomaly and its ten-
dency during VHI data availability.

Analysis of global mean Earth temperature anomaly (TA) since 1981 in Figure 1b
clearly indicates two periods with different TA trend: (1) strong TA growth (upward
trend) during 17-year from 1981 through 1997, when TA increased from approxi-
mately �0.32 to þ0.20 �C and (2) flat trend in TA (around þ0.2 �C) during 17 years,
between 1998 and 2014. Climatologists called the second 17-year period with flat TA
trend “hiatus” time (Kennel 2014; Karl et al. 2015). It is interesting, that short-term
trends in TA for both Hemispheres (Hansen et al. 2010) are similar to the described
global two 17-year trends from 1981 in Figure 1, although Northern Hemisphere’s
TA is showing more closed match with the globe. Following the two 17-year TA data
(Figure 1b), it should be emphasized again strong increase in TA from 1981 through
1997 and flat trend during hiatus time from 1998 through 2014. Discussing drought
trends, climate publications have indicated an intensification of global droughts due
to higher evaporative demands in warmer climate and even development of mega
droughts during 1981-1997 (IPCC 2014; Chandler 2018; FAO 2017, 2018; UNESCO
2018). They are also indicating strong drought activities during hiatus time (between
1998 and 2014) due to positive global TA around þ0.2 �C (Karl et al. 2015; WMO
2016; NOAA 2017; USGCRP 2017; Thomas et al. 2018; Wendel 2018). Therefore, fur-
ther analysis present (a) VHI-based drought trends during the indicated two 17-year
periods (1981-1997 and 1998-2014), (b) comparison of drought trend with global TA
trend during the same two periods and (c) investigation if drought and global TA
trends have similar features and how close their trends are.

Drought dynamics during global warming from 1981 through 2014

World. Since climate publications (NOAA 2016, 2017; BAMS 2018; Chandler 2018;
FAO 2017, 2018; Serreze 2018; UNESCO 2018; Watts 2018; 2016, 2018b) have
strongly emphasized drought expansion and intensification during global warming
from the end of 1970s, the VHI-based drought trend was investigated first for the
two indicated periods of global warming (1981-1997 and 1998-2014) clearly seen in
Figure 1b (WMO 2014). The TA time series from WMO (2014) were selected since
the anomaly is derived relative to the most recent 30-year global temperature climat-
ology (1980-2010). Three the most damaging to food security drought intensities
were analyzed: severe-to-exceptional (S-to-E), which reduce grain production from 10
to 25%, extreme-to-exceptional (E-to-E), 26-35% grain reduction, and exceptional (E),
more than 35% reduction (Kogan 2018). Trends in drought areas for these three
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intensities were estimated from satellite-based combined moisture-thermal condition
index (VHI) during the two identified periods, 1981-1997 and 1998-2014.

Mean global and hemispheric multi-year weekly VHI-based drought time series
and trends are shown in Figure 2. They indicate that during 1981-2014, global
drought has not intensified and has not expanded following strong global mean TA
increase as was indicated by many climate publications (NOAA 2016, 2017; Chandler
2018; FAO 2017, 2018; NASA 2017, 2018b; Serreze 2018; UNESCO 2018; Watts 2018;
2016, 2018b). In spite of intensive global warming, the 1981-1997 global drought
trends were stably flat (no increase and no decrease) for all intensities (18% for S-to-
E, 8% for E-to-E and 4% for E), compare to a very strong global TA increase (from
�0.32 to þ0.20 �C). Oppositely, during the next 17-year (1998-2014), upward drought
area and intensity trends (20-30% increase by 2014) appeared, while global TA had
quite stable (flat) trend (TA nearly 0.2 �C) during the entire 1998-2014 period.
Northern Hemisphere’s drought trends for the three intensities were quite similar to
the VHI-based world’s drought tendencies. In Southern Hemisphere droughts
occurred frequently during the two periods. However, opposite to the world and
Northern Hemisphere, the Southern Hemisphere drought intensified and area
increased from 1998 through 2014 almost 80-95%, mismatching with global TA flat
trend. Summarizing, it should be emphasized again, that global and hemispheric
VHI-derived two 17-year (1981-1997 and 1998-2014) drought trends mismatched
with global TA trend. The world and both hemispheres’ drought area and intensity
(in all categories) have not changed, although the world warmed up considerably

Figure 2. Drought area (% from the total world and hemispheres areas) and intensity (Severe-to-
Exceptional, Extreme-to-Exceptional and Exceptional) for the World, Northern and Southern
Hemispheres. Trend was statistically estimated for two 17-year periods, 1981-1997 and 1998-2014
(95% confidence level). Source: Author
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(slightly more than 0.5 �C) between 1981 and 1997. However, during a stable global
TA from 1998 through 2014 (hiatus time) world drought area slightly increased (2-
5%) for all intensities. However, in Southern Hemisphere, drought area and intensity
trends have surprisingly increased strongly for S-to-E (100%) and E-to-E (80%) and
moderately for E (30%), mismatching again with global flat trends, around þ0.20 �C.

Principal grain countries

In addition to matching/mismatching the entire earth warming trend and global
vegetation drought trend, similar drought analysis was performed in a few coun-
tries. Since drought have strong impacts on food security, this part investigates if
strong global warming intensified droughts in the main grain producing countries
and might result in a considerable reduction of agricultural production, creating
problems with food security. These countries were selected based on their major
contribution to the global grain production (the principal world’s food and feed) in
2014 (WB 2017). Table 1 shows the main grain producers on each continent, their
contribution to the world total grain production and occupied grain area. The three
countries, which produced more than 10% of global grain in 2014, were selected
for drought trend analysis. They were China (19.8% grain production contribution
to the world total), USA (15.7% contribution) and India (10.5%). These three coun-
tries have produced almost 50% of global grain (the main agricultural production
affecting strongly food security) in 2014 (Table 1). It is interesting that area-wise
(Table 1), China (number one grain producer) and India (number 3) had practic-
ally the same grain area (98.5 and 96.4 million hectares (MH)), while the USA,
being the second contributor to the global grain production, collected grain from
60% smaller area (58.4MH), which emphasizes an advancement in US agricul-
tural technology.

Similar to global analysis, two 17-year (1981-1997 and 1998-2014) trends in
drought area and intensities were investigate in China, USA and India. Figure 3

Table 1. Grain production (million metric tons (MMT)), area (million hectares (MH), WB 2017) and
(%) of their contribution to the world total.

Continents and World Country

Grain Production in 2014 Grain Area in 2014

Amount (MMT) % from the World Amount (MH) % from the World

N. America US 442.8 15.7 58.4 8.1
Canada 51.3 1.8 14.1 2.0
Mexico 36.5 1.3 10.3 1.4

Europe France 73.3 2.5 9.6 1.3
Germany 52.0 1.8 6.3 0.9
Ukraine 63.4 2.2 14.0 2.0

Asia China 557.4 19.8 96.4 13.4
India 296.4 10.5 98.5 13.7
Russia 103.1 3.7 44.4 6.2

Indonesia 89.8 3.2 18.1 2.8
S. America Brazil 101.4 3.6 20.1 2.8

Argentina 51.0 1.8 13.2 1.8
Africa Rep. S. Africa 16.6 0.6 2.7 0.4

Ethiopia 23.6 0.8 10.2 1.4
Australia Australia 38.4 1.3 17.0 2.4
WORLD 2,818.5 100.0 718.1 100.0
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displays weekly drought area’s time series and trends for the two intensities, severe-
to-exceptional (S-to-E) and exceptional (E), which are frequent and the most damag-
ing in these countries. Drought dynamics for the three countries (Figure 3) mis-
matched again (in some cases strongly) with global TA trends for both periods
(Figure 1b). Specifically, in China (contributed 19.8% of global grain in 2014),
drought area and intensity (in both categories) have not changed, occupying 14% and
1-2% of the country with S-to-E and E intensity, respectively, while the world
warmed up strongly (mean global TA increased 0.52 �C relative to 1980-2010 climat-
ology) between 1981 and 1997. During the second 17-year, when the globe was stably
warm at þ0.2 �C TA (Figure 1b), China’s drought area reduced (surprisingly) in half,
between 1998 and 2014, to 7% of the country for S-to-E intensity and remained stable
at 1-2% of the country for E intensity. Drought tendencies in the USA and India per-
formed differently than in China. During intensive global warming (1981-1997),
drought area reduced slightly in the USA (from 13 to 9% for S-to-E and remained

Figure 3. Weekly dynamics of drought area (percentage from a country) for two intensities (severe-
to-exceptional (S-to-E), and exceptional (E) in China, USA and India. Trend was statistically estimated
for the two 17-year periods, 1981-1997 and 1998-2014 with 95% confidence level. Source: Author
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stable at 2-3% for E intensity) although global TA increased more than 0.5 �C. In
India, S-to-E intensity drought area surprisingly dropped three-time (from 23 to 7%),
instead of expected increase following Earth warming (Figure 1b); an exceptional
drought has slightly decreased as well. During the period of a stably warm globe
between 1998 and 2014, the US drought area slightly increased (from 9 to 12% for S-
to-E and remained stable, at 1-2% for exceptional intensity). Oppositely, to the USA,
India’s drought decreased nearly 30% (from 18 to 13%) for S-to-E and slightly
decreased for E intensity. Summarizing, we should stress again that opposite to
expected drought intensification and expansion due to global warming from 1981
through 2014 (2018b; NOAA 2016, 2017; Watts 2018; Serreze 2018; Kogan et al.
2013), the three major grain producing countries (China, USA and India) showed a
reduced drought area trend for S-to-E and relatively stable drought trends for
E intensity.

2015-2018 strong global warming and drought tendency

During 2015-2018, Earth temperature unexpectedly increased strongly. Figure 4a dis-
plays global temperature anomaly since 1980, shown in Figure 1b, but extended for
the years 2015 through 2017 from WMO (2018a) and for 2018 from Spencer (2019).
Calculations showed that four-year (2015-2018) mean global TA unexpectedly

Figure 4. Global mean (a) Annual weekly temperature anomaly during 1950-2017 (relative to
1981-2010 mean annual temperature with emphasis on ENSO years (WMO 2018b)) and 2018 TA
(relative to 1981-2010) from Spencer (2019); (b) Weekly VHI-based drought area and intensity
(severe-to-exceptional (S-to-E), extreme-to-exceptional (E-to-E) and exceptional (E) with 95% confi-
dence level) during 1981-2018. Source: Author

480 F. KOGAN ET AL.



reached 0.42 �C, which was 0.22 �C above the 17-year (1998-2014) flat global mean
TA trend (þ0.2 �C, relative to 1980-2010 climatology) during hiatus time. Detail ana-
lysis of these 4-year data (Figure 4a), indicate that in 2015, global mean TA (esti-
mated relative to 1981-2010 global mean temperature climatology) jumped up to
0.45 �C (from 0.2 �C in 2014), in 2016, it increased even higher, to 0.56 �C, and after
that dropped down to 0.46 �C in 2017 (WMO 2018a) and further down to 0.23 �C in
2018 (Spencer 2019), quickly approaching to 1998-2014, hiatus time’s TA trend level.

Climate publications indicated several causes for global mean TA increase, which
are investigated including the latest 4-year. First of all, it is greenhouse gas emissions
(mainly CO2), since most of climate publications are strongly supporting contribution
of industrial CO2 release as the main cause of trapping earth-emitted infrared radi-
ation, resulting in strong increase of Earth warming over the recent 3-4 decades
(WMO 2018b, Blander et al. 2018; Williams & Roussenov 2017; NASA 2017;
USGCRP 2017; IPCC 2014). However, CO2 measurements (NASA 2018b) indicated
that between 2014 and 2015, CO2 has increased only 1% (from 397 to 400 Dobson
Units), while global TA has more than doubled from 0.22 to 0.46 �C, relative to 1980-
2010 climatology (WMO 2018a) between these two years. Therefore, CO2 contribution
to doubling global mean TA between 2014 and 2015 (including the remaining three
years) cannot be considered as one of the causes of strong 2015-2018 TA increase.

Another source of strong global TA increase in 2015 and especially 2016 (com-
pared to 2014) was El Ni~no-Southern Oscillation (ENSO (USGCRP 2017; Blander
et al. 2018; WMO 2018b)). During November 2015-April 2016, extreme El Ni~no
occurred, when 3.4 ocean region in Tropical Pacific (the main ENSO area) was
3.0 �C warmer than normal (Kogan and Guo 2017), which was the strongest ENSO
in the past several decades. Release of such extreme ocean heat intensified overall
global warming (Wendel 2018). A very warm 2015-16 El Ni~no contribution to global
warming was also intensified by two other preceding events of a warm ocean: (a) the
so-called “Blob” and (b) long-term accumulated ocean heat (Thomas et al. 2018;
Cheng et al. 2019; Cornwall 2019). The Blob started in late 2013 (Cornwall 2019),
when a large area of unusually warm water formed in a Gulf of Alaska has spread
south so fast that by mid-2015, the Blob doubled in size, covered nearly 4�106 km2
of Pacific Ocean between Alaska and California, had surface temperature 2.5 �C
above normal and even crashed some of the marine ecosystems (appearance of toxic
algae, small fish dying etc.) (Cornwall 2019). Regarding the (b) event, global ocean
has been generally warming up for a few decades (Cheng et al. 2019). The rate of
the warming for the upper 2000-m has accelerated from 0.55 in 1991 to 0.68W
m� 2 by 2000. In addition, the area of warm ocean has increased strongly between
1982 and 2016 (from 27 to 62% for severe and from 68 to 93% for moderate heat
(Cornwall 2019)). Moreover, the number of marine heat waves almost doubled dur-
ing these years (Thomas et al. 2018). Therefore, release of heat accumulated in the
ocean over the recent decades, heat from Blob during 2013-2015 and especially 2015-
16 El Ni~no-released heat have contributed to the recent 4-year of Earth warming and
can be considered as temporary events.

One more source of global warming during 2015-2018 was an unexpected and per-
sistent increase in global emission of ozone-depleting chlorofluorocarbon (CFC),
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specifically CFC-11 (Blander et al. 2018). The recent measurements indicated that
CFC-11 was emitted from Southeast Asia (most probable from China) during 2014-
2016 (Bastasch 2017; Montzka et al. 2018; NASA 2018a; WMO 2018a). Penetrating to
the lower stratosphere, CFC-11 contributes to destroying ozone leading to a reduction
of Earth protection from an increased penetration of solar ultraviolet B radiation
(UV-B) to the earth surface and intensification of global warming (Ward 2016; UCS
2017; WMO 2018a). Previously, such situation of strong earth temperature increase,
occurred from the mid-1970s, when CFC gases, manufactured worldwide since 1960,
penetrated to the lower stratosphere, were broken by UV-B radiation, resulted in
releasing chlorine, which destroyed a large amount of lower-stratospheric ozone
(Ward 2016). Additional source of ozone depletion during 2015-2017 and increasing
global temperature might be also eruption of Bardarbunga volcano from September
2014 through February 2015 in the central Iceland. This effusive-type volcano has
spread mostly basaltic lava over the area of 85 km2, which emitted ozone-depleting
chlorine and bromine (Ward 2016). When these two gases reached the lower strato-
sphere in the second half of 2015, they provided additional contribution to destroying
earth-protective ozone layer, increasing UV-B radiation reaching the earth surface,
causing some warming (Solomon 1999; Ward 2016; UCS 2017).

38-year (1981-2018) global drought trends during intensive climate warming

The shown above very strong 4-year (2015-2018) doubling global mean TA (compare
to 17-year stable global mean TA prior to that period, (1998-2014)) might likely
to intensify severely global drought and change overall drought trends. Therefore,
Figure 4b displays weekly global mean VHI-drought time series for the entire 38-year
(1981-2018), which includes three periods of global temperature trends: (a) intensive
global mean TA increase from 1981 through 1997, (b) stable positive TA during
1998-2014 and (c) 2015-2018 doubling TA (relative to 1981-2010 climatology) com-
pare to trend level (Figure 4a)). Unfortunately, the latest four-year period of TA data
(case (c)) is too short for statistical trend analysis. Therefore, only visual interpret-
ation of this period is presented. As was mentioned, global TA (relative to 1980-2010
climatology) during 2015-2018 increased more than 2 times compared to previous
17-year TA trend. In spite of doubling global TA, neither drought area nor intensity
have increased, which has been erroneously expected. In general, VHI-estimated glo-
bal-mean drought area and intensity has not changed between 2015 and 2018 and
was relatively stable, covering 25-33% global area (variations are seasonal) for S-to-E,
12-16% for E-to-E and around 2.5% for E intensity (Figure 4b). In addition, the
drought intensity and area during 2015-2018 remained at the level of the previous 7-
year between 2008 and 2014, when global-mean TA was more than two-time smaller
(0.15-0.22 �C compared to 0.44-0.56 �C during 2015-2018 (Figure 4b)).

Stable VHI-drought activity (both area and intensity) during 2015-2018 is sup-
ported by global distribution of VHI-estimated drought for each 16 km2 pixel (Figure
5). In 2015 (Figure 5a), drought was much more intensive (compared to 2014) in
Africa (northern areas of sub-Sahara and Southern Africa), northeastern Australia,
Western Europe and Mongolia, but North and South America showed some
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improvements (Figure 5a). Deteriorated drought area in 2015 (compared to 2014)
accounted for nearly 26% of the world (excluding deserts). In 2016, drought deterior-
ation (compared to 2015) accounted approximately similar percent of world area, but
major deterioration switched to North and South America and part of central Africa
(Figure 5b). From the other two cases (2017 vs 2016 and 2018 vs 2017 (Figure 5c and
d)), deteriorated drought area was approximately nearly 30% of the globe but severity
of drought deterioration was redistributed over the world. Summarizing this discus-
sion, we should stress again that more than doubling global mean TA has not intensi-
fied 2015-2018 drought and has not increased its area.

Finally, we investigated if doubling global temperature anomaly during 2015-2018
(compared to 1998-2014) has changed long-term (almost four decades) global
drought trends since 1981. Two drought tendencies were investigated (a) the entire
period, 1981-2018 and (b) the latest 21 years (1998-2018). The two previous periods
of intensive climate warming (c) 1981-1997 and hiatus time (d) 1998-2014 have been
also included for comparative analysis (Table 2). Linear drought trend was statistically
approximated for the time series shown in Figure 4. Parallel with drought trends, glo-
bal mean TA trend was also estimated. Following these estimates, relative changes
between the values of trend at the end and beginning (relative to the beginning value
in %) for the investigated periods were derived, following the equation: RDk ¼ 100�

Figure 5. Area of drought deterioration or improvement (for each 16 km2 pixels) between July of
the two neighboring years: (a) 2015 versus 2014 (difference between VHI15 and VHI14), (b) 2016
versus 2015 (VHI16-VHI15), (c) 2017 versus 2016 (VHI17-VHI16) and (d) 2018 versus 2017 (VHI18-
VHI17). Source: Author

Table 2. Rate of trend change (%) in global temperature anomaly and VHI-based global drought
area/intensity from the beginning to the end of the indicated periods.

Parameter

Period

1981-2018 1998-2018 1998-2014 1981-1997

Temperature Anomaly 284 200 20 183
Severe-to-Exceptional 5.5 5.7 5.3 10.3
Extreme-to-Exceptional �2.0 2.0 4.0 10.6
Exceptional 2.8 1.6 1.3 3.6
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(tj - ti)/ti;, where RD – relative difference (%), tj – parameters’ values at the trend end,
ti – values at the trend beginning.

Following Table 2, displaying these relative differences (RD), it is important to
emphasize first that, when 2015-2018 extremely increased global mean TA was added
to the 1981-2014 time series, the TA trend increased almost 3 times (RD¼ 284%)
during 1981-2018 and 2-time (183%) during 1998-2018. Drought area and intensity
trends during the same periods have not followed 2-3 times global mean TA increase.
Specifically, during the entire 38 years (1981-2018), global drought area increased neg-
ligibly, less than 5.5% (the increase was even negative (�2%) for E-to-E drought
intensity). For the most recent 21-year period (1998-2018), drought area increased
slightly as well (1.6-5.7%). In addition to a negligible global drought tendency, which
has not followed 200-284% global mean TA increase, it is important to point out
again a fairly stable 17-year temperature trend (20% increase) from 1998 through
2014 (without the latest 4-year) and very negligible (less than 5.5%) drought trend
increase. The PDSI index have not shown drought area and intensity changes during
1980-2017 (BAMS 2018; Osborn et al. 2018). Summarizing this discussion, it is
important to emphasize again and again that 200-300% global mean TA increase dur-
ing the entire 38-year period (1981-2018) and the most recent, 21-year period (1998-
2018) of global warming caused only negligible, less than 6% change in the global
drought area and intensity. Regarding near-future global warming, looking at the glo-
bal mean TA changes during the last 4-year: TA increase during 2015 (mean global
TA 0.45 �C) and 2016 (0.56 �C), but TA decrease during 2017 (0.46 �C) and, especially
2018 (0.33 �C) returning back to previous 17-year flat trend (1998-2014). Considering
climate tendency since 1980 (especially in the most recent 4-year (2015-2018)), and
drought trends during strong climate warming, it is not likely to expect drought
expansion and intensification.

What to expect with food security?

In the recent three-four decades, enhanced tendency in Earth population increase and
gradual leveling off global grain production (the major food and feed for the world)
have increased the gap between global grain supply and demand, deteriorating long-
term food security (Kogan 2018). This situation has normally worsened strongly in
the years of intensive droughts, when global grain supply becomes below the demand
(negative balance). Unfortunately, in the first 18-year of the 21st century, eight years
had a negative balance (Kogan 2018). Such years affect strongly developing countries,
since the population in these countries is suffering frequently from a lack of food,
leading to people’s malnutrition and hunger (Kogan et al. 2019). Presented in this
paper’s analysis of intensive long-term Earth warming and satellite derived global
drought trends have indicated that two-three times (200-284%) global mean TA
increase in the latest 38-year (since 1981) has not practically changed trends in global
drought area and intensity (Table 2, Figures 4 and 5). Therefore, in order to evaluate
present climate warming impacts on future annual food security, the final analysis
covers the most recent two-decade’s (1998-2018) drought dynamics in the three
major grain producing countries, China, USA and India, (producing nearly 50% of
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the world grain), since they determine much annual availability of global grain and
situation with global food security.

Figure 6 shows satellite-based estimated dynamics of drought area and intensity in
these three countries from 1998 through 2018. During these years, global mean TA
has increased 200%, indicating strong Earth warming. However, in spite of doubling
global TA during these 21-year, VHI-estimated drought trends in the major grain
producing countries (Figure 6) has practically not increased, remaining at the rela-
tively stable level for the investigated two intensities (S-to-E and E-to-E). These two
intensities are specially analyzed since the grain losses are normally the largest and
more frequent (Kogan 2018; Kogan et al. 2019). The 21-year general drought level for
S-to-E intensity is nearly 10% in India, 7.5 and 6.2% in the USA and China,

Figure 6. 1998-2018 dynamics of weekly drought area (% from country) and intensities (severe-to-
exceptional (S-to-E), and extreme-to-exceptional (E-to-E)) and their trends (95% confidence level) in
China, USA and India. Source: Author
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respectively. For the stronger drought level (E-to-E) it is 2-3% for these countries.
Following drought trends in Figure 6, it is noticeable a stable drought level during
21-year in China, very slight drought level increase in the USA, and very slide
decrease drought level in India by 2018. Maximal drought area during the indicated
21-year, might cover up to 40% of the USA and China and up to 60% of India. In
addition, China’s drought more frequently covers less than 20% of country’s area,
while in the USA and India, 20-28% of their areas.

Conclusion

We have been living during the time of intensive global warming. Climate publica-
tions have emphasized that from the second half of 19th century, intensive Earth
warming has speeded up ice melting and sea level rise, increased water shortage and
drought intensity, deteriorated agricultural system and produced other changes.
Experts from the United Nations are warning that continuation of climate warming,
would strongly intensify and expand droughts, leading to a reduction of crop produc-
tion, especially in developing countries of Africa, Asia and Latin America, further
deteriorating food security and intensifying population’s malnutrition and hunger in
poor countries. The recent 20-year climate-change scientific publications regarding
drought dynamics and impacts on the Earth living are based on less than two decades
of low-resolution weather station data for a relatively local areas, rather than on ana-
lysis of multi-decadal global and the main agricultural countries’ high-resolution
drought records. Since climate warming is still continuing, it is important to estimate
global and main agricultural regions drought trends, based on high resolution data,
and predict a near future drought development and its potential impacts on food
security. This can be effectively done using high-resolution (4 and 16 km2) satellite
data, which are available in operational mode from 1981, exactly during the period of
intensive global warming. This investigation was possible due to availability of new
physiologically based satellite-derived Vegetation Health (VH) method. Following
high-resolution (both special and temporal) global, 38-year vegetation health assess-
ments, it was possible to prepare long-term satellite data and process them statistic-
ally in order to: (a) obtain global and regional drought dynamics (area and intensity),
(b) determine drought trends, (c) derive if drought trend is following global tempera-
ture increase, claimed by climate publications and (d) predict what consequences
should be anticipated with food security. Important that (1) satellite-derived
Vegetation Health indices were comprehensively calibrated and cleared from long-
and short-term noise; (2) droughts were estimated from vegetation’s thermal and
moisture conditions; (3) 38-year VH data were used for drought trend analysis; (4)
assessments were done for the entire world and the main grain-producing countries,
(5) original VH data had 1, 4 and 16 km2 areal and one-week temporal resolution
data, which were validated in 32 countries covering all continents.

Following the analysis of global climate records since 1981, two 17-year Earth
warming periods were clearly identified: 1981-1997 with strong global mean TA
increase (from �0.32 to þ0.2 �C) and 1998-2014 with stable TA (around þ0.2 �C)
trend during the hiatus period. Global and hemispheric VH-derived two 17-year
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drought trends have completely mismatched with global TA trends. Specifically,
drought area and intensity (in all categories) remained stable, although the world
warmed up strongly (TA increased (based in 1980-2010 climatology) more than
0.5 �C) between 1981 and 1997. However, during the hiatus time (1998-2014), when
global TA was stably warm (0.2 �C), droughts have intensified and their area
increased, especially in Southern Hemisphere. Moreover, in China, USA and India,
the major grain-producing countries (nearly 50%), drought area for Severe-to-
Exceptional intensity reduced during 1981-2014, while the Earth was warming up
strongly, mismatching again with drought trend. During 2015-2018, global mean TA
strongly increased following ocean heat release, especially from 2015-16 El Ni~no and
chlorine/bromine-based ozone depletion in the lower stratosphere. However, CO2

increase from 2014 to 2015 was too small to contribute to global temperature
increase. Meanwhile, more than doubling 4-year global mean TA (compared to 1998-
2014 period) has not intensified the 2015-2018 drought and has not increased its
area. For the entire 38-year (1981-2018) and the latest 21-year (1998-2018), two-three
times increased global Earth warming has not changed drought area and intensity.
Following the presented 38-year satellite data, it is possible to state firmly that global
and main grain countries’ drought area and intensity trends have not been following
global climate warming since 1980’s. Further investigation should investigate drought
trends in a few other countries, secondary-level producers of grain, such as Russia,
Argentina, Australia and others.
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