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Abstract

Warm temperatures due to increases of greenhouse gas emissions have changed temperature

distribution patterns especially for their extremes, which negatively affect crop yields. However, the

assessment of these negative impacts remains unclear when surface precipitation patterns are shifted.

Using a statisticalmodel alongwith 23,944 county-yearmaize-yield data during 1981–2020 in theUS

CornBelt, we found that the occurrence of timely precipitation reduced the sensitivity ofmaize yields

to extreme heat by an average of 20%during the growing seasonwith variations across phenological

periods. Spatially across theUS corn belt,maize in the northern region exhibitedmore significant

benefits from timely precipitation compared to the southern region, despite the pronounced negative

effects of extreme heat on yields in cooler regions. This study underscores the necessity of

incorporating timely precipitation as a pivotal factor in estimating heat effects under evolving climates,

offering valuable insights into complex climate-related challenges.

1. Introduction

Delving into the intricate interplay of various climate factors and their influences on food production (Godfray

et al 2010) is crucial for understanding how crops adapt to climate change. Extensive literature, referencing

various experimental (Zhao et al 2017), observational (Lobell et al 2011), andmodeling approaches (Asseng et al

2015), underscores the adverse effects of extreme heat on crop yields (Barlow et al 2015). The escalation of such

heat events is evident globally and is projected to persist in the coming decades (Siebert andEwert 2014),

regardless of shifts in greenhouse-gas emission policies (VanAalst 2006).

Against this backdrop, anticipated changes to theEarth’s hydrological cycle are expected, resulting in

heterogeneous effects onprecipitation across different time and space scales. For example, the likelihoodof daily

precipitation is expected to changeduring a heatwave period (Mahto andMishra 2024) followed theClausius–

Clapeyron theory (Lu2007,Koutsoyiannis 2012). The occurrence of precipitationunder extremeheat days

(hereafter referred to as timelyprecipitation) couldprovide potentials to alter the impact of heatwaves on crop yields

throughphysical andphysiological processes, introducingnuanceddynamics into the understanding of climate-

crop interactions. This influence couples through at least two fundamental aspects, includingwater supply and

atmospheric thermal dynamics in near surface boundary layers.High temperatures increase the potential of crop

water demand anddecrease soilwater availability to plants via enhanced evapotranspiration (Sadok et al2021),

leading toworsewater stress for crop growth and lower yields (Lipiec et al2013,Zhao et al2022). Precipitation serves

as a proxy for soilmoisture in rainfed cropping systems and can alter extremeheat–yield relationships inmultiple

ways. Besides its role in supplyingwater to the soil, timely precipitation can also cool leaf temperature aswater drops

evaporate (Trenberth andShea 2005,Mueller and Seneviratne 2012). Indeed, the impacts of extremeheat on crop

yields are exacerbatedunder drought conditions (Lobell et al 2011,Zhao et al 2022), while they are alleviatedwhen
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accompanied by timely irrigation (Lobell et al 2008).However, the role of timely precipitation inmodulating the

impacts of extremeheat oncrop yields has received limited empirical study, hindering our ability to better

understand andpossiblymanage cropping systemsunder a changing climate.

Previous studies have indicated greater precipitation could alleviate the negative effects of extreme high

temperatures (Schlenker andRoberts 2009, Leng 2019, Luan et al 2021) on crop yields when considering total

seasonal (ormonthly) precipitation amounts.However, this approach does not capture the influence of

fractions of timely precipitation (FTP) during periods of heat stress on crop yields.

To explore FTP impacts, we focus onmaize in theUSCorn Belt, a crop that is both highly productive and

strongly influenced by temperature (Butler andHuybers 2013). The FTP is defined as the fraction of days with an

intersection between extreme heat days and daily precipitation� 9.5 mm to total extreme heat days (Zhu et al

2022) (seeData andMethods). Themain objective of our study is to empirically estimate how yield sensitivity to

heat stress can bemodified by FTP during specific phenological periods. To achieve this, we constructed a linear

mixed-effectsmodel attributing interannual variability in yields tomultiple environmental factors, including

growing degree days, extreme degree days, precipitation, and FTPduring three phenological periods ofmaize

growth (planting to 14 days before silking, around silking (±14 days), and 14 days after silking tomaturity).

2.Data andmethods

2.1.Maize and climate data

Rainfedmaize yields at the county-level and phenology dates at the state-level, including planting (PT), silking

(SK), and harvest (HV), are retrieved from reports of theUnited StatesDepartment of Agriculture’sNational

Agricultural Statistical Service (USDA-NASS) during 1981–2020 across rainfedUSmaize production states

including Iowa, Illinois, Indiana,Michigan,Minnesota,Missouri, Ohio, andWisconsin. One countywas

selectedwhen available yield data is longer than 35 years; lastly, we selected 612 counties for this study. Because

theUSDA-NASSCropProgress Report is released on aweekly basis as a progress percentage, we interpolated the

weekly crop progress into daily data using the Piecewise CubicHermite Interpolating Polynomial (PCHIP)

approach (Fritsch andCarlson 1980, Sacks andKucharik 2011).We then calculated PT, SK, andHV and defined

them as dates when the crop’s progress toward each stage reached 50%across the state.We then derived

maturity date (MT)which is defined as 4weeks beforeHV (Tollenaar et al 2017). In total, the databasewe used

included 23,944 county-year samples.We used county-level daily precipitation (mm), dailyminimum

temperature (Tmin, °C), and dailymaximum temperature (Tmax, °C) fromNOAA’s nClimGrid-Daily (Durre

et al 2022), whichwas developed based on observations in theGlobalHistorical ClimatologyNetworkDaily

(GHCNd)dataset (Menne et al 2012).

2.2. Statisticalmodel

Wecalculated the cumulative exposure to growing degree days (GDD, °Cdays, equation (1)) between the base

and optimumgrowth temperature thresholds, and extreme degree days (EDD, °Cdays, equation (2)) above the

optimumgrowing temperature threshold at specific phenological periods. BothGDDandEDDcalculations

were based on hourly temperatures (Th) obtained fromdaily temperatures (Cesaraccio et al 2001), which

combines daily Tmin andTmax. The phenological periodswere partitioned as planting to 14 days before silking,

around silking (±14 days), and 14 days after silking tomaturity (Ortiz-Bobea and Just 2013, Tollenaar et al

2017). GDDandEDDplay the crucial roles in determiningmaize ears, kernel numbers, kernel weight, and

consequently, overall yields.
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whereTbase andTopt are the base (10 °C) and optimum (30 °C) growing temperature thresholds for theUSCorn

Belt, which are common thresholds for the growth and development inmaize (Schlenker andRoberts 2009,

Sacks andKucharik 2011). DDh refers to hourly growing degree days. H is total hours during the specific

phenological period.

We then calculated FTP as a ratio of days with both daily EDD> 0 and daily precipitation amount� 9.5 mm

to dayswith daily EDD> 0, as follows:
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Herewe defined 9.5 mmas a precipitation threshold for effective precipitation to alleviate heat stress. This

thresholdwas determined based on optimalmodel performance (equation (4)), with the smallest Akaike

InformationCriterion (figure S1). TheAIC is ameasure used in statistics to evaluate and compare the goodness-

of-fit of differentmathematicalmodels; when comparingmultiplemodels, the onewith the lowest AIC value is

generally preferred (Akaike 2011).We systematically set up thresholdwindows for precipitation, ranging from

5mm to 15 mmwith a step size of 0.5 mm. For each thresholdwithin this range,model fittingwas conducted to

assessmodel performance. This process allows us to identify the threshold that yields the bestmodel

performance. The selection of threshold in precipitation (9.5 mm) also alignswithwater demand ofmaize

during the summer in theUSCornBelt (Sharratt et al 2001). FTP= 0 indicates the absence of timely

precipitationwhenmaize is exposed to heat stress, while FTP= 1 represents the complete alignment of all

extreme heat events with timely precipitation. The ‘Ç’ indicates intersection of both extreme heat and

precipitation events.

We used a linearmixed-effectsmodel to examine the impacts of climate indices onmaize yields andwhether
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whereY refers to yields (t ha−1) in county i and year t.α,β, γ, and δ are the sensitivities ofmaize yields toweather

variables during the specific phenological periods ‘p.’ϑ refers to yield trends over time, whichmainly results

from advancement in agriculturalmanagement and breeding advances for a specific county i.We also added the

control variable of a county-specific vector (Ci) to account for time-invariant spatial heterogeneity. The εi,t refers

to random error terms. The residuals ofmodel follow the normal distribution (figure S2).

2.3.Modulation of FTPon the extremeheat impacts

The EDDeffects during specific phenological periodswere calculated as the first derivative ofmaize yields with

respect to the EDD (
Y
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Then, themitigating percent (MP,%) of average FTP on the sensitivity ofmaize yields to EDD for each

phenological period across theUSCorn Belt was calculated as,
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Similarly, totalmitigating percent of average FTP on the sensitivity ofmaize yields to EDDacross thewhole

growing seasonwas then calculated as,
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where FTP refers to average FTP across years (1981–2020) for each county.

3. Results

Part of the challenge in investigating themitigation effects of timely precipitation on heat stress lies in variable

distributions in daily precipitation during heat periods (FTP)within a given year, which cannot be directly

captured by long-term rainfall totals. Under the identical EDD and total precipitation, FTP for two different

years in the same locationsmay be different. For example, therewere consistent EDD and total precipitation

between 1982 and 1989 years in Pulaski, Illinois, but the FTPwas two times higher in 1982 than in 1989

(figures 1(a) and (b)). Before analyzing the effects of FTP, we initially examined changes inmaize yields across

ten FTP bins over the past four decades and found that improvements in yields correlatedwith increased FTP

(figure 1(c)).

Figure 2 shows the spatial distribution of FTP during specific phenological periods across theUSCorn Belt

from1981 to 2020. The distribution of FTP varied substantially over regions, with the northern region

experiencingmore frequent FTP than the southern region, especially in the P2 periodwith an average of 13%
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(figure 2).We then examined the influence of FTP on the sensitivity ofmaize yields to EDDby incorporating an

interaction effect between FTP and EDD into a linearmixed-effectsmodel.Without FTP effects, one-unit

increase in EDDduring P1, P2, and P3 periods led to yield declines of 0.06 t ha−1, 0.09 t ha−1, and 0.05 t ha−1 in

theUSCorn Belt, respectively (figure 3(a) and table S1), with the highest sensitivity observed in the P2 period

(figure 3(a)). However, as FTP increases, the sensitivity to EDD significantly weakens for each period

(figure 3(a)), highlighting the beneficial role of timely precipitation inmitigating heat effects. Considering the

historicalmean FTP for specific periods across theUSCorn Belt over 1981–2020, we found that FTP alleviates

20%of sensitivity inmaize yields to extreme heat throughout the growing season.Notably, themost significant

mitigation, a 30%decline, occurred during the P1 period, followed by a 19% in the P2 period, and a 9%

reduction in the P3 period (figure 3(a)). Additionally, the positive impact of an increase in growing degree days

(GDD) onmaize yieldswas notable for each growth period, with a particularly pronounced effect during the P3

period. One-unit increase inGDD led to a significant yield enhancement of 0.005 t ha−1 (figure 3(b) and

table S1), consistent with previous studies (Butler et al 2018). Figure 3(c)displays the nonlinear relationship

between precipitation andmaize yields.

We partitioned our data to south and north regions based on latitude boundary (42°N) and conducted

separate re-analyses for each dataset.We found that, in the absence of FTP, the yield loss fromone-unit increase

in EDDduring each growth period is larger in northern region compared to southern region (figure 4), which is

consistent with prior research that indicated greater sensitivity ofmaize yields to high temperatures in theUS

cool region compared to thewarm region (Butler andHuybers 2013). Specifically, one-unit increase in EDD

decreased yields by 0.05, 0.08, and 0.05 t ha−1 in southern region during P1, P2, and P3 periods, respectively.

However, the yield loss resulting fromone unit change in EDD increased to 0.07, 0.09, and 0.07 t ha−1 in

Figure 1. Fraction of timely precipitation (FTP) coincidingwith extreme degree days (EDD) during themaize growing season and
corresponding to impacts onmaize yields in theUSCorn Belt. (a), (b)An illustration of daily EDD (red) accompaniedwith timely
precipitation (blue) in 1982 (a) and in 1989 (b) for Pulaski county in Illinois. (c)Averagemaize yields for the percentile bins of FTP.
The bars show the 95%confidence intervals of yields and the solid circles denote the average yields. The numbers above the x-axis
indicate the value of FTP at the specific percentiles. Averaged yields for each FTP binwere determined through the following steps: (1)
calculating thresholds of each bin based on all 23,944 county-year FTPs samples (datawere shown inmethods); (2) partitioning all
county-level yields of each year into ten bins based on FTP percentile, which isolates impact of technological change on yields; (3)
calculating average yields across years for each TPF percentile.
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northern region among three phenological periods. Furthermore, our analysis showed themitigating effect of

FTP to EDD sensitivity across both the northern and southern regions throughout the entire growing season

(figure 4). It is noteworthy that in the northern region, the advantages derived fromone unit of timely

precipitationweremore pronounced compared to the southern region (figure 4). On average, FTP alleviates

sensitivity ofmaize yields to extreme heat by 25.2% across growing season in northern region, which is 6.9%

higher than that in southern region (figure 4).

Finally, we assessed the spatial heterogeneity in historical averagemitigating effects of FTP on the sensitivity

ofmaize yields to EDDduring specific phenological periods across theUSCorn Belt from1981 to 2020

(figure 5). This assessment incorporated the spatial distribution of FTP (figure 2) and the regression results

(figure 3(a)) (seeData andMethods). Spatially, themitigation of FTP on the sensitivity to EDD is greater in the

northern region (figure 5), which is attributed to higher exposure to FTP over historical periods (figure 2). The

percentage of FTPmitigation effects wasmost prominent during the P1 period, averaging 30%and ranging from

7.3% to 48.8% (figure 3(a) and figure 5). This finding can be attributed to two key factors. Firstly, the sensitivity

to EDDwasweaker for the P1 period compared to the P2 period (figure 3(a)), indicating that FTP can exert a

more substantialmitigation effect in the context of aweaker sensitivity. Secondly, the yield benefit resulting

from themitigation effect of an additional unit of FTP onEDD sensitivity was higher for the P1 period than

other periods (table S1).When considering all growth periods, the occurrence of FTP reduced the sensitivity of

maize yields to extreme heat by an average of 20%, ranging from9.5% to 29.3% (figure 5). This result

underscores the importance of accounting for timely precipitationwhen estimating heat effects inwarmer

climates.

4.Discussion

Our study demonstrated that the sensitivity ofmaize yields to extreme degree days (EDD)differs across various

growth stages, with the flowering period (P2) being themost adversely affected (figure 3(a)). This result aligns

with previous findings (Ortiz-Bobea and Just 2013,Deryng et al 2014,Wang et al 2021), indicating that the

detrimental impact of heat around silking stems from reduced pollen shedding, influencing kernel numbers

(Bolaños and Edmeades 1996, Borrás andVitantonio-Mazzini 2018) and net photosynthetic rates (Crafts-

Brandner and Salvucci 2002). Specifically, previous studies have denoted that pre-silking high temperatures

reduce the number of kernel as a result of the disturbedflowering pattern (Cicchino et al 2010, Lizaso et al 2018),

Figure 2.The spatial distribution of county-level average fraction of timely precipitation (1981–2020) at specific phenological periods
throughout themaize growing season. The shading in eachmap corresponds to shading of the bins in the histogram.
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Figure 3. Impacts of temperature and precipitation onmaize yields at specific phenological periods. (a)Marginal impact of extreme
degree days (EDD) onmaize yields as a function of fraction of timely precipitation (FTP) based on interaction termbetween EDDand
FTP. (b)Marginal impact of one unit growing degree days (GDD) onmaize yields. (c)Nonlinear impacts of precipitation onmaize
yields (curve); histograms showdistribution of precipitation. Shaded areas (a), (c) and error bars (b) show the 95% confidence
interval.

Figure 4.Themarginal impact of extreme degree days (EDD) on regionalmaize yields as a function of the fraction of timely
precipitation during specific phenological periods. Blue and red colors represent the northern and southern regions, respectively. The
shaded area shows the 95% confidence interval. Notes: Regions are partitioned by latitude (� 42 °N for southern region and> 42 °N
for northern region). Themodel (equation (4) inData andMethods)was re-run separately for each region.
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reduced both pollen shedding number and pollen viability (Wang et al 2019), whereas post-silking high

temperature resulted inmore detrimental effects on kernel formation. Even thoughmany studies have

estimated the impact of heat onmaize yields (Schlenker andRoberts 2009, Lobell et al 2011), they have typically

overlooked the spatial variation in sensitivity to heat due to factors of potential adaptation (Butler and

Huybers 2013, 2015). To consider the regional adaptation, we divided the study domain into northern (cooler)

and southern (warmer) regions based on latitude boundary (42°N) and ran separate regressionmodel for each

region. This approach allows for distinct effects of EDDonmaize yields in these two regions. The resulting

coefficients indicate that northern region demonstrates higher sensitive to heat compared to southern regions

(figure 4), consistent with priorfield trials in theUS revealing heightened heat tolerance inwarmer regions

(Ristic et al 1996). This distinction stems from the fact that cultivars planted in the southern region: (a) exhibit a

greater capacity to produce heat shock proteins and (b)possessmorphologies better adapted to hot conditions

relative to those planted in the northern region (Ristic et al 1996).

Moreover, we found the nonlinear relationship between precipitation andmaize yields across three

phenological period ofmaize. Previous studies (Doorenbos andKassam1979, Cakir 2004) have reported that

maize appears to be relatively tolerant towater deficits during the vegetative and ripening periods. The greatest

decrease in yields is caused bymoisture deficit during the flowering period, which is consistent with ourfindings

in this study (figure 3(c)). Besides the direct impact of precipitation, previous research also signifies its potential

to alleviate the negative effects of high temperature by accounting for the interactive effects between cumulative

seasonal (ormonthly) rainfall and extreme heat (Schlenker andRoberts 2009, Leng 2019, Luan et al 2021).

However, given the uneven nature of daily precipitation during heat periods (FTP)within a given year, long-

Figure 5. Spatial distribution inmitigation of average fraction of timely precipitation (FTP) on sensitivity ofmaize yields to extreme
degree days in theUSCorn Belt from1981 to 2020.
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term rain totals do not provide a comprehensive picture.Hence, this study pivots on understanding how the

impacts of heat onmaize yields can bemodulated by FTP across three specific phenological periods.We found

that FTP significantly weakens the sensitivity to EDD in each period (figure 3(a)). In general, influence of timely

precipitation on temperature-yield relations could result from two primarymechanisms. First, it ensures the

availability of water,maintaining soilmoisture levels during periods of high temperatures (Dirmeyer et al 2009).

Prior studies have indicated that soilmoisture deficits substantially affect hot extremes through the energy

balance: low soilmoisture availability reduces evaporative cooling and increases atmospheric heating from

sensible heatflux (Seneviratne et al 2010,Hirschi et al 2011). Second, existing heat stress can be attenuated by

timely precipitationwhich not only satisfies the increased evapotranspiration demand due to higher

temperatures but also cools the crop canopy (Siebert et al 2014). Precipitation can also lower the temperature of

both the air and the soil. This cooling effect can help alleviate heat stress and prevent damage to crop.

Furthermore, we analyzed themitigating effect of FTP to EDD sensitivity at three specific phenological stages

across both northern and southern regions (figure 4). Overall, the benefits from timely precipitationweremore

pronounced in the northern region compared to the southern region. This can result from frequent FTP in

northern region relative to southern region (figure 2). Our study underscores and quantifies themitigating

influences of timely precipitation on the negative effects of heat onmaize yields across various growth stages and

regions, offering valuable insights intomultifaceted climate-related challenges.

5. Conclusion

In summary, our study delves into the crucial role of timely precipitation inmitigating heat effects across theUS

CornBelt, providing valuable insights into the broader understanding of the climate-crop relationship.We

conducted analysis across various phenological periods and identified that increased FTP significantly weakens

the sensitivity ofmaize yields to extreme heat. This finding underscores the necessity of incorporating timely

precipitation as a pivotal factor when estimating heat effects in evolving climates, offering valuable insights for

sustainable agricultural practices amidst ongoing climate change.
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