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1. Introduction

In regions across the world, from the Americas to Australia, there is evidence of an increasing number of
compound climate extremes (Gallant and Karoly 2010; Mazdiyasni and AghaKouchak 2015; Armal et al. 2016;
Armal et al. 2018a; Armal et al. 2018b; Najafi and Khanbilvardi 2018a; Najafi et al. 2018b; Lima et al. 2018;
Armal and Al-Suhili 2019). Co-occurring conditions such as high temperatures and dry spells or high
temperatures and excess precipitation are considerably more intense and destructive than any one condition
individually (Zscheischler et al. 2017). In food growing regions, these co-occurring extremes can have negative
impacts such as declined yield—a risky consequence in a global society that is fast approaching a population
of eight billion people to feed (Najafi et al. 2016; Najafi et al. 2017; Matiu et al. 2017; Zampieri et al. 2017,
Najafi et al. 2018c).

Studies focusing on co-occurring climate extremes in food growing regions have indicated that hot and dry
extremes leave more negative impacts than other co-occurring extremes (Troy et al. 2015; Lesk et al. 2016).
Focusing on wheat, the threshold at which wheat begins to be negatively affected by temperature is 30 degrees
Celsius (Zampieri et al. 2017). With the combination of extreme heat indicated by the number of days that
exceed this threshold during the growing season and dry conditions based on the minimum monthly value of
the Standardized Precipitation Evapotranspiration Index (SPEI) during the growing season, we characterize the
variability and trends of concurrent hot and dry extreme events in every growing region of both spring and
winter wheat. By uniquely focusing on global wheat croplands and the risk of these concurrent climate extremes,
we draw conclusions about how climate is changing with respect to this crucial crop.

2. Data and methodology

Global  wheat croplands were defined based on NASA’s MIRCA2000 dataset
(https://webmap.ornl.gov/wcsdown/dataset.jsp?ds_id=10015) that displays the locations of irrigated and
rainfed wheat lands as well as the number of hectares being grown at each location. This dataset has been
widely used in the literature on crop modeling and climate science (Deryng et al. 2014; Zampieri et al. 2017,
Heino et al. 2018; Najafi et al. 2018c, Najafi et al. 2018d, Najafi et al. 2019a, Najafi et al. 2019b). Only
locations that used at least 1% of the land within a grid cell, or at least 67 acres, for crop growth were considered.
The irrigated and rainfed lands were combined for analysis in this study; regard for management measures in
place such as irrigation were not crucial given our interest in exploring concurrent hot and dry extremes in all
significant wheat growing regions.

To make the distinction between spring and winter varieties of wheat, we first used the extrapolated SAGE
Crop Calendar Dataset to define the growing season for winter and spring wheat yielding locations
(https://nelson.wisc.edu/sage/data-and-models/crop-calendar-dataset/netCDF0-5degree.php) and then
narrowed and restricted the areas in consideration by applying lizumi’s Global sowing and harvesting windows
of major crops dataset for winter and spring wheat varieties
(http://search.diasjp.net/en/dataset/global_crop_calendar_2000). We overlaid the map of global wheat
croplands based on the MIRCA2000 dataset onto the medium season, rainfed spring and winter maps based on
lizumi’s data set. Cropping all areas that were not common between the data sets, we produced three mappings:
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(1) Locations where only spring wheat is grown, (2) Locations where only winter wheat is grown, and (3)
Locations where both spring and winter wheat are suitable for growing.

We defined extreme hot events by the total number of days during a growing season that exceeded 30-
degrees Celsius and extreme dry spell events by the minimum monthly SPEI magnitudes during the same
growing season (Wang et al. 2018). To understand extreme hot and dry events relative to location, we
considered the 75th percentile thresholds for each location. We described each location that exceeded the 75th
percentile threshold for both temperature (T30) and minimum SPEI during a growing season as having
experienced a concurrent extreme event (CEE). The following analyses are focused on the top ten wheat
producing countries based on Food and Agriculture Organization of the United Nations (FAO) average
production from 2001-2013: China, India, USA, Russia, France, Canada, Germany, Pakistan, Australia, and
Turkey.

3. Results

To understand how CEEs have changed over time, we sought to look broadly at the differences in impacts
experienced between the IPCC’s baseline period from 1961-1990 and the most current decades since 1990
(1991-2013) for spring and winter varieties of wheat. Despite the shorter period after 1990 (only 23 years as
opposed to 29), we still observe a surge of concurrent extreme events across the growing areas. We have
separated the spring (winter) wheat growing locations into locations that grow only the spring (winter) variety
and locations that are suitable for growing both varieties. The respective growing seasons were used for the
locations that are suitable for growing both varieties. Thus, “spring (only)” and “winter (only)” will refer to
locations that do not include the areas suitable for both varieties and “spring (total)” and “winter (total)” will
refer to locations that include the areas suitable for both varieties.

Beginning with the spring wheat variety, a significant difference in the means was found in the frequency
of CEEs for spring (only) growing areas. However, more “extreme” CEEs, based on the number of days
exceeding 30 degrees Celsius in dry growing areas, were found in the baseline period. Looking at the major
producing regions of wheat globally, India experienced more events along its western coast line and less events
in the eastern region of the country in the period after 1990. Furthermore, Australia experienced more CEEs in
the eastern part of the country in the period after 1990. Transitioning to the spring (total) growing areas, we
found the difference in the frequency of CEEs was insignificant. However, the additional affected major
producers were China and the United States. After 1990, China observed an increase in the number of seasons
impacted by CEEs, most notably post-2000. In the United States we observed a spatial shift in the concentration
of impacted locations before and after 1990. During the baseline period, the events are generally concentrated
in the north, and in the period after 1990, there is a greater number of CEEs in the southern United States.

In general, the winter wheat growing season was found to experience less hot and dry extreme conditions
as compared to the spring wheat growing season. Overall, though, we found a significant increase in the
frequency of CEEs across winter (total) growing areas in the period after 1990 compared to the baseline period.
Focusing on the major wheat producing countries, we observed a spatial shift in the United States with the
dispersion of extreme events after 1990. We also observed a spatial decrease in the number of impacts in
southern Australia after 1990. Finally, the location of impacts in Turkey remained essentially the same in the
decades before and after 1990. Itis important to note that these observations were made for locations considered
suitable for both spring and winter wheat, and not croplands exclusive to winter wheat. The winter (only)
growing areas also experienced a significant increase in the frequency of CEEs in the period after 1990
compared to the baseline period and the observations made are the same as those for the winter (total) growing
areas but on a smaller scale. In particular, the expansion of CEEs to the northwest region of the United States
and southern Canada in the last decade is a common feature of both growing area maps.

Looking into the individual extremes over the entire time period considered, 1961-2013, we note that there
is lack of significant trends in T30 or SPEI, leading us to conclude that these extremes are not necessarily driven
more by temperature or dryness in any one area but are unique events.

CEEs are unique occurrences that affect spring and winter wheat croplands in different places at different
times. With a focus on the major producers of wheat worldwide, Asian countries (China, India, and Pakistan)
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experienced CEEs only during the spring growing season while the United States and Australia experienced
CEEs in both the spring and winter growing seasons. This study confirms that as climate changes, the co-
occurrence of hot and dry extreme events will increase. Furthermore as observed, they will increase in
croplands that grow essential grains for food security. The croplands affected by these CEEs are different for
spring and winter varieties of wheat, and from these results, agricultural scientists in industry can recommend
improvements for management practices based on expected conditions. Our focus on the major producers of
wheat can be studied further by analyzing the potential economic effects these climate extremes have had on
global grain prices. Alternatively, similar work can be done focusing on food-insecure nations and the spatio-
temporal effects of CEEs there. Considering CEEs during different stages of crop growth rather than just the
full growing season is another way the data can be transformed to tell another story about how compound hot
and dry extremes are affecting croplands and global food security.

References

Armal, S., N. Devineni, and R. Khanbilvardi, 2016: A multilevel Poisson regression model to detect
trends in frequency of extreme rainfall events. American Geophysical Union Fall Meeting 2016,
San Francisco, CA, USA, 12-16 December 2016, AGU, Abstract #NH51B-1957.

—, —, and —, 2018a: Trends in extreme rainfall frequency in the contiguous United States:
Attribution to climate change and climate variability modes. J. Climate, 31, 369-385,
doi:10.1175/JCLI-D-17-0106.1

—, —, and —, 2018b: New York City’s water system performance analysis based on current and
projected demands. American Geophysical Union Fall Meeting 2018, Washington, DC, USA, 10-
14 December 2018, AGU, Abstract #H411-2167.

—, and R. Al-Suhili, 2019: An urban flood inundation model based on cellular automata. Int. J. Water,
in press.

Deryng, D., D. Conway, N. Ramankutty, J. Price, and R. Warren, 2014: Global crop yield response to
extreme heat stress under multiple climate change futures. Environ. Res. Lett., 9, 34011.

Gallant, A. J. E., and D. J. Karoly, 2010: A combined climate extremes index for the Australian region.
J. Climate, 23, 6153 - 6165.

Heino, M., M. J. Puma, P. J. Ward, D. Gerten, V. Heck, S. Siebert, and M. Kummu, 2018: Two-thirds
of global cropland area impacted by climate oscillations. Nat. Commun., 9, 1257.

Lesk, C., P. Rowhani, and N. Ramankutty, 2016: Influence of extreme weather disasters on global
crop production. Nature, 529, 84.

Lima, C. H. R., A. AghaKouchak, and J. T. Randerson, 2018: Unraveling the role of temperature and
rainfall on active fires in the Brazilian Amazon using a nonlinear Poisson model. J. Geophys. Res.:
Biogeosciences, 123, 117-128.

Matiu, M., D. P. Ankerst, and A. Menzel, 2017: Interactions between temperature and drought in
global and regional crop vyield variability during 1961-2014. PL0oS ONE, 12,
doi:10.1371/journal.pone.0178339.

Mazdiyasni, O., and A. AghaKouchak, 2015: Substantial increase in concurrent droughts and
heatwaves in the United States. PNAS, 112, 11484-11489.

Najafi, E., N. Devineni, R. Khanabilvardi, and F. Kogan, 2016: Global crop yields, climatic trends
and technology enhancement. American Geophysical Union Fall Meeting 2016, San Francisco,
CA, USA, 12-16 December 2016, AGU, Abstract #H32C-07.

—, —, |. Pal, and R. Khanbilvardi, 2017: The space-time variation of global crop yields, detecting
simultaneous outliers and identifying the teleconnections with climatic patterns. American



148 SCIENCE AND TECHNOLOGY INFUSION CLIMATE BULLETIN

Geophysical Union Fall Meeting 2017, New Orleans, LA, 11-15 December 2017, AGU, Abstract
#GC31D-1035

—, and R. Khanbilvardi, 2018a: Clustering and trend analysis of global extreme droughts from 1900
to 2014. https://arxiv.org/pdf/1901.00052v2

—, |. Pal, and R. Khanbilvardi, 2018b: Diagnosing extreme drought characteristics across the globe.
NWS Sci. Technol. Infusion Clim. Bull., 42" NOAA Annu. Clim. Diagn. Predict. Workshop, 121-
125, doi:10.7289/V5/CDPW-NWS-42nd-2018.

—, N. Devineni, R. M. Khanbilvardi, and F. Kogan, 2018c: Understanding the changes in global crop
yields through changes in climate and technology. Earth’s Future, 6, 410-427, doi:
10.1002/2017EF000690

—, —, |. Pal, and R. Khanbilvardi, 2018d: Evaluating the sustainable pathways to maximize staple
crops production. American Geophysical Union Fall Meeting 2018, Washington, DC, 10 -14
December 2018, AGU, Abstract #GC511-0899

—, |. Pal, and R. Khanbilvardi, 2019a: Climate drives variability and joint variability of global crop
yields. Sci. Total Environ., 662, 361-372.

—, —, and —, 2019b: Data of variability and joint variability of global crop yields and their
association with climate. Data in Brief, 23, 103,745, doi:10.1016/j.dib.2019.103745.

Troy, T. J., C. Kipgen, and I. Pal, 2015: The impact of climate extremes and irrigation on US crop
yields. Environ. Res. Lett., 10, 054013.

Wang, L., S. Liao, S. Huang, B. Ming, Q. Meng, and P. Wang, 2018: Increasing concurrent drought
and heat during the summer maize season in Huang-Huai-Hai Plain, China. Int. J. Climatol., 38,
3177-3190.

Zampieri, M., A. Ceglar, F. Dentener, and A. Toreti, 2017: Wheat yield loss attributable to heat waves,
drought and water excess at the global, national and subnational scales. Environ. Res. Lett., 12,
064008.

Zscheischler, J., and S. I. Seneviratne, 2017: Dependence of drivers affects risks associated with
compound events. Science Advances, 3, 1700263, doi:10.1126/sciadv.1700263.



