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Abstract: Climate change is altering the conditions to which communities have adapted. The Köppen–
Geiger classification system can provide a compact metric to identify regions with notable changes in
climatic conditions. Shifting Köppen–Geiger climate zones will be especially impactful in regions
with large populations. This study uses high-resolution datasets on Köppen–Geiger climate zones
and populations to quantify the number of people affected by shifting climate zones (i.e., population
exposure to shifting climate zones). By the end of this century, 9–15% of the Earth’s land surface
is projected to shift its climate zone. These shifts could affect 1.3–1.6 billion people (14–21% of the
global population). Many of the affected people live in areas that were classified as temperate in the
historical period. These areas are projected to be classified as tropical or arid in the future. This study
presents a new metric for exposure to climate change: the number of people living in areas whose
climate zone classification is projected to shift. It also identifies populations that may face climatic
conditions in the future that deviate from those to which they have adapted.

Keywords: anthropogenic climate change; Köppen–Geiger climate zones; climate change impacts;
population exposure; exposure to climate change

1. Introduction

Contemporary climate change poses many challenges to societies. Temperature and
precipitation events once considered extreme are becoming more frequent [1–3]. Climate
change also affects the environments people depend on and the ecosystem services those
environments can provide [4,5]. Most fundamentally, the climatic conditions to which
communities have long adapted are rapidly changing. The human impacts of these changes
depend, in part, on how many people are affected (i.e., the exposure) [6]. Thus, assessments
are needed of where climates are changing and how these changes intersect with present
and future populations.

The Köppen–Geiger classification system provides a compact metric to identify where
climate changes may be particularly challenging. It is often called the generic climate
classification [7]. It is commonly utilized by geographers and climatologists [8]. Combining
monthly air temperature and precipitation data and metrics for their seasonality, it defines
five broad zones: tropical (Zone A), arid (Zone B), temperate (Zone C), boreal (Zone
D), and polar (Zone E) [9,10]. The climate variables that characterize Köppen–Geiger
climate zones influence economic activities. Its climate zones can predict a range of human
endeavors, including agricultural activities [11], COVID-19 transmission [12], hospital
health outcomes [13], and optimal building materials [14].

Contemporary climate change is causing Köppen–Geiger climate zones to shift. Since
the 1950s, about 5.7% of the land area has shifted its climate zone classification [15]. The
arid zone is growing, while the polar zone is shrinking, but changes for the tropical,
temperate, and boreal zones are less pronounced [8,15,16]. By the end of this century, more
than 13% of the land area could shift climate zones for a future with high greenhouse gas
emissions [10,17]. In the future, tropical and arid zones are expected to expand, while polar
zones are expected to contract [10,15–19]. Future changes for the temperate and boreal
zones may depend on how much the climate changes [15,18].
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Shifting climate zones can directly impact societies when they occur where people live.
For example, projected climate zone shifts in central Europe that occur in densely populated
regions with intensive agriculture will lead to strong impacts [20]. Past assessments at the
global scale, however, have primarily focused on where shifts will occur and the amount of
area affected. The potential human impacts of these shifts have been largely absent. Thus,
global-scale assessments are needed to quantify the number of people living in areas of
shifting climate zones (i.e., the exposure).

Exposure to shifting climate zones will depend on both climatic and demographic
changes. For climate changes, the scientific community has developed a series of plausible
climate futures: Representative Concentration Pathways (RCPs) [21]. For demographic
changes, the community has developed a series of plausible socioeconomic futures: Shared
Socioeconomic Pathways (SSPs) [22]. Pairings of SSPs and RCPs have been used to project
changes in exposure to extreme weather events [23–27]. These studies have found that both
climatic and demographic factors play a role in future changes in exposure.

To quantify the human exposure to climate change, this study identifies projected
shifts in Köppen–Geiger climate zones and compares them with population projections.
Climate zone shifts are identified for a recently published, high-resolution climate zone
dataset [28]. Assessments are made at mid-century and late-century for two pathways
of future climate change: midrange mitigation emissions (RCP4.5) and high emissions
(RCP8.5). The number of people living in regions of shifting climate zones is quantified
for two pathways of future socioeconomic development: ‘middle of the road’ (SSP2) and
‘fossil-fueled development’ (SSP5). This study provides the first estimates of the human
impacts of shifting climate zones. It also identifies locations with high exposure to shifting
climate zones.

2. Materials and Methods
2.1. Datasets Used

This study analyzed previously published reconstructions and projections of Köppen–
Geiger climate zones and population. The climate zone data are from Cui et al. (2021) [28].
The population data are from Gao (2020) [29]. Both datasets are provided as gridded
products at roughly 1 km resolution.

The climate zone data provide a climate zone classification for each land grid cell,
excluding Antarctica but including islands. Reconstructions for the historical period
(1979–2013) were created using multiple climate datasets and statistical downscaling. The
reconstructions have improved accuracy compared to earlier reconstructions [28]. Pro-
jections for the future (2020–2099) were created for four Representative Concentration
Pathways (RCPs): RCP2.6, RCP4.5, RCP6.0, and RCP8.5. Output from multiple bias-
corrected climate models was statistically downscaled for each pathway: 26 models for
RCP2.6, 31 for RCP4.5, 19 for RCP6.0, and 30 for RCP8.5. The classification at each grid cell
is the most common climate zone classification between models. The data are provided for
30-year intervals, which Cui et al. (2021) [28] found to be the most accurate timescale.

The population data provide the number of people residing in each grid cell. A
reconstruction was made for the year 2000. Projections were made at 10-year intervals from
2010 through 2100 for the five Shared Socioeconomic Pathways (SSPs): SSP1, SSP2, SS3,
SS4, and SSP5. The Gao (2020) [29] population data were produced by downscaling the
one-eighth-degree resolution population data from Jones and O’Neill (2016) [30]. The Jones
and O’Neill (2016) [30] data provide each grid cell’s urban and rural populations. The Gao
(2000) [29] data are available at higher resolution (~30 arcseconds) for the rural, urban, and
total population per grid cell. This study used the data for the total population.

2.2. Analyses Conducted

This study identified climate zone shifts at mid-century (2040–2069) and late-century
(2070–2099) relative to the historical period (1981–2010). These comparisons were made
for the midrange mitigation emissions trajectory (RCP2.6) and the high emissions tra-
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jectory (RCP8.5). These RCPs have been used in past studies on projected climate zone
shifts [15,31]. Additionally, they are comparable to the trajectories used in an earlier gener-
ation of studies [18,19]. RCP4.5 provides a moderate warming climate future, and RCP8.5
provides a future with high warming. Neither pathway, however, is consistent with the
warming targets in the 2015 Paris Climate Accords [32].

Climate zone comparisons were made for the five primary climate zones: Zone A
(tropical), Zone B (arid), Zone C (temperate), Zone D (boreal), and Zone E (polar). The
area distribution of climate zones was calculated for each time window. Additionally
calculated was the amount of area that shifted climate zones relative to the historical period.
Each pixel was weighted by its area. The total land area, which excludes Antarctica, is
135.761 million km2 for the historical period. Some pixels in the Cui et al. (2021) [28] dataset
were classified in the historical period but not classified in the projections. Moreover, some
pixels classified in the projections were not classified in the historical period. The ‘removed’
pixels accounted for 0.951 million km2 (i.e., about 0.70% of the land area classified in the
historical period) and were concentrated along coastlines and in the Caspian Sea. The
‘added’ pixels accounted for 0.022 million km2 (i.e., about 0.02% of the area). Analyses
of climate zones were made relative to the area classified in the historical period and are
presented as a percent of the total area in the historical period.

This study also quantified the number of people affected by shifting climate zones.
Population data for 2000 were used for the historical period. For population projections,
2060 was used for mid-century, and 2090 was used for late-century. The SSP2 (‘middle
of the road’) pathway was used with the climate zone shifts under RCP4.5. The SSP5
(‘fossil-fueled development’) pathway was used with the climate zone shifts under RCP8.5.
These SSP-RCP combinations are commonly used pairings [32]. Under both SSPs, the global
population is projected to grow from 6.052 billion in 2000 to a peak around mid-century.
The peak will be higher for SSP2 than SSP5. In 2060, the global population is projected to
be 9.399 billion for SSP2 and 8.599 billion for SSP5. In 2090, it is projected to be 9.244 billion
people and 7.845 billion people for SSP2 and SSP5.

The number of people affected by shifting climate zones was quantified by calculating
the number of people living in areas where the climate zone is projected to change (i.e., the
exposure). To conduct the analyses, the two datasets were aligned using nearest-neighbor
interpolation in the QGIS software package. Calculations were restricted to only the grid
cells where the climate zone was defined in both the historical period and the projections.
This constraint conserved more than 99.4% of the population in the Gao (2020) [29] dataset.
The number of people living in areas where the climate zone is projected to change (i.e., the
exposure) is presented in millions of people.

3. Results
3.1. Projected Climate Zone Shifts

The distribution of climate zones is projected to change over the 21st century. Figure 1
displays the spatial patterns of climate zones in the Cui et al. (2021) [28] dataset. The spatial
patterns of climate zone shifts are displayed in Appendix A (Figures A1–A5). Table 1
presents the proportion of the land surface within each climate zone. At mid-century under
RCP4.5 (RCP8.5), 7.81% (10.17%) of the land area, excluding Antarctica, is projected to have
shifted climate zones. By late-century, 9.31% (15.09%) of the land area is projected to have
its climate zone classification change.

The tropical zone (Zone A) is projected to expand into higher latitudes (Figure 1) and
account for a greater proportion of Earth’s land surface (Table 1). Its expansion is mainly
into formerly temperate regions, notably in northern India, South Asia, and the Southern
Hemisphere in Africa and South America (Figure A2). The tropical zone also gains area
from formerly arid regions in Southern India, East Africa, and the Pacific coast of South
America, especially under RCP8.5. The tropical zone loses area to the arid zone, notably in
eastern Brazil and in Africa along the southern edge of the Sahel (Figure A3). Projected
area gains greatly exceed projected losses, leading to growth in the proportion of land area
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classified as tropical. By late-century under RCP4.5 (RCP8.5), an additional 1.96% (2.74%)
of the land surface is projected to be classified as tropical.
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(d,e) late-century. (b,d) (left column) are the projections under RCP4.5. (c,e) (right column) are the
projections under RCP8.5. Climate zone data from Cui et al. (2021) [28].

Table 1. Percent * of Land Area in Different Climate Zones.

Historical
Period

Mid-Century Late-Century

RCP4.5 RCP8.5 RCP4.5 RCP8.5

A 21.87 23.49 24.00 23.83 24.61
B 31.26 32.03 32.61 32.25 33.54
C 15.65 14.82 14.61 14.73 15.36
D 24.05 24.06 23.79 24.01 22.78
E 7.17 4.90 4.29 4.49 3.02

removed pixels ** -- 0.70 0.70 0.70 0.70
added pixels *** -- 0.02 0.02 0.02 0.02

* The area in the five climate zones plus the area of the removed pixels equals 100%. ** Area of pixels defined
in the historical period but not defined for the projections. *** Area of pixels defined for the projections but not
defined in the historical period.

The arid zone (Zone B) is also projected to account for a greater proportion of the land
surface (Table 1) as gains from the other zones exceed losses to the other zones (Figure 1).
The largest gains come from formerly temperate regions (Figure A3). These include in
the Mediterranean, southern Africa north of the Kalahari Desert, south-central United
States, and eastern Australia. The next largest gains come from boreal regions, notably in
Kazakhstan and southeastern Russia. The arid zone is projected to lose small amounts of
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area to the other zones. By late-century under RCP4.5 (RCP8.5), an additional 0.99% (2.28%)
of the land surface is projected to be classified as arid.

The temperate zone (Zone C) is projected to gain and lose large amounts of area
(Figure 1). The net effect can vary depending on the climate change trajectory and time
window (Table 1). Gains are primarily from expansion into formerly boreal regions in North
America, Eurasia, northern China, and the Korean Peninsula (Figure A4). It is particularly
notable in Eastern Europe and the northeastern United States, especially under RCP8.5 by
late-century. Most of the losses for the temperate zone are the gains for the tropical and
arid zones (Figures A2 and A3). The land surface classified as temperate is projected to
decrease monotonically under RCP4.5. Under RCP8.5, it is projected to decrease rapidly to
mid-century, followed by a moderate reversal by late-century.

The boreal zone (Zone D) is also projected to have large gains and losses (Figure 1).
The net effect also depends on the climate change trajectory (Table 1). Gains are primarily
from the polar zone in the high latitudes of the Northern Hemisphere and high elevations
of High-Mountain Asia (Figure A5). Expansion into Siberia and northern Canada is
especially acute by late-century under RCP8.5. Most of the losses for the boreal zone are the
primary gains for the temperate zone (Figure A4). The land surface classified as boreal is
projected to decrease monotonically under RCP8.5. Under RCP4.5, its projected net changes
are negligible.

The polar zone (Zone E), which occupies the highest latitudes and elevations in the
historical period, is projected to contract (Figure 1, Table 1). There are no perceivable gains
for this zone. Most of its losses are the primary gains for the boreal zone (Figure A5). Some
losses are to the temperate zone, notably in Iceland and the Andes mountains of South
America (Figure A4). By late-century under RCP4.5 (RCP8.5), the polar region is projected
to lose an area equivalent to 2.68% (4.15%) of the land surface.

3.2. Projected Population Exposure to Climate Zone Shifts

Many people are projected to live in regions where there is a change in the climate zone
classification (i.e., population exposure to shifting climate zones). Figure 2 displays the
number of people affected by a reclassification of a region’s climate zone. The spatial pat-
terns of exposure to shifting climate zones are displayed in Appendix B (Figures A6–A10).
At mid-century under the SSP2-RCP4.5 (SSP5-RCP8.5) scenario, 1173 million (1424 million)
people are projected to be living in areas where the climate zone classification shifts. By
late-century, 1342 million (1646 million) people are projected to live in such areas.

The largest population exposure to shifting climate zones will be for people living in
areas that were classified as temperate (Zone C) in the historical period (Figure 2). A total
of 915 million (1038 million) people by late-century under the SSP2-RCP4.5 (SSP5-RCP8.5)
scenario are projected to live in areas formerly classified as temperate. Most (80–86%) live
in areas projected to be reclassified as tropical (Zone A). The rest live in areas projected
to be reclassified as arid (Zone B). A hotspot for exposure is in northern India, where
population centers formerly classified as temperate are projected to be reclassified as tropical
(Figure A7). Other such exposure hot spots include Northern Vietnam, Southeastern China,
and the East African Rift Valley. Populations affected by temperate regions shifting to arid
regions are less concentrated. Many live in the Mediterranean and along the Atlantic coast
of North Africa (Figure A8).

The next largest population exposure will be for people living in areas that were
classified as boreal (Zone D) in the historical period (Figure 2). A total of 225 million
(429 million) people by late-century under the SSP2-RCP4.5 (SSP5-RCP8.5) scenario are
projected to live in areas formerly classified as boreal. Almost all (93–96%) live in areas
projected to be reclassified as temperate. Hotspots of exposure occur in the northern United
States, Eastern Europe, northern China, and the Korean Peninsula (Figures A4 and A9).
Under the SSP5-RCP8.5 scenario, the poleward expansion of the temperate zone in North
America extends into some of the population centers in southeastern Canada, and the
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expansion in Eastern Europe extends eastward into population centers in eastern Ukraine
and western Russia.
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4. Discussion
4.1. Repartitioning Land Area and People between Climate Zones

This study identified projected changes in Köppen–Geiger climate zones in a recently
published, high-resolution dataset of Köppen–Geiger climate zones by Cui et al. (2021) [28].
In the future, tropical (Zone A) and arid (Zone B) regions are projected to expand, while
polar (Zone E) regions are projected to contract (Figure 1, Table 1). For temperate (Zone
C) and boreal (Zone D) regions, the net changes depend on the climate change trajectory
(Table 1). By the end of this century, 9% to 15% of the land area is projected to have its
climate zone classification change.

The climate zone shifts in the Cui et al. (2021) [28] dataset are broadly consistent with
earlier studies. The projected expansion of the tropical and arid zones and contraction of
the polar zone have previously been identified [10,15–19]. This trend was also noted by
Cui et al. (2021) [28] in their presentation of the dataset. The dependence on climate change
trajectory for the temperate and boreal zones has also previously been identified [15,18].
This dependence has yet to be shown for the Cui et al. (2021) [28] dataset. As this dataset
can produce the expected changes in climate zones, it is a viable product to calculate
population exposure to shifting climate zones.

The global population is also projected to shift between climate zones. Table 2 presents
the proportion of the global population within each climate zone. A greater proportion
of the world’s population is projected to live in tropical and arid regions (Table 2). Demo-
graphic changes partially explain the repartitioning. Population growth is projected to be
larger in developing countries (i.e., the Global South) [33–35], which occupy warmer and
drier regions (Figure 1). Shifting boundaries between climate zones can also repartition
people between climate zones. Climate zone shifts will add people to the tropical and arid
zones and remove them from the temperate, boreal, and polar zones (Figure 2).
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Table 2. Percent of Global Population Living in Different Climate Zones.

Climate Zone Historical
Period

Mid-Century Late-Century

SSP2-RCP4.5 SSP5-RCP8.5 SSP2-RCP4.5 SSP5-RCP8.5

A 28.03 42.29 41.48 45.89 43.70

B 16.14 20.58 19.62 21.57 20.42

C 44.21 31.74 33.71 28.05 32.47

D 10.68 4.80 4.60 3.94 2.86

E 0.37 0.09 0.05 0.06 0.01

Unaccounted * 0.57 0.50 0.53 0.49 0.54
* People living in pixels in the population dataset [29] that are not defined in the climate zone dataset [28] for both
the historical period and future projections.

The role of shifting climate zones in the repartitioning of population can vary. Ap-
pendix C quantifies its role within each zone (Table A1). For the tropical zone, between
30% and 50% of the projected population addition is due to shifting climate zones. For the
arid zone, it contributes between 15% and 23%. Shifting climate zone boundaries remove
people from the temperate, boreal, and polar zones. In total, projected shifts in climate
zones due to future warming will alter the geographic distribution of climate zones and
global population as well as expose many people to unfamiliar climatic conditions.

4.2. Exposure to Shifting Climate Zones Compared with Other Exposure Metrics

This study also quantified the number of people living in areas where the Köppen–
Geiger climate zone is projected to shift (i.e., the population exposure). Figure 3 displays
two types of climate zone shifts that produce large exposures. The largest population
exposure is associated with densely populated temperate regions projected to be classified
as tropical (Figures 2 and 3). A secondary exposure hot spot involves populated boreal
regions projected to be classified as temperate (Figures 2 and 3). By the end of this cen-
tury, 1.3 billion to 1.6 billion people are projected to live in areas where the climate zone
classification changes.
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The metric for exposure in this study adds a new dimension to human exposure to
climate change. It identifies populations that will experience future climates that differ
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notably from historical conditions. Past studies have explored the exposure to extreme
temperature [23,25,27,36] and precipitation [24,26,37] events. Recent studies have also
highlighted how climate change could lead to many people living in regions where temper-
atures exceed optimal levels (i.e., exceeding climate niches) [38,39]. This study’s metric is
similar in spirit to the climate-niche metric. As climate zones shift, people will no longer
reside in their optimal climatic conditions, posing challenges for those communities.

This study identifies new populations that may experience heightened exposure in a
changing climate. Large exposure to shifting climate zones is projected for densely popu-
lated temperate regions reclassified as tropical and populated boreal regions reclassified
as temperate (Figure 3). Large exposure to extreme weather events [23,24] and exceeding
climate niches [38] tend to occur in regions that are already hot. These regions are classified
as tropical or arid in the historical period and are not projected to shift climate zones. The
exposure metric of this study highlights new geographic locations where communities
might face adverse impacts from a changing climate.

A hot spot common to all exposure metrics is India. Many people in northern India
are projected to experience shifting climate zones (Figure 3). Exposure to temperature
extremes [23] and exceeding climate niches [38] are projected for central and southern India.
Exposure to precipitation extremes [24] is projected for southern India and some areas
in northern India where climate zones are projected to shift. India is especially suscepti-
ble to climate change exposure given its large population, number of large cities [40,41],
and sizeable projected population [38]. In addition to the previously identified chal-
lenges [23,24,38,40,41], India must contend with many people living in regions where the
climate zone is projected to shift.

4.3. Limitations and Future Directions for Study

This study focuses on populations that live in areas where the Köppen–Geiger climate
zone is projected to shift. It does not account for impacts to populations in regions where
the climate zone does not change. Other metrics for exposure [23–27,37–39] can identify
some of the impacts facing these populations. Moreover, this study does not account for
Earth System changes in response to climate change that may impact societies, such as
rising sea levels [42] and thawing permafrost [43]. Therefore, the more than 1 billion people
projected to live in regions where the climate zone shifts represent just a portion of those
affected by current and future climate changes.

A second possible limitation of this study is one common to all studies that use
projections of climate change and population: the quality of the projections. The Cui
et al. (2021) [28] climate zone dataset, however, provides a high-quality dataset. It was
created using bias-corrected and downscaled models, and its historical classifications have
improved accuracy compared to earlier Köppen–Geiger datasets. Although its climate zone
projections become less certain at higher latitudes and in more rugged terrain, especially
for the RCP8.5 projections [28], their impact on population exposure is small. These regions
have low population densities, limiting their influence. The Gao (2020) [29] population data
are also of high quality and have been used in previous studies on population exposure to
climate change [37,38].

A limitation specific to the population dataset is that climate change is not factored
into the projections [30]. This limitation warrants further study. Regions with the largest
projected population growth are not the colder ones that may become more habitable in a
warmer world [38]. Climate migration, which is not accounted for in the projections, could
offset some of the repartitioning of people to hotter and drier climate zones. Additionally,
people living in regions of shifting climate zones may choose to migrate as a form of
adaptation. However, climate migration will reflect both the ability and willingness of
individuals to move. To assess the feasibility of populations to migrate, the next generation
of projections would benefit from more demographic and socioeconomic details about the
populations [36]. Future projections could also utilize insights about shifting climate zones
to account for climate migration and the changing geography of habitability.
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Another area for further study is identifying the impacts communities will face in
areas where the climate zone is projected to shift. The Köppen–Geiger classification scheme
is often used in ecological applications, such as predicting the distribution of vegetation,
soil types, and biomes [10,44]. While the classification scheme has been shown to relate
to human endeavors [11–14], the human impacts of shifting climate zones are less known.
This study identifies two key climate zone shifts for future studies: (1) temperate regions
shifting to tropical regions and (2) boreal regions shifting to temperate regions. With many
people projected to live in regions of shifting climate zones (>1.3 billion by the end of this
century), further research is needed into the human impacts of such shifts.

5. Conclusions

This study focuses on the human impacts of shifting Köppen–Geiger climate zones. It
quantifies the number of people that could live in regions where the climate zone classifica-
tion shifts (i.e., population exposure), using high-resolution data on climate zones [28] and
population [29]. The key findings include:

1. Changing climate zones will affect a large amount of the land surface and global
population. By the end of this century, 9% to 15% of the land surface could shift its
climate zone classification. These shifts will occur in areas that are home to 1.3 billion
to 1.6 billion people (14% to 21% of the global population).

2. The largest population exposure occurs in densely populated temperate regions
projected to be classified as tropical in the future. These regions include parts of
northern India, South Asia, and the East African Rift Valley. A secondary hotspot
occurs for populated boreal regions projected to be classified as temperate in the
future. These regions include parts of the northern United States, Eastern Europe,
northern China, and the Korean Peninsula.

3. Hotspots for population exposure to changing climate zones are geographically differ-
ent from the hot spots for other metrics of climate change exposure. Thus, this study
identifies new populations that may experience adverse impacts from climate change.
It expands the number of people impacted by climate change beyond those identified
by existing exposure metrics and those facing Earth System changes such as sea-level
rise and permafrost loss.

4. Earth’s land surface will shift toward warmer (i.e., tropical) and drier (i.e., arid)
climates. The global population will also repartition toward hotter and drier climates.
This repartitioning is due to differences in the projected population growth between
developing and developed countries and shifting climate zones.

5. Future research is needed into the impacts societies will face when climate zones
shift. This study identifies two types of climate zone shifts that will produce large
population exposures. The impacts of these shifts should be the focus of future studies.
Moreover, exposure to climate zone shifts may impact future demographic changes
through climate migration. Shifting climate zones can help inform the next generation
of population projections.
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Appendix A

The spatial patterns of climate zone shifts are presented in Figures A1–A5. Figure A5
displays all locations where the climate zone is projected to be reclassified as a new climate
zone in the future. Figures A2–A5 display the locations projected to be reclassified as
tropical (Figure A2), arid (Figure A3), temperate (Figure A4), and boreal (Figure A5). The
color represents that location’s climate zone classification in the historical period. Since
virtually no area is projected to be reclassified as polar, a similar figure is not provided for
the polar zone.
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Figure A1. Locations projected to be reclassified as a new climate zone at (a) mid-century under 
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period that are projected to be classified as a new climate zone in the future. To highlight changes, 
the pixels have been resampled to coarser resolution (0.1° × 0.1°). Climate zone data from Cui et al. 
(2021) [28]. 

Figure A1. Locations projected to be reclassified as a new climate zone at (a) mid-century under
RCP4.5 and (b) late-century under RCP8.5. The color represents the classification of that location
in the historical period. For example, red locations were areas classified as tropical in the historical
period that are projected to be classified as a new climate zone in the future. To highlight changes,
the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦). Climate zone data from Cui et al.
(2021) [28].



Geographies 2023, 3 487

Geographies 2023, 3, FOR PEER REVIEW 12 
 

 

 
Figure A2. Locations projected to be reclassified as tropical (Zone A) at (a) mid-century under 
RCP4.5 and (b) late-century under RCP8.5. The color represents the classification of that location in 
the historical period. For example, green locations were areas classified as temperate in the historical 
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Figure A2. Locations projected to be reclassified as tropical (Zone A) at (a) mid-century under
RCP4.5 and (b) late-century under RCP8.5. The color represents the classification of that location
in the historical period. For example, green locations were areas classified as temperate in the
historical period but projected to be reclassified as tropical. To highlight changes, the pixels have
been resampled to coarser resolution (0.1◦ × 0.1◦). Climate zone data from Cui et al. (2021) [28].
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Figure A3. Locations projected to be reclassified as arid (Zone B) at (a) mid-century under RCP4.5 
and (b) late-century under RCP8.5. The color represents the classification of that location in the his-
torical period. For example, green locations were areas classified as temperate in the historical pe-
riod but projected to be reclassified as arid. To highlight changes, the pixels have been resampled to 
coarser resolution (0.1° × 0.1°). Climate zone data from Cui et al. (2021) [28]. 

Figure A3. Locations projected to be reclassified as arid (Zone B) at (a) mid-century under RCP4.5
and (b) late-century under RCP8.5. The color represents the classification of that location in the
historical period. For example, green locations were areas classified as temperate in the historical
period but projected to be reclassified as arid. To highlight changes, the pixels have been resampled
to coarser resolution (0.1◦ × 0.1◦). Climate zone data from Cui et al. (2021) [28].
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Figure A4. Locations projected to be reclassified as temperate (Zone C) at (a) mid-century under 
RCP4.5 and (b) late-century under RCP8.5. The color represents the classification of that location in 
the historical period. For example, blue locations were areas classified as boreal in the historical 
period but projected to be reclassified as temperate. To highlight changes, the pixels have been 
resampled to coarser resolution (0.1° × 0.1°). Climate zone data from Cui et al. (2021) [28]. 

Figure A4. Locations projected to be reclassified as temperate (Zone C) at (a) mid-century under
RCP4.5 and (b) late-century under RCP8.5. The color represents the classification of that location
in the historical period. For example, blue locations were areas classified as boreal in the historical
period but projected to be reclassified as temperate. To highlight changes, the pixels have been
resampled to coarser resolution (0.1◦ × 0.1◦). Climate zone data from Cui et al. (2021) [28].
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Figure A5. Locations projected to be reclassified as boreal (Zone D) at (a) mid-century under RCP4.5 
and (b) late-century under RCP8.5. The color represents the classification of that location in the his-
torical period. For example, purple locations were areas classified as polar in the historical period 
but projected to be reclassified as boreal. To highlight changes, the pixels have been resampled to 
coarser resolution (0.1° × 0.1°). Climate zone data from Cui et al. (2021) [28]. 

Appendix B 
The spatial patterns of population exposure are presented in Figures A6–A10. Figure 

A6 displays all populations living in areas where the climate zone is projected to be re-
classified as a new climate zone in the future. Figures A7–A10 display populations living 
in areas projected to be reclassified as tropical (Figure A7), arid (Figure A8), temperate 
(Figure A9), and boreal (Figure A10). The color represents that location’s population den-
sity. The climate zone classification in which those people would have resided in the his-
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Figure A5. Locations projected to be reclassified as boreal (Zone D) at (a) mid-century under RCP4.5
and (b) late-century under RCP8.5. The color represents the classification of that location in the
historical period. For example, purple locations were areas classified as polar in the historical period
but projected to be reclassified as boreal. To highlight changes, the pixels have been resampled to
coarser resolution (0.1◦ × 0.1◦). Climate zone data from Cui et al. (2021) [28].

Appendix B

The spatial patterns of population exposure are presented in Figures A6–A10. Figure A6
displays all populations living in areas where the climate zone is projected to be reclassified
as a new climate zone in the future. Figures A7–A10 display populations living in areas
projected to be reclassified as tropical (Figure A7), arid (Figure A8), temperate (Figure A9),
and boreal (Figure A10). The color represents that location’s population density. The
climate zone classification in which those people would have resided in the historical
period can be determined by consulting the corresponding figure in Appendix A. Since
virtually no area is projected to be reclassified as polar, a similar figure is not provided for
the polar zone.
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Figure A6. Populations projected to be living in areas where the climate zone is projected to shift at 
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 sce-
nario. The climate zone classification in the historical period for these locations is displayed in Fig-
ure A1. To highlight population exposure, the pixels have been resampled to coarser resolution (0.1° 
× 0.1°). Population data from Gao et al. (2020) [29]. 

Figure A6. Populations projected to be living in areas where the climate zone is projected to shift at
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario.
The climate zone classification in the historical period for these locations is displayed in Figure A1.
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦).
Population data from Gao et al. (2020) [29].
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Figure A7. Populations projected to be living in areas that are reclassified as tropical (Zone A) at (a) 
mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario. 
The climate zone classification in the historical period for these locations is displayed in Figure A2. 
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1° × 0.1°). 
Population data from Gao et al. (2020) [29]. 

Figure A7. Populations projected to be living in areas that are reclassified as tropical (Zone A) at
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario.
The climate zone classification in the historical period for these locations is displayed in Figure A2.
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦).
Population data from Gao et al. (2020) [29].
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Figure A8. Populations projected to be living in areas that are reclassified as arid (Zone B) at (a) mid-
century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario. The 
climate zone classification in the historical period for these locations is displayed in Figure A3. To 
highlight population exposure, the pixels have been resampled to coarser resolution (0.1° × 0.1°). 
Population data from Gao et al. (2020) [29]. 

Figure A8. Populations projected to be living in areas that are reclassified as arid (Zone B) at (a) mid-
century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario. The
climate zone classification in the historical period for these locations is displayed in Figure A3. To
highlight population exposure, the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦).
Population data from Gao et al. (2020) [29].
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Figure A9. Populations projected to be living in areas that are reclassified as temperate (Zone C) at 
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 sce-
nario. The climate zone classification in the historical period for these locations is displayed in Fig-
ure A4. To highlight population exposure, the pixels have been resampled to coarser resolution (0.1° 
× 0.1°). Population data from Gao et al. (2020) [29]. 

Figure A9. Populations projected to be living in areas that are reclassified as temperate (Zone C) at
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario.
The climate zone classification in the historical period for these locations is displayed in Figure A4.
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦).
Population data from Gao et al. (2020) [29].
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Figure A10. Populations projected to be living in areas that are reclassified as boreal (Zone D) at (a) 
mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario. 
The climate zone classification in the historical period for these locations is displayed in Figure A5. 
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1° × 0.1°). 
Population data from Gao et al. (2020) [29]. 

Appendix C 
The number of people residing within each climate zone will change as the bounda-

ries between climate zones shift and populations grow/shrink due to demographic factors. 
Table A1 presents the net population changes due to both shifting climate zones and de-
mographic factors. It also isolates the population changes due to shifting climate zone 
boundaries (values in paratheses). For some climate zones (e.g., tropical, arid, and boreal), 
shifting boundaries will reinforce changes due to demographic factors. For other zones 
(e.g., temperate and boreal), shifting climate zones and changes from demographic factors 
will work in opposite directions. 

Table A1. Net Population Change within (Transfer between) Climate Zones in Millions of People. 

Climate Zone 
Mid-Century Late-Century 

SSP2-RCP4.5 SSP5-RCP8.5 SSP2-RCP4.5 SSP5-RCP8.5 

A 2279 
(691)  

1871 
(760)  

2546 
(832)  

1732 
(866)  

B 958 
(51)  

711 
(69)  

1017 
(54)  

625 
(142)  

C 307 223 −83 −129 

Figure A10. Populations projected to be living in areas that are reclassified as boreal (Zone D) at
(a) mid-century under the SSP2-RCP4.5 scenario and (b) late-century under the SSP5-RCP8.5 scenario.
The climate zone classification in the historical period for these locations is displayed in Figure A5.
To highlight population exposure, the pixels have been resampled to coarser resolution (0.1◦ × 0.1◦).
Population data from Gao et al. (2020) [29].

Appendix C

The number of people residing within each climate zone will change as the boundaries
between climate zones shift and populations grow/shrink due to demographic factors.
Table A1 presents the net population changes due to both shifting climate zones and
demographic factors. It also isolates the population changes due to shifting climate zone
boundaries (values in paratheses). For some climate zones (e.g., tropical, arid, and boreal),
shifting boundaries will reinforce changes due to demographic factors. For other zones
(e.g., temperate and boreal), shifting climate zones and changes from demographic factors
will work in opposite directions.
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Table A1. Net Population Change within (Transfer between) Climate Zones in Millions of People.

Climate Zone
Mid-Century Late-Century

SSP2-RCP4.5 SSP5-RCP8.5 SSP2-RCP4.5 SSP5-RCP8.5

A 2279
(691)

1871
(760)

2546
(832)

1732
(866)

B 958
(51)

711
(69)

1017
(54)

625
(142)

C 307
(−507)

223
(−513)

−83
(−632)

−129
(−576)

D −195
(−226)

−251
(−306)

−282
(−244)

−422
(−423)

E −14
(−9)

−18
(−9)

−17
(−9)

−22
(−9)
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