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Compound and cascading droughts and
heatwaves decrease maize yields by
nearly half in Sinaloa, Mexico
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The impact of droughts and heatwaves on agriculture losses has been exacerbated by the occurrence
of compound and cascading events. Here we present a study that evaluates the impact of these events
both as singly and as compound and cascading on maize yield in Sinaloa Mexico from 1990 to 2022,
using the WOFOST crop model. Drought and heatwave events were identified using the Standardized
Precipitation Index and threshold method, respectively. Results show that yield reduction (25%) is
found during extreme drought events, emphasizing the vulnerability of maize farming to unfavorable
drought conditions. While heatwaves alone did not show a significant impact on maize yields, the
compound and cascading droughts and heatwaves amplified the loss of maize yields by up to 44%
compared to normal conditions. This study highlights the need for adaptive strategies in agriculture to
sustain food security during extreme events, especially in the context of multi hazard framework.

Climate change-induced extreme weather events, such as heatwaves and
droughts have emerged as significant contributors to global hunger and
rising food prices™”. These events are renowned as the two most important
stresses that significantly impact crop growth and yield**. Even the mildest
heatwave and drought stress during the vegetative stage can markedly
reduce crop yield, resulting in low crop productivity and reduced income for
farmers’. Previous research has demonstrated that maize and wheat yields
can decrease up to 40% in cases of water scarcity and drought’. The
reduction in yield will be intensified when heatwaves and droughts occur
concurrently at the same time (compound) compared to the occurrence of
individual extremes’™. Many studies have evaluated the impact of com-
pound drought and heat on crop yields using statistical methods, including
machine learning™”™". Yet, these studies do not account for the occurrences
of both drought and heatwave events as singly and as compound and cas-
cading events during crop growing periods. This study aims to assess the
impact of compound drought and heatwave events on crop yield simulated
using process-based models, which is novel and still under researched'*'. In
this study, we adopted the definition of compound hazard as drought and
heatwave events occurring simultaneously i.e., at the same time and in the
same region (CDH), while a cascading hazard refers to drought and heat-
wave events occurring consecutively one after another (CaDH)">'.

This study investigates the impacts of droughts and heatwaves on crop
yields, examining both single effects and compound and cascading effects of
these hazards. For this study, we purposely selected the state of Sinaloa in
Mexico, given its status as one of the country’s major maize-producing
regions and its substantial historical exposure to droughts and heatwaves'’

(Supplementary Fig. 1). Maize is a staple food in Mexico and is more resistant
to drought and heat than rice. Moreover, we aim to utilize in situ soil data,
crop information, and agricultural practices to comprehend the real-world
impact of extreme events on maize production. These in situ observation
data combined with the ERA5 meteorological data from 1990 to 2022 were
employed to estimate the maize yields using the WOFOST crop growth
simulation model'®. The ERA5 data'’ was also used to identify the historical
drought and heatwave hazards using the Standardized Precipitation Index
with 3-month accumulation period to represent agricultural drought
(SPI-3)***" and threshold approaches, respectively (see Method section). A
heatwave was identified if the daily maximum temperatures exceeded
threshold levels (90th percentile) for a minimum of three consecutive days™.
Finally, we compared maize yield estimations under normal, drought,
heatwave, compound, and cascading conditions. Pearson correlation was
applied to assess the strength of relationships between hazards and yields™.
Although this study is a case study, the results and approaches employed
here hold relevance for other regions and have global applicability.

The simulation of maize yields under various conditions reveals a
significant reduction in average yields under drought conditions. Heatwaves,
on the other hand, only marginally reduce maize yield compared to normal
conditions. The substantial reductions in maize yields were simulated when
compound and cascading events occurred during the crop growing period.
During the study period, the three highest yield reductions were simulated,
which were during the worst drought event in 2010***, the cascading event in
1998, and the compound event in 1999. Because of this reason, the Mexican
government declared water as an issue of national interest due to its scarcity™.
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Fig. 1 | Agricultural droughts derived from the Standardized Precipitation Index with 3-month accumulation period (SPI-3) in Sinaloa Mexico from 1990 to 2022.
Shaded blue area indicates wet condition and red shaded area indicates dry condition.
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Fig. 2 | The total number of heatwave events per year. The heatwaves were identified during the study period from 1990 to 2022.

Results

The occurrence of droughts and heatwaves

Based on the ERAS5 reanalysis data, 27 distinct drought events were identi-
fied, with various durations from one month to multiple months (Fig. 1). A
few severe drought events were observed in 1999, 2000, 2002, 2011, and 2020.
These drought events, however, are not all relevant to the study. For example,
the five-month extreme drought in 2002 was excluded since it occurred
during the summer, which is outside the crop planting season in Mexico,
spanning from November to May for each annual crop cycle. On the other
hand, the drought experienced in Sinaloa from December 2010 to April 2011
was acknowledged as the most severe drought in the past 70 years and fell
within the crop growing period™. In total, 15 drought events were identified

that occurred during the crop cycle. Among these events, 10 were classified
as moderate droughts (1994, 1995, 1996, 1999, 2006, 2008, 2009, 2011, 2017,
and 2019), four as severe droughts (2000, 2010, 2013, and 2020), and one as
extreme drought (1999), all of which were considered in the study.

There were in total 75 heatwave events that occurred in Sinaloa from
1990 to 2022 (Fig. 2). Interestingly, almost every year Sinaloa experienced at
least 1-2 heatwave events, with the highest number recorded in 1994 and
2002 (10 events). In 1994, a long heatwave was observed in May, spanning
seven days and peaking at a temperature of 38.7 °C. Conversely, August
2002 marked the lengthiest heatwave event, lasting 10 days with tempera-
tures reaching up to 39.6 °C. From a total of 75 heatwave events, only nine
heatwaves occurred during the crop cycle and were, therefore, considered in
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Fig. 3 | The occurrence of compound and cascading (CnC) drought and heatwave
events. Light orange shaded lines indicate the compound events while the light green
shaded lines indicate the cascading events. A compound hazard refers to drought

Compound Event

and heatwave events occurring at the same time and in the same region, while a
cascading hazard refers to drought and heatwave events occurring one after
another'™'°.

our study. The years 1993 and 1994 were exceptional heatwave years, wit-
nessing four heatwave events during the 1993 growing period. We would
like to note that the 1993 growing season includes episodes from November-
December 1993 to January—May 1994, all attributed to 1993. In April 1994,
one event occurred, and the remaining three took place in May 1994, where
distinct episodes were identified, each considered an individual event due to
the non-continuous intervals. Only one heatwave event during the crop
cycles of the years 1998, 1999, 2001, 2002, and 2013 was documented.

The occurrence of compound and cascading (CnC) events

To illustrate the occurrence of compound and cascading (CnC) drought
and heatwave events, we superimposed the SPI-3 index with the number
of heatwave events (Fig. 3). In total, 14 CnC events, comprising 10 events
categorized as CDH events (light orange lines) and four events cate-
gorized as CaDH events (light green lines) are identified from Fig. 3. One

CDH event occurred in June 1995, May 2000, October 2004, July 2010,
October 2011, October 2017, and June 2019. Additionally, two CDH
events were observed in July and August 2003 and in August and
October 2007. The year 2022 experienced a prolonged CDH event that
occurred from June to October 2022 (five Months). The occurrences of
drought and heatwave in the years 1994, 1999, 2006, and 2009 are
categorized as CaDH events since both drought and heatwave events did
not happen in the same month but consecutively (see Method). While 14
CnC events were observed in the climate data, only one CDH and two
CaDH events occurred during the maize growing period in Sinaloa,
spanning from November to May. The limited occurrence of CnC events
is attributed to the fact that CnC drought and heatwave events are less
frequent than single events, Moreover, these events are characterized by
dry and hot conditions that mainly occur during summer, which does
not align with the crop cycle.
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Fig. 4 | The relationship between the Standardized Precipitation Index with 3-month accumulation period (SPI-3) and maize yield anomaly. The number of heatwave
events are plotted as bar plot with pink color. A blue horizontal line indicates a threshold between wet and dry years (SPI-3 = 0).

Given that CnC events may lead to higher impacts than single hazard,
many literature in Mexico has focused solely on the occurrence of these
hazards in isolation. For instance, certain reports and studies have exclusively
documented droughts that caused significant agricultural losses in Mexico in
1993-1995, 2010, and 2011, despite the presence of CnC events in these
years” " Unlike drought, there are limited studies reporting the impact of
heatwaves or heat stress on crop production specifically in Mexico™. To our
knowledge, there is no study specifically documenting the impact of CnC
droughts and heatwaves on agriculture in Mexico. On the other hand, only a
few studies have indicated the occurrence of CnC events in Mexico, mainly
derived from global/regional studies™. For instance, a study conducted by
Zhang et al.” highlights an increase in the magnitude of CnC drought and
heatwave in northern Mexico under extreme global warming (SSP5-8.5). The
limited number of studies discussing the occurrence of CnC events in Mexico
may result in low awareness within the Mexican Government regarding the
high impacts triggered by CnC events, despite their awareness of the impact of
single events. Nevertheless, the high impact of droughts in Mexico resulted in

35,36

the Mexican National Drought Program’

Relation between extreme events and maize yields
In this section, the occurrence of drought, heatwave, and compound events
was considered only for the events that occurred during the crop cycle
(Supplementary Table 1). In total, we observed 10 drought events, three
heatwave events, one compound event (CDH), and two cascading events
(CaDH). We then correlated the lowest SPI-3 values in each year with
annual crop yield and the number of heatwave events, aiming to understand
how maize yield responds to different climate conditions (Fig. 4). The
impact of drought, compound, and cascading events on maize yield in
Sinaloa is demonstrated in Fig. 4. Yields are notably lower during drought
occurrences and are the lowest during CDH and CaDH events. Conversely,
heatwave events do not exert a strong influence on the yield. For example,
severe drought in 2005 and extreme drought in 2010 reduced the yield to
below 3.5 T/ha, while the lowest yields up to below 2.7 T/ha were simulated
in 1998-1999, marked as compound years. Despite the presence of heatwave
events in the years 2001, 2002, and 2013, no observable impact on the yield
was noted, with the average yield remaining above 3.9 T/ha.

We also employed a Pearson correlation coefficient to quantify the
relationship between droughts and crop yields, as well as between heatwaves

and crop yields. The result shows a strong positive correlation between
maize yields and the SPI-3, with a correlation coefficient of 0.77 (Supple-
mentary Fig. 2). In this context, we considered a Pearson correlation greater
than 0.5 as strong”. The lowest yields, ranging from 2.4 to 2.8 T/ha, were
simulated during the extreme drought in 2010 and the CnC events in 1998
and 1999, corresponding to SPI-3 values of approximately —2 (extreme
drought). Conversely, the correlation between heatwave events and maize
yields is moderate to weak (r = —0.34, Supplementary Fig. 3)”". Similar to the
correlation between drought and yield, the lowest yields were simulated
during CnC events and not during heatwave events as single hazard.
Heatwaves occurring only once during the crop cycle (e.g., 2001, 2002, and
2013 events) did not significantly reduce yields (Fig. 4). These years were
characterized as normal and wet years in Sinaloa, with SPI-3 above 0 for
years 2001 and 2002, and SPI-3 >2 for the year 2013.

The annual maize yields simulated using the WOFOST model based
on observed ERA5 meteorological data from 1990 to 2021 are presented in
Fig. 5. High maize yields are predominantly associated with crop cycle
planting under normal weather conditions (light blue). Interestingly, during
heatwave events (light red), the simulated yields are comparable to, or in
some cases, exceed those simulated under normal conditions. This is due to
the occurrence of heatwaves during normal and wet conditions (see Fig. 4).
The presence of droughts (brown), whether occurring in isolation or as part
of a CnC event (red for compound and orange for cascading events), is
consistently associated with lower yields, as evidenced in years 1993, 1998,
1999, and 2010. The cascading event in 1998 produced the lowest yield,
followed by the extreme drought in 2010 (SPI-3 = —2), compound event in
1999, and compound event in 1993. A prolonged single drought event in
2010 during the critical six-month growth cycle, with two months experi-
encing moderate drought and three months facing severe drought, led to a
particularly low yield.

The average maize yield under normal and wetter conditions is
generally higher (4.8 T/ha) than during extreme events (Fig. 5). As
expected, droughts led to a 25% reduction in maize yield (to 3.6 T/ha).
Heatwave events result in a slightly lower reduction compared to normal
and wet conditions, with an average yield of 4.3 T/ha (10%). More severe
impacts are observed during compound events, where yields drop sig-
nificantly to 2.7 T/ha (44%). Cascading events also result in considerable
yield reductions, with an average of 2.8 T/ha. The highest yield reduction
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Fig. 5 | The simulated crop yields under different climatic conditions: droughts,
heatwaves, compound, cascading, and normal conditions. Colored lines indicate
the average yields calculated during different scenarios: normal conditions (light

blue), heatwave conditions (light red), drought conditions (brown), cascading
conditions (orange), and compound condition (red).

during prolonged drought and CnC events implies that these extreme
events exert a strong impact on maize, even though maize is relatively
more tolerant to heat and water scarcity. It is expected that the impact
would be even more pronounced if other crop types, such as rice and
vegetables were planted.

In comparison with reported maize yield for the state of Sinaloa, the
critical drought events in 1998-2000" did not strongly impact maize yield
(Supplementary Fig. 4). This is evident in the reported yield data, which
showed steady average yields of 7.7 and 1.4 T/ha from 1993 to 1997 for
irrigated and rainfed farms, respectively, while the WOFOST model
simulated a significantly lower yield of 2.6 T/ha. In contrast, a significant
drop in maize yield was reported and modeled during severe to extreme
drought events in 2010-2012. The reported yields for irrigated white and
yellow maize showed a decrease from 10.5 T/ha to 3.7 T/ha and from 9.9
T/ha to 0.31 T/ha, respectively.

Overall, maize production in Sinaloa has increased due to the expan-
sion of agricultural areas. Starting from 2001, Sinaloa reported white maize
yields, replacing traditional maize cultivation, and from 2004, yellow maize
has been harvested in addition to white maize. The increase in reported yield
may also be attributed to the rise in CO, level, which increases water use
efficiency, resulting in high yields during normal conditions™. Additionally,
the increase in winter temperatures toward more favorable conditions and
agricultural intensification may further contribute to yield increases”.
However, the model does not indicate an increase in maize yield, as constant
CO, levels were applied.

Discussion

Mexico has a long history of prolonged droughts, as evidenced by droughts
in 1998, 1999, and from 2010 to 2012, which have recurrently and adversely
impacted agriculture™". These drought years were also identified in our
study, with the SPI-3 index < —1.5 (below severe drought). The years 1998
and 1999 were particularly identified as critical for drought, marked by the
occurrence of heatwaves and forest fires across the country”’. These events
led to a drastic reduction in staple grain production up to 50%. Additionally,
water reserves in dams plummeted, reaching as low as 10% of their capacity.
Furthermore, the drought in 2011 was considered the worst in six decades,
affecting 2.7 million hectares of agricultural land, particularly in Sinaloa,
Zacatecas, and Guanajuato“. As a result, an institutional and legal frame-
work was established to address the consequences of drought, empowering

the Mexican National Water Commission (CONAGUA) to issue general
agreements in emergency situations™"'.

This study utilized the WOFOST model to simulate maize yields under
the same conditions each year, such as planting date, thermal time since
emergence (Tsum), fertilizer application, and soil properties (see Method).
Thus, the changes in maize yields are primarily influenced by the weather
data and not by different farming practices during normal and extreme
conditions. Our findings reveal the significant impact of drought and CnC
events on crop production, while heatwaves do not exhibit a substantial
effect on yields. High yields were still simulated during single heatwave
events in the years 2001, 2002, and 2013. This resilience might be attributed
to the fact that maize requires optimal daytime temperature ranges higher
than those needed by other crops, such as wheat and rice*>**. For instance,
maize only loses 5% of its assimilation capacity at a high temperature of
36°C’, meaning that yield decline is mainly driven by water shortages
during drought and temperature stress plays a minor role. However, the
yield could potentially begin to sharply decline with prolonged exposure to
extreme temperatures™. In our study, the lowest yield during one single
heatwave event in 2002 was simulated because the heatwave event lasted for
10 days, longer than the heatwave events in 2001 and 2013. In general, maize
yields are anticipated to be lower than normal during both short and long
extreme drought events. The long drought event in 2010, lasting for five
months during the crop cycle, further reduced the yield, comparable to the
impact observed during CnC events.

The occurrence of extreme events during different crop developmental
stages considerably influences maize yield. For example, severe drought
observed in 2020 (SPI-3 = —1.5) did not substantially reduce maize yield.
The high yield of 4T/ha was simulated because a drought occurred during
the vegetative stage (Supplementary Table 2). The yield in 2011 was higher
than in 2010 because drought occurred only during the vegetative stage. The
lowest yields of 3.3 T/ha and 2.5 T/ha were simulated in the years when
drought occurred during both stages (2005 and 2010, respectively).
Although droughts in 1995 and 2005 occurred during both stages, yield in
2005 was lower due to the severe drought event (SPI-3 = —1.4) during the
reproductive stage compared to 1995 (SPI-3 = —1). The vegetative stage is
not the most sensitive phase of maize crop development concerning heat
and drought, unlike the reproductive stages. Furthermore, some studies
have emphasized the vulnerability of the reproductive stage to unexpected
high temperature fluctuations, leading to severe yield loss'>***’. High
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temperatures, especially during the critical pollination stage, can result in
reduced kernel formation and lower yields in maize cultivation in Mexico”.

Given the higher occurrence of droughts and heatwaves in the past and
their projected increase in the future'™™, a proactive approach to coping
with drought has been initiated through the implementation of the national
program against drought, known as PRONACOSE’. This program
emphasizes preventive and mitigation measures for drought tailored to each
of the 26 river basin authorities in the country, with CONAGUA leading
program coordination. These measures prioritize: (1) the development of
drought monitoring system and early warning, (2) the establishment of a
legal administrative protocol for declaring drought emergencies and
ensuring water supply for affected communities, and (3) the coordination of
resource allocation and various federal programs to effectively and effi-
ciently mitigate the impacts of drought™*>. While the proposed program
could reduce the impacts of drought and heatwave in Mexico, it does not
dismiss the risk of these extreme events.

In addition to instigating adaptation and mitigation strategies for
extreme events, reducing the impacts of drought on agriculture in Mexico
could involve implementing changes in agricultural practices. Crop agri-
culture is one of the major sectors vulnerable to droughts and heatwaves™.
This study has developed a modeling assessment approach that could
contribute greatly to exploring the effects of applied adaptation strategies,
such as changing planting dates, modifying fertilizer application and irri-
gation practices, and considering the cultivation of different crop types
during extreme events. The outcomes of this research could aid in identi-
fying optimal agricultural management practices. Specifically, investigating
whether the reduction in yield could be minimized through the imple-
mentation of adaptation measures during extreme events could enhance our
understanding of crop yield predictions under various weather extremes
events. This could be done through sensitivity analysis by simulating maize
yields under extreme events occurring during different crop stages, nor by
simulating the yield after adaptation measures were applied. Such analyses
could provide valuable insights although they are beyond the scope of the
study and are thus suggested as potential future research as a follow-up.

To conclude, this study has revealed a substantial impact of extreme
events, including compound and cascading events, on maize yield in
Sinaloa, Mexico. Despite maize being one of the staple crops that have
inherent tolerance to high temperature and water scarcity, simulations
revealed reductions in yields during droughts (25%), heatwaves (10%), and
the CnC events (44%). The loss in agricultural production is expected to be
more pronounced when other crops are cultivated. These findings under-
score the need for adaptive strategies in agriculture to mitigate yield losses
during such events, especially during the CnC events.

Methods

Data

Crop and soil characteristic data were collected from a 20 ha farm field
situated in the southwest of Culiacan, Sinaloa, Mexico (24" 40’ 33.45"latitude
and 107°29’ 40.81" longitude). We gathered information regarding crop and
soil characteristics from the local expert working in a regional agricultural
institute through a survey-based data collection. The crop and agricultural
practice data represent the average from the past eight growing seasons.
These data include the crop calendar, encompassing planting, emergence,
flowering, and maturity days, thermal time since emergence (TSUM), and
the application of fertilizers. The value of TSUM was determined based on
the date of planting and the time it takes to reach different stages of crop
growth (emergence, flowering, and maturity) in Sinaloa. We ran multiple
historical simulations using different TSUM values and selected the one that
best aligned with actual field data, which is 1000 for TSUM1 and 1800 for
TSUM2. The detailed TSUM simulations are presented in Supplementary
Table 3.

The meteorological data from 1990 to 2022 obtained from the ERAS5
re-analysis product'’ were used for identifying drought and heatwave events
and for the WOFOST model input. ERA5 has a spatial resolution of 0.5° x
0.5° on hourly estimations. This dataset is sometimes used as a proxy for

observed data due to the assimilation of a vast amount of observation data,
approximately 94.6 billion observations. The daily meteorological variables
considered in the study are maximum and minimum 2-m air temperatures
(Tmax and Tmin), precipitation, wind speed at 10 meters, vapor pressure,
and solar radiation. From all the meteorological data, only the precipitation
data was aggregated to monthly for drought analysis using the Standardized
Precipitation Index (SPI) (McKee et al., 1993). Supplementary Table 4
provides detailed data used in the study for extreme event analysis and crop
modeling.

Drought

The SPI with a 3-month accumulation period was employed to identify
agricultural drought (SPI-3)***". The SPI measures precipitation anomalies
at specific locations by comparing monthly observed precipitation amounts
with the long-term historical rainfall record for the studied period, here is
from 1990 to 2022. The SPI was calculated by fitting a gamma probabilistic
distribution on long-term monthly precipitation data, which is then trans-
formed into a normal distribution. Thus, the median SPI for the site and
selected period is zero. Moderate drought occurs when the SPI value drops to
between —1 and —1.49 (—1 < SPI < —1.5), severe drought occurs when the
SPI value drops to between —1.5 and —1.99 (—1.5 < SPI < —2), and extreme
drought occurs when the SPU value is lower than —2 (SPI 2- 2). The SPI
value between —0.99 and 0.99 is categorized as near normal and above 1 is
wet’". Given that WOFOST provides annual yield simulations, only one SPI
value representing the six-month crop cycle (from November to May) was
considered to assess the relationship between crop yields and the occurrence
of droughts. We selected the lowest SPI value if there was at least one drought
event that occurred during those six months crop cycle. If no drought
occurred, then the highest SPI value was chosen to underscore the wet
conditions. We classified drought that occurred during the crop cycle from
November-December 2010 to January-May 2011 as drought in the
year 2010.

Heatwaves

A heatwave generally is characterized by temperatures higher than the long-
term average for a particular time of year and persists for several days or
longer. This study defines a heatwave as an event when the daily maximum
temperature (Tmax) exceeds a certain threshold and lasts over three con-
secutive days™. The threshold was derived from the 90th percentile of the
Tmax, which is the daily temperature that equaled or exceeded 90 percent of
the time during the study period of 1990-2022 (365 thresholds). We applied
a31-day centered moving average window technique to the daily thresholds,
eventually leading to a daily smooth threshold level (365 thresholds for no
leap and 366 thresholds for leap years). Same as drought event, we only
counted the number of heatwave events that occurred during the crop cycle
to compare with yield.

Compound and cascading events

A compound event is identified when drought and heatwave occur at the
same time and location (CDH) while a cascading event is observed if
drought and heatwave occur consecutively, one after another (CaDH)"’.
Attention should be given that drought and heatwave have different tem-
poral resolutions, which are monthly and daily, respectively. Therefore, it
was crucial to identify the months in which droughts occurred throughout
the study period, as well as the specific days in which heatwaves occurred in
the same month with drought to identify the compounding month. Cas-
cading month was defined when heatwaves occurred in the month before or
after the drought month. This made the analysis of temporal overlapping
between drought and heatwave possible, thus facilitating the identification
of compound and cascading events (CnC) on a monthly scale.

The WOFOST model

The WOrld FOod STudies (WOFOST) model is a crop growth simulation
model, that has been developed to simulate the growth and yield of a variety
of crops, including maize. It is based on a set of equations describing the
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physiological processes of crop growth and development, including pho-
tosynthesis, respiration, transpiration, and biomass partitioning'®.
WOFOST can provide accurate and detailed information on the effects of
different environmental and management factors on crop growth and yield,
and can help farmers and researchers make data-driven decisions on crop
management practices'*”’. Crop growth can be classified into three levels:
potential growth, limited growth, and reduced growth. Each level of growth
corresponds to a specific level of crop production, including potential,
attainable, and reduced production. In this study, the potential production
approach was applied, which refers to the maximum amount of crop yield
that can be obtained under specific weather conditions and with high input
of fertilizers, irrigation, and pest control. Therefore, the yields simulated in
this study might overestimate the actual yields.

The WOFOST model can simulate the impact of water and heat
stresses on yield, with crop assimilation being influenced by temperature.
This temperature dependency is expressed in tables derived from cali-
brated field trials and literature. For Maize, the optimum temperature
range is typically between 20-30 degrees Celsius. Assimilation rates
decrease linearly with only a 5% reduction between 30 and 36 degrees
Celsius. However, from 36 to 42 degrees Celsius, assimilation rates can
decrease by up to 56% of the optimum assimilation. For water-limited
conditions, assimilation is further reduced by water stress, quantified as
the ratio of actual daily transpiration over potential daily transpiration™.
Detailed information about the WOFOST model can be obtained from De
Wit et al."® and the parameters used to run the WOFOST are provided in
Supplementary Table 4.

Data availability

The historical ERA5 data is accessible through the Copernicus Data Store
(CDS) (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels?tab=overview). Other data and generated and/or analyzed
during this study will be available online in the 4TU Center for Research
Data at https://doi.org/10.4121/8{9ff222-falf-46a2-8027-9ca50albe02b
(Sutanto and Zarzoza Mora, 2024). WOFOST model is an open source
and can be obtained from https://pcse.readthedocs.io/en/stable/.

Code availability
WOFOST model is an open source and can be obtained from https://pcse.
readthedocs.io/en/stable/.
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