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1. Introduction 

Climate is an integral part of human settlement and food production. For mil-
lennia, humans have thrived within a narrow climatic interval, where they have 
grown their children, animals, and crops (Xu et al. 2020). These stable Holo-
cene climatic conditions that humans are accustomed to are now perturbed by 
climate change that is putting pressure on global food production and security 
(IPCC 2019). Historically, anomalous climate events have led to major food cri-
ses and famine across continents (Mishra et al. 2019, Singh et al. 2018), and 
even contributed to the downfall of historical civilisations (Evans et al. 2018). 
However, modern food crises are often not a result of a single unfavoured cli-
matic phenomena, but occur due to a combination of environmental, political, 
and economic factors (UN 2010). For example, the dramatic increases in food 
prices during 2007–2008 were caused by a combination of trade restrictions 
and high energy prices, as well as drought in globally important agricultural re-
gions (Headey 2011). 

Although weather is not the only determinating factor of food security, 
droughts and floods remain a nuisance to farmers all around the globe. The an-
nual agricultural losses due to extreme weather are counted in billions of dol-
lars, and they are projected to increase with anthropogenic climate change 
(Schauberger et al. 2017, Schewe et al. 2019). The impacts of climate change on 
global crop production quantity have been extensively studied. The estimated 
effects of climate change on agricultural systems vary across regions, with the 
largest negative implications generally observed in areas closest to the equator, 
while high latitude cropping systems might even benefit from the warmer aver-
age conditions (IPCC 2019, Rosenzweig et al. 2014). However, it remains un-
clear how climate change might impact the climatic space of global food crop 
production in the future, and how that relates to the climatic space for which 
food crop production has historically adapted to. This information would allow 
quantifying the extent of production and pointing out regions that are at a high 
risk of experiencing climates where no food crop production takes place today. 

Climate variations explain approximately a third of interannual global crop 
yield variability (Ray et al. 2015), with even larger susceptibility reported in 
many studies – especially for maize and wheat (Müller et al. 2017, Zampieri et 
al. 2017, Vogel et al. 2019). Drought and heat are viewed to be the most im-
portant factors leading to decreased crop yields (Lesk et al. 2016, Vogel et al. 
2019), although wet (Li et al. 2019, Zampieri et al. 2017) and cool weather (Vogel 
et al. 2019) can also have significant effects. Anthropogenic climate change is 
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projected to increase climate variability, and hence the occurrence of, for exam-
ple, heat waves and drought (Cook et al. 2020, IPCC 2019). This increased fre-
quency of extreme weather may have negative implications on crop productivity 
even in regions that benefit, on average, from a warmer climate. Although a wide 
range of literature has analysed the impacts of individually occurring extreme 
weather events, studies about their simultaneous impacts at a global level re-
main few (Feng et al. 2019, Matiu et al. 2017, Zampieri et al. 2017). This infor-
mation would be highly valuable, especially given the increasing occurrence of 
extreme events. 

At the global scale, anomalous weather events can be particularly problematic 
when they occur in multiple important agricultural areas simultaneously 
(Mehrabi and Ramankutty 2019). This can lead to a shortfall in global supply 
and might prohibit offsetting local deficits from the global markets. Climate 
change increases the risk of crop failures in several important agricultural re-
gions (Gaupp et al. 2019, Tigchelaar et al. 2018), but this risk is also modulated 
by large-scale climate cycles, which affect the occurrence of exceptional weather 
conditions. In fact, the El Niño Southern Oscillation (ENSO) – the most im-
portant single factor driving global scale climate variability – is suggested to af-
fect systemic risks associated with global scale production shortfalls (Anderson 
et al. 2019). Importantly, large-scale climate cycles can be used for predicting 
climate variability from seasonal to annual timescales (Dunstone et al. 2016, 
Ham et al. 2019, Ratnam et al. 2020), which can enable the mitigation of their 
potential negative effects.  

This dissertation explores these aforementioned research topics by firstly de-
fining the climatic space where global crop production has historically devel-
oped, and then quantifying how climate change affects the risk of food produc-
tion falling into climates where only marginal amounts of agriculture exist to-
day. Second, the dissertation analyses the impacts of extreme weather events on 
crop yields, and calculates how their probability has globally evolved in recent 
history. Third, this dissertation aims to quantify the extent to which climate os-
cillations impact crop productivity, pointing out the most susceptible regions. 
More specifically, this dissertation aims to answer three research questions, 
which examine the impacts of climate change and variability on global crop pro-
duction: 

 
RQ1: How does climate change affect the climatic space of global food crop 
production? 
RQ2: How has temperature and soil water variability historically affected 
global crop yields? 
RQ3: How and where do climate oscillations affect crop productivity globally? 
 

The research questions are studied in five research papers appended to this dis-
sertation. Paper 1 presents the concept of safe climatic space and quantifies how 
the amount of greenhouse gas emissions modulates the risks of global food crop 
production facing novel climates. Papers 2 and 3 analyse the impacts of climate 
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extremes on global food crop productivity, with Paper 2 focusing on co-occur-
ring extremes and Paper 3 on green water variability. In addition to looking at 
the impacts of climate extremes on crop yield, Paper 2 investigates how co-oc-
curring climate extremes have changed in recent history. Finally, Papers 4 and 
5 study the relationship between crop productivity and climate oscillations. 
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2. Research background and gaps 

Global food production is facing unprecedented pressure. Food production is 
threatening Earth’s biophysical carrying capacity (Campbell et al. 2017, Gerten 
et al. 2020), while population growth and changing consumption patterns in-
crease demand (Godfray et al. 2010). The global food system is a major source 
of greenhouse emissions (Crippa et al. 2021, Tubiello et al. 2021), but is also 
projected to be severely impacted by climate change (IPCC 2019). At the same 
time, approximately 800 million people suffer from hunger (FAO 2021). To 
tackle these issues, the majority of countries have adopted the Sustainable De-
velopment Goals (SDGs), which aim to end hunger, while ensuring sustainabil-
ity (Taka et al. 2021, United Nations 2015). To achieve these goals, it is vital to 
understand and mitigate the impacts that climate change and variability have 
on global food crop production. 

2.1 Crop production and climate change 

Modern societies have developed during a relatively stable and suitable Holo-
cene climate that is now being destabilised by cumulating greenhouse gas emis-
sions in the atmosphere (Xu et al. 2020). To date, anthropogenic climate change 
has increased the average terrestrial temperature by approximately 1.5ºC (IPCC 
2019), and induced changes in the water cycle (Pascolini-Campbell et al. 2021, 
Qin et al. 2020, Virkki et al. 2021) – both of which can have major effects on 
food crop production. Indeed, extensive literature has shown that climate 
change has already had major impacts on crop production worldwide (Lobell et 
al. 2011b, Ray et al. 2019) and the impacts will become more severe in the future 
(Müller et al. 2021, Rosenzweig et al. 2014). 

Climate change affects crop production through a multitude of ways. Usually, 
plants have a narrow climatic range, that corresponds to optimal conditions out-
side of which, crop growth is decreased (Lobell et al. 2011a, Schauberger et al. 
2017, Schlenker and Roberts 2009, Siebert et al 2017a). Increases in average 
and extreme temperatures impact crop yields directly, but also indirectly via 
changes in water availability. Increased CO2 concentration can also have bene-
ficial effects on crop yield due to more efficient photosynthesis, especially for C3 
crops, such as wheat (Deryng et al. 2016, Toreti et al. 2020). However, it is un-
certain how these yield benefits will translate into nutritional value (Myers et al. 
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2014), and more importantly, it is unlikely that this effect can mitigate the neg-
ative climatological effects that climate change will have on global food crop 
production (Iizumi et al. 2017). 

The projected impacts of climate change vary across crop types and regions, 
with equatorial areas generally showing the largest negative impacts (Challinor 
et al. 2014, Ortiz-Bobea et al. 2021). For example, studies that have combined 
historical weather and crop yield data to compare crop yields in a stationary and 
a changing climate have shown that climate change has already reduced maize, 
wheat, and soybean yields globally (Iizumi et al. 2018, Lobell et al. 2011b). A 
global modelling exercise conducted within the Agricultural Model Intercom-
parison and Improvement Project (AgMIP) projected that the most severe neg-
ative impacts to occur in areas close to the equator, whereas average crop yields 
could even improve in high-latitude regions (Rosenzweig et al. 2014). In partic-
ular, the agricultural systems in Africa have been shown to be at high risk of 
decreased productivity (Müller et al. 2011, Schlenker and Lobell 2010). Still, a 
lot of uncertainty remains, as can be observed in the predicted climate change–
induced crop yield changes using different scenarios and methodologies (Müller 
et al. 2021). 

In addition to studying the direct impacts of climate change on crop produc-
tivity, recent literature has explored how the climatic suitability of food crop 
production may evolve in the future. These studies suggest a strong tension be-
tween human activities and future locations of the climatic conditions that ag-
riculture has historically adapted to (Xu et al. 2020). Generally, the largest suit-
ability decreases are observed in equatorial areas, where climate change may 
reduce potentially achievable yields to a wide extent (Pugh et al. 2016). How-
ever, little is still known about how future climatic conditions relate to the cli-
matic conditions for which food crop production has historically adapted to. 
This information can potentially be highly useful for identifying the areas where 
food crop production is most threatened by climate change. 

Therefore, this dissertation determined the climatic conditions (in terms of 
temperature, precipitation, and aridity) where global food crop production has 
historically developed and considers this its Safe Climatic Space (SCS, Paper 1). 
Defining the SCS of global food crop production allowed to quantify how climate 
change mitigation affects the risks of pushing global food crop production to 
completely novel climatic conditions. Further, the framework enabled identify-
ing those areas that have the highest risks of falling beyond SCS, while consid-
ering the varying adaptive capacity across regions.  

2.2 Climate variability impacts on global crop yields 

Climate is never stationary but varies from hourly to millennial and even longer 
time scales. This variability is caused by external forcings (e.g. changes in solar 
radiation) and internal interactions (e.g. between oceans and the atmosphere) 
in the climate system, and it is manifested in almost regular (e.g., seasonal) to 
chaotic fluctuations (Sheffield and Wood 2012). Droughts, floods, and heat-
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waves are all examples of extreme phenomena that result from climate variabil-
ity (Paprotny et al. 2018, Schewe et al. 2019). Naturally, these variations affect 
agriculture too and they have been shown to explain approximately a third of 
global crop yield variability (Ray et al. 2015), with maize and wheat showing 
even larger sensitivity (Müller et al. 2017, Zampieri et al. 2017, Vogel et al. 2019). 

Also, the sensitivity of crop yields to weather extremes varies across crop 
types; for example, 43%, 20%, 27%, and 18% of maize, soybean, rice, and spring 
wheat yield variability, respectively, can be explained with extreme weather dur-
ing the growing season (Vogel et al. 2019). Especially, abnormally high temper-
atures and droughts have been consistently shown to reduce crop yields around 
the world (Lobell et al. 2011a, Schauberger et al. 2017, Schewe et al. 2019, Vogel 
et al. 2019). Interestingly, harvested areas, the second factor determining pro-
duction in addition to yield, have also been observed to become smaller during 
dry years (Lesk et al. 2016). Globally, the results about the impacts of wet, and 
cold events have been mixed (Lesk et al. 2016, Vogel et al. 2019, Zampieri et al. 
2017), although, regional studies have observed major crop yield reductions im-
posed by abnormally cold and wet weather (Brás et al. 2021, Li et al. 2019). For 
example, in the United States, excessive rainfall has led to maize yield reduc-
tions amounting up to over 30% and are comparable to those caused by 
droughts (Li et al. 2019). 

Rainfed agriculture is especially susceptible to climate variations because irri-
gation cannot compensate for example drought induced deficits in soil moisture 
(Müller et al. 2018). However, previous global studies have not looked at how 
crop productivity responds to climate extremes explicitly in rainfed cropping 
systems. Therefore, this dissertation explored the relationship between soil wa-
ter excess and deficit on global wheat, maize, soybean, and rice yields focusing 
on rainfed agriculture (Paper 3). Here, soil water availability was viewed 
through green water availability (i.e., evapotranspiration from rainwater), 
which accounts for all the water consumed in rainfed agriculture and 90% of 
water consumed across all croplands. Given the importance of green water for 
global food crop production, this dissertation also contributed to the under-
standing about how green water variability affects to crop yields.  

This far, most of the literature has concentrated on the impacts individually 
occurring extremes, but global studies about their simultaneous impacts re-
mains few. Knowledge about the joint impacts of for example heat and drought 
can be highly valuable given their tight interactions and potentially amplifying 
effects in the agricultural environment (Toreti et al. 2019, Schauberger et al. 
2017). Indeed, the global studies that have looked at the impacts of compound-
ing extreme weather events have found that when extreme weather co-occur, 
the resulting yield reductions tend to become larger (Feng et al. 2019, Matiu et 
al. 2017). However, the studies conducted this far have used data at national 
resolution and looked only at a subset of global production. Therefore, this dis-
sertation further explored the impacts of co-occurring hot-dry and cold-wet 
events on crop yields at the global level (Paper 2). The research extended previ-
ous knowledge by studying the impacts of co-occurring extremes on multiple 
crop types (wheat, maize, soybean, and rice) utilising reported crop yield data 

Research background and gaps
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collected across 20,000 administrative units. Especially, the use of sub-nation-
ally reported crop yield data allowed forming a more granular spatial view about 
these relationships, compared to previous research. 

Worryingly, climate change has increased climate variability and the occur-
rence of extreme weather conditions, and this trend is projected to continue in 
the future (Cook et al. 2020, IPCC 2021). This increase in variability will have 
implications for agriculture as well (Zampieri et al. 2019). Although, it is not 
exactly understood how climate change affects extreme weather occurrence, and 
how those changes translate into agricultural hazards, recent studies indicate 
that the occurrence of extreme events during growing seasons on agricultural 
lands is on the rise globally (Jackson et al. 2021, Lesk and Anderson 2021). To 
investigate how increases in climate variability relate to global crop production, 
this dissertation calculated how the probability of co-occurring hot-dry and 
cold-wet events during the growing seasons of wheat, maize, rice, and soybean 
have developed between 1980–2009 (Paper 2). In addition to global analyses, 
the trends of these co-occurring extremes were also studied across different ag-
roclimatological regions, which allowed pinpointing where extreme events are 
potentially causing an elevated risk to agriculture. 

2.3 Climate oscillations and crop productivity 

Global climate variability is partly driven by interactions in the ocean-atmos-
phere system (Sheffield and Wood 2012). These interactions can result in peri-
odically fluctuating phenomena, climate oscillations, that impact hydroclimato-
logical conditions even far away from where they originate through so called 
teleconnections. The most notorious climate oscillation is the El Niño Southern 
Oscillation (ENSO), which is the most important single driver of global climate 
variability (Trenberth 1997). ENSO can be described with sea surface tempera-
ture (SST) and atmospheric pressure variability in the Pacific Ocean, and it has 
been shown to impact hydroclimatic conditions worldwide (Dai et al. 1998, Dai 
and Wigley 2000). 

Although ENSO is globally the most important climate oscillation, many oth-
ers exist as well. Two other prominent climate oscillations, the Indian Ocean 
Dipole (IOD, Saji et al. 1999) and North Atlantic Oscillation (NAO, Hurrell et al. 
2003), have also been shown to influence temperature and precipitation varia-
bility around the globe. The NAO originates in the Atlantic Ocean and can be 
described as variability in the pressure gradient between northern and equato-
rial Atlantic Ocean, whereas the IOD originates from the SST variability in the 
eastern and western parts of the Indian Ocean. The IOD has been shown to in-
fluence temperature and precipitation especially in Australia and parts of Africa 
(Saji and Yamagata 2003, Ummenhofer et al. 2009), while the NAO has been 
shown to impact weather patterns in, for example, Europe, northern Africa, and 
the Middle East (Hurrell 1995). 

All three of these climate oscillations have been shown to significantly impact 
crop productivity in global as well as regional studies (Anderson et al. 2017, 
Ceglar et al. 2017, Iizumi et al. 2014, Najafi et al. 2019, Najafi et al. 2020, Yuan 
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and Yamagata 2015). Generally, ENSO has the strongest and most consistent 
global fingerprint (Najafi et al. 2019), and its life cycle has the potential to cause 
simultaneous crop failures in important production areas (Anderson et al. 
2019). A global study conducted by Iizumi et al. (2014) showed that ENSO im-
pacts crop yields in all continents that have crop production, with the strongest 
impacts in Southeast Asia, Americas, Australia, and Africa. The IOD has strong 
impacts on Australia’s drought patterns, and crop production (Yuan and Yama-
gata 2015), whereas the NAO has been shown to impact crop productivity par-
ticularly in Europe, and northern Africa (Anderson et al. 2019, Ceglar et al. 
2017). 

Building on previous global studies, which have utilised data based on re-
ported crop statistics (Anderson et al. 2019, Iizumi et al. 2014, Najafi et al. 2019, 
Najafi et al. 2020), this dissertation utilised physically simulated crop yield data 
at sub-national level to study the impacts of ENSO, IOD, and NAO on the aggre-
gated productivity of 12 crop functional types (Paper 4) as well as maize, wheat, 
soybean, and rice yields separately (Paper 5). The use of physically simulated 
crop models allowed the isolation of the weather signal in crop yield variations, 
which was highly beneficial given the varying historical trends in crop yields and 
the wide extent of management factors influencing agricultural production 
(Müller et al. 2018). Further, since agricultural management, such as irrigation, 
has a large influence in how crops respond to weather (Siebert et al. 2017b, Troy 
et al. 2015), this dissertation studied how different management levels affect the 
sensitivity of crop yields to these oscillations (Paper 5). 

A major benefit from understanding the relationship between crop yield and 
climate oscillations, is that the development of ENSO, IOD, and NAO can be 
predicted from several months up to a year in advance (Dunstone et al. 2016, 
Ham et al. 2019, Ratnam et al. 2020). If these relationships were well under-
stood, it could allow various stakeholders to prepare against their potential im-
pacts, thus potentially increasing the resilience of the global food system to cli-
mate variations.

Research background and gaps
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3. Data and methods 

This section presents a general view about the data and methods utilised in the 
papers of this dissertation. More detailed descriptions about the data and meth-
ods for deriving the findings presented in this dissertation are provided in the 
figure captions of the next section (Findings). 

3.1 Data 

Most of the data utilised in this thesis come from databases that provide global 
agricultural and climate statistics in rasterised or table format. The analyses 
were conducted by utilising the raw data directly or by aggregating the data spa-
tially first, mainly to Food Production Units (FPUs). FPUs divide the global ter-
restrial area based on river basins and administrative borders and can be viewed 
as the spatial scale where agricultural water resources are managed (Kummu et 
al. 2010). Conducting the studies at the FPU level accounts for spatially finer 
differences in crop productivity variability, compared to, e.g., country level. This 
is useful especially for large countries, such as Russia, the United States, and 
China, which are highly heterogenous in terms of agriculture and climate. 

Three distinct types of rasterised (here, at 30 arcmin resolution) crop produc-
tivity data were utilised in this dissertation (Table 1): physically modelled (Pa-
pers 4 and 5), census-based (Paper 2), and hybrid (Papers 1 and 3) (Kim et al. 
2021). Physical crop models simulate the interactions across, e.g., weather, ter-
rain, and land-use to estimate crop yield, often among other related variables 
such as water consumption (Bondeau et al. 2007, Müller et al. 2017), whereas 
census data are based on reported crop yield statistics collected at national or 
subnational level (Ray et al. 2019). For the census data, all grid cells within each 
administrative region considered (here ~20,000) have the same value. Hybrid 
crop productivity data utilises information from many sources and disaggre-
gates census-based crop yield for each grid cell based on, e.g., net primary pro-
duction and agricultural suitability (Iizumi and Sakai 2020, Yu et al. 2020). 

In addition to crop productivity data, other crop system data were also utilised 
in this dissertation. Growing season estimates for wheat, maize, rice, and soy-
bean were obtained from AgMIP, where planting and harvest dates are assimi-
lated from three sources: the Lund-Potsdam-Jena managed Land (LPJmL) 
model (Waha et al. 2012), MIRCA2000 (Portmann et al. 2010), and Sacks et al. 
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(2010). Further, to distinguish irrigated and rainfed cropping systems, har-
vested areas data from MIRCA2000 were utilised (Portmann et al. 2010). In 
MIRCA2000, irrigated and rainfed harvested areas are estimated for each 
gridcell (at 5 and 30 arcmin resolution) – based on, for example, census data, 
irrigation infrastructure, and crop land extent. 

The climatological data utilised in this dissertation came from a wide range of 
distinct sources with varying temporal and spatial resolutions (Table 1). Deca-
dally averaged historical, and future temperature and precipitation data were 
obtained from WorldClim (Paper 1), which provides temperature, and precipi-
tation (among other variables) data for global land areas interpolated to 5 
arcminutes (~1 km2 around the equator) resolution. In WorldClim, the future 
climate projections are estimated based on simulations from the Coupled Model 
Intercomparison Project Phase 6 (CMIP6). Data for two climate change scenar-
ios were utilised in this dissertation: a low-emission scenario (SSP1-2.6), where 
temperatures stabilise at the end of the century after increasing ~1.8 ºC, and a 
high-emission scenario (SSP5-8.5), where temperatures increase ~4.4 ºC by the 
end of 21st century (IPCC 2021). 

Further, this dissertation utilised daily historical soil moisture, temperature, 
and precipitation data from the ERA5, and AgMERRA reanalysis products 
(Hersbach et al. 2020, Ruane et al. 2015, Paper 2). These reanalyses assimilate 
historical observations with weather models to produce gridded estimates on 
the state of the climate at a given time step. The AgMERRA reanalysis is devel-
oped and bias-corrected especially for agricultural studies, and it has been ex-
tensively used for agricultural modelling – for example, in AgMIP. However, 
AgMERRA does not provide soil moisture data, which was obtained from ERA5. 
For Paper 3, green water consumption was obtained from the LPJmL, which 
simulates green water consumption at daily time step globally at 0.5º resolution 
(Bondeau et al. 2007, Rost et al. 2008). 

Single indicators were utilised to describe the status of ENSO, NAO, and IOD 
(Papers 4 and 5). Especially for ENSO, a wide range of different indicators exist 
to describe its fluctuations (Trenberth 1997). In this dissertation, the Japan Me-
teorological Agency SST Index (FSU 2018) was utilised as the main indicator for 
ENSO (although others were also tested for consistency). For the IOD, the dis-
sertation utilised the SST Dipole Mode Index (Saji et al. 1999), and for the NAO, 
Hurrell’s North Atlantic Oscillation Index was used (Hurrell 1995). The annual 
indices were calculated as averages for those seasons when their signal tend to 
be the strongest – i.e., winter for ENSO and NAO, and autumn for the IOD (Hur-
rell et al. 2003, Saji et al. 1999, Trenberth 1997). 
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Table 1. The main data sets utilised in the dissertation. 

  Paper 1 Paper 2 Paper 3 Paper 4 Paper 5 Reference(s) 

Cr
op

 sy
st

em
 d

at
a 

Crop yield (cen-
sus)  1980–2009    (Ray et al. 

2019) 

Crop yield (hy-
brid)   1982–2010   (Iizumi and Sa-

kai 2020) 

Crop yield 
(physically simu-
lated) 

   1961–2010 1980–2010 

(Bondeau et al. 
2007, Müller et 
al. 2019, Waha 
et al. 2012) 

Crop production 
(hybrid) 2010     (Yu et al. 2020) 

Irrigated and 
rainfed har-
vested area 

 ~2000 ~2000  ~2000 (Portmann et 
al. 2010) 

Planting and 
harvest dates  ~2000   ~2000 (Müller et al. 

2017) 

Cl
im

at
ol

og
ica

l d
at

a 

Precipitation 
Historical 
and fu-

ture 
1980–2009    

(Fick and Hij-
mans 2017, Ru-
ane et al. 2015) 

Temperature 
Historical 
and fu-

ture 
1980–2009    

(Fick and Hij-
mans 2017, Ru-
ane et al. 2015) 

Soil moisture  1980–2009    (Hersbach et 
al. 2020) 

Green water 
consumption   1982–2010   

(Bondeau et al. 
2007, Rost et 
al. 2008) 

Oscillation indi-
ces    1961–2010 1980–2010 

(FSU 2018, 
Hurrell 1995, 
Saji et al. 1999) 

Crop-specific cli-
mate zones  ~2000    (Mueller et al. 

2012) 

  

Data and methods
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3.2 Methods 

The methodology of the dissertation is largely based on spatial, exploratory, and 
statistical analyses about the relationship between climatic and agricultural var-
iables. This approach provides a scalable, fast, and cost-efficient approach for 
studying the relationship between climate and crop production at the global 
level. The specific tools utilised in this dissertation range from visual inspection 
of plotted data (Papers 1–5) to the application of complex machine learning al-
gorithms (Paper 2). The specific methods selected for each paper vary, although 
some common aspects still exist. 

All papers in this dissertation required formatting the raw data to an analysa-
ble resolution with different zonal analysis tools (Table 2). Examples of the uti-
lised zonal analysis tools are calculating harvested area weighted average yield 
for each FPU (Papers 4 and 5), masking out rainfed grid cells from a global ras-
terized crop yield data set (Paper 3), and aggregating grid-level results to na-
tional and global level (Paper 1). At times, the raw climate data were at different 
spatial resolutions, and hence required interpolation (here, nearest neighbour 
and bilinear interpolation was used) to a common coordinate system before 
conducting the analyses. 

Another important part of the methodology of this dissertation can be consid-
ered exploratory data analysis (EDA) (Tukey 1977). In this dissertation, all pa-
pers made use of EDA to some extent, but Paper 1 could be viewed the most 
explorative, since its methodology is based on transforming climatological data 
in agricultural areas to obtain information about the current and future climatic 
space of global food crop production. Other tools utilised here that fall within 
the EDA concept include visual inspection of spatially mapped data (Papers 1–
5), as well as summarising information about variables and their relationships 
–using, for example, violin plots (Paper 2), histograms (Paper 4), scatter plots 
(Paper 5), and quantiles (Paper 2). Generally, EDA values flexible, simple, and 
effective methods to condense information (numerically or visually) and pro-
vide insights about relationships withheld in the data.  

Finally, this dissertation utilised a wide range of statistical methods to inves-
tigate the relationships between food crop production and climate variability 
(Table 2). For many of the papers, a statistical approach was selected because it 
provides widely utilised tools to study these relationships, and takes advantage 
of the large amounts of global climatological and agricultural data readily avail-
able (Lobell et al. 2011a, Ray et al. 2015, Vogel et al. 2019). The complexity of 
the statistical methods utilised vary from calculating the Pearson’s correlation 
between crop productivity and climate oscillations (Paper 4) to estimating the 
impacts of climate extremes on global crop yields with boosted regression trees 
(Paper 2). Generally, simpler methods were selected to investigate lesser-ex-
plored relationships, for example those between crop productivity and climate 
oscillations (Papers 4 and 5), whereas more complex methods were used to im-
prove the understanding of relationships already known to exist, such as the 
impacts of climate extremes on crop productivity (Papers 2 and 3). 

The statistical tools utilised in the dissertation include a wide range of differ-
ent regression methods. Least squares regression was utilised to understand the 
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impacts of climate oscillations on global crop productivity, and was applied both 
with (Paper 4) and without (Paper 5) regularisation (depending on the degree 
of multicollinearity), as well as with a link-function (e.g., logarithmic, or expo-
nential) to account for non-linearities between the variables (Paper 4). The re-
lationship between rainfed crop yields and green water anomalies was studied 
with panel data regression, which allowed accounting for unobserved spatially 
and temporally fixed effects, such as soil type and economic growth, directly 
(Paper 3). To study the relationship between hot and dry as well as cold and wet 
events on global crop yields, a boosted regression tree methodology, imple-
mented with XGBoost (Chen and Guestrin 2016), was utilised (Paper 2). 
XGBoost was considered suitable for this task since it can inherently handle 
non-linear dependencies and is robust to outliers. Finally, logistic regression 
was also used for studying the trends in co-occurrence of hot-dry and cold-wet 
extreme events (Paper 2). 

Utilising statistical models requires testing whether the proposed model is sta-
tistically significant. Statistical significance can be determined by deriving con-
fidence intervals for the investigated parameters. These confidence intervals can 
then be utilised to calculate the degree of compatibility between the null hypoth-
esis and the data (i.e., the p-value). This can be done with both parametric and 
non-parametric methods, both of which were utilised in this dissertation. For 
example, a non-parametric bootstrapping method was utilised to assess 
whether the differences between crop productivity during different oscillation 
phases could be considered statistically significant, whereas a parametric test 
(based on the t-statistic) was utilised to assess whether a linear relationship ex-
its (both at the 90% confidence level ) (Paper 4). 

 
Table 2. Summary of the methods used in this thesis. 

  Paper 1 Paper 2 Paper 3 Paper 4 Paper 5 

Ge
os

pa
tia

l Interpolation  x    

Zonal analysis tools x x x x x 

Ex
pl

or
at

or
y Data visualisation x x x x x 

Descriptive statistics x x x x x 

St
at

ist
ica

l  

Correlation   x   x 

Difference of means and medians    x x 

Least squares regression    x x 

Boosted regression trees (Chen and 
Guestrin 2016)  x    

Logistic regression   x    

Panel data regression   x   

Data and methods
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4. Findings 

Section 4 presents the key findings of this dissertation. The historical and future 
climatic space of global food crop production are explored in Section 4.1 (RQ1), 
whereas the impacts of temperature and soil water variability on global crop 
yields are presented in Section 4.2 (RQ2). Finally, Section 4.3 presents the key 
findings about the relationship between climate oscillations and global crop 
production (RQ3). 

4.1 Climate change risks global food crop production 

Global food crop production has historically adapted to the relatively stable cli-
matic conditions of the Holocene. This dissertation identified the climatic con-
ditions (in terms of precipitation, temperature, and aridity) where 95% of global 
food crop production has historically developed and is considered its safe cli-
matic space (SCS). Worryingly, approximately 31% of global food crop produc-
tion risks experiencing climatic conditions outside the SCS if greenhouse gas 
emissions continue to grow until the end of the century (Figure 1b). However, 
the proportion at risk is only 8% if humanity can limit the warming below 2ºC 
(Figure 1a). 

The areas observed to have the highest risk of falling beyond the SCS are 
mostly located in warm climates close to the equator, such as South and South-
east Asia, equatorial Americas, and Africa's Sudano-Sahelian Zone (Figure 1d). 
Alarmingly, many of these areas were identified to have low resilience, and 
hence limited capacity to adapt to changes. For example, in Benin, Chad, Sierra 
Leone, and Cambodia, over 90% of food crop production comes from low-resil-
ience areas which are likely to fall beyond SCS if emissions continue to grow 
until the end of the century. However, the proportions would be far lower (< 
10%) if emissions were restricted (Figure 2c). 

The risks for falling beyond the SCS are spatially very heterogeneous, and in 
over 30% of the inspected countries food crop production would remain fully 
within SCS. Many of the areas remaining within SCS are located in high-latitude 
regions, for example in North America, Europe, and east Asia. Interestingly, the 
areas with the largest risk of falling beyond their SCS have historically had a 
relatively small contribution to climate change, whereas many regions with the 
lowest risk have contributed the most (Ritchie 2019). 
 



Findings 

26 

 
Figure 1. Extent of food crop production that would fall within and outside the safe climatic space 

(SCS). The results are presented for a low-emissions scenario (SSP1–2.6) (a, c) and a high-

emissions scenario (SSP5–8.5) (b, d) for 2081–2100. SCS refers to climatic conditions where the 

majority (95%) of food production exists within baseline (1970–2000) climatic conditions. In c) and 

d) the likelihood of food crop production falling outside the SCS was determined based on the 

number of global circulation models (eight in total) showing that the SCS is left: 0 (very likely 

inside), 1–3 (likely inside), 4–6 (potentially outside), 7–8 (likely outside). Here, the climatic data is 

from WorldClim (Fick and Hijmans 2017), and the food crop production data is based on SPAM 

(Yu et al. 2020). 
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4.2 Dry and hot extremes threaten global crop yields 

Although extreme weather events are known to have strong implications on 
food systems, research has mostly concentrated on the impacts of individually 
occurring extremes. This dissertation estimated the impacts of co-occurring 
hot-dry and cold-wet extreme events on global wheat, maize, soybean, and rice 
yields utilising daily weather data, annual crop yield data, and the XGBoost ma-
chine learning methodology. The results show that weather extremes have a 
consistently negative effects on the yields of all inspected crop types, with co-
occurring hot-dry events leading to the largest reductions. Although, not as im-
portant to overall model performance, extremely cold and wet conditions tend 
to reduce crop yields as well (Figure 2). 

Globally, wheat showed the largest yield reductions during co-occurring hot-
dry (95% confidence interval: -4.0% – -4.6%) and cold-wet events (-2.7% – -
3.4%). However, much larger (>10%) reductions were also observed in several 
regions, such as United States and Russia. The smallest sensitivity to co-occur-
ring heat and drought was observed for rice (-0.6% – -0.9%), whereas maize 
and soybean showed 3.1% – 3.5%, and 2.7% – 3.2% reductions, respectively. The 
impacts of hot-dry events varied across climate zones, and the largest impacts 
were often observed in relatively cool climate zones, while smaller sensitivities 
were observed in equatorial climate zones (Figure 2). 

In rainfed cropping systems, this dissertation observed that individually oc-
curring drought (defined as a –  reduce 
maize, wheat, soybean, and rice yields to a large extent (-2.9% – -13.4%), 
whereas wetness increase crop yields by 1.6% – 5.3% (Paper 3). 
The sensitivity varied with location, and generally climatologically drier areas 
showed a larger influence of green water variability on crop yields, with wheat 
and maize generally showing a larger sensitivity compared to rice and soybean. 
In humid climates, extremely wet conditions were also observed to have nega-
tive impacts on wheat, soybean, and rice yields in rainfed systems. 

Further, since climate change is expected to increase the occurrence of ex-
treme weather events, this dissertation analysed how the probability of co-oc-
curring hot-dry events, which were observed to impose largest reductions on 
crop yields, developed between 1980 and 2009 (Figure 2, Paper 2). Critically, 
the analyses show that the probability of co-occurring hot and dry events during 
the growing season has increased over the study period across all crop types. 
The increases were largest for wheat, which showed up to a six-fold increase in 
co-occurring heat and drought at a global level. Interestingly, increases in hot-
dry events were observed in many high-latitude areas, which are often viewed 
to potentially benefit from climate change due to warmer temperatures and 
longer growing season. 
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Figure 2. The historical (1981–2009) relationship between crop yield anomalies (%) and the num-

ber of hot (H), dry (D), cold (C), and wet (W) days during the growing season. Results are shown 

for wheat (a, b, c), maize (d, e, f), soybean (g, h, i), and rice (j, k, l). The number of hot and dry 

(cold and wet) days refer to days during the growing season above 90th (below 10th) temperature 

and soil moisture deficit percentile. The proportion of crop yield variation explained by the model 

was calculated as the squared Pearson’s correlation coefficient between reported and estimated 

crop yield anomalies aggregated to global level. The marginal effects of hot, dry, cold, and wet 

days on crop yields were calculated as partial dependencies from the trained XGBoost models 

(Chen and Guestrin 2016). Uncertainty and 95% confidence intervals of the results were evalu-

ated by calculating the partial dependencies 100 times while randomly sampling the years in each 

training (and validation) set. The violin plots describe the range of estimated crop yield anomalies 

 The historical crop yield 

data are from Ray et al. (2019), whereas the daily soil moisture, and temperature data are from 

ERA5 (Hersbach et al. 2020), and AgMERRA (Ruane et al. 2015), respectively. 
  



 

29 

 
 
Figure 3. Evolution in the probability of co-occurring hot and dry conditions during the growing 

season between 1980–2009. The results are shown for wheat (a, b), maize (c, d), soybean (e, f), 

and rice (g, h) at a global level (a, c, e, g), as well as for each climate zone (b, d, f, h) (Mueller et 

al. 2012). The analysis was conducted utilising data from all raster cells, with both crop yield and 

weather data for each respective crop. A grid cell was considered hot and dry for a specific year 

and grid cell if the number of both hot and dry days during the growing season deviate at least 

-term average. The historical evolution of the probability in co-occurring hot-dry 

and cold-wet events was assessed with logistic regression. For (b), (d), (f), and (h), the trends 

obtained from the logistic regression are represented as odds ratios. If odds ratio is above (below) 

one, the trend is increasing (decreasing). For each climate zone, the reported odds ratio was set 

to one if the results of the logistic regression were determined statistically insignificant (p > 0.05). 

The soil moisture, and temperature data utilised here are from ERA5 (Hersbach et al. 2020), and 

AgMERRA (Ruane et al. 2015), respectively. 
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4.3 Climate oscillations impact crop productivity worldwide 

A wide range of literature has shown that climate oscillations influence climate 
temperature and precipitation patterns worldwide. Although their relationships 
with crop yields have also been studied, global scale studies have remained few. 
This dissertation studied the impacts of three climate oscillations – ENSO, IOD, 
and NAO – on crop productivity at the global level, and showed these oscilla-
tions to influence crop productivity in a major proportion of global croplands, 
with ENSO generally having the strongest and most consistent impacts (Figures 
4 & 5, Papers 4 & 5). 

For ENSO, the strongest impacts on crop productivity were observed in South 
America, Africa, and Southeast Asia (Figures 4 & 5) – all of them areas where 
ENSO is known to have major impacts also on climatic conditions. In many of 
these areas, the positive phase of ENSO (i.e., El Niño) was related to a decrease 
in crop productivity (Figure 5). When studying the impacts of ENSO on wheat, 
maize, soybean, and rice yields separately, ENSO was also observed to have im-
pacts in the United States and Australia – El Niño having an increasing effect in 
the United States and decreasing effect in Australia (Paper 5).  

The IOD showed the strongest impacts in Australia, where the positive (nega-
tive) phase was related to decreases (increases) in crop productivity (Figure 4). 
Australian wheat yields in particular seemed to be highly susceptible to the IOD 
(Paper 5). For NAO, the strongest impacts were observed in parts of Europe, 
Middle East, and Northern Africa. The positive phase of NAO was related to de-
creasing crop productivity in the Middle East and North Africa, while NAO’s 
positive phase tended to improve yields in eastern parts of Europe (Figure 5). 
However, in the Mediterranean region of Europe, NAO was observed to reduce 
crop productivity, which highlights the usefulness of spatially more granular 
analyses compared to, for example, solely regional ones. 

Finally, this dissertation also showed that irrigation mitigates the impacts of 
these oscillation to a wide extent (Paper 5). In fact, the sensitivity of rice to the 
studied oscillations would be approximately twice as large, if all rice was rainfed. 
Interestingly, fertiliser application tended to increase the sensitivity of crop 
yields to these oscillations. This effect is potentially because crop yields do not 
benefit from fertiliser application during adverse weather conditions, but be-
come even larger when the weather is suitable and nutrients are not a limiting 
factor (Müller et al. 2018). 
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Figure 4. Crop productivity anomalies during strong phases of the oscillations at regional level. 

Strongly negative (positive) phases of the oscillations were assumed to prevail in years when the 

respective oscillation indices (FSU 2018, Hurrell 1995, Saji et al. 1999) were smaller (larger) than 

the 25th (75th) percentile of all yearly index values. The analysis was conducted by first aggregat-

ing crop productivity data (Bondeau et al. 2007, Rost et al. 2008) to the regional scale and then 

assessing the changes. Only statistically significant changes are indicated, as computed by boot-
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Figure 5. Sensitivity of crop productivity to ENSO (a), IOD (b), and NAO (c) at the FPU level. The 

sensitivity was assessed with linear regression, where the slope represents the sensitivity of crop 

productivity (Bondeau et al. 2007, Rost et al. 2008) to the oscillation indices (FSU 2018, Hurrell 

1995, Saji et al. 1999). Here, the linear relationship was concluded to be significant if the p-value 

of Pearson’s correlation coefficient was smaller than 0.1. Note that where Pearson’s correlation 

between reported and decennially calibrated crop productivity was not significant (p > 0.1), the 

FPUs are striped.
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5. Discussion 

The objective of this dissertation was to provide new insights about the impacts 
of climate change and variability on global crop production. More specifically, 
the aim was to investigate three research questions: 

 
RQ1: How does climate change affect the climatic space of global food crop 
production? 
RQ2: How has temperature and soil water variability historically affected 
global crop yields? 
RQ3: How and where do climate oscillations affect crop productivity globally? 
 

This section briefly summarises the new scientific findings emerging from each 
research question in reflection to the literature. This is followed by a discussion 
about the implications of these findings. Finally, the section discusses some of 
the limitations of these research and suggests ways forward.  

5.1 New scientific findings 

To investigate RQ1, this dissertation developed the concept of SCS (cf. Figure 1, 
Paper 1), which refers to the climatic conditions where global food crop produc-
tion has historically developed and adapted to. Hence, the SCS concept can be 
used to quantify the future risk of global food crop production falling beyond 
climatic conditions in which crops are produced today. This extends previous 
global research, which has mostly focused on studying the impacts of climate 
change on crop productivity (Iizumi et al. 2018, Müller et al. 2021, Rosenzweig 
et al. 2014) or agricultural suitability more generally (Pugh et al. 2016, Xu et al. 
2020). 

Indeed, the findings of this dissertation reveal that climate change will alter 
the climatic space of global crop production, and risks pushing almost a third of 
it beyond SCS if greenhouse gas emissions continue to grow in the future. How-
ever, the proportion at risk is only a fraction of this if nations can reduce their 
emissions. Worryingly, many of the regions where crop production is at highest 
risk of facing novel climates are located in equatorial areas, where the capacity 
to adapt is already low. 

Further, it is projected that climate change will increase climate variability, 
which could have negative have impacts on global food crop production as well. 
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Although the impacts of climate extremes on global crop yields have been widely 
investigated (Lesk et al. 2016, Vogel et al. 2019), studies about co-occurring ex-
tremes remains few, and have thus far utilised only nationally collected data 
(Feng et al. 2019, Matiu et al. 2017, Zampieri et al. 2017). Utilising census-based 
wheat, maize, soybean, and rice yield data collected across 20,000 administra-
tive units, this dissertation shows that hot, dry, cold, and wet extremes tend to 
reduce wheat, maize, soybean, and rice yields, with largest reductions observed 
for co-occurring hot-dry events (RQ2, Paper 2). Worryingly, the probability of 
co-occurring heat and drought during the growing season of these crops in-
creased between 1981 and 2009. Interestingly, increased occurrence of hot and 
dry events was also observed in cooler high-latitude areas, which are sometimes 
viewed to benefit from a warmer climate due to higher temperatures and longer 
growing seasons. 

Finally, this dissertation analysed how ENSO, IOD, and NAO impact crop 
productivity at the global level (RQ3). Here, physically simulated crop yield data 
was utilised, as it allowed to isolate the climate signal in crop yield variability 
(Papers 4 and 5). This extends previous global studies which have utilised cen-
sus-based crop yield data (Anderson et al. 2019, Najafi et al. 2019, Najafi et al. 
2020) or focused solely on ENSO (Iizumi et al. 2014). The findings of this thesis 
show that ENSO, IOD, and NAO impact crop productivity in all continents that 
produce crops (Papers 4 and 5). Generally, ENSO was observed to have the 
strongest and most consistent impacts globally, while IOD and NAO were shown 
to have strong regional impacts. IOD had the strongest impacts in Australia, 
whereas NAO was observed to affect crop productivity especially in Middle East, 
North Africa, and Europe. Generally, irrigation decreased the sensitivity of crop 
yields to these oscillations; for example, rice yields would be twice as sensitive 
to these oscillations if all rice was rainfed. 

5.2 Increasing risks and potential benefits 

The greatest risks for food crop production to fall beyond SCS were observed for 
equatorial regions which have low resilience and have had only a minor contri-
bution to the emissions that cause climate change (Ritchie 2019). Many of these 
regions have been highlighted to be at a high risk in previous research as well 
(IPCC 2019, Rosenzweig et al. 2014). It is, therefore, vital that international ef-
forts support long-term adaptation of the agricultural sector in these most 
threatened regions via, for example, finding locally suitable management solu-
tions and cultivars. However, reducing emissions should still remain the prior-
ity; if nations are able to keep warming below 2ºC, the extent of global crop pro-
duction that is at risk would be considerably reduced. 

Climate change is also proposed to increase the occurrence of extreme weather 
conditions across global crop lands. Indeed, this dissertation showed that global 
wheat, maize, soybean, and rice yields are threatened by an increasing proba-
bility of co-occurring heat and drought events. This highlights the risks of cli-
mate change and variability on agriculture also in areas where average climatic 
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conditions would remain favourable (Ahopelto et al. 2019). Since rainfed agri-
culture tends to be more susceptible to climate variations (Siebert et al. 2017b, 
Troy et al. 2015), increasing the extent of irrigation could reduce the risks asso-
ciated with these hot-dry events. However, it is not a given that this is a feasible 
option everywhere, as water resources are already under pressure in many 
places due to anthropogenic influence (Kummu et al. 2016, Niva et al. 2020). 

Other measures to prepare for and mitigate agricultural risks associated with 
climate variability are, for example, improving early warning systems and sea-
sonal predictions (Ceglar et al. 2020a, Fallon et al. 2019). Since the status of 
ENSO, IOD, and NAO can be predicted at seasonal lead times, information 
about their relationship with food crop production could be utilised in preparing 
against their adverse impacts (Falloon et al. 2018). Although more research is 
still needed, in some regions – such as Australia (IOD), and South America 
(ENSO) – information about these relationships could already potentially be 
utilised in preparing against their impacts. 

The wide extent of their impacts suggests that climate oscillations could im-
pose concurrent crop yield reductions in important agricultural regions, thus 
causing a systemic risk in the global food system. Indeed, climate oscillations 
have been shown to increase the probability of simultaneous crop failures in 
global bread baskets. For example, the largest synchronous crop failures of the 
modern record in 1983 were forced by ENSO (Anderson et al. 2019). In normal 
conditions, local production deficits can be, at least in theory, compensated 
from the global markets (Kinnunen et al. 2020). However, simultaneous crop 
failures can cause a shortage in global food supply, which could in turn risk the 
functioning of the global food trade system due to, for example, trade re-
strictions (Puma et al. 2015).  

5.3 Limitations and sources of uncertainty 

Three crop yield data types were utilised in this dissertation. Although different, 
they all have their own advantages and are widely used in global studies on food 
production. For example, with physically modelled crop yield data, it was pos-
sible to isolate the weather signal in interannual crop yield variations and assess 
the impacts for different management scenarios (Müller et al. 2018). On the 
other hand, census-based and hybrid crop yield data aim to provide information 
about the actual crop yields that have materialised. However, this can hinder 
extracting the climate signal in crop productivity variability, as a wide range of 
other factors affect census-based crop yields, such as farmers’ management de-
cisions and the quality of data collection (Ray et al. 2015). Interestingly, re-
ported data can potentially allow capturing indirect climate impacts which are 
not parametrised in the models – for example, weather-related pest outbreaks 
(Müller et al. 2017). 

Global gridded crop models (GGCMs) were utilised to study the relationship 
between climate variations and crop productivity (Papers 4 and 5). Although 
GGCMs have been widely evaluated and shown to have skill in simulating crop 
yield response to climate variability, uncertainties remain (Müller et al. 2017). 

Discussion
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A recent study showed that GGCMs underestimate the agricultural impacts of 
very extreme events, meaning that real-world impacts are larger than those pre-
dicted by the crop models (Schewe et al. 2019). Further, it has also been shown 
that many GGCMs are not able to produce the yield reductions observed for very 
wet weather and can hence predict yield increases for abnormally wet condi-
tions (Li et al. 2019). Other sources of uncertainty in the model outputs arise 
from, for example, soil (Folberth et al. 2016) and weather data (Ruane et al. 
2021), as well as management parametrisations (Müller et al. 2017). 

Adapting management practices during climate anomalies is crucial for main-
taining the stability of agricultural production. However, farmers’ adaptation 
also adds uncertainty to the modelled impacts, as they are mostly ignored in the 
modelling set-ups. For example, farmers can adjust their exposure to drought 
and heat by altering harvest and planting dates, which are usually considered 
static in the models (Müller et al. 2017). The growing areas are also usually con-
sidered historically static in the models. However, it has been shown that the 
growing areas of crops have already altered due to climate change (Sloat et al. 
2020), and global bread baskets might move poleward in the future (Franke et 
al. 2021). 

Furthermore, the statistical methods add to the uncertainty of the analyses. 
The research set-up and statistical methods utilised in this dissertation cannot 
attribute causality between the investigated variables. The uncertainties of the 
statistical analyses are highest for the findings about the impacts of climate os-
cillations and crop productivity, and it is clear that this dissertation was not able 
to fully disentangle these complex relationships. Already in the research set-up, 
it was accepted that there are some regions where the relationship was classified 
erroneously statistically significant (false-positive) or insignificant (false-nega-
tive). However, this issue is accounted for by reflecting the results with already 
existing knowledge, and by interpreting spatially wider patterns than individual 
FPUs. 

Although important, climate is only one factor determining agricultural suit-
ability; for example, soil quality and terrain can also have major effects (Fischer 
et al. 2021). Further, there are additional climatic variables, such as windpeed 
and sunshine duration, which affect agricultural suitability but are not consid-
ered in the SCS concept. Finally, as the time frame of the study is long (~80 
years), farmers and society will inherently adapt to the new climatic conditions. 
Although the current resilience (Varis et al. 2019) of different areas was consid-
ered in Paper 1, future adaptation – which includes, for example, development 
of new crop cultivars – was not included into the framework. 

5.4 Way forward 

Although two of the five studies of this dissertation utilised data for crops be-
yond the four major global commodities (wheat, maize, soybean, and rice), fu-
ture studies should expand on the crop types studied. While these four main 
crops are very important for global food security, there are crops that are re-
gionally more important, such as cassava in many African countries (FAOSTAT 
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2021). For example, SPAM has information about the production of 27 different 
food crops, and would readily support the investivigation of how the climatic 
space of individual crop types might evolve in the future (Yu et al. 2020). This 
could help identify opportunities to rotate the cropping areas of individual crop 
types as an adaptation strategy to climate change. Moreover, combining these 
results with the nutritional content of the 28 crop types in SPAM could allow 
quantifying the impacts of climate change beyond kilocalories, thus providing a 
more comprehensive picture about the impacts of climate change on food secu-
rity.  

To improve gridded crop yield estimates, future studies could potentially com-
bine different data sources to create assimilated interannual crop yield data 
products similarly to Iizumi and Sakai (2020), where national crop yield statis-
tics are disaggregated based on satellite-based estimates of net primary produc-
tivity. This method could potentially be readily improved utilising the sub-na-
tionally collected census-based crop yield data of Ray et al. (2019), for which 
crop yield data was collected for ~20,000 administrative units. 

Unfortunately, the quality of agricultural and weather data tends to be lowest 
in the most vulnerable areas (Ray et al. 2015). This lower data quality reduces 
the skill of crop models and makes quantifying agricultural climatic risks more 
challenging. Therefore, it is highly important that future research work concen-
trates on improving data collection and model evaluation in these most vulner-
able regions. In addition to data collection, future efforts should also improve 
the applicability of existing data sources to these data-scarce regions (Kallio et 
al. 2021). 

Although climate oscillations have been shown to be major drivers of global 
crop production, more local-level research is still required in many places to es-
tablish agroclimatological services that utilise information about their fluctua-
tions. For example, their impacts on climate conditions (Ashok et al. 2001), as 
well as agricultural productivity, have been shown to vary (Ceglar et al. 2020b). 
Generally, however, climate services and early warning systems based on, for 
example, seasonal predictions might provide highly useful tools for alleviating 
the impacts of increasingly occurring climate extremes (Ceglar et al. 2020a). 
These climate services can be highly useful to for example the UN or nation 
states when assessing and mitigating risks related to agroclimatic conditions. 

Finally, as it is widely acknowledged that climate change will have major im-
pacts on the global food production system, future research should focus on 
identifying different management options that could help to mitigate its nega-
tive implications. For example, conservation agriculture could potentially re-
duce drought impacts on crop yields. In conservation agriculture, soils are dis-
turbed to the minimum and are permanently covered in mulch. Both of these 
management practices can provide benefits in drought conditions due to im-
proved water infiltration and retention (Pittelkow et al. 2015). Since conserva-
tion agriculture also increases biodiversity and reduces erosion, it could provide 
a beneficial solution to elleviate also other pressures that global agriculture is 
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facing (Palm et al. 2014). However, the potential benefits of conservation agri-
culture in adapting to climate change and variability have not yet been quanti-
fied at a global level.
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6. Conclusions 

Climate is an integral part of global food crop production, and farmers have 
worried about weather ever since agriculture was invented. Agriculture is influ-
enced by climate at different time scales: some climatic conditions are deemed 
unsuitable for food crop production at all times, and even in the most suitable 
regions, climate variability causes some years to be better than others. Now, an-
thropogenic climate change increases temperatures and alters the hydrological 
cycle across our croplands. These alterations will ultimately affect the capabili-
ties to produce our food. Since the global food system is already challenged by 
increasing demand and environmental concerns, understanding and mitigating 
the potential impacts of climate change and variability on global food crop pro-
duction remains imperative. 

This dissertation extends and improves the knowledge about the risks of cli-
mate change and variability on global food crop production. It reveals that in 
the future, a wide extent of global food crop production might experience cli-
matic conditions where only marginal amounts of crops are produced today. 
This highlights the importance of reducing greenhouse gas emissions to miti-
gate the impacts that climate change will have on the global food system in the 
future. However, the dissertation also shows that crop yields are already threat-
ened by an increasing probability of hot-dry events. These already-occurring al-
terations in the climatic conditions of global food crop production will require 
adaptation. Improving water and soil management practices with, for example, 
irrigation and conservation agriculture could be viable options to manage these 
increased climatic risks. 

Finally, this dissertation shows that climate oscillations affect crop productiv-
ity to a wide extent, which suggests that they cause a systemic risk for the global 
food production system. However, as the status of these oscillations can be pre-
dicted well in advance, knowledge about their impacts on global crop produc-
tion could potentially be helpful for preparing against their negative implica-
tions. This would increase the resilience of the global food production system 
against adverse weather conditions, which is, after all, the ultimate goal of the 
research in this thesis.
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