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A B S T R A C T

In the last two decades, rapid corn expansion has significantly impacted local and regional climates in North
eastern China. However, its climatic effects and underlying biophysical mechanisms have rarely been investi
gated, particularly in accurately describing the changes in surface physiological structure throughout different 
phenological stages. This study utilized remote sensing observations and the pair-wise comparison approach to 
examine land surface temperature (LST) change associated with corn expansion at various phenological stages 
and whole growth seasons, respectively. We then employed the temperature response model to decompose and 
quantify the LST changes into radiative processes (albedo) and non-radiative processes (i.e., evapotranspiration 
and turbulent heat exchange). This study indicated that, except for soybean, the mean LST changes (ΔMean_LST) 
induced by corn expansion initially decreased and subsequently increased with the phenology shifts. Specifically, 
the potential warming effect was pronounced during three-leaves (EMV3) to seven-leaves stage (V7) and V7 to 
jointing date (JD), with the largest warming in Mean_LST occurring when corns were converted into trees (1.24 
±0.43 K) (mean ± 95 % confidence level) (0.93±0.29 K), followed by grass (0.47±0.37 K) (0.43±0.31 K), rice 
(0.46±0.23 K) (0.31±0.22 K), wetlands (0.16±0.21 K) (0.15±0.34), respectively. EMV3 to JD dominated the 
ΔMean_LST for the whole growth season, potentially warming the Mean_LST when trees, grass, rice, and wet
lands converted to corn, while cooling the Mean_LST when soybeans converted to corn. Furthermore, The effect 
of phenological stages on LST varies with latitude. For example, during V7 to JD and Milky date (MID) to 
Maturity date (MD), the non-radiative warming effect of wetland conversion surpassed that of rice conversion as 
latitude increased (44◦N-47◦N). This indicates that the wetland conversion causes intensified warming at high 
latitudes in these stages. Additionally, non-radiative processes, characterized by varying signs and magnitudes, 
dominated the LST response to corn expansion. Overall, this study comprehensively investigated the ΔLST of 
corn expansion at various phenological stages and latitudes through the biophysical mechanism, which could be 
beneficial in developing adaptive and mitigative agricultural management strategies for climate warming in 
Northeast China.

1. Introduction

Crop phenology is an indicator of agricultural ecosystem responses to 
climate change (Liu et al., 2017; 2022; Piao et al., 2019; Zhao et al., 

2023). It affects the exchange of carbon, water, and energy between 
vegetation and the atmosphere through biogeochemical and bio
geophysical processes. Biogeochemical processes associated with 
changes in CO2 and CH4 emissions are usually performed globally and 
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require multi-decadal (Graven et al., 2013; Liu et al., 2019a). Bio
geophysical processes can directly influence the atmosphere via land 
surface energy balance at local and regional scales (Chen et al., 2020; 
Lee et al., 2011; Zeng et al., 2017). For instance, crop emergence, leaf 
expansion, flowering, and maturity alter crop height, canopy structure, 
and leaf color, thereby affecting surface albedo and roughness, dividing 
between latent and sensible heat flux, which subsequently regulates 
local climate (Zeng et al., 2023; Zhao et al., 2023; Zhou et al., 2021). 
Consequently, these periodic variations of crop phenology may influ
ence future climate changes in complicated agroecosystems.

Numerous studies have investigated the biophysical mechanisms of 
the crops and natural vegetation greening that affect land surface tem
perature (LST) (Chen et al., 2020; Yu et al., 2022; Zhao et al., 2023). For 
example, crop greening mitigates climate warming in mid-high lati
tudes, with aerodynamic and surface resistance being the primary fac
tors contributing to the decreases in

LST (Yu et al., 2022). Chen et al. (2020) revealed that earth greening 
decreases LST via increasing LAI, which reduces aerodynamic resistance 
and facilitates enhanced turbulent heat transfer between ground and 
atmosphere, particularly latent heat flux. These studies highlighted the 
LST change and feedback mechanism of greening on climate over a long 
time series. Numerous studies focused on investigating the potential 
biophysical effects of natural vegetation converting to crops on climate 
at month, season, and year time scales, including paddy field expansion, 
irrigated cropland, and wetland degradation (Bright et al., 2017; Liu 
et al., 2018; 2022). For instance, studies have shown that rice expansion 
and wetland restoration could decrease LST, which is dominated by 
nonradiative processes (i.e., evapotranspiration and sensible heat) (Liu 
et al., 2019b). They regarded rice fields as artificial wetlands compa
rable to low vegetation cover flooded areas, which can mitigate the 
warming impacts caused by wetland degradation (Liu et al., 2019a; 
2022). However, the greening of the wetlands occurs before the trans
planting of rice, and whether its biophysical impacts on LST are 
completely constant remains uncertain, which is related to phenological 
shifts and has not been previously investigated. It is critical for agro
ecosystems and regional climate. Moreover, grassland has been used as a 
proxy for crops in the majority of integrated vegetation climate 
modeling experiments (Levis, 2010; Zhao et al., 2023). Nevertheless, 
there are significant differences in their structural, physiological, and 
phenological characteristics. For instance, grassland emerges earlier 
than crops at mid-high latitudes. The LAI peak value of crops (such as 
corn, soybeans, and rice) exceeded that of grassland over the whole 
growing season (Zhao et al., 2023). Nevertheless, these studies over
looked phenological shifts, such as changes in crop height and canopy 
density, resulting in LST changes by affecting the solar radiation ab
sorption and energy diffused through turbulence, which modifies bio
physical feedback and introduces significant uncertainties in crop 
responses to climate. Thus, it is imperative to investigate the LST vari
ations and biophysical mechanism differences between crops and 
vegetation at various phenological stages.

Northeast China (Heilongjiang, Jilin, and Liaoning) is a typical 
agroecosystem that has experienced considerable warming over the past 
few decades (Zhou et al., 2021). Annual sunshine hours have decreased 
by 40.6 h per decade, and the daily minimum temperature has increased 
more significantly than the daily maximum temperature, hence nar
rowing the diurnal temperature range (Li et al., 2016). This could 
modify plant photosynthesis and respiration, leading to negative im
pacts on the accumulation of organic compounds (Yu et al., 2022). 
Consequently, it is essential to investigate the reasons for warming. 
Although numerous studies have focused on rice expansion decreasing 
LST through non-biological physical processes in Northeast China (Liu 
et al., 2019a; 2022; Zhang et al., 2022), this cannot explain the persis
tent warming. It is worth noting that the expansion of corn is 2.19 times 
greater than that of rice, increasing from 5.42 × 103 km2 to 127.19 ×
103 km2 between 2000 and 2017 (http://www.stats.gov.cn/sj/ndsj/, 
accessed on 2 October 2024), and continues to rise at an average annual 

increase rate of 4042 km2, primarily at the expense of grasslands, trees, 
and wetlands. However, to our knowledge, few studies have investi
gated the biophysical mechanism influencing LST, particularly across 
different phenological stages, which is crucial for understanding 
regional diurnal LST and its driving mechanisms.

The biophysical effects of vegetation type conversion on climate are 
primarily assessed by climate model simulations, site measurements, 
and remote sensing observations (Chai et al., 2024; Duveiller et al., 
2018; Lee et al., 2011; Liu et al., 2022; Zeng et al., 2017; Zhang et al., 
2023b). Climate models can simulate the large- and regional-scale bio
physical effects of vegetation-type conversion through controlled ex
periments that include and exclude such conversion, but there are 
uncertainties in physical processes, parameterization, and input data. 
Site observations provide precise measurements and comparisons of 
vegetation type conversions, but they are difficult to upscale in larger 
regions due to limited data availability, particularly in agroecosystems 
(Lee et al., 2011; Liu et al., 2017). Pair-wise comparison utilizing remote 
sensing observation is an effective method for identifying the climate 
effect, assuming that the target and the nearby vegetation type share the 
same background climate. This quantifies the relative contributions of 
radiative forcing (albedo) and non-radiative processes (evaporation and 
turbulent heat exchange) through the energy budget balance (Bright 
et al., 2017; Liu et al., 2019a).

To this end, this study aims to investigate the impact of corn 
expansion at various phenological stages on LST and to clarify its bio
physical mechanisms. Satellite measurements were utilized to demon
strate the impact of corn expansion on LST in various phenological 
stages with latitude changes. A pair-wise comparison was utilized to 
elucidate the LST changes in various phenological stages during diverse 
vegetation conversions to corn (each phenological stage of corn is 
regarded as a sub-vegetation type). Finally, the temperature response 
model was employed to explain the divergent biophysical mechanisms 
of corn expansion in various phenological stages. This study highlights 
the role of phenology shifts and latitude changes in regulating the LST on 
corn expansion. It contributes to developing adaptive and mitigative 
agricultural management strategies in Northeast China for climate 
warming situations.

2. Materials and methods

2.1. Study area

This study was performed in Northeast China and extended from 
38.62◦N to 45.93◦N latitude and 118.83◦E to 135.10◦E longitude. Sit
uated in a temperate continental climate with annual precipitation of 
500–750 mm and an average annual temperature ranging from 2 ◦C to 
13 ◦C (Guan et al., 2022). The land cover type includes cropland, 
grasslands, wetlands, and trees (Fig. 1a). Over the past two decades, an 
enormous amount of grassland (Fig. 1d) and trees (Table. S1) have been 
converted to cropland (Ning et al., 2018), making cropland as the 
dominant land cover type. Corn has rapidly expanded with an average 
annual growth rate of 4042 km2 and is the widest distribution (12.72 ×
104 km2, in 2017) (Fig. 1b). It has a bigger planted area than rice (5.26 ×
104 km2) and soybean (4.40 × 104 km2) (https://www.stats.gov.cn 
/sj/ndsj/2018/indexch.htm, accessed on 2 October 2024).

Furthermore, the characteristics of corn and various vegetation cover 
types exhibit significant variation throughout stages. The sowing in
tervals for corn and soybean are approximately 10 days. Corn is planted 
from early to mid-May, while soybeans are sown in late May, making a 
longer bare soil window for soybean fields (Liu et al., 2022). Rice has to 
be initially cultivated in a greenhouse, and the fields were flooded in 
mid-May and transplanted in late May. Conversely, natural vegetation, 
such as trees, grasslands, and wetlands green up in early April. Thus, 
surface biophysical characteristics experienced significant changes due 
to extensive corn expansion resulting from phenological shifts and 
management practices.

Y. Ma et al.                                                                                                                                                                                                                                      Agricultural and Forest Meteorology 362 (2025) 110373 

2 

http://www.stats.gov.cn/sj/ndsj/
https://www.stats.gov.cn/sj/ndsj/2018/indexch.htm
https://www.stats.gov.cn/sj/ndsj/2018/indexch.htm


Additionally, as illustrated in Fig. 1d, the area of grass decreased 
(− 11.06 km2 × 104) significantly from 2003 to 2018, while corn (6.35 
km2 × 104) and tree (6.18 km2 × 104) areas notable increases, rice (2.90 
km2 × 104) and wetland (0.80 km2 × 104) areas moderate increases. 
This indicated that grass could be a primary factor in the expansion of 
corn area. Furthermore, the decreased soybeans area could be converted 
to a corn area as a result of the soy-corn rotation system implemented 
from 2010 to 2015 in the study area. Moreover, we investigated existing 
studies revealed that the conversion rate from wetland to dryland was 
the highest, followed by grassland, trees, and bareland (Huang et al., 
2010; Man et al., 2016). Therefore, this study compared the LST of corn 
with that of wetlands, grasslands, trees, rice, and soybeans.

2.2. Satellite data processing

To investigate the change in biophysical mechanism and LST asso
ciated with corn expansion (Conversion from soybean, rice, grass, tree, 
and wetland). This study extracted all available remote sensing data 
from April to October from 2017 to 2019. First, this study acquired the 

Land Surface Temperature (LST) and Emissivity products from the 
MODIS Land Surface Temperature/Emissivity Daily Version 6.1 product 
(MOD11A1.061), which has a temporal resolution of one-day and a 
spatial resolution of 1 km, and employed linear interpolation to fill in 
missing pixel values (Li et al., 2018). The MODIS LST datasets include 
mid-daytime (1:30pm, Day_LST) and mid-nighttime (1:30am, 
Night_LST) observations. This study calculated the average values of 
Day_LST and Night_LST observations to obtain the mean LST 
(Mean_LST) in the study area. The albedo data is the MCD43A3 version 
6.1 albedo model dataset (MCD43A3.061), produced daily using 16 days 
of Terra and Aqua MODIS data at 500 m resolution. The albedo data 
include black-sky albedo (directional hemispherical reflectance) and 
white-sky albedo (bi-hemispherical reflectance) for shortwave broad
band (Román et al., 2010; Schaaf et al., 2002). This study calculated the 
mean to assess real conditions, avoiding the influence of diffuse radia
tion fractional information (Liu et al., 2022).

Furthermore, this study acquired daily downward shortwave radia
tion, downward longwave radiation, and 2 m air temperature from the 
enhanced global dataset for the land component of the fifth generation 

Fig. 1. Landcover types in Northeast China, 2017. (a) Location of the study region in northeast China, (b) spatial distribution of major landcover types in northeast 
China, (c) the annual increase rate of corn planting area from 2000 to 2017, (d) the area of various land cover types in the study area from 2000 to 2020. The left y- 
coordinate represents the area of corn, rice, soybean, grass, and wetlands. The right y-axis represents the area occupied by trees. The left y-coordinate ranges from 1 
to 16, while the right y-axis spans from 31 to 46. The scale for trees and other vegetation is consistent on both axes, facilitating comparisons.
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of European reanalysis (ERA5_land), which has a spatial resolution with 
0.1◦ × 0.1◦ (Yang et al., 2006), and has been widely validated and uti
lized in Northeast China and other regions (Fang et al., 2021; Gong et al., 
2022; McNicholl et al., 2021; Xin et al., 2021). Although there are other 
relevant data available (Chen Yingying, 2015; He et al., 2020; Yang 
et al., 2010), they have not been adopted in this study owing to the 
considerable block effects in station data interpolation, which would 
increase uncertainty. Moreover, ERA5_land provided a consistent view 
of the water and energy cycles at the surface level for several decades. 
The ERA5_land with a one-day temporal resolution, is crucial for 
examining surface energy balance in various phenological stages, as 
most phenological stages endure only one to two weeks. All remote 
sensing data are utilized to estimate surface energy redistribution factors 
and to divide temperature response processes into radiative or 
non-radiative processes.

To assess the variation in LST and biophysical mechanisms across 
different phenological stages in corn expansion. This study obtained 30- 
m resolution phenological data with an accuracy of 96 %, and the 
average RMSE for each phenological stage was 8.46 days from 2017 to 
2019 according to our improved studies (Ma et al., 2023). The 
phenology stage included three-leave date (EMV3), seven-leave date 
(V7), jointing date (JD), tassel date (TD), milky date (MID), and matu
rity date (MD). Moreover, this study gathered data on crop types and 
land use types. The 10-m crop map included corn, soybean, and rice in 
northeast China, with an overall accuracy of 91 % (You et al., 2021). 
Grass and tree layers were acquired from the ESRI 10 m annual Land Use 
Land Cover (ESRI_LULC) and annual China Land Cover Dataset (CLCD). 
ESRI_LULC was derived from Sentinel-2 images at 10 m resolution, with 
each maps exhibiting an assessed average accuracy over 75 % (Karra 
et al., 2021). CLCD was produced from the Landsat images with 30 m 
resolution, achieving an overall accuracy reached 79.31 % (Yang and 
Huang, 2021). This study extracted the intersection of two datasets to 
achieve improved precision in grass and tree layers. Moreover, this 
study also extracted the intersection of the East Asian 10 m resolution 
Wetland spatial distribution Dataset (EAWD) and CLCD to produce a 
more accurate wetland layer. The EAWD was extracted from 
multi-source reference data and Sentinel-1/2 time series remote sensing 
images, with an accuracy exceeding 88 % (Mao et al., 2020). The crop 
and land use layers were aggregated to generate 1-km plant area pro
portion maps (i.e., corn, soybean, rice, grass, tree, and wetland) to align 
with the spatial resolution of other satellite remote sensing data (Liu 
et al., 2019a; 2022). Subsequently, single vegetation-type pixels that 
exceed 80 % within a 1-km grid were filtered. These pixels represent 

pure pixels of a specific vegetation type (Liu et al., 2022).
Additionally, to compare the differences in the vegetation surface. 

This study extracted the leaf area index (LAI) data from The MCD15A3H 
Version 6.1 Moderate Resolution Imaging Spectroradiometer Level 4 
(MCD15A3H.061) (Yang et al., 2006), which was produced by the 
optimal pixel from all the acquisitions of both MODIS sensors located on 
Terra and Aqua satellites within 4-days. LAI predominantly governs the 
biophysical feedback by influencing the absorption of solar radiation 
through alterations in albedo and the magnitude of evapotranspiration 
via canopy resistance (Kala et al., 2014).

Table 1

2.3. Temperature response model

LST is greatly impacted by energy redistribution through convection 
and evaporation (Bright et al., 2017; Lee et al., 2011; Liu et al., 2019a). 
Energy redistribution factor (f) expression was proposed by (Lee et al., 
2011), integrating aerodynamic and physiological governing surface 
energy budgets. A higher value of the f corresponds to higher efficiency 
in nonradiative processes. The formula could be calculated as: 

f =
λ0

Ts − Ta
(
R∗

n − G
)
− 1 (1) 

where λ0 is mean Planck response of each phenological stage to the 
external radiative forcing at the surface calculated as 1/4εsσT3

s . εs is 
mean the surface emissivity in each phenological stage, which is 
extracted from MOD11A1.061. Ts is each phenological stage mean LST 
(K). Ta is each phenological stage mean air temperature at 2 m (K). G is 
each phenological stage mean soil heat flux, which is estimated as 0.14 
× (Ta,n- Ta,n− 1), where n is the phenological stages (V3, V7, JD, TD, MID, 
MD). R∗

n is mean apparent net radiation of each phenological stage, 
which can be calculated as: 

R∗
n = (1 − α) × S + L↓ + σT4

a (2) 

where α is mean surface albedo for each phenological stage; S is mean 
downward shortwave radiation flux for each phenological stage, 
(1 − α) × S means net shortwave radiation flux, L↓ is mean downward 
longwave radiation flux of each phenological stage. σ is the Stefan- 
Boltzmann constant.

The temperature response model aims to quantify the biophysical 
effects arising from spatial patterns of vegetation cover sharing the a 
uniform background climate. Utilizing a linearization of the surface 

Table 1 
Summary of the remote sensing data and products used in this study.

Dataset Indicator Spatial 
resolution

Temporal 
resolution

Source Reference

MCD43A3.061 Albedo 500m Daily https://developers.google.com/earth-engine/datasets/catalog/ 
MODIS_061_MCD43A3

(Shuai et al., 2008)

MOD11A1.061 Emissivity 1km Daily https://developers.google.com/earth 
-engine/datasets/catalog/MODIS_061_MOD11A1#bands

(Wan, 2014)

LST LST 1km Daily https://gee-community-catalog.org/projects/daily_lst/ (Li et al., 2018)
ERA5_land Downward shortwave 

radiation, Downward 
longwave radiation, 2 m air 
temperature

0.1◦ Daily https://developers.google.com/earth/engine/datasets/catalog/E 
CMWF_ERA5_LAND_DAILY_AGGR

(Muñoz-Sabater et al., 
2021)

Crop type map Corn, Soybean, Rice 10m — https://doi.org/10.1038/s41597–021–00827–9 (You et al., 2021)
ESRI_LULC Grass, Tree 10m Yearly https://gee-community-catalog.org/projects/S2TSLULC/ (Karra et al., 2021)
CLCD Grass, Tree, Wetland 30m Yearly https://doi.org/10.5281/zenodo.4417810 (Yang and Huang, 

2021)
EAWD Wetland 10m — National Earth System Science Data Center (https://www.geodata. 

cn)
(Mao et al., 2020; 
Wang et al., 2023a; 
2023b)

Corn phenology 
map

V3, V7, JD, TD, MID, MD 10m — — (Ma et al., 2023)

MCD15A3H.061 LAI 500m 4-Day https://developers.google.com/earth-engine/datasets/catalog 
/MODIS_061_MCD15A3H

(Yang et al., 2006)
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longwave radiation term of the surface energy balance equation, Bright 
et al. (2017) formulated an analytical expression to estimate the direct 
surface temperature response to vegetation cover conversion, isolating 
the contribution of each biophysical factor to the predicted LST change 
(ΔTs) as follow: 

ΔTs =
λ0

(1 + f)
ΔR∗

n +
− λ0

(1 + f)
ΔG +

− λ0

(1 + f)(1 + f + Δf)
(
R∗

n − G
)
Δf (3) 

where ΔTs is the approximated response to vegetation cover change 
from type i to type j. This study assumes that R∗

n, f , and G are parameters 
affected by the vegetation types (corn, rice, soybean, grass, tree, and 
wetland) in various phenological stages and are independent of Ts 
(Bright et al., 2017; Liu et al., 2022). Thus, the first, second, and third 
right-hand terms in Eq. (3) are the response to the surface radiative 
forcing from the albedo change (ΔTs Alb), the change in heat conducted 
by the surface medium (ΔTs G), and the change in turbulent energy 
redistribution (ΔTs f) in each phenological stage, respectively.

2.4. Pair-wise comparison

This study aims to quantitatively investigate the impacts of corn 
expansion on LST at the various phenological stages. Each phenological 
stage of corn is regarded as a sub-vegetation type in pair-wise compar
ison to clarify LST changes among various phenological stages of corn 
and land surfaces. The pair-wise comparison that is, the space-for-time 
approach, which compared LST changes between corn and various 
vegetation at the same time to reveal the potential impact of corn 
expansion on surface temperature (Abera et al., 2020; Bouvet et al., 
2018). Notably, the pair-wise comparison method is performed under 
two assumptions. First, the adjacent vegetation types share the same 
background state characterized by the incoming solar radiation, the 
incoming longwave radiation, and air temperature at the blending 
height. Second, the perturbation signals, such as corn expansions, 
significantly exceed the background changes (Lee et al., 2011). The 
elevation disparity between the two vegetation types should be under 
100 m to minimize the effect of spatial heterogeneity caused by the 
atmospheric background (Liu et al., 2022). Furthermore, the sampling 
region should be sufficient pure pixels for both vegetation types, and the 
vegetation pixel paired with corn should not be <10 % (Wang et al., 
2021). This study extracted samples from three years to compare corn 
with rice (560), soybean (166), tree (34), grass (121), or wetland (366), 
respectively. Moreover, this study mainly compared paired pixels uti
lizing 5 × 5 km sampling areas appropriate for regional studies (Liu 
et al., 2022; Zhang et al., 2023b). Moreover, to address the phenological 
stage disparity between crops, this study assumes that the phenology of 
the two crop types does not change on adjacent dates. Specifically, this 
study differentiated the phenological stage to each day and calculated 
the LST changes (ΔLST) of different crops on two consecutive days. 
Fig. S2 displayed the ΔLST_Alb, and ΔLST_f, ΔMean_LST, diurnal LST 
range (DTR_LST), ΔDay_LST, and ΔNight_LST at daily scale in the whole 
growing season. Then the mean of the daily Day_LST, Night_LST, 
Mean_LST, and DTR_LST of the paired pixels between the two pheno
logical stages was calculated to investigate the growing season and 
various phenological stages. Mean_LST was calculated using the arith
metic mean of Day_LST (maximum) and Night_LST (minimum). 
DTR_LST was derived from the difference between Day_LST and 
Night_LST. This study also compared the albedo and f of paired pixels, 
together with their magnitude and direction, to illustrate the driving 
mechanism of the LST change.

3. Results

3.1. LAI differences between corn and various land surfaces in the 
growing season

The LAI between corn and other vegetations (rice, soybean, tree, 
grass, wetland) exhibited significant differences in the growing season 
(Fig. 2). Corn has a higher LAI value than rice and soybeans, except for 
the stage from TD to MID (210 to 225 days) (Figs. 2b, c). Since the corn 
had been pollinated, the male and female ears on the stigma, together 
with the silky hairs on the corn leaf sheaths, desiccated and turned 
yellow, resulting in a decreased LAI. While rice and soybeans remain 
green or yellow-green with sufficient water at this stage. In comparison 
to trees, the variations in stem, leaf, and morphology led to a decreased 
LAI (Fig. 2d). Nonetheless, these discrepancies progressively diminish as 
corn grows. Furthermore, tree greening occurs earlier than corn emer
gence, browns later than corn maturity, and exhibits denser canopy 
coverage with extended phenological period (Zhao et al., 2023). 
Compared with grassland and wetland (Figs. 2e, f), corn has a greater 
LAI than grass during the whole growing season. However, during EMV3 
to V7 (130 to 160 days), the LAI of corn was inferior to that of wetlands. 
This is because the vegetation in the wetlands is perennial, and its 
greening rate is surpasses the growth rate of corn. The LAI differences 
are primarily associated with phenological shifts, (Figs. 2b, c, f).

3.2. Comparison of LST changes in various phenological stages and the 
whole growing season

Over the whole growing season, the conversion of rice, tree, grass, 
and wetland showed potential warming effects, whereas the conversion 
of soybean showed potential cooling effects in Mean_LST and Day_LST 
(Figs. 3a, b). Specifically, the largest increase in Day_LST occurred when 
corns were converted into trees (0.92±0.33 K), followed by rice (0.86 
±0.24 K), grasslands (0.06±0.35 K), and wetlands (0.06±0.23 K), 
respectively (Fig. 3a). The conversion of soybeans displayed cooling 
effect of − 0.42±0.23 K in Day_LST. Night_LST cooling was observed in 
the conversions of rice (− 0.49±0.14K ), wetlands (− 0.22±0.15K ), trees 
(− 0.15±0.18K ), and soybean (− 0.14±0.22K ) (Fig. 3c), while slight 
warming occurred in the conversions of grassland (0.08±0.19 K). 
Therefore, the increase in DTR_LST when corns were converted into rice 
(1.23±0.16 K), trees (1.08±0.78 K), wetlands (0.34±0.18 K), and 
grasslands (0.08±0.19 K), yet it decreased by − 0.28±0.37 K when 
converted from corn to soybeans (Fig. 3d). The largest increase in 
Mean_LST occurred when corns were converted into trees (0.26±0.15 
K), followed by rice (0.18±0.10 K), grasslands (0.06±0.14 K), wetland 
(0.01±0.13 K), respectively (Fig. 3b). The study provides satellite-based 
evidence of the LST change resulting from corn expansion in northeast 
China.

Interestingly, except for soybean, the ΔMean_LST of corn expansion 
initially decreased and subsequently increased in response to pheno
logical shifts (Fig. 4). Specifically, the potential warming effect was 
significant during EMV3-V7 and V7-JD, with the largest warming in 
Mean_LST occurred when corns were converted into trees (1.24±0.43K ) 
(0.93±0.29 K), followed by grass (0.47±0.37 K) (0.43±0.31 K), rice 
(0.46±0.23 K) (0.31±0.22 K), wetlands (0.16±0.21 K) (0.15±0.34), 
respectively (Figs. 4f, g, h, i, m). Moreover, a slight cooling effect was 
observed during TD to MID in rice (− 0.21±0.16 K), soybeans (− 0.02 
±0.15 K), tree (− 0.10±0.20 K), grass (− 0.36±0.29 K), and wetland 
(− 0.22±0.17 K) conversion. This indicated that the warming effect from 
EMV3 to JD dominated the Mean_LST changes over the whole growth 
season. The conversion of soybeans demonstrated considerable potential 
cooling, with the cooling effect from EMV3 to JD surpassing warming 
effects from MID to MD (Fig. 4g, i). The △DTR_LST and Day_LST dis
played comparable patterns with Mean_LST in various phenological 
stages. In conclusion, phenological shifts regulated the change in LST 
associated with corn expansion, regardless of the conversion types.
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Fig. 2. Comparison of LAI among corn (a) and rice (b), soybean (c), tree (d), grass (e), and wetland (f) during the crop growing season. Gray indicates that corn has a 
lower LAI than other vegetation, and purple indicates that corn has a higher LAI than other vegetation. EMV3, V7, JD, TD, MID, and MD represent the three-leave 
date, seven-leave date, jointing date, tassel date, milky date, and maturity date, respectively.

Fig. 3. Differences in average land surface temperatures (LSTs) between corn and rice, soybean, tree, grass, and wetland during the whole growing period of corn 
(WGP, from EMV3 to MD) from 2017 to 2019. The differences of (a) Day_LST, (c) Night_LST, and (b) Mean_LST as well as (d) diurnal temperature range (DTR) 
between pure corn pixels and the adjacent pure rice pixels (CR), pure soybean pixels (CS), pure tree pixels (CR), pure grass pixels (CG), and pure wetland pixels (CW) 
in northeast China. The middle lines represent the median values of ΔLSTs. The uncertainties are at a 95 % confidence level. The detailed values are displayed in 
Tables S3-S7.
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The effect of phenological stages on LST varies according to latitude 
(from north to south). The ΔDTR_LST and ΔDay_LST displayed consis
tent trends in latitude and phenological stages across five vegetation 
conversion types. ΔDTR_LST and ΔDay_LST exhibited higher variations 
than ΔMean_LST and ΔNight_LST (Figs. 5, 6). The warming effect of 
Day_LST increased with latitude in rice, tree, and grassland conversion 
types during EMV3-V7 (Figs. 5 a1, c1, d1). Subsequently, the warming 
trend of ΔDay_LST gradually slowed down and even exhibited cooling 

with the phenology shift. For example, during TD-MID, ΔDay_LST 
decreased with increasing latitude in the conversion of trees and 
grasslands (Figs. 5 c4, d4). ΔDay_LST in wetland and soybean conver
sion types are more complex. During EMV3-V7 and V7-JD, the 
ΔDay_LST of soybean conversion displayed cooling at 46◦N-47◦N and 
warming at 48◦N − 49◦N (Figs. 5 b1, b2), potentially linked to the dif
ferential growth of corn and soybean across different latitudes. During 
EMV3-V7, the ΔDay_LST of wetland conversion reveals a cooling trend 

Fig. 4. Comparison of LST between corn and rice, soybean, tree, grass, and wetland in various phenological stages from 2017 to 2019. The differences of Day_LST, 
Night_LST, and daily Mean_LST as well as DTR_LST between pure corn pixels and the adjacent pure rice pixels (a), pure soybean pixels (b), pure tree pixels (c), pure 
grass pixels (d), and pure wetland pixels (d) in northeast China, respectively. The uncertainties are in a 95 % confidence level. The detailed values are displayed in 
Tables S3-S7.

Fig. 5. Variation of ΔDay_LST, and ΔNight_LST with latitude in various phenological stages and the whole growing season. Lightly shaded areas in panels represent 
all samples’ standard deviation (SD).
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at 44◦N-46◦N and a warming trend at 42◦N-44◦N (Fig. 5 e1). This could 
be owing to higher air temperatures at lower latitudes, which facilitate 
the growth of natural vegetation on wetlands, thus replacing wetlands 
with emerging corn, resulting in a warming effect.

3.3. Biophysical mechanism of LST variation in various phenological 
stages

To understand the driving mechanisms of LST variations from the 
corn expansion. First, this study compared the albedo and f changes in 
various phenological stages (Fig. 7). Second, this study utilized a tem
perature response model to estimate the △LST (Eq. (3)). The LST var
iations were attributed to the individual radiative (Albedo-induced 
△LST), non-radiative local forcing mechanisms (f -induced △LST), and 
the change in heat conducted by the surface medium (ΔTs G) (Fig. 8). 
ΔTs G not explained in follow due to its insignificant magnitudes (Bright 
et al., 2017).

Fig. 8 illustrated that the △LST_Cal was consistent with the 
△LST_Obs in various phenological stages. The ΔLST_Cal’s accuracy 
ranged from 0.74 to 0.94 across various vegetation cover conversions, 
with all results statistically significant at the 0.05 level (Fig. S1), indi
cating that the two components of the temperature responses including 
the albedo change (△LST_Alb) and energy redistribution factor change 
(△LST_f) better reflect the radiative and nonradiative process in regu
lating LST.

Various phenological stages regulated the changes in biophysical 
forcings of surface energy balance in five vegetation types converted to 
corn (Fig. 7). EMV3 to JD dominated the temperature effect on 
Mean_LST for the whole growth season. Because the warming effects in 
EMV3 to JD were stronger than the cooling effects in TD to MD for rice, 
grass, and trees. The cooling effects in EMV3 to JD were stronger than 
the warming effects in TD to MD for soybeans. Specifically, from EMV3 
to JD, the marked increase in mean f was observed in vegetation types 
conversions, such as trees (0.92±0.50), followed by wetlands (0.49 

±0.39), rice (0.43±0.36), and grass (0.19±0.42) (Figs. 7a, c, e, g, i), 
with a slight decrease in soybeans (0.05±0.12). The decrease in mean 
albedo was observed in the conversion of rice, trees, and wetlands, while 
a slight increase was observed in grass and soybeans at this stage 
(Figs. 7b, d, f, h, j). A higher albedo indicates that the surface reflects 

more radiation and dissipates more energy, controlling the incoming 
energy in the surface energy balance (Lee et al., 2011). A higher f value 
indicates that vegetation ecosystems are more efficient in dissipating 
energy from the surface owing to their intrinsic biogeophysical prop
erties (Bright et al., 2017; Lee et al., 2011). It is regarded as a relevant 
indicator of vegetation’s structural and physiological controls on the 
surface energy balance, which can be divided into a combined effect of 
evaporation and turbulent heat exchange. Therefore, the △LST contri
butions of non-radiative forcing caused by f changes were 1.97±0.88 K 
(trees), 1.55±1.12 K (rice), 0.87±0.45 K (grass), 0.32±0.34 K (wet
lands), and 0.12±0.32 K (soybeans). The △LST contributions of radi
ative forcing induced by albedo change were − 0.03±0.10 K (trees), 
− 0.35±0.20 K (rice), 0.15±0.19 K (grass), − 0.03±0.10 K (wetlands), 
and − 0.09±0.20 K (soybeans) (Fig. 8). Non-radiative warming effect 
surpassed radiative cooling effect, dominated the LST change at EMV3 
to JD. While in TD to MID, the denser corn canopy exhibited increased 
evapotranspiration compared to rice, soybean, and grass, resulting in a 
cooling effect of non-radiative forcings (Figs. 8a, b, d). Furthermore, the 
albedo of trees produced a radiative cooling effect in JD to MD, con
trasting with radiative warming effect observed from EMV3 to JD. The 
result suggested that the phenological shifts regulate the warming and 
cooling effects resulting from albedo-induced radiative forcing as well as 
f induced non-radiative processes.

The LST change governed by both non-radiative and radiative pro
cesses, is influenced by latitude and phenological stages (Fig. 9). The LST 
changes caused by radiative and non-radiative processes in rice and 
wetland conversions at 42◦N-44◦N exhibit consistent trends, particu
larly during EMV3-V7. They exhibited the most pronounced radiative 
cooling and non-radiative warming effect at 43◦N (Figs. 9 a1, e1). 
During V7-JD and MID-MD, the non-radiative warming effect of wetland 
conversion surpassed that of rice conversion, correlating with increasing 
latitude (44◦N-47◦N). This indicated that the conversion of wetlands to 
corn results in stronger warming at higher latitudes. The warming effect 
of grassland decreased with rising latitude (Fig. 9 d6). The warming 
effect produced by tree conversion initially decreased and then 
increased with latitude. The non-radiative warming effect of EMV3-JD 
offsets the radiative cooling of JD-MID, which predominates the ulti
mate temperature change (Figs. 8, 9). Furthermore, the LST changes 
were no significant difference in latitude for soybean conversion 
throughout the EMV3-MD (Fig. 9 b6). However, in EMV3-V7 and MID- 

Fig. 6. Variation of ΔMean_LST, and ΔDTR_LST with latitude in various phenological stages and the whole growing season. Lightly shaded areas in panels represent 
all samples’ standard deviation (SD).
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MD, there is an obvious latitude fluctuation in LST changes, which could 
be correlated with air temperature changes, or the sowing and ripening- 
date of corn and soybean. For example, soybeans could be sown later in 
higher latitudes, so they grow more slowly during the EMV3-V7 stage of 
corn. On the other hand, higher latitudes have lower air temperatures, 
which affect crop growth and result in larger differences in biophysical 
properties, making the LST change more significant.

4. Discussion

4.1. The importance of phenology in regulating surface biophysical 
processes

Detailed phenological information provides a new perspective for 
investigating the LST change in corn expansion. Phenology reflects the 
biophysical characteristics of crops from sowing to harvest (Ma et al., 
2023). It more accurately describes the changes in surface physiological 
structure. Owing to the focus on equidistant time scale such as months, 

Fig. 7. Albedo and energy redistribution factor (f) in various phenological stages from 2017 to 2019. The daily value of albedo (a, c, e, g, and i) and f (b, d, f, h, and j) 
for corn, rice, soybean, tree, grass, and wetland within adjacent sample areas. Lightly shaded areas in panels represent all samples’ standard deviation (SD).
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seasons, and years (Bright et al., 2017; Lee et al., 2011; Liao et al., 2018; 
Liu et al., 2018; Zhang et al., 2023b) of prior studies, there has been a 
limitation of analyses into biophysical effects on LST. For instance, Liu 
et al. (2022) and Liu et al. (2019b) revealed that the △LST between 
irrigated rice fields and rain-fed fields in different months constrained 
changes in physiological structure-induced surface biophysical pro
cesses. More detailed phenological stages facilitate the understanding of 
variations in biophysical process throughout crop growth. This study 
also compared △LST and its biophysical mechanisms across various 
phenological stages and whole growth seasons with latitude changes. 
The result indicated that non-radiative processes from EMV3 to JD 
dominated the warming effect of corn expansion (Fig. 8), and the impact 
of phenological stages on LST varies with latitude (from north to south) 
(Figs. 5,6). These were not assessed in previous studies (Liu et al., 2019a; 
2022).

Furthermore, phenological shifts governed the radiative and non- 
radiative processes with varying magnitudes and directions (Fig. 8). 
Phenological shifts affected LAI change, which is crucial in regulating 
biophysical feedback mechanisms (Kala et al., 2014) by modulating the 
absorption of solar radiation through alterations in albedo and evapo
transpiration. The latent heat fluxes increase with crop growth and 
reach their peak when the canopy achieves maximum LAI (Bohm et al., 
2020). Upon maturity, brown crops exhibit a greater albedo and absorb 
less solar radiation than bare soil and green vegetation, resulting in 

lower LST (Sacks and Kucharik, 2011). Consequently, analyzing water 
and energy allocation across various phenological stages is essential for 
revealing the biophysical mechanisms underlying corn expansion.

4.2. The driving mechanism of regional LST change

This study found a potential cooling effect during the EMV3 to TD for 
soybean conversion attributed to the decrease in Day_LST and 
Night_LST. This is probably due to the higher height of corn stalks 
compared to soybeans stalks, as well as the wider and thicker leaves of 
corn. The corn roots need to absorb more soil moisture to supply tran
spiration, hence decreasing Day_LST. Then the reduced Day_LST and 
shading from the stems and leaves diminish soil heat storage, resulting 
in a decrease in the Night_LST (Lee et al., 2011; Pelech et al., 2021; Yu 
et al., 2022). This indicated that the biophysical effects of corn expan
sion were reversed in phenological shifts as its structural and functional 
development progressed. For example, soybean conversion led to sub
stantial cooling effects from the EMV3 to TD (− 0.19±0.46 K) (− 0.35 
±0.21 K) (− 0.52±0.35K ), followed by slight warming from TD to MID 
(0.04±0.46 K), and cooling from MID to MD (− 0.08±0.13 K). Likewise, 
the grasslands conversion led to notable warming effects from the EMV3 
to JD (0.47±0.37K ) (0.43±0.31 K), followed by cooling from JD to MD 
(− 0.27±0.32 K) (− 0.36±0.29 K) (− 0.23±0.19 K). Grasslands are 
perennial natural vegetation that greening earlier than crops by 

Fig. 8. Comparison of the biophysical effect at the whole growing period and various phenological stages between corn and land surfaces (within 5 km) from 2017 to 
2019. a, Corn and Rice; b, Cron and Soybean; c, Corn and Tree; d, Corn and Grass, e, Corn and Wetland. Error bars are given as one SD for the clusters of all samples.
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approximately 20 days (Zhao et al., 2023). During EMV3 to JD, the corn 
plants are diminutive, mainly displayed bare black soil background, 
which exhibits lower albedo and evaporation compared to natural 
vegetation (Yu et al., 2022). Consequently, both radiative and 
non-radiative processes exhibited warming effects. During JD to MD, the 
grassland conversions caused biophysical cooling owing to the 
non-radiative and radiative cooling (Fig. 8d; Figs. 9 d4, d5).

Furthermore, this study revealed that corn expansion had significant 
biophysical warming potentials over the whole growth season when 
converting rice, trees, grass, and wetlands (Fig. 8), in agreement with 
previous remote sensing studies on LST changes (Duveiller et al., 2018; 
Zhou et al., 2021). However, the potential warming effect gradually 
decreases with phenological shifts. For example, although the trees 
converted to corn consistently produced a warming effect, the amplitude 
steadily decreased in various phenological stages. (Fig. 8c). These could 
be related to the intrinsic biogeophysical properties, as phenological 
shifts influence vegetation structural and physiological, hence control
ling the surface energy balance. The non-radiative warming effect 
decreased during JD to MD is likely attributable to increased surface 
roughness associated with corn grows, leading to enhanced energy 
diffusion via turbulence (Chen et al., 2020; Lee et al., 2011). In other 
words, as the LAI disparity between corn and trees decreases (Fig. 2), the 
difference in evapotranspiration also decreases, leading to a weaker 
non-radiative effect. In contrast, non-radiative cooling between corn and 
grass intensifies (Fig. 8d), presumably due to the greater height and 
coarser surface of corn, facilitating heat transfer from the surface to the 
atmosphere via turbulence. It illustrated that the radiative and 
non-radiative mechanisms of vegetation undergo continuous change 
during the growth season. Overall, coupled vegetation-climate modeling 
needs to account for specific phenological stages and vegetation cover 
types.

The LST change regulated by both non-radiative and radiative pro
cesses, is influenced by latitude (Fig. 9). The LST changes caused by 
radiative and non-radiative processes in rice and wetland conversions at 
42◦N-44◦N exhibit consistent trends, particularly during EMV3-V7 
(Figs. 9 a1, e1), where non-radiative processes predominantly sur
passed radiative processes, thereby influencing the biophysical warming 
effect (Figs. 8a, e; Figs. 9 a1, e1). During V7-JD and MID-MD, the non- 
radiative warming effect of wetland conversion surpassed that of rice 

conversion as latitude increased from 44◦N to 47◦N. This indicates that 
the conversion of wetlands causes more pronounced warming effects 
compared to conversion of rice in high latitudes. This was a novel 
finding compared to previous studies that mainly focused on rice as an 
artificial wetland able to alleviating the warming impacts of wetland 
degradation (Liu et al., 2019a, 2022). Moreover, non-radiative warming 
exists in two conversion types, and radiative cooling also exists in the 
wetland conversion with the latitude change (Figs. 9 b2, e2) from the V7 
to JD. However, radiative forcing warms the LST of the rice conversion 
at 44◦N-46◦N (Fig. 9 b2). The sign of the radiation processes controlling 
LST was contrary. That could be attributed to the wetlands exhibiting a 
lower albedo than that of corn and rice in these regions. During MID to 
MD, the non-radiative and radiative warning LST for rice conversion, 
whereas no-radiative warming outweighed radiative cooling still 
dominant the LST from wetland conversion at this stage. Therefore, 
biophysical mechanisms controlling rice and wetlands LST were not 
synchronized.

4.3. Uncertainties and limitations

The accuracy of the vegetation-type map and the spatial resolution of 
the ERA5_land could lead to uncertainties. This research utilized the 
intersection of two datasets to determine the ultimate vegetation type, 
minimizing misclassification of high spatial resolution (10–30 m) 
vegetation type maps. For example, the spatial location of grass and 
trees is the intersection of ESRI_LULC and CLCD. Moreover, this study 
investigated the biophysical mechanisms underlying the effects of corn 
expansion at different phenological stages on LST, rather than across a 
temporal scale of months or years. To accurately describe energy within 
phenology, ERA5_land data with one-day resolution is required. None
theless, this could underestimate the effect of corn expansion on LST due 
to sacrificing the spatial resolution (0.1◦). Because of the spatial het
erogeneity decrease of L↓, S, and Ta, resulting in an underestimate of R∗

n.
This study contributes to the current understanding of the impact for 

phenological shifts on LST changes in corn expansion. Our analysis using 
the temperature response model to decompose the LST change resulting 
from corn expansion attributed to albedo and the f (Bright et al., 2017; 
Liu et al., 2022). Aerodynamic resistance primarily correlates with 
surface roughness and iscrucial in governing the energy transfer 

Fig. 9. Variation of ΔLST_Cal, ΔLST_Alb, and ΔLST_f with latitude in various phenological stages and the growing season. Lightly shaded areas in panels represent all 
samples’ standard deviation (SD).
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between the land surface and the atmosphere (Chen et al., 2020; Yu 
et al., 2022; Zhang et al., 2022). Therefore, the contribution of more 
biophysical factors on changes in LST could be quantified using the 
semi-mechanistic empirical model and regional or global climate models 
(Zeng et al., 2017; Zhang et al., 2023a), particularly as the station 
observation network expands and as new remote sensing products are 
available in the future. Furthermore, given the importance of phenology 
in regulating LST during corn expansion, future studies should investi
gate the direct temporal trends and relative contributions of corn 
expansion and phenology changes to LST.

5. Conclusion

This study utilized the pair-wise comparison approach and the 
temperature response model to investigate the biophysical effect of corn 
expansion on local LST in various phenological stages and latitudes, 
using remote sensing observational data over northeast China,. The re
sults indicated that the conversion of trees, grass, rice, and wetlands 
produced the warming effect in the Mean_LST, whereas the conversion 
of soybeans cooled the Mean_LST. Because EMV3 to JD dominated non- 
radiative warming in ΔMean_LST at rice, tree, grass, and wetlands 
conversions, and non-radiative cooling in ΔMean_LST for soybean con
version. Therefore, LST changes of corn expansion were influenced by 
various phenological stages, which dominated non-radiative processes 
with varying signs and magnitudes. Moreover, the effect of phenological 
stages on LST varies with latitude. During V7-JD and MID-MD, the non- 
radiative warming effect of wetland conversion surpassed that of rice 
conversion as latitude increased (44◦N-47◦N). This indicated that the 
conversion of wetlands caused intensified warming at high latitudes in 
these stages. Our findings highlight the importance of accounting for 
phenology shifts regulating biophysical mechanisms with latitude 
changes for better quantification and understanding of the expansion’s 
impact on climate, as well as for making effective adaptation and miti
gation climate strategies in the future agroecosystem.
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