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Abstract
Land use and land cover changes (LULCC) since industrialization have significantly altered precipitation and temperatures 
across Northern Hemisphere continents, and thus the occurrences of compound dry and hot extremes (CDHEs). Here, we 
employ five model pairs from the CMIP6 Land Use Model Intercomparison Project (LUMIP) to isolate the biogeophysical 
effects of LULCC over 1980–2014 on summer (June–August) CDHEs over North America (NA), Europe (EU), and China 
(CN), quantifying changes in CDHE occurrence, intensity, duration, and frequency. Multi-model ensemble means indicate 
that LULCC reduces CDHE occurrence and cumulative days by 0.1–0.5 events yr⁻¹ and 0.4–1.2 days yr⁻¹ in NA and EU, 
whereas it enhances these metrics by up to 0.1 events yr⁻¹ and 0.6 days yr⁻¹ in CN, with intensity and duration exhibiting 
considerable spatial heterogeneity. Mechanistic analyses reveal that these contrasting responses are shaped by both local 
biogeophysical feedbacks and non-local atmospheric circulation adjustments. Locally, LULCC-induced shifts in sensible 
and latent heat flux partitioning and evapotranspiration dominate the surface energy redistribution, outweighing radiative 
forcing effects. At the large scale, LULCC drives an anomalous anticyclonic circulation and moisture divergence over CN, 
but anomalous cyclonic patterns and enhanced moisture convergence over NA and EU. These results demonstrate that 
LULCC plays a critical role in shaping compound extreme risks through coupled local and non-local pathways, underscor-
ing the need for improved representation of land–atmosphere interactions in Earth system models.
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extremes over Northern hemisphere

Pinya Wang1,2,3 · Yuanlin Zheng1,2 · Mengyun Li1,2 · Yu Song1,2 · Yang Yang1,2  · Jianping Tang4 · Hong Liao1,2

1  Introduction

Under global warming, extreme climate events such as 
extreme heat and drought have received significant atten-
tion due to their devastating socioeconomic impacts (e.g., 
Campbell et al. 2018; Perkins-Kirkpatrick et al. 2020). 
Numerous studies have demonstrated that there is a positive 
interaction between extreme heat events and droughts. Spe-
cifically, drought reduces soil moisture content, which sup-
presses evapotranspiration. This leads to decreased latent 
heat flux and enhanced sensible heating, thereby intensify-
ing extreme heat events (Miralles et al. 2012). Meanwhile, 
elevated temperatures can accelerate the evaporation of 
soil moisture, further intensifying the aridity (Senevi-
ratne et al. 2010; Zhou et al. 2020; Alessi et al. 2022). The 
positive feedback mechanism between hot extremes and 
droughts thus contributes to the frequent occurrence of 
compound dry and hot extremes (CDHEs), which refer to 
periods when extreme high temperatures and drought occur 
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simultaneously. Particularly, such compound extremes 
generally cause amplified impacts than the single extreme 
heat or drought event (Leonard et al. 2014). CDHEs have 
become more frequent and intense in recent decades and 
are expected to continue this trend in the future (Tang et al. 
2022; Ye et al. 2025).

While numerous studies have examined the effects of 
climate warming on the frequency and intensity of CDHEs 
(e.g., Zeng et al. 2024; Cheng et al. 2019), the role of land 
use and land cover changes (LULCC) in shaping CDHEs 
has received limited attention. Since the industrialization, 
land use and land cover have undergone substantial trans-
formations (Ramankutty et al. 2006), profoundly altering 
regional climate through biogeophysical and biogeochemi-
cal processes (Findell et al. 2007, 2017; Pitman et al. 2009; 
Mahmood et al. 2014). The biogeophysical processes refer 
to changes in physical processes such as albedo, evapotrans-
piration, and the surface energy balance induced by LULCC 
(Pielke et al. 1998; Lee et al. 2011; Mahmood et al. 2014), 
while the biogeochemical effects involve LULCC-induced 
changes in the carbon and nitrogen cycles, greenhouse gas 
emissions, and aerosol formation (Pongratz et al. 2010; 
Bright et al. 2015).

A growing body of literature has assessed the impacts 
of LULCC on climate variables and extreme indices (e.g., 
Pielke et al. 1998, 2011; Brovkin et al. 2013; Pongratz et 
al. 2021; Miralles et al. 2025). Through the Land-Use and 
Climate, Identification of Robust Impact (LUCID) proj-
ect multi-model experiments, De Noblet-Ducoudré et al. 
(2012) found that historical LULCC led to an increase in 
surface albedo over North America and Eurasia, resulting 
in a regional cooling effect. However, model responses 
to LULCC vary considerably due to differences in model 
design and physical parameterization (Findell et al. 2007; 
Pitman et al. 2009). For instance, Findell et al. (2007) 
identified considerable inter-model disagreement in the 
biogeophysical responses to replacing mid-latitude forests 
with grasslands or croplands. Models that emphasize the 
increased albedo associated with deforestation tend to sim-
ulate reduced net radiation at the surface, as more incom-
ing solar radiation is reflected. This reduction in available 
energy limits surface heating, thereby offsetting or even 
reversing temperature increase. Such mechanism is sup-
ported by observational evidence particularly in high-lati-
tude regions where albedo effect of deforestation dominates 
over evapotranspiration-driven warming, resulting in a net 
local cooling response (Lee et al. 2011). In contrast, mod-
els that emphasize the hydrologic impact of reduced rooting 
depths tend to have less water available for evapotranspira-
tion, weakening evaporative cooling and leading to surface 
warming. Despite these inter-model uncertainties, there is 
broad consensus that LULCC exerts negligible effects on 

global mean climate but produces significant responses at 
the regional scale (Findell et al. 2007; De Noblet-Ducoudré 
et al. 2012).

Regarding the impacts of LULCC on climate extremes, 
Pitman et al. (2012) found that LULCC from 1870 to 1992 
had led to a cooling trend in the mid-latitudes of North 
America and Eurasia, resulting in a decrease in warm days 
(TX90p) and warm nights (TN90p), and an increase in cold 
days (TX10p) and cold nights (TN10p), while in tropical 
regions some local warming occurred due to changes in 
evapotranspiration and surface roughness. Building on this, 
Findell et al. (2017) demonstrated that the conversion of 
mid-latitude natural forests to croplands and pastures dur-
ing 1981–2005 suppressed latent heat flux and enhanced 
sensible heat flux, significantly increasing the frequency of 
hot-dry summers. Seneviratne et al. (2018) further empha-
sized that land–atmosphere feedbacks mediated through soil 
moisture and land-use forcing play a major role in shap-
ing projected changes in extremes under 1.5 °C warming, 
particularly in densely populated regions of North Amer-
ica, Europe, and Asia. However, most previous work has 
focused on the effects of LULCC on individual climate 
variables or single-variable extreme indices, whereas the 
impacts of LULCC on CDHEs remain largely unexplored, 
underscoring the need for a systematic assessment.

This study utilizes simulations from the Coupled Model 
Intercomparison Project Phase 6 (CMIP6) Land Use Model 
Intercomparison Project (LUMIP) to assess the impacts of 
land use and land cover change (LULCC) on CDHEs. The 
LUMIP framework is designed to isolate the climatic effects 
of LULCC, while CMIP6 incorporates updated and more 
accurate land-use data. Here, we solely examine the bio-
geophysical effects of LULCC (see Sect.   2). Specifically, 
we analyze the cumulative effects of LULCC from 1980 to 
2014 relative to the pre-industrial period on various char-
acteristics of CDHEs across the Northern Hemisphere dur-
ing summer (June–August), with a particular focus on three 
densely populated and economically developed regions: 
North America (NA), Europe (EU), and China (CN). Fur-
thermore, we interpret the driving mechanisms behind 
the evolution of CDHEs by dissecting LULCC-induced 
changes in key physical factors.

2  Data and methods

2.1  CMIP6 data and experimental designs

In this study, we utilize five CMIP6-LUMIP global cli-
mate models (GCMs; Table 1). These models were selected 
because they are the only ones that provided all required 
variables for both the Historical and Hist-noLu experiments 
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under the CMIP6-LUMIP framework at the time of this 
analysis, and have been demonstrated to perform well in 
reproducing present-day climatological features (Zhang et 
al. 2024a). Among the five models, CMCC-ESM2, CNRM-
ESM2-1, MPI-ESM1-2-LR, and MIROC-ES2L incorpo-
rate a dynamic global vegetation model (DGVM), while 
ACCESS-ESM1-5 does not employ an interactive DGVM 
in the LUMIP experiments used here (Hong et al. 2022; 
Hajima et al. 2020). Employing these five models to con-
struct a multi-model ensemble enables a more robust char-
acterization of structural uncertainties in land–atmosphere 
interactions, consistent with the recommended practice of 
LUMIP multi-model intercomparison studies (e.g., Law-
rence et al. 2016). “Historical” experiment is a fully coupled 
simulation from 1850 to 2014, which contains all natural 
(e.g., volcanic aerosols and solar variability) and anthro-
pogenic (e.g., GHGs, aerosols, and LULCC) forcings. The 
“Hist-noLu” experiment is the same as “Historical” experi-
ment, but with LULCC fixed at the 1850 level (Ge et al. 
2022; Lawrence et al. 2016). Furthermore, the “Hist-noLu” 
experiment maintains the same CO2 concentration as the 
“Historical” experiment (Liu et al. 2022; Luo et al. 2022). 
Therefore, “Historical” experiment minus “Hist-noLu” 
experiment can isolate biogeophysical effects of LULCC on 
climate (Zhang et al. 2024a, b; Luo et al. 2024; Tang et al. 
2025).

We employ ten variables from these both “Historical” 
and “Hist-noLu” experiments for the period 1980–2014, 
including daily maximum temperature (Tmax), precipita-
tion (Pr), monthly sensible heat flux (SH), latent heat flux 
(LH), surface upwelling longwave radiation, surface down-
welling longwave radiation, surface upwelling shortwave 

radiation, surface downwelling shortwave radiation, evapo-
transpiration (ET), total soil moisture content (SM) and leaf 
area index (LAI). Note that surface net radiation (NR) is 
calculated as net downwelling shortwave (downward minus 
upward) plus net downwelling longwave (downward minus 
upward). Although LH is physically proportional to ET, 
they are presented separately here to distinguish between 
energy flux and water flux perspectives. To investigate the 
large-scale atmospheric circulation responses to LULCC, 
we additionally utilize monthly 500 hPa geopotential height 
(Z500) and horizontal wind fields (U500, V500). Vertically 
integrated moisture flux (IVT) and its divergence are com-
puted by integrating specific humidity and horizontal wind 
throughout the atmospheric column. All model outputs are 
regridded into a uniform spatial resolution of 1°×1° using 
bilinear interpolation.

2.2  Land-use harmonization data

Land-Use Harmonization 2 (LUH2) is a global land use 
and land cover change dataset specifically designed to sup-
port Earth system models and climate change research. It is 
an improvement over Land-Use Harmonization 1 (LUH1), 
aiming to provide more accurate and detailed historical evo-
lution and future simulations of global land use (Hurtt et al. 
2020). LUH2 provides long-term trends in land use changes 
from 850 to 2100, with a spatial resolution of 0.25°0.25°. 
It includes 12 types of land use which are reclassified into 
5 land use types as in Zhang et al. (2024a) (see Table 2). 
Specifically, forest refers to the combination of primary and 
secondary forests, while non-forest refers to the combina-
tion of primary and secondary non-forests, and cropland is 
an aggregation of five crop types, and grazing land includes 
managed and unmanaged pastures. The dataset also includes 
land use management layers, such as wood harvest, irriga-
tion, and nitrogen fertilizer application (Hurtt et al. 2020).

2.3  Identification of compound dry and hot 
extreme events

Various approaches have been proposed to define CDHEs, 
including the copula-based joint distribution method (Tava-
kol et al. 2020) and local percentile-based thresholds (Wang 

Table 2  Reclassified five land types according to LUH2
Label Land use type in LUH2
Cropland C3 annual crops + C3 perennial 

crops + C4 annual crops + C4 peren-
nial crops + C3 nitrogen-fixing crops

Forest Forested primary land + potentially 
forested secondary land

Non-forest Non-forested primary land + poten-
tially non-forested secondary land

Grazing land Managed pasture + rangeland
Urban land Urban land

Model Institution/Nation Resolution Dynamic 
vegetation

Number of 
plant func-
tional types 
(PFT)

ACCESS-ESM1-5 CSIRO/Australia 145 × 192 No 9
CMCC-ESM2 CMCC/Italy 192 × 288 Yes 16
CNRM-ESM2-1 CNRM-CERFACS/France 128 × 256 Yes 9
MPI-ESM1-2-LR MPI-M/Germany 96 × 192 Yes 12
MIROC-ES2L MIROC/Japan 64 × 128 Yes 13

Table 1  Information for the five 
adopted models from LUMIP
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et al. 2017; Yang et al. 2023). In this study, we adopted 
the latter approach due to its simplicity and widespread 
application in identifying extreme weather events. Specifi-
cally, we define an extreme dry and hot day as a day when 
a daily Tmax exceeds the 85th percentile of the summer 
daily Tmax (Tmax≧Tmax85) and the daily Pr is below the 
15th percentile of the summer daily Pr (Pr≦Pr15) simulta-
neously, and a compound dry and hot extreme event con-
sists of at least three consecutive extreme hot and dry days, 
with both thresholds calculated for each grid cell and each 
calendar day based on all summer (June–August) days 
during 1980–2014 (e.g., Feng et al. 2023; Ye et al. 2025). 
Moreover, three threshold combinations are tested for the 
identification of a CHDE, i.e., Tmax≧Tmax75 ∩ Pr≦Pr25, 
Tmax≧Tmax85 ∩ Pr≦Pr15, and Tmax≧Tmax90 ∩ Pr≦Pr10. 
Sensitivity analysis shows that despite varying absolute 
CDHE occurrence across definitions, the spatial patterns of 
CDHE relative changes induced by historical LULCC and 
change directions in key regions remain highly consistent 
(see Supplementary Figs. S1, S2). Accordingly, the moder-
ate threshold (Tmax≧Tmax85 ∩ Pr ≦ 15th) was selected for 
the main analysis. For a comprehensive understanding of 
how CDHEs respond to LULCC, we focus on various char-
acteristics of CDHEs including their occurrences, intensity, 
duration, and frequency within a given period. For a spe-
cific year, the occurrences of CDHEs refers to the number 
of CDHEs within the year. The intensity of CDHEs refers 
to the average of the highest temperature during CDHEs. 
The duration of CDHEs refers to the average episodes of 
CDHEs within a year. The frequency of CDHEs refers to 
the cumulative count of dry and hot days within the year (Ye 

et al. 2025). Note that, we focus on all CDHEs in summer 
months (June–August) from 1980 to 2014.

3  Results

3.1  Land cover and land use for historical and pre-
industrial period

Figure 1 shows the spatial magnitude of different type of 
LULCC averaged over the period 1980–2014 relative to 
1850 and the series of the Northern Hemisphere (NH) land 
area fractions for each land use type in 1850–2014. Histori-
cal LULCC over NH has been mainly characterized by the 
reduction of forest and non-forest land (Fig. 1a), as well as 
the increase in cropland, grazing land and urban (Fig. 1b). 
The time series of fraction of different land types over since 
1850 has been primarily characterized by a reduction in for-
est and non-forest, alongside an increase in cropland and 
grazing land, with a slight expansion of urban (Fig.  1c). 
Specially, the combined area of forest and non-forest in the 
Northern Hemisphere had decreased by 14.8% in 2014 rela-
tive to that in 1850, with forest area declining by 2.9% and 
non-forest area by 11.9%. Meanwhile, cropland increased 
by 5.6%, grazing land by 8.9%, and urban areas by 0.3%.

Particularly, the three densely populated and high urban-
ized regions including NA, EU, and CN are selected as key 
regions for the associated mechanism analysis. The influ-
ence of CDHEs tends to be strongly amplified in these 
regions due to high population density and rapid socioeco-
nomic development, thereby leading to elevated health risks 

Fig. 1  Historical land use and land cover change. a Spatial changes in 
forest and non-forest land cover averaged for 1980–2014 relative to 
1850, b same as a, but for the combined changes of cropland, grazing 
land, and urban land. c Time series of land area fractions averaged 

over the Northern Hemisphere for each land use type during 1850–
2014. The red boxes highlight three study regions: North America 
(NA; 30–55°N, 95–110°W), Europe (EU; 42–55°N, 10°W–45°E), and 
China (CN; 21–42°N, 100–123°E)
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and greater economic damage (Cheng et al. 2025). Figure 2 
further illustrates the fractions of each land cover type in 
the three regions for the present-day and the pre-industrial 
period, respectively. Compared to 1850 levels, the areas of 
non-forest and forest regions in NA, decrease by 60.6% and 
4.02%, respectively, during 1980–2014, while grazing land, 
cropland, and urban areas increase by 33.7%, 30.66%, and 
0.27% respectively. In EU, the area of non-forest regions 
decreases by 15.92%, whereas the urban, cropland, graz-
ing land and forest areas increase by 1.11%, 13.29%, 0.6%, 
and 0.73%, respectively. In CN, non-forest and forest areas 
decrease by 12.43% and 6.18%, respectively, while grazing 
land, cropland, and urban areas increase by 13.01%, 4.94%, 
and 0.65%.

3.2  The effects of LULCC on summer mean 
temperature and precipitation

Before assessing the LULCC effects on CDHEs, we first 
examine its impacts on maximum temperature and precipi-
tation during summer season. Figure 3 exhibits the spatial 
distributions of LULCC effects on the average of daily 
Tmax in summer months of 1980–2014 (“Historical” minus 
“Hist-noLu”). It is noted that the effects of LULCC on tem-
peratures exhibit significant discrepancies among different 
climate models, consistent with recent evaluation works, 
which have demonstrated that models respond differently 
when simulating the effects of forest cover changes on sur-
face properties (e.g., albedo), sensible and latent heat fluxes, 
and consequently, temperature (Ge et al. 2021; Luo et al. 
2023). The inter-model uncertainty arises from differences 
in model design and physical parameterization (Pitman et 
al. 2009; De Noblet-Ducoudré et al. 2012). Therefore, we 

consider both the multi-model ensemble mean and the indi-
vidual model outputs to comprehensively and accurately 
characterize the effects of LULCC, with special focus on the 
three key regions. Regarding the LULCC-induced changes in 
Tmax in NA, three out of the five models (CNRM-ESM2-1, 
CMCC-ESM2, and MIROC-ES2L) show a predominance of 
cooling (Figs. 3b–d). ACCESS-ESM1-5 indicates warming 
in the northern part and cooling in the south (Fig. 3a). MPI-
ESM1-2-LR shows cooling in the west part and an increase 
in the eastern part (Fig.  3e). The multi-model ensemble 
(MME) shows a cooling effect across most of NA (Fig. 3f), 
with the maximum cooling exceeding 0.4℃. Over the EU 
region, the differences among different climate models are 
more pronounced. ACCESM-ESM1-5 and CNRM-ESM2-1 
both indicate warming in western EU and cooling in the east 
(Figs.  3a–b). CMCC-ESM2 simulates cooling throughout 
the entire region (Fig. 3c). MIROC-ES2L shows a cooling 
in the northern part and a slight warming in a small south-
ern area (Fig. 3d). MPI-ESM1-2-LR depicts a cooling in the 
western part and a warming in the eastern part (Fig. 3e). The 
MME shows a decrease throughout the EU (Fig. 3f), with 
the maximum cooling exceeding 0.4℃. In CN, three out of 
the five models (ACCESS-ESM1-5, CNRM-ESM2-1, MPI-
ESM1-2-LR) show widespread warming (Fig. 3a–b and e), 
whereas CMCC-ESM2 and MIROC-ES2L exhibit cooling 
over most regions (Figs. 3c–d). The MME shows general 
warming across CN and a slight cooling in the southeastern 
region (Fig. 3f). The maximum warming exceeds 0.3℃, and 
the maximum cooling exceeds 0.1℃.

Figure 4 demonstrates the effects of LULCC on summer 
mean Pr. For NA, three out of the five models (ACCESS-
ESM1-5, CNRM-ESM2-1, CMCC-ESM2) show increased 
Pr across most regions (Figs. 4a–c). MIROC-ES2L shows an 

Fig. 2  Proportion of land cover 
types across the three selected 
regions (NA, EU, and CN) for the 
pre-industrialization and present-
day periods. For each region, the 
left and right bars represent the 
land cover composition in 1850 
and the corresponding average dur-
ing 1980–2014, respectively
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increase in Pr in the northern part and a slight decrease in the 
southern part (Fig. 4d). MPI-ESM1-2-LR shows decreased 
Pr in parts of the northern and central regions, with the rest 
showing increased Pr (Fig. 4e). Overall, the MME shows an 
increase in Pr in most regions of NA (Fig. 4f), with the max-
imum increase exceeding 0.4  mm/d. In the EU, three out 
of the five models (ACCESS-ESM1-5, CNRM-ESM2-1, 
CMCC-ESM2) also show widespread increases in Pr 
(Figs. 4a–c). MIROC-ES2L shows a decrease across most 
regions, with a slight increase in the northern part (Fig. 4d). 

MPI-ESM1-2-LR indicates increased Pr in the western 
and decreased Pr in the east (Fig. 4e). The MME shows an 
increase in most regions of the EU (Fig. 4f), with the maxi-
mum increase exceeding 0.4 mm/d. In CN, four out of the 
five models show increased Pr across most regions, while 
only MPI-ESM1-2-LR shows a decrease in most regions. 
The MME shows a decrease in Pr in most regions of CN 
(Fig. 4f), with the maximum decrease exceeding 0.4 mm/d.

The inter-model discrepancies in the simulated Tmax and 
Pr responses to LULCC are consistent with those reported 

Fig. 4  The same as Fig. 3, but for LULCC-induced changes in summer mean precipitation (Pr) during 1980–2014

 

Fig. 3  Spatial patterns of LULCC-induced changes in summer mean 
daily maximum temperature (Tmax) during 1980–2014 for individual 
models and the multi-model ensemble (MME). Panels (a–e) show 
results from the five CMIP6 models, and panel f shows the MME 

result. Red boxes denote the three study regions: NA, EU, and CN. 
Stippling indicates regions where at least three out of five models 
agree on the sign of the change (Historical minus Hist-noLu)
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in previous studies (De Noblet-Ducoudré et al. 2012; Ge et 
al. 2021; Luo et al. 2023), and reflect the inherent structural 
uncertainties in how different models represent key land–
atmosphere processes such as surface albedo, evapotrans-
piration, and sensible–latent heat flux partitioning (Pitman 
et al. 2009; Boisier et al. 2012). Despite these inter-model 
uncertainties, the MME results provide a physically consis-
tent picture of the LULCC-induced changes in Tmax and 
Pr across the three study regions, forming the basis for the 
subsequent analysis of CDHE responses in Sect.  3.3.

3.3  The effects of LULCC on different characteristics 
of CDHEs

In this section, we analyze the impacts of LULCC on vari-
ous characteristics of CDHEs, including their occurrence, 
intensity, duration, and frequency, as shown in Figs. 5, 6, 
7 and 8. Regarding the LULCC effects on the occurrence 
of CDHEs, in NA, three out of the five models (CNRM-
ESM2-1, CMCC-ESM2, MIROC-ES2L) show a wide-
spread decrease (Figs.  5b–d). ACCESS-ESM1-5 shows 
a decrease in the southeastern part and a slight increase 
elsewhere (Fig.  5a), while MPI-ESM1-2-LR exhibits a 

Fig. 6  The same as Fig. 3, but for LULCC-induced changes in the intensity of CDHEs during 1980–2014

 

Fig. 5  The same as Fig. 3, but for LULCC-induced changes in the occurrence of CDHEs during 1980–2014
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west-east dipole pattern with decreases in the west but 
increases in the east (Fig. 5e). The MME shows a consistent 
decrease across NA, with a maximum reduction of more 
than 0.2 events per year (Fig. 5f). In the EU, two models 
(ACCESS-ESM1-5, CMCC-ESM2) show decreased CDHE 
occurrences in most areas (Fig. 5a and c). CNRM-ESM2-1 
shows increased CDHE occurrences in the western and 
decreased occurrences in the east (Fig. 5b). MIROC-ES2L 
exhibits decreased occurrences in the north but increased 
occurrences in the south (Fig.  5d), and MPI-ESM1-2-LR 
shows a similar west-east dipole pattern (Fig.  5e). The 
MME shows general decreased occurrences across the EU, 

with a maximum reduction of more than 0.2 events per year 
(Fig.  5f). In CN, three out of the five models (ACCESS-
ESM1-5, CNRM-ESM2-1, MPI-ESM1-2-LR) show an 
increased occurrence in most areas (Fig.  5a–b and e). 
CMCC-ESM2 shows a general decrease in CDHE occur-
rences (Fig. 5c), and MIROC-ES2L shows increased occur-
rences in the west and decreased occurrences in the east 
(Fig. 5d). The MME shows increased occurrences over cen-
tral and western CN and a localized decrease in parts of the 
east (Fig. 5f), with both increases and decreases exceeding 
0.1 events per year.

Fig. 8  The same as Fig. 3, but for LULCC-induced changes in the frequency of CDHEs during 1980–2014

 

Fig. 7  The same as Fig. 3, but for LULCC-induced changes in the duration of CDHEs during 1980–2014
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For the effects of LULCC on the changes in CDHE inten-
sity, all five models generally indicate a decrease across 
NA, though some regions show increases due to spatial 
heterogeneity (Figs.  6a–e). The MME shows widespread 
reduction, with a maximum decrease exceeding 0.3 °C per 
year (Fig. 6f). In the EU, three models (ACCESS-ESM1-5, 
CNRM-ESM2-1, MIROC-ES2L) project decreased inten-
sity (Fig.  6a–b and d). CMCC-ESM2 shows increases 
(Fig. 6c), and MPI-ESM1-2-LR reveals a west-east dipole 
(Fig.  6e). The MME confirms this spatial pattern, with 
both the maximum increase and decrease exceeding 0.2 °C 
per year (Fig. 6f). In CN, three models (CNRM-ESM2-1, 
MIROC-ES2L, MPI-ESM1-2-LR) indicate increased 
intensity (Fig.  6b and d–e), while ACCESS-ESM1-5 and 
CMCC-ESM2 suggest reductions (Fig. 6a and c). The MME 
projects increased intensity across most regions (Fig.  6f), 
with a maximum increase over 0.2 °C per year.

For the effects of LULCC on duration changes of 
CDHEs, all five models exhibit strong spatial heterogeneity 
over NA, but most regions show a decrease (Figs.  7a–e). 
The MME confirms this trend with a maximum reduction 
of more than 0.1 days per year (Fig. 7f). In the EU and CN, 
both the models and MME reveal spatially heterogeneous 
changes, but the MME indicates an increase in most regions 
of CN (Fig. 7f).

Regarding the LULCC effects on frequency changes of 
CDHEs, in NA, ACCESS-ESM1-5 shows increased fre-
quency only in a small southwestern area, with decreases 
elsewhere (Fig.  8a). CNRM-ESM2-1 exhibits widespread 
reductions (Fig.  8b). CMCC-ESM2 and MIROC-ES2L 
show a north-south dipole (Figs.  8c–d), and MPI-ESM1-
2-LR shows a west-east dipole (Fig. 8e). The MME shows 
a general decline, with a maximum decrease of over 1.2 
days per year (Fig.  8f). In the EU, most models show 
spatially variable patterns, with ACCESS-ESM1-5 and 
CMCC-ESM2 indicating widespread decreases (Fig.  8a 
and c). while others show dipole structures. (Figure 8b and 
d–e). The MME reveals a general decrease with reductions 
exceeding 1.2 days per year (Fig.  8f). In CN, ACCESS-
ESM1-5, CNRM-ESM2-1 and MPI-ESM1-2-LR show 
increased frequency (Fig. 8a–b and e), while CMCC-ESM2 
shows decreased frequency (Fig. 8c). MIROC-ES2L shows 
a west-east dipole (Fig.  8d). The MME reveals a general 
increase with a maximum increase exceeding 0.6 days per 
year (Fig. 8f).

3.4  Annual variations of CDHEs characteristics 
driven by LULCC

In this section, we analyze the interannual variations of 
CDHE characteristics induced by LULCC across these three 
regions. For the annual variations of CDHE occurrences 

(Figs.  9a–c), the LULCC-induced effect, represented as 
Historical minus Hist-noLu, reveals a negative trend in 
NA (-0.09 events/decade), indicating that LULCC has sup-
pressed the increasing trend in CDHE occurrences. In con-
trast, it slightly enhances the rising trends in the EU (+ 0.04 
events/decade) and CN (+ 0.03 events/decade). Regarding 
the temporal variations of CDHE intensity (Figs.  9d–f), 
CDHE intensity trends are generally weak, in NA and EU, 
LULCC contributes a slight dampening effect (−0.05  °C/
decade and − 0.18  °C/decade, respectively), while in CN, 
it exerts a slight intensifying effect (+ 0.15 °C/decade). For 
the annual variations of average duration of CDHEs across 
different regions (Figs. 9g–i), LULCC induced changes sug-
gest slight shortening trend in NA (–0.06 days/decade) and 
EU (–0.01 days/decade), contrasted with a minor length-
ening trend in CN (+ 0.03 days/decade). For the annual 
variations of frequency of CDHEs across different regions, 
the LULCC-induced effect is a net reduction in CDHE 
frequency in NA (-0.45 days/decade), but importantly, an 
enhancement in EU (+ 0.15 days/decade) and CN (+ 0.16 
days/decade). However, these trends were not statistically 
significant.

3.5  Possible mechanisms underlying the LULCC 
effects on climate and CDHEs

In this section, we investigate the possible mechanisms 
underlying the LULCC effects on CDHEs based on sev-
eral surface variables, i.e., SH LH, NR, ET, SM, and LAI. 
This selection is grounded in the theoretical framework of 
Davin and De Noblet-Ducoudré (2010), who established a 
systematic distinction between radiative and non-radiative 
pathways through which LULCC influences surface temper-
ature. Specifically, NR characterizes the radiative pathway, 
which is mediated by LULCC-induced changes in surface 
albedo (Boisier et al. 2012; Betts 2000), while SH and LH 
characterize the non-radiative pathway, reflecting changes 
in the partitioning of available surface energy (Pielke et al., 
2002; Burakowski et al. 2018). ET and LAI are included 
as key determinants of LULCC impacts on precipitation 
and evapotranspiration efficiency, respectively (Luo et al. 
2022), and SM serves as a core mediating variable in land–
atmosphere coupling, regulating both surface temperature 
and precipitation (Seneviratne et al. 2018). In addition to 
these local land surface variables, we further examine 
LULCC-induced changes in Z500, 500 hPa wind fields, and 
IVT to assess the potential role of large-scale atmospheric 
circulation and non-local moisture transport in modulating 
CDHEs (Liu et al. 2023; Luo et al. 2024). Since CDHEs are 
simultaneously governed by temperature and precipitation 
variability, these variables collectively provide a physically 



1 3

288  Page 10 of 15 P. Wang et al.

comprehensive framework for diagnosing the mechanisms 
through which LULCC modulates CDHE characteristics.

Figure 10 illustrates the spatial patterns of LULCC 
induced changes in summer mean SH, LH, ET, NR, SM and 
LAI based on the MME results. In NA, LULCC leads to a 
decrease in SH and an increase in LH, (Figs. 10a–b), which 
collectively contribute to a decrease in air temperature 
(Fig. 3f), despite a slight increase in NR (Fig. 10c). The ele-
vated ET (Fig. 10d) further support increased Pr (Fig. 4f). In 
EU, LULCC leads to a decrease in SH (Fig. 10a), an increase 
in LH (Fig. 10b), and a reduction in NR (Fig. 10c), jointly 
leading to a decline in Tmax (Fig. 3f). The increases and ET 
(Fig. 10d) contribute to enhanced Pr (Fig. 4f). Meanwhile, 
we observed a significant increase in SM (Fig. 10e) and LAI 
(Fig. 10f) in NA and EU, which further promoted an increase 
in ET and a decrease in Tmax. Conversely, In CN, LULCC 
triggers an increase in SH (Fig. 10a) and a decrease in LH 
(Fig. 10b), which favors higher air temperatures despite a 
decline in NR (Fig. 10c). Concurrent decreases in ET are 
also associated with reduced Pr (Fig. 4f). A slight decrease 
in SM (Fig. 10e) and LAI (Fig. 10f) in CN also contributed 
to a reduction in ET and a rise in Tmax.

We further try to quantify whether radiative processes 
or non-radiative processes dominate the changes in Tmax 
and Pr induced by LULCC. Figure  11 demonstrates the 
regional mean SH, LH, NR, and ET changes in summer 
months induced by LULCC between 1980 and 2014 rela-
tive to 1850. It is indicated that LULCC leads to a decrease 
in SH (−2.17 W·m⁻² and − 0.34 W·m⁻², respectively) and 
an increase in LH (+ 2.83 W·m⁻² and + 0.28 W·m⁻², respec-
tively) in both NA and EU. Despite a slight increase in NR 
in NA (+ 0.53 W m⁻²) and a small decrease in EU (−0.05 W 
m⁻²), non-radiative processes played the dominant role in 
modulating the thermal response. The reduction in SH com-
bined with enhanced LH contributed to a net cooling effect, 
manifested as a decrease in Tmax in both regions as seen in 
Fig. 3. In contrast, LULCC in CN resulted in an increase in 
SH (+ 0.26 W·m⁻²) and a decrease in LH (+ 0.42 W·m⁻²). 
Although net radiation is also decreased (−0.33  W m⁻²), 
the non-radiative pathway again dominated, resulting in a 
rise in Tmax (Fig. 3f). In a word, these findings underscore 
the central role of non-radiative processes in controlling 
LULCC induced temperature changes across all the three 
regions. Moreover, it is found that the LULCC induced 
increased Pr in the NA and EU coincide with the increased 

Fig. 9  Annual variations in CDHE characteristics induced by LULCC 
across three regions. The solid line represents the multi-model ensem-
ble (MME) of Historical minus Hist-noLu, while the dashed line 

shows the linear trends. The shaded areas represent the range from the 
minimum to the maximum values across all models
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Fig. 11  Regional average changes in physical variables during summer 
of 1980–2014 caused by LULCC over three regions (NA, EU, and 
CN). Sensible heat flux (SH), latent heat flux (LH), and net radiation 

(NR) are plotted using the left y-axis (W m⁻²); evapotranspiration (ET) 
uses the right y-axis (mm d⁻¹). All results are based on the multi-model 
ensemble (MME) mean

 

Fig. 10  Spatial patterns of LULCC-induced changes in summer mean 
(1980–2014) for a sensible heat flux (SH), b latent heat flux (LH), c 
net radiation (NR), d evapotranspiration (ET), e soil moisture (SM) 
and leaf area index (LAI). Red boxes denote the three study regions: 

North America (NA), Europe (EU), and China (CN). Stippling indi-
cates regions where at least three out of five models agree on the sign 
of the change
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ET, and LH. In CN, in contrast, decreased Pr is consistent 
with reductions in ET, and LH. These results suggest that 
LULCC driven Pr changes are closely linked to land sur-
face processes, governing local moisture cycling and sur-
face energy, which in turn modulate Pr patterns. Therefore, 
the LULCC induced decreases in Tmax and increases in Pr 
over NA and EU have contributed to reduced CDHE occur-
rences, whereas the increased Tmax and decreased Pr over 
CN have led to more frequent CDHEs.

The differences between LULCC induced changes in 
climate and CDHEs across NA, EU and CN are driven by 
region-specific land conversion patterns. In NA, LULCC 
mainly involves the transformation of primary grasslands 
into croplands (Waisanen et al. 2002; Sohl et al. 2012), 
which leads to an increase in higher LH, and lower SH, and 
a cooling effect. Additionally, elevated ET from irrigated 
croplands has enhanced Pr over NA (Mahmood et al. 2002). 
In the EU, non-forest areas have been converted predomi-
nantly into croplands and forests (Ramankutty et al. 2006), 
resulting in similar effects, i.e., increased LH, reduced SH, 
and a cooling effect. Both croplands and forests contribute 
to increased ET, further promoting Pr. In contrast, in CN, 
the conversion of forest to cropland has weakened soil water 
retention due to reduced root systems (Yin et al. 2015), 
causing a decline in LH and an increase SH, and a warming 
effect, as well as the decreased ET, further reducing Pr.

In addition to local land–atmosphere coupling processes, 
large-scale atmospheric circulation anomalies induced by 
LULCC may also play an important role in shaping CDHEs 
through non-local pathway. As shown in Fig. 12, LULCC 
induces distinct circulation anomalies over the three key 
regions during summer. Over CN, LULCC drives a sig-
nificant positive Z500 anomaly (Fig. 12a), accompanied by 
anomalous anticyclonic circulation. This upper-level high-
pressure anomaly suppresses vertical motion and reduces 
cloud cover, thereby promoting surface warming and inhib-
iting precipitation. Consistently, the IVT divergence analy-
sis (Fig. 12b) reveals anomalous moisture divergence over 
CN, indicating a reduction in moisture convergence that 
further suppresses precipitation and amplifies CDHE risk. 
In contrast, over EU, LULCC is associated with negative 
Z500 anomalies, corresponding to anomalous cyclonic cir-
culation that favors increased moisture convergence, as evi-
denced by the negative IVT divergence anomaly over this 
region, thereby contributing to reduced CDHEs. Over NA, 
the region is located on the eastern flank of negative Z500 
anomalies, where anomalous southerly facilitates mois-
ture transport into the region, consistent with the enhanced 
moisture convergence and increased precipitation identi-
fied in Sect.   3.2. These results suggest that the LULCC-
induced CDHE responses are jointly shaped by local land 
surface feedbacks and non-local atmospheric circulation 

adjustments. Their interplay modulates regional moisture 
transport and energy balance, ultimately determining CDHE 
variability, consistent with previous coupled model studies 
(Liu et al. 2023; Luo et al. 2024).

4  Conclusions and discussion

This study uses CMIP6 LUMIP model simulations to inves-
tigate the impacts of LULCC on CDHEs during summer 
in the Northern Hemisphere. Given the pronounced inter-
model differences in LULCC-induced climate responses, 
we analyze both individual model and the MME results. The 
main conclusions are as follows:

(1)	 The MME reveals that LULCC exerts a cooling effect 
on summer Tmax over NA and EU, while inducing a 
warming effect over most of CN. Correspondingly, 
LULCC generally enhances summer Pr over NA and 
EU but suppresses it over most of CN. These spatially 
contrasting responses in Tmax and Pr translate into dis-
tinct regional differences in CDHE characteristics.

(2)	 Consistent with the changes in Tmax and Pr, LULCC 
reduces the occurrence and frequency of CDHEs in 
NA and EU, while intensifying them in CN. The spa-
tial responses of CDHE intensity and duration, how-
ever, exhibit considerable heterogeneity across all three 
regions.

(3)	 The LULCC-induced CDHE responses are shaped by 
the combined effects of local biogeophysical feedbacks 
and non-local atmospheric circulation adjustments. 
Locally, in NA and EU, LULCC enhances LH and 
reduces SH, with non-radiative processes dominating 
the temperature response and producing a cooling effect 
despite slight changes in NR. Increased LAI, ET, and 
SM further reinforce the cooling and moistening, con-
tributing to enhanced Pr. In CN, LULCC increases SH 
and reduces LH, with non-radiative feedbacks driving 
a rise in Tmax despite a decrease in NR. Concurrent 
decreases in LAI, ET, and SM further suppress Pr and 
amplify warming. At the large scale, LULCC drives 
a positive Z500 anomaly and anomalous anticyclonic 
circulation over CN, suppressing moisture conver-
gence and vertical motion, thereby further amplify-
ing CDHE risk. In contrast, negative Z500 anomalies 
and associated cyclonic circulation over NA and EU 
enhance moisture convergence, reinforcing precipita-
tion increases and suppressing CDHE development.

LULCC represents an important anthropogenic forcing 
in the climate system and substantially modulate regional 
climate variability and change over the past century. This 
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study contributes to advancing the understanding of the 
LULCC biogeophysical effects on not only the individual 
climate variables but also the compound extremes. How-
ever, given the notable uncertainties of LULCC impacts 
on climate and CDHEs across CMIP6 multi-models, more 
efforts are needed to advance the climate model represen-
tations of land-atmosphere coupling. Moreover, we only 
consider the biogeophysical effects of LULCC, whereas the 
biogeochemical feedbacks such as carbon-climate interac-
tions and aerosol emissions may exert substantial influence 
on regional and global climate (Liu et al. 2022; Hibbard et 
al. 2017), and thus the biogeochemical effects of LULCC on 
CDHEs warrant further investigation.

Although the models employed in this study are capable 
of reproducing present-day climatological features, their 
ability to accurately represent the biogeophysical effects of 

LULCC remains uncertain. Previous studies have revealed 
systematic deficiencies in simulating surface energy bal-
ance responses and biogeophysical feedbacks associated 
with LULCC (e.g., Ge et al. 2021; Luo et al. 2023). Due 
to the limited availability of long-term, high-resolution 
observational datasets, direct evaluation of the modeled 
LULCC-induced biogeophysical effects was not feasible in 
this study. Consequently, our findings should be interpreted 
with caution, as potential model biases in surface albedo, 
evapotranspiration, or land-atmosphere coupling strength 
may influence the simulated responses. Future work incor-
porating multi-model ensembles and observational con-
straints would be beneficial to reduce these uncertainties 
and enhance confidence in the results.
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Fig. 12  Spatial distribution of LULCC-induced changes in summer 
mean (1980–2014) for a 500 hPa geopotential height (Z500, m) and 
500 hPa wind field (vectors, m s⁻¹), and b vertically integrated mois-
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integrated moisture flux (vectors, kg m⁻¹ s⁻¹), based on the multi-model 

ensemble mean (Historical minus Hist-noLu). Red boxes denote the 
three study regions: North America (NA), Europe (EU), and China 
(CN). Stippling indicates regions where at least three out of five mod-
els agree on the sign of the change
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