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Abstract Increasing extreme climate conditions present significant threats to crop nitrogen (N) 10 

management and environmental conservation in the United States. Previous studies have examined 11 

the impacts of extreme climate on crop production but often overlooked its impacts on N loss from 12 

agricultural areas to the environments. Here we examine the relationship between county-level N 13 

surplus (the part of N that is not recovered by crops) and extreme climate conditions for corn in 14 

the U.S. from 1981-2016. We adopt multi-source long-term survey datasets of corn N budget and 15 

growing season (defined from May to August) maximum temperature and precipitation for each 16 

corn-planting county. Compared with the long-term N surplus trend, we find a 51% and 47% 17 

increase in corn N surplus associated with extremely high temperature and extremely low 18 

precipitations, respectively. A moderate N surplus increase (20%) is associated with extremely 19 

high precipitations, while a 14% N surplus decrease s shown to be related to extremely low 20 

temperatures. Across the U.S., the Midwest and the Northern Great Plains are identified as N 21 

surplus hotspots when extreme climate conditions occur. As the major corn-planting region, the 22 

Midwest on average yields 0.103 Tg yr-1 N surplus during extreme climate conditions. This amount 23 

is comparable to the annual total N surplus (0.1 Tg yr-1) yielded in the Northeast region. Our results 24 

highlight the urgency of understanding the impacts of extreme climate conditions on crop nutrient 25 

losses and identifying the effective intervention practices to adapt to more frequent climate 26 

extremes in the future. 27 
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1 Introduction 30 

Extreme climate has nonadditive effects on agricultural nitrogen (N) losses (Iqbal et al., 2018). 31 

Over the recent decades, extreme weather-induced agricultural N losses have been reported in 32 

many regions across the globe (El-Khoury et al., 2015; Gao et al., 2014; Wagner-Riddle et al., 33 

2017). As the home of more than 30% of global corn production, the United States has experienced 34 

significant increases in extreme weather events, including but not limited to extremely hot, dry, 35 

and wet conditions, since the 1980s (Groisman et al., 2005; Janssen et al., 2014; Kunkel et al., 36 

1999; Mazdiyasni and AghaKouchak, 2015). These extreme climate events have already caused 37 

substantial crop yield loss in the U.S. (Lobell et al., 2014, 2013; Schlenker and Roberts, 2009; 38 

Troy et al., 2015; Zipper et al., 2016). Corn's yield closely relates to its annual N surplus (N that 39 

is not utilized by crops and potentially reflects N losses to air and water systems) (Lu et al., 2019). 40 

Therefore, crop failures in extreme climate years can potentially cause a large amount of N surplus 41 

in the soils due to the declined crop N uptake. A large amount of residual N in the soil will likely 42 

be lost into the environments (e.g., air and water systems) and consequently cause environment 43 

quality degradation. 44 

Many studies have already demonstrated that N loss (e.g., through nitrate leaching and N2O 45 

emissions, etc.) often increases with changes in precipitation (Schwenke and Haigh, 2016; Zhao 46 

et al., 2016) and temperature (Jabloun et al., 2015; Marhan et al., 2015). On the other hand, N is 47 

comparatively more soluble and movable than other nutrients and so can more easily disperse to 48 

the environment following extreme weather events. By altering global hydrological cycling, 49 

warmer climates will likely intensify precipitation extremes with less frequent rainfall (Kirtman et 50 

al., 2013). Consequently, declined summer rainfall accompanied by higher air temperatures could 51 

form droughts more rapidly and severely (Trenberth et al., 2014). In particular, extreme rainfall 52 



following severe drought events can accelerate agricultural N loss. For example, heavy 53 

precipitation after a multi-year drought could potentially increase the likelihood of N leaching by 54 

40% to 65% due to the accumulated soil N during the prior drought period (Lee et al., 2016). 55 

Additionally, heatwave and drought together will rapidly harm crop growth and yield, compared 56 

with each event alone (Jin et al., 2017), leading to a greater risk of N losses (Bowles et al., 2018). 57 

Despite its environmental importance, few studies have examined the historical response of 58 

crop N surplus to various extreme climate types across regions because of the inconsistency of 59 

spatiotemporal scales between the agricultural N use data and the extreme climate records. For 60 

example, the crop N fertilizer (e.g., synthetic and manure fertilizer) data are often available at the 61 

national and state levels (Lassaletta et al., 2014; Lu et al., 2019; Zhang et al., 2015), which covers 62 

a large spatial extent. However, extreme weather can occur across various spatial scales (e.g., from 63 

local to regional scales). Current crop N input data with coarse spatial resolutions cannot be easily 64 

downscaled to match with the fine resolution of extreme climate events. Furthermore, the crop N 65 

fertilizer data are often temporally discontinuous, whereas the climate data that are used to detect 66 

extreme weathers are usually continuous across space. Such discontinuity in crop N fertilizer data 67 

also largely varies with political units, adding an additional level of complexity to the crop N 68 

budget estimates. Therefore, the inconsistency in data’s spatial and temporal resolutions remains 69 

challenging to explore the relationship between crop N surplus and extreme climate conditions. It 70 

remains unclear how the dynamic of crop N surplus is affected by extreme climate conditions. 71 

In this study, by using county-level long-term datasets of extreme climate and corn N inputs 72 

and outputs, we address this knowledge gap and evaluate corn (Zea mays L.) N surplus associated 73 

with four types of extreme climate in the U.S. from 1981 to 2016. The extreme climate types 74 

include extremely low and high precipitations as well as extremely low and high maximum 75 



temperatures. We also investigate the regional patterns of corn N surplus associated with these 76 

four extreme climate conditions. Finally, we discuss the possible mechanisms of climate 77 

conditions in determining corn N surplus. The following questions have guided this study: (i) to 78 

what extent have extreme climate affected corn N surplus? (ii) how have corn N surplus responses 79 

to extreme climate conditions varied spatially and temporally across the U.S.? and (iii) what are 80 

the dominant drivers responsible for corn N surplus changes when extreme climate conditions 81 

occur? 82 

2 Data and Methods 83 

2.1 Data 84 

2.1.1 Crop yield data and N harvesting coefficients 85 

We obtained county-level corn grain yield and planting area data from 1981 to 2016 from the U.S. 86 

Department of Agriculture (USDA) National Agricultural Statistics Service (NASS) database 87 

(https://quickstats.nass.usda.gov/). The NASS crop yield dataset has been widely used in many 88 

agriculture and environmental studies (Grassini et al., 2013; Kucharik and Ramankutty, 2005; Lu 89 

et al., 2019; Schlenker and Roberts, 2009; Troy et al., 2015; Zipper et al., 2016). By using the N 90 

harvesting coefficient provided by the Nutrient Use Geographic Information System (NuGIS, 91 

http://nugis.ipni.net/), we first used corn yield data to estimate recovered N in corn grain. Then we 92 

calculated the difference between total N input, to be explained below, and the recovered N to 93 

represent corn N surplus for each county. The detailed calculation is introduced in section 2.2. 94 

2.1.2 Nitrogen input sources 95 

We considered four major N input sources for corn in our study, including synthetic N fertilizer 96 

input, atmospheric N deposition, manure N input, and residual N from previous-year soybean 97 

https://quickstats.nass.usda.gov/
http://nugis.ipni.net/


fixation. These N input rates were first summed and then multiplied by the corn planting area to 98 

represent the annual total N input amount at a county level.  99 

N fertilizer data: Corn N fertilizer consumption data from 1981-2016 were developed based on a 100 

recently published dataset (Cao et al., 2018). The county-level corn N fertilizer use rate was 101 

reconstructed by harmonizing the data sets of state-level corn N fertilizer use rate, county-level 102 

total N fertilizer consumption, and time-series gridded crop distribution maps. The total N fertilizer 103 

consumption was estimated based on the county-level N fertilizer sale data provided by the NuGIS. 104 

Details on the development of county-level crop N fertilizer use rate can be found in Cao, Lu, & 105 

Yu, (2018), Lu et al., (2019), and Zhang, Cao, & Lu (2021). 106 

Manure N application data: We obtained the county-level total manure data from the NuGIS 107 

database and gap-filled the missing years based on national-level manure N use as calculated from 108 

FAO data (http://www.fao.org/faostat/en/#data/EMN). The FAO data maintain the inter-annual 109 

variations of manure N use. Then we obtained the state-level crop-specific manure use rate from 110 

USDA-ERS (https://www.ers.usda.gov/) and county-level planting area data from USDA-NASS. 111 

Missing gaps in the planting area data were filled respectively by a cubic spline approach and a 112 

distance-weighted interpolation method when missing years were less than and equal to and greater 113 

than three consecutive years (Cao et al., 2018). Then a factor was used to adjust the county-level 114 

crop-specific manure application rates. This factor was calculated as: 115 

𝑓𝑓𝑖𝑖 = 𝑇𝑇𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁/∑(𝑀𝑀𝑖𝑖,𝑗𝑗 × 𝐴𝐴𝑐𝑐,𝑖𝑖,𝑗𝑗)                                                (1) 116 

where 𝑇𝑇𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the total manure amount for county i as obtained from the NuGIS database, 𝑀𝑀𝑖𝑖,𝑗𝑗 117 

is the state-level crop-specific manure application rate per acre for crop type j in county i as 118 

obtained from the USDA-ERS dataset, and 𝐴𝐴𝑐𝑐,𝑖𝑖,𝑗𝑗  is the planting area of crop j in county i as 119 

http://www.fao.org/faostat/en/#data/EMN
https://www.ers.usda.gov/


obtained from the USDA-NASS database. The final county-level corn manure application rate was 120 

calculated as: 121 

𝑀𝑀𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
′ = 𝑀𝑀𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑓𝑓𝑖𝑖                                                      (2) 122 

where 𝑀𝑀𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the state-level corn-specific manure application rate and 𝑓𝑓𝑖𝑖  is the adjustment 123 

factor calculated by equation (1). Details on the development of county-level manure fertilizer rate 124 

can be found in Cao, Lu, & Yu, (2018), Lu et al., (2019), and Zhang, Cao, & Lu (2021). 125 

Atmospheric N deposition data: Total N deposition data at a 4-km × 4-km resolution for the period 126 

2000 to 2015 were obtained from the National Atmospheric Deposition Program (NADP, 127 

http://nadp.slh.wisc.edu/committees/tdep/tdepmaps/). In this study, we assumed that the 2016 N 128 

deposition remained at the same level as 2015. We resampled the NADP N deposition to 5-arc-129 

min × 5-arc-min maps in ArcMap 10.7 (ESRI, 2019). The spatial N deposition for the period 1981-130 

1999 was based upon the N deposition trend developed by EDGAR (Dentener, 2006; Wei et al., 131 

2014) by taking the NADP N deposition in 2000 as the endpoint. The corn-specific N deposition 132 

for each county was extracted based on 5-arc-min time-series crop distribution maps that were 133 

aggregated from 1-km land-use maps (Yu and Lu, 2018). During the development of the land-use 134 

maps, the county-level harvested area of each crop type in each year was kept consistent with the 135 

county-level survey records provided by NASS, USDA (http://www.nass.usda.gov/index.asp). 136 

N residues from previous-year soybean fixation: Soybean-corn rotation systems predominate in 137 

many U.S. corn-growing states. We considered the residual benefit of N fixation from the previous 138 

year's soybean cultivation when calculating county-level corn N surplus. By using the Crop Data 139 

Layer (CDL, https://www.nass.usda.gov/Research_and_Science/Cropland/Release/index.php) 140 

land use and land cover data, we first estimated the percentages of national soybean area used for 141 

http://nadp.slh.wisc.edu/committees/tdep/tdepmaps
http://nadp.slh.wisc.edu/committees/tdep/tdepmaps
http://nadp.slh.wisc.edu/NTN/
http://www.nass.usda.gov/index.asp
https://www.nass.usda.gov/Research_and_Science/Cropland/Release/index.php


rotation with corn from 2008 to 2017. The corn-soybean rotation was identified in pixels where 142 

crop sequences follow “soybean‐corn‐soybean”, “soybean‐corn‐corn”, or “soybean‐soybean‐143 

corn” in three consecutive years. A 93% and 91% of U.S. soybean acreage was reported to rotate 144 

with corn in 1993 (https://www.ers.usda.gov/webdocs/publications/41882/30078_arei4-145 

2.pdf?v=0) and 1997 (Padgitt et al., 2000), respectively. Soybean farming in the U.S. started in 146 

~1940 (https://ncsoy.org/mediaresources/history‐of‐soybeans/). Therefore, we assumed that 147 

soybean was 100% used to rotate with corn in 1940. We then interpolated the national area 148 

percentages of soybean rotating with corn in the gap-years, including 1940-1992, 1994-1996, and 149 

1998-2007, by assuming a linear changing trend during the periods of 1940–1993, 1993–1997, 150 

and 1997–2008. We then estimated the residue of soybean-fixed N for corn in each county using 151 

the interpolated corn-soybean rotation area percentage. Details on the calculation of residual N 152 

from previous-year soybean fixation can be found in Lu et al., (2019) and Zhang, Cao, & Lu (2021). 153 

2.2 Calculation of county-level corn N surplus 154 

N surplus has been extensively used to assess excessive N input beyond crop N demands, and the 155 

potentials for agricultural N loss (De Notaris et al., 2018; Nett et al., 2011; Wachendorf et al., 156 

2006). In this study, the N surplus (in units of kg N ha-1 yr-1) was estimated as total N input minus 157 

corn recovered N in a given year. We first calculated the corn-recovered N by multiplying grain 158 

yield by a corn N recovery coefficient that indicates how much N is retained in the grain per unit 159 

yield. The N recovery coefficient, 0.012 kg N kg-1 grain that was obtained from the NuGIS, was 160 

used as a constant that does not vary with corn growing conditions or extreme climate conditions 161 

due to the lack of such information. N recovery from previous years’ N surplus was not considered 162 

https://www.ers.usda.gov/webdocs/publications/41882/30078_arei4-2.pdf?v=0
https://www.ers.usda.gov/webdocs/publications/41882/30078_arei4-2.pdf?v=0
https://ncsoy.org/mediaresources/history%E2%80%90of%E2%80%90soybeans/


in this study. Therefore, the N surplus defined in this study solely refers to the potential maximum 163 

N loss from agricultural systems to the environments. 164 

2.3 Climate data and definitions of extreme climate 165 

Extreme climate conditions in our study were defined as the county-level standardized anomaly of 166 

growing season (defined from May to August for corn) total precipitation and mean maximum 167 

temperature from 1981-2016 as developed by Li et al. (2019). The data of these two climate 168 

variables were originally obtained from the PRISM climate dataset (Daly et al., 2008). The 169 

standardized anomaly (known as the z-score) for these two variables was calculated as the 170 

departures from their multi-year average in a given year. To ensure the consistency of the county-171 

year sample size during extreme climates, we defined extremely low and high precipitations as 172 

standardized anomalies lower than −2.0σ and larger than +2.5σ, respectively (Figure S1). These 173 

two extreme precipitation conditions accounted for roughly 1% of all country-year samples (0.97% 174 

and 1.12% for extremely low and high precipitations, respectively, Figure S1). For the same reason, 175 

extremely low and high maximum temperatures (hereafter referred to respectively as extremely 176 

low temperature and extremely high temperature) were also defined as standardized anomalies less 177 

than −2.0σ and larger than +2.5σ, respectively (Figure S1). These two extreme temperature 178 

conditions accounted for slightly over 1% of all country-year samples (1.27% and 1.31% for 179 

extremely low and high temperatures, respectively, Figure S1). Moderately low and high 180 

precipitations, as well as moderately low and high temperatures, were defined as standardized 181 

anomalies ranging from −2.0σ to −1.0σ and from +1.0σ to +2.5σ, respectively (Figure S1). The 182 

standardized anomalies of these two climate variables ranging from −1.0σ to +1.0σ were defined 183 

as non-extreme conditions (Figure S1). 184 



To explore the non-additive impacts of precipitation and temperature on N surplus, we also 185 

identified county-year samples with the simultaneous occurrence of two extreme conditions. These 186 

conditions include extremely low temperature plus extremely high precipitation (0.09% of all 187 

county-year samples) and extremely high temperature plus extremely low precipitation (0.38%). 188 

We simply ignored extremely low temperature plus extremely low precipitation and extremely 189 

high temperature plus extremely high precipitation conditions since none of the county-year 190 

samples was detected as these two types. The identified county-year samples were used to calculate 191 

the state-level N surplus change weighted by the planting area to indicate the overall contributions 192 

of these extreme climate conditions on corn N surplus in the U.S. 193 

2.4 N surplus associated with extreme climates 194 

The county-level N surplus rate (in the unit of g N m-2 yr-1) associated with each extreme climate 195 

type was calculated as a multiple-year average when the extreme climate was identified. We also 196 

calculated the N surplus percentage change for each county as a standardized indicator to compare 197 

across regions. The historical corn yield in the U.S. has a long-term increasing trend owing to 198 

improvements in technology, seeds, and management (Li et al., 2019). A recent study demonstrates 199 

that corn yield in 381 counties (20% of corn-growing counties) in the U.S. experienced a non-200 

linear trend during the period 1970-2016, and these counties disperse all over the U.S. (Kucharik 201 

et al., 2020). Since crop N recovery is closely related to yield, we assumed that crop N surplus 202 

would maintain a dichotomously non-linear trend if the yield changes non-linearly over time. We 203 

used a general additive model (GAM) to estimate the non-linear trend of corn N surplus for each 204 

county separately (Figure S2). This nonlinear trend was used to calculate N surplus percentage 205 

change for each county as equation (3) (Figure S2):  206 



∆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗 % =  (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺,𝑖𝑖,𝑗𝑗)
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺,𝑖𝑖,𝑗𝑗

 × 100%                               (3) 207 

where ∆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗 % is the N surplus percentage change in county i in year j, 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗 is the 208 

N surplus rate in county i in year j, and 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺,𝑖𝑖,𝑗𝑗 is the GAM-estimated N surplus in county 209 

i in year j. The percentage change represents the N surplus departure from the long-term trend 210 

determined by the combined environmental changes, including but not limited to climate 211 

variability, crop technology improvement, and farmers’ management practices (e.g., fertilizer 212 

input, manure application, and corn-soybean rotations), etc. Here we examined the relationship 213 

between the extreme climate conditions and corn N surplus deviation away from the trend.  214 

For an individual county, the annual average N surplus and N surplus percent change 215 

associated with each extreme climate type were estimated as the average over the identified 216 

extreme years, representing an average condition over the studied 36 years. The state- and national-217 

level N surplus percent change were calculated by averaging all county-year samples based on an 218 

area-weighted approach (i.e. county's harvest area). The N surplus percentage change was then 219 

grouped to the corresponding temperature and precipitation anomaly bins at an interval of 0.5σ 220 

(Figure 1a), spanning from extremely low to extremely high precipitations as well as from 221 

extremely low to extremely high temperatures, respectively.  222 

We also calculated the regional annual average total N surplus (unit in Tg N yr-1) associated 223 

with each extreme climate type as equation (4): 224 

 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 =  
∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗

𝑅𝑅
0≤ 𝑗𝑗 ≤ 36
0<𝑖𝑖<𝑛𝑛 

×𝐴𝐴𝑖𝑖,𝑗𝑗
𝑅𝑅 )

36
                                                 (4) 225 

where 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅  is the total N surplus amount in agricultural region R, 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖,𝑗𝑗𝑅𝑅  is N surplus 226 

rate in county i in year j within agricultural region R, and 𝐴𝐴𝑖𝑖,𝑗𝑗𝑅𝑅  is the corn harvesting area in county 227 



i in year j, identified as an extreme climate year, within agricultural region R ranging from 1 to 7 228 

(representing the Northeast, Southeast, Northwest, Southwest, Northern Great Plains, Southern 229 

Great Plains, and Midwest). The regional total N surplus was used to represent an average N 230 

surplus amount associated with each extreme climate type in each agricultural region. We present 231 

the regional total and climate extreme-specific N surplus in section 3.2 (Figure 3). 232 

3 Results 233 

3.1 The impacts of extreme climate on corn N surplus 234 

We aggregated the N surplus change from county-year samples to the national scale to represent 235 

precipitation impacts on corn N surplus (Figure 1a). We found that non-extreme precipitations 236 

(precipitation anomaly ranging from −1.0σ to +1.0σ) were associated with negligible to small 237 

negative N surplus changes (up to 7% below long-term average). However, the below-average N 238 

surplus shifted to an above-average regime when precipitation deviated from normal toward drier 239 

and wetter conditions. Corn N surplus associated with extremely low (precipitation standardized 240 

anomaly <−2.0σ) and extremely high (>+2.5σ) precipitations substantially increased on average 241 

by 47.5% and 20.4%, respectively (Figure 1a). In particular, the precipitation with standardized 242 

anomaly >+3.5σ could increase N surplus by 32.3%, and the precipitation with standardized 243 

anomaly <−2.5σ was potentially associated with a 56% increase in corn N surplus with a large 244 

variation over years and space. 245 

The corn N surplus percentage change associated with temperatures summarized from county-246 

year samples showed a skewed pattern (Figure 1b). Specifically, the non-extreme temperature 247 

conditions (standardized anomaly ranging from −1.0σ to +1.0σ) reduced the corn N surplus by 248 

1.4%. When temperature deviated from normal toward moderately low levels (>−2.0σ), corn N 249 



surplus demonstrated a small decrease (9% at most). The declines in corn N surplus reached up to 250 

14% when the temperature was 2.5σ below average (i.e., extreme cold), indicating that lower 251 

temperature might decrease corn N surplus. However, when growing-season temperature deviated 252 

toward moderately high (+1.0σ to +2.5σ) and extremely high levels (>+2.5σ), corn N surplus was 253 

shown to be approximately 20% and 51% higher than the long-term trend, respectively. In 254 

particular, our analysis displays that temperatures with standardized anomaly >+3.5σ were 255 

associated with an N surplus increase of up to 55%.  256 

Interactions between extreme temperature and precipitation showed that the extremely high 257 

temperature plus low precipitations had a stronger association with the increase in corn N surplus 258 

(Figure 1c). A median corn N surplus increase of 49% (interquartile range-IQR from 34% to 56%) 259 

was found under this extreme condition, with most county-year samples experienced increases in 260 

N surplus (Figure 1c). In contrast, the median corn N surplus was around 10% (IQR from -33% to 261 

5%) below the long-term average under the extremely low temperature plus high precipitations, 262 

with a slight number of counties showing N surplus increases. Additionally, more than half of the 263 

county-year samples showed decreases in corn N surplus under this extreme climate condition 264 

(Figure 1c), indicating that cooler and wetter climate conditions likely help reduce crop N surplus. 265 



 266 

Figure 1. Corn N surplus percentage change associated with extreme climate conditions (single 267 

and combined climate variables). Corn N surplus percentage change associated with growing 268 

season precipitation anomaly (a) and growing season temperature anomaly (b) from 1981 to 2016. 269 

(c) Corn N surplus percentage associated with extremely low temperature and extremely high 270 

precipitation as well as extremely high temperature and extremely low precipitations from 1981-271 



2016. Each bar in (a) and (b) represents the N surplus change weighted by planting area from 272 

county samples in the corresponding precipitation and temperature anomaly range from 1981-2016, 273 

respectively. Error bars in panels a and b denote the 95% confidence interval estimated from 1,000 274 

bootstrap draws. The boxplot in panel c denotes the interquartile range (IQR), the minimum and 275 

the maximum (the 25th percentile – 1.5×IQR and the 75th percentile + 1.5×IQR), and the outliers. 276 

3.2 The spatial patterns of corn N surplus associated with extreme climate 277 

The corn N surplus associated with extremely low and high precipitations varied across space 278 

(Figure 2a,c). Generally, N surplus ranged from 5 g N m-2 yr-1 (North Dakota) to 15 g N m-2 yr-1 279 

(Kansas) under extremely high precipitations, and it ranged from 2 g N m-2 yr-1 (South Dakota) to 280 

20 g N m-2 yr-1 (Illinois) under extremely low precipitations. The corn N surplus change under 281 

extremely high precipitations was spatially variable, with increases mainly found in Iowa, 282 

Minnesota, Nebraska, North Dakota, and Kansas (Figure 2b). On the other hand, a consistent N 283 

surplus percentage increase was found in most regions when extremely low precipitations occurred 284 

(Figure 2d). N surplus in some major corn-producing states in the U.S. (e.g., Illinois, Indiana, Ohio, 285 

and Michigan) were severely affected by extremely low precipitations. For example, it ranged 286 

from 5 g N m-2 yr-1 in Michigan to >20 g N m-2 yr-1 in Ohio (Figure 2c), which were respectively 287 

about 30% and 133% of the national long-term average corn N fertilizer use rate (15 g N m-2 yr-1, 288 

averaged from 1980-2015) (Cao et al., 2018). 289 

The corn N surplus associated with extremely low and high temperatures also showed a large 290 

spatial variation (Figure 2e,g). Specifically, corn N surplus was more spatially variable when 291 

extremely low temperatures occurred throughout the U.S. (Figure 2e). For example, increased N 292 

surplus percentage was found in northern states, including Minnesota, North Dakota, and 293 



Wisconsin, and decreased N surplus in southern states, including Kansas, Tennessee, Kentucky, 294 

and Virginia (Figure 2f). However, a consistent N surplus percentage increase was found in most 295 

regions when extremely high temperatures occurred (Figure 2h). Under this extreme condition, the 296 

major corn-producing states (e.g., Illinois, Iowa, Minnesota, Missouri, Dakotas, Nebraska, and 297 

Wisconsin) experienced a large N surplus rate, ranging from 2 g N m-2 yr-1 in Dakotas to >20 g N 298 

m-2 yr-1 in Missouri (Figure 2g), which respectively accounts for 13% and >133% of the national 299 

long-term average N fertilizer use rate (Figure 2h).  300 

 301 



Figure 2. Corn N surplus amount (a, c, e, g) and its percentage change (b, d, f, h) averaged over 302 

extreme years from 1981 to 2016. Panels indicate climate conditions, including extremely low 303 

precipitation years (a-b), extremely high precipitation years (c-d), extremely low temperature years 304 

(e-f), and extremely high temperature years (g-h). The amount of N surplus is calculated as 305 

planting area-weighted average N surplus from all extreme years during the study period in each 306 

county. The N surplus percentage change is calculated as the ratio of extreme-year average N 307 

surplus amount to the long-term average. White areas indicate no data because of either lacking 308 

planting activities or no extreme climate detected. 309 

We aggregated corn N surplus in the years with extreme climate from county-level to regional-310 

scale and calculated the yearly average for the seven regions (e.g., Northwest, Southwest, Northern 311 

Great Plains, Southern Great Plains, Midwest, Northeast, and Southeast) in the lower U.S. Despite 312 

small areas experiencing extreme climate conditions, they together contributed 3% to 6% of the 313 

regional total N surplus, with a large variation among regions (Figure S3). Not surprisingly, 314 

producing 49% of national corn, the Midwest yielded an annual average of 0.103 Tg N yr-1 N 315 

surplus during extreme years only, ranking the first place among the seven regions (Figure 3). 316 

Among extreme climate conditions, extremely high temperatures accounted for 36% of the 317 

regional total N surplus during extreme years; extremely high precipitations and extremely low 318 

precipitations plus extremely high temperatures respectively accounted for 24% and 22%, 319 

followed by extremely low precipitations (13%) and extremely low temperatures (5%). The 320 

Northern Great Plains (NGP) yielded ~0.025 Tg N yr-1 N surplus during extreme years only (Figure 321 

S3). Specifically, extremely high temperatures contributed the most (36%) of the regional total N 322 

surplus during extreme years, followed by extremely high precipitations (27.8%). Extremely high 323 

temperatures plus extremely low precipitations, extremely low temperatures, and extremely low 324 



precipitations respectively contributed to 17%, 11%, and 8% of the regional total N surplus 325 

aggregated from extreme county-year samples. Extremely high precipitation plus extremely low 326 

temperatures only yielded 0.2% of the regional total N surplus during extreme years (Figure 3). 327 

Extreme county-year samples in the other five regions sum up to less than 0.02 Tg N yr-1 N surplus 328 

(e.g., 0.009 Tg N yr-1 in the Southern Great Plains, 0.01 Tg N yr-1 in the Southeast, 0.001 Tg N yr-329 

1 in the Southwest, 0.002 Tg N yr-1 in the Northeast, and 0.0004 Tg N yr-1 in the Northwest) (Figure 330 

S3), which makes their pie charts negligible compared with the Midwest and the NGP regions. 331 

 332 

Figure 3. The annual average N surplus from 1981 to 2016 aggregated from counties with extreme 333 

climate conditions to the seven regions in the U.S. Because the N surplus in the Northwest, 334 

Northeast, and Southwest regions was very small, the pie chart details in the three regions cannot 335 

be shown as explicit as in the other regions. 336 

3.3 Explanatory factors for the regionally varying impacts of extreme climate conditions 337 



We compared the corn N surplus change associated with extreme climate conditions among 338 

climate groups indicated by growing season average temperature and total precipitation. Using the 339 

long-term average temperature and precipitation, we divided the county-year samples into five 340 

climate groups (i.e. dry: precipitation from 0-350 mm yr-1, wet: precipitation 350-700 mm yr-1, 341 

cold: temperature between 19-25℃, warm: 25-32℃, and hot: 32-39℃). In extremely low 342 

precipitation years, the increases in corn N surplus of the wet counties were significantly higher 343 

than that of the dry counties (p< 0.05, Figure 4a), while it showed no significant difference among 344 

temperature groups (Figure 4b). This finding indicates that corn N surplus in wet regions may be 345 

more sensitive to drought conditions.  346 

In contrast, during extremely high precipitation years, corn N surplus only showed an 347 

insignificant difference among precipitation groups (Figure 4c), while it was significantly different 348 

among temperature groups (p<0.01), with a negative N surplus change found in the hot climate 349 

group (Figure 4d). This is likely due to the beneficial effects of extremely high precipitations to 350 

crop growth by fulfilling crop water demand and mitigating heat stress due to the high evaporation 351 

(Li et al., 2019). 352 

Corn N surplus change along with the climate groups showed a contrasting pattern when 353 

extremely low temperatures occurred (Figure 4e,f). Specifically, the corn N surplus changes were 354 

below the average in the wet counties (Figure 4e) and the warm and hot counties (Figure 4f). under 355 

extremely low temperatures, corn N surplus in these counties was significantly lower than that in 356 

drier and colder counties. This finding implies that the reduced growing season temperature could 357 

benefit corn growth and its N uptake by decreasing the water deficiency in warmer and wetter 358 

regions (Goldblum, 2009). 359 



In extremely high temperature years, wet corn-planting counties had significantly higher N 360 

surplus change (30%-40%) than the dry counties  (p<0.0001, Figure 2g). However, hot counties 361 

had the smallest N surplus increase that was significantly lower than those in the cold and warm 362 

counties (Figure 2h). Our findings suggest that extremely high temperatures likely play a smaller 363 

role in enhancing N surplus in the southern states with hot and dry climates than in the rest of the 364 

regions, which might be due to climate adaptation practices such as irrigation and improved 365 

genetics (Carter et al., 2016). 366 



 367 

Figure 4. County-level corn N surplus percent change along with the groups of growing-season 368 

precipitation (a,c,e,g) and growing-season average temperature (b,d,f,h) under extremely low 369 

precipitations (a,b), extremely high precipitations (c,d), extremely low temperatures (e,f), and 370 



extremely high temperatures (g,h). In all box plots, the bounds of the box represent the 25th 371 

percentile (Q1 quartile) and 75th percentile (Q3 quartile), and the lower whiskers extend from the 372 

25th percentile to the minimum value, whereas the upper whisker extends from 75th percentile to 373 

the maximum value. The dots in the boxplots represent values that are greater than 1.5 times the 374 

box width. Each “n” below the boxplots represents the number of county-year samples falling in 375 

the temperature or precipitation bin. Growing season precipitation and temperature are calculated 376 

as the long-term average from 1981 to 2016 in each identified county. Asterisks denote that the 377 

difference between each pair of mean values is significant, with one asterisk meaning the 378 

significance level of 95%, two means 99%, three means 99.9%, and four means 99.99%. The “ns” 379 

means no significant difference between the two mean values. 380 

We also investigated the corn N surplus change along with climate groups when extreme 381 

temperatures and precipitation simultaneously occurred (Figure S4). Under extreme dry and hot 382 

conditions, corn N surplus percent change was significantly higher in the wet counties than in the 383 

dry counties (p<0.0001, Figure S4a), while it did not show any significant difference among 384 

temperature groups (Figure S4b). Besides, we did not find any significant difference in corn N 385 

surplus change among precipitation groups or temperature groups under extreme wet and cold 386 

conditions (Figure S4c,d). However, the mean corn N surplus was below average across all county 387 

groups under extremely wet-cold climate conditions. Our results indicate that a cooler and wetter 388 

condition might provide benefits to reducing N surplus, especially in counties with hot and dry 389 

growing seasons. 390 

4 Discussion 391 



This study provides a comprehensive analysis of N surplus associated with extreme climate 392 

conditions in the corn-growing counties in the U.S. using long-term data. We found that extremely 393 

low precipitation, extremely high precipitation, and extremely high temperatures were more 394 

associated with increases in corn N surplus (Figure 1). The interactions between extremely low 395 

precipitation and high temperatures had a larger impact on corn N surplus, compared with the 396 

interactions between extremely high precipitation and low temperatures (Figure 1). We found that 397 

the Midwest region, including major corn-producing states (e.g., Iowa, Illinois, and Indiana), 398 

produced the largest N surplus, with leading contributions of extremely low precipitation and 399 

extremely high temperatures (Figure 2). Furthermore, we observed that counties in wetter states 400 

yielded a larger N surplus when extremely low precipitation occurred, whereas counties in colder 401 

states tended to yield higher N surplus when extremely high precipitations occurred (Figure 3 and 402 

4). However, large variations in corn N surplus existed among counties (Figure 4), indicating that 403 

specific environmental conditions and crop variety differences should be considered when making 404 

N management recommendations at local scales. This study provides insights for understanding 405 

and investigating the long-term impacts of extreme climate conditions on crop N surplus from the 406 

county to national scales. 407 

4.1 Corn N surplus response to extreme climate 408 

Our results demonstrated that increases in corn N surplus were magnified under extremely low 409 

precipitation, extremely high precipitation, and extremely high temperatures, implying that current 410 

corn hybrids may not be able to successfully take up N under these extreme climate conditions. 411 

Uneven seedling emergence can cause grain yield losses (Carter and Nafziger, 1990; Nafziger et 412 

al., 1991). Corn emergence requires approximately 100 to 120 growing degree units (GDUs) and 413 

usually occurs four to five days after planting under favorable weather conditions (Abendroth et 414 



al., 2011). If the low temperature or low precipitations exist, emergence may be delayed by several 415 

weeks, and the development of the root system is restricted by exposure to high temperatures and 416 

dry soils (Nielsen, 2002). Since the majority of N fertilizer is applied to cornfields one to two 417 

weeks before its planting (Lu et al., 2020), corn with delayed development and impaired root 418 

systems would leave the majority of applied N in the soils. An existing study has shown the 419 

significant linear positive relationship between N surplus and soil N pool size in a corn planting 420 

system (Grignani et al., 2007). Hence, subsequent extreme precipitation could flush out and 421 

eventually deliver the mobile soil N into the river system (Lee et al., 2016; Lu et al., 2020). Such 422 

heavy precipitation events can also physically harm crops in association with adverse weather 423 

events (e.g., hail and wind) (Li et al., 2019), which leads to further N surplus. 424 

Our results also demonstrated that the combined drought and heat stress related to increases in 425 

corn N surplus across the U.S. (Figure 1c). The occurrence of extreme temperatures is known to 426 

impact corn tolerance to drought (Otegui and Andrade, 2000). One previous study showed that 427 

corn’s tolerance to either drought or heat alone did not confer its tolerance to the combined drought 428 

and heat stress, indicating potential crop failure during the combined stress (Cairns et al., 2013). 429 

High temperatures can hurt the seed set, thereby limiting the number of days for photosynthesis 430 

during the ear establishment period and leading to reduced subsequent kernel set and kernel growth 431 

(Cantarero et al., 1999). Another experimental study carried out in northern Indiana showed that 432 

increased temperatures and vapor pressure deficit (VPD) during combined extreme heat and 433 

drought conditions in 2012 significantly reduced corn leaf photosynthesis (Roth et al., 2013). 434 

Additionally, although not significant, higher N input could further harm corn yield during drought 435 

conditions (Roth et al., 2013). The reduced leaf growth and impaired yield could potentially create 436 

a large amount of N surplus. The legacy N in agricultural lands likely exacerbates water and air 437 



quality and contributes to greenhouse gas emissions (Robertson and Vitousek, 2009; Van Meter et 438 

al., 2018). Our finding indicates that with the confounding effects from extreme climate conditions 439 

and high soil N content, the crop N surplus would be easily induced, and local stakeholders should 440 

cautiously consider the weather conditions for more sustainable agricultural N management. 441 

4.2 Reasons for the spatial variability of corn N surplus across the U.S. 442 

Corn N surplus associated with extremely high temperatures was centered in the Midwestern U.S. 443 

(e.g., 2.35 Mha in Iowa (~22% of total cropland area), 1.51 Mha in Minnesota (14%), and 0.97 444 

Mha in Illinois (9%)) and was more spatially connected than that under other extreme stresses 445 

(Figure 2). Also, our results demonstrated that corn N surplus was increased to a similar level 446 

across contiguous counties, with the largest percentage increase found in Illinois (Figure 3d), 447 

indicating the homogeneous impacts of extreme heat on corn growth and N surplus. By raising 448 

VPD, extreme heat in this region was shown to have a stronger influence on corn water stress than 449 

low precipitation (Lobell et al., 2013). Consequently, extreme heat stress can largely suppress corn 450 

yield (Schlenker and Roberts, 2009). Even though extreme heat would decrease soil moisture 451 

content and consequently reduce the likelihood of soil N leaching, soil residual N could be lost 452 

from cornfields to the atmosphere through N2O emission that was shown to exponentially increase 453 

with temperature (Song and Zhang, 2009). Therefore, gaseous N loss is likely elevated by 454 

extremely high temperatures in corn-growing areas with high N fertilizer input. 455 

Extreme droughts were robustly associated with the increases in N surplus across the U.S. 456 

corn-producing counties. For example, the major affected counties were mainly located in the rain-457 

fed Midwest, including Illinois (0.2 Mha), Indiana (0.2 Mha), and Ohio (0.13 Mha), with a 458 

respective 50%, 24%, 18% increase in corn N surplus. While in Nebraska, where corn production 459 



heavily relies on irrigation, the drought-affected areas were relatively small (0.12 Mha) (Figure 460 

3c,d). Other studies found that irrigation from groundwater pumping can significantly mitigate the 461 

impacts of drought on crop yield loss (Troy et al., 2015; Zipper et al., 2016). However, nitrate from 462 

irrigation return flow can lead to degraded water quality in streams and aquifer in the Great Plains 463 

regions (Dennehy et al., 2002). Our study did not consider the N sources from irrigation return 464 

flow in the irrigated corn-planting counties due to the lack of such information. Further research 465 

is required to investigate the impacts of irrigation on crop N surplus in intensive agricultural 466 

watersheds. 467 

Our results also show that extremely high precipitation could cause variations (increases or 468 

decreases) in corn N surplus, depending on the region (Figure 2; Figure S5 and S6). Specifically, 469 

this extreme climatic condition largely increased N surplus in the Midwestern counties but 470 

decreased N surplus outside the Midwest (Figure 3a). Soil property was found to be a key factor 471 

in determining the impacts of excessive precipitations and low temperatures on corn yield (Li et 472 

al., 2019). Therefore, soil property could indirectly affect crop N surplus. Our results show that 473 

states with extensive application of tile drainage (e.g., Iowa and Minnesota) likely experienced 474 

higher N surplus during excessive precipitation. This suggests that artificially accelerated soil 475 

drainage in these areas may increase corn N surplus by bypassing N quickly through the soil 476 

column (i.e. soil N leaching). Another possibility in these states is that, when excessive 477 

precipitation occurs, crop roots are waterlogged in the soils without tile drainage. Consequently, 478 

crops would not grow normally to consume the applied N, leading to increases in N surplus. 479 

However, the annual data used in our analysis could not reveal further evidence due to the lack of 480 

seasonality of N surplus patterns. Within-season dynamics of crop N surplus and its relationship 481 

with extreme climate deserve further research. 482 



Our analyses demonstrated that extremely low temperatures were associated with declines in 483 

corn N surplus, except in colder states like North Dakota and Minnesota (Figure 2c and Figure 484 

4e,f). A significantly positive correlation between corn yield and growing season temperature was 485 

reported in Jilin, China (Chen et al., 2011), where the climate is generally colder (e.g., the annual 486 

mean temperature is 3-5oC). This finding indicates that temperature decreases may lead to declines 487 

in corn yield and consequently lead to increases in crop N surplus. This is likely the reason for the 488 

corn N surplus increases in colder states (e.g., North Dakota where annual mean temperatures 489 

range from 3-6 oC) under extremely low temperature conditions. On the other hand, maximum 490 

temperatures are usually associated with low atmospheric humidity and strong winds, which could 491 

cause depleted soil moisture through enhanced evapotranspiration, the main reason for summer 492 

drought (Dong et al., 2011). Therefore, reduced growing season maximum temperature could be 493 

beneficial to crop growth and N uptake in states with warmer growing seasons—like Kansas—by 494 

decreasing its water deficiency (Goldblum, 2009), leading to less crop N surplus.  495 

4.3 Future agricultural management challenges during extreme climate 496 

Over-used fertilizer leads to the enrichment of reactive N in the environment with consequent 497 

impairment of the recipient ecosystems (Byrnes, 1990; Harrison and Webb, 2001; Robertson and 498 

Vitousek, 2009; Smith et al., 1999). Agricultural management practices are often adopted to avoid 499 

using extra N while maintaining crop yield (Ju et al., 2009). For example, improving N 500 

management−like the “4R” principle (applying the right rate and right type of N fertilizer at the 501 

right timing and right place) and using previous legume crops−help increase crop nitrogen use 502 

efficiency (NUE) and reduce N losses (Randall and Mulla, 2001). A recent study has shown that 503 

corn NUE on average begins to decline when N fertilizer application rate exceeds 150 kg N ha−1 504 

yr−1 (Lu et al., 2019). Another study has shown that commercial genetically engineered corn has 505 



higher NUE than traditional corn (Gallais and Coque, 2005). Therefore, when managing N 506 

fertilizer use at local fields, farmers should comprehensively consider the differences in NUE and 507 

tolerance to extreme climatic events among corn varieties.  508 

Extreme precipitation events, which frequently occurred during early springs, have been shown 509 

to bring additional challenges to N loading reduction (Lu et al., 2020). Besides, fall-applied N for 510 

corn could contribute greatly to leaching N losses (Randall and Vetsch, 2005). By using computer 511 

modeling, Lu et al., (2020) showed that delayed N fertilizer application from spring to early 512 

summer, multi-time applications, and reduced fall application amount could greatly reduce the N 513 

loading to the Gulf of Mexico. This study highlights the benefit of fertilizer management and the 514 

importance of extreme rainfall events in reducing N loss. Corn grain yield in a corn-soybean 515 

rotation system with cover crops was much higher than in the conventional cropping system during 516 

an extreme drought year (Lotter et al., 2003), which is likely due to the higher soil water-holding 517 

capacity in the rotation-based system. On the other hand, higher than normal leachable nitrates and 518 

poor corn growth was found in the conventional system, suggesting that cover crops and crop 519 

rotations can largely reduce leachable nitrates (Lotter et al., 2003). 520 

We also found a higher corn N surplus in major corn-producing states (e.g., Illinois and Iowa) 521 

during the extreme climate years than in the minor states (Figure 2; Figure S5 and S6). Existing 522 

studies pointed out that higher seeding density in the bigger corn-producing states likely led to 523 

greater yield sensitivity to drought (Li et al., 2019; Lobell et al., 2014). Higher N input rates and 524 

the large planting areas in these regions with intensive applications of tile drainage also lead to the 525 

hotspots of corn N surplus over decades (Zhang et al., 2021). Therefore, the stakeholders in the 526 

artificially drained agricultural watersheds (e.g., the Midwest) must consider the spatiotemporal 527 

patterns of extreme climatic events to better manage leachable N and maintain crop production 528 



(Randall and Mulla, 2001). As extreme climate conditions will likely become more frequent and 529 

severe in the future (Cayan et al., 2010; Munoz and Dee, 2017; Wuebbles et al., 2014), optimal 530 

and sustainable crop nutrient management must be well understood as developing environmental 531 

guidelines to better mitigate agricultural N loss and environmental pollution. 532 

4.4 Uncertainty 533 

The data and methods adopted in our analysis have several limitations. First, the N recovery 534 

coefficient was assumed to not vary with climate conditions. Also, the N recovery coefficient 535 

would differ across corn-growing counties within the U.S. However, there is no systematic method 536 

that accounts for such variations with climate conditions and across space. Considering that the N 537 

recovery coefficient is provided by the latest survey, the estimated corn N surplus for the periods 538 

that were older than the survey time would be underestimated because old crop varieties had a 539 

lower unit production and weaker N recovery ability than the modern varieties. Therefore, the 540 

spatiotemporal patterns of county-level N surplus associated with extreme climate detected in our 541 

analysis serve as an effective starting point for future studies. Second, our study did not account 542 

for the previous year's soil residual N surplus (not from soybean fixation) that is available for corn 543 

to recover in the following year due to the lack of data. Existing studies have argued that plant N 544 

recovery from previous-year soil residual N is closely tied to the geophysical features and the 545 

weather conditions before the growing season (Powlson et al., 2009). Finally, our study only 546 

focused on corn grain N recovery and ignored recovered N by other compartments due to the lack 547 

of data. Abendroth et al., (2011) has shown that corn biomass as the leaf, tassel, stalk, etc. could 548 

account for about 70% of total recovered N during its vegetative stage. Therefore, corn N surplus 549 

induced by extreme climate conditions can be related to the recovered N in non-grain 550 

compartments. However, the productivity of corn compartments remains un-surveyed at the 551 



county level across the U.S., which is the challenge for such analysis. Future research may provide 552 

more insights in understanding the effects of previous-year N surplus legacy, and of the harvested 553 

N by other corn compartments on N surplus dynamics.  554 
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