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Climate change is driving biodiversity redistribution on Earth, undermining the effectiveness of
protected areas (PASs) in conserving global biodiversity. Managing the consequences of
biodiversity redistribution and promoting effective conservation necessitates a better
understanding of climate shift patterns and species’ ability to track changing climate. Recent
studies assessing the effects of climate change on biodiversity have increasingly used velocity
metrics to represent climate shifts over space and time. Velocity based on a single climate
variable or climate space identified using statistically combined multivariate indices may not be
related to biomes or ecosystems and lacks potential to conduct risk evaluation for biodiversity.
The widely used Koppen—Geiger classification scheme provides an effective way to characterize
bioclimatic conditions by incorporating multiple climatic indicators and biological information,
thus can be a new direction for developing velocity metrics and supporting the development of
species distribution models (SDMs). To identify research gaps, this dissertation research first
reviews recent detection and assessment studies on past and future projected climate zone
changes. Previous studies have shown that accelerated global warming since the 1980s has
resulted in changes in climate zones that have been observed over 5% of the global land area.
Tropical and arid climate zones are expected to expand into mid and high latitudes, while polar
climates are shifting poleward and upward, leading to significant area shrinkage. Given the need

for improved historical and future global climate maps with long-term temporal coverage and



accurate depiction of fine-grained bioclimatic conditions in climate change studies, the study
creates a set of 1 km Kdppen-Geiger climate classification maps (KGCIlim) for six historical
periods in 1979-2013 and four future periods in 2020-2099 under RCP2.6, 4.5, 6.0, and 8.5. The
new maps offer higher classification accuracy than existing datasets and demonstrate the ability
to capture recent and future projected changes in distribution of climate zones. Using the new
KGClim dataset, this dissertation calculates the velocity of climate zone shifts to assess exposure
risks of global PAs and examines the spatial patterns of near-, mid- and long-term climate shifts
projected based on different emission pathways. Based on the findings, under RCP8.5, 38% of
global protected land could undergo climate zone shifts at accelerating rates for the remainder of
this century. Furthermore, global protected lands are experiencing novel (8% of global protected
land) and disappearing (7%) climates, shifts of climates outside current PA networks (8%), and
transition to human dominated land use (6%). The fine-scale velocity metrics reveal
spatiotemporal patterns of climate shifts and biodiversity redistribution, which can inform
adaptive conservation planning to address the ongoing biodiversity crisis and achieve future

conservation goals.
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Chapter 1: Introduction

1.1 Background and motivations

1.1.1 Climate-driven redistribution of Earth’s species

Driven by anthropogenic climate change, distribution of species on the Earth are changing at
accelerating rates, with far-reaching impacts on ecosystem functioning and human well-being (I.-
C. Chenetal., 2011; Parmesan & Yohe, 2003; Pecl et al., 2017). Climate, as a key driver of the
ecological interactions and biological processes, shape global patterns of biomes and biodiversity
(Kreft & Jetz, 2007; Woodward et al., 2004). In response to current climate change, species are
undergoing evolutionary adaptation (Merild & Hendry, 2014; Parmesan, 2006), changing
phenology and abundance (Parmesan & Yohe, 2003; Scheffers et al., 2016), and shifting their
distribution to track changing climates (I.-C. Chen et al., 2011). Changes in availability and
positions of climatically suitable areas have resulted in many latitudinal and elevational shifts in
species distribution (Garcia et al., 2014; Scheffers et al., 2016). Consequently, the climate-driven
redistribution of Earth’s species has led to restructured biotic community compositions
(Williams & Jackson, 2007), loss of ecosystem services, and increased threats to human welfare
across the globe (Kreft & Jetz, 2007; Pecl et al., 2017). However, consideration of these climate-
driven changes in biodiversity is critical yet lacking in most conservation strategies (Dobrowski
etal., 2021; Pecl et al., 2017; Watson et al., 2013). Strategic and adaptive conservation planning
that explicitly incorporates climate change impacts on biodiversity is critical to addressing the

ongoing biodiversity crisis and achieving future conservation goals.
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1.1.2 Undermined effectiveness of protected areas (PA) under climate change

Protected areas (PAs) are widely recognized as a core of modern biodiversity conservation
strategies (Arafeh-Dalmau et al., 2021; Dobrowski et al., 2021) and have demonstrated their
importance in protecting the earth’s biodiversity by reducing rates of habitat loss (Geldmann et
al., 2013) and enhancing species diversity within their boundaries (Gray et al., 2016). PAs also
provide a variety of social and economic benefits by preserving natural resources, delivering
ecosystem services, and supporting human livelihoods (J. E. M. Watson et al., 2014). Expanding
global PA coverage while maintaining the effectiveness of the PA networks are key conservation
targets agreed upon in the Convention on Biological Diversity post-2020 framework (CBD)
(OECD, 2019; Visconti et al., 2019). However, changes in climate and land use greatly
undermine the effectiveness of current PA networks (Arafeh-Dalmau et al., 2021; Batllori et al.,
2017; Elsen et al., 2020; Hoffmann et al., 2019). As climate shifts, suitable climates for species
may become less accessible and species may track their preferred climatic conditions and
migrate into unprotected and human-dominated areas (Batllori et al., 2017; Hoffmann et al.,
2019; Wessely et al., 2017). Current static boundaries, low connectivity of PAs (Asamoah et al.,
2021; Batllori et al., 2017; Lawler et al., 2015), biased PA locations towards areas of low human
influence(Joppa & Pfaff, 2009; Venter et al., 2018), and close alignment with existing
biodiversity patterns with inadequate consideration of future changes (Lawler et al., 2015;
Loucks et al., 2008; Myers et al., 2000), could further diminish the capacity of PA networks in
protecting future biodiversity, thereby impeding the achievement of global conservation goals.
Conservation planners must incorporate climate shifts and biodiversity redistribution into PA

conservation planning to improve the effectiveness of global PAs and develop more strategic and
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adaptive PA conservation approaches (Dobrowski et al., 2021; Pecl et al., 2017; J. E. M. Watson

etal., 2013).

1.1.3 Assessments of biodiversity exposure to climate change using climate change

metrics

Managing the consequences of biodiversity redistribution and promoting effective conservation
requires better understanding of patterns of climate shifts and capacity of species to track the
shifting climate (Garcia et al., 2014; Lenoir et al., 2020). Most assessments of the impact of
climate change on biodiversity have largely relied on simple climatic indicators, with some
commonly used measures such as change magnitude of climate variables (Giorgi, 2006), extreme
values (Beaumont et al., 2011; Jiménez et al., 2011), and timing shifts of climatic events
(Burrows et al., 2011). These univariate metrics depict local temporal change in climates. Recent
studies assessing exposure risks of biodiversity increasingly used metrics of climate change to
represent spatiotemporal shifts of climates (Garcia et al., 2014), such as climate velocity (Brito-
Morales et al., 2018; Loarie et al., 2009), climate analogs (Ordonez & Williams, 2013; Williams
& Jackson, 2007), climate stability (Watson et al., 2013), novel and disappearing climates
(Garcia et al., 2014; Hoffmann et al., 2019; Williams et al., 2007). These metrics are based on
either one climate variable or climate space identified using statistically combined multivariate
indices, and may not be related to properties and functions of biomes or ecosystems and lack
potential to conduct risk assessments for biodiversity (Brito-Morales et al., 2018; Cui et al.,

2021).
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1.1.4 Koppen-Geiger climate classification and climate zone shifts

To examine shifts in climate zones and potential changes in biomes, researchers applied the
Koppen-Geiger climate classification scheme (Chan & Wu, 2015; Mahistein et al., 2013; Rubel
& Kaottek, 2010). Climate has direct impacts on the processes and functioning of the ecosystem
as well as on the distribution of species. (I.-C. Chen et al., 2011; Ordonez & Williams, 2013;
Pinsky et al., 2013; Thuiller et al., 2005). The spatial patterns of climates have been often
identified using the Koppen climate classification system. Koppen-Geiger classification (KGC),
the most widely used bioclimatic classification scheme in biology, earth, and environmental
sciences (Rubel & Kottek, 2011), was first introduced by Wladimir Képpen to map the world’s
biomes based on the amplitude and seasonal phase of annual cycles of surface air temperature
and precipitation (Képpen, 1936). KGC classifies five major climate classes and 30 subtypes
globally and shows strong correlations with biome distribution (Cui, Liang, & Wang, 2021;
Ronhli, Joyner, et al., 2015). It has been used in a variety of climate change studies, including
assessments of climate change impacts on ecosystem (Roderfeld et al., 2008), biome distribution
(Leemans et al., 1996; Rohli, Joyner, et al., 2015) and biodiversity (Garcia et al., 2014). KGC
adds a new direction to the development of climate change metrics by providing an ecologically
relevant and effective method for characterizing climate conditions, and it can support the

development of species distribution modeling (SDM).

The increased availability of globally gridded datasets of climatic variables allowed for the
generation of maps for the global distribution of K&ppen climate zones. To fulfill the current
needs of climate change research, there is an urgent need for improved historical and future
global maps of the Képpen climate classification with long-term temporal coverage and more

accurate depiction of fine-grained climatic conditions. Most previously published Képpen
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climate classification maps have a relatively low resolution of 0.5° (Belda et al., 2014; Grieser et
al., 2006; Kottek et al., 2006; Kriticos et al., 2012; Rubel & Kottek, 2010). Several map products
used interpolation methods to achieve a higher resolution of ~0.1° (Kriticos et al., 2012; Peel et
al., 2007; Rubel et al., 2017). Fine resolutions of at least 1-km are required to detect climate
refugia and promote effective conservation. Another existing issue with future climate maps was
the large discrepancy in GCMs, with possible uncertainty sources in model resolution, biases,
deficiencies in model physics, and reference data selection (Hanf et al., 2012; Tapiador et al.,
2019; Zhang & Yan, 2014). Systematic methods for assessing uncertainty and optimizing the

model performance for future climate zone distribution projections are required.

Significant shifts in Koppen climate zone boundaries have been observed and projected in the
recent two centuries (Belda et al., 2014; Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli,
Andrew, et al., 2015; Yoo & Rohli, 2016). Studies have shown that under climate change,
Kdppen-Geiger climate zones are shifting poleward and upward into warmer and drier climates,
with significant area expansion in tropical (A) and arid (B) climate zones and area shrinkage of
polar (E) climates (Chan & Wu, 2015; Cui, Liang, & Wang, 2021; Mahlstein et al., 2013; Rohli,
Andrew, et al., 2015). However, large discrepancies and different levels of details in patterns of
climate zone shifts exist in previous studies. It is unclear whether significant climate zone
changes can be detected in climate observations, and if so, at what rate and time. Furthermore,
while model simulations are increasingly being used to investigate the future climate shifts, the

uncertainties in the projected climate zone changes remain largely unknown.
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1.2 Research questions and dissertation structure

The overarching question of the dissertation is what impacts that climate zone changes have on
biodiversity and what can be informed for biodiversity conservation? This dissertation sets out to

answer four research questions:

1) How the global climate zones are changing over time and space, driven by past and future

projected climate change, in terms of area changes, latitudinal and elevational shifts?

2) How can we improve the global climate classification data at 1-km for historical (1979-2013)
and future periods (2020-2100), with the use of data integration, bias correction and data

downscaling based on observational climatology datasets and model projections?

3) How climate zone shifts, stratified by velocity and displacement patterns, can imply for
biodiversity, and affect conservation capacity of global PAs, and how can it benefit from fine

spatial and temporal scales and considerations of topographic paths?

This dissertation presents five chapters. Chapter 1 introduces the background and motivation of

the research, as well as the research questions and dissertation structure.

Chapter 2 provides a review of the literature on recent and future changes in global climate
zones. This chapter begins by discussing the development and applications of the Képpen
classification system as well as its association with the global biome distribution and other
climate classification schemes. A summary of all available map products of the Képpen climate
classification is provided with future product development directions. The results of a large body
of literature on the detection and assessment of climate zone changes are then synthesized in this

chapter. To identify knowledge gaps and guide future research, consolidated summaries of recent
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studies are performed for both observed and projected climate zone changes. Chapter 2 has been

published in Wiley Interdisciplinary Reviews: Climate Change (Cui, Liang, & Wang, 2021).

Chapter 3 presents a 1-km global dataset of Képpen—Geiger climate classification maps of
historical (1979-2013) and future (2020-2100) periods for different emission scenarios (RCP2.6,
RCP4.5, RCP6.0 and RCP8.5), based on multiple downscaled observational datasets, and an
ensemble of bias-corrected downscaled CMIP5 model projections. This chapter describes in
detail the methods used for statistical downscaling, data integration, and validation, and
demonstrates the new climate classification maps’ improved classification accuracy, good
correspondence with topographic features and vegetation distribution. This chapter also provides
an example of how the new dataset can be used to detect long-term global area changes in
climate zones. Chapter 3 has been published in Earth System Science Data (Culi, Liang, Wang, et

al., 2021).

Chapter 4 examines the spatiotemporal patterns of climate zone shifts in the global terrestrial
PAs by calculating fine-scale (1-km) climate zone velocity for four future periods (2020-2049,
2040-2069, 2060-2089, 2070-2099) using four RCPs (RCP2.6, RCP4.5, RCP6.0 and RCP8.5)
with a baseline period of 1971-2000. The climate classification data used in Chapter 4 is from
the dataset generated in Chapter 3. Furthermore, this chapter assesses exposure risks of global
PAs and the spatial patterns of near, mid, and long-term future climate zone shifts. By presenting
a case study applying the climate zone velocity for spatial PA prioritization, this chapter

investigates the potential of climate zone velocity to inform biodiversity conservation.

Chapter 5 concludes with a summary of the major findings from all chapters and explores

potential directions for future research.
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Chapter 2: Observed and projected changes in global

climate zones

2.1 Abstract

In recent years, there has been a growing body of literature applying the Képpen classification
scheme to investigate the changes in the distribution of bioclimatic conditions. Area changes and
latitude and elevation shifts of Koppen climate zones have been examined based on the observed
and projected datasets. This review article provides a comprehensive insight into the changes in
global Koppen climate zones. First, we summarize the advancements and limitations of different
climate zone definitions and assess the available climate classification map products. We then
review recent detection and assessment studies on observed and projected climate zone changes.
Finally, we summarize the findings of the previous studies. It has been proven that changes in
climate zones under global warming can have far-reaching impacts on ecological systems. Since
the 1980s, anthropogenic accelerated global warming has already led to shifts in climatic
conditions over a large land area. Hot tropics and arid climates are projected to expand into large
areas of middle and high latitudes, an expansion that is potentially linked to the intensification of
the global hydrologic cycle. Driven by increased warming in the Arctic, high-latitude climates
will shift poleward and upward, leading to a significant area shrinkage of the polar climate
zones. However, due to the large model uncertainties, the detectability of significant climate
zone changes through observations and projections, the rate and time of the changes, and their
causes remain unclear. In this paper, we identify the research gaps and propose directions for

future research.



2.2 Introduction

Human activities have caused significant and far-reaching changes in the world’s climate
systems. For example, an increase in the global mean surface temperature (GMST) has resulted
in more intense and frequent heavy precipitation events (IPCC, 2018). The warming signal is not
homogeneously distributed. Greater warming beyond the global average is being experienced in
some land areas and seasons, including the Arctic and boreal zones during winter (IPCC, 2018).
Water cycle intensification is also expected, suggesting a larger contrast between wet and dry
regions (Hartmann et al., 2013). As a result of the global climate change with unequal spatial and
seasonal patterns, large portions of the Earth’s surface are expected to experience changes in the

average climatic conditions.

Climate has a direct impact on the world's ecosystems and the distribution of various plant and
animal species. The rearrangement of the current distribution of plants and animals can lead to
serious and irreversible impacts on ecological systems, posing a severe threat to biodiversity. As
a result, there is an increasing need to quantify the impacts of climate change on the Earth’s
terrestrial ecosystems. Most research has focused more on identifying local changes and less on
the spatial shifts in the distribution of climatic conditions at broader spatial extents. To represent
the spatial shifts in climatic conditions and highlight the linkages between climate and ecological
systems, some recent studies applied Képpen classification schemes to estimate the magnitude of

the observed and projected shifts between different climate classes.

The Képpen climate classification demonstrates a good correlation with major biome distribution
and can incorporate the amplitude and seasonal phase of temperature and precipitation annual

cycles. Moreover, the Képpen classification scheme has proved to be a useful tool for detecting
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the first-order bioclimatic influence of the past (Belda et al., 2014; Chan & Wu, 2015; D. Chen
& Chen, 2013; Rohli, Andrew, et al., 2015) or future projections of climate change based on
climate model simulations under diverse emission scenarios (Belda et al., 2016; Hanf et al.,

2012; Mahlstein et al., 2013).

Significant changes in major Képpen climate zones have been observed in the 20™ century and
projected for the 21%t century. However, large discrepancies and different levels of details in
terms of the description of climate shifts exist in previous studies. It remains unclear whether
significant climate zone changes are detectable in observations, and at what rate and time that
these changes take place. Moreover, while model simulations are increasingly used to investigate
the future climate shifts, the uncertainties in the projected climate zone changes remain largely
unknown. In addition, it is not clear whether the changes can be attributed to external
anthropogenic forcing components or natural variations, or how the changes in temperature and

precipitation are associated with the changes in climate zone distribution.

To offer a comprehensive insight into the changes in global climate zones, this chapter first
examines the climate zone definitions by discussing the development and applications of the
Koppen classification system as well as its association with the global biome distribution and
other climate classification schemes. A summary of all available map products of the Képpen
climate classification is provided with a suggested direction for future product development.
Then this chapter synthesizes the results from a large body of literature on the detection, and
assessment of climate zone changes. Consolidated summaries of recent studies are performed for
both observed and projected climate zone changes to identify the knowledge gaps and guide

future research. Finally, this chapter concludes with a summary and future research scope.
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2.3 Definitions of climate zones

Climate, defined as a comprehensive statistical description of climatic conditions over a
sufficiently long period at a wide range of temporal scales (D. Chen & Chen, 2013), is one of the
most critical determinants of Earth’s ecosystems (Zhou & Wang, 2000). As a source of water
and energy, climate acts as the primary control for ecosystem distribution (James, 1966).
Controlled by the dominant climatic conditions and prevailing vegetation formations, major
ecosystems are distributed on land in a predictable pattern. Major ecosystem regions are largely
defined based on the climate zones following the Képpen climate classification system (Koppen,
1931). This land climate classification delineates the climate-controlled ecosystem regions of the
world by integrating and arranging ecological climatic information on land units. It is a highly
effective means to simplify spatial variability and aggregate climate gradients into simple but

ecologically meaningful classes (H. E. Beck et al., 2018).
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Figure 2-1 Present-day and future global distribution of climate zones and biomes. Global distribution of (a) major
climate zones based on data from present day (1980-2016) Kdppen-Geiger climate classification map (Beck et al.,
2018), and (b) biomes with data from Terrestrial Ecoregions of the World (TEOW) (Olson et al., 2001). (c) and (d)
present-day (1980-2016) and future (2071-2100) climate subtypes based on data from (Beck et al., 2018).

The Koppen classification is based on the annual cycle of monthly air temperature and
precipitation data, aiming to empirically map the world’s biome distribution (Kppen, 1936).
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The global distribution of climate zones and biomes are shown in Figure 2-1. With few
exceptions, the classifications largely correspond to the distribution of zonal vegetation (Belda et
al., 2014; Koppen, 1936; Trewartha, 1954) as well as soil type (Bockheim et al., 2005). As an
integrated and convenient tool to unveil the spatial patterns of climatic variables and identify the
relationships between climate and the Earth’s physical and biological systems, the Képpen
classification has been widely applied in biological sciences, earth and planetary sciences, and
environmental sciences (Rubel & Kottek, 2011). It has been used in the evaluation of
precipitation (Kim et al., 2017; Mir¢ et al., 2017; Serra et al., 2014; Sharifi et al., 2018; Tang &
Hossain, 2012; Wen et al., 2017) and temperature products (Pefia-Angulo et al., 2016), the
validation of climate models (Elguindi et al., 2014; Gnanadesikan & Stouffer, 2006; Kleidon et
al., 2000; Lohmann et al., 1993), the assessment of climate change impacts (Bacon et al., 2014;
A. Berg et al., 2013; Webber et al., 2011), and the analysis of simulated future climate change
(Belda et al., 2016; T. Chen et al., 2017; Feng et al., 2014; Hanf et al., 2012; Mahlstein et al.,

2013; Rohli, Andrew, et al., 2015; Rubel & Kottek, 2010; Tapiador et al., 2019).

The Koéppen classification has been found useful for a variety of problems associated with
climate change, such as in hydrological cycle studies (Manabe & Holloway, 1975; Peel et al.,
2001), arctic climate change (Feng et al., 2012; Wang & Overland, 2004), assessment of climate
change impacts on ecosystems (Roderfeld et al., 2008), biome distribution (Leemans et al., 1996;
Ronhli, Joyner, et al., 2015), and biodiversity (Garcia et al., 2014). The Képpen climate
classification system experienced a resurgence in popularity as researchers sought to reveal the
climatic component of global change and investigate the bioclimatic patterns in global climate.
As climate is considered the primary factor to explain the species ranges at a large spatial extent
(Heikkinen et al., 2016; Luoto et al., 2007; Pearson & Dawson, 2003), the Koppen climate
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classification is often used as an input to analyze the species range distribution (Brugger &
Rubel, 2013; Tererai & Wood, 2014; Webber et al., 2011) and growth behavior of species
(Tarkan & Vilizzi, 2015), and to set up dynamic global vegetation models (Poulter et al., 2011).
Besides its application in impact studies, the Koppen classification has also been used to
illustrate global climate change in terms of shifting geographical boundaries of major climate
types (Belda et al., 2014, 2016; Chan & Wu, 2015; D. Chen & Chen, 2013; Feng et al., 2014;

Mahlstein et al., 2013; Zhang & Yan, 2014).

The widely applied Kdppen climate classification, as the first quantitative classification of
Earth’s climate, was first introduced by Wladimir Kdppen in 1900. Even though various
classifications have been developed since then, those based on K&ppen’s original approach
(Koppen, 1923, 1931, 1936), especially its modifications, Koppen-Geiger classification (KGC)
(Koppen, 1936) and Kdppen-Trewartha classification (KTC) (Trewartha, 1954), are still among
the most frequently used systems. KGC identifies the climate in similarity to their effects on
plant growth, which rely mainly on aridity and warmth (Rubel & Kottek, 2011). Developed by
Wiadimir Képpen and Rudolf Geiger, and first published in 1936 (Kdppen, 1936), KGC
classifies climate into five main classes and distinguishes the vegetation groups of the tropical
zone (A), arid zone (B), temperate zone (C), snow zone (D), and polar zone (E), referring to five

major climate zones (Sanderson, 1999) (Table 2-1).

Table 2-1 Definitions of major climate zones by Képpen climate classification schemes

KGC” KTC™
A Tropical Teold > 18 A Tropical Teold > 18
B Arid (Dry) Pann < Pth B Arid (Dry) Pann < Pth
Ptn=" 2 x Tann For rainfall concentrated in winter Aridity threshold Pth=2 % A =2 X Tamn + 0.6 X phot — 20
Eg%nal Puin > 2/3 Patton’s threshold Pth= R =2.3 x Tann — 0.64 X pwin + 41
Updated pwin > 70.0% C Subtropical 8< n(Tmon>10)< 12 & Teold <18
KGC

15


https://www.zotero.org/google-docs/?FVA8o0
https://www.zotero.org/google-docs/?FVA8o0
https://www.zotero.org/google-docs/?ovYOHf
https://www.zotero.org/google-docs/?2qX3t3
https://www.zotero.org/google-docs/?yt3ETq
https://www.zotero.org/google-docs/?yt3ETq
https://www.zotero.org/google-docs/?JFFi5Y
https://www.zotero.org/google-docs/?usrVur
https://www.zotero.org/google-docs/?PyDxPG
https://www.zotero.org/google-docs/?17RsW0
https://www.zotero.org/google-docs/?ervlXv
https://www.zotero.org/google-docs/?FGoHrt

2 x Tamn + 28 For rainfall concentrated in summer
2 %X Tamn + 14 Otherwise
C Temperate Original Thot > 10 & -3 < Teold < 18
KGC
Updated Thot > 10 & 0 < Tcold < 18 D Temperate 4 <n (Tmon>10) <7 & Tcold < 18
KGC
D Cold Original Thot > 10 & Teold < -3
(Snow/ KGC
Continental) Updated Thot > 10 & Teold <0 E Boreal (Subpolar) 1< n(Tmon>10)<3 & Teold < 18
KGC
E Polar Thot < 10 F Polar Thot <10

Temperature in °C and precipitation in cm. The table is organized to represent the correspondence of climate zones defined by the KGC and
KTC.

*Original KGC was used and cited in Kottek, Grieser, Beck, Rudolf, and Rubel (2006) and Rubel and Kottek (2010). Updated KGC was used

and cited in Peel, Finlayson, and McMahon (2007), Kriticos et al. (2012) and Beck et al. (2018); pwin is the percentage of annual precipitation
occurring in winter (the coldest three months).

* Aridity threshold was used and cited in Feng et al. (2014). Patton’s precipitation threshold was used and cited in Belda et al. (2016) and
Belda et al. (2014). R is the Patton’s precipitation threshold and pwin is the percentage of annual precipitation occurring in winter (the coldest
three months). A is the aridity threshold and pnot is the percentage of total precipitation received in the six high-sun months (in Northern
Hemisphere, April to September and in Southern Hemisphere, October to March); n (Tmon > 10) indicates the number of the months which
monthly temperature is larger than 10°C.

The modification of the Képpen climate classification proposed by Trewartha (1954) redefines
subtropical (C), temperature (D), and boreal (E) climates (Table 2-1). KTC adjusts the original
temperature criteria and wet/dry climate thresholds for a stronger correlation between climate
types and observed boundaries of natural landscapes (Belda et al., 2014; Castro et al., 2007). The
simplification of the wet/dry climate threshold used in KTC was proposed by Patton (1962) to
manage the inexplicit explanation of “rainfall concentration in summer/winter”” by combining the
three criteria into one equation. Even though the designations in both KGC and KTC are
basically the same, the definitions of the types might be different in many aspects. A large part of
temperate (C) and cold (D) climate zones classified using KGC are redistributed and designated
into subtropical (C), temperate (D), and boreal (E) climate zones by KTC (Table 2-2). Compared
with KGC, despite being less popular, KTC has the advantage of presenting a more detailed
depiction of climate types. The Global Forest Resources Assessment (FRA) led by the Food and

Agriculture Organization (FAQ) utilized KTC to map global ecological zones and concluded that
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there is a strong relationship between KTC climatic types and the natural climax vegetation types

and soils (FAO, 2001).

Table 2-2 Percentage of land area comparison of climate zones defined by Képpen climate
classification and other classification methods
Climate zones defined by Képpen climate classification

A B C D E Total
1) Comparison with A 2031 0.02 20.33
Kdppen-Trewartha B 209 26.72 2.03 151 32.35
climate classification with C 1 9.06 10.06
Patton’s boundaries of D 0.62 5.02 9.13 14.77
arid (B) climate zone E 0.02 0.24 14.73 14.99
(Belda et al., 2014) = 0.24 7.26 75
Total 224 28.62 16.35 25.37 7.26
2) Comparison with A 2134 3.03 3.32 27.70
climate types classified by B 024 16.95 2.29 19.48
K-means cluster analysis C 0.01 6.54 9.93 3.84 0.46 20.78
(Zhang & Yan, 2014) D 1.52 0.03 1805  2.63 22.22
E 0.96 4.08 5.03
Total 21.59 28.04 15.57 22.85 7.16
3) Comparison with TRF* 1035 0.11 3.03 13.48
biome classification Grassland  5.58 9.13 5.18 3.67 23.56
from a merger of Desert 14.96 0.79 0.54 16.29
categories of Scott SSW* 157  2.04 2.05 5.67
(1996) and the World SMF™ 038 0.4 5.74 3.01 9.27
Wildlife Federation Boreal 0.13 11.02 047 11.61
%ig”v Joyner et al., Tundra 0.16 0.47 2.23 5.60 8.47
) lceCapos 084 210 057 753 1157
Highland

Total 18.41 27.38 19.48 21.04 13.61
“TRF is short for Tropical Rain Forest.
""SSW for Subtropical Scrub and Woodland.
"™ SMF for Subtropical and Mid-latitude Forest.

In addition to the Koppen classification systems, other bioclimatic methods based on human

expertise have been used for mapping the global climate zones (Holdridge, 1947; Thornthwaite,

1931; Walter & Elwood, 1975). Meanwhile, various clustering-based methods using different
choices of climatic variables and clustering algorithms (Bunkers et al., 1996; Degaetano, 1996;
Fovell & Fovell, 1993; Hoffman et al., 2005; Mahlstein & Knutti, 2010; Metzger et al., 2013;
Netzel & Stepinski, 2016; Stooksbury & Michaels, 1991; Unal et al., 2003; Zscheischler et al.,

2012) have been proposed to complement human expertise and provide a natural approach to
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climate classification. Based on the comparison results, about half of the climate types detected
by clustering can be matched to the KGC classes, and the rest differ in climatic character and
spatial distribution (Netzel & Stepinski, 2016). The area of five major climate zones defined by
Koppen classification and K-mean clustering method coincides well with each other (Zhang &
Yan, 2014) (Table 2-2). Unlike Képpen classifications, cluster analyses produce extensively
objective boundaries, which are difficult to interpret (Rubel & Kottek, 2011). According to the
principles that should be satisfied by climate classification (Essenwanger & Landsberg, 2001), a
meteorological basis is requisite, which is not sufficiently fulfilled by statistical classification
methods. Compared with the clustering methods built upon empirical relationships with
vegetation distribution, the Képpen classification has advantages to perform dimensionality
reduction of climatic variables into one class more related to biota (Tapiador et al., 2019). It is
therefore not surprising that today, almost 120 years after Koppen began to develop this climate
classification system, it is still the most widely used climate classification method, evidenced by
a literature search revealing that 85% of references using climate classification chose the Képpen

classification (Larson & Lohrengel, 2011).

Despite its popularity, the Koppen classification has a few limitations. First, it does not account
for the possibility of the emergence of novel climate types, so under global change there is a
need to develop a new classification scheme of the world climate (Sanderson, 1999). Updated
based on recent and future high-resolution climate data and applied to climate model predictions,
the Kdppen classification will still be applicable in the future (Kottek et al., 2006). Another
problem with the Képpen classification is that there exist large uncertainties to equate climate
zones directly with actual biome distribution. Despite the agreement between the Koppen

climates and major biomes, cautions should be taken when relating classification results to the
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biome distribution: first, vegetation changes may lag the change in climate zones; second, factors
not accounted for in the Kdppen classification, such as atmospheric CO: level, may alter the
relationship between climate classes and vegetation. Therefore, the Koppen classification should
be interpreted as a description of macro climatic conditions, which are closely related to the
biome distribution. Moreover, the Képpen classification system is threshold-based and lacks the
notion to quantitatively measure similarities and differences between local climates beyond
organizing them into a hierarchy. Despite these, it demonstrates a relatively good correlation
with the biome distribution and still has competitive advantages of simplicity and integrating

climatic variables.

2.4 Global climate classification maps

The availability of globally gridded datasets of climatic variables allowed for the generation of
maps for the global distribution of Kdppen climate types. Observed global temperature and
precipitation datasets collected over the last two centuries, as well as global climate model
simulations of past and future climate, offer the possibility to compile long-term time series of
global maps of the Koppen climate classification. There exist eight versions of recent world

maps of the Képpen climate classification systems (Table 2-S1).

Most of the existing Koppen climate classification world maps have a relatively low resolution
of 0.5° (Belda et al., 2014; Grieser et al., 2006; Kottek et al., 2006; Kriticos et al., 2012; Rubel &
Kottek, 2010), mainly because of the limited availability of high-resolution global climatology
data. One of the first KGC world maps was published by Kottek et al. (2006). They produced a
comprehensive map based on the Climatic Research Unit (CRU) TS 2.1 (Mitchell & Jones,

2005) for temperature, and the Global Precipitation Climatology Centre (GPCC) VASCIimO
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V1.1 (C. Beck, Grieser, Rudolf, et al., 2005) for precipitation at a resolution of 0.5° for 1951
2000. In the same year as Kottek et al. (2006), Grieser et al. (2006) produced a series of
historical and present maps for multiple time periods within 1951-2000 using temperature and
precipitation data from the CRU TS 2.1 (Mitchell & Jones, 2005) dataset, GPCC VASCIimO
V1.1 and GPCC Full Data Reanalysis (C. Beck, Grieser, Rudolf, et al., 2005). Following up on
the work of Kottek et al. (2006), Rubel and Kottek (2010) generated a series of KGC world maps
covering the extended period 1901-2100. These maps are based on CRU TS 2.1 and GPCC Full
Data Reanalysis V4 for 1901-2002, and Global Climate Model (GCM) outputs for 2003-2100
were taken from the TYN SC 2.0 (Mitchell et al., 2004) dataset. Based on the ensemble
projections of global climate models, the series of world maps of KGC produced by Rubel and
Kottek (2010) depicts the shift in the climate zones within the 21 century by considering

different Intergovernmental Panel on Climate Change (IPCC) scenarios.

Only a few map products applied interpolation methods to achieve a resolution better than 0.1°
(Kriticos et al., 2012; Peel et al., 2007; Rubel et al., 2017). As a follow-up work of Kottek et al.
(2006), the reanalyzed KGC map had a higher resolution of 0.083° and 0.167° using the
downscaling algorithms described by Rubel et al. (2017). This high-resolution map product is
representative of the more recent 25-year period of 19862010 rather than the historical 50-year
period of 19512000 provided by Kottek et al. (2006). Peel et al. (2007) was also among the first
to publish a terrestrial world map of KGC using a digitally gridded dataset but at a much finer
resolution of 0.1°. Climate classifications were derived from the long-term station records of
monthly precipitation and temperature from the Global Historical Climatology Network (GHCN)
version 2.0 dataset (Peterson & Vose, 1997) and interpolated onto a 0.1° grid using a three-

dimensional tension spline interpolation. Since elevation is an important variable in the
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interpolation of temperature fields, one potential improvement of the methodology would be to
apply a three-dimensional spline, using elevation as the third dimension (Daly, 2006). Moreover,
the KGC scheme applied in Peel et al. (2007) was modified following Russell (1931) (Table 1).
The first departure point from Geiger (1961) is the use of the temperature of the coldest month >
0 °C, rather than >-3 °C to define the boundary between the temperate (C) and cold (D) climate
zones. Another modification is the use of a 70% precipitation criterion to distinguish the arid (B)
climates. Kriticos et al. (2012) and Beck et al. (2018) followed the same KGC scheme described
in Peel et al. (2007). The historical KGC map of Kriticos et al. (2012) was based on WorldClim
V1 (Hijmans et al., 2005) temperature and precipitation datasets with resolutions of 0.167° and
0.083° for 1961-1990. The future 30-year KGC maps covering the period from 2001 to 2100 for
A1B and A2 scenarios were derived from two GCMs, CSIRO-MK 3.0 and MIROC-H. Unlike
Peel et al. (2007), Kriticos et al. (2012) applied the classification algorithm to gridded climate
surfaces instead of kriging the classified climate stations, which would result in underrepresented
topo-climatic patterns. In addition, using a limited number of data sources, these climate maps
were generated based on a comparatively small number of ground stations with uneven
distribution, inducing accuracy concerns. The limitations of the input data often lead to
widespread misclassifications, particularly in regions with low station density and strong climatic

gradients such as mountain ranges (Karger et al., 2017).

Focus has been on the improvement of data incorporation to maximize the accuracy with the
current observational climatology datasets and future model projections. The most recent KGC
map was presented by Beck et al. (2018), with an unprecedented resolution of 0.0083° (1km), for
both present-day (1980-2016) and projected future conditions (2071-2100) under climate

change. The present-day map was generated by combining the high-resolution climatic air
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temperature and precipitation data from multiple independent sources, including WorldClim V1
(Hijmans et al., 2005) and V2 (Fick & Hijmans, 2017), CHELSA V1.2 (Karger et al., 2017)
(Karger et al., 2017), and CHPclim V1 (Funk et al., 2015). The future map was derived from an
ensemble of 32 Coupled Model Intercomparison Project - Phase 5 (CMIP5) (Taylor et al., 2012)
model projections under the RCP8.5 scenario. The use of multiple data sources to generate the
global climate maps maximizes the accuracy and allows for an evaluation of the classification
uncertainty, which was estimated using the agreement in derived classes using different data
input combinations. Further technical validation was completed using station observations
compiled from the Global Historical Climatology Network-Daily (GHCN-D) database (Menne et
al., 2012) and the Global Summary of the Day (GSOD) database. Beck et al. (2018) was the first
to provide corresponding classification evaluation and uncertainty estimates. Their newly
published KGC present-day map exhibited high classification accuracy of 80% (Table 2-S1).
However, single-period coverage or non-comparable periods covered in Beck et al. (2018) may
not sufficiently fulfill the current research needs especially for studies focusing on change
detection in Képpen climates. There exists an urgent need to compile a long-term time series of
global maps of Koppen climate classification with high resolution and improved accuracy.
Multiple observed global temperature and precipitation datasets collected over the last two
centuries can be integrated to achieve the goal. Moreover, global climate model simulations of
future climate offer a possibility to address the need of the future climate classification maps.
Moreover, the only climate classification map product that applied KTC published by Belda et
al. (2014) used CRU TS 3.1 (Harris et al., 2014) datasets with a coarse resolution of 0.5°. As

KTC has an advantage of more detailed description and a stronger relationship with climax
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vegetation types, quality global KTC maps with higher resolution, various time coverages, and

reduced uncertainty are needed to support further applications at both global and regional scales.
2.5 Observed climate zone changes

Many studies apply the Képpen classification for climatology observations or paleoclimate
reconstructions to examine the changes in the global geographical distribution of climate patterns
(Belda et al., 2014; Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli, Andrew, et al., 2015; Yoo
& Rohli, 2016). The observed area changes in climate zones detected in previous studies,
including the significant and non-conclusive ones, are summarized in Table 2-S2. This section
presents discussions on the observed climate zone changes over the past century, organized by a

set of metrics, covering three aspects: area changes, and latitude and elevation shifts.

2.5.1 Changes in the areas of climate zones

The changes in the areas of climate zones indicate the expansion or shrinkage of the spatial
extent of the Earth’s macro-climatic conditions, potentially implying the retreat or spread of
biomes as well as threats of species range contraction or opportunities for range expansion. One
of the most pronounced changes in the area of climate zones during the past century is the
shrinkage of the polar (E) climate zone with the size equivalent to 0.50-0.98% of the Earth’s
total land area (C. Beck, Grieser, Kottek, et al., 2005; Belda et al., 2014; Chan & Wu, 2015; D.
Chen & Chen, 2013; Fraedrich et al., 2001; Kalvova et al., 2003; Rohli, Andrew, et al., 2015).
Another dominating area change since the 1900s is the area expansion of the arid (B) climate

zone, which is equivalent to 0.68—1.51% of the Earth’s total land area, reported in recent studies
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that used KGC criteria to define the arid (B) climate zone (C. Beck, Grieser, Kottek, et al., 2005;

Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli, Andrew, et al., 2015).

Nevertheless, substantial discrepancies remain in the observed changes in the area of the tropical
(A) climate zone. The expansion of the tropical (A) climate zone is not conclusive because most
studies have not discovered observational supporting evidence (C. Beck, Grieser, Kottek, et al.,
2005; Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli, Andrew, et al., 2015) and only a few
studies have identified this expansion trend (Belda et al., 2014; Fraedrich et al., 2001; Kalvova et
al., 2003). Moreover, there is no significant change in the area of the temperate (C) climate zone
(C. Beck, Grieser, Kottek, et al., 2005; Belda et al., 2014; Chan & Wu, 2015; D. Chen & Chen,
2013; Fraedrich et al., 2001; Kalvova et al., 2003; Rohli, Andrew, et al., 2015). In addition, the
total area of the boreal (D) climate zone that ranges from 33°N to 74°N has demonstrated no
significant change (Chan & Wu, 2015; D. Chen & Chen, 2013; Kalvova et al., 2003; Rohli,
Andrew, et al., 2015). However, at high northern latitudes (north of 55°N), a statistical expansion
of the boreal (D) climate zone up to 0.39-1.19% of the Earth’s total land area was detected,
while at the mid-Ilatitude regions (south of 55°N), a significant area shrinkage (1.06% of the
Earth’s total land area) was observed (Chan & Wu, 2015) These contrasting patterns indicate a
spatial shift of the boreal (D) climate zone towards higher latitudes; the same pattern was
detected in the temperate (C) climate zone (Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli,
Andrew, et al., 2015). The major changes in the area of the climate zones in the past century and
their estimated magnitudes are shown in Table 2-S2, represented by the changes in the

percentage of the total land area.
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Figure 2-2 Maps of regions observed to undergo climate zone changes since the 1980s. (a) Historical major climates
of these regions in 1961-1990 from historical data of Képpen-Geiger climatic zones (Kriticos et al., 2012). (b)
Present major climates of these regions in 1980-2016 from the present-day Képpen-Geiger climate classification
map (Beck et al., 2018).
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Significant changes in the area of the climate zones have been the most detectable since the
1980s, It is indicated that specifically arid (B) and polar (E) climate zones, were highly
susceptible to accelerated global warming since the 1980s (Chan & Wu, 2015; D. Chen & Chen,
2013; Zhang & Yan, 2014). This is evidenced in a) more consistent significant changes in the
area of climate zones beginning around the 1980s (Chan & Wu, 2015), b) larger area variations
in climate zones in 1976-2009 (Zhang & Yan, 2014), c¢) and distinct changes in the area of the
two most susceptible climate zones, arid (B) and polar (E) climate zones, since the 1980s (D.
Chen & Chen, 2013). The regions observed to undergo climate zone changes since the 1980s are
illustrated in Figure 2-2. The area percentage of these regions with respect to the total land area
is estimated to be 5.31% based on the historical (Kriticos et al., 2012) and present KGC maps (H.
E. Beck et al., 2018). In comparison, since 1950, around 5.7% of the global total land area
underwent climate zone changes, based on an ensemble of observational datasets from the CRU,
the University of Delaware (UD), and the Goddard Institute for Space Studies (GISS), using the
15-yr time scale and a recently updated KGC scheme (Chan & Wu, 2015). This suggests that the
changes in the area of the climate zones have dramatically accelerated since the 1980s. With the
long-term 50-yr period of 1951-2000 as a baseline, 3.3% of the land area is estimated to
experience climate zone changes in the latter half of the 20™ century (C. Beck, Grieser, Kottek,
et al., 2005). KTC results show that 4.4-5.1% of the land area has gone through climate zone
changes during the 20" century (Belda et al., 2014; Fraedrich et al., 2001). The average decadal

trends based on the three observational datasets, UD, CRU, and GISS, are shown in Figure 2-3.

Different climate subtypes are responsible for temporally varied contributions to the total area
changes with large regional differences. The tropical (A) climate zone showed the largest
variations in area changes among all climate zones over the past century, indicated by stagnation
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or a slight decrease in the first half of the 20" century, followed by an accelerated area reduction
in the late 1960s. Since the 1990s, there has been continuous area growth (Belda et al., 2014;
Chan & Wu, 2015; Fraedrich et al., 2001). Among the tropical (A) climates, the tropical
rainforest (Af) and monsoon (Am) climate zones showed slight variations while the tropical
savanna (Aw) climate zone was the most variable subtype (D. Chen & Chen, 2013). The most
recent area increase in the tropical (A) climate zone was largely driven by the area increase in the
tropical savanna (Aw) climate zone on the expense of temperate (C) climates (C. Beck, Grieser,
Kottek, et al., 2005; Belda et al., 2014; Chan & Wu, 2015). The significant shift from temperate
(C) climates to tropical savanna (Aw) climates was observed since the 1980s over southern
Africa, the southern edge of Brazilian Highlands, and Northern India (Figure 2-2), mainly driven

by temperature increase (Chan & Wu, 2015).

The arid (B) climate zone occupies the largest area on Earth and is observed to have undergone
the most conspicuous area expansion in the second half of the 20" century, at the expense of
primarily temperate (C) and mid-latitude boreal (D) climates. The expansion of the arid (B)
climate zone has accelerated since the 1980s at a rate of 4.2 x 10° km? dec™?, which is equal to
approximately 115 km?d-! (Chan & Wu, 2015). This increase is mainly attributed to a large area
increase of the subtype semi-arid (BS) climate zone, also known as the steppe climate (Belda et
al., 2014; Chan & Wu, 2015). The other climate subtype, the desert (BW) climate, exhibited
relatively large fluctuations throughout the 20™ century, with opposite changes to the semi-arid
(BS) climate, which can be explained by the mutual replacement of the two in the arid (B)
climate zone (Belda et al., 2014). In the 1980s, a significant phase shift of semi-arid (BS) and
desert (BW) climates occurred, followed by the increasing expansion of the semi-arid (BS)

climate zone and the reduced shrinkage of the desert (BW) climate zone (Belda et al., 2014). The
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extension of the semi-arid (BS) climate zone since the 1980s has mainly occurred in the
Mediterranean, south-central United States, southeastern Australia, and southern South Africa,
which previously had a temperate (C) climate, as well as in some mid-latitude areas classified as
boreal (D) climate zone, including Central Asia and western North and South America (Figure 2-
2). In high-altitude mountainous regions, particularly northern Tibetan Plateau and the Central
Andes, part of the area has experienced a climate shift from polar (E) to semi-arid (BS) climate
in the past few decades. In the tropics, especially in small areas of southern India and eastern

Africa, tropical (A) climates were replaced by arid (B) climates.

Although no significant changes were observed in the area of temperate (C) climate zones, a
remarkable spatial poleward shift has been identified. A considerable part of the temperate (C)
climate zone was replaced by the warmer and drier climate subtypes in tropical (A) and arid (B)
climate zones. The area loss was compensated by the climate shift from the boreal (D) and polar
(D) climates to temperate (C) climates. Moreover, concerning a mutual interchange of the area
within the temperate (C) climate zone, subtype dry summer (Cs) climate has replaced the fully
humid (Cf) climate zone since the 1980s. Like the temperate (C) climate zone, the boreal (D)
zone showed no significant change in the total area but a general shift towards high latitudes.
The area of the largest subtype, the boreal fully humid (Df) climate, remained relatively stable in
the past century, while the area of the small subtype, the dry winter (Dw) climate, was more
variable but showed a small change overall. Moreover, the high northern latitude (north of 55°N)
boreal climates, mainly fully humid (Df) and dry summer (Ds) climates, have expanded into the
polar (E) climate zone at a rate of 2.2 x 10° km? dec™* (approximately 60 km? d 1) in the second
half of the 20™" century (D. Chen & Chen, 2013). In comparison, the mid-latitude (south of 55°N)

boreal climates decreased in the area at a larger rate of 2.9 x 10° km? dec™* (approximately 79
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km? d 1) (D. Chen & Chen, 2013). The area increase in high latitudes and decrease in mid-
latitudes demonstrated the poleward shift of the boreal (D) climate zone, together with potential

shrinkage in the future.

The prominent shrinkage of the polar (E) climate zone had a rate of 2.8 x 10° km? dec™*
(approximately 77 km? d1) in the second half of the 20™ century (Chan & Wu, 2015). The
enhanced warming in the Arctic region led to a pronounced area reduction of the frost (EF)
climate zone in the Arctic, which was largely replaced by the tundra (ET) climate. Some regions
in high northern latitudes have experienced the replacement of the tundra (ET) climate by the
boreal (D) climate, especially some low-level regions, which are more likely to be affected by
increased warming. The replacement was mainly observed in northern Canada and northern and
eastern Siberia. Over some high-altitude mountainous areas in middle and low latitudes,
particularly the Tibetan Plateau and the Andes, the tundra (ET) climate was replaced by warmer
climate zones at low altitudes. Note that considerable uncertainty remains in the climatology data
over high latitudes and high-altitude regions, where station networks tend to be sparsely
distributed. As a result, the polar (E) and boreal (D) climate zones are likely to be misclassified

due to data limitations.

2.5.2 Latitude and elevation shifts of climate zones

The position shifts of the climate zones provide additional insight into the climate zone changes,
with a special focus on the change direction and velocity. The latitude and elevation shift of
climates at a regional scale significantly affect the ability of species to track climatic conditions.
The species range replacement can be hampered where the climate zone change direction goes

across areas of adverse topography or unfavorable habitats. Moreover, if the shift velocity
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exceeds the species’ dispersal abilities, it poses a serious threat to regional biodiversity (Garcia et
al., 2014). By applying the climate classification to incorporate information of annual circles of
temperature and precipitation, Chan and Wu (2015) examined the latitude and elevation shifts of
major climate zones (Chan & Wu, 2015). Based on the absolute latitude changes in 1953-2003
from the UD observational dataset, significant poleward shifts were detected in temperate (C),
boreal (D), and polar (E) climates at average rates of 35.4, 16.2, and 12.6 km dec (0.32, 0.15,
and 0.11° latitude dect), respectively, and significant shifts to high elevation were detected in
tropical (A) and polar (E) climate zones at rates of 3.0 and 14.3 m dec™?, respectively (Chan &
Wu, 2015). The observed trends in latitude and elevation shifts for the five climate zones from

CRU and GISS datasets are shown in Figure 2-3.
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Figure 2-3 Decadal trends in total area, average elevation, and average absolute latitude of climate zones estimated
from different observational datasets, UD, GISS, and CRU, as well as HIST-ALL, HIST-GHG, and HIST-NAT
CMIP5 runs. Only significant model-simulated trends are shown. HIST-ALL runs are driven by forcing
reconstructed from observational data, such as greenhouse gas concentrations and volcanic eruptions. HIST-GHG is
forced by greenhouse gas concentrations only, and HIST-NAT is forced by natural factors only. Reprinted with the
permission of Chan and Wu (2015).

In the tropical (A) climate zone, the expansion of the savanna (Aw) climate into high-elevation
regions in the tropics is the major reason for the significant elevation shift of tropical (A)

climates, particularly since the 1990s. The elevation increases in the tropical (A) climate zone
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occurred over the southern edge of the Brazilian Highlands in South America and the southern
end of the Congo Basin in Africa. Polar (E) climates, previously distributed in relatively low
elevations in high northern latitudes and mountainous regions, such as northern and eastern
Siberia, western Tibetan Plateau, and the Central Andes, were largely replaced by warmer and
drier climates, mainly boreal (D) and arid (B) climates. The area loss of polar (E) climates in low
elevations, driven by increased warming, resulted in a significant average elevation increase in
the polar (E) climate zone at a high rate of 14.3 m dec™* (Chan & Wu, 2015). The global shifts of
warmer and drier climate zones into higher elevations pose a substantial risk to vulnerable

species and vegetation around or at the edge of the mountainous regions.

The position shifts of the three mid- and high-latitude climates are characterized by a significant
poleward direction. The temperate (C) climate zone exhibited the most prominent poleward
shifts at a rate of 0.32° latitude dec along with a slightly decreased total area. A similar case
was observed in the boreal (D) climate zone but at a relatively slower rate of 0.15° latitude dec™*
(Chan & Wu, 2015). The polar (E) climate zone turned out to be the most susceptible climate
zone to global warming due to the combined and interacting effects of different factors,
including greater warming trends, ice-albedo feedback, and restricted areas for climate
displacement. The polar (E) climate zone was forced to shift into higher latitudes and higher
elevations at considerably high rates, leading to a dramatic area shrinkage in the second half of

the 20™ century.

2.6 Projected climate zone changes and assessment

The projected changes in temperature and precipitation in the 21% century can cause significant
climate zone changes over the global land area. There is a growing body of literature applying
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the Koppen climate classification scheme to model simulations to project future changes in the
Koppen climate zones (Belda et al., 2016; Chan & Wu, 2015; Feng et al., 2014; Rohli, Andrew,
et al., 2015). The projected climate zone changes identified in previous studies are summarized
in Table 2-S3. The Koppen climate classifications of model outputs have been used to assess
environmental changes, but systematic analyses of the discrepancies between models and
scenarios are scarce. Since the GCMs present different physical parameterizations and varied
grid sizes, large uncertainties exist in the model results of global climate classifications. This
section first reviews the recent studies examining the future climate zone changes by the middle
or the end of the 21% century using different ensembles of climate model projections. The three
independent aspects, changes in the area and latitude and elevation shifts, are included to fully
capture the spatial change patterns of global climate zones. The last part focuses on the studies of
the model performance on climate classification to further evaluate the uncertainties in the

changes in model projected climate zones.

2.6.1 Projected changes in climate zones in the 21st century

2.6.1.1 Area changes of climate zones

In the 21 century, the climate zones are projected to shift towards warmer and drier climates,
consistent with the observed change pattern in the 20" century. The area of the tropical (A)
climate zone exhibited large variations in the second half of the 20" century, characterized by a
rapid area decrease in the 1980s and a dramatic area extension since the 1990s. Even though the
long-term observed tropical (A) climate expansion is not conclusive, the tropical (A) climate is
projected to experience significant expansion in the 21% century, in both high-end and low-end

scenarios (H. E. Beck et al., 2018; Belda et al., 2014; Chan & Wu, 2015; Feng et al., 2014; Hanf
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etal., 2012; Kalvova et al., 2003; Mahlstein et al., 2013; Rohli, Andrew, et al., 2015; Rubel &
Kottek, 2010). The projections indicate that the arid (B) climate zone could continue to expand
during the 21% century. The largest changes are projected in the Northern Hemisphere north of
30°N (Feng et al., 2014; Rubel & Kottek, 2010). Driven by the significantly expanding tropical
(A) and arid (B) climates in the tropics and subtropics, the mid- and high-latitude climates,
including temperate (C) and boreal (D) climates, are forced to shift poleward successively.
Although observations show insignificant changes in the area of temperate (C) and boreal (D)
climate zones, projections suggest an accelerated decrease in the area of two climate zones by the
end of 21% century, especially under RCP8.5 and A1F1 scenarios from the Special Report on
Emissions Scenarios (SRES) (H. E. Beck et al., 2018; Chan & Wu, 2015; Hanf et al., 2012;
Mahlstein et al., 2013; Rohli, Andrew, et al., 2015; Rubel & Kottek, 2010). The pronounced area
shrinkage of the polar (E) climate zone is projected to continue at the same rate in this century.
Table 2-S3 summarizes the projected changes in the area of the climate zones and the percentage

of the total land area projected to undergo certain changes by the end of the 21 century.
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Figure 2-4 Maps of regions that are projected to undergo changes by the end of the 21st century. (a) and (b) show
the major climates of these regions for the present-day (1980-2016) and projected conditions (2071-2100),
respectively. (c) and (d) show the confidence levels (%) associated with the classification accuracy for the present-
day (1980-2016) and projected conditions (2071-2100), respectively. Data from present and future Képpen-Geiger
climate classification maps at 1-km resolution (Beck et al., 2018).

The regions projected to undergo climate zone changes in the 21% century together with the
confidence levels (%) of the projected changes are shown in Figure 2-4. By the end of the 21
century, under the RCP8.5 scenario, around 13% of the land area is projected to experience
changes in macro climatic conditions at the time scale of 30-yr (H. E. Beck et al., 2018) and 20%
at a shorter time scale of 5-yr (Mabhlstein et al., 2013). Based on the KTC results, the percentage
is projected to be as large as 20% using a 30-yr average (Belda et al., 2016) and 39-54% using a
15-yr average (Feng et al., 2014) under RCP8.5. Furthermore, the rate of total climate zone area
changes (% °C1) is found to increase linearly with the rising global mean temperature (Mahlstein
et al., 2013). Using the RCP8.5 emissions pathway, the rate of the climate zone area changes

nearly doubles compared to the early 20" century and reaches 5.4% °C-! by the end of this
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century (Mahlstein et al., 2013). This quadratic increase in the total percentage of the land area
changes implies that the magnitude of the global-scale climate zone changes will be further
amplified with continued warming. However, this finding is not applicable to all climate zones.
Only the decrease in the projected area of the boreal (D) climate zone demonstrates a
pronounced acceleration under RCP8.5 in the second half of the 21 century while the other

climate zones show divergent change patterns (Chan & Wu, 2015).

Fresent: A Present. B Present: C Present: D Present E

s 8
H
-
=
H
f
|
H
]
H
W 1aInn4

i)
(=}
g :ainny

5]
=1
'

Reference
A1F1 (Rubel and Kottek, 2010)
. B1 (Rubel and Kottek, 2010)
RCPS8.5 (Beck et al. 2018)

Area Percentage (%)

s B8
1
|

H

Py
=
H
i
|

o aunyn4

o
|

anin4

20- I I
10- I
i A L i em B

i . i :

Figure 2-5 Shifts between climate zones in the 21% century under different scenarios
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Many regions are projected to change by one or two climate subtypes, which is difficult to detect
by the total climate zone area change. The climate subtypes within each climate zone exhibit
different projected changes in this century, leading to varied regional influence. The statistical

summary of the shifts between the climate zones under different scenarios is presented in Figure
36
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6. All tropical (A) climates expand and reach a significant level by 2020 (Chan & Wu, 2015;
Feng et al., 2014). The savannah (Aw) climate zone is expected to undergo the most significant
expansion particularly during the first half of the 215 century and reach a stabilized level over the
last few decades (Hanf et al., 2012). The temperate monsoon (Cw) climate zones in large areas
of southern Africa, northern India, and central North America, which is estimated to account for
2.57% of the global land area under RCP8.5, will be replaced by tropical savanna (Aw) climate

zones by the end of the 21 century (Beck et al., 2018).

In the subtropics, arid (B) climates, including both semi-arid (BSh) and desert (BWh) climates,
are projected to expand continuously over the entire 21% century (Feng et al., 2014; Hanf et al.,
2012; Mahlstein et al., 2013; Rohli, Andrew et al., 2015). The semi-arid (BS) climates are
projected to expand into some mid-latitude areas such as western North America, Mediterranean,
and Central Eurasia, which currently experience temperate (C) or boreal (D) climates under
RCP8.5. Around 1.10% of the land area will change from temperate (C) climates to arid (B)

climates and 1.74% from boreal (D) climates in this century (Beck et al., 2018).

For the temperate (C) climate zone, the area gain and loss are balanced out and estimated to be
3.30% and 3.67% of the land area under RCP8.5, respectively (Beck et al., 2018). Projections
indicate a substantial loss of the temperate monsoon (Cw) climate, which is replaced largely by
the savannah (Aw) climate in northern India, southern Africa, and central South America. The
most extensive temperate (C) climate subtype is the temperate humid hot summer (Cfa) climate,
which is projected to take the place of a part of boreal humid (Df) climates, occupying 2.83% of
the land area under RCP8.5 (Beck et al., 2018). Moreover, a large fraction of the temperate (C)
climate zone changes from cool summer climates (i.e., Cwc and Cfc) to hot summer climates

(i.e., Cwa and Cfa) (Mahlstein et al., 2013; Rohli, Andrew et al., 2015).
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Within the boreal (D) climate zone in the Northern Hemisphere, like the temperate (C) climate
zone, climates are projected to shift substantially from cold or very cold summers (Dfc and Dfd)
to hot summers (Dfa) (Mahlstein et al., 2013; Rohli, Andrew et al., 2015). A large area in the
subarctic region will change from boreal humid (Df) climates to dry summer (Ds) climates.
Under RCP8.5, roughly 4.57% of the land area occupied by boreal (D) climates will be replaced
by temperate (C) and arid (B) climate zones, accounting for 2.83% and 1.74% of the total land
area, respectively; at the same time, the boreal (D) climate zone will shift northward and take up
3.19% of the land area in the polar (E) climate zone (Beck et al., 2018). However, the RCP4.5
scenario shows no significant changes in the area of the boreal (D) climate zone over the 21

century (Chan & Wu, 2015).

The significant area loss of tundra (ET) and frost (EF) climate zones are the most significant
climate zone changes in the 21st century to date, identified across all models (Mahlstein et al.,
2013). The shrinkage of tundra (ET) and frost (EF) climate zones are projected to occur not only
in the high latitudes but also in high elevations of the Himalayas and the Andes (Belda et al.,
2016). The area reduction of the polar (E) climate zones is estimated to be 4% of the total land
area by the end of this century under RCP8.5 (H. E. Beck et al., 2018). During the second half of
this century, the decreasing trend of the polar (E) climate zones is expected to weaken under both

RCP8.5 and RCP4.5 scenarios (Chan & Wu, 2015; Hanf et al., 2012).

2.6.1.2 Latitude and elevation shifts of climate zones

The change in the relative land areas of the climate zones is not the only measure of the climate
zone variations. The potential geographical shifts of the climate zones are also important.

Associated with the projected expansion of the tropical (A) climate zone, a slightly increasing
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trend is projected in the average absolute latitude of the tropical (A) climate zones; it is expected
to reach statistical significance by 2020 (Chan & Wu, 2015). There exist large discrepancies
among models in the projected latitudinal shift of the arid (B) climate zone (Belda et al., 2016).
As arid (B) climates are distributed near the equator and cover a wide range of latitudes, the
latitudinal shift of the arid (B) climate zone is not evident in the 20" century (Belda et al., 2016;
Chan & Wu, 2015). By contrast, the projected poleward shifts of mid- and high-latitude climates
are important, particularly in the Northern Hemisphere north of 30°N (Belda et al., 2016; Chan &
Wu, 2015; Feng et al., 2014). The poleward shifts in temperate (C) and polar (E) climate zones

are projected to accelerate in the first few decades of the 21st century (Chan & Wu, 2015).

Due to the warming effect, climate zones are driven to shift not only poleward but also towards
high elevations. The mean elevation increase in the tropical (A) and polar (E) climate zones is
projected to continue in the 21% century (Chan & Wu, 2015). Many low-latitude mountainous
regions and their lee sides are expected to experience climate zone shifts due to increasing
temperatures and changing precipitation patterns (Mahlstein et al., 2013). In the high-latitude
mountainous regions of Greenland and Antarctica, low-level regions are projected to be affected
first (Mahlstein et al., 2013). This projection suggests that in high-latitude regions, higher
elevations can maintain the existing cold climate zone, whereas higher elevations in low-latitude
regions are more susceptible to climate change. Consequently, as climate zones are driven to
shift poleward and towards high elevations, risk of extinctions will increase, especially for high-

elevation and high-latitude species.

2.6.2 Assessment of model simulations for climate zone distribution
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Large areas of climate zones have been found to be misclassified by the GCMs compared to the
reference climate zones established by the observational data. Some early results showed that the
Atmosphere-Ocean General Circulation Models (AOGCMs) fail to simulate the observed
Koppen climate zones in 20-30% of the land area (Gnanadesikan & Stouffer, 2006), and the
range is estimated to be 24-39% in Hanf et al. (2012). Phillips and Bonfils (2015) found that the
CMIPS5 simulations agree with the observational reference in at most 70% of the land area. The
results of Zhang and Yan (2016) showed that approximately 30—-50% of the total land area was
allocated incorrectly by most GCMs. However, in terms of the simulations of climate zone shifts,
previous assessments reached different conclusions. Zhang and Yuan (2014) concluded that both
the locations and areas of the climate zone shifts were poorly simulated by the GCMs. Tapiador
et al. (2019) showed the consensus between CMIP5 models regarding the extent and intensity of
changes for present climate zones. Further systematic methods are required to evaluate the model

performance on the detection of the changes in climate zones.

The performance of GCMs in some climate zones and continents has been shown to be relatively
poor. The obvious deficiencies remain in simulating tropical (A), arid (B), and temperate (C)
climate zones (Belda et al., 2015; Phillips & Bonfils, 2015). According to Belda et al. (2015), the
highest variance between models is associated with failure to reproduce the extent of temperate
monsoon (Cw) and desert (BW) climates. Moreover, the desert (BW) and semi-arid (BS)
climates are underestimated by half of the 43 models based on the results of Belda et al. (2015),
and the central desert region in Australia is an example. Many models have problems capturing
the rainforest (Af) climate, mainly in Amazonia (Belda et al., 2015). Meanwhile, Europe and
Africa show the highest reliability in the multi-model ensemble mean simulation (Hanf et al.,
2012).
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Different quantitative methods show different agreement levels between simulated and observed
Koppen climate types. A few studies employed the kappa value, which can provide a general
quantification of the similarity of spatial patterns, to evaluate the performance of GCMs in
simulating the distribution of global climate zones (Elguindi et al., 2014; Zhang et al., 2017,
Zhang & Yan, 2014). Belda et al. (2015) used normalized error to statistically assess the total
relative difference between the area classified by GCMs and the area from the observational
data, as well as the overlap percentage to quantify the relative matching area in model results and

observational data.

Sources of the uncertainties in the simulated climate distribution from GCMs include but are not
limited to 1) the choice of reference data, 2) model resolution, and 3) deficiencies in model
physics. Phillips and Bonfils (2015) addressed the first two limitations and showed that the
Kodppen-based performance metrics are quite insensitive to alternative choices of observational
reference data or to differences in model resolution. The synthetic analysis by Tapiador et al.
(2019) also revealed that uncertainties are not attributable to the model grid size or limitations in
the reference datasets but more likely to the deficiencies in model physics. For the resolution
problem, Belda et al. (2015) also indicated that there is no clear tendency for GCMs to improve
the climate classification at higher resolution. Finer resolution might improve the results when
the level of climate subtype is added into the classification or when regional models rather than
GCMs are applied, which require a more accurate representation of surface characteristics (Belda
et al., 2015). Concerning the model deficiencies, the inaccuracy of the precipitation estimation is
the major contributor to the uncertainties (Tapiador et al., 2019). The deficiencies in the model
physics are known to greatly affect the model precipitation outputs because the ability of GCMs

to recreate the spatial distribution of precipitation is largely related to their reflection of the
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large-scale atmospheric circulation, land surface modeling, and other physical aspects of model

design (Zhang et al., 2017).

To ensure better simulation results of climate classification, the multi-model ensemble mean or
other preprocessing methods, such as the delta-change method (Hanf et al., 2012), have been
utilized to account for the bias effects on the threshold-based classification scheme. However,
the multi-model ensemble mean has shown poorer performance than some individual models
(Belda et al., 2015; Zhang et al., 2017). This finding is contrasted to the cases involving single-
variable simulations, where multi-model ensembles achieve better results than any single model
(Weigel et al., 2008; Zhang et al., 2016). A possible explanation is that unlike variables, the
climate classification schemes integrate multiple aspects of air temperature and precipitation
fields and therefore no simple cancellation of errors can be expected (Belda et al., 2015). As
suggested by Zhang et al. (2017), applying models with comparatively better performance than

others in an ensemble is the best approach to obtain optimal results.

2.7 Conclusion

This article has reviewed the literature on the application of the Koppen climate classification
scheme to detect the spatial shifts of large-scale climatic conditions. First, the article discussed
the definitions of Kdppen climate zones, summarized the current Képpen map products, and then
reviewed the results of the previous studies on the detection and assessment of the past and

projected changes in the global Képpen climate zones.

A growing body of literature applied Kdppen classification schemes to estimate how large the

observed and projected shifts between different climate classes are, to detect the first-order
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bioclimatic influence of the past, or of future climate change projected via climate model
simulations. Képpen climate zones demonstrate a strong correlation with major biome
distribution and can incorporate the amplitude and seasonal phase of temperature and
precipitation annual cycles, thus providing a highly effective means to simplify spatial variability
and aggregate climate gradients into simple but ecologically meaningful classes. Future studies
should focus on the application and improvement of the Koppen classification scheme to indicate
the potential changes in biomes and ecosystems, which can provide valuable insights into the

bioclimatic changes under global warming.

The increased availability of globally gridded datasets of climatic variables allowed for the
generation of maps for the global distribution of K&ppen climate types. Most existing Kdppen
climate classification world maps have a relatively low resolution of 0.5°. Current single or non-
comparable period coverage cannot sufficiently fulfill the needs of change detection research.
Further applications of KOppen climate maps in the detection of interannual or interdecadal
changes in climate zones require continuous long-term temporal coverage and more accurate
depiction of fine-grained climatic conditions. There exists a great need to compile a long-term
time series of global maps of the Képpen climate classification with high resolution and

improved accuracy.

The recent accelerated global warming since the 1980s has led to large-scale shifts in macro
climatic conditions over approximately 5.3-5.7% (7.9-8.5 million km?) of the total land area.
During the 21% century, 13-20% (19.6-29.8 million km?) of the total land area is projected to
undergo climate zone changes under the high-emission RCP8.5 scenario. The arid and hot

climates in the tropics and subtropics are expected to expand worldwide into the large areas of
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the middle and high latitudes while the high-latitude climates are projected to shift poleward and

upward, leading to a significant area shrinkage.

The area changes and latitude and elevation shifts, together with their decadal trends for each
climate zone from observations and projections have been examined previously using both
observations and projections. The tropical (A) climate zone experienced large area variations in
the second half of the 20t century. The increase in the area of the tropical (A) climate zone is
largely caused by the expansion of the savanna (Aw) climate zone into the low-latitude
mountainous regions in the tropics. The largest climate zone, the arid (B) climate zone,
experienced the most conspicuous area expansion in the second half of the 20" century,
primarily at the expense of temperate (C) and boreal (D) climates. This trend is mainly attributed
to the large increase in the area of the subtype semi-arid (BS) climate. In the temperate (C),
boreal (D), and polar (E) climate zones, significant poleward shifts have been detected in the
observations since the 1950s. Although observations show insignificant changes in the area of
the temperate (C) and boreal (D) climate zones, the projections suggest a small decrease in the
area of the two climate zones by the end of the 21% century under RCP8.5. Within the two
climate zones, a large fraction changes from cold summer climates (Cwc and Dfc) to hot summer
climates (Cwa and Cfa). The prominent shrinkage of the polar (E) climate zone is projected to
occur not only in high latitudes but also in high elevations of the Himalayas and the Andes in

middle and low latitudes.

One of the existing problems is that, according to the assessment results of model simulations for
climate zone distribution, large areas of climate zones were misclassified by the GCMs
compared to the reference climate zones established by observational data, ranging from 20% to

50% of the total land area. The uncertainties are not attributable to the model grid size or
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limitations in the reference datasets but more likely to be attributed to the deficiencies in the
model physics. Further systematic methods to evaluate and optimize the model performance for

the detection of future changes in global climate zones are needed.

In addition to these climate zone changes, changes in biomes and their constituent ecosystems
are also expected to occur. As a primary driver of the biological processes ranging from
individuals to ecosystems, climate constrains ecosystem functions and species distribution. The
changes in the climate distribution can impose a significant threat to ecosystems and
biodiversity. The global shifts of the warmer and drier climate zones into higher latitudes and
elevations indicate a substantial risk to the vulnerable species and vegetation in the transition
zones or at the edges of mountainous regions. Although there are some mechanisms allowing
species to cope with warming, such as shifting biogeographic ranges and altering phenology to
accommodate changes in ambient temperature, shifts in species distribution and abundance can
substantially increase the risk of extinction by altering the community structure and disrupting
ecological interactions and ecosystem functioning. The magnitude of disruptions in ecosystems
will be strongly determined by the time frame, pace, and direction of the climate zone changes.
There is an urgent need to address the large-scale bioclimatic impacts of global climate zone
change and the resulting concerns related to the vulnerability, adaptability, and resilience of

species living in mountainous regions and climate transition zones.

2.8 Supplementary materials

Table 2-S1 Summary of existing global maps of Kdppen climate classification

Accurac Time Spatial
Product Reference Data Stations . . Resoluti Format URL
y Period on

Historical and Present Climate Classification Maps
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Future scenario 2021-2050

data of Koppen- Kriticos et . 2041-2070

Geiger climatic al., 2012 Scenario  IPCC IV SRES (A1B, A2) 2051-2080

20N6S 2061-2090
2071-2100

Future Koppen- Model 32 CMIP5 GCMs

Geiger climate Beck etal., 2071-2100

I 2018 Scenario  RCP8.5
classification maps

0.5°

0.0083°
0.083°
0.5°

ESRI
grid
shapefile

GeoTiff

https://www.
climond.org/
Koppen.aspx

http://www.gl
oh2o.org/kop
pen/

* The percentage of correct classes calculated using stations observations as reference (22,078 stations from GHCN-D and GSOD) from Beck et

al., 2018
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Table 2-S2 Summary of observed area changes in climate zones in the past century

Reference Method Data Time Scale Sigqificant Signific.ant No Significant LC;ZI
Period Shrinkage Expansion Area Changes
Change
Observed climate zone changes based on KGC since the 1900s
Rohli, C (-0.03%)
Andrew et Uadééed Ré\;ﬁ;is ig%iﬁﬁﬁ ;25[ E (-0.69%) B (0.68%) D (-0.24%) ]
al., 2015 A (0.27%)
Chen . A (0.05%)
& Chen, O}:gga' uD iggijgig 'Og%'_terrm E (-0.53%) B (0.87%) C (-0.07%) -
2013 y D (-0.31%)
Kalvova,
Halenka,
Bezpalcovd  Original 1901-1921 20-yr A (0.44%) B (-0.13%)
& KGC CRU 1961-1990 30-yr E (-0.50%) D (0.35%) C (-0.16%) i
Nemesova,
2003
Observed climate zone changes based on KTC since the 1900s
KTC w/
Beldaetal,  Patton CRU 1901-1930 30-yr F (-0.66%) D (0.82%) B (0.04%) 5 08%
2014 threshol 1976-2005 30-yr E (-0.41%) A (0.38%) C (-0.17%) '
d
Fraedrich
Gersenger ggovr\:/ 1901-1915  15-yr
be, & threshol CRU 19811995 15_; F (-1.07%) A (0.46%) B,C,D,E 4.4%
Whnerner, q
2001
Observed climate zone changes based on KGC since the 1950s
Chan Updated UD,CRU, 1950-1964  15-yr D-SH ¢ B(151:0.100) (0-15%0.10%)
& Wu, KGC GISS 1989-2003 15-yr 1.06+0.08%) D-NH (0.79+0.4%) D (-0.2820.04%) 51%
2015 E (-0.98+0.05%) - C (-0.39+0.18%)
Beck,
Grieser, CRU
Kottek, Original i 1951-2000  long-term E (-0.53%) A (0.09%)
Rubel, & KGC VASOC"m 1986-2000  15-yr D (-0.46%) B (0.78%) C (0.12%) 3:3%
Rudolf,
2005

Estimated percentage of total land area that have experienced climate zone changes in the past century. All the area changes are
represented by the changes in the percentage of total land area (approximately 148.94 million km?).
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Table 2-S3 Summary of future projected future area changes of climate zones by the end of the 21% century

Reference Method Data Tlme Scale Slgqlflcant Slgnlflc.ant Not Conclusive Total Area
Period Shrinkage Expansion Change
Projected climate zone changes based on KGC by the end of the 21% century
CRU, GPCC,
CHELSA,
i - - + 0, + 0, 0,
Beck et al., Updated CHPcllm, 1980-2016 30-yr E (-3.98+1.54%) B (3.80+£1.91%) C (-0.3742.43%) 13.36%
2018 KGC WorldClim; 2071-2100 D (-1.33+2.98%) A (2.16£1.28%) (RCP8.5)
32 CMIP5
GCMs

E (-3.29+0.81%) B (3.09+3.01%) . -
;h\?\’/‘u Updated 2CMIPS o o D(2424262%)  A(L75£161%) C (-0.07+1.68%) (RCP8.5)
15 KGC GCMs Y E(L77+067%) B (1.34+1.21%) C (04750.94%) )

D (-0.13+1.21%) A (1.01+1.07%) AIEDIE (RCP4.5)
Rohli

‘ Updated NCAR 1981-2010 . A (2.53%) D (0.18%) .

Q”dzrg‘i";t KGC Reanalysis  2076-2100 2> E (-3.32%) B (0.94%) C (-0.24%) 28% (ALF1)
Mahlstein Original 13 CMIP5 N
etal., 2013 KGC GCMs 1900-2098 5-yr E B A,C,D 20% (RCP8.5)
Hanf et al., Original
2012 KGC 7 GCMs 1980-2099  20-yr D E A B C -

E (-4.11+1.14%) A (3.04+1.44%)

+ 0, 0,
Zulzzlttek Original CRU, GPCC; 1976-2000 25-yr D (-2.14+4.66%) B (2.68+2.54%) C (0.53£3.37%) 18:32% (ALF1)
' KGC 5 GCMs 2076-2100 A (2.27£1.01%) D (0.13+1.25%)
- 0, 0,

2010 E (-2.94+1.33%) B (0.93+1.27%) C (-0.38+0.979%) 11.15% (B1)

Projected climate zone changes based on KTC by the end of the 21 century

KTC w/ CRU; E (5.82330%) B (5.07£2.04%)
Zé";%fg Patton’s 30 CMIP5 ;333?38 30-yr  F(4.29¢1.93%) D (3.93+1.39%) ; 20% (RCP8.5)
' threshold GCMs C(-1.31+1.24%) A (3.05£2.06%)
E (-10.4+3.5%) D (8.0+2.7%) 46.3+7.5%
_ F (-5.6£1.0%) B (6.6+2.2%) - (RCP8.5)
Feng etal., gglt";’/ 2copg;v|u|5é 19611990 (. C(19¢11%) A (3.3£1.1%)
2014 e oM 2071-2100 E (-5.4+2.7%) D (4.9+2.6%) L 457 6%
F (-3.8£1.1%) B (3.5+1.2%) - (RCP45)
C (-1.940.7%) A (2.7+0.9%) '
Projected climate zone changes based on KGC by the middle of the 21% century
Kalvovaet  Original 1961-1990 D (-2.28t154%) B (241%0.66%
al., 2003 K?BC 4 GCMs 2036-2065 0" E ((-1.80i0.98%; A 22.0611.21%; C (-0.47+0.98%) ;
Projected climate zone changes based on KTC by the middle of the 21% century
E (-5.2£2.3%) D (4.7+2.2%) o1 256, 9%
_ F (-3.8+1.0%) B (3.6+1.4%) - o
Feng etal., ﬂgl;’)‘/’/ SOPSML:ES’ 19611990 (. C(19+06%) A (2.7+0.8%) (RCP8.5)
2014 ool CoMs 2036-2065 E (-3.8+1.9%) D (3.7+2.0%) 25 546.4%
F (-3.2+1.0%) B (2.7+1.2%) - (RePLS)
C (-1.6£0.6%) A (2.2+0.7%) '
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Chapter 3: A 1 km global dataset of historical and future
K6ppen—Geiger climate classification and bioclimatic

variables

3.1 Abstract

The Koppen—Geiger classification scheme provides an effective and ecologically meaningful
way to characterize climatic conditions and has been widely applied in climate change studies.
Significant changes in the Képpen climates have been observed and projected in the last 2
centuries. Current accuracy, temporal coverage and spatial and temporal resolution of historical
and future climate classification maps cannot sufficiently fulfill the current needs of climate
change research. Comprehensive assessment of climate change impacts requires a more accurate
depiction of fine-grained climatic conditions and continuous long-term time coverage. Here, we
present a series of improved 1 km Koppen—Geiger climate classification maps for six historical
periods in 1979-2013 and four future periods in 2020-2099 under RCP2.6, 4.5, 6.0, and 8.5. The
historical maps are derived from multiple downscaled observational datasets, and the future
maps are derived from an ensemble of bias-corrected downscaled CMIP5 projections. In addition
to climate classification maps, we calculate 12 bioclimatic variables at 1 km resolution,
providing detailed descriptions of annual averages, seasonality, and stressful conditions of
climates. The new maps offer higher classification accuracy than existing climate map products
and demonstrate the ability to capture recent and future projected changes in spatial distribution

of climate zones. On regional and continental scales, the new maps show accurate depictions of
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topographic features and correspond closely with vegetation distribution. We also provide a
heuristic application example to detect long-term global-scale area changes of climate zones.
This high-resolution dataset of the Koppen—Geiger climate classification and bioclimatic
variables can be used in conjunction with species distribution models to promote biodiversity
conservation and to analyze and identify recent and future interannual or interdecadal changes in
climate zones on a global or regional scale. The dataset referred to as KGClim is publicly

available via http://glass.umd.edu/KGClim.

3.2 Introduction

Climate has direct impacts on the processes and functioning of the ecosystem as well as on the
distribution of species. (I.-C. Chen et al., 2011; Ordonez & Williams, 2013; Pinsky et al., 2013;
Thuiller et al., 2005). The spatial patterns of climates have been often identified using the
Koppen climate classification system. The Koppen classification system was designed to map
the distribution of the world’s biomes based on the amplitude and seasonal phase of annual
cycles of surface air temperature and precipitation (Képpen, 1936). Compared with other human
expertise based climate mapping methods (Holdridge, 1947; Thornthwaite, 1931; Walter &
Elwood, 1975) and clustering approaches (Netzel & Stepinski, 2016), which suffer from a lack in
meteorological basis, the Koppen classification demonstrates stronger correlation with
distribution of biomes and soil types (Bockheim et al., 2005; Rohli, Joyner, et al., 2015). It
provides an ecologically relevant and effective method to classify climate conditions by
combining seasonal cycles of surface air temperature and precipitation (Cui, Liang, & Wang,

2021).
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The Koppen classification has been widely applied in biological science, earth and planetary
sciences, and environmental science (Rubel & Kottek, 2011). It is a convenient and integrated
tool to identify spatial patterns of climate distribution and to examine relationships between
climates and biological systems. It has been found useful for a variety of issues on climate
change, such as hydrological cycle studies (Manabe & Holloway, 1975; Peel et al., 2001), Arctic
climate change (Feng et al., 2012; Wang & Overland, 2004), assessment of climate change
impacts on ecosystem (Roderfeld et al., 2008), biome distribution (Leemans et al., 1996; Rohli,

Joyner, et al., 2015) and biodiversity (Garcia et al., 2014).

There has been a resurgence in the application of the Képpen climate classification in climate
change research over the recent decades. The Koppen climate classification has been used to set
up dynamic global vegetation models (Poulter et al., 2011), to characterize species composition
(Brugger & Rubel, 2013), to model the species range distribution (Tererai & Wood, 2014;
Webber et al., 2011), and to analyze the species growth behavior (Tarkan & Vilizzi, 2015). The
Koppen classification has also been applied to detect the shifts in geographical distribution of
climate zones (Belda et al., 2016; Chan & Wu, 2015; Feng et al., 2014; Mahistein et al., 2013). It
also has the potential to aggregate climate information on warmth and precipitation seasonality
into ecologically important climate classes thereby simplifying spatial variability. This climate
classification system adds a new direction to develop climate change metrics and can provide

support for the growth of species distribution modeling (SDM).

The recent Képpen climate classification maps have a resolution ranging between 0.5° and 1-km.
Early published Kdéppen climate classification maps have a relatively low resolution of 0.5°
(Belda et al., 2014; Grieser et al., 2006; Kottek et al., 2006; Kriticos et al., 2012; Rubel &

Kottek, 2010). Several map products used interpolation methods to obtain a higher resolution of
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~0.1° (Kriticos et al., 2012; Peel et al., 2007; Rubel et al., 2017). Fine resolutions of at least 1-km
are required to detect microrefugia and promote effective conservation. As the only 1-km global
climate classification map product, Beck et al. (2018) provided global climate classification
maps for two periods 1980-2016 and 2071-2100 under RCP8.5. The maps were derived using
climate data from WorldClim V1 and V2 (Fick & Hijmans, 2017), CHELSA V1.2 (Karger et al.,
2017), and CHPclim V1 (Funk et al., 2015). To represent historical climates, they adjusted the
inconsistent temporal spans of climatology datasets to the period 1980-2016, by adding
interpolated temperature change offsets or multiplying precipitation factors, which may lead to
biased coverage of the historical period. Current classification accuracy, temporal coverage,
spatial and temporal resolution of historical and future climate classification maps cannot
sufficiently fulfill the current needs of climate change research. Significant changes in the
Koppen climates have been observed and projected in the recent two centuries (Belda et al.,
2014; Chan & Wu, 2015; D. Chen & Chen, 2013; Rohli, Andrew, et al., 2015; Yoo & Rohli,
2016). Previous studies found that large-scale shifts in climate zones have been observed over
more than 5% of the total land area since the 1980s, and approximately 20% of the total land
area is projected to experience climate zone changes under RCP8.5 by 2100 (Cui, Liang, &
Wang, 2021). Detection of recent and future changes in climate zones with the application of the
Koppen climate maps needs more accurate depiction of fine-grained climatic conditions,

continuous and longer temporal coverage.

This creates the urgent need for global maps of the Koppen climate classification with increased
accuracy, finer spatial and temporal resolutions. Currently available global observational datasets
of temperature and precipitation collected during the recent centuries, and the global climate

simulations under alternative future climate scenarios have offered the possibility to create a
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comprehensive dataset for past and future climates. In this study, we presented an improved
long-term Kdppen-Geiger climate classification map series for 1) six historical 30-yr periods of
the observational record (1979-2008,1980-2009, 1981-2010, 1982-2011, 1983-2012, 1984-2013)
and four future 30-yr periods (2020-2049, 2040-2069, 2060-2089, 2070-2099) under four RCPs
(RCP2.6, 4.5, 6.0 and 8.5). To improve the classification accuracy and achieve a resolution as
fine as 1-km (30 arc-second), we combined multiple datasets, including WorldClim V2 (Fick &
Hijmans, 2017), CHELSA V1.2 (Karger et al., 2017), CRU TS v4.03 (New et al., 2000), UDEL
(Willmott & Matsuura, 2001), GPCC datasets (C. Beck, Grieser, Rudolf, et al., 2005) and bias-
corrected downscaled Coupled Model Intercomparison Project Phase 5 (CMIP5) model
simulations (Navarro-Racines et al., 2020) (Table 3-1). We used the WorldClim Historical
Climate Data V2 (Fick & Hijmans, 2017) to downscale the 0.5° climatology datasets including
CRU, UDEL and GPCC, and derive high resolution climate data for the historical periods. To
determine the final climate class, we used the climate class with the highest agreement level from
an ensemble of climate maps derived from different combinations of surface air temperature and
precipitation products, as implemented in Beck et al. (2018). In addition to the Képpen-Geiger
climate maps, we also calculated 12 bioclimatic variables at the same 1-km resolution using
these climate datasets for the same historical and future periods. This dataset can be used in
conjunction with SDMs to promote biodiversity conservation, or to map plant functional type
distribution for earth system model simulations, or to analyze and identify recent and future

changes in climate zones on a global or regional scale.

To validate the Koppen-Geiger climate classification maps, we used the station observations
from Global Historical Climatology Network-Daily (GHCN-D) (Menne et al., 2012), and Global
Summary Of the Day (GSOD) (National Climatic Data Center et al., 2015) database. At the
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regional and continental scale, we compared our Koppen-Geiger climate classification maps with
previous map products, associated maps of forest cover, and elevation distribution, for 1) regions
with large spatial gradients in climates, including central and eastern Africa, Europe, North
America, and 2) regions with sharp elevation gradients, including Tibetan Plateau, central Rocky
Mountains, central Andes. Further, we conducted sensitivity analysis with respect to temporal
scale, dataset input, and data integration methods. We also provided a heuristic example which
used climate classification map series to detect the long-term area changes of climate zones,
showing how the Koppen-Geiger climate classification map series can be applied in climate

change studies.
3.3 Climatology datasets

Table 3-1 Climatology datasets to generate global maps of the Képpen climate classification

Spatial ~ Temporal

Dataset Usage
g Res. Span

Variable  Source and Description

Present Kdppen classification map series with resolution of 30 arc-second (1km)

CRU Map Input 0.5° 1979-2017 T Climatic Research Unit (CRU) TS v4.03
UDEL Map Input 0.5° 1979-2017 T,P U. of Delaware Precipitation and Air Temperature
Worldclim ~ Downsealin - 0.0083 070 5000 1, WorldClim Historical Climate Data \/2
0.0083 Climatologies at high resolution for the earth's land surface areas
CHELSA Map Input N 1979-2013 T,P (CHELSA)
GPCC Map Input 0.5° 1979-2016 P Global Precipitation Climatology Centre (GPCC)
PREC/L gjl?ction 0.5° 1979-2012 P NOAA's PRECipitation REConstruction over Land (PREC/L)
GHCN_CAMS S:It:mion 0.5° 1979-2017 T GHCN_CAMS Gridded 2m Temperature (Land)

Future Kdppen classification map series with resolution of 30 arc-second (1km)

CMIP5 Map Input 0.0083 2020-2100 T,P CCAFS-Climate Statistically Downscaled Delta Method CMIP5 data

o
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Downscalin ~ 0.0083

WorldClim 1970-2000 T,P WorldClim Historical Climate Data V2

Table 3-1 lists the climatology datasets with global coverage and on a monthly time step, used to
generate historical and future Képpen-Geiger climate map series. The present 1-km Kdppen-
Geiger classification map series for 1979-2013 was derived from the Climatologies at High-
resolution for the Earth's Land Surface Areas (CHELSA) V1.2 (Karger et al., 2017), WorldClim
Historical Climate Data V2 (Fick & Hijmans, 2017) and the statistically downscaled Climatic
Research Unit (CRU) TS v4.03 (New et al., 2000), University of Delaware Precipitation and Air
Temperature (UDEL) (Willmott & Matsuura, 2001) and Global Precipitation Climatology Centre
(GPCC) (C. Beck, Grieser, Rudolf, et al., 2005) datasets. To decide the datasets to use, we
conducted a sensitivity analysis on the input climatology datasets and utilized monthly air
temperature datasets from CRU, UDEL, GHCN_CAMS Gridded 2m Temperature (Fan & Dool,
2008) and monthly precipitation datasets from GPCC, UDEL, NOAA's PRECipitation
REConstruction over Land (PREC/L) (M. Chen et al., 2002). Evaluation results indicated that
incorporating only CRU, UDEL temperature datasets and UDEL, GPCC precipitation datasets
and excluding GHCN_CAMS and PREC/L datasets led to higher accuracy in the classification
results. Therefore, we chose CRU, UDEL, and GPCC datasets as the classification system input

to boost the final accuracy.

To explicitly correct the topographic effect, we used 1-km CHELSA V1.2 and WorldClim V2
datasets in addition to the 0.5° resolution datasets. The CHELSEA dataset statistically
downscaled temperature data from the ERA-Interim climatic reanalysis. For precipitation data, it

incorporated multiple orographic predictors and performed bias correction (Karger et al., 2017).
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With major topo-climatic drivers considered, the CHELSA dataset demonstrated good
performance in ecological science studies. CHELSA data exhibited comparable accuracy for

temperatures and better predicted precipitation patterns based on the validation results.

We produced the future Képpen classification map series using the CCAFS climate statistically
bias-corrected and downscaled CMIP5 projections (Navarro-Racines et al., 2020). The CCAFS
presented a global database of future climates developed by a climate model bias correction
method based on the CMIP5 GCM simulations (Taylor et al., 2012) archive, coordinated by the
World Climate Research Programme in support of the IPCC Fifth Assessment Report (AR5)
(Hartmann et al., 2013). The total is 35 GCMs, and all RCPs, RCP 2.6, 4.5, 6.0 and 8.5 (Table 3-
S1). Projections are available at varied coarse scales (70—-400km). To achieve high-resolution
(1km) climate representations, downscaling method has been applied with the use of the
WorldClim data. Technical evaluation showed that the bias-correction method that CCAFS data
applied reduced climate model bias by 50-70%, which could potentially address the bias issue in
model simulations for the threshold-based Koppen classification scheme (Navarro-Racines et al.,

2020).

3.4 Methodology

3.4.1 Koppen-Geiger climate classification

Table 3-2 Criteria of the Kdppen-Geiger climate classification

1st 2nd 3rd Description Criterion
Tropical Not (B) & Tcoi>18
A f - Rainforest Pdry>60
m - Monsoon Not (Af) & Pary>100-MAP/25
w - Savannah Not (Af) & Pary<100-MAP/25
B Arid MAP<10%Pthreshold
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w - Desert MAP<5XPthreshold
S - Steppe MAP>5xPthreshold
h -- Hot MAT>18
k -- Cold MAT<18
Temperate Not (B) & Thot>10 & -3 <Tcold<18
c w - Dry winter Pwdry<Pswet/10
S - Dry summer Not (W) & Psdry<40 & Psdry<Puwwet/3
f - Without dry season Not (s) or (w)
a -- Hot summer Thot>22
b -- Warm summer Not (a) & Tmon10>4
c -- Cold summer Not (a or b) & 1<Tmon10<4
Boreal Not (B) & Thot>10 & Teold<-3
5 w - Dry winter Pwdry<Pswet/10
s - Dry summer Not (W) & Psdry<40 & Psdry<Puwet/3
f - Without dry season Not (s) or (w)
a - Hot summer Thot>22
b - Warm summer Not (2) & Tmon10>4
c - Cold summer Not (a), (b) or (d)
d - Very cold winter Not (a) or (b) & Tcold<-38
Polar Not (B) & Thot<10
E T - Tundra Thot>0
F - Frost Thot<0

Temperature in oC and precipitation in mm. MAT = mean annual air temperature (°C); Tcold = the air temperature of the coldest month
(°C); Thot = the air temperature of the warmest month (°C); Tmon1o = the number of months with air temperature >10 °C; MAP =mean
annual precipitation (mm y™1); Pary = precipitation in the driest month (mm month™); Psary = precipitation in the driest month in
summer (mm month™); Pwdry = precipitation in the driest month in winter (mm month™); Pswet = precipitation in the wettest month in
summer (mm month™1); Pwwet = precipitation in the wettest month in winter (mm month™); Ptnresnold=2xMAT if >70% of precipitation
falls in winter, Ptnreshola=2xMAT+28 if >70% of precipitation falls in summer, otherwise Ptnresholi=2xMAT+14.

The Képpen climate classification scheme was first introduced by Wladimir Képpen (Koppen,
1936). It is one of the earliest quantitative classification systems of Earth’s climates. Its
modification, the Képpen-Geiger classification (KGC) was first published in 1936, developed by
Wladimir Koppen and Rudolf Geiger. KGC identifies climates based on their effects on plant
growth from the aspects of warmth and aridity and classifies climate into five main climate
classes and 30 subtypes (Rubel & Kottek, 2011). The five main climate zones distinguish
between plants of the tropical climate zone (A), the arid climate zone (B), the temperate climate

zone (C), the boreal climate zone (D) and the polar climate zone (E), referring to the five major
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climate zones (Sanderson, 1999). All these main climate zones are thermal zones except the arid

(B) climate zone, which is defined based on precipitation threshold.

This research followed the Kdppen-Geiger climate classification as described in Kottek et al.
(2006), and Rubel and Kottek (2010). This latest version of the KGC scheme was first presented
by Geiger (1961) (Table 2). Several existing Képpen-Geiger climate map products, including
Peel et al. (2007), Kriticos et al. (2012), and Beck et al. (2018) applied the KGC scheme
modified following Russell (1931). Russell (1931) adjusted the definition of the boundary of
temperate (C) and boreal (D) climate zones using the coldest monthly temperature > 0 °C instead
of >-3 °C. This threshold was proposed because the 0°C line fits the distribution of the
topographical features and vegetation in western United States, where at that time meteorological
stations were sparsely distributed (Jones, 1932). However, the application of the 0°C boundary to
the global climates has not been validated. Therefore, this research didn’t utilize Russell's

modification (1931) and followed the latest version KGC proposed by Geiger (1961).

59


https://www.zotero.org/google-docs/?azNdlj

3.4.2 Statistical downscaling

(2)

Baseline(1970-2000) Present(1979-2008)

= Anomal Inter%Iated Anomaly
Y i N
% o=
ot

aN ) T ‘_ 5N
ol > v &
o o o g
[/ o S ‘1 S WA A
R4 \ — T 430N
4 S ) 2L/
25°N -g.‘.. 2 f o . o) e
) \ 10 T Y| [ Ry, \
i 7 "\ i A '\y
= T )
T T T T T T T T 4_‘
20 40 60 80 100 120% 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1°C

: Downscaled(1979-2008) Downscaled(1979-2008)

Figure 3-1. lllustration of downscaling process. (a) Anomaly downscaling method with January total precipitation
from GPCC dataset and (b) delta downscaling method with January temperature from CRU dataset. Baseline (1970-
2000) and present-day climate data (e.g., 1979-2008) are from CRU, UDEL, or GPCC datasets, which have a coarse
spatial resolution of 0.5°. Precipitation anomaly is the change factor of monthly precipitation from baseline to
present-day climates. Temperature delta is change in monthly air temperature from baseline to present-day climates.
WorldClim (1970-2000) climate data is adjusted by multiplying 30 arc-second interpolated anomaly (for
precipitation) or adding 30 arc-second interpolated delta (for temperature) to generate the downscaled climate
surfaces with 30 arc-second resolutions. Precipitation values in mm/month and temperature values in °C.

Due to limited number of available observational datasets with high resolution and long-term
continuous temporal coverage, the research implemented the delta method by applying a delta

change or change factor (Hay et al., 2000) onto the WorldClim historical observations (Fick &
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Hijmans, 2017) to achieve 30-yr average climatology data with a 1-km resolution based on the
CRU, UDEL and GPCC datasets. The delta method is a statistical downscaling method that
assumes that the relationship between climatic variables remains relatively constant at local scale
(Wilby and Wigley, 1997). We applied the delta method to downscale the long-term (30-yr)
mean climates using coarse-resolution monthly climatology datasets. The delta changes or
change factors are calculated as the differences between the 30-yr long-term means of
temperature or precipitation of baseline (1970-2000) and present-day climates. The delta method
comprises the following four steps: 1) calculate 30-yr averages for baseline (1970-2000) and
present day of monthly temperature and precipitation; 2) calculate anomaly for precipitation and
delta for temperature; 3) apply thin-plate splines interpolation (TPS) to create 1km surface of
precipitation anomaly and temperature delta; 4) multiply anomaly or add delta to historical

climates based on WorldClim dataset (Figure 3-1).

First, using monthly time series from CRU, UDEL and GPCC datasets, we calculated 30-yr
means as a baseline (1970-2000), for each climatology dataset and each variable. We used 1970-
2000 as the baseline period, for consistency with WorldClim Historical Climate Data V2. Next,
we calculated 30-yr means for each month and each 30-yr present-day period in 1979-2013 We
then calculated anomalies as proportional differences between present-day and baseline in total
precipitation and delta as difference in temperature. To derive 30 arc-second (1-km) anomaly or
delta surfaces, we applied thin-plate splines (TPS) interpolation (Franke, 1982; Schempp et al.,
1977; Craven and Wahba, 1978) on precipitation anomaly and temperature delta. TPS has been
widely used in climate science (Hijmans et al., 2005; Navarro-Racines et al., 2020) as it

produced a smooth and continuous surface, which is infinitely differentiable. Last, we multiplied
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the change factor or added the delta to the WorldClim (1970-2000) data to get downscaled

present-day monthly climate data.

Our future Koppen-Geiger map series are based on an ensemble of maps derived from the
CCAFS bias-corrected and downscaled climate projections, which include 35 CMIP5 GCMs,
and 4 RCPs (Navarro-Racines et al., 2020). Large misclassifications exist within the GCMs as
detected in previous assessment of large areas ranging between 20-50% of the total land area
(Cui, Liang, & Wang, 2021). Deficiencies in model physics are also more likely to contribute to
uncertainties in the maps than grid size or reference dataset limitations (Tapiador et al., 2019).
Multi-model mean and delta-change methods can mitigate the bias effects from the threshold-
based classification scheme and have been utilized to simulate better results of climate
classification (Hanf et al., 2012). Therefore, we chose the CCAFS bias-corrected and downscaled
CMIP5 projections (Navarro-Racines et al., 2020) to reduce the amplified errors due to
uncertainty of climate projections. Navarro-Racines et al. (2020) interpolated anomalies of
original GCM outputs using thin plate spline spatial interpolation to achieve a baseline climate
with a 1km surface. Then they applied the delta method to the interpolated baseline climates to

correct the model biases (Hay et al., 2000; Ho et al., 2012).
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3.4.3 Data integration

Present Future

AT o Zad : T == ST T T = Step 1:
5 ‘. s NP | Sy W “ ] N S h Data acquisition of monthly data
G, T {e.‘\ P, ) &5 ey 'f'}};\\ G % ) 7 from climatology datasets (CRU,
Temperatur v’ ) Precipitation’y Temperat # C A . Precipitation sy GPCC, UDEL, CHELSA) and
CRU, UDEL, CHELSA GPCC, UDEL, CHELSA 2 gcms_ ¢ OeME € € GCMs
ST S e . e B
B I NG SN ¢ & ) Step 2:
- -y T > s L4 ¥ & i Exlmclion'nflﬂ-yr average
f .’ y % monthly air temperature and
L ¢ precipitation, for each dataset

" Step 3:

8 e Downscaling of 0.5° climatology
data to 1km using delta method, for
each 30-yr period

Step 4:

Apply Kippen-Geiger classification
1) for each temperature and
precipitation dataset combination

2) for each climate model projection

- iR .
? A \ Step 5
1 L [ " o . . .
‘ ' ‘ ! ."\' Generate climate map series with
= the highest level of agreement and
corresponding confidence maps

1979-2008, 1980-2009, 1982-2010, 1983-2012, 1984-2013 2020-2049, 2040-2069, 2060-2089, 2070-2099

Figure 3-2 Step by step process to generate Képpen-Geiger climate map series

The historical Koppen-Geiger climate classification map series was generated using the highest
confidence class from an ensemble of maps using all combinations of surface air temperature and
precipitation products (Figure 3-2), as described in Beck et al. (2018). The highest confidence
was given to the most common climate class for each grid cell. The final historical climate map
series were derived using the climate class with the highest level of confidence in an ensemble of
3 x 3 =9 classification maps based on combinations of the 3 precipitation datasets (CRU,
UDEL, and CHELSA) and 3 surface air temperature datasets (GPCC, UDEL, and CHELSA). To
further test the sensitivity of the method using the climate with the highest level of agreement,
we incorporated another data integration method using the mean of multiple datasets. We
quantified the degree of confidence placed in the Képpen-Geiger climate map series using the
degree of confidence at the grid cell level calculated by dividing the occurrence frequency of the

climate class with the highest level of agreement by the ensemble size. The calculated
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confidence level can be viewed as the agreement degree in classification results derived from

different climatology datasets.

The future Koppen-Geiger climate classification map series under 4 RCPs, were derived based
on the most common climate class from an ensemble of future climate maps. We generated a
future Képpen-Geiger climate classification map for each climate model projection, using the
CCAFS bias-corrected and downscaled CMIP5 GCM dataset. For example, the future Képpen-
Geiger climate classification map series under RCP8.5 was derived from an ensemble of 30
maps based on 30 CMIP5 models. The level of confidence was estimated using the ratio between
the frequency of the climate class with the highest level of agreement in the future map results,

and the ensemble size.

3.4.4 Validation

We validated the historical climate maps using the station observations from Global Historical
Climatology Network-Daily (GHCN-D) (Menne et al., 2012) and Global Summary Of the Day
(GSOD) database (National Climatic Data Center et al., 2015) as reference data. GHCN-D
dataset provides daily climate data over global land areas and contains records from over 80,000
weather stations worldwide, about one third of which have both temperature and precipitation
data available (Menne et al., 2012). GSOD dataset includes global daily summary data over
9,000 stations, of which the historical data from 1973 being the most complete (National
Climatic Data Center et al., 2015). For each station, time series of monthly temperature and
precipitation were calculated from the daily observations with months with <15 daily values
discarded. Then if >6 months are present, monthly climatology were generated subsequently by

averaging the monthly means for the given 30-yr period. We removed duplicate stations in the
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two datasets and discarded stations with gap years or missing data in the given 30 years. For each
station and each 30-yr period, we applied the Képpen-Geiger climate classification, and then
evaluated overall classification performance for each climate map using total accuracy, which is
defined as the percentage of correct classes, and average precision, which is the averaged

fraction of correct classification for all climate classes.

Using the same validation datasets and station selection process, we also evaluated the previous
climate maps from Beck et al., (2018) Kriticos et al., (2012), Peel et al., (2007), and Kottek et al.,
(2006). We applied the same Koppen-Geiger climate classification criteria described in the
previous studies to assess the overall accuracy of the map products. To further validate the
climate classification results, we performed sensitivity analysis on the data integration method,
the climate classification time scale, and climatology dataset input, using the same validation
datasets from GHCN-D and GSOD. In addition, we compared the climate classification results
with forest cover and elevation maps, and with the two high-resolution comparable climate map
products, Beck et al., (2018) (1-km) and Kriticos et al., (2012) (0.167 °), at regional and
continental scale. The forest cover map we used is the 2000 30m Landsat-based forest cover map
(Hansen et al., 2013). The elevation data is from the NASA SRTM Digital Elevation 30m data

(Farr et al., 2007).

3.5 Results and Discussion

3.5.1 Historical Koppen-Geiger climate maps
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Figure 3-3 Historical global maps of the Képpen-Geiger climate classification and associated confidence levels. (a)
Historical maps of the Koppen-Geiger climate classification and (b) confidence levels associated with the Képpen-
Geiger climate classification for the historical periods (1979-2008, 1980-2009, 1981-2010, 1982-1011, 1983-2012,
1984-2013)

Global map series of the Képpen-Geiger climate classification for historical periods and

associated corresponding confidence levels are shown in Figure 3-3. Based on the distribution of
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confidence level, over 90% of the land area exhibit high levels of confidence as classification
results based on different climate data show excellent agreement. Relatively lower confidence
level and large discrepancy in classification results are found especially in mountainous regions
such as Andes Mountains, Rocky Mountains, Tibetan Plateau, and major climate transitional
zones located in mid and high latitudes of Northern Hemisphere, Central Africa, and Central

Asia.

Regional distribution of climatic conditions is largely created by local variation in topography in
rugged terrain (Dobrowski et al., 2013; Franklin et al., 2013). The climate classification and
confidence level maps of mountainous areas of Central Rocky Mountains and Tibetan Plateau
are shown in Figure 3-S1 and 3-S2 respectively. For each combination of precipitation and
surface air temperature datasets, we generated a Koppen-Geiger climate classification map (see
Fig. 3-Sla and 3-S2a for 1979-2008 maps for the central Rocky Mountains and Tibetan Plateau).
The final Koppen-Geiger classification map is derived based on the most common climate type
among all the climate maps (Figure 3-S1b and 3-S2b). We then calculated corresponding
confidence levels to quantify the uncertainty in the classification maps (Figure 3-S1c and 3-S2c).
The uncertainty in climate classification in mountainous areas is attributed to the uncertainty
existing in climate data, especially precipitation data. In rugged terrain, CHELSA precipitation
data shows more detailed precipitation patterns, causing disagreement in classification results of

the 3" level climate classes which depict precipitation seasonality.
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3.5.2 Validation
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Figure 3-4. Validation of the historical Koppen-Geiger climate map series (1979-2008, 1980-2009, 1981-2010,
1982-2011, 1983-2012, 1984-2013). (a) Small-scale accuracy of historical Kdppen-Geiger climate maps. (b) Small-
scale precision of historical Koppen-Geiger climate maps. Climate classification has been applied for each station.
The small-scale accuracy and precision are calculated based on the classification results of all the stations within the
given region, with a minimum of 3 stations in the 5° search radius.

We validated the historical climate maps using the station observations from Global Historical

Climatology Network-Daily (GHCN-D) (Menne et al., 2012) and Global Summary Of the Day
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(GSOD) database (National Climatic Data Center et al., 2015). Figure 3-4 shows the small-scale
distribution of total accuracy and average precision for historical Képpen-Geiger climate map
series with 10° grid cells. Due to uneven distribution of weather stations, remote areas in the
Pacific islands, Central Africa, and Amazon Forest suffer from a lack of station observations or

an underrepresented validation result.

We summarized the overall accuracy, average precision, and confidence levels for each continent

and the whole globe (Table 3-S2). The global overall classification accuracy of the historical

Kdppen-Geiger climate maps is estimated to be 82.39% with the lowest in South America

(68.58%) and highest in Oceania (92.01%). The global average precision, which is calculated as

an averaged fraction of correct classification for all climate classes, is 73.33%. Like overall

accuracy, South America has the lowest precision level, equal to 66.35% and Oceania the

highest, 92.23%. Having a good correspondence with accuracy and precision values, the

continental average confidence levels range from 91.55% to 94.93%, and the global level is

92.90% (Table 3-S2). Overall, the spatial patterns of total accuracy and average precision show

good correspondence with classification confidence levels (Figure 3-3), indicating a potential of

confidence level to represent classification uncertainty.

Table 3-3 Accuracy of the 1km Kdppen-Geiger climate map series derived from different combinations of temperature and
precipitation dataset input, and by different means of integration of multiple datasets. The values represent overall accuracy based
on the technical validation using ground observation as reference.

Temperature CHELSA, Downscaled CRU and UDEL Downscaled CRU and UDEL CHELSA

Precipitation CHELSA, Downscaled GPCC and UDEL Downscaled GPCC and UDEL CHELSA

L:]:E;?izz%r;tasets of Highest agreement level clzg(ta::ets of - multiple Highest agreement level gg(ta::ets of  multiple -
1979-2008 83.25% 83.66% 83.13% 83.33% 79.72%
1980-2009 82.96% 83.44% 82.74% 82.78% 79.14%
1981-2010 82.63% 82.86% 81.95% 82.38% 78.03%
1982-2011 82.42% 82.73% 81.93% 82.11% 78.47%
1983-2012 81.48% 82.34% 81.14% 81.49% 78.32%
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1984-2013 81.62% 82.05% 80.84% 81.27% 78.26%
1985-2014 80.23% 80.86%
1986-2015 79.79% 80.58%
1987-2016 78.76% 79.62%
1988-2017 78.65%
Average 82.39% 82.85% 81.17% 81.31% 78.66%
1980-2017
(Beck et al. 2018) 77.65%
1961-1990
(Kriticos et al.,
(2012) 64.70%

Using the same validation datasets from GHCN-D and GSOD, we tested sensitivity of the
climate map series using different combinations of temperature and precipitation dataset, and
different methods of data integration (Table 3-3). Results indicated an average total accuracy of
the 1km Kdppen-Geiger classification maps generated with all the CHELSA, downscaled CRU,
GPCC and UDEL datasets and with only downscaled CRU, GPCC, UDEL datasets as 82.39%
and 81.17% respectively. Using the mean of multiple datasets which can potentially reduce the
data bias, led to better classification results. We estimated the total accuracy of the previous high
resolution Képpen-Geiger climate map products using the same validation datasets. We applied
the same classification system described in the previous studies and the same time period of the
previous climate map product to process the station observation data and estimate their overall
accuracy. Compared with the previous high resolution Koppen-Geiger climate map products,
Beck et al. (2018) and Kiriticos et al., (2012), the newly generated Kdppen-Geiger climate map

series showed greater accuracy in total.

We conducted sensitivity analysis of the Képpen classification scheme and tested multiple time
scales, 10-yr, 20-yr, and 30-yr. The selection criteria of station observations were adjusted
accordingly based on the time scale utilized. Accuracy results exhibited decreasing accuracy for

a shorter time scale (Figure 3-S3). Further, we estimated the total accuracy for the Képpen-
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Geiger climate classification maps from previous studies, Beck et al., (2018) Kriticos et al.,
(2012), Peel et al., (2007), and Kottek et al., (2006), using the same validation dataset and
consistent Koppen-Geiger climate classification scheme the corresponding study applied. The
validation results demonstrate that the new Kdppen-Geiger maps have comparatively higher

overall accuracy than all the previous studies.

3.5.3 Regional and continental scale comparison

Kitzos et o, (1961 1930)
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Figure 3-5. Képpen-Geiger climate classification maps from previous studies, Beck et al., 2018 (1-km, 1980-2016),
and Kriticos et al., 2012 (0.167°, 1961-1990), our study (1-km, 1979-2009 to 1984-2013), associated forest cover
and elevation maps, for regions with large spatial gradients in climates or sharp elevation gradients. (a) central
Rocky Mountains, (b) Tibetan Plateau, (c) Europe, (d) high latitudes in North America, (e) Central and eastern
Africa, and (f) central Andes. The forest cover map is the 30m Landsat-based forest cover map for 2000 (Hansen et
al., 2013). The elevation data is the NASA SRTM Digital Elevation 30m data (Farr et al., 2007). The representative
period of each map is listed in parentheses.

At the regional and continental scale, we compared our Koppen-Geiger climate classification
maps with previous map products for regions with large spatial gradients in climates, including
central and eastern Africa, Europe, North America, and regions with sharp elevation gradients,
including Tibetan Plateau, central Rocky Mountains, central Andes (Figure 3-5). We compared
the new 1-km Koppen-Geiger climate classification maps from our study for time periods of
1980-2009, and 1984-2013 with the high-resolution Képpen-Geiger maps from two previous
studies, Beck et al., (2018), which has a resolution of 1-km and temporal coverage of 1980-2016,
and Kriticos et al., (2012), which has a resolution of 0.0167° and covers 1961-1990. The Kdppen
classifications demonstrate good correlation with natural landscape distribution (Belda et al.,
2014; Koppen, 1936; Trewartha, 1954). To show the agreement between the improved Kdppen-

Geiger climate classification maps and regional landscape distribution, we also showed maps of
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forest cover, and elevation distribution for these regions. Figure 8 illustrates the enhanced

regional details of the maps.

Compared with the Képpen-Geiger climate maps from previous studies with only one time
period, the series of the Koppen-Geiger climate maps from our study demonstrate the ability to
capture recent changes in spatial distribution of climate zones. For example, our maps can detect
the significant changes in the climate zones specifically driven by the accelerated global
warming since the 1980s, for example, the poleward movements of boreal (D) and polar (E)
climates in high latitudes in North America shown in the comparison between the 1980-2009 and
1984-2013 Kdppen-Geiger climate maps (Figure 3-5d). Another example is the expansion of
savanna (Aw) climate into temperature (Cw) climate zone, witnessed in Central Africa (Figure 3-

5e).

Another improvement of the new series of the Kdppen-Geiger climate maps is the application of
threshold of -3 °C as the boundary of temperate (C) and boreal (D) climate zones, which show
better agreement with global boreal forest distribution at regional scale compared with Russell’s
modification of 0 °C (1931), which Beck et al., (2018), and Kiriticos et al., (2012) utilized. Based
on the comparison results of the Képpen climate zones and the biome classifications from the
World Wildlife Federation (WWF), the boreal (D) climate zone largely corresponds to the
distribution of boreal forest (Rohli, Joyner, et al., 2015). For example, evidenced in Figure 3-5c,
the new Kdppen-Geiger climate classification maps from our study show better agreement with
the boreal forest in Carpathian Mountains across Central and Eastern Europe than Beck et al.,
(2018), and Kiriticos et al., (2012). Figure 8d also shows good agreement of the northern
boundary of the boreal (D) climate zone in northern part of Quebec in Canada with the boundary

of Canada’s boreal forest.
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Moreover, the new Koppen-Geiger maps can show accurate depiction of important topographic
features over the regions with complex topography. For example, the topo-climate of the
Himalayas southern front determined by the mountain ranges are represented with more details
in the new Koppen-Geiger maps compared with Beck et al., (2018), and Kriticos et al., (2012)
(Figure 3-5b). The abrupt changes in climate along the edges of the Andes mountains are also

well described in the new maps (Figure 3-5f).

In addition, the distribution of tropical (A), temperate (C) and boreal(D) climate zones in the new
Kdppen-Geiger maps correspond closely with tree lines in the forest cover maps. The temperate
(C) and boreal (D) climate distribution based on the Koppen-Geiger maps show a better
agreement with the forest distribution of the Middle and Southern Rocky Mountains than Beck et
al., (2018), and Kiriticos et al., (2012) (Figure 3-5a). For another example, the boundaries of the
tropical rainforest in Central Africa and South America are clearly delineated in the new

Koppen-Geiger maps (Figure 3-5e and 3-5f).

3.5.4 Bioclimatic variables

Beyond the Kdppen-Geiger climate classification maps, we calculated a set of bioclimatic
variables from the monthly climate data (see full list in Table 3-S3). The bioclimatic variables at
1-km spatial resolution can capture regional environmental variations especially in mountainous
areas and areas with strong climate variations. These bioclimatic variables can be used in studies
of environmental, agricultural and biological sciences, for example, development of species
distribution modeling and assessment of biological impacts induced by climate change. The

variables provide descriptions of annual averages, and seasonality of climates. The warmest half
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year or the coldest half year is defined as the period of the warmest six months or the coldest six

months.

CHELSA

1981-2010

A=

Figure 3-6. Small-scale comparison of annual temperature (MAT) and mean annual precipitation (MAP) variables
derived from different datasets with station data. Small-scale correlation between the 30-yr average mean annual
temperature (MAT) and mean annual precipitation (MAP) data and ground observations for three historical periods
(1979-2008, 1981-2010, 1983-2012). The station data is from GHCN-D and GSOD databases. The figure shows the
R? value for 10° grid cells. (a), (b), and (c) are MAT results. (d), (e), and (f) are MAP results. (a) MAT is calculated
from downscaled monthly temperature data from CRU dataset, (b) from UDEL dataset and (c) from CHELSA dataset.
(d) MAP is calculated from downscaled monthly precipitation data from GPCC dataset, (e) from UDEL dataset and
(f) from CHELSA dataset.

We validated the bioclimatic variables from different datasets with station data from GHCN-D

(Menne et al., 2012) and GSOD database (National Climatic Data Center et al., 2015) (Figure 3-
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S4). We calculated a linear regression model for the 12 bioclimatic variables for each 10° grid
cell (Figure 3-6). The 30-yr average mean annual temperature (MAT) from CHELSA dataset
shows overall highest fit with station data, with CRU, and UDEL datasets showing smaller, but
still strong correlation with station data. The 30-yr average mean annual precipitation (MAP)
estimates from GPCC, UDEL, and CHELSA datasets have considerable uncertainties, indicated
by relatively low correlation with station observations. In current precipitation datasets, there
exists a varied degree of discrepancy in annual estimates over multiple time scales (Sun et al.,

2018).
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3.5.5 Future Kdppen-Geiger climate maps
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Figure 3-8 Global maps of the Képpen-Geiger climate classification for the future periods (2020-2049, 2040-2069,
2060-2089, 2070-2099) under RCP8.5 and associated classification confidence levels. (a) Future maps of the
Kodppen-Geiger climate classification and (b) confidence levels associated with the Képpen-Geiger climate
classification. (c) Future changes in Koppen-Geiger climates from 2020-2049 to 2080-2099 and (d) the associated
confidence levels.

Future Koppen-Geiger climate classification maps under RCP8.5 and associated confidence
levels are shown in Figure 3-7. Indicated by confidence levels, there exist larger uncertainties in

the final future climate maps than historical maps, particularly at mid and high latitudes. Climate
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map for the future period of 2070-2099 shows the largest uncertainty compared with the other

future periods.

Future climate classifications derived from the diverse GCM projections for four RCPs, which
are inherently uncertain (Winsberg, 2012; Gleckler et al., 2008), provide a proxy of global
distribution of climatic conditions and can represent potential spatial changes in climate zones
under global warming. The large uncertainty and strong disagreement in projected climate
classification maps at high latitudes and in regions with rugged terrain can be indicated by
relatively low confidence levels. Figure 3-S5 and 3-S6 show the future Képpen-Geiger climate
classification maps based on GCM projections under RCP8.5 and associated confidence levels
for the central Rocky Mountains and Tibetan Plateau. We generated a future Koppen-Geiger
climate classification map for each bias-corrected and downscaled CMIP5 GCM projection (see
Figure 3-Sba and 3-S6a for 2070-2099 maps for the central Rocky Mountains and Tibetan
Plateau). Noticeable regional changes in climate zones have been projected by comparing the
2070-2099 and 1979-2008 climate classification maps (see Figure 3-S5b and 3-S5c for the

central Rocky Mountains, and Figure 3-S6b and 3-S6c¢ for Tibetan Plateau).
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3.5.6 Application example: detection of area changes in climate zones
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Figure 3-9. Area changes in climate zones since the 1980s on a global scale under RCP8.5. The error bars for
historical periods (1979-2014) indicate standard error in the Képpen-Geiger classification results based on the 9
combinations of observational air temperature and precipitation datasets and for future periods (2020-2099), the
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error bars indicate standard error in the Képpen-Geiger classification results based on the 30 GCMs.

Changes in climatic conditions under global warming have significant impacts on biodiversity
and ecological systems. Area changes of climate zones can indicate spatial shrinkage or
expansion of analogous climatic conditions, potentially implying threats for species range

contraction or opportunities for range expansion (Cui, Liang, & Wang, 2021). To examine the
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area changes of climate zones, we calculated the total area covered by each climate type for each

historical and future period under high-emission RCP8.5 scenario (Figure 3-9). Our results of

changes in areas occupied by different climate zones demonstrate good agreement with results
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from previous studies (Chan & Wu, 2015). Results show that accelerated anthropogenic global
warming since the 1980s has caused large-scale changes in climate zones and the shifts into
warmer and drier climates are projected in this century. The tropical and arid climates are
expanding into large areas in mid latitudes whereas the high-latitude climates will experience

significant area shrinkage.

3.6 Conclusion

Changes in broad-scale climatic conditions, driven by anthropogenic global warming, lead to the
redistribution of species diversity and the reorganization of ecosystems. Distribution of the
Earth’s climatic conditions has been widely characterized based on the Koppen climate
classification system. The Koppen climate classification maps require fine resolutions of at least
1-km to detect relevant microrefugia and promote effective conservation. Studies examining
recent and future interannual or interdecadal changes in climate zones at regional scale need
more accurate depiction of fine-grained climatic conditions, continuous and longer temporal

coverage.

We presented an improved long-term Kdppen-Geiger climate classification map series for six
historical 30-yr periods in 1979-2013 and four future 30-yr periods in 2020-2099 under RCP2.6,
4.5, 6.0 and 8.5. To improve the classification accuracy and achieve a resolution as fine as 1-km,
we combined multiple datasets, including WorldClim V2, CHELSA V1.2, CRU TS v4.03,
UDEL, GPCC datasets and bias-corrected downscaled CMIP5 model simulations from CCAFS.
The historical climate maps are based on the most common climate type from an ensemble of
climate maps derived from combinations of observational climatology datasets. The future
climate maps are based on an ensemble of climate maps derived from 35 GCMs. We estimated
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the corresponding confidence levels to quantify the uncertainty in climate maps. We also
calculated 12 bioclimatic variables at the same 1-km resolution using these climate datasets for
the same historical and future periods to provide data of annual averages, seasonality, and

stressful conditions of climates.

To validate the Koppen-Geiger climate classification maps, we used the station observations
from GHCN-D and GSOD databases. Our validation results show that the new Kdéppen-Geiger
maps have comparatively higher overall accuracy than all the previous studies. Although the new
maps exhibit improved overall accuracy, relatively lower confidence level and larger discrepancy
in classification results are found especially in mountainous regions and major climate
transitional zones located in mid and high latitudes. The confidence levels can provide a useful

quantification of classification uncertainty.

Compared with climate maps from previous studies with a single present-day period, the series
of the Koppen-Geiger climate maps from our study demonstrate the ability to capture recent and
future projected changes in spatial distribution of climate zones. On regional and continental
scale, the new maps show accurate depictions of topographic features and correspond closely
with vegetation distribution. Our Képpen-Geiger climate classification maps can offer a
descriptive and ecological relevant way to provide insights into changes in spatial distribution of

climate zones.

One of the limitations is that the future Képpen-Geiger climate maps built on downscaled
climate model projections exist unavoidable uncertainties. The classification agreement levels of
GCMs are relatively low at high latitudes and in regions with rugged terrain. The main sources

of model discrepancies and uncertainties are deficiencies in model physics and varied model
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resolution. The climate model outputs have coarse spatial resolution varying from 70-400 km
and cannot well represent future climate change at the same scale of 1-km as our baseline
climatology. Through bias-correction and downscaling methods, we made assumptions that local
relationships between climatic variables remain constant across different scales, leading to a

compromise between spatial scale and climate model physics.

We also tested the sensitivity of classification results to different time scales, dataset input, and
data integration methods. Results show that the 30-yr time scale exhibited the highest accuracy
results. Moreover, using the mean of multiple datasets from CHELSA, CRU, UDEL, and GPCC
could lead to better classification results. Last, we provided a heuristic example which used
climate classification map series to detect the long-term area changes of climate zones, showing
how the new Koppen-Geiger climate classification map series can be applied in climate change
studies. With improved accuracy, high spatial resolution, long-term continuous time coverage,
this global dataset of the KOppen-Geiger climate classification and bioclimatic variables can be
used to in conjunction with species distribution models to promote biodiversity conservation, and
to analyze and identify recent and future interannual or interdecadal changes in climate zones on

a global or regional scale.
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3.7 Supplementary materials
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Figure 3-S1. Present Koppen-Geiger classification and confidence map for 1979-2008 with resolution of 1km for the
central Rocky Mountains in North America. (a) Climate maps based on the 9 combinations of the 3 precipitation
datasets x 3 surface air temperature datasets, (b) the final climate map derived from the most common climate class
among the 9 climate maps, (c) confidence level distribution of the final climate map, and (d) elevation map for the
the central Rocky Mountains in North America.
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Figure 3-S2. Present Koppen-Geiger classification and confidence map for 1979-2008 with resolution of 1km for the
Tibetan Plateau. (a) Climate maps based on the 9 combinations of the 3 precipitation datasets x 3 surface air
temperature datasets, (b) the final climate map derived from the most common climate class among the 9 climate
maps, (c) confidence level distribution of the final climate map, and (d) elevation map for the Tibetan Plateau
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Figure 3-S3. Validation of downscaled data of bioclimatic variables and the generated Képpen-Geiger climate map.
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Figure 3-S4. Scatter plots of the station observations and estimates of bioclimatic variables from downscaled
climatology data. The bioclimatic variables include the 30-yr means of annual temperature (MAT), the air
temperature of the coldest month (Tcold), the air temperature of the warmest month (Thot), total annual
precipitation (MAP), precipitation of the summer half year (Psumm), and precipitation of the winter half year
(Pwint). (a) Scatter plots of the station observations and downscaled temperature data from CHELSA, CRU, UDEL
datasets, and (b) and downscaled precipitation data from CHELSA, GPCC, UDEL datasets.
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Figure 3-S5. Future Koppen-Geiger classification and confidence map for 2060-2089 under RCP8.5 with resolution
of 1km for the central Rocky Mountains in North America. (a) Climate maps based on 30 GCMs, (b) the final
climate map derived from the most common climate class among all the 30 climate maps, (c) present climate map of
1979-2008, and (d) confidence level distribution of the final climate map.
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Figure 3-S6. Future Kdppen-Geiger classification and confidence map for 2060-2089 under RCP8.5 with resolution
of 1km for the Tibetan Plateau. (a) Climate maps based on 30 GCMs, (b) the final climate map derived from the
most common climate class among all the 30 climate maps, (c) present climate map of 1979-2008, and (d)
confidence level distribution of the final climate map.
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Table 3-S1 CMIP5 GCMs for four RCPs used to generate future Képpen climate map series.

Model Institute RCP2.6 RCP45 RCP6.0 RCP8.5
BCC-CSM11 Beijir_19_ Cl_imate Center, China Meteorological J J J J
Administration
BCC-CSM1.1(m) Beijir_1g_ Cl_imate Center, China Meteorological J J J N
Administration
BNU-ESM Beijing Normal University ~ ~ ~
CCCMA-CanESM2 Canadian Centre for Climate Modeling and Analysis N N N,
CESML-BGC Nat!onal Science Foundation, F)epartment of Energy, J N
National Center for Atmospheric Research
CESMI1-CAMS Nat!onal Science Foundation, Pepartment of Energy, J J J J
National Center for Atmospheric Research
Centre National de Recherches Meteorologiques and
CNRM-CM5 Centre Europeen de Recherche et Formation Avancees S S
en Calcul Scientifique
Commonwealth Scientific and Industrial Research
CSIRO-ACCESS1.0  Organization (CSIRO) and Bureau of Meteorology S \/
(BOM), Australia
Commonwealth Scientific and Industrial Research
CSIRO-ACCESS1.3  Organization (CSIRO) and Bureau of Meteorology V v
(BOM), Australia
Queensland Climate Change Centre of Excellence and
CSIRO-MkK3.6.0 Commonwealth Scientific and Industrial Research \ \ v
Organization
European Centre for Medium-Range Weather
EC-EARTH Forecasts (ECMWF) v
FIO-ESM The _Fi_rst I_nstitute_ of Oceanography, State Oceanic J J J J
Administration, China
GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory \/ \/ \/ \/
GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory N N N N
GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory N, N, N N
GISS-E2H NASA Goddard Institute for Space Studies USA ~ ~ ~
GISS-E2HCC NASA Goddard Institute for Space Studies USA N,
GISS-E2R NASA Goddard Institute for Space Studies USA ~ ~ ~ ~
GISS-E2RCC NASA Goddard Institute for Space Studies USA N
INM-CM4 Institute of Nu.merical Mathematics of the Russian J J
Academy of Sciences
IPSL-CM5A-LR Institut Pierre Simon Laplace N N N N
IPSL-CM5A-MR Institut Pierre Simon Laplace N N N
IPSL-CM5B-LR Institut Pierre Simon Laplace N
LASG-FGOALS-G2 Ins’_ﬂtute_of Atmospheric Physics (LASG) and Tsinghua J J
University (CESS)
University of Tokyo, National Institute for
MIROC-ESM Environmental Studies and Japan Agency for Marine- \ \
Earth Science and Technology
University of Tokyo, National Institute for
MIROC-ESM-CHEM  Environmental Studies and Japan Agency for Marine- v \/ S

Earth Science and Technology
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University of Tokyo, National Institute for

MIROC-MIROC5 Environmental Studies and Japan Agency for Marine- \/ S \/
Earth Science and Technology

MOHC-HadGEM2- UK Met Office Hadley Centre J N
cC

MOHC-HadGEM2- UK Met Office Hadley Centre J J J N
ES

MPI-ESM-LR Max Planck Institute for Meteorology N, \
MPI-ESM-MR Max Planck Institute for Meteorology N N
MRI-CGCM3 Meteorological Research Institute \ \ N ~
NCAR-CCSM4 US National Centre for Atmospheric Research N N N N
NCC-NorESM1-M Norwegian Climate Centre ~ \ N ~
NIMR-HadGEM2-A0 National Institute of Meteorological Research and J J J J

Korea Meteorological Administration

Table 3-S2 Continental and global overall accuracy, average precision, and confidence level of the historical Kdppen-Geiger climate
map series.

Region Africa Asia Oceania Europe A’r\:qoerrtir(]:a A?::rtit::a Global
A 1979-2008 88.24% 84.05% 92.39% 85.11% 79.37% 69.18% 83.25%
c 1980-2009 87.67% 85.00% 90.11% 84.24% 76.94% 70.00% 82.96%
E 1981-2010 85.71% 84.29% 93.48% 84.23% 75.61% 68.75% 82.63%
r 1982-2011 83.78% 85.06% 91.30% 84.10% 74.79% 68.90% 82.42%
2 1983-2012 85.43% 83.64% 92.39% 83.51% 71.99% 66.67% 81.48%
Y 1984-2013 85.81% 81.32% 92.39% 84.38% 71.84% 68.00% 81.62%
Average 86.11% 83.89% 92.01% 84.26% 75.09% 68.58% 82.39%
P 1979-2008 80.24% 72.77% 92.77% 75.71% 64.41% 66.20% 71.27%
; 1980-2009 88.33% 73.40% 89.83% 75.58% 65.15% 68.11% 73.39%
‘_3 1981-2010 79.54% 71.19% 94.21% 14.77% 67.75% 67.63% 74.10%
; 1982-2011 70.42% 71.34% 91.37% 75.61% 70.62% 66.65% 74.24%
i 1983-2012 71.54% 68.99% 92.67% 69.82% 66.73% 64.33% 72.41%
2 1984-2013 71.66% 68.08% 92.55% 76.30% 67.95% 65.17% 74.59%
Average 76.96% 70.96% 92.23% 74.63% 67.10% 66.35% 73.33%
C  1979-2008 94.93+0.002%  92.08+0.002%  91.82+0.002%  92.29+0.002%  94.55+0.004%  92.31+0.003%  92.94+0.002%
2 1980-2009 94.91+0.002% 92.14+0.002% 91.73+0.002% 92.39+0.002% 94.65+0.004% 92.24+0.003% 92.95+0.002%
fi 1981-2010 94.89+0.002% 92.17+0.002% 91.63+0.002% 92.43+0.002% 94.51+0.004% 92.18+0.003% 92.92+0.002%
2 1982-2011 94.92+0.002% 92.16+0.002% 91.48+0.002% 92.41+0.002% 94.35+0.004% 92.13+0.003% 92.87+0.002%
n 1983-2012 94.96+0.002% 92.16+0.002% 91.31+0.002% 92.54+0.002% 94.37+0.004% 92.05+0.003% 92.87+0.002%
z 1984-2013 94.97+0.002% 91.22+0.002% 91.32+0.002% 92.52+0.002% 94.45+0.004% 92.00+0.003% 92.87+0.002%
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Average 94.93+0.002% 91.99+0.002% 91.55+0.002% 92.43+0.002% 94.48+0.004% 92.15+0.003% 92.90+0.002%

Table 3-S3 List of bioclimatic variables derived from downscaled monthly climate data.
Bioclimatic Variables ~ Description

BIO1 Annual mean temperature (°C)

BI102 Temperature of the warmest month (°C)

BIO3 Temperature of the coldest month (°C)

BI04 Annual precipitation (mm)

BIO5 Precipitation of the warmest half year (mm)

BIO6 Precipitation of the coldest half year (mm)

BIO7 Precipitation of the driest month (mm)

B108 Precipitation of the driest month in the warmest half year (mm)
BI109 Precipitation of the driest month in the coldest half year (mm)
B1010 Precipitation of the wettest month (mm)

BIO11 Precipitation of the wettest month in the warmest half year (mm)
BIO12 Precipitation of the wettest month in the coldest half year (mm)

Chapter 4: Using velocity of climate zone shifts to inform
biodiversity conservation in global terrestrial protected

areas

4.1 Abstract

Climate change is driving broad-scale redistribution of species on the Earth, greatly undermining
the effectiveness of protected areas (PAs) in conserving and restoring global biodiversity.
Strategic and adaptive conservation planning that explicitly considers climate shifts is critical to
addressing the ongoing biodiversity crisis and achieving future conservation goals. To assess
exposure risks of global PAs and understand spatial patterns of near, mid, and long-term climate

shifts projected based on different future emission pathways, we develop a new velocity measure
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with fine spatial scale (1-km) based on Koppen-Geiger climate classes, which incorporate
multiple climatic indicators and integrate biological information. The “climate zone velocity”
represents potential minimum movement of species required to track climate zone changes over
time and is derived from topographic paths to capture topographic effects on habitat conditions.
We find that ~38% of global protected land in more than three fourths of global terrestrial PAs
could undergo pronounced climate zone shifts at accelerating rates during the remainder of this
century under RCP8.5. Moreover, protected lands are experiencing heightened climate change
exposure from novel (8.3% of global protected land) and disappearing (6.6%) climates, shifts of
climates outside PA networks (7.6%), and transition to human dominated land use (5.7%). PAs
located across arid (B) and boreal (D) climate zones, in mid latitudes of North America, Europe,
Russia, and Africa, and those with strict management categories (IUCN category I-11), are facing
more rapid and substantial changes. Relationships with PA attributes suggest increased
vulnerability over small, high elevation PAs with complex topography and high species richness.
Taken together, our findings of climate zone shifts, and exposure assessment of PAs can inform

climate adaptation planning and biodiversity conservation prioritization.

4.2 Introduction

As key drivers of the ecological interactions and biological processes, climatic conditions
determine global patterns of biomes and biodiversity (Kreft & Jetz, 2007; Woodward et al.,
2004). In response to current climate change, species are undergoing evolutionary adaptation
(Merilad & Hendry, 2014; Parmesan, 2006), changing phenologies and abundance (Parmesan &
Yohe, 2003; Scheffers et al., 2016), and shifting their distribution to track changing climates(l.-

C. Chenetal., 2011). Regional changes in availability and positions of climatically suitable areas
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have resulted in many observed latitudinal and elevational shifts in species distribution and
rearrangement of species assemblages (Garcia et al., 2014; Scheffers et al., 2016). Consequently,
ongoing changes in climatic conditions are driving a significant redistribution of life on the
Earth, leading to restructured biotic community compositions (Williams & Jackson, 2007), losses
of ecosystem services, and increased threats to human welfare across the globe (Kreft & Jetz,

2007; Pecl et al., 2017).

Protected areas (PAs) are widely recognized as a core of present-day biodiversity conservation
strategies (Arafeh-Dalmau et al., 2021; Dobrowski et al., 2021) and have demonstrated their
importance in protecting the earth’s biodiversity by reducing rates of habitat loss (Geldmann et
al., 2013) and enhancing species diversity within their boundaries (Gray et al., 2016). PAs also
provide various social and economic benefits by preserving natural resources, delivering
ecosystem services, and supporting human livelihoods (J. E. M. Watson et al., 2014). Expanding
global PA coverage while maintaining the effectiveness of the PA networks are key conservation
targets agreed in the post-2020 framework of the Convention on Biological Diversity (CBD)
(OECD, 2019; Visconti et al., 2019). However, changes in climate and land use caused by
human activities greatly undermine the effectiveness of current PA networks (Arafeh-Dalmau et
al., 2021; Batllori et al., 2017; Elsen et al., 2020; Hoffmann et al., 2019). As climate shifts,
suitable climates for species may become less accessible and species may track their preferred
climatic conditions and move into unprotected and human-dominated areas, increasing risks of
extinction (Batllori et al., 2017; Hoffmann et al., 2019; Wessely et al., 2017). Current static
boundaries, low connectivity of PAs (Asamoah et al., 2021; Batllori et al., 2017; Lawler et al.,
2015), biased PA locations towards areas of low human influence (Joppa & Pfaff, 2009; Venter

et al., 2018), and close alignment with existing biodiversity patterns with inadequate
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consideration of future changes (Lawler et al., 2015; Loucks et al., 2008; Myers et al., 2000),
could further diminish the capacity of PA networks in protecting future biodiversity, thereby

impeding the achievement of global conservation goals.

To enhance the effectiveness of global PAs and develop more strategic and adaptive PA
conservation approaches, conservation planners need to incorporate potential climate shifts and
biodiversity redistribution into PA conservation planning (Dobrowski et al., 2021; Pecl et al.,
2017; J. E. M. Watson et al., 2013). Given the limited availability of species data for bioclimatic
modeling (Brito-Morales et al., 2018; Garcia et al., 2014), recent studies assessing exposure risks
of biodiversity increasingly use metrics of climate change (Garcia et al., 2014), such as climate
velocity (Brito-Morales et al., 2018; Loarie et al., 2009), climate analogs (Ordonez & Williams,
2013; Williams & Jackson, 2007), climate stability (J. E. M. Watson et al., 2013), novel and
disappearing climates (Garcia et al., 2014; Hoffmann et al., 2019; Williams et al., 2007). These
metrics are based on either one climate variable or climate space identified using statistically
combined multivariate indices, thus may not necessarily relate to properties and functions of
biomes or ecosystems and lack potential to conduct risk evaluation for biodiversity (Brito-

Morales et al., 2018; Cui, Liang, & Wang, 2021).

To highlight the linkages in climate and biomes, researchers apply Képpen-Geiger climate
classification scheme to examine shifts in climate zones and possible changes in biomes (Chan &
Wu, 2015; Mahlstein et al., 2013; Rubel & Kottek, 2010). As a widely used bioclimatic
classification scheme, Képpen-Geiger classification (KGC) was first introduced by Wladimir
Koppen to map the world’s biomes (Koppen, 1936). KGC classifies five major climate classes
and 30 subtypes globally by incorporating annual means and seasonal phases of temperature and

precipitation (detailed criteria in Table 4-S1), and shows strong correlations with biome
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distribution (Cui, Liang, & Wang, 2021; Rohli, Joyner, et al., 2015). Under climate change ,
studies have shown the Koppen-Geiger climate zones shifting poleward and upward into warmer
and drier climates, with significant area expansion in tropical (A) and arid (B) climate zones and
area shrinkage of polar (E) climates (Chan & Wu, 2015; Cui, Liang, & Wang, 2021; Mahlstein et

al., 2013; Rohli, Andrew, et al., 2015).

(a) (b)

/' .
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Figure 4-1 Climate zone velocity based on spatial and temporal changes in climate zones. (a) Forward velocity
(present-to-future velocity) indicates distance and direction from present climate locations to the nearest future
destinations with the same Kdppen-Geiger climate class. (b) Backward velocity (future-to-present velocity)
measures distance and direction from projected future climate cells back to current climate origins. We derive
climate zone velocity based on 1-km historical (1970-2000) and future (2020-2049, 2040-2069, 2060-2089, and
2070-2099) Koppen-Geiger climate classification maps and use topographic paths to approximate realistic
biological movements. The velocities are identified within a fixed search radius (=1,000 km).

Existing exposure assessments of PAs using climate velocity with coarse resolutions (> 1km)
may overlook topo climatic patterns (Burrows et al., 2014; Carroll et al., 2018; Dobrowski et al.,
2013, 2021; Ordonez et al., 2014), leading to biased estimates especially in rugged terrain
(Dobrowski & Parks, 2016; Heikkinen et al., 2020) and limited ability to detect microrefugia
(Dobrowski, 2011; Lenoir et al., 2017). Moreover, the time frame over which climates become
less favorable for local species and population is critical for understanding temporal patterns of
biological responses, which cannot be captured using a long time frame. Assessment of multiple
future time steps for the near future on an ecologically relevant spatial scale is urgently important

for the achievement of global conservation targets of CBD’s 2030 biodiversity strategic plan

(OECD, 2019; Visconti et al., 2019; J. Watson et al., 2022) and 2050 vision of ‘living in
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harmony with nature’(Convention on Biological Diversity, n.d.). Given the lack in risk
assessment of changing conditions for PAs with fine temporal and spatial scales and global
extent (Ackerly et al., 2010; Batllori et al., 2017; Carroll et al., 2017), we examine the
spatiotemporal patterns of climate zone shifts in global PAs with 1-km spatial scale and multi-
decadal temporal scale, and assess the exposure risks of current global PA networks under
climate change for near-term, mid-term and long-term futures, projected by different emission

scenarios.

We first develop a velocity measure of spatial changes in climate zones (hereafter, “climate zone
velocity”) using topographic paths to capture topographical effects (Figure 4-S1). The climate
zone velocity conforms to climate analog velocity(Batllori et al., 2017; Carroll et al., 2018;
Dobrowski et al., 2021; Heikkinen et al., 2020), an approach that identifies distance and direction
between present and future climate locations with analogous climates (Figure 4-1). Using a
global dataset of Koppen-Geiger climate classification (KGClim) (Cui, Liang, Wang, et al.,
2021), which is derived from bias-corrected downscaled Coupled Model Intercomparison Project
Phase 5 (CMIP5) model simulations (Navarro-Racines et al., 2020), and WorldClim Historical
Climate Data (WorldClim V2) (Fick & Hijmans, 2017), we then calculate climate zone velocity
for four future periods (2020-2049, 2040-2069, 2060-2089, 2070-2099) based on four
Representative Concentration Pathways (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) with a baseline

period of 1971-2000.

To assess effects on conservation capacity of current PA networks and identify additional threats
from human-induced land modifications, we categorize the spatial patterns of climate zone shifts
based on whether climates are relocated within, among, outside, inside the PA networks (Batllori

etal., 2017), or end in unprotected areas with human-dominated land-use, and emergence of
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novel or disappearing climate zones for the global terrestrial PAs, using data from the World
Database on Protected Area (WDPA) (UNEP-WCMC and IUCN, 2021) and land use states from
Land-Use Harmonization2 (LUH2) project (Hurtt et al., 2020). We also identify the PAs
projected to undergo shifts of climate zones of great magnitude and investigate the relationships
between climate zone shifts and PA attributes, such as species richness, terrain ruggedness, and
human footprint level. Lastly, we present a case study to integrate climate shifts in PA

prioritization scheme to inform future climate adaptation planning and biodiversity conservation.
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4.3 Results

4.3.1 Potential shifts of climate zones in PAs
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Figure 4-2 Potential shifts of climate zones within global terrestrial PAs. Global and country maps of PAs show PA-
level (a) average values of climate zone velocities, and (b) percent area within each PA that is projected to
experience climate zone shifts by the end of the 21st century under RCP8.5 scenario, with smoothed latitudinal
distribution of pixel-level (c) climate zone velocities, and (d) percent of global PA coverage projected to undergo
climate zone shifts by latitudinal bands (1km to 5°) in four future periods. (a) Forward and backward climate zone
velocity values are grouped into categories based on equal-area quartiles along each axis (n=22,805). (a,b) Canada,
Brazil, Europe, United States, Russia and Australia shown in the maps have large PA coverage. Dark gray represents
no changes in climate zones within the PA and light gray areas are unprotected land. (c) black dots mark median
velocity values and error bars show first and third quartiles in the latitudinal bands.

Based on the RCP8.5 scenario, over 17,000 terrestrial PAs (75% of the total), a total of 38% of
global protected land area could experience changes in climatic conditions that correspond to
different climate zones during this century and 20% by mid-century. Under RCP2.6, 18% of
global protected land area is projected to undergo climate zone shifts by 2050 and 20% by 2100.
More than half of the global terrestrial PAs are projected to have a mean velocity larger than 100
m yr* and around 9,000 PAs (38%) will face completely different climate zone distribution
under RCP8.5 (Figure 4-3a). The median velocity of climate zone shifts within the global PAs is
projected to increase from 0.21 km yr! (Interquartile Range (IQR)=0.57 km yr) to 0.25 km yr!
(IQR=0.88 km yr*) by the century end under RCP8.5. Similar increasing trend in velocity is
found in the RCP6.0 scenario but with a smaller magnitude of velocity (Table 4-S3). On the
contrary, the projected median velocity reaches its peak by mid-century and slightly decreases to
0.15 km yr! (IQR=0.39 km yr?) as the century progresses under RCP2.6. Under RCP4.5, it
shows a similar decreasing trend with later peak timing (Table 4-S3). The varying trends in pace
of climate zone shifts within global PAs under different emission scenarios are closely associated
with projected dynamics of radiative forcing levels (van Vuuren et al., 2011). Under the high
emission scenario (RCP8.5) that current global warming trajectory closely aligns (Schwalm et

al., 2020), global protected land will undergo pronounced changes in climatic conditions with

constantly accelerating rates during the century.
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We assess both forward and backward velocities to represent outgoing and incoming changes in
climate zones of a region for each time frame. Forward velocity (present-to-future velocity)
indicates distance from present climate locations to the nearest future destinations for a given
climate class, reflecting the minimum path that species need to migrate to maintain their suitable
climatic conditions for the given time window (Batllori et al., 2017; Hamann et al., 2015).
Backward velocity (future-to-present velocity) measures distance from projected future climate
cells back to current climate origins, indicating the minimum path that species need to migrate to
adapt to or colonize the new site. Forward velocity can be interpreted as species exposure to
climate change and backward velocity estimates risks for ecosystem functioning and services
(Batllori et al., 2017; Carroll et al., 2015; Hamann et al., 2015), providing complementary
information to support conservation. Within the global terrestrial PAs, climate zone shifts are
intensifying, at an estimated global average forward velocity of 0.64 km yr* (median=0.22 km
yr1) during the century, lower than backward velocity with a global mean level of 0.79 km yr!

(median=0.25 km yr!) under RCP8.5 (Table 4-S4).

PAs exposed to both high forward and backward velocities of climate zone shifts are largely
located in northern mid latitudes of North America and North Asia, Amazonian, South America,
and central Australia (Figure 4-2a). Species and population in these PAs are facing more serious
threats from climate change and may fail to track changing climatic conditions or colonize new
habitats. Many PAs will have their whole area projected to undergo large magnitude of climate
zone shifts during this century. The locations of these PAs are concentrated in southern Canada,
northern United States, central Europe, southern Russia, Brazil, Africa, and Australia (Figure 4-
2b). The forward and back climate zone velocities exhibit latitudinal variations with peaks in

northern high latitudes (north of 60°N) and southern low latitudes (10°S to 30°S; Figure 4-2c),
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which approximately correspond with latitudinal PA coverage. The prevalence of area percent
with projected climate zone shifts also varies by latitude, with the largest percentage in northern

mid-latitude (40°N to 60°N) and southern mid-latitude (30°S to 50°S; Figure 4-2d).

Compared to elsewhere, we find that PAs in northern and southern mid latitudes in United
States, Canada, Europe, Russia, Brazil, Africa, and Australia are exposed to more rapid rates of
climate zone shifts and larger proportions projected to face shifting climatic conditions, inducing
higher threats on biodiversity within these PAs. PAs in Russia, Europe, Canada and Brazil are
exposed to higher rates of climate zone shifts, with median velocities during the second half of
the century equal to 0.53 km yr? (IQR=2.1 km yr1), 0.35 km yr! (IQR=0.55 km yr?), 0.4 km
yr (IQR=1.11 km yr?t), and 0.39 km yr! (IQR=0.93 km yr?), respectively (Figure 4-S5).
Moreover, 38% of the terrestrial PAs (n=8,667) could face completely different climate zone
distribution under RCP8.5, with half of them in Europe and one third in North America (Figure

4-2b),

We examine the climate zone shifts within global PAs with respect to different International
Union for Conservation of Nature (IUCN) management categories, major climate zones, and
species groups. We find that the PAs managed as strict nature reserve (IUCN category la) and
for sustainable use of natural resources (IUCN category V1) have higher velocity, reaching 0.53
km yr! (IQR=1.67 km yr) and 0.62 km yr! (IQR=2.07 km yr; Table S6). Additionally, 22% of
the PA area with high levels of restrictions (IUCN category I-11) are undergoing climate zone
shifts by the mid-century under RCP8.5 (Figure 4-3c). Forward and backward velocities of
climate zone shifts can also be closely related to changing rates of climate zone expansion and
shrinkage respectively, indicating different regional patterns. Within the global PAs, arid (B)

climate zone is projected to have the highest rates of climate zone shifts and the median forward
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velocities will increase from 0.25 km yr! (IQR=0.55 km yr?) to 0.34 km yr! (IQR=0.9 km yr?)

during this century under RCP8.5 (Table 4-S7).

Species in arid (B) climate zones would likely face higher forward velocities and experience
more rapid expansions in climatically suitable areas. Boreal (D) climate zone shows the highest
median backward velocities (rates of area shrinkage), with significant increase in the mid-
century, from 0.28 km yr* (IQR=1.07 km yr?) to 0.42 km yr! (IQR=1.69 km yr*; Table 4-S7).
We also find that within the range of bird species in global PAs, the projected velocity is
relatively high, with a median larger than 0.2 km yr (IQR=0.59 km yr1) in the second half of
the century under RCP8.5 (Table 4-S7), much below the velocity of observed range shifts (0.6-
1.56 km yr1) of 55 birds in North America (Hitch & Leberg, 2007). But bird migration is highly
constrained by shifts in abundance of tree species, of which the post-glacial migration rates are
estimated to be much lower (0.06-0.26 km yr1). Over the protected land where mammal species
are distributed, the median climate zone velocity is 0.19 km yr! (IQR=0.52 km yr; Table 4-S7),
potentially smaller than the estimated dispersal rates for 493 mammals (0.76-2.79 km yr?) in the
Western Hemisphere (Schloss et al., 2012). But the regional biotic effects on species will be
dependent ont only on regional exposure risk and but also on species sensitivity, which can be
reflected by their climatic niche width and dispersal capability (Batllori et al., 2017; Carroll et

al., 2015).
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Figure 4-3 Summary of climate zone shifts for global terrestrial PA. Density plots of percent area undergoing
climate zone shifts, and climate zone velocity lower, mean, and upper values for the global terrestrial PAs in this
century (a) under different RCP scenarios, (b) in different continents, and (c) with different IUCN PA categories.
The n numbers indicate the total number of PAs which could experience shifts of climate zones by the end of this
century.

Additionally, habitat loss and fragmentation in PAs resulting from land use changes are creating

formidable barriers to species movement and disconnection across PA networks (Jones et al.,
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2018; McGuire et al., 2016; Parks et al., 2020; Ward et al., 2020). We identify threats from
human-induced land modifications which have negative consequences for biodiversity in the
current PA networks. The percent area that could undergo transition from primary or secondary
land to human modified land within global PAs is projected to be ~6% under RCP8.5 and is
mainly distributed in Africa (Table 4-S4 and 4-S5). Protected areas with strict restrictions (IUCN
category I-11) are projected to have ~5% area undergoing human-dominated land use change in
this century, with more transition occurring in mid-century (Table 4-S4 and 4-S6). The
landscapes within the PAs are normally less influenced by human activities and less fragmented,
where keeping pace with changing climatic conditions is more feasible for species (Loarie et al.,
2009). Minimizing human-dominated land use changes is critical for enhancing effectiveness of
PAs to safeguard primary or secondary vegetation, facilitate species connectivity, and conserve

landscapes and biodiversity (Fuller et al., 2010).
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4.3.2 Exposure risk assessment
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Figure 4-4 PAs exposed to large proportions of climate zone shifts and high climate velocity. (a) Geographic
locations, IUCN management categories, countries and names of the 30 terrestrial PAs identified as PAs with
extremely high exposure risks. These PAs are expected to experience completely different climate zone distribution
and have mean velocities estimated larger than 1km yr* during this century. (b) Temporal patterns of percent area of
climate zone area change (% of PA area), forward and backward climate zone velocity means, and associated
attributes of PAs (size, latitude, elevation, terrain ruggedness index, human footprint, and species richness).

We perform an assessment of exposure risks for existing global terrestrial PAs by first examining
the spatial patterns of climate shifts based on protection and land use states of the origins and
destinations of climate velocities. Developed from the climatic relocation framework (Batllori et
al., 2017), the assessment uses climate zone velocities to identify locations where climates, and
potentially ranges of species, are redistributing within, among, outside, or inside the existing PA

networks, or into unprotected lands with human-dominated land-use, as well as locations facing

emergence of novel or disappearing climates.
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The redistribution patterns of climates by the end of the century reveal that a small fraction of
protected lands will have outgoing (forward) and incoming (backward) climates terminating
outside of the current PA networks (7.6% and 8.8% respectively) under the RCP8.5 (Table 4-
S4). Meanwhile, for 4.6% and 3.3% of projected lands, outgoing and incoming climates are
originating from the surrounding unprotected lands and shifting into the PA boundaries.
Additionally, 8.3% of global protected land area will encompass novel climates, with no
precedent same climate zone within a 1,000 km search radius, and 6.6% will be exposed to
disappearing climates. Climate zone shifts are more likely to occur within the protection limits of
PAs (25%) and only a small area percentage (1.4%) shifts among PA networks, when
connections between existing PAs can be promoted. The shifting climates may terminate in areas
with human dominated land use outside the PA unit, and into surrounding crop, pasture, range,
or urban land, posing increasing risks to species extinction and population decline(Newbold et
al., 2015). More than three fourths of the global terrestrial PAs, with a coverage of 12.3% of
global protected land area, will face threats from potential species movement into unprotected,

human modified lands by the end of this century (over 7.3% by mid-century) (Table 4-S8).

The PAs that are expected to have the whole area experiencing relocation of climate zones by the
end of this century and their mean velocity estimated to be larger than 1km yr-! are identified
(Figure 4-4). Located mainly in northern mid latitudes (50°N to 60°N) and southern low latitudes
(10°S to 20°S) in North America, Europe, Russia, Brazil, Africa, and Australia (Figure 4-4a),
these PAs are exposed to varied threats arising from climate relocated outside the PA network
into unprotected or degraded land, or disappearing or novel climates, and may have limited

opportunity if the relocation is within or among the PAs. We identify distinct temporal and
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spatial patterns of different exposure risks for these PAs (Figure 4-4b). The elevations and terrain
ruggedness index of the identified vulnerable PAs indicate general low topography complexity
within these PAs, meaning they are more likely located in lowlands, or plateau. Moreover, these

PAs are mostly biodiversity hotspots and have small sizes (Figure 4-4b).

Correlation analysis between climate zone shifts and PA characteristics suggests increased
vulnerability for terrestrial PAs. We find positive correlations of climate zone velocity with
elevation and terrain ruggedness (Figure 4-S4), implying that PAs exposed to larger climate zone
velocity are more likely to be high elevations with complex topography. Positive correlation
between biodiversity and climate zone velocity are found in South America, Africa, and Oceania,
indicating higher threats to biodiversity (Figure 4-S4). In addition, the first half of this century

showed stronger correlation of climate zone shifts with examined PA characteristics.
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4.3.3 Dynamic spatial prioritization for conservation
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Figure 4-5 Regional case study of the use of climate zone velocity results for conservation prioritization in
Yellowstone region. Boundaries of Yellowstone National Park (NP), Teton NP, Jedediah Smith Wilderness, Gros
Ventre Wilderness, North Absaroka Wilderness, Washakie Wilderness, Lee Metcalf Wilderness, and other
surrounding wilderness areas are outlined in red. Lines show climate zone velocities derived based on topographic
paths, with black dots marked as the destinations. Based on 1-km climate zone velocity metric, we categorize the
climate relocation patterns (results of Teton NP are shown as an example) using the length of velocity distance, the
extent to which velocity path traverses different climate zones (defined as climate exposure index), whether climates
are relocated within, among, inside or outside the PA networks (upper maps for results of Teton NP), which is
modified from the Batllori’s framework (Batllori et al., 2017). We also identify climate connectivity based on the
density and percentage of velocities starting in, ending in, and passing through the given cells (lower maps for
results of Teton NP). The method is adopted from Burrow’s approach of mapping velocity pattern to indicate
species distribution shifts (Burrows et al., 2014).

Our results can inform conservation planners to adaptively expand and conserve PAs over
multiple time steps, by incorporating climate-induced biological movement and rearrangement of

species assemblages in spatial prioritization. To provide a comprehensive example of the use of
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climate zone velocity for conservation prioritization, we present a regional case study for
Yellowstone region and surrounding wilderness (Figure 4-5). The region covers Yellowstone
National Park (NP), Teton NP, and surrounding wilderness areas, including North Absaroka
Wilderness, Washakie Wilderness, Lee Metcalf Wilderness, etc. Large proportion of these PAs
are projected to transition from polar (ET) and boreal cold summer (Dfc) climate zones to boreal
warm summer (Dfb) climate zones over the time frames of the study. Using climate zone
velocities, we first assess the spatial relocation patterns of climate velocities across the PA
networks to indicate varying threats for biodiversity that may reduce the conservation capacity
and undermine the effectiveness of existing PAs. For example, novel and disappearing climates
are potentially associated with aggregation and disaggregation of species assemblages (Garcia et
al., 2014; Williams et al., 2007; Williams & Jackson, 2007). Climate velocities traversing
different climate zones can impose higher exposure risks for sensitive species to track shifting
climates (Dobrowski & Parks, 2016), and velocities originating from one PA and terminating in
another can be prioritized for corridors linking existing PAs to assist climate-induced species

range shifts (Venter, 2014).

Additionally, we identify climate connectivity features to reveal different patterns of species
persistence and distribution shifts, and further identify priorities to promote connectivity. For
example, sources and sinks of climates may lead to decline of local species richness, and
increased local diversity with potential extinction for species with poor tolerance (Burrows et al.,
2014). Moreover, results of incoming (backward) climate shifts can indicate potential sources
and destinations of species colonization. High passage density can be suggested for biodiversity

corridors to advance connections for climate migrants. In general, our projections of climate
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shifts and exposure risk assessment can support future dynamic spatial conservation

prioritization to ensure climatic connectivity and conservation capacity for global PAs.

4.4 Discussion

Climate change is driving redistribution of species at unprecedented rates, increasingly reducing
the effectiveness of the spatially static PAs in conserving future biodiversity, which is concurred
in our results and other recent studies (Asamoah et al., 2021; Batllori et al., 2017; Elsen et al.,
2020; Hoffmann et al., 2019). We find that under the RCP8.5 scenario which current global
warming trajectory is more consistent with, 20% and 38% of global protected land area could
experience climatic conditions that correspond to different climate zones in the near-term and
long-term future respectively (18% and 20% under RCP2.6, 18% and 26% under RCP4.5, 18%
and 30% under RCP6.0). The changing rates of climate zone shifts are broadly consistent with
the dynamics projected under emission scenarios, with reduced rates under RCP2.6 and
heightened exposure rates under RCP8.5 (Figure 4-S5), which coincides with the relationship
between increasing pace of shifting climate zones and global warming found in the previous

study (Mabhlstein et al., 2013).

We identify additional threats from land use transition and find that 6% of global protected land,
mainly in Africa, is projected to undergo extensive human modification under RCP8.5 (1-2%
under other scenarios). The human-induced land use degradation, which can lead to habitat loss
and fragmentation, and impose dispersal barriers for species, may reinforce the climatic stress on
biodiversity. We also identify the displacement of climates into or originating from unprotected
surroundings with human dominated land use (crop, pasture, range, or urban land). Our results

reveal that climate zones are projected to shift into PA networks with origins in unprotected
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surroundings (4.6%, 6.1%, 6.9%, and 9.9% respectively). Moreover, climate zones are
redistributing outside PA networks (3.8%, 4.8%, 5.5%, and 7.6% respectively) and ending in
unprotected and human-dominated areas (Table 4-S4). In addition, we find a small fraction of
protected land area will face novel climate (3.7% under RCP2.6, 4.6% under RCP4.5, 5.1%
under RCP6.0, and 8.3% under RCP8.5) and disappearing climate (3.0%, 3.9%, 4.0%, and 6.6%
respectively), which are both more prevalent in the near future (2020-2049) (Table 4-S8) and for

PAs in northern and southern mid latitudes (Figure 4-2d).

These changes in climate zone distribution can alter the continuity of suitable climatic conditions
available for species to survive. Complementarily, climate zone velocities can indicate the paths
along which the species is required to move to track shifting climates across surrounding
topography. Climate zone velocity can be used not only to imply exposure risks and
opportunities for species range shifts, but also to help identify corridors, climate refugia, thus
guiding spatial prioritization of biodiversity conservation, restoration and connectivity for PA
networks (Brito-Morales et al., 2018; Burrows et al., 2014; Hamann et al., 2015). To enhance the
resilience of the PA networks to the anticipated redistribution of biodiversity, it is critical for
conservation planners to explicitly consider and address the spatiotemporal patterns of climate
shifts over the planning horizon and area. Our exposure risk assessment of the global terrestrial
PAs identifies PAs which will face substantial and rapid shifts in climates and will experience
changing patterns in present-day biodiversity, and thereby need more conservation efforts to
enhance adaptation when climate velocity may exceed the dispersal rates of most species
(Asamoah et al., 2021). These PAs are mostly located in mid latitudes of North America, Europe,
Russia, and Africa, across arid (B) and boreal (D) climate zones. Conversely, PAs exposed to

low climate velocity can provide potential local climate refugia and benefit from establishing
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corridors to support species migration and facilitate connectivity (Ackerly et al., 2010; Brito-

Morales et al., 2018; Dobrowski et al., 2021).

Based on climate velocity, other approaches quantifying exposure to different climates and other
topographic and anthropogenic factors along potential migration pathway (Carroll et al., 2018;
Dobrowski & Parks, 2016), assessing climate relocations patterns across PA networks(Batllori et
al., 2017), and categorizing features for climate connectivity (Burrows et al., 2014), have been
used in previous studies to develop adaptive PA conservation strategies in climate corridor
delineation or climate refugia identification. These coarse-filter approaches can be
complemented by fine-filter approaches, such as species distribution modeling to predict
climatically suitable habitats for individual species, to incorporate more biological information
(Jones et al., 2016; Tingley et al., 2014). As shown in the case study for conservation
prioritization, our forecasts based on climate velocity are adaptive and can be combined with
existing coarse-filter and fine-filter approaches to inform climate adaptation planning and

biodiversity conservation prioritization.

To interpret the climate zone velocity results and understand their implications for biodiversity,
there are a few issues to clarify. First, the temporal and spatial scales at which the velocity metric
is measured are critical and need to be considered to interpret the metric. The study uses 1-km
spatial resolution, given the finest available for global climate data and order of species dispersal
capabilities. Velocity values may increase substantially with coarsened resolutions and exhibit
transient decadal-scale variability (Dobrowski & Parks, 2016; Hamann et al., 2015). Long time
frames can ignore fine scale variations and coarse resolution can overlook microrefugia and

overestimate exposure risks (Garcia et al., 2014).
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Second, velocity is a measure of species exposure to climate change, which is generic across
species. The actual effects of climate change on biodiversity also depend on the species intrinsic
abilities to address the exposure risk to climate change and other interacting human-induced
threats. Altered availability of climatical suitable area, barriers created by human modifications
and habitat fragmentation (Bennie et al., 2013; Schloss et al., 2012), varied adaptative and
dispersal capacity of species can often result in delays and large variations in biological
responses of individual species (1.-C. Chen et al., 2011; Parmesan & Yohe, 2003). Time lags in
plant movement can further slow or impede the movements of species that depend on it for
habitat (Alexander et al., 2018; Corlett & Westcott, 2013). Moreover, species may not shift their
distribution under changing climate but tend to contract into suitable microrefugia within their

current range and maintain low-density isolated populations (Lenoir et al., 2017).

Lastly, the climate zones defined by Koppen-Geiger climate classification, used in velocity
calculation, have its limitations. Climate zones are distinguished based on thresholds and climate
shifts in regions above and below the thresholds cannot be well represented. Another limitation
is that other contributing factors such as wind, atmospheric CO2, and solar radiation are not
accounted for in the classification (H. E. Beck et al., 2018; Cui, Liang, & Wang, 2021; Mahlstein
et al., 2013). Despite these, Képpen-Geiger climate classification is a simple and effective
approach to integrate climatic variables and characterize climate zones and demonstrates

associations with distribution of biomes (Cui, Liang, & Wang, 2021).

Despite the considerations in coarse-filter climate velocity approach and limitations in climate
zone definitions, our study provides a fine-scale quantitative assessment of near, mid and long-
term climate change exposure for global terrestrial PAs. Our results highlight the varying

spatiotemporal patterns of climate zone shifts and implications for biodiversity conservation over
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multiple time steps. Shifts in climatic conditions and human-induced land-use degradation could
drive large-scale biodiversity changes and undermine the conservation effectiveness of PA
networks. To address the ongoing biodiversity crisis and achieve future conservation goals,
anticipating climate shifts and climate-induced biological movement is crucial to developing
strategic and adaptive PA conservation planning to ensure climatic connectivity and conservation

capacity.

4.5 Data and Methods

4.5.1 Climate classification data

We used the 1-km global dataset of historical and future Képpen-Geiger climate classification
(KGClim)(Cui, Liang, Wang, et al., 2021) to calculate climate zone velocity for contemporary
baseline (1970-2000) and future (2020-2049, 2040-2069, 2060-2089, and 2070-2099) epoches
for four RCPs (RCP2.6, 4.5, 6.0 and 8.5) (Table 4-S9). The Kdppen-Geiger climate classification
scheme used in KGClim dataset followed the classification criteria as described in Kottek et al.
(2006) and Rubel and Kottek (2010) which was first presented by Geiger (1961). The
classification characterizes climatic conditions based on warmth and aridity and distinguishes 30
climate types in tropical (A), arid (B), temperate (C), boreal (D), and polar (E) climate zones

(Table 4-S1).

Baseline (1970-2000) Képpen-Geiger climate classification map was derived based on the 30-
year averages of monthly surface air temperature and precipitation from 1-km WorldClim

Historical Climate Data V2 (Fick & Hijmans, 2017). WorldClim historical V2 used thin-plate
smoothing splines with elevation, distance to the coast and other satellite-derived independent

variables to interpolate climate data from 9,000-60,000 weather stations (Fick & Hijmans, 2017).
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KGClim future climate classification maps (2020-2049, 2040-2069, 2060-2089, and 2070-2099)
were derived based on CCAFS’s high-resolution (1-km) bias-corrected downscaled Coupled
Model Intercomparison Project Phase 5 (CMIP5) model simulations (Navarro-Racines et al.,
2020), which includes a total of 35 GCMs for RCP 2.6, 4.5, 6.0 and 8.5. CCAFS’s bias-corrected
and downscaled climate projections interpolated anomalies and applied the delta method to
baseline climates to correct the model biases (Navarro-Racines et al., 2020), which can
effectively reduce the bias effects from the threshold-based climate classification scheme (Hanf

etal., 2012).

Climate sensitivity among GCMs could lead to uncertainties in climate projections. GCMs with
large model biases exhibit discrepancies in Képpen climates as the Képpen scheme is very
sensitive to thresholds. To assess the sensitivity to GCMs, we used model projections from 16
GCMs to estimate climate zone velocity for the randomly selected 100 PAs to show the inter-
model variability in the metrics of climate zone shifts (Figure 4-S6). The KGClim dataset (Cui,
Liang, Wang, et al., 2021) used in our study selected the highest confidence climate class from
an ensemble of future climate maps generated by multiple model projections to develop the

future climate classification maps.

4.5.2 Protected area and land use data

We used the World Database on Protected Area (WDPA) (UNEP-WCMC and IUCN, 2021)
(https://www.protectedplanet.net/ accessed in June 2021) to delimit the global terrestrial
protected areas. WDPA dataset provides a complete and up-to-date source of information on
protected areas. First, we removed the PAs with marine coverage and excluded the PAs that are
not identified or assigned as IUCN categories I-VI. To facilitate processing, we excluded the

large PA in Greenland, Nationalparken I Nord-Og @stgrenland (area coverage=972,000 km?)
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and retained PA polygons with area larger than 10km?. We also dissolved overlapping polygons
with the same IUCN category to avoid duplicates. As some PAs consist of multiple polygons, we
used the unique ID WDPAID to identify each PA. Overall, our study included 22,681 terrestrial
PAs, covering 13.5 million km? (10.5% of land surface). The PA coverage of those with IUCN
categories la, Ib, I1, 11l and IV, whose main objectives are biodiversity conservation and have
strict management levels, is estimated to be 6.1% of global land, including 14,265 PAs. The
continental PA terrestrial coverage ranges from 5.7% (Asia) to 20.5% (Oceania) and some

countries in Europe, Americas and Oceania have higher PA coverage (Table 4-S11).

To identify the PA attributes that are associated with the PA vulnerability, we examined
correlations between metrics of climate zone shifts with PA characteristics of topographic
heterogeneity, human pressure, and biotic uniqueness. Topographic attributes of PAs, including
elevation and terrain ruggedness, will be extracted from the product of multiple topographic
variables(Amatulli et al., 2018). This product is based on 90m elevation data from the Shuttle
Radar Topography Mission (SRTM) and has a final resolution of 1km. The mean elevation of
PA indicates the geographical location of PAs in highland or lowland regions. The Terrain
Ruggedness Index (TR) is a measure of topographic heterogeneity, which can buffer climate
change effects on ecosystems (Ackerly et al., 2010). The human footprint of a PA will be
calculated using the 1-km human footprint data of 2009 (Venter et al., 2016), which comprises
multiple indicators of human impact on natural systems from in situ and remotely sensed data.
The irreplaceability of PAs is a measure of biotic uniqueness and quantifies the degree of overlap
among the ranges of species (Le Saout et al., 2013). We overlaid the aggregated density maps of

species occurrences from Global Biodiversity Information Facility (GBIF) for bird (n=14,788),
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mammal (n=20,867), reptile (n=19,501), and amphibian (n=9,541) species to quantify the

species richness for each PA.

The future land use projections that we used to identify threats from human-induced land
modifications, are from the Land-Use Harmonization (LUH2) project (Hurtt et al., 2020). LHU2
presents a set of harmonized land use scenarios for future projections at 0.25° x 0.25°
resolution(Hurtt et al., 2020). We used the annual gridded fractions of land-use states derived
from LUH2 v.2f dataset for 2020-2100 and four scenarios (RCP2.6 from IMAGE, RCP4.5 from
MESSAGEIix-GLOBIOM, RCP6.0 from GCAM, RCP8.5 from ReMIND-MAgPIE). We
considered land use states of managed pasture, rangeland, urban land, and cropland (all
functional groups) as human-dominated land use states. Land area undergoing land-use
transitions from primary and secondary land to human-dominated land use is identified to

estimate the level of human-induced modifications to terrestrial land within each PA.

4.5.3 Climate zone velocity calculation

We developed an analytical measure of climate zone velocity that conforms to climate-analog
velocity algorithms (Batllori et al., 2017; Carroll et al., 2018; Dobrowski et al., 2021; Heikkinen
et al., 2020). It aims to measure the exposure changes in bioclimatic conditions faced by a
species if the climate moves beyond the physiological tolerance of a local population. The
climate zone velocity allows calculation of both forward and backward velocities to represent
different change directions (Figure 4-1). The forward velocity indicates the distance from past
climate locations to the nearest site with the same present climate, reflecting the minimum path
that an organism must migrate to maintain constant climate conditions. The backward velocities
measure the distance from projected future climate cells back to analogous current climate

locations, reflecting the minimum path that a climatically adapted organism would have to
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migrate to colonize the site. The two forms of velocities can be calculated based on the nearest

distance between the climate types as follows,

{dist(AB)x ! }
_ I(kC(Apast)==kC(Bpresent))
VA (N)forward - Timelpresen[—pasﬂ (1)
{dist(AB) x L }
I(kc(Af ¢ )==kC(Bpresent))
Va(N)packwara = — )

Time|fyture—present|

where V,(N) is the velocity in site A and N as the searching area of a search radius (=1,000 km).
With the recent advances in efficient nearest-neighbor search algorithms(M. Berg et al., 2010),
global searches are computationally feasible for high-resolution raster datasets.

Time| ryrure-present| 1S the year number by subtracting the future-time year to the current-time
year. I() is the indicator function and returned 1 when the condition inside the parenthesis is
satisfied, otherwise returned 0. dist (AB) is the geographic distance between site A and B.

kc(Apyeure) is the Koppen climate type of site A at a future time.

Based on the origins and destinations indicated by climate zone velocity, we incorporated the 1-
km topographic surface to generate topographic paths and aggregated the climate zones velocity
for four future epochs to represent a continuous trajectory along which climate migrants track the
climatic conditions through time and space (Figure 4-S1b). The 1-km elevation data used in our
study was from Amatulli et al. (2018), which was derived from the aggregated elevation layers
from global 250 m GMTED 2010 (Danielson & Gesch, 2011), and transformed to 1 km spatial
grains using median of the values of grid cells within the aggregation window (4 x 4 cells)

(Amatulli et al., 2018).
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4.5.4 PA exposure risk assessment
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Figure 4-6. Conceptual framework to assess the spatial patterns of climate zone shifts in the global PA networks.

For each PA, we assessed the shifts of climate zones based on a) area projected to undergo shifts
of climate zones, b) direction and speed by climate zone velocity, and c) spatial patterns of
climate zone shifts in the PA network. To interpret these metrics and assess the effects on
conservation capacity of current PA networks, we categorized the spatial patterns of climate zone
shifts based on whether climates are relocated within, among, outside, inside the PA networks or
end in unprotected and human-dominated surroundings, and emergence of novel or disappearing
climate zones for the global terrestrial PAs (Figure 4-6) .The framework was modified from the
Batllori et al.(Batllori et al., 2017) For each focal cell, we determined the climate zone shift
patterns, including within (categorized as “within”), outside (categorized as “outside”), into the
given PA, among the PA network, into the disturbed area, disappearing climate, novel climate
(categorized as ‘Within’, ‘Outside’, ‘Inside’, ‘Among’, ‘Disturbed’, ‘Disappearing’, and ‘Novel’
respectively). For each category, we quantified the area change in climate zones and climate
zone velocity for each future epochs (2020-2049, 2040-2069, 2060-2089, and 2070-2099) under
four RCP scenarios (See Fig. 4b for the 30 terrestrial PAs identified with extremely high

exposure risks).
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4.6 Supplementary Materials
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Figure 4-S1 Comparison of velocity algorithms and example results of climate zone velocity. (a) location and [JUCN
category of the Selway-Bitterroot Wilderness in the United States. (b) Climate velocities derived from three
different approaches—dotted line showing climate velocity based on Euclidean distance and one future period,
dashed line for climate velocity based on topographic paths, and solid line for climate velocity based on topographic
paths and multiple future time frames, which is used in this study. (c) Temporal variations in climate velocities,
which are largely overlooked by the first two velocity approaches. (d) Elevation and climate profiles of the climate
velocities. The nearest pixel with the same climate class for a mountaintop is often found on an adjacent mountain
top. In mountainous regions like this, traditional climate velocities show a general pattern of low values. In
summary, Our climate velocity algorithm can benefit from the integrated biological information incorporated in the
climate classes, finer temporal scale, and the use of topographic paths to approximate realistic biological
movements. (e) Results of one protected area—the Selway-Bitterroot Wilderness. Lines show climate velocities
with black dots marked as the trajectory destinations.
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Figure 4-S2 Time frame of projected climate zone shifts within the global terrestrial PAs (RCP8.5). Time frame of the climate zone shifts is estimated with a start
30-year and a end 30-year from periods of 1970-2000 (1980s), 2020-2049 (2030s), 2040-2069 (2050s), 2060-2089 (2070s), and 2070-2099 (2080s). The time
frame of climate zone shifts of most of the PAs around the world are expected to cover the whole century.
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Figure 4-S3 Correlations between climate zone velocity and area percent with projected climate zone shifts

(RCP8.5)

Climate zone shifts (% of PA area)

Backward climate velocity (km/yr)

g

=016, p<2.2e-16
A=0:17, p<2.2e-16
R=0.18, p<2.2e-16
R=0.22, p<2.2e-16

~
v

&

n
v

) Forward climate velocity (km/yr)

R=0.29, p<22e-16
R=0.24, p<22e-16
R=027, p<22e-16
R=0:18; p<2.2e-16

Forward climate velocity (km/yr)

Climate zone shifts (% of PA area)

75

C/R=0

3.p<22e-16
+ F=0.35-p<22¢-16
s A< 039, p<2.2e-16

0.1 1
Backward climate velocity (km/yr)

10

121



Latitude Elevation TRI Biodiversity HFP

(b) Area

Latitude Elevation TRI Biodiversity HFP

Area

Future 2030s 2050s 2070s 2080s

EIVELTe)
BOWY

BOLIBWY YINOS
BOLBWY YLON
adoing

BISY

[EQOIS)

B|UR200
BouY

BOLBWY YINOS
BOLISWY YLON
adoing

BISY

[EQOID)

BlUBA0D)
eoLyY

eoUBWY YINOG
BOUSWY YLON
adoing

BISY

[eqoj9

BlUB20()
oY

eoUBWY YINOG
BILIBWY YON
adoing

BISY

[EQOID

BIUEBBDQO
BOLY
BOUBWY YINOS
BOLBWY YLION
adoing

BISY

[EQOID

BIUEADQ

B0y

BOLBWY YINOG
BoLaWY YON
adoing

eIsy

[qo19

B 4 e pe sk pe s ian ban weh aeh "
wer v e pe mm ool x rrr rr wew wws wwm o e
Ns ns pe T ps T www ve v e wen e

0.0 = mr———rrrpy)
0.2 =

Os0s ns * ns

TI T T rrr

#‘“J’

S4 Correlations of PA characteristics with (a) climate zone shifts and (b) climate zone velocity (RCP8.5). Asterisks represent the level of significance

04 -
2
0.0 =
_02 -
0.4 =
0.2 =
0.0 =
0.2 -
0.4 -
0.0 =
-02 =
0.4 =
0.2 -
0.0 =
2
0.4 =
0.2 =

SonSBaIIRIRYY Vg

BlUBADQD
BOLY
BOLAWY YINOS
BOLBWY YLON
adoing

BISY

[eqon

ns *** ns ns

0
;s

BIUBSDO
ey

BOUBWY YINOS
BOlBWY YLON
adoing

BISY

[eqoin

e

* nsong * 0z
TfrrrTrri7r

BlURSOD

BOUY

BOUBWY YINOS
BOUSWY YLON
adoing

.
TrTrrrori@®

BlURSOD

BOLNY

BOUBWY YINOS
BOUAWY ULON
adoing

BISY

[eGo1D

0508 08 08 " 08 08

08

§ | euesop
-+ BOY
4+ BOLBWY YINOS
BOLBWY YLON
| 3 adoing
10— BISY
[eqei

=g e ] e
—==fge | | e

"

ra pa " s s
ns ns

BIUBAD()
BOLY
BOLBWY UINos
BOUBWY YHON
adoing
BISY

== [eq0I9

SOUSUOIILIBYD Y

| i
i i

o
s 9
(1) JuBKoYE00 UOREIBIOD

""M—-“-I”-*-I—---Ir'--u-"-l-n—

04 =
02 =
0.2 =

-
u?
s g

0.4 -
02 -
0

T
o T o . o
s g s © S o

02 -

04
02
0.0

122

ns” for non-significant (p > 0.05) correlation)

113

#kp < 0.001,

based on t-test accounting (*p < 0.05, **p <0.01,

Figure 4



RCP4.5 RCP6.0 RCP8.5

RCP2.6

Velocity Within Qutside Inside Among Disturbed Novel Disappearing
=Y
!
- oS o c o o = S - = 9 - o 9orh0d"S g5 oo
o o o O O - O O O

(reah Jad wry) Ayoolep

(epeoep Jad eaie pue| paoslold 9,) SYIUS BUOZ aeLW||D }

=]

sejey

6602-0.02
6802-090¢

690¢-0v0e

6¥02-020¢
660¢-0.0¢
6802-090¢

6902-0¥02

67020202
6602-040¢
680¢—090¢

6902-0¥0¢

6¥0¢—-020¢
6602-0.02
680¢—-090¢

690¢-0v0e

6¥0¢-020¢
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Figure 4-S6 Sensitivity of PA-level climate zone relocation and mean climate velocity to CMIP5 GCMs. X marks
indicate the climate zone relocation and mean climate velocity results based on climate classification maps derived
from individual GCMs. Black dots indicate the results presented in the main article, which are based on the climate
classification maps with the highest confidence level using multiple CMIP5 GCMs. The scenario is RCP8.5 and the
50 PAs are randomly selected.
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Table 4-S1 Criteria of the Kdppen-Geiger climate classification with temperature in °C and precipitation in mm.

1st 2nd 3rd Description Criterion
A Tropical Not (B) & Tcol>18
f - Rainforest Pdry>60
m - Monsoon Not (Af) & Pary>100-MAP/25
w - Savannah Not (Af) & Pary<100-MAP/25
B Arid MAP<10%Pthreshold
w - Desert MAP<5XPthreshold
S - Steppe MAP>5xPthreshold
h -- Hot MAT>18
k -- Cold MAT<18
C Temperate Not (B) & Thot>10 & -3 <Tcold<18
w - Dry winter Pwdry<Pswet/10
S - Dry summer Not (W) & Psary<40 & Psary<Puwwet/3
f - Without dry season Not (s) or (w)
a -- Hot summer Thot>22
b -- Warm summer Not (2) & Tmon10>4
c -- Cold summer Not (a or b) & 1<Tmon10<4
D Boreal Not (B) & Thot>10 & Teor<-3
w - Dry winter Puwdry<Pswet/10
s - Dry summer Not (W) & Psary<40 & Psdry<Puwwet/3
f - Without dry season Not (s) or (w)
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) & Tcols<-38
E Polar Not (B) & Thot<10
T - Tundra Thot>0
F - Frost Thot<0

MAT = mean annual air temperature (°C); Tcold = the air temperature of the coldest month (°C); Thot =the air temperature of the
warmest month (°C); Tmon10 = the number of months with air temperature >10 °C; MAP = mean annual precipitation (mm

y1); Pary = precipitation in the driest month (mm month™); Psary = precipitation in the driest month in summer (mm

month™); Pwary = precipitation in the driest month in winter (mm month™); Pswet = precipitation in the wettest month in summer (mm
month™); Pwwet = precipitation in the wettest month in winter (mm month™); Ptnresnold=2xMAT if >70% of precipitation falls in
winter, Pinreshold=2xMAT+28 if >70% of precipitation falls in summer, otherwise Pinreshold=2xMAT+14.
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Table 4-S2 Recent studies applying local climate velocity or climate analog velocity

Reference Veloglty Research topic Spatial Res. Data Periods Scenario
algorithm coverage
Dobrowski et Local climate Species exposure to North 1981-2010,
al., 2013 velocity climate change America Skm 12 CMIPS GCMs 2071-2100 RCP8.5
Burrows et Local climate tf;'.r:ci;erv‘:r?g'gimate Global land HadISST, CRU,  1960-2009, RCP4.5,
al., 2014 velocity jectory and ocean CSIRO ACCESS1.0 2006-2100 RCP8.5
connectivity
Ordonez et Local climate Species exposure to 2001-2011 RCP26,
: P P us 10km  CMIP5 GCMs ' RCP6.0,
al., 2014 velocity climate change 2041-2051
RCP8.5
. Climate .
Batllori et al., PA exposure to climate  US PA 1981-2010,
2017 analog change network Lkm MPI-ESM-LR 2071-2100 RCP8S
velocity
Climate
Carroll et al., . L North 1981-2010,
2018 analog Climate connectivity America 5km 15 CMIP5 GCMs 2071-2100 RCP8.5
velocity
Heikkinen et ;:;T;a;e PA exposure to climate  Finland PA  50m,  ECA&D, 23 CMIP5 1981-2010, Eggi'g’
al., 2020 velocity change network 1km GCMs 2077-2099 RCPS 5
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Table 4-S3 Summary of climate zone velocity, percent area of climate zone and human-induced land modifications within global PAs

Climate zone velocity (Median (IQR)) (km yr-1)

Climate zone and human-dominated land use changes (% of

PA)
1980s to 2030s 2030s to 2050s 2050 to 20705 207051020805 198051020305  Z9o0s 0 20508 0 20708 1o
Forward Backward Forward Backwar Forward Backwar Forward Backward Clzig:gte glzi(rmet Luir;d glzig?et Lu?ed Slzignnag Lu"’}sréd
BRCP2' 0.2(0.59) 0.2(0.75) 0.1(0.19) 0.12(0.25) 0.12(0.22) 0.11(0.21) 0.15(0.39) 0.13(0.38) 17.6% 33% 01% 26% 03% 23% 0.4%
?CP“' 0.19 (0.55) 0.19 (0.64) 0.17 (0.48) 0.22 (0.76) 0.14 (0.35) 0.16 (0.43) 0.13(0.37) 0.15(0.45)  18.3% 6.9% 09% 54% 05% 25%  0.2%
(F;CPG' 0.2(059) 0.19(0.7) 0.5(0.37) 0.16(0.52) 0.2(0.56) 0.27 (0.92) 0.19 (0.63) 0.24 (0.93) 17.7% 6.7% 09% 88% 04% 50% 0.1%
ECPS' 0.21(0.57) 0.21(0.68) 0.23 (0.67) 0.28 (0.99) 0.23(0.6) 0.3(0.92) 0.25(0.88) 0.31(L17)  20.2% 118% 18% 12.1% 24% 63% 15%
IUCN categories (RCP8.5)
o -1 0.19 (0.58) 0.19 (0.58) 0.22 (0.76) 0.22 (0.76) 0.19(0.5) 0.19(0.5) 0.19(0.62) 0.19 (0.62) 22.0% 138% 22% 13.6% 3.1% 6.8% 1.9%
« III-VI 0.22 (0.56) 0.22 (0.56) 0.24 (0.61) 0.24 (0.61) 0.28 (0.69) 0.28 (0.69) 0.31(1.11) 0.31(1.11) 18.9% 103% 15% 109% 18% 5.9% 1.2%
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Table 4-S4 Summary of velocity within global PAs by RCP scenario, climate zone and species by 2100

Climate zone velocity (km yr-1)

Climate zone change (% of global PA area)

Forward Backward Forward Backward
Disapp
Scenarios Mean Median Mean Median | Within  Outside  Inside earing Within ~ OQutside  Inside Novel
RCP2.6 0.45 0.16 0.70 0.16 12.5% 3.8% 4.6% 3.0% 13.1% 4.3% 3.3% 3.7%
RCP4.5 0.50 0.17 0.62 0.19 17.3% 4.8% 6.1% 3.9% 18.1% 5.6% 5.0% 4.6%
RCP6.0 0.57 0.19 0.72 0.21 19.8% 5.5% 6.9% 4.0% 20.8% 6.3% 5.8% 5.1%
RCP8.5 0.64 0.22 0.79 0.25 25.0% 7.6% 9.9% 6.6% 24.6% 8.8% 7.4% 8.3%
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Table 4-S5 Summary of velocity, climate zone and land use changes within global PAs by continent/country (RCP8.5)

Climate zone velocity (Median (IQR)) (km yr?)

Climate zone and human-dominated land use changes (% of PA area (% of global PA

area))

ggﬂ;‘{‘r‘;m/ 1980s to 20305 2030s to 2050s 2050s to 2070s 2070s to 20805 lggggsto 2030s to 20505 2050s to 20705 2070s to 20805

Forward Baclgwar Forward Bacl(;war Forward Bacl(;war Forward Bacl(;war Climate Climate Land use Climate Land use Climate Land use
- Africa 0.37(0.92) 0.34(0.9) 046(1.38) 041(111) 025(053) 0.22(041) 031(0.88) 028(0.69) | 15% (3%) 6% (1%)  10% (2%) 5% (1%)  13% (2%) 3% (0%) (?'izf;)
- Asia 012(0.17) 013(0.39) 014(0.3) 0.14(0.48) 0.14(0.34) 0.16(0.62) 017(0.52) 0.2(0.81) | 19% (2%)  11% (1%) (8'%;) 11% (1%) (8"1‘% 6% (1%)  0.3% (0%)
- Russia 047 (1.33) 0.61(147) 032(0.78) 044 (1.08) 043(1.15) 057(1.39) 053(2.1)  0.7(2.23) | 39% (4%)  20% (2%) 0% (0%)  22% (3%) 0% (0%)  12% (1%) 0% (0%)
« Europe 029(094) 032(L15) 025(0.63) 032(0.95) 029(0.79) 041(112) 035(L39) 0.48(L73) | 36% (6%) 20% (3%) 0.1% (0%)  23% (4%)  0.2% (0%)  13% (2%)  0.1% (0%)
:Alr‘]n‘;‘":il;a 0.15(0.36) 0.15(0.44) 023(0.87) 036(159) 023(059) 029(101) 0.19(058) 021(0.9) | 30% (5%) 21% (4%) 0.2% (0%)  21% (4%) 0.1% (0%) 9% (2%)  0.1% (0%)
'Sg:’el;ed 012(02) 012(0.25) 0.15(0.34) 0.17(0.54) 0.19(0.48) 0.24(1.09) 0.11(0.28) 0.14(05) | 30% (3%)  22% (2%) 0.3% (0%) 23% (2%) 0.1% (0%) 9% (1%) 0% (0%)
- Canada 027(0.82) 0.26(1.16) 0.61(1.95) 1.19(3.1)  0.33(0.8) 0.4 (1) 04(111)  0.45(L81) | 32% (2%)  25% (2%) 0% (0%)  23% (2%) 0% (0%)  10% (1%) 0% (0%)
» Oceania 0.22 (0.46) 0.34 (0.77) 0.39 (0.93) 0.26 (0.56) 0.25 (0.45) 0.27 (0.6) 0.22 (0.55) 0.21 (0.5) 16% (2%) 7% (1%) 0.2% (0%) 5% (1%) 0.1% (0%) 2% (0%) 0.1% (0%)
:A?T(l);"[lk(lla 0.17 (0.36) 0.14 (0.27) 0.17 (0.37) 0.16 (0.37) 0.2 (0.43) 0.24 (0.65) 0.22 (0.58) 0.28 (0.84) 10% (2%) 5% (1%) 0.1% (0%) 6% (1%) 0.1% (0%) 4% (1%) 0% (0%)
- Brazil 017(0.22) 0.21(0.35) 0.24(0.45) 022(0.46) 028(0.5) 0.35(0.76) 0.39(0.93) 058(1.52) | 7% (1%) 4% (1%)  0.1%(0%) 5% (1%)  0.2% (0%) 4% (1%)  0.1% (0%)

129



Table 4-S6 Summary of velocity, climate zone and land use changes within global PAs by IUCN category (RCP8.5)

Climate zone velocity (Median (IQR)) (km yr?)

Climate zone and human-dominated land use changes (% of PA area (% of global PA

IUCN area))

Categ 1980s to 2030s 2030s to 2050s 20505 to 2070s 2070s to 2080s 1333;;" 2030s to 20505 2050s to 2070s 2070s to 2080s
o Forward  Backward  Forward  Backward  Forward  Backward  Forward  Backward | Climate Climate Land use Climate Land use Climate Land use
1l | 019(058) 0.19(058) 022(076) 022(0.76) 0.19(05)  019(05) 019(0.62) 0.19(0.62) | 22%(9%)  14% (6%) (g'.gz//z) 14% (6%) (ﬁ‘;//:’)) 7% (3%) (é:g‘c’;‘;)
-la | 053(167) 049(148) 02(054) 03(0.78) 021(048) 048(1.42) 02(05)  031(L17) | 21%(1%)  12% (1%)  0.5% (0%) 14%(1%) 0% (0%) 7% (0%) 0% (0%)
b | 014(0.38) 018(068) 023(077) 044(1L88) 018(0.41) 018(0.63) 0.17(048) 02(0.82) | 31%(3%)  22%(2%)  02%(0%)  19% (2%) 0% (0%) 9% (1%) 0% (0%)
S| 007043 015(04)  022(08) 024(10D) 02(056) 024(076) 021(076) 027(L1T) | 1% (W)  LNE%W)  ghe  12%EW  ghe  6%@W)  01%(0%)
;/IIH' 022(056) 0.22(056) 0.24(0.61) 024(061) 028(069) 028(069) 031(L11) 031(L11) | 19% (11%)  10% (6%) ((1]'.32//2) 11% (6%)  18% (1%) 6% (3%) ((1)"3‘;’))
ST | 01(009) 008(01) 016(025) 012(02) 015(025) 0.11(0.22) 02(048)  019(04) | 16%(0%) 7% (0%)  11%(0%) 6% (0%)  0.1%(0%) 3% (0%) 0% (0%)
SIV | 019(0.41) 0.23(0.63) 022(05) 025(0.72) 027(061) 041(1.26) 0.22(0.66) 037(L3) | 20%(3%)  15% (2%) ((1]'.‘2‘2//2) 16% (2%) (é'é‘;‘:) 7% (1) (81132)
-V | 016(022) 015(03) 019(042) 021(0.63) 019(038) 0.25(0.68) 02(055)  022(0.73) | 22% (2%)  14% (1%) (8:2‘(’,//2) 15% (2%)  0.4% (0%) 8% (1%)  0.2% (0%)
VI | 036(097) 041(115) 034(088) 033(0.89) 041(L12) 042(L06) 0.62(207) 05(16) | 17%(5%) 7% (2%)  01%(0%) 7% (%) 0% (0%) 5% (1%) 0% (0%)
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Table 4-S7 Summary of velocity within global PAs by RCP scenario, climate zone and species

Climate zone velocity (Median (IQR)) (km yr?)

1980s to 2030s 2030s to 2050s 2050s to 2070s 2070s to 2080s

Forward Backward Forward Backward Forward Backward Forward Backward
RCP2.6 0.2 (0.59) 0.2 (0.75) 0.1 (0.19) 0.12 (0.25) 0.12 (0.22) 0.11 (0.21) 0.15 (0.39) 0.13 (0.38)
RCP4.5 0.19 (0.55) 0.19 (0.64) 0.17 (0.48) 0.22 (0.76) 0.14 (0.35) 0.16 (0.43) 0.13 (0.37) 0.15 (0.45)
RCP6.0 0.2 (0.59) 0.19 (0.7) 0.15 (0.37) 0.16 (0.52) 0.2 (0.56) 0.27 (0.92) 0.19 (0.63) 0.24 (0.93)
RCP8.5 0.21 (0.57) 0.21 (0.68) 0.23 (0.67) 0.28 (0.99) 0.23 (0.6) 0.3(0.92) 0.25 (0.88) 0.31(1.17)
Major climate zones (RCP8.5)
« Tropical 0.15 (0.18) 0.19 (0.4) 0.19 (0.34) 0.22 (0.65) 0.24 (0.45) 0.23 (0.56) 0.29 (0.69) 0.22 (0.63)
* Arid 0.25 (0.55) 0.28 (0.68) 0.35 (0.93) 0.27 (0.6) 0.26 (0.53) 0.27 (0.62) 0.34(0.9) 0.34 (0.92)
+ Temperate 0.15 (0.28) 0.1(0.17) 0.17 (0.44) 0.13 (0.39) 0.16 (0.32) 0.17 (0.53) 0.18 (0.48) 0.19 (0.66)
* Boreal 0.25 (0.71) 0.28 (1.07) 0.29 (0.91) 0.44 (1.47) 0.27 (0.73) 0.41 (1.27) 0.29 (1.23) 0.42 (1.69)
« Polar 0.21 (1) 0.09 (0.06) 0.13 (0.32) 0.08 (0.07) 0.24 (0.89) 0.1 (0.09) 0.1(0.33) 0.06 (0.08)
Species (RCP8.5)
» Amphibian 0.14 (0.22) 0.12 (0.23) 0.18 (0.5) 0.17 (0.57) 0.17 (0.38) 0.19 (0.53) 0.19 (0.51) 0.19 (0.63)
« Ave 0.17 (0.38) 0.16 (0.44) 0.21 (0.57) 0.23 (0.84) 0.2 (0.48) 0.24 (0.76) 0.2 (0.59) 0.22 (0.84)
« Mammal 0.15 (0.28) 0.14 (0.33) 0.19 (0.57) 0.2 (0.77) 0.18 (0.41) 0.21 (0.66) 0.19 (0.52) 0.19 (0.65)
* Reptile 0.15 (0.26) 0.15 (0.33) 0.21 (0.56) 0.19 (0.56) 0.18 (0.38) 0.18 (0.49) 0.2 (0.56) 0.19 (0.63)
« Amphibian 0.14 (0.22) 0.12 (0.23) 0.18 (0.5) 0.17 (0.57) 0.17 (0.38) 0.19 (0.53) 0.19 (0.51) 0.19 (0.63)
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Table 4-S8 Patterns of forward climate zone velocities in PA networks. Values in parentheses are based on backward velocities.

Total area (% of PA area)

PA level (% of PASs)

Scenario

Type 1980s to 2030s to 2050s to 2070s to 1980s to 2030s to 2050s to 2070s to

2030s 20505 2070s 2080s 20305 20505 2070s 2080s

Within  9.9% (9.8%) 2.7% (2.5%) 2.2% (2.0%) 2.0% (L8%) 34% (31%) 29% (27%) 27% (25%) 26% (24%)

Outside  3.6% (3.3%) 0.4% (0.4%) 0.3% (0.3%) 0.2% (0.2%) 33% (32%) 23% (21%) 20% (19%) 18% (17%)

Inside  4.0% (2.8%) 0.4% (0.5%) 0.3% (0.3%) 0.3% (0.3%) 28% (29%) 20% (22%) 20% (17%) 17% (16%)

RCP2.6  Among  0.6% (0.5%) 0.1% (0.1%) 0% (0.1%) 0% (0%)  11% (11%) 6% (6%) 5% (5%) 4% (5%)
Disturbed 5.6% 0.7% 0.6% 0.5% 69% 43% 39% 36%
Novel 3.7% 0.1% 0% 0% 16% 2% 2% 1%
Disappearing 3.0% 0% 0% 0% 22% 2% 1% 1%

Within 102% 5105 (4.8%) 4.29% (3.9%) 2.0% (1.9%)

(10.1%) 34% (31%)  32% (30%) 31% (30%)  27% (26%)

Outside  3.8% (3.2%) 1.1% (1.0%) 0.7% (0.7%) 0.3% (0.3%) 33% (32%) 28% (27%) 27% (30%) 20% (25%)

Inside  4.4% (2.9%) 1.1% (1.2%) 0.8% (0.8%) 0.3% (0.3%) 28% (30%) 25% (27%) 23% (260%) 18% (18%)

RCPAS  Among  0.5% (0.5%) 0.1% (0.2%) 0.1% (0.1%) 0% (0.1%) 11% (11%) 8% (8%) 7% (%) 5% (5%)
Disturbed 6.4% 1.9% 1.3% 0.5% 76% 62% 55% 41%
Novel 4.0% 0.5% 0.3% 0% 18% 6% 4% 1%
Disappearing 3.5% 0.3% 0.2% 0% 23% 5% 4% 1%

Within  10.0% (9.8%) 4.9% (4.7%) 6.1% (5.7%) 4.0% (3.7%) 34% (31%) 31% (31%) 32% (31%) 31% (30%)

Outside  3.6% (2.9%) 1.0% (0.9%) 1.4% (1.4%) 0.7% (0.6%) 33% (32%) 29% (27%) 30% (30%) 27% (25%)

Inside  4.1% (2.7%) 1.1% (1.1%) 1.6% (1.5%) 0.7% (0.7%) 28% (29%) 24% (27%) 26% (28%) 24% (25%)

RCP6.0  Among  0.49% (0.3%) 0.1% (0.1%) 0.2% (0.1%) 0.1% (0.1%) 11% (9%) 8% (6%) 9% (7%) 7% (6%)
Disturbed 5.2% 1.8% 1.9% 1.0% 66% 53% 51% 41%
Novel 3.7% 0.6% 0.9% 0.2% 16% 6% 8% 3%
Disappearing 3.3% 0.3% 0.5% 0.2% 22% 5% 7% 4%

Within 10.5% 7 506 (7.0%) 7.6% (7.8%) 4.9% (4.6%)

(11.3%) 34% (31%) 32% (31%) 32% (31%)  32% (30%)

Outside  4.4% (3.5%) 2.0% (2.0%) 2.3%2.0%) 1.0% (1.0%) 33% (32%) 31% (30%) 31% (31%) 29% (27%)

RCPES  nside  5.20 (4.6%) 2.2% (2.1%) 2.3% (2.2%) 1.0% (1.0%) 29% (30%) 26% (29%) 26% (29%)  25% (26%)
Among  0.6% (0.5%) 0.4% (0.3%) 0.3% (0.3%) 0.2% (0.2%) 11% (11%) 10% (10%) 11% (10%) 9% (8%)
Disturbed 7.3% 3.2% 3.6% 1.4% 7% 67% 67% 59%
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Novel 5.0% 2.2% 1.9% 0.3% 20% 13% 13% 5%

Disappearing 4.0% 1.6% 1.4% 0.3% 25% 12% 13% 6%
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Table 4-S9 Data description

Data Name Reference Res. Temporal Scenario
span S
Climate classification Historical and future Koppen-Geiger Cuietal., 2021 1km 1970-2000 RCP2.6
maps climate classification maps (KGClim) 2020-2049 RCP4.5
2040-2069 RCP6.0
2060-2079 RCP8.5
2070-2099
Land use Land-Use Harmonizaltion2 (LUH2) v2f Hurtt et al., 2020 0.250 2020-2100 RCP2.6
RCP4.5
RCP6.0
RCP8.5
Terrestrial protected World Database on Protected Area (WDPA) UNEP-WCMC and Polygon Present
areas IUCN, 2021
Elevation and terrain Global 1km topography Amatulli et al., 1km Present
ruggedness 2018
Human footprint Global terrestrial Human Footprint maps for  Venter etal., 2016  1km 1993-2009
1993 and 2009
Biodiversity Species occurrence records from Global GBIF, 2021 Point 1970-2020

Biodiversity Information Facility (GBIF)
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Table 4-S10 CMIP5 GCMs used to conduct sensitivity analysis

Model

Institute

BCC-CSML1.1
BCC-CSM1.1(m)
CCCMA-CanESM2

CESM1-CAM5

CSIRO-Mk3.6.0

FIO-ESM
GFDL-CM3
GFDL-ESM2G
GISS-E2R
IPSL-CM5A-LR

MIROC-MIROC5

MOHC-HadGEM2-ES
MRI-CGCM3
NCAR-CCSM4
NCC-NorESM1-M

NIMR-HadGEM2-AO

Beijing Climate Center, China Meteorological Administration

Beijing Climate Center, China Meteorological Administration

Canadian Centre for Climate Modeling and Analysis

National Science Foundation, Department of Energy, National Center for
Atmospheric Research

Queensland Climate Change Centre of Excellence and Commonwealth
Scientific and Industrial Research Organization

The First Institute of Oceanography, State Oceanic Administration, China
NOAA Geophysical Fluid Dynamics Laboratory

NOAA Geophysical Fluid Dynamics Laboratory

NASA Goddard Institute for Space Studies USA

Institut Pierre Simon Laplace

University of Tokyo, National Institute for Environmental Studies and Japan

Agency for Marine-Earth Science and Technology
UK Met Office Hadley Centre

Meteorological Research Institute
US National Centre for Atmospheric Research
Norwegian Climate Centre

National Institute of Meteorological Research and Korea Meteorological
Administration
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Table 4-S11 PA terrestrial coverage and numbers by continents, country, and IUCN

categories
PA coverage (% of land) Number of PAs
Continent/Country
o Africa 7.9% 1,037
* Asia 5.7% 2,841
- Russia 9.6% 1,922
* Europe 10.4% 7,481
* North America 10.6% 6,951
- United States 13.5% 4,698
- Canada 9.7% 1,471
* Oceania 20.5% 2,563
« South America 17.9% 1,834
- Brazil 19.6% 779
IUCN Category
e la 0.6% 1,390
*Ib 1.0% 2,062
o 11 3.0% 3,589
« 11 0.1% 1,355
IV 1.5% 5,869
(Y% 1.1% 6,125
* VI 3.2% 2,324
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Chapter 5: Conclusion

5.1 Major findings

This dissertation identified the spatiotemporal patterns of global climate zone shifts and potential
biodiversity redistribution using a suite of fine-scale velocity metrics, which were developed
based on the new 1-km climate classification dataset (KGClim) and species distribution model
(SDM) predictions. Moreover, this dissertation demonstrated the use of velocity metrics for
assessment of species exposure to climate change and assessment of vulnerability of protected
areas (PAs), and highlighted incorporation of climate zone shifts and biodiversity redistribution
into conservation planning to enhance the effectiveness of global PAs and develop strategic and

adaptive PA conservation approaches.

Chapter 2 provided a comprehensive insight into the changes in global Kdppen climate zones.
This chapter summarized the advancements and limitations of climate zone definitions and
assessed the available climate classification map products. Recent detection and assessment
studies on observed and projected climate zone changes were assessed and summarized.
Previous findings show that the recent accelerated global warming since the 1980s has led to
large-scale shifts in macro climatic conditions over approximately 5.3-5.7% (7.9-8.5 million
km2) of the total land area. During the 21st century, 13—20% (19.6-29.8 million km2) of the
total land area is projected to undergo climate zone changes under the high-emission RCP8.5
scenario. The arid and hot climates in the tropics and subtropics are expected to expand
worldwide into the large areas of the middle and high latitudes, which is potentially linked to the

intensification of the global hydrologic cycle. Driven by increased warming in the Arctic, high-
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latitude climates are projected to shift poleward, leading to a significant area shrinkage.
However, due to the large model uncertainties, the detectability of significant climate zone
changes through observations and projections, the rate and time of the changes, and their causes
remain unclear. This chapter identified the research gaps and proposed directions for future

research.

Chapter 3 developed a series of 1 km Koppen—Geiger climate classification maps (KGClim) for
six historical periods in 1979-2013 and four future periods in 2020-2099 under RCP2.6, 4.5, 6.0,
and 8.5, to fulfill the need for improved historical and future global climate maps with long-term
temporal coverage and accurate depiction of fine-grained bioclimatic conditions. The historical
maps were derived from multiple downscaled observational datasets, and the future maps were
derived from an ensemble of bias-corrected downscaled CMIP5 projections. In addition to
climate classification maps, the dataset includes 12 bioclimatic variables at 1 km resolution,
providing detailed descriptions of annual averages, seasonality, and stressful conditions of
climates. The new maps offer higher classification accuracy than existing datasets and
demonstrate the ability to capture recent and future projected changes in distribution of climate
zones. On regional and continental scales, the new maps show accurate depictions of topographic
features and correspond closely with vegetation distribution. This KGClim dataset can be used in
conjunction with SDMs to promote biodiversity conservation and to analyze and identify recent
and future changes in climate zones on a global or regional scale. The dataset is publicly

available via http://glass.umd.edu/KGClim.

Chapter 4 presented a new velocity measure with fine spatial scale (1-km) based on Képpen-
Geiger climate classes to assess exposure risks of global PAs and examine patterns of climate

zone shifts for four future periods (2020-2049, 2040-2069, 2060-2089, 2070-2099) based on four
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RCPs (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) with a baseline period of 1971-2000. The
research identified the PAs projected to undergo shifts of climate zones of great magnitude and
quantified additional threats from human-induced land modifications for global PAs. Lastly, this
research presented a case study to integrate climate shifts in PA prioritization scheme to inform
future climate adaptation planning and biodiversity conservation. Based on the results, 38% of
global protected land in more than three fourths of global terrestrial PAs could undergo climate
zone shifts at accelerating rates during the remainder of this century under RCP8.5. Moreover,
protected lands are experiencing heightened climate change exposure from novel (8.3% of global
protected land) and disappearing (6.6%) climates, shifts of climates outside PA networks (7.6%),
and transition to human dominated land use (5.7%). PAs located across arid (B) and boreal (D)
climate zones, in mid latitudes of North America, Europe, Russia, and Africa, and those with
strict management categories (IUCN category I-11), are facing more rapid and substantial
changes. Relationships with PA attributes suggest increased vulnerability over small, high
elevation PAs with complex topography and high species richness. The findings of climate zone
shifts, and exposure assessment of PAs can inform climate adaptation planning and biodiversity

conservation prioritization.

5.2 Future research

Consideration of habitat and climatic heterogeneity within PAs is critical in conservation
planning under climate change (Ackerly et al., 2010; Hannah et al., 2007). PAs have
demonstrated their importance in reducing habitat loss and environmental degradation
(Geldmann et al., 2013; J. E. M. Watson et al., 2018), and enhancing species diversity within

their boundaries(Gray et al., 2016). This dissertation was focused on the change patterns of
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https://www.zotero.org/google-docs/?I7gH45
https://www.zotero.org/google-docs/?bM3lFh
https://www.zotero.org/google-docs/?XVLedx

availability and positions of climatic conditions and species habitat within or near PAs, ignoring
the potential conservation value of unprotected lands, which may harbor high levels of
biodiversity and provide climatically suitable areas for species (Elsen, Ramesh, et al., 2018).
Moreover, large biases have been identified in the locations of current global PAs towards 1)
protection of land with rare climates (Elsen et al., 2020), 2) high elevations (Elsen, Monahan, et
al., 2018), and areas of low influence from human settlements and infrastructure (Joppa & Pfaff,
2009). The close alignment with existing biodiversity patterns with inadequate consideration of
future changes (Lawler et al., 2015; Loucks et al., 2008; Myers et al., 2000) could further
diminish the capacity of PA networks in protecting future biodiversity. Future research can
include assessment of biodiversity exposure for unprotected lands to promote understanding how
biased and static distribution of PAs can influence the PA biodiversity conservation capacity, and
how establishing new PAs or expanding existing PAs can act to reduce climate exposure, which

can provide insight into promising strategies for climate adaptation.

Moreover, PAs are established not only to conserve landscapes and protect endangered species,
but also to provide livelihood for local communities and bolster national economies (J. E. M.
Watson et al., 2014). This dissertation provided insight into the importance of PAs in mitigating
effects of climate change on species but there are numerous factors that need to be considered for
PA conservation planning in reality (Virkkala et al., 2013). Governmental policies play an
important role in facilitating the creation, financing, and management of PAs in order to meet
national and international conservation objectives, and countries provide the standard in
assessments of conservation values and performance of PAs (Loucks et al., 2008; J. E. M.
Watson et al., 2014). Large differences have been documented in protection status across

countries, including their PA coverage, protection evenness, and progress towards Aichi
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Biodiversity Targets. PAs in some countries in Africa, Asia, and South America may not be
effectively and equitably managed, climatically and ecologically representative or well
connected. For example, some small countries with limited climate availability may be
threatened by faster rates of climate change and lose intact habitat or face habitat fragmentation
as a result of increasing human activities. National assessments of biodiversity exposure provide
a direction for future research, which can focus on the national threatened species, provide a
more detailed discussion about national political commitment, and consider the social and
environmental agendas, to better inform policy makers and biologists to conserve species, local
ecosystems and community. One of the countries of interest is China given the urgent need in
China to conserve and restore the diverse ecosystems and species, as well as to mitigate the
ongoing loss of ecosystem services and biodiversity (Ouyang et al., 2016). The principal PAs in
China are nature reserves, the majority of which were established opportunistically, without a
clear planning framework (Wu et al., 2011). There is an urgent need for assessment of PA
exposure and effectiveness in China to inform design of PA networks and enhance conservation

management in China.

This dissertation focused on velocity measures to assess species exposure to climate change,
which have limitations because the actual effects of climate change on biodiversity also depend
on the species intrinsic abilities to address the exposure risk to climate change and other
interacting human-induced threats. Complex interactions exist between the velocity of climate
change, species range shifts, the degree of human pressures, and species dispersal and adaptive
capacities (Elsen et al., 2020). For example, altered availability of climatically suitable area,
barriers created by human modifications and habitat fragmentation (Bennie et al., 2013; Schloss

et al., 2012), varied adaptative and dispersal capacity of species can often result in delays and
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large variations in biological responses of individual species (I.-C. Chen et al., 2011; Parmesan
& Yohe, 2003). Moreover, species may not shift their distribution under changing climate but
instead tend to contract into suitable microrefugia within their current range and maintain low-
density isolated populations (Lenoir et al., 2017). These complex interactions need to be taken
into account to improve predictions of biodiversity redistribution and advance understanding of
its consequences on ecosystems and human well-being under climate change. Future research
can incorporate datasets of species traits (Kattge et al., 2011; Kissling et al., 2014; Oliveira et al.,

2017) in SDMs, to make it more informative in determining species vulnerability.
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