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Abstract
The declarations of interest of all scientific The Kdppen-Geiger climate classification is widely used for characterising global
experts active in EFSA's work are available at climatic conditions. At EFSA, in the context of Plant Health Risk Assessment,

https://open.efsa.europa.eu/experts. " ; : . .
pifopen.elsa.europa.euexperts the Koppen-Geiger system is used as a preliminary step to delineate zones of

potential pest establishment across EU territories, providing a first screening
prior to more detailed analyses. The version currently used by EFSA is the one
by Kottek et al. rescaled after Rubel et al. which is now nearly one decade old.
Since its publication, several refined and improved Koppen-Geiger datasets were
made available, incorporating broader climate datasets, finer spatial resolutions
and updated methodologies for climate variables interpolation. Among these, the
recent Beck et al. version provides a globally consistent dataset based on the latest
observation-based gridded climate products and satellite-derived data, offering
improved accuracy particularly in regions with heterogeneous topography
and significant climatic gradients. This report highlights the main differences
between the version by Kottek et al. and Rubel et al. and the Beck et al. version,
with a focus on their relevance for EU plant health risk assessment. The transition
to Beck et al. results in notable shifts in classification boundaries within Europe,
including adjustments in the extent of temperate, continental and Mediterranean
climate zones. These changes are particularly relevant for forecasting the potential
distribution of plant pests whose establishment is constrained by specific climatic
thresholds. EFSA will therefore be adopting the climate classification developed by
Beck et al. enhancing the scientific consistency of its early stage risk assessments,
ensuring alignment with the most current and robust climate data available.
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1 | INTRODUCTION

The Plant Health Risk Assessment Team (hereafter PLH-RA Team) of the European Food Safety Authority (EFSA) relies on
the use of Képpen-Geiger climate classification (KGc) as an initial and explorative step to assess the suitability of the EU
climatic conditions to alien plant pests and diseases. The global distribution of an organism (extracted from the available
scientific literature) is used to identify the KGc climates where the organism occurs, which also exist in the EU.

The Képpen-Geiger climate classification system was first developed by Wladimir Kdppen in 1900 (Képpen, 1900) and
later refined by his student and collaborator Rudolf Geiger in the mid-20th century (Geiger, 1954). The initial system was
designed so that each climate corresponded to a major vegetation zone, identified by a capital letter: A (Tropical), B (Dry),
C (Temperate), D (Continental) and E (Polar). A second letter for precipitation patterns, and a third for air temperatures were
added by Geiger in 1954 to refine the initial Képpen's classification, leading to five main climate divisions and a total of
31 sub-climates. The KGc has been widely used in climatology, ecology, agriculture, urban planning and civil engineering
(Kayacetin et al., 2019; Peres et al., 2022; Poulter et al., 2011; Wang et al., 2022; Yang & Matzarakis, 2016). Its adaptability and
ease of use make it one of the most influential climate classification systems in scientific and practical applications.

The objective of this report is to compare and describe the main differences between the KGc version used so far by
the EFSA's PLH-RA team, i.e. Kottek et al. (2006) downscaled by Rubel et al. (2017) (herein referred as the ‘Kottek & Rubel
version’, https://koeppen-geigervu-wien.ac.at/present.htm), and the most recent version by Beck et al. (2023) (Képpen-
Geiger - GloH20), in order to justify the transition to the newer classification in EFSA Pest risk assessments and highlight
implications for climate suitability assessment based on the Képpen-Geiger approach for the EU.

2 | KOPPEN-GEIGER CLIMATE CLASSIFICATION VERSIONS

Over time, different versions of KGc have been developed. After the first versions developed by Képpen (Kdppen, 1918,
1936) and the further refinements by Geiger (Geiger, 1954; Geiger, 1961), the KGc remained largely unchanged until the 21st
century, when advances in climate analysis and computational methods led to significant updates. In 2006, Kottek et al.
produced a digital global climate classification map using high-resolution (0.5°) 20th-century climate data. Shortly after,
Peel (2007), refined the classification to improve its application to hydrology and environmental studies. In 2010, Rubel &
Kottek used historical datasets and future climate projections to create maps for the period 1901-2100, while Kriticos et al.
in 2012 developed a version tailored for ecological and agricultural applications, integrating it into species distribution
models. In 2017 Rubel et al. developed a downscaling algorithm to refine the resolution of KGc produced by Kottek et al.
(2006) from 0.5° to 0.083°. The most substantial updates came with the versions of Cui et al. (2021) and Beck et al. (2018) who
used multiple modern climate reanalysis datasets to enhance the classification's spatial accuracy and temporal consistency.
The latest version of the classification (Beck et al., 2023) includes a more recent climate 30-year period (1991-2020) and
future climate model projections (2041-2099). Table 1 summarises the main characteristics of the cited KGc versions.

TABLE 1 Comparison of modern global Kdppen-Geiger versions.

Author Spatial resolution * Climate data sources ** Period Future projection

Kottek et al. (2006) 0.5° CRUTS 2.1 1951-2000 NA
VASClIimO v1.1

Peel (2007) 0.1° GHCN 2.0 1909-1983 NA

Rubel and Kottek (2010) 0.5° CRUTS 2.1 1901-2010 2001-2100
GPCCFDR V4

Kriticos et al. (2011) 0.167° WorldClim V1 1961-1990 2030-2080

Kottek et al. (2006), downscaling  0.083° CRU v4.03 1986-2010 NA

after Rubel et al. (2017) GPCCVS8

Beck et al. (2018) 0.0083° CHELSA V1.2 1980-2016 2071-2100
CHPclim V1
WorldClim V1 & V2
CRU TS V4.01
GPCCFDR V7

Cui et al. (2021) 0.0083° CRUTSV4.03 1979-2013 2020-2100

UDEL - NOAA PSL
WorldClim V1 & V2
CHELSA V1.2
GPCCFDRV7
PREC/L
GHCN_CAMS

(Continues)

85U801 SUOLILLOD 3A 18810 Bdedldde 8y Aq peusenob e ol YO ‘8sn JO S8|ni o} Akeid8uluO A8]IA UO (SUORIPUOD-PUR-SLUIBIALIO" A3 (1M AleIq Ul [UO//SdNY) SUORIPUOD pUe SWiS | 8U1 88S *[9202/90/60] Uo AReiqiauluo Ao|im ‘sierenbpesH Ov4 - BeHNS PLNIN Aq 6586'9202 8SJ8' (/€062 0T/I0p/W00 A8 |1 Ake.q 1 jpuljuo esje//sdny woiy pepeojumod ‘T ‘9202 ‘ZELPTEST


https://koeppen-geiger.vu-wien.ac.at/present.htm
https://www.gloh2o.org/koppen/
https://www.gloh2o.org/koppen/

40f10 SCIENTIFIC REPORT

TABLE 1 (Continued)

Author Spatial resolution * Climate data sources ** Period Future projection

WorldClim V2
CHELSA V1.2
CHELSA V2.1
CHPclim V1

CRU TS V4.07
GPCC FDR V2022

Beck et al. (2023) 0.0083° 1901-2020 2041-2099

*Corresponding linear resolution at the equator: 0.5°~56 km; 0.1°~ 11 km; 0.167° ~ 19 km; 0.083° ~9 km; 0.0083° ~ 0.9 km. **Climate data sources: CRU TS (Mitchell &
Jones, 2005), GHCN (Menne et al., 2017), GPCC (Schneider et al., 2013), WorldClim (Fick & Hijmans, 2017), CHELSA 1.2 (Karger et al., 2017) and 2.1 (Brun et al., 2022), CHPclim
(Funk et al., 2015), UDEL (Willmott & Matsuura, 2001), PREC/L (Chen et al., 2002).

2.1 | Differences among the ‘Kottek & Rubel version’ and Beck et al. (2023)

The ‘Kottek & Rubel version’ is based on the classification described in Kottek et al. (2006) using two global climate datasets
at the resolution of 0.5° latitude/longitude, one for temperature and one for precipitation, namely the CRU TS V4.03 by the
Climatic Research Unit of the University of East Anglia (Mitchell & Jones, 2005) and the GPCC's Full Data Reanalysis Version
8 for the period 1901-2018 by the Global Precipitation Climatology Centre (Fuchs, 2008). The ‘Kottek & Rubel version cov-
ers a time span from 1986 to 2010 and it was downscaled to 0.083° using the downscaling algorithm developed by Rubel
et al. (2017). It comprises 31 different climate subdivisions.

Beck et al. (2023) published 4 observation-based climatology maps, one for each 30-years period between 1901 and
2020 (1901-1930, 1931-1960, 1961-1990, 1991-2020). They were obtained from seven high-resolution, topographically cor-
rected, observation-based climatic datasets, three for near-surface air temperature and four for precipitation, taken from
five main historical data sources (Table 1). The resulting Koppen-Geiger maps are distributed at different resolution, the
highest resolution being 0.0083°. For every 30-year period, 12 Képpen-Geiger maps were generated from all combinations
of temperature and precipitation datasets. The climate type assigned to each pixel represents the most frequent climate
(statistical mode) computed on that very pixel. Additionally, the KGc maps are associated with confidence level maps that
report the degree of agreement of the 12 combinations on a single pixel classification (Beck et al., 2023). They also gener-
ated maps for future periods such as 2041-2070 and 2071-2099 combining seven shared socio-economic pathways (SSPs),
with projections from 42 CMIP6 models (Eyring et al., 2016).

The differences between the Kottek et al. (2006) and Beck et al. (2023) Koppen-Geiger classification rules are sum-
marised in Table 2. These mostly entail refinements in classification formulas, recalibration of parameters, incorporation
of more modern climatic datasets and number of climatic datasets used for the classification. These differences impact
several important aspects of the climate classification system such as its resolution, data coverage, elaboration and bound-
aries of the climatic zones (Figures 1 and 2). Here we describe the key aspects of these differences to highlight the changes
in the classification of the areas.

TABLE 2 Comparison between the parameters of the Koppen-Geiger climate classification by Kottek et al. (2006) and Beck et al. (2023).
Differences are highlighted in grey.

Letter symbol Criterion

1st 2nd 3rd Description Kottek et al. (2006) Beck et al. (2023)
A Tropical Toin 2 +18°C Tooin 2 +18°C
f - Rainforest P in 260mm P in 260mm
m - Monsoon Pann =25 (100-P_. ) Not (Af)and P, 2100-P, /25
s - Savannah Dry-Summer P in <60mMm in summer Not included
w - Savannah Dry-Winter P in <60mm in winter Not (Af)and P, <100-Pann/25
B Arid Pann <10 Pth Pann <10xPth
w - Desert Pann <5 Pth Pann <5xPth
S - Steppe Pann >5 Pth Pann >5xPth
H - Hot Tann = +18°C Tann =18°C
- Cold Tann < +18°C Tann <18°C
C Temperate —3°C<T ;n <+18°C Not (B)and 7, . >10&0<T . <18
S - Dry Summer Psmin < Pwmin, Pwmax >3 Psmin and Psmin <40 & Psmin < Pwmax/3
Psmin <40mm
w - Dry winter Pwmin < Psmin and Psmax > 10 Pwmin Pwmin < Psmax/10
f - Without dry season neither Cs nor Cw Not (Cs) or (Cw)
a - Hot summer Thax = +22°C Thax 222°C
b - Warm summer Not (a) and at least 4 Tmon = +10°C Not (a) & Tmon10=4
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TABLE 2 (Continued)

Letter symbol
st 2nd 3rd
C
d
D
s
w
f
a
b
C
d
E
T

Description

- Cold summer
- Extremely continental
Cold

- Dry summer

- Dry winter

- Without dry season
- Hot summer

- Warm summer

- Cold summer

- Very cold winter
Polar

- Tundra

- Frost

Criterion

Kottek et al. (2006)

Not (b)and 7, > -38°C
Like (c) but T, <-38°C
Tons—3°C

Psmin < Pwmin, Pwmax >3 Psmin and
Psmin <40mm

Pwmin < Psmin and Psmax > 10 Pwmin
Neither Ds nor Dw

Thax = 122°C

Not (a) and at least 4 Tmon = +10°C
Not (b) and T, > —38°C

Like (c) but T, <-38°C

Thax < +10°C

0°C<T , <+10°C

Tnax <0°C

Beck et al. (2023)

Not (aorb) & 1<Tmon10<4
Not included
Not (B)&T,_, >10&T . <0°C

Psmin <40 & Psmin < Pwmax/3

Pwmin < Psmax/10

Not (Ds) or (Dw)

T oax 222°C

Not (a) & Tmon 10=4

Not (a, b, or d)

Not(@aorb) &T . <-38°C
Not (B)&T,,, <10°C

Toax >0°C

T oax <0°C

Abbreviations: P,

ann’

values in winter half-year; Pw

min’

monthly mean temperature of the coldest month; T

warmest month; T

min’

Accumulated annual precipitation; P,

min’

Precipitation of the driest month; Ps
Ps_..,,lowest monthly precipitation values for summer half-year; Pth, dryness threshold function of Tann and precipitation cycle; Pw,
lowest monthly precipitation values for winter half-year; T,

'max’

ann’

Kottek & Rubel version

mean annual temperature; T |

highest monthly precipitation values in summer half-year;

highest monthly precipitation

max”’

monthly mean temperature of the
monthly mean temperature; Tmon,,, number of months with air temperature >10°C.

Beck et al., 2023

FIGURE 1 World Képpen-Geiger climate classifications from Kottek & Rubel version, above) and Beck et al. (2023), below.
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FIGURE 2 Koppen-Geiger climate classifications: Kottek & Rubel version (above) vs. Beck et al. (2023) (below) for Europe. Note that the ‘Kottek &
Rubel version” map does not provide the climate types for Malta, the Azores and only partially for the Balearic Islands.
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Classification differences in EU and EFTA countries
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FIGURE 3 Pixelsinthe EU and EFTA countries that were reclassified from Kottek et al. (2006) rescaled after Rubel et al. (2017) to Beck et al. (2023).
The level of agreement is the agreement between the different models used by Beck et al. (2023).

211 | Climate type As

The climate type classified as As in the ‘Kottek & Rubel version’ is no longer reported in Beck et al. (2023). Higher resolution
dataset, better interpolation techniques and a reformulation of the parameters to favour the creation of larger and more
widely applicable classification resulted in the integration of As into Aw.

2.1.2 | Definition of temperate climate C

The definition of the temperate climate (C) has seen a change in the minimum threshold temperature, from —3°C to 0°C.
This is due mainly to practical and historical reasons. While initially Kottek et al. (2006), based on the original Kdppen clas-
sification, considered —3°C aligning with the natural boundary of snow cover persistence in mid-latitude regions, follow
up discussions made by Russel in 1931, then Wilcock in 1968 and Essenwanger in 2001 indicated 0°C as a more meaningful
value to discriminate between temperate and cold climates since it reflects the freezing point of water in the transition be-
tween climates dominated by rainy rather than snowy events. Furthermore, the 0°C mark is important to define the vegeta-
tion zones and biomes. Since then, 0°C became the threshold between C and D climates for most versions of KGc, with its
firstimplementation in the modern era being made by Peel (2007). For completeness, it should be noted that Russel (1931)
suggested that a—5°C coldest-month threshold may better delineate European climatic regions, although this adjustment
has not been systematically validated, and it is not used in global K6ppen-Geiger applications.

2.1.3 | Extremely continental climates Csd, Cwd and Cfd

Another difference that lies between the two KGc versions is the presence of extremely continental Csd, Cwd and Cfd cli-
mates. While these are mentioned in Kottek et al. (2006), and defined as C climates with a T .in<—38°C, they do not appear
in any pixel worldwide and were removed from the KGc of Beck et al. (2023). The removal is therefore consistent with the
choices made for the As climate.
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214 | Definition of arid climate B

The last difference concerns the definition of the parameters of arid (B) climates, which relies on the precipitation threshold
(Pth) to assess aridity. While Kottek et al. (2006) defined the threshold as two-thirds (66.7%) of the annual precipitation oc-
curring during summer or winter, Beck et al. (2023) used the threshold value defined by Peel (2007), i.e. 70%. This increase
helps to better differentiate between transitional climates such as deserts and steppes and reduces the misclassification of
semi-arid zones in subtropical and Mediterranean regions.

2.2 | Definition of climate types in the EU

The differences listed in Section 2.1 affect the distribution of all climates across the world and in particular in the EU
(Figure 2). To quantify differences between the two Kdppen-Geiger classifications, a pixel-wise comparison was conducted
on the aligned rasters. Figure 3 shows the pixels in the EU and EFTA countries that have been reclassified from the ‘Kottek
& Rubel version’ to the Beck et al. (2023) version with the level of agreement among the 12 KG classifications considered
by Beck et al. (2023) (see Section 2.1). For each climate type in the ‘Kottek & Rubel version’, the number of pixels that were
reclassified by Beck et al. (2023) was calculated and displayed in Figure 4. It is evident how the pixels classified as Cfb in the
‘Kottek & Rubel version” were mostly reclassified as Dfb (10,496 pixels) in Beck et al. (2023). This large contribution is mostly
due to the different minimum temperature threshold explained in Section 2.1.2. Another noticeable shift in the EU and
EFTA countries is represented by the reduction of Cfa (490 pixels) and Csa (1643 pixels) in favour of Bsk, which is due to the
updated climatic dataset and the change of arid climates threshold.

Kottek & Rubel version
«
ST PP ®C
. I

BSh 0.000.4000

osc| + o [ - L - - -
BWh..oooooooo

BWk .0 0 0 1 0 0 0 0
. .
S cfb o | o 1 BB of pixels
(qV]
= Cfc 1000
nga 100
3
0 Csb 10

1

Dfa

Dfb

Dfc

Dsb

ET

FIGURE 4 Number of pixels that were reclassified to a different climate type in the Beck et al. (2023) version compared to the Kottek & Rubel
version in the EU and EFTA countries.

85U801 SUOLILLOD 3A 18810 Bdedldde 8y Aq peusenob e ol YO ‘8sn JO S8|ni o} Akeid8uluO A8]IA UO (SUORIPUOD-PUR-SLUIBIALIO" A3 (1M AleIq Ul [UO//SdNY) SUORIPUOD pUe SWiS | 8U1 88S *[9202/90/60] Uo AReiqiauluo Ao|im ‘sierenbpesH Ov4 - BeHNS PLNIN Aq 6586'9202 8SJ8' (/€062 0T/I0p/W00 A8 |1 Ake.q 1 jpuljuo esje//sdny woiy pepeojumod ‘T ‘9202 ‘ZELPTEST



UPDATE OF THE KOPPEN-GEIGER CLIMATE CLASSIFICATION FOR EFSA PLH RISK ASSESSMENT 90f 10

3 | CONCLUSIONS

The variety of KGc versions available, spanning from regional to global maps, at different temporal and spatial resolutions
make the Kdppen-Geiger among the most widely used climate classifications worldwide, with applications across multiple
scientific domains. In this document, we compared two of the most used versions, focusing on both the changes in defini-
tions of climate types and the climate datasets employed. The Beck et al. (2023) version will be implemented in the future
EFSA pest risk assessments for two main reasons: (i) the inclusion of a more recent 30-years period (1991-2020); (ii) the
use of inputs from multiple observation-based reanalysis climatological datasets and the provision of related confidence
maps, which makes the classification more robust; and (iii) the availability of maps for climate change. Given the pace at
which the effects of global warming are changing climates worldwide, the Beck et al. (2023) KGc version is regarded as the
most suitable in the scope of EFSA risk assessments.
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