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• 4 × CO2 induces climate zone shifts over
51.2% of the global land area.

• Vegetation physiological responses to 4
× CO2 contribute 16.8% of climate
shifts.

• Vegetation-enhanced temperature dom-
inates the corresponding climate shifts.

• Vegetation-driven precipitation change
is also important to shift climate zones.
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A B S T R A C T

Global climate zones are experiencing widespread shifts with ongoing rise in atmospheric CO2, influencing
vegetation growth and shifting its distributions to challenge ecosystem structure and function, posing threats on
ecological and societal safety. However, how rising atmospheric CO2 affects the pace of global climate zone shifts
is highly uncertain. More attentions are urgently required to understand the underlying mechanisms and
quantifications of regional climate vulnerability in response to rising CO2. In this study, we employ nine Earth
system models from CMIP6 to investigate global climate zone shifts with rising CO2, unravel the effects of
vegetation physiological response (PHY), and categorize climate vulnerable regions depending on the extent of
climate zone shifts. We find that climate zone shifts over half of the global land area, 16.8% of which is
contributed by PHY at 4 × CO2. Intriguingly, besides warming, PHY-induced precipitation changes and their
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interactions with warming dominate about two-fifths of PHY-forced shifts, providing potential direction for
model improvement in future predictions of climate zone shifts. Aided with PHY effects, 4 × CO2 imposes
substantial climate zone shifts over about one-fifth of the global land area, suggesting substantial changes in local
climate and ecosystem structure and functions. Hence, those regions would experience strong climate vulnera-
bility, and face high risk of climate extremes, water scarcity and food production. Our results quantitatively
identify the vulnerable regions and unravel the underlying drivers, providing scientific insights to prioritize
conservation and restoration efforts to ensure ecological and social safety globally.

1. Introduction

The increasing atmospheric CO2 reshapes global climate zone dis-
tributions, imposing profound impacts on terrestrial ecosystems and
human society. For example, expansions of warmer climate zones can
lead to many species migrating to higher latitudes, resulting in changes
of vegetation distributions and biodiversity, and influencing local
ecosystem structures and function to threaten ecological safety (Chen
et al., 2011; Rohli et al., 2015b, 2015a; Sohoulande, 2023). Spatial
changes in soil organic carbon were align with climate zone transitions
in Australian grasslands, pointing out their impacts on terrestrial carbon
dynamics (Gibson et al., 2021). Importantly, steep-slope agricultural
areas, which are important for food production, were much more
affected by climate zone shifts than average global agricultural lands,
especially by the expansion of arid zones (Wang et al., 2022). In addi-
tion, climate zone transitions accompanied with substantial precipita-
tion changes could pose threats to irrigation supply and water scarcity,
influencing food production (McDermid et al., 2023). Furthermore,
ecosystem service values of 467–632 billion dollars (37%–50% of total
ecosystem service value) are found in climate zone transitions by 2085
under RCP8.5 scenario, figuring out the critical impacts of climate zone
changes on ecosystem service and economics (Watson et al., 2020).
There is also a risk of future climate zone changes on population dis-
tributions (Skalák et al., 2018). Climate model projections using the
RCP8.5 scenario predict that climate zone changes by the end of this
century would affect 1.3–1.6 billion people (14–21% of the global
population), especially in temperate regions under historical climate
(Malone, 2023). Therefore, it is essential to reliably predict future
climate zone shifts and unravel the underlying mechanisms to provide
theoretical basis for climate mitigation. Comprehensive analyses are
urgently needed to quantitatively characterize the climate vulnerable
regions, which could lead to more focused conservation and restoration
efforts to ensure regional and global ecological safety.

As one of the most widely used schemes, the Köppen-Geiger climate
classification characterizes global climate types by synthesizing annual
and seasonal variations in both air temperature and precipitation (Peel
et al., 2007). In addition to classifying long-term average climate, the
Köppen-Geiger scheme can be used to diagnose and monitor shifts in
climatic and ecosystem conditions (Chen and Chen, 2013). Numerous
studies have been taken to map the recent and future global Köppen-
Geiger climate zone distributions using different climate data or
employing different models and scenarios (Beck et al., 2023; D. Cui
et al., 2021b; Peel et al., 2007; Rohli et al., 2015a). Globally, the pace of
Köppen-Geiger climate zone shifts is projected to increase approxi-
mately linearly with increasing global temperature, and about 20% of
global land area undergoes climate zone shifts by the end of 21st century
under RCP8.5 scenario in CMIP5 (Mahlstein et al., 2013). Notably,
CMIP6 models project a higher shifting rate of climate zones due to
higher warming rates than CMIP5 models, with the most pronounced
changes over Europe and North America (Bayar et al., 2023). Further-
more, CMIP6 models project that 5% (SSP126 scenario) –13% (SSP585
scenario) of the global land surface will transition to a different major
class (Beck et al., 2023). These findings further emphasize that global
warming is the primarily factor reshaping future climate zones. How-
ever, changes in precipitation are also involved in to shape future
climate zone distributions (Hamed et al., 2023), which has received less

attentions. Thus, there are knowledge gaps surrounding the role of
precipitation changes and interactions between precipitation and tem-
perature changes on the redistribution of global climate zones, calling
for comprehensive investigations to bridge such knowledge gaps.

In response to increasing CO2, temperature and precipitation un-
dergo considerable changes through CO2 radiative effects (RAD) and
reshape global climate zone distributions. Such climate zone re-
distributions are also contributed through vegetation physiological
response (PHY) to rising CO2. The CO2-induced changes in vegetation
biophysics, such as leaf area increase and partial stomatal closure
(Ainsworth and Long, 2005; Field et al., 1995; Lammertsma et al.,
2011), perturbate energy balance and influence climate. Recent studies
showed that PHY amplified warming (He et al., 2022b; Park et al., 2020;
Skinner et al., 2018) and enhanced seasonal temperature dynamics (He
et al., 2022a). The spatial pattern of precipitation is also reshaped
through PHY effects regionally and globally (J. Cui et al., 2021; Koo-
perman et al., 2018). However, current studies mainly investigate the
PHY-induced changes in individual climate variable (temperature or
precipitation), researches focusing on the overall climate change due to
PHY effects are understudied. Knowledge gaps exist in how PHY affects
global climate zone shifts and how it influences regional climate
vulnerability, calling for thorough analyses to support climate mitiga-
tion and ecological conservation policymaking.

In this study, we quantify the Köppen-Geiger climate zone shifts with
increasing atmospheric CO2 from pre-industrial (~ 284 ppm) to 4× CO2
(~ 1132 ppm), and identify how PHY contributes to such shifts. We
further disentangle the contributions from the PHY-induced tempera-
ture and precipitation changes, in conjunctions with their interactions,
to climate zone redistributions. To accomplish these tasks, we used
output from coupled Earth system model (ESM) experiments with an
interactive carbon cycle from the Coupled Climate–Carbon Cycle Model
Intercomparison Project (C4MIP) (Jones et al., 2016), which is endorsed
by CMIP6. The effects of PHY and RAD can be isolated through the
factorial simulations. Finally and most importantly, the global climate
vulnerable regions are quantitatively categorized according to the gra-
dients of CO2-induced climate zone transitions at 4 × CO2.

2. Materials and methods

In this study, we use the updated version of the Köppen-Geiger
climate classification scheme (Beck et al., 2023; Peel et al., 2007), uti-
lizing different thresholds of temperature and precipitation with con-
siderations of both annual and seasonal variations (Table 1) to classify
the global land surface into different climate types. Namely, five major
climate zones, including tropical, arid, temperate, cold and polar zones,
are defined mainly through specific thresholds of mean annual tem-
perature (MAT) and precipitation (MAP). The second climate classes are
mostly identified according to the precipitation thresholds of the driest
and wettest months (Table 1). An exception is for polar zone, with the
second climate classes of which are defined using temperature thresh-
olds of the hottest month. The third level of climate category is char-
acterized based on annual and seasonal variations in temperature.
Consequently, there is a total number of 30 climate zones distributed
globally based on the Köppen-Geiger climate scheme.

The Köppen-Geiger climate zone distributions are characterized
using the C4MIP (Coupled Climate-Carbon Cycle Model
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Intercomparison Project) simulations from the idealized experiments of
1% per year cumulative increase in atmospheric CO2 (1pctCO2), which
is one of the major components joined in the C4MIP (Jones et al., 2016).
The 1pctCO2 simulations employ partially coupled experiments to
quantify the effects of PHY and RAD on climate and land surface (Arora
et al., 2020). In detail, simulations with only land surface components
experiencing increasing CO2 (Biogeochemically coupled, named
“1pctCO2-bgc”) are used to monitor land surface processes changes with
increasing CO2. Simulations with only atmospheric radiation compo-
nents experiencing rising CO2 (Radiatively coupled, named “1pctCO2-
rad”) are used to quantify climate change in response to rising CO2.
Moreover, simulations with both atmospheric and land surface compo-
nents experiencing increasing CO2 (fully coupled, named “1pctCO2”)
are included to estimate coupled effects (Coupled) of rising CO2 on both
atmosphere and land surface. Additionally, we use pre-industrial simu-
lations (“piControl”) with fixing the atmospheric CO2 at pre-industrial
concentration as baseline for comparisons. In this study, we obtain
outputs from nine Earth system models (ESMs) participated in CMIP6
through the data archive (https://esgf-node.llnl.gov/search/cmip6/).
These ESMs include ACCESS-ESM1-5, BCC-CSM2-MR, CanESM5,
CESM2, CMCC-ESM2, EC-Earth3-CC, GFDL-ESM4, IPSL-CM6A-LR and
MPI-ESM1-2-LR. EC-Earth3-CC, GFDL-ESM4 and MPI-ESM1-2-LR
employ dynamic vegetation models, while the remaining ESMs incor-
porate static vegetation modules. The monthly air temperature at 2 m
and precipitation from each ESM and each factorial simulation are
resampled to a common 0.5◦ × 0.5◦ grid to calculate the multi-model

ensemble values. A moving window of 20 years is employed for each
variable before subsequent analyses to reduce short-term fluctuations.

The Köppen-Geiger climate classification is simulated using tem-
perature and precipitation from each ESM and each factorial simulation
with atmospheric CO2 rising from pre-industrial to 4 × CO2. The
Köppen-Geiger climate zone is also calculated using the multi-model
mean of temperature and precipitation from all nine ESMs for each
factorial simulation, which is regarded as the multi-model ensemble
simulations of climate zone distributions. The climate zone shifts driven
by rising CO2 (Coupled) are calculated as the differences between the
results of 1pctCO2 and piControl, while the effects of RAD and PHY on
climate zone changes are specified using the difference of 1pctCO2 with
1pctCO2-bgc and 1pctCO2-rad, respectively. The non-linear interactions
between PHY and RAD are also considered here (He et al., 2022b).

Furthermore, we conduct three factorial simulations using CMIP6
ESM outputs (Table 2) to quantify the key factors driving PHY-induced
climate zone shifts with rising atmospheric CO2. First, we conduct a
control simulation (S0), utilizing PHY-induced temperature and pre-
cipitation varying with increasing CO2 (CO2-varying) from each CMIP6
ESM and multi-model ensemble results to calculate Köppen-Geiger
climate zone distributions along the entire CO2 gradients. The other two
simulations (Table 2) are taken with only either PHY-induced precipi-
tation (S1) or PHY-induced temperature (S2). The contributions of PHY-
induced temperature (or precipitation) changes to climate zone shifts
are identified by the difference between S0 and S1 (or S2). Whereas, the
contributions of their interactions are characterized by the differences of
the summed impacts of PHY-induced temperature and precipitation
changes (S1 + S2) with the combined effects (S0). The results of key
drivers for PHY-induced climate shifts at 4 × CO2 are illustrated
spatially across each IPCC AR6 climate reference land region (Iturbide
et al., 2020). At the same time, dominant factors for the pace of climate
zone shifts are identified across the full range of atmospheric CO2.

Finally, we categorize global vulnerable regions based on the extent
of climate zone shifts induced through CO2 Coupled effects and into
three levels. The strong climate vulnerable regions (Vulnerability = 3)
are defined as regions experiencing major climate zone changes, such as
shifting from temperate to tropical zones. Regions undergoing transi-
tions between second climate categories, such as transitioning from BSh
(arid, steppe, hot) to BWh (arid, desert, hot), are classified as moderate
vulnerable regions (Vulnerability = 2). Whereas, minor vulnerable re-
gions (Vulnerability = 1) are defined over those regions facing climate
zones changes within the third classification categories, such as chang-
ing from Dfc (cold, no dry season, cold summer) to Dfb (cold, no dry
season, warm summer).

3. Results

3.1. Global climate zone shifts from pre-industrial to 4 × CO2

At pre-industrial CO2 concentration (~ 284 ppm), tropical savannah
(Aw) has the largest areas (14.2% of global land surface), and is mainly
located in the South America, Central Africa and South Asia (Fig. 1a).
BWh (arid, desert, hot) is the second largest, with a total distribution of
1.81× 107 km2 (~13.6% of global land area), and is mostly found in the
Sahara Desert. In the northern high latitudes, Dfc (cold, no dry season,
cold summer) is the most common climate type, accounting for about
12.6% of global land area. However, diverse climate types are shown in

Table 1
Definitions of the updated Köppen-Geiger climate classifications. Adapted from
Peel et al. (2007).

1st 2nd 3rd Description Criteriona

A Tropical Not (B) & Tcold ≥ 18
f - Rainforest Pdry ≥ 60
m - Monsoon Not (Af) & Pdry ≥ 100− MAP/25
w - Savannah Not (Af) & Pdry < 100− MAP/25

B Arid MAP <10 × Pthreshold
W - Desert MAP <5 × Pthreshold
S - Steppe MAP ≥5 × Pthreshold

h - Hot MAT ≥18
k - Cold MAT <18

C Temperate Not (B) & Thot > 10 & 0 < Tcold < 18
s - Dry summer Psdry < 40 & Psdry < Pwwet/3
w - Dry winter Pwdry < Pswet/10
f - Without dry season Not (Cs) or (Cw)

a - Hot summer Thot ≥ 22
b - Warm summer Not (a) & Tmon10 ≥ 4
c - Cold summer Not (a or b) & 1 ≤ Tmon10 < 4

D Cold Not (B) & Thot > 10 & Tcold ≤ 0
s - Dry summer Psdry < 40 & Psdry < Pwwet/3
w - Dry winter Pwdry < Pswet/10
f - Without dry season Not (Ds) or (Dw)

a - Hot summer Thot ≥ 22
b - Warm summer Not (a) & Tmon10 ≥ 4
c - Cold summer Not (a, b, or d)
d - Very cold winter Not (a or b) & Tcold < − 38

E Polar Not (B) & Thot ≤ 10
T - Tundra Thot > 0
F - Frost Thot ≤ 0

a Criterion definitions: MAT–mean annual temperature; Tcold–the air tem-
perature of the coldest month (◦C); Thot–the air temperature of the warmest
month (◦C); Tmon10–the number of months with air temperature larger than 10
◦C; MAP–mean annual precipitation; Pdry–precipitation in the driest month (mm
month− 1); Psdry–precipitation in the driest month in summer (mm month− 1);
Pwdry–precipitation in the driest month in winter (mm month− 1); Pswet–preci-
pitation in the wettest month in summer (mm month− 1); Pwwet–precipitation in
the wettest month in winter (mm month− 1); Pthreshold–if >70% of precipitation
falls in winter, Pthreshold = 2 × MAT, if >70% of precipitation falls in summer,
Pthreshold = 2 × MAT +28, otherwise Pthreshold = 2 × MAT +14. Summer is the
six-month period that is warmer between April–September and October–March,
while the winter is the other six-month period.

Table 2
Summary of factorial simulations with vegetation physiological responses to
increasing CO2 (PHY).

Scenarios PHY-induced Temperature PHY-induced Precipitation

S0 Varying with increasing CO2 Varying with increasing CO2

S1 Fixed at pre-industrial CO2 level Varying with increasing CO2

S2 Varying with increasing CO2 Fixed at pre-industrial CO2 level

M. He et al.
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the northern mid-latitudes, spanning from cold to arid zones (Fig. 1a).
The spatial distributions of these climate zones reflect the regional
characteristics of precipitation and temperature and their variations at
pre-industrial CO2 concentration.

As atmospheric CO2 rises to quadruple levels, changes in precipita-
tion and temperature dramatically reshape the global patterns of climate
zones (Fig. 1b). Over half of the global land area experiences climate
zone shifts due to increasing atmospheric CO2. Such shifts are mostly

Fig. 1. Global distributions of Köppen-Geiger climate zones with atmospheric CO2 concentration at pre-industrial (a) and 4 × CO2 (b). Note, (b) shows the results
from coupled CO2 effects at 4 × CO2.

Fig. 2. CO2-induced changes in temperature and precipitation at 4 × CO2. Changes in temperature (a-c) and precipitation (d-f) driven by effects of CO2 (Coupled; a,
d), vegetation physiological forcing (PHY; b, e) and radiative forcing (RAD; c, f) at 4 × CO2, respectively.

M. He et al.
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found in the northern high latitudes (Fig. 1b), where considerable
temperature and precipitation increase (Fig. 2) tends to shift the local
climate zone from Dfc to Dfb (cold with no dry season and warm sum-
mer) and Dfa (cold with no dry season and hot summer) (Fig. 3a). In
contrast, The ET (polar tundra) climate zone retreats by more than half
(~ 52.8%) of its coverage at pre-industrial CO2 level to Dfc at 4 × CO2,
which is shown in both northern high latitudes and the Tibetan Plateau
(Fig. 1b). As a result, Dfc experiences the most dramatic changes in
response to rising CO2, with a net area decrease of 45.9% of its pre-
industrial coverage and only covering about 6.8% of global land area
at 4 × CO2. Owing to the transitions from Dfc, Dfa has the largest area
expansions (Fig. 3a), and finally distributes across about 9.4% (1.25 ×

107 km2) of global land area at 4 × CO2. Such area expansions of Dfa are
also contributed (~ 41.1%) by shifts from Dfb. It is worth noting that ET
climate zone in the Tibetan Plateau (Fig. 1b) is mainly converted to Dwc
(cold with dry winter and cold summer). Another strong signal is that
the arid regions, especially BWh, show northward expansions respond-
ing to 4× CO2 (Fig. 1b), with the coverage increasing by about 24.4% of
its pre-industrial level. Moreover, BSh (arid, steppe and hot) is
expanding mainly at the expense of BSk (arid, steppe and cold), Aw and
Cfa (temperate, no dry season, hot summer), due to increased temper-
ature and reduced precipitation (Fig. 2) through coupled effects of 4 ×

CO2 (Fig. 3a).
Simultaneously, several other climate zones also undergo shifts in

response to 4 × CO2. Specifically, Aw shows prominent poleward mi-
grations globally. Particularly, in the south Africa, the local climate
shifts from Cwa (temperate, dry winter and hot summer) to Aw (Fig. 1b),
which is also the case for south Asia. The distribution of Aw is also
expanded from Am (tropical monsoon) in the Amazon rainforests due to
CO2-induced precipitation reduction (Fig. 2d). Overall, the global dis-
tributions of climate zones are reshaped considerably in response to 4 ×

CO2. Generally, tropical and arid zones experience remarkable expan-
sions (Fig. S1), while temperate, cold and polar zones undergo large
shrinkage at 4 × CO2, especially for polar zones, retreating about 71.4%
of their pre-industrial coverage (6.3% of global land area).

3.2. Role of PHY to shift global climate zones at 4 × CO2

To dig into the mechanisms behind the climate zone shifts, we
investigate the effects from PHY and RAD on the global climate zone
changes. Although RAD forces climate zone shift over a vast area
(Fig. 3c) and is already well studied (D. Cui et al., 2021a; Mahlstein
et al., 2013; Rohli et al., 2015a; Skalák et al., 2018), PHY redistributes
climate zone across nearly 9.5% of the global land area, accounting for
about 16.8% of Coupled-induced climate zone shifts at 4 × CO2. PHY
induces strong shrinkages in the distributions of cold zones due to

amplified warming (Fig. 2b), occupying 9.1% of Coupled-induced area
changes in cold zones at 4× CO2 (Fig. S1). In detail, a large proportion of
cold zones (i.e. Dfa and Dfb) is shifted to BSk and Cfa, whereas, sub-
stantial transitions are also found between different cold zones induced
by PHY effects (Fig. 3b). Typically, PHY triggers considerable area in-
creases in Dfa at 4× CO2 (Fig. S2), mainly at the expense of Dfb over the
northern mid-latitudes (Fig. S3a), and accounts for about 32.8% of area
increases by CO2 Coupled effects. However, Dfb gains area from Dfc as
PHY drives 9.6% of Dfc pre-industrial coverage to be Dfb at 4 × CO2
(Fig. 3b). Therefore, PHY causes Dfb shrinkage (− 15.3%) at 4 × CO2,
which is also contributed by shifting to drier (i.e. Dwb: cold, dry winter,
warm summer) and warmer (i.e. Cfb: temperate, no dry season, warm
summer) classifications. In addition, PHY drives area increase in Dwa
(cold, dry winter, hot summer), occupying about 11.9% of that through
Coupled effects at 4 × CO2. As a result, PHY ultimately diminishes the
distributions of cold zone at 4 × CO2.

Interestingly, PHY poses effects to promote aridification at 4 × CO2,
contributing about 4.2% of the total arid zone area increases through
Coupled effects. Such PHY-facilitated aridification is mostly shifted from
tropical and temperate zones under pre-industrial climate (Fig. S1b).
Specifically, PHY-induced expansions of BWh dominate the PHY-
triggered aridification at 4 × CO2 (Fig. 3b), and contribute about
10.3% of its area increases through CO2 Coupled effects. Although PHY
triggers substantial shifts from Aw to BSh (Fig. 3b), mainly located in the
northeast South America, about two-thirds of such shifts are returned
back (BSh to Aw) in central Africa and India (Fig. S3a). Generally, due to
PHY-induced temperature increase (Fig. 2b) and precipitation reduction
(Fig. 2e), PHY shifts the climate zones from BWk (arid, desert, cold), BSh
and BSk to BWh (Fig. 3b), which are mostly located over northwest
Africa and southwest Australia.

Nevertheless, PHY contributes to further northward migrations of
tropical zones at 4 × CO2 (Fig. 3b). Although some regions in the
northeast Amazon and southern Sahara (Fig. S3a) experience climate
shifts from Aw to BSh, shifts from BSh, Cfa, Cwa, and Cwb (temperate,
dry winter and warm summer) add 30% more area to broaden the dis-
tributions of tropical zones. Additionally, evident polar zone retreats are
shown through PHY effects at 4× CO2, about 90% of which is converted
to cold zones (Fig. 3b).

To better understand the underlying mechanisms driving PHY-
induced climate zone shifts, we further attribute such shifts to changes
in temperature, precipitation, and their interactions across each IPCC
AR6 reference land region (Fig. 4) and along the full gradients of at-
mospheric CO2 concentration (Fig. 5). As CO2 rises to quadruple levels,
PHY-induced temperature enhancements dominate the associated
climate zone shifts over 54.5% of the AR6 land regions, spanning from
high to middle latitudes in both hemisphere (Fig. 4a). Importantly, the

Fig. 3. Global transitions among different Köppen-Geiger climate zones at 4 × CO2. Climate zone area changes due to the effects of CO2 (a; Coupled), physiological
(b; PHY) and radiative (c; RAD) forcings responding to 4 × CO2.

M. He et al.
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interactions between temperature and precipitation changes under PHY
show dominance for climate shifts over 15.9% of all the AR6 reference
land regions at 4 × CO2, such as East Siberia (ESB; Fig. S4) and North
East South America (NES). Climate zone changes across the rest regions
are dominated by PHY-induced precipitation changes (Fig. 2e), partic-
ularly in North Central America (NCA), North South America (NSA) and
North Eastern Africa (NEAF). Therefore, PHY-forced temperature in-
crease is the primary factor driving the corresponding climate zone to
shift to warmer and drier classifications at 4 × CO2.

The pace of changes in each climate zone area induced by PHY ef-
fects is analyzed with increasing atmospheric CO2 (Fig. 5), including
both area gains from and losses to other climate zones. With increasing
atmospheric CO2, PHY drives continuous area changes across 23 climate
zones, due to the induced changes in temperature, precipitation and

their interactions. Critically, PHY forces 56.7% of climate zones to shift
faster with rising CO2, indicated by significant positive trends in area
changes of those zones (Fig. 5a). Three cold zones, including Dfa, Dfb,
and Dfc, show obviously larger positive trends with rising CO2 than
other ones by PHY effects, ranging from 2.44 × 103 (Dfc) to 5.56 × 103

(Dfb) km2 ppm− 1 (Fig. 5a). Particularly, PHY drives substantial shifts
between Dfb and Dfc, as well as Dfa and Dfb, leading to diminished
distributions of Dfb and Dfc, and expansions of Dfa as CO2 approaches
quadruple levels. PHY forces temperature in those three zones to
continuously increase with rising CO2 (Fig. 5b), and dominantly pro-
motes climate shifts from Dfc to Dfb (Fig. 5d). Manipulated by the in-
teractions (Fig. 5d) between PHY-driven temperature increases (Fig. 5b)
and precipitation reductions (Fig. 5c), Dfa is mostly converted to Dwa
and Cfa (Fig. 3b). Thus, PHY-induced temperature enhancements, in

Fig. 4. Key factors driving CO2-induced climate zone shifts at 4 × CO2 globally. The dominant factors for climate zone shift driven by vegetation physiological
response (PHY; a) and coupled effects (Coupled; b) at 4 × CO2 for each AR6 reference region are shown. The specific contributions from temperature change,
precipitation change and their interactions (Temperature × Precipitation) through PHY and Coupled effects are identified.

M. He et al.
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conjunction with their interactions with precipitation changes, are the
dominant factors driving the transitions between above three cold zones
in response to rising CO2.

It is worth noting that Aw and BWh are the two most widely
distributed climate zones globally at pre-industrial CO2 concentration
(Fig. 1a). They both experience continuously significant expansions
through PHY effects with increasing CO2, and achieve final distributions
of 2.04 × 107 (15.4% of the global land area) and 1.83 × 107 (13.8%)
km2, respectively, maintaining to be the first and second largest
distributed climate zone globally, which is also true for Coupled results
(Fig. 1b). Such continuous expansions are primarily driven by PHY-
induced precipitation changes and their interactions with PHY-
induced temperature increase, respectively (Fig. 5d).

In contrast, the area changes of six climate zones, including Csb
(temperate, dry summer, warm summer), Cwa, Cwb, Cwc (temperate,
dry winter, cold summer), Dsb (cold, dry summer, warm summer) and
Dsc (cold, dry summer, cold summer), significantly level off through
PHY effects, though their negative trends are relatively small (Fig. 5a).
These shifts in Cwa, Cwc and Dsb are primarily driven by PHY-induced
temperature increase, whereas, shifts in the rest three climate zones are
mainly due to the interactions of PHY-induced temperature and pre-
cipitation changes (Fig. 5d). Governed by PHY-induced temperature and
precipitation increase, Cwb suffers from the strongest decline trend with
a rate of − 2.54 × 102 km2 ppm− 1 (Fig. 5a), resulting in a final distri-
bution of 1.38× 106 km2 at 4× CO2. Comparatively, there are also some
climate zones (i.e. BWk) experiencing drastic changes with increasing
atmospheric CO2 (Fig. 5a), resulting in non-significant trends of area
changes across the full range of atmospheric CO2. These are mostly due
to the considerable interactions between PHY-forced temperature and
precipitation changes (Fig. 5d). Consequently, forced by PHY effects, the
increased temperature dominates about 46.2% of climate zone transi-
tions from pre-industrial to 4 × CO2, while the rest ones are caused by

the corresponding precipitation changes (26.9%) and their interactions
(26.9%) with temperature changes.

In summary, PHY contributes 16.8% of total climate zone shifts and
accounts for about 9.1% of the cold zone shrinkage and 4.2% of arid
zone expansions induced by Coupled effects at 4 × CO2 (Fig. 1).
Furthermore, PHY drives continuously significant area increases in 17
climate zones and area reductions in six zones with increasing CO2
(Fig. 5), suggesting that the crucial importance of vegetation feedbacks
in climate zone redistributions with rising CO2 should not be over-
looked. Such PHY-induced climate shifts are mainly driven by temper-
ature amplification through PHY over about half of the land regions.
However, precipitation changes and the associated interactions with
temperature changes show dominance over the rest regions.

3.3. Assessment of global climate zone vulnerability

The global climate zone shifts show considerable spatial heteroge-
neity at 4× CO2 (Fig. 6), which indicate that different regions might face
different level of climate vulnerability to influence local ecosystem
structure and function, calling for different efforts for ecological con-
servation and restoration. Thus, the global land area is categorized into
three vulnerability classes depending on the extent of climate zone shifts
induced by Coupled effects at 4 × CO2, ranging from strong (Vulnera-
bility = 3) to minor vulnerability (Vulnerability = 1). Surprisingly,
22.0% of the global land area experiences the shifts between major
climate zones (Vulnerability = 3), and 5.7% of such shifts are contrib-
uted by PHY effects at 4 × CO2 (Fig. 6). Generally, in the Northern
Hemisphere, the local climate shifts from polar to cold zones over high
latitudes and Tibetan Plateau, and from cold to temperate zones over
mid-latitudes for those strong climate vulnerable regions (Fig. 1).
Whereas, the strong vulnerable regions in the Southern Hemisphere
(Fig. 6) mostly exhibit shifts from temperate to tropical climate zones,

Fig. 5. Pace of changes in each climate zone driven by vegetation physiological response to increasing CO2. (a) The area changes of each climate zone with rising CO2
from pre-industrial to 4 × CO2 driven by vegetation physiological forcing (PHY), including area gains from and losses to other climate types. (b) PHY-induced
temperature change for each climate zone along the gradients of atmospheric CO2. (c) PHY-induced precipitation changes in response to increasing CO2 for each
climate zone. (d) Attributions of PHY-induced climate zone area changes to temperature change, precipitation change and their interactions for each climate zone
with increasing CO2.
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illustrating the emergence of more severe climate shifts in the Southern
Hemisphere than Northern Hemisphere. Those severe changes are pri-
marily driven by CO2-induced temperature amplifications (Fig. 4b),
5.6% of which is contributed by PHY effects in response to 4 × CO2.

Moreover, the regions suffer from moderate climate vulnerability
(Vulnerability = 2) is only distributed across 9.1% of global land area at
4 × CO2, 17.2% of which is contributed by PHY effects (Fig. 6). The
corresponding climate zone shifts mostly happen between different
temperate zones in the Northern Hemisphere, dominated by CO2-
induced warming (Fig. 4b). However, CO2-triggered precipitation
changes are involved to influence the transitions between different
tropical zones in South America, and dominate the shifts between
different arid zones in Australia. The regions facing minor climate
vulnerability (Vulnerability = 1) can be found over more than one-fifth
of global land surface (Fig. 6), the majority of which are located in the
northern mid-to-high latitudes associated with shifts from Dfc to Dfb and
Dfa (Fig. 1). Across these regions, PHY triggers significant temperature
increase (He et al., 2022b), and contributes about 17.6% to convert local
climate to warmer ones.

4. Discussion and conclusions

Using nine ESMs from the CO2-forcing experiments in the CMIP6-
endorsed C4MIP, our results show that about 51.2% of the global land
area experiences climate zone changes due to the Coupled effects from
pre-industrial to 4 × CO2, generally shifting to warmer and drier clas-
sifications (Fig. 1). These results are very close to the results from a
previous study indicating that about 48.0% of global land area faced
climate zone changes under the SSP585 scenario according to the CMIP6
projections (Bayar et al., 2023). However, the results from the CMIP5
RCP8.5 scenario show that about 37.9% of global land area would
experience climate zone changes by the end of this century, which are
slightly lower than that from CMIP6 simulations due to lower warming
rates (Bayar et al., 2023). We find that tropical and arid climates expand
and polar zones shrink in response to rising CO2, supporting previous
findings using CMIP5 results (Crosbie et al., 2012; D. Cui et al., 2021a;
Rohli et al., 2015a; Wu et al., 2021). The hotter and drier subtypes in
arid and temperate classifications show expansions in Central Asia under
different scenarios (RCP2.6, RCP4.5 and RCP8.5) in CMIP5 simulations
(He et al., 2021), which are also shown in our results (Fig. 1). The major
climate zone shifts in Southeast Asia are mainly due to increased pre-
cipitation in the wet season under different scenarios in CMIP6 (Hamed
et al., 2023), supporting our results (Fig. 4).

Using data from 67 ESMs, a recent study (Beck et al., 2023) stated
that about 13% of the land surface would suffer from climate zone shifts
to a different major class (strong vulnerability) under the SSP585 sce-
nario in CMIP6 from 1991–2020 to 2071–2099. However, our study
illustrates that with atmospheric CO2 rising from pre-industrial to
quadruple levels, such proportion would be increased to 22.0%.
Although discrepancies exist when using different climate products
(Hobbi et al., 2022), most of the ESMs used in this study share generally
strong agreements in climate zone delineations and changes from pre-
industrial to 4 × CO2 (Fig. S5), suggesting that our results are robust
with respect to the nine ESMs used in this study. However, models
exhibit relatively higher agreements at pre-industrial level than 4× CO2,
especially in Eurasia (Fig. S5), possibly introducing biases in projecting
climate zone redistributions in these regions at 4 × CO2. In addition,
relatively low agreements are shown in permafrost regions (northern
high latitudes and Tibet Plateau) due to inadequate representations of
permafrost processes in current ESMs (Schädel et al., 2024). Hence,
more field measurements and efforts are imperative to better constrain
models and improve projections in future climate zone shifts across
those permafrost regions. Model simulations with fine resolution are
also promising solutions for improving the characterization of Köppen-
Geiger climate zone shifts (Guan et al., 2021).

Global warming with increasing atmospheric CO2 are identified as
the dominant factor driving climate zone shifts in most cases, projecting
larger shifting rates under stronger warming (Bayar et al., 2023; Beck
et al., 2023; Mahlstein et al., 2013). However, precipitation changes also
influence climate zone shifts (Hamed et al., 2023), especially vegetation
change-induced precipitation changes (Cui et al., 2020; Kooperman
et al., 2018). Spatially, we show that PHY-induced precipitation changes
and the associated interactions with temperature change has a leading
role in driving climate zone transitions over 45.5% of the global land
area at 4 × CO2 (Fig. 4). In terms of pace of climate zone area changes
with rising CO2, precipitation changes and associated interactions with
temperature changes are the main contributors to about 53.8% of global
climate zone shifts (Fig. 5). It is well-known that climate plays a domi-
nant role in vegetation distributions across the land surface, however,
how land-surface vegetation change modulates regional climate remain
poorly understood. Previous studies showed that through CO2-induced
leaf area increase and partial stomata closure, PHY continuously am-
plifies warming and enhanced temperature season dynamics with
increasing CO2 (He et al., 2022a, 2022b). In addition, precipitation
patterns were also shown to experience substantial changes through
PHY effects in previous studies, mainly due to reduced

Fig. 6. Global characterization of vulnerability at 4 × CO2. Global vulnerable regions are categorized according to the extent of climate zone shifts driven by
quadruple CO2, suggesting strong vulnerable regions (Vulnerability = 3) experiencing major climate zone shifts, moderate vulnerable regions (Vulnerability = 2)
undergoing shifts between sub-major classes, and minor vulnerable regions (Vulnerability = 1) facing climate shifts between third-level categories. The contributions
from PHY effects are shown in the lower left insert plot.

M. He et al.



Science of the Total Environment 949 (2024) 174810

9

evapotranspiration through partial stomatal closure (Betts et al., 2007;
J. Cui et al., 2021). In contrast to previous studies that only focused on
the individual identification of either temperature or precipitation
change in response to increasing CO2, our findings indicate that vege-
tation response to rising CO2 plays a critical role in reshaping the overall
climate in terms of both temperature and precipitation changes. The
characterization of key factors by PHY deepens our understanding of
climate zone shifts with increasing CO2, providing new perspectives on
climate-vegetation interactions. The insights gained from our analyses
also help model improvements for future projections of climate and
vegetation distributions.

At 4× CO2, more than one-fifth of global land area suffer from strong
climate vulnerability, as the local climate shifts to a different major type
(Fig. 6). Notably, regions with strong climate vulnerability generally
shift from temperate to tropical zones in the Southern Hemisphere,
whereas, they change from polar to cold or cold to temperate zones in
the Northern Hemisphere. Consequently, although sharing the same
level of climate vulnerability, regions in the Southern Hemisphere are
more vulnerable than those in the Northern Hemisphere, suggesting that
ecosystems and human society there will face more risks and threats at 4
× CO2 and more efforts are required there to mitigate climate change.
The CO2-induced precipitation reductions over those regions of the
Southern Hemisphere (Fig. 2d) might lead to water scarcity to influence
both vegetation growth and human living. Effective water conservation
strategies are in high priority there. Moreover, rising CO2 induces
warming in those regions at 4 × CO2, which may lead to exceedance of
the optimum temperature for vegetation photosynthesis (Huang et al.,
2019), resulting in tree mortality and ecosystem function loss. It is also
worth noting that the most vulnerable regions in the Northern Hemi-
sphere are generally densely populated, and dramatic climate zone shifts
occurring there will pose considerable threats to human society
(Malone, 2023), prompting the need for further assessments on popu-
lation exposure to climate shifts with increasing CO2.

The case is quite different for regions experiencing minor vulnera-
bility, mainly located in northern mid-to-high latitudes (Fig. 6). Climate
zone shifts there might impose positive impacts on ecosystem structure
and function, as CO2-enhanced temperature increase promotes growth
of boreal forests through extending growing season and enhancing
photosynthesis (Zhu et al., 2016). However, those regions (Vulnera-
bility = 1) may face threats of climate extremes, suffering from earlier
drought (Zhang and Gao, 2023), heatwave and even wildfire (Gloege
et al., 2022; Webb et al., 2024) with higher frequency and severity at 4
× CO2. Furthermore, historical agriculture land may become less suit-
able for certain crops and irrigation demand might face threats due to
climate zone shifts, requiring adjustments in farming practice to ensure
food security. Therefore, by identifying climate vulnerable regions at 4
× CO2, we can prioritize conservation and restoration efforts to those
areas, providing scientific insights to support climate mitigation and
adaptation.

In summary, our study demonstrates widespread shifts of global
climate zone in response to increasing atmospheric CO2 in which
vegetation physiological response (PHY) plays a non-negligible role on
these shifts. We find that 51.2% of the global land surface suffers from
increased vulnerability due to CO2-induced climate zone shifts, 16.8% of
which is contributed by PHY effects. Unraveling the effects of temper-
ature change, precipitation change and their interactions, PHY consid-
erably contributes to poleward extensions of tropical and temperate
zones, expansions of arid zone and retreats of polar zones, deepening our
knowledge on future climate zone distributions and promoting future
projections of climate and vegetation dynamics. Our study emphasizes
the urgency to reduce ecological and hydrological vulnerability and
enhance adaptive capacity of targeted regions, ensuring tailored con-
servation efforts and policies to meet specific needs and pressing chal-
lenges of different vulnerable regions.
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zones based on Köppen climate classification. WIREs Clim. Chang. 12, e701 https://
doi.org/10.1002/wcc.701.

Cui, D., Liang, S., Wang, D., Liu, Z., 2021b. A 1 km global dataset of historical
(1979–2013) and future (2020− 2100) Köppen–Geiger climate classification and
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Schädel, C., Rogers, B.M., Lawrence, D.M., Koven, C.D., Brovkin, V., Burke, E.J.,
Genet, H., Huntzinger, D.N., Jafarov, E., McGuire, A.D., Riley, W.J., Natali, S.M.,
2024. Earth system models must include permafrost carbon processes. Nat. Clim.
Chang. https://doi.org/10.1038/s41558-023-01909-9.
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