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Abstract Wind-induced crop lodging can reduce agricultural production and impact food security.
However, a systematic evaluation of large-scale crop lodging and its drivers is lacking, mostly due to

the limited observations available. Such knowledge gaps hinder the application of effective management
practices to mitigate yield losses. Here, we quantify maize-lodging induced by three consecutive typhoons in
Northeast China in 2020 using direct crop canopy height observations from the Global Ecosystem Dynamics
Investigations (GEDI) instrument and optical satellite imagery. We show that the canopy water-related
vegetation index provides a robust wall-to-wall mapping of crop lodging, supported by changes in GEDI canopy
height. Our spatially contiguous lodging maps show that lodging intensity is mainly due to typhoon intensity
(64.34%), with maize plantation fraction (11.94%) and phenology (7.94%) as secondary factors. The shelterbelt
forest may partly alleviate the lodging risk, but its effect requires further investigation. Considering the recent
expansion of maize cultivation and the poleward shift of landfalling typhoons alongside climate change, the
lodging risk may increase for maize and further threaten China's food security.

Plain Language Summary Wind-induced crop lodging can substantially reduce agricultural
production and jeopardize regional and global food security. However, large-scale characterizations of
typhoon-induced crop lodging are limited, hindering the understanding of its overall impacts and driving
mechanisms. We show for the first time that the novel space-borne LiDAR and optical satellite data can provide
a consistent picture of crop damage caused by typhoons at the regional scale, mainly due to typhoon intensity
and maize planting fraction. Future overlap between increased typhoons and maize expansion may further
threaten China's food security. Our insights also apply to other major maize-producing regions affected by
landfalling typhoons or hurricanes, such as the Midwestern US, and help improve crop lodging monitoring
systems and mitigation practices.

1. Introduction

The global population is projected to reach 9.7 billion in 2050 (Godfray et al., 2010; Roser et al., 2013), with a
concomitant increase in food demand (van Dijk et al., 2021). Both cropland expansion and improved management
are needed to achieve this goal. However, increased extreme weather events are posing a greater threat to global
food security in the context of global warming (Emanuel, 2005; Ghil & Vautard, 1991; Hasegawa et al., 2021;
Lesk et al., 2016; Ray et al., 2022; Solomon et al., 2009). Northwestern Pacific tropical cyclones, also known as
typhoons, are one of the most devastating extreme weather events in East and Southeast Asia (Elsner et al., 2008;
Lesketal., 2016; K. Li & Li, 2011; Parry & Carter, 1989). The associated strong wind and excessive precipitation
can cause mechanical damage to the crop stems or failures of the root-soil anchorage systems, a phenomenon
known as lodging (Pinthus, 1974). It has been reported that lodging-induced yield losses can be as high as 75% in
cereal crops and oilseed rape in the UK (Berry & Spink, 2012; Berry et al., 2013). Future warming may lead to the
intensification of typhoons (Elsner et al., 2008; Kossin, 2018) and a poleward shift in their occurrence (Altman
et al., 2018; Kossin et al., 2014; Tamarin-Brodsky & Kaspi, 2017). Thus, typhoon (or tropical cyclone)-induced
crop lodging in mid-and high-latitude bread-basket regions, such as Northeast China and the Midwestern US, is
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expected to intensify and threaten regional and global food security (Mei & Xie, 2016; Mendelsohn et al., 2012;
Sharmila & Walsh, 2018; Studholme et al., 2022; Webster et al., 2005).

Although typhoons have caused enormous economic loss every year (Weinkle et al., 2018), their impacts
on crop lodging have been less investigated due to a lack of timely and accurate observations at large scales.
Compared to typhoon-induced flooding, accurate characterization of wind-induced crop lodging is more chal-
lenging, partly because typhoon occurrence is unpredictable and field surveys are time-consuming and laborious
(Boose et al., 1994; Boutet & Weishampel, 2003; Kupfer et al., 2008; McNulty, 2002; F. Wang & Xu, 2009).
Recent advances in remote sensing complement previous site-level observations with airborne photography and
space-borne microwave polarimetric data, but these are mostly at the experimental stage. Most of these analyses
only cover a relatively small area compared to the area affected by typhoons (Chauhan et al., 2019). The lack of
large-scale observations of typhoon crop disturbance restricts crop management decisions for sustainable agri-
cultural production.

Space-borne LiDAR can measure the canopy height of vegetation at a precision of centimeters and is, therefore,
a cost-effective technique for understanding the impact of typhoons on crops at large spatial scales (Chambers
et al., 2007; de Beurs et al., 2019; Rogan et al., 2011; M. Wang & Xu, 2018; W. Wang et al., 2010; X. Zhang
et al., 2013). The Global Ecosystem Dynamics Investigation (GEDI) LiDAR instrument onboard the Interna-
tional Space Station (ISS) provides new opportunities for observing typhoon disturbance by collecting unique
data on vegetation canopy structure since its launch in April 2019 (Dubayah et al., 2020). GEDI uses eight
tracks to measure the distance between vegetation and sensors, from which the vertical canopy profile and other
structure metrics can be obtained (Dubayah et al., 2020). The low Earth orbit of the ISS also allows near-global
coverage between 51.6°N and S latitudes with a moderate revisit cycle. Thus, GEDI data is suitable for assessing
the impact of typhoons in near real-time, but a wall-to-wall mapping is not possible due to the large gaps between
swaths.

As one of the world's golden maize belts, Northeast China contributes 41.92% of China's maize production and
is critical for regional and national food security (Figure S1 in Supporting Information S1). Unprecedentedly,
three consecutive strong typhoons hit the maize planting areas from August 27 to 8 September 2020, causing
large areas of crop lodging and enormous economic loss (Table S1 in Supporting Information S1). Here, we use
a combination of LiDAR and optical satellite data to characterize the impacts of typhoons on maize in Northeast
China. We use high-frequency optical satellite imagery to calculate a canopy water index to complement this
deficiency in spatial coverage. With the resultant spatially contiguous crop lodging map, we further explore the
underlying mechanisms of crop lodging using a random forest (RF) algorithm.

2. Materials and Methods
2.1. Vegetation Height Data From the GEDI LiDAR Data Set

The GEDI instrument is the first spaceborne LiDAR instrument specifically optimized to measure vegetation
structure within approximately +51.6° latitude, which illuminates the Earth's surface with footprints of ~25 m
diameter (Dubayah et al., 2020). The GEDI L2A data was used in our analysis, which provides footprint-level
relative height (RH) metrics. RH metrics represent the height at which a percentile of the laser's energy is returned
relative to the ground and is saved at 1% intervals (Dubayah et al., 2020). We resampled the maize layer to 50 m
spatial resolution to help remove GEDI footprints that were not on the corn layer, considering the GEDI footprint
data are geolocated with a mean positional error of 10.3 m (Dubayah et al., 2020). GEDI footprints were included
in our analysis only when the proportion of maize in the corresponding maize pixel was greater than 50%. This
could largely mitigate the impact of non-maize vegetation on our analysis. We extracted the RH95 (the height at
which there is 95% of the LiDAR return energy) as the maize height and also filtered out footprints with RH95
greater than 5 m, which may be affected by trees, houses, or other artifacts. The period before the typhoon is
defined as 11-26 August 2020, when maize has already reached normal heights. The period after the typhoon is
defined as from 9 to 20 September 2020, taking into account the impact of the typical maize harvest (starting on
October 10) or potential early harvesting on the observations. As for the period of harvested height of maize, we
chose December 1 to December 15, taking into account the uneven timing of maize harvest by individual farmers.
Choosing this period in winter also avoids the disturbance of other vegetation. In total, we ended up with 56,804
and 56,826 GEDI shots before (August 11-26) and after (September 9-20) the 2020 typhoons, respectively,
which covered almost the entire cornfield in Northeast China.
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2.2. Optical Metrics From MODIS Satellite From 2017 to 2020

The daily 500-m MCD43A4 collection 6 Nadir Bidirectional Reflectance Distribution Function- (BRDF-)
Adjusted Reflectance (NBAR) data set from MODIS was used to generate land surface water index (LSWI),
which has been proven to be suitable for vegetation dynamics monitoring (Brandt et al., 2016; Hilker et al., 2012;
Z.Lietal., 2018; Norris & Walker, 2020; Schaaf et al., 2002). In this study, we obtained all available MCD43A4
collection 6 NBAR data from 2017 to 2020. This product is retrieved daily and showcases the most optimal
BRDF achievable based on the 16 days' worth of inputs with the day of interest emphasized. It excels in quality
at higher latitudes due to the comprehensive integration of all available observations throughout the acquisition
period. We further adopted the method of Maximum Value Composites to synthesize the data to the §-day tempo-
ral resolution to avoid interference from outlier observations. All data processing was conducted on the Google
Earth Engine platform. LSWI was calculated by using the following formula:

pnir - pswir
pnir + pswir

LSWI = (1)

where p . and p . represent the surface reflectance for the near-infrared and shortwave-infrared bands,
respectively.

In addition to LSWI, we also used NDVI, EVI, NIR,, and the CSIF data set as proxies of vegetation greenness and
gross primary production (GPP) (Shekhar et al., 2022; Y. Zhang, Joiner, et al., 2018; Y. Zhang, Xiao, et al., 2018).
NDVI, EVI, and NIR,, were calculated based on the MCD43A4 collection 6 data sets. The CSIF data set is
generated by a neural network trained with surface reflectance from MODIS and SIF from the Orbiting Carbon
Observatory-2 (OCO-2) (Y. Zhang, Joiner, et al., 2018; Y. Zhang, Xiao, et al., 2018). The CSIF data set has very
high consistency with OCO-2 SIF (Y. Zhang, Joiner, et al., 2018; Y. Zhang, Xiao, et al., 2018). The clear-sky
daily SIF from the CSIF data set with a 0.05° spatial and 4-d temporal resolution was used in our study, which has
a strong correlation with satellite observation and eddy covariance-estimated GPP (Y. Zhang, Joiner, et al., 2018;
Y. Zhang, Xiao, et al., 2018).

2.3. Annual Maps of Maize Crop

We acquired the spatial distribution of maize fields from the recent 10-m crop type maps in Northeast China
during 2017-2019 (You et al., 2021), which has an overall accuracy of 86%. To avoid the impact of the crop
rotation system, we overlaid the 3 years of crop maps and selected persistent maize pixels throughout the 3 years
to generate the maize map for our study region. This accurate maize map helps us match the GEDI footprints
and optical data, thus minimizing signal interference from other vegetation. Considering the coarser resolution of
the MODIS data, we aggregated the 10-m maize layer to the area proportion map of maize at the 500 m spatial
resolution to match the MODIS data and then removed the pixels with a maize proportion under 50% to alleviate
the effect of mixed pixels (Figure S2 in Supporting Information S1). We did the same processing when match-
ing CSIF data. The maize in Northeast China is widespread in plain areas, as shown in Figure S3 of Supporting
Information S1. Northeast China has a cold temperate and humid/sub-humid climate, which allows for one crop
per year in this region. The growth period of maize is from mid-May to early October in Northeast China (Figure
S4 in Supporting Information S1). We used all proportions of maize as input variables for the machine learning
model to better explore the effects of maize fraction on lodging.

2.4. Typhoon-Related Climate Data Sets

The Typhoon Network of the Central Meteorological Observatory (http://typhoon.nmc.cn/) provides hourly
information on the location, maximum winds, and central pressure. We acquired the point information of the
typhoon records, which indicates when and where the center of the typhoons was located. Those points were used
to generate the routes of the three typhoons to track the typhoons across Northeast China (Figure S5 in Support-
ing Information S1). The three typhoons (Bavi, Maysak, and Haishen) entered Northeast China on 27 August, 3
September, and 8 September 2020, and stayed for 9, 27, and 5 hr, respectively. Typhoon Maysak had the longest
residence time and strongest impact on the crops (Figure S5 and Table S1 in Supporting Information S1).

Heavy rainfall and strong wind are the two major forces for crop damage caused by typhoons. Here we used them
to represent the meteorological anomalies caused by typhoons. The site-based daily precipitation and maximum
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wind speed were provided by the China Meteorological Science Data Center (CMSDC) (http://data.cma.cn/). We
first rescaled the daily total precipitation and maximum wind speed data to 8-day data to match the MODIS data
for all weather stations. We then interpolated the site data to the regional raster maps using the simple kriging
interpolation method (Oliver & Webster, 1990) and finally used the maize layer as a mask to extract the total
precipitation and maximum wind speed of each maize pixel during the typhoon.

2.5. Characterizing the Impacts of Typhoons on Maize in Terms of Crop Canopy

Previous studies mainly employed the difference between the two images before and after typhoon events to
quantify the disturbances (Abbas et al., 2020; Feng et al., 2020; Negréon-Judrez et al., 2014; Tran et al., 2016).
This approach has some pitfalls due to the selection of the post-typhoon image for assessing the vegetation distur-
bance, and how to disentangle the typhoon-induced vegetation change from seasonal vegetation variation. To
avoid these problems, we compared the satellite-based metrics in 2020 with the multi-year average (2017-2019,
without typhoons) to determine the disturbance of the typhoons on maize using LSWI with 8-day temporal reso-
lution. The relative change ratio has been widely used to quantify vegetation disturbance (Hu & Smith, 2018;
Peereman et al., 2020; M. Wang & Xu, 2018). To further achieve comparability among the LSWI, we calculated
the relative interannual anomaly of LSWI as the typhoon disturbance on maize expressed as ALSWI (%). The
ALSWI (%) for each pixel in 2020 was derived relative to the multiyear mean value from 2017 to 2019, as there
were no extreme climate events in Northeast China during the three consecutive years. The ALSWI (%) of the
regions of interest (ROIs) and the entire study region were calculated by averaging the pixels.

LSWIZ()2() — LSWIBascline

ALSWI =
LSWIBaseline

x 100% )

ALSWI
ALSWI(%) =
(%) LSWlnax — LSWlnin ®)

where ALSWI (%) represents the relative interannual anomaly of LSWI to the typhoon disturbance on maize.
LSWIL,,, and LSWI,, . refer to the LSWI value in 2020 and the mean LSWI value from 2017 to 2019, respec-
tively. LSWI_and LSWI
baseline years, respectively. We used this normalization considering LSWI has a normal range between —1 and 1.

min are the maximum and minimum values of the LSWI seasonal variation in the
The higher absolute values of ALSWI (%) mean higher sensitivity to typhoon disturbances. For comparison, we
process other vegetation indices in a similar way.

2.6. Analysis of the Spatial Extent of Typhoon Disturbance on Maize

The intensity of typhoon disturbance varies greatly at the regional scale. Previous studies have found that the intensity
of the typhoon disturbance decreases as it moves inland after landing (Chambers et al., 2007; Juarez et al., 2008). As
the typhoon track distance increases, the intensity of the typhoon disturbance also gradually decreases (Ayala-Silva
& Twumasi, 2004; X. Zhang et al., 2013). Therefore, we created buffers along the typhoon track from the coast-
line, and away from the track to analyze the spatial variations of typhoon disturbance on maize. The width of each
buffer zone is 10 and 100 km, respectively, considering the interference of spatial heterogeneity. Here, we selected
Typhoon Maysak as the research object because it is the most destructive with the longest impact duration (27 hr),
almost crossing the entire maize region in Northeast China (Figure S5 and Table S1 in Supporting Information S1).

2.7. Machine Learning Models to Explore the Controlling Factors of the Impacts of Typhoons on Maize

We employed a RF algorithm to investigate the factors of the impacts of typhoon disturbance on maize. The vari-
ables included typhoon-related variables: distance away from the typhoon track, distance along the typhoon track,
anomaly in total precipitation, and anomaly in maximum wind speed. We also included maize-related factors: the
proportion of maize (data calculated based on You et al. (2021)) and the end of season (EOS, data available from
Niu et al. (2022)). Environment-related factors were soil type, elevation, slope, and distance to the nearest forest. The
data on typhoon-related variables were available from the CMSDC (http://data.cma.cn/) and the Typhoon Network
of the Central Meteorological Observatory (http://typhoon.nme.cn/). The distance along and away from the typhoon
track here refers only to the distance from typhoon Maysak, due to it being the most destructive, having the longest
path, and the longest residence time of the three typhoons. The soil type and elevation data were obtained from the
Resource and Environment Science and Dara Center (https://www.resdc.cn/Default.aspx). The slope was calculated
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based on the elevation. The forest map used to calculate the distance to the nearest forest was derived from Shimada
et al.’s forest map (Shimada et al., 2014) with a 25-m resolution, which can better capture the small area of the forest.

Random forest regression is a supervised learning algorithm that uses an ensemble learning method for regres-
sion. It consists of multiple regression trees using bootstrapped samples. Each RF model consists of 100 regres-
sion trees with a leaf node size no smaller than 5 in our study. Split variables are randomly selected from all
independent variables at each node of each tree, and the optimal branches are selected according to the branching
superiority criterion. Then each regression tree starts top-down recursive branching until the splitting termination
condition is satisfied. According to each variable's ability to increase the pureness of the leaves, each tree of the
RF can be used to calculate the variable's importance. Averaging the variable importance factors of all the trees
and normalizing them to unity for the RF model. We employed the ALSWI (%) as the proxy of maize lodging,
that is, the dependent variable, and used typhoon, maize, and environment-related factors as the independent
variables to train the RF model. We created random sample points using the maize layer (the maize proportion of
maize is 0%—100%) and controlled the distance between each point to be greater than 5 km to avoid the influence
of spatial autocorrelation (Karasiak et al., 2022), and finally we got 5,752 sample points (Figure S6 in Supporting
Information S1). We randomly selected 70% of them as the training set and 30% as the testing set. To further
strengthen the robustness of the results, we took the average of 100 RF results as the final importance level.

The response function of maize lodging to each factor is shown as a partial dependence plot (PDP). PDP is a
graphical way to analyze and quantify the marginal effect of one independent variable (e.g., distance away from
the typhoon track) on the target response (ALSWI (%)), allowing other variables to change in their domain. In
practice, it can be approximated as:

. 1 n ) i
fx‘\.(Xx) = ; ;f(xx,xi.)) (4)

where foS is the partial dependent function of the variable x,, x@is the value of the ith sample for the variable X,

3. Results
3.1. GEDI Footprints Reveal Changes in Maize Height Caused by Typhoons

We first generated maps of the physical height of maize before and after typhoons using GEDI waveform data
(Figure 1). Figures la and 1b show that GEDI-based maize height was significantly reduced in part of the study
area after three typhoon events. GEDI-based maize height was generally greater than 2.5 m before the typhoons
(Figure 1a), but was lower than 2.3 m for regions close to the typhoon track after three typhoon events (Figure 1b).
The central part of the study area, which was most severely affected by the typhoons, had a height of less than
2.1 m (Figure 1b). These numbers were much greater than zero even for the lodged maize due to the large GEDI
laser pulse width, and 95th percentile of height signal being used (Methods). We also selected four regions of inter-
est (ROIs, ~20 km x 20 km) to explore the spatial details in GEDI-based maize height changes before and after
the typhoon events (Figures 1c and 1d). The four ROIs were selected considering that GEDI observations were
obtained both before and after the typhoon events within these small areas, and they had a varying distance to the
track of the most destructive typhoon, Maysak (Methods). We found that most of the GEDI-based canopy height
in ROIs 1 and 2, which were closer to Maysak's track, dropped significantly after the typhoons. The post-typhoon
canopy height was close to what it was after maize was harvested (Figures le and 1f). Considering no harvest
activity was conducted within such a short time, and the canopy greenness remained nearly the same (Figures
S4 and S7 in Supporting Information S1), such changes were most likely caused by the typhoon-induced crop
lodging. ROIs 3 and 4 did not show a remarkable drop in GEDI-based heights after the typhoons, which suggested
that there was little to no impact on maize in regions a long distance from the typhoon track (Figures 1g and 1h).

3.2. Wall-To-Wall Picture of Typhoon Disturbance on Maize Captured by Optical Metrics

Although GEDI LiDAR can characterize maize lodging immediately after typhoon disturbances, it does not
provide highly resolved spatial details due to its coarse resolution (Dubayah et al., 2020). Thus, we incorporated
LSWI from MODIS (W. Wang et al., 2010), a proxy of vegetation canopy water content, to depict the wall-to-wall
pattern of the impacts of typhoons on maize. This metric takes advantage of the large contrast in canopy water
changes between lodged and healthy maize: lodged maize shows a rapid decrease in canopy water content due
to reduced xylem water transport while the healthy maize benefits from additional precipitation and the canopy
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Figure 1. Depiction of maize height before and after the typhoons of 2020 in Northeast China by GEDI LiDAR. (a and b) Spatial patterns of GEDI-based maize height
before (a) and after (b) the typhoons. The inset in panel (a) shows the location of the study area (gray polygon) and the three typhoon tracks in Monsoon Asia. The

inset in panel (b) is the corresponding density diagrams of (a and b). The blue and red vertical lines indicate the mean values of GEDI-based maize height before and
after the typhoons, respectively. (c and d) Detailed spatial patterns of GEDI-based maize height in the regions of interest (ROIs) before (c) and after (d) the typhoons,
which are labeled in panels (a and b). ROI 1 is close to the Maysak track, ROI 2 is close to the Maysak track and coast, ROI 3 is close to the coast but far from the
Maysak track, and ROI 4 is close to the Maysak track but deep inland. (e-h) GEDI-based maize height before and after the typhoons and after the maize harvested,
corresponding to the ROI 1-4, respectively. It is worth noting that the number of GEDI footprints is different in each period due to a lack of revisits. Before typhoons
means August 11-26, after typhoons means September 9-20, and harvested means December 1-15 in winter. (i and j) The in situ photographs of the landscape of

unlodged (i) and lodged (j) maize.

water will increase (Chaves et al., 2002; Scoffoni et al., 2017). To better quantify the typhoon disturbance on
maize, we calculated the relative interannual anomaly of LSWI (ALSWI (%)) as the change of maize growth
caused by typhoons (Methods). We found that ALSWI (%) had a spatial pattern similar to GEDI-based maize
height both before and after the typhoons (Figures 1 and 2). Heilongjiang and Jilin Provinces were the most
affected by the typhoons, where ALSWI (%) decreased by more than 50% in some areas (Figures 2a and 2b).
Conversely, the ALSWI (%) in most of Liaoning and eastern Inner Mongolia was positive where the typhoon
impacts were limited (Figures 2a and 2b). For the ROIs mentioned in Figure 1, the mean ALSWI (%) of ROI 1
and ROI 2 were 0.14% and —2.14% before the typhoons (Figures 2c, 2e, and 2f), which dropped to —21.84% and
—13.7% after the typhoons, respectively (Figures 2d-2f). In contrast, the mean ALSWI (%) of ROI 3 and ROI 4
before the typhoons were —0.49% and —2.06% (Figures 2c, 2g, and 2h), and increased to 13.59% and 13.04% after
the typhoons, respectively (Figures 2d, 2g, and 2h). LSWI had an advantage over other optical indicators related
to maize leaf area (NDVI and NIR,), greenness (EVI), and canopy function (CSIF) (Figures S7-S11 in Support-
ing Information S1). The excellent consistency between GEDI data and optical metrics (e.g., LSWI) suggests that
the optical metrics can reliably portray typhoon disturbances (Figures S12-S16 in Supporting Information S1).

3.3. Controlling Factors and Underlying Mechanisms

We further analyzed the spatial patterns of typhoon impacts on maize using ALSWI (%) (Figure 3). To do so,
we first created multiple buffers of the coastline with 10 km intervals along the Maysak track, which was the
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Figure 2. Wall-to-wall picture of typhoon disturbance on maize of 2020 in Northeast China. (a and b) Spatial patterns of normalized relative change ratio of land
surface water index (ALSWI (%)) relative to the baseline years (2017-2019) before (a) and after (b) the typhoons. Spatial patterns of AEVI (%), ANIR,, (%), and ACSIF
(%) are described in Figure S8-S11 of Supporting Information S1. (c and d) Detailed spatial patterns of ALSWI (%) in regions of interest (ROIs) before (c) and after (c)
the typhoons, respectively, corresponding to the ROI 1-4 in Figures la and 1b. (e-h) The boxplots show the ALSWI (%) before and after the typhoons, corresponding
to the ROI 14, respectively. The horizontal dotted line in panels (e-h) indicates ALSWI (%) equals zero.

longest-lasting and most destructive typhoon (Figure 3a). We found that the lodging increased and reached a
maximum at around 400 km after landfall, and then decreased until ~550 km (Figure 3b). The area with the larg-
est impact was in the range of ~300-~450 km along the track from the coast, which could be due to the greater
wind speed, longer impact duration, and the flat terrain (Figures S3 and S17 in Supporting Information S1).
This along-track disturbance pattern was also supported by one GEDI track, with a maximum impact at around
600 km. Such a mismatch between LSWI and GEDI may be explained by the fact that the GEDI track did not
fully align with Maysak's track, and they intersected at around 600 km from the coast (Figure 3c). To evaluate the
impact away from the typhoon, we generated multiple buffers parallel to Maysak's track (Figure 3a). We found the
typhoon impacts were the largest within ~100 km of the track, and declined toward both directions when moving
away from Maysak's track (Figure 3d). Similar patterns could also be observed using GEDI-based maize height
(Figure 3e), as well as other optical metrics (Figures S18-S21 in Supporting Information S1). These analyses
suggest that although the distance from the typhoon track is the primary factor determining typhoon-induced crop
lodging, other factors may play important roles.
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Figure 3. Spatial change of the typhoon disturbance on maize in 2020 in the study area. (a) Spatial distributions of the multiple buffers and GEDI track along and
away from the Maysak track. Each buffer is 100 km long and 10 km wide. (b and c¢) Changes in ALSWI (%) (b) and GEDI-based height (c) with increasing distance
along the Maysak track after the typhoons. (d and e) Changes in ALSWI (%) (d) and GEDI-based height (e) with increasing distance away from the Maysak track after
the typhoons. Changes in ANDVI (%), AEVI (%), ANIR, (%), and ACSIF (%) are described in Figures S18-S21 of Supporting Information S1. The size of the dots in
panels (b and d) indicates the proportion of maize area (%) in each buffer zone.

To understand which factors contribute to crop lodging, we built a RF model and predicted the spatial patterns
of ALSWI (%) using various variables related to characteristics of the typhoon, maize fraction, and local envi-
ronment. LSWI provides enough samples to help us understand this question at the regional scale. The resulting
model can explain 60.28% of the spatial out-of-bag variance for the impacts of typhoons on maize. Based on
this model, we obtained the rank importance of variables that drive the spatial pattern, as well as their partial
dependence (Figure 4).

As expected, typhoon-related factors played a dominant role in explaining the spatial patterns of lodging, with the
two distance metrics explaining almost half of the variations (25.29%, away from the typhoon track; 22.87%, along
the typhoon track) (Figure 4a). Lodging decreased further away from and along the typhoon track (Figures 3, 4b,
and 4c). Precipitation and winds together explained ~16% of the variation (Figures 4a, 4e, and 4h). The contribu-
tion of these two factors increased to ~41% if we did not consider the two typhoon distance metrics (Figure S22
in Supporting Information S1). Maize-related factors, including the fraction of cropland occupied by maize and
maize harvest date, explained 11.94% and 7.94% of the variation, respectively (Figure 4a). More severe lodging
was found in areas with higher maize fractions (Figure 4d). Compared to other crop types, such as soybean, rice,
and wheat, maize is much taller at this late growth stage and is more vulnerable to typhoons. Surprisingly, the
maize with a later EOS, that is, those at the milk stage rather than maturity stage, exhibited greater loss, possi-
bly due to higher water content and higher center of gravity so that they were less resistant to the strong wind
(Figure 4f and Figure S4 in Supporting Information S1).

Environment-related factors, including elevation, soil type, slope of the terrain, and its distance from the nearest
forest, also partly explained the typhoon-induced lodging (Figure 4a). Unlike studies that focus on the impact of
typhoons on forests (Boose et al., 1994; Feng et al., 2020; Negréon-Juarez et al., 2014), terrain effects were often
not the most important factor affecting crop lodging (Figure 4a), potentially because crops were mainly distrib-
uted in several major plains in our study area (Figures S2, S3, and S23 in Supporting Information S1). The role
of soil type appeared relatively minor, with severe maize lodging primarily concentrated in areas featuring black
and cinnamon soils, predominantly situated in the central part of Northeast China (Figures 4a and 4k, Figure
S24 in Supporting Information S1). In these areas, typhoon-induced rainfall and wind were the dominant drivers
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Figure 4. Response functions for the factors related to typhoon disturbance on maize. (a) Variable importance for predicting the degree of typhoon disturbance on
maize. (b—k) Response functions obtained from the random forest models. The numbers in the top-right corners indicate the order of importance for predicting the
degree of typhoon disturbance on maize. Note that the x-axis in panel (k) indicates the id of the soil type, which corresponds to the soil type in Table S2 of Supporting

Information S1.

affecting maize. Although forests may weaken the wind speed within a certain range (Cai et al., 2021), this effect
was small based on our analysis (Figure 4j). However, such an effect may be underestimated considering that the
scattered shelterbelt forests may not be correctly identified in our forest map (Figures 4a and 4j). Further analysis
using high-resolution forest maps and lodging maps may provide a more robust estimate.

3.4. Potential Increase of Lodging Risk With Maize Expansion

Climate change is expected to cause a poleward shift in typhoon occurrence (Altman et al., 2018; Elsner
et al., 2008; Kossin, 2018; Tamarin-Brodsky & Kaspi, 2017), suggesting a potential increase in typhoon events in
Northeast China. Surprisingly, we found a significant decline in typhoon density before 2010, this trend reversed
and exhibited a strong increase during 2010-2020 (Figure 5a). As a direct indicator of typhoon intensity, the
maximum wind speed showed a non-significant increase during the past 40 years (Figure 5b). Meanwhile, we
found a steady increase in maize area since 1980, almost tripled over 40 years (Figure 5c). Considering maize is
much more vulnerable than other vegetation types, this large expansion in the maize area can substantially elevate
the lodging risk. Such increases may be further exacerbated by the contemporary delay of the maize maturity
date, which extends the vulnerability period of maize when typhoon occurrence does not show a significant
change (Figures 5d and 5e).
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4. Discussion

Crop lodging, usually caused by strong winds or heavy rainfall, has become
an increasingly common agricultural hazard under global warming and more
frequent extreme weather events (Baker et al., 2014; Berry et al., 2004).
Lodging usually causes significant crop yield loss and considerable economic
losses, which can be exacerbated by a series of domino effects, including phys-
iological disorders, increased drying costs, reduced grain quality, and slowed
harvest (Berry & Spink, 2012; Berry et al., 2013; Norberg et al., 1988; Setter
et al., 1997). Traditional approaches to assessing crop lodging often face
limitations such as restricted coverage, labor-intensive processes, restricted
accessibility, and vulnerability to adverse weather conditions. Remote sens-
ing technology can serve as a valuable complement to these traditional meth-
ods, offering the potential to enhance our understanding of crop lodging over
broader spatial and temporal dimensions (Branson, 2011). The precise and
timely detection of crop lodging, utilizing freely accessible remote sensing
data with superior temporal and spatial resolutions, enables rapid monitoring
of post-typhoon crop-affected regions on a large scale. This capability can
significantly contribute to agricultural planning, facilitate agricultural insur-
ance assessments, and inform policymaking processes.

Here, we used a combination of state-of-the-art satellite LIDAR and optical
data to assess typhoon-induced maize lodging. Compared to other active or
passive remote sensing techniques, LiDAR provided a direct measure of the
canopy height and its changes can be regarded as the ground truth for crop
lodging (Figure 1). Although GEDI was designed originally for forest ecosys-
tems with a relatively large pulse width (14 ns) (Dubayah et al., 2020; Lang
et al., 2022; Potapov et al., 2021), our study demonstrated that it can reliably
track typhoon disturbance in our study area where the terrain is mostly flat.
While it is undeniable that the GEDI footprint exhibits certain constraints in
terms of both its temporal and spatial resolution, we believe that it adequately
fulfills our assessment requirements. On one hand, following rigorous quality
control measures for GEDI data, we successfully acquired more than 55,000
GEDI shots before and after the 2020 typhoons. These effectively encompass
nearly the entirety of maize fields in Northeast China, providing a compre-
hensive depiction of the variations in maize canopy height following the
typhoon's impact in this region. On the other hand, it is worth noting that
despite GEDI's remarkable spatial resolution, approximately 25 m in diam-
eter, it remains comparatively coarse when scrutinizing intricate crop struc-

Figure 5. Temporal changes of typhoon and maize characteristics from

1985 to 2020 in Northeast Asia. The solid line is the best-fit line, and the
shaded area is the 95% bootstrap confidence interval. The data on typhoon
track density, average day of year for each year of typhoon occurrence, and
maximum wind speed are taken from the International Best Track Archive for
Climate Stewardship (IBTrACS) v03r05 (Knapp et al., 2010). The gray circles
in panel (d) represent the day of year of each typhoon track. The data on
maize area can be accessed from the National Bureau of Statistics, and maize

spatial resolution.

tures. Consequently, we opted to aggregate the maize layer to a 50-m spatial
resolution while excluding pixels with less than 50% maize content to align
with the GEDI footprint. This strategic adjustment significantly mitigated
the challenges posed by mixed pixels resulting from GEDI's relatively lower

maturity date data available from Niu et al. (2022).

The limited spatial coverage of GEDI can be complemented by LSWI since
it is sensitive to canopy water loss due to lodging-induced hydraulic failure
(Gu et al., 2008; Jackson et al., 2004; Maki et al., 2004; Wagle et al., 2014;

Xiao et al., 2004). Maize lodging indicated by a sharp decrease in LSWI may primarily pertain to the complete

rupture of a stem or root, directly resulting in an obstruction of water uptake, consequently manifesting as a rapid

decline in water content. Furthermore, it is worth noting that some maize plants may not lodge immediately upon

the onset of a typhoon; instead, they may initially exhibit slight bending before eventually succumbing to lodging,

which would manifest as a delayed decline in water content. This delayed lodging can be attributed to the fact

that, following a typhoon, maize remains only slightly bent and capable of normal water absorption. However,

the heavy rainfall accompanying the typhoon can weaken soil strength, potentially leading to root failure (Fan
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et al., 2021). This, when coupled with strong winds, increases the self-weight moment acting on the crop at the
stem base, thereby precipitating the fracture of the maize stalk or root (Sylvester-Bradley et al., 1990). During
this process, there may be a transient increase in water content due to heightened water uptake by the corn plant.
The maize disturbance pattern described by LSWI is similar to that of GEDI, both for the four ROIs and at the
regional scale (Figures 1-3). The correlation analysis also showed their consistency at the GEDI track scale
(Figures S12-S16 in Supporting Information S1). The combined use of LiDAR and LSWI can well portray a
reliable and more comprehensive picture of maize lodging. The spatial distribution of maize yield variations also
exhibited a consistent pattern with the GEDI- and LSWI-based maize lodging (Figures 1 and 2 and Figure S25 in
Supporting Information S1). The areas experiencing significant declines in maize yield predominantly clustered
in the central region of Northeast China in 2020. This central area encompasses cities in southwestern Heilong-
jiang Province and northern Jilin Province and is largely consistent with the areas shown by GEDI and LSWI to
be severely affected by the typhoon.

Although the risk of maize lodging is expected to increase as maize croplands expand, multiple approaches may
be made to reduce such a risk. Shelterbelt forests have been demonstrated to successfully reduce the impact of
typhoons on crops at the local scale (Cai et al., 2021). For example, it can reduce typhoon-induced rice lodging
to 16.28%, one-third of that without a shelterbelt (J. Zhang et al., 1996). Our analyses based on RF also demon-
strated that forests have a mitigating effect on typhoon impacts at the regional scale (Figures 4a and 4j). However,
this effect diminishes as we move away from the forest. An optimal shelterbelt forest density should consider a
balance between the protection efficiency and the forest area.

In addition to the factors involved in our study (typhoon, maize, and environment-related factors), maize culti-
vars and crop management factors may also play an essential role in alleviating typhoon-induced maize lodging
(Chauhan et al., 2019). The lodging-resistant varieties will have a higher stem diameter coefficient, internode
puncture strength, and crushing strength of the basal internode, which can better resist strong winds (Tong
et al., 2020). Moreover, crop management plans, such as sowing date, planting density, and tillage practices, may
also reduce crop lodging. For example, altering the sowing dates can shift the maize to a more wind-resistant
phenological stage when typhoons are most active (Ciampitti et al., 2011; Kirby et al., 1985; Milford et al., 1993;
Spink et al., 2000). Also, reducing stem density can alleviate competition for limited resources such as light,
decrease plant height, and reduce the risk of lodging (Sangoi et al., 2002; Van Roekel & Coulter, 2011). Rotary
tillage before seeding could also effectively increase the lodging resistance by lowering the center of gravity and
increasing the root anchoring strength (Bian et al., 2016).

Typhoons are projected to migrate poleward and intensify under global warming (Altman et al., 2018; Elsner
et al., 2008; Kossin, 2018; Kossin et al., 2014; Tamarin-Brodsky & Kaspi, 2017) (Figure 5). The spatial
co-occurrence of these climate extremes may simultaneously threaten the global mid-and high-latitude major
breadbasket regions at the same time, further threatening global food security, which can lead to conflict, war,
and demographic pressure (Godfray et al., 2010; Jagermeyr et al., 2020; X.-Y. Li et al., 2022). Improvements in
crop lodging monitoring systems and mitigation practices are critical for reducing the impact of climate change
on global maize yields.

Data Availability Statement

The GEDI L2A data set is available from Dubayah et al. (2021). The MCD43 A4 collection 6 data set is available
from Schaaf and Wang (2015). The CSIF data set used in the analysis can be accessed from Y. Zhang (2018). The
annual maps of maize are available from You et al. (2021). Tropical cyclone data were taken from the Interna-
tional Best Track Archive for Climate Stewardship (Knapp et al., 2010, 2018). All the scripts for the data analyses
are available on Zenodo (Q. Zhang et al., 2023).
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