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Abstract
The Updated Trewartha climate classification (TWCC) at global level shows the 
changes that are expected as a consequence of global temperature increase and 
imbalance of precipitation. This type of classification is more precise than the 
Köppen climate classification. Predictions included the increase in global tem-
perature (T in °C) and change in the amount of precipitation (PA in mm). Two 
climate models MIROC6 and IPSL-CM6A- LR were used, along with 4261 mete-
orological stations from which the data on temperature and precipitation were 
taken. These climate models were used because they represent the most extreme 
models in the CMIP6 database. Four scenarios of climate change and their terri-
tories were analysed in accordance with the TWCC classification. Four scenarios 
of representative concentration pathway (RCP) by 2.6, 4.5, 6.0 and 8.5 W/m2 fol-
low the increase of temperature between 0.3°C and 4.3°C in relation to precipita-
tion and are being analysed for the periods 2021–2040, 2041–2060, 2061–2080 and 
2081–2100. The biggest extremes are shown in the last grid for the period 2081–
2100, reflecting the increase of T up to 4.3°C. With the help of GIS (geographical 
information systems) and spatial analyses, it is possible to estimate the changes in 
climate zones as well as their movement. Australia and South East Asia will suffer 
the biggest changes of biomes, followed by South America and North America. 
Climate belts to undergo the biggest change due to such temperature according to 
TWCC are Ar, Am, Aw and BS, BW, E, Ft and Fi. The Antarctic will lose 11.5% of 
the territory under Fi and Ft climates within the period between 2081 and 2100. 
The conclusion is that the climates BW, Bwh and Bwk, which represent the de-
serts, will increase by 119.8% with the increase of T by 4.3°C.
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1   |   INTRODUCTION

The Köppen climate classification (1884) has been the most widely used system for determining climatic patterns 
(Köppen, 1923, 1931). This climate system uses mean monthly and annual values of T and PA and recognises five main 
climate groups, each marked by a capital letter. The Köppen climate classification is based on dominant vegetation types 
since most vegetation types respond directly to climatic inputs. This climate classification has been widely used lately 
and updated and improved territories of this classification have been provided (Kottek et al., 2006; Peel et al., 2007). The 
Trewartha climate classification presents the revised Köppen climate classification. As outlined by De Castro et al. (2007), 
this approach represents and upgrades the original Köppen system and introduces various modifications corresponding to 
the identified boundaries of natural landscapes. Köppen observed and mapped the ecotone or transitional zones between 
two biomes. Using such criteria, this climate system identified five main climatic groups: A – tropical, B – arid, C – meso-
thermal or mid-latitude mild, D – micro-thermal or mid-latitude cold, E – polar. According to many authors, the Trewartha 
climate classification is a revised Köppen classification of the second and third order. The letters of second order changes 
are: f – constant moist and rainfall through all months of the year; m – Monsoon rain, short dry season; s – summer dry sea-
son; w – winter dry season, W or S – hot and dry year-round and average annual temperature > 18°C. The letter h is in the 
third order dividing W or S – cold and dry year-round average annual temperature < 18°C, n – the letter in the third order 
for frequent fog, with n' being infrequent fog with high humidity and low rainfall (Feng et al., 2012; Rohli & Vega, 2012).

The Trewartha classification system can therefore be useful for the analysis of small climatic areas with varying plant 
coverage (Lai et al., 2020). Later, the geographical distribution of plants in case of T increase between 2.0°C and 3.0°C 
was studied using the Köppen-Geiger (K-G) system which is very similar but not identical to the Trewartha classifica-
tion system (Rohli et al., 2015). Their work concluded that the most significant change in the climatic distributions was 
identified in the subtropical and tropical belts in north and south-east Asia (Prentice et al., 1993). Another advantage of 
TWCC is better zonal characteristics between areas (Hanberry & Fraser, 2019). Therefore, land management conditions 
can be improved by the use of spatial mapping methods. For example, species distribution modelling (SDM) with a fine 
resolution of DEM (digital elevation model) with an accuracy of 10 m may be applied to different climatic regions with 
an assumed minimum error (Keane et al., 2020). The goal of the present work, using the updated Trewartha climate clas-
sification and climatic analysis, is to evaluate the changes in climate types for temperature increases between 0.3°C and 
4.3°C for the period between 2021 and 2100. All the predictions were made with the help of two climate models, which 
follows the prognosis of RCP2.6, RCP4.5, RCP6 and RCP8.5. The first projection shows T increasing minimally by the 
end of the century, the second one presents a minor increase, the third one moderate, whereas the fourth one presents 
an extreme temperature increase. All continents included in this research were shown on maps, with temperature values 
from the Fifth IPCC or Assessment Report 5 created in 2014 (Robinson, 2020). Since the Antarctic was also included in 
the analyses, this research covers the whole of the Earth.

2   |   DATA AND ANALYSIS

Climate predictions were made using global climate models (GCMs). In this research, we used MIROC6 (Shiogama 
et al.,  2019) (Japan Agency for Marine-Earth Science and Technology) and IPSL-CM6A- LR (Institut Pierre-Simon 
Laplace) climate models with included CMIP6 database. The climate prediction models estimated future climate using 
mathematical and numerical equations. These climate models were used as they are the most extreme ones with a wide 
range of climate scenarios. The main reason was the possibility to estimate and predict CMIP6 ensemble in terms of 
hot/dry to warm/wet, thereby giving the widest possible range of Trewartha climate classification responses (Crowther 
et al., 2015; Richardson et al., 2007).

All climate models have two main parameters: temperature and precipitation. These parameters are also connected 
with the biomes on Earth. Carbon dioxide (CO2) concentration per year is also one of the important state variables. 
This variable may be used for future predictions of climate on a global scale (Idso & Brazel, 1984; North, 2013; Shakun 
et al., 2012; Zelinka et al., 2020). In 1988, the World Meteorological Organisation founded the Intergovernmental Panel 
on Climate Change (IPCC) to observe climate changes and the volume of particles of carbon dioxide in the air. The data 
we downloaded are available at different spatial resolutions expressed as minutes or seconds and in degrees of longi-
tude and latitude. These data have a resolution of 0.86 km2. The data on future climate belongs to the Coupled Model 
Intercomparison Project (CMIP6) (Tatebe et al., 2019). The data used for this research may be divided into two groups. 
The first group is the data taken from 4261 meteorological stations worldwide, from which the basic grid was obtained 
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using interpolation and zonal statistical methods. The first grid is made up of data on precipitation, with the help of 
which, a precise interpolated map of precipitation was derived, covering the global scale (see Figure 1).

The updated and analysed TWCC climate properties showed changes in T and PA which were integrated into the 
grids. The position of world meteorological stations is important to check data availability and climate surface symmetry. 
The total number of surface meteorological stations was 4261 (https://datab​asin.org/datasets; Govindasamy et al., 2003).

The second grid represents the data on average temperatures globally. The second type of data represented a synthetic, 
already obtained grid of two climate models. This grid was later compared with the first basic grid obtained from the 
meteorological stations. The first type of grid was taken to provide symmetry to later defined biomes, which were derived 
from the synthetic grid of two climate models. The borders of biomes in the two scenarios were obtained using interpo-
lation, numerical analysis and zonal statistical methods. Average temperatures and the distribution of precipitation were 
used only as a control grid. Two climate models, more precisely their grid, already contain projected data on temperature 
values and the amount of precipitation. The basic data on TWCC are given in Table 1.

Since the data from both grids of climate projections were given for the periods 2021–2040, 2041–2060, 2061–2080 and 
2081–2100, we continued with the selection of the grid by employing a categorisation algorithm and data zonality. The 
first period is between 2021 and 2040; the second is from 2041 to 2060, the third is from 2061 to 2080 and the fourth is 
from 2081 to 2100. Both climate models were taken from the database DIVA-GIS (https://pcmdi.llnl.gov/CMIP6/​Terms​
OfUse/​Terms​OfUse​6-1.html). This database is available free of charge, and it contains nine climate models (Comes & 
Kadereit, 1998; Flannigan et al., 2000; Tatebe et al., 2019; Tokarska et al., 2020). To analyse biomes completely and with 
fewer errors, we downloaded the control DEM with a resolution of 1 km2. This DEM for all the continents was down-
loaded from the official website of NASA National (Mwanukuzi, 2008). All TWCC climate belts are divided according to 
the surface into three dimensions with elevation included and colorised with matching colours.

3   |   GIS AND SPATIAL ANALYSIS

As was previously mentioned, for this research on biomes distribution according to the TWCC, basic GIS methodolo-
gies and algorithms were used. Apart from these basic analyses, we also used advanced GIS to present spatial data more 
precisely. The basic GIS algorithms used were inverse distance weight (IDW), surface interpolation (SI), kriging (KR), 

F I G U R E  1   The number of meteorological stations used in the analysis was 4261. The stations had data on temperature and 
precipitation recorded between 1961 and 2000

https://databasin.org/datasets
https://pcmdi.llnl.gov/CMIP6/TermsOfUse/TermsOfUse6-1.html
https://pcmdi.llnl.gov/CMIP6/TermsOfUse/TermsOfUse6-1.html
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and semi-kriging (SK). The advanced GIS methods used were zonal statistics (ZS), buffer (BF) and proximity (PR). In 
the methodology of spatial analysis, to get the grid with the dimension of elevation, we downloaded, processed and 
later analysed DEM by GIS tools (Daly et al., 2002; Hijmans et al., 2005; New et al., 2002; Thornton et al., 2007; Wilby 
& Wigley, 2002). GIS today represents a powerful tool, due to its accuracy, but also due to the fast processing of data. 
All GIS and spatial analyses were performed with the help of open code software SAGA 7.9.1 (Software for Automated 
Geoscientific Analyses), QGIS 3.18. (Quantum GIS). Due to the specificity of the architecture, we used DIVA GIS for the 
analysis of biomes. This software is the most suitable for climatological and bioclimatological analyses. Since the grid 
data are in raster format, by the process of turning the raster into a vector, i.e. vectorisation, we obtained dotted data for 
the whole grid (Smith et al., 2007). The purpose of turning surfaces into dots is to get more precise forms of biomes in 
terms of latitude and longitude in accordance with TWCC (Hansen et al., 2013). The total number of dots for the whole 
world was 81,048,142. The dots were distributed about the size of the continent, matching the biome. Since TWCC has 27 
basic belts, the estimation was given for all of them in three future predictions. The last algorithm done in GIS is buffer. 
This algorithm sorts the data according to the climate values of the biome (temperature and precipitation) and sets the 
borders between them (Fick & Hijmans, 2017; Gotway et al., 1996; Orus et al., 2005; Timpano et al., 2011; Valjarević 
et al., 2018; Zabel et al., 2014). The main four maps present the climate properties for the four future periods: 2021–2040, 
2041–2060, 2061–2080 and 2081–2100 (Belda et al., 2016). The overlap of the two grids was made possible by the proxim-
ity algorithm.

4   |   RESULTS

The most precise grid was between 30°–75° of  latitude and 30°– 75° of south latitude. With the increase of latitude, the 
size of the grid increases as well, thus increasing the relative error. For this reason, the biggest error was in the continent 
Antarctic, going up to 0.5%, whereas the smallest error, due to the accuracy of the grid, was in South America, Africa, and 
a part of Asia, going up to 0.3%. The biggest errors were present in the territories close to the equator and varied between 
1.5% and 2.0%. In general, the results showed that the biggest changes at the continental scale are expected after the in-
crease of T by 3.1°C. The maximum change in climate belts is expected with the increase of T by 4.3°C.

5   |   CHANGES OF TWCC AT CONTINENTAL SCALE

The biggest changes of TWCC will take place in the period 2081–2100, with the increase of T by 4.3°C. Australia and 
South East Asia will suffer the biggest changes of biome, followed by South America and North America. According to 
TWCC, climate belts to change the most at this temperature increase are Ar, Am, Aw and BS, BW, E, Ft and Fi. What is 
interesting is that the continent Antarctic shows a certain degree of resistance. In the period between 2081 and 2100, the 
continent will lose 11.5% of whole territory within Fi climate (see Figure 4). Climate types in the belts CW, CWa, CF, CFa, 
CFb, DC, DCs, DCsa, DCsb, DCwa and DCwb will undergo minor changes going from 5.2% to 12%.

With the increase of temperature by 2.5°C, biomes that belong to the Amazon basin will have 3.7% of changes in the 
total area of rainforest biomes. With the increase of 4.3°C, the Amazonian forests will lose 12.5% of their territory.

The forests in the moderate zones will suffer changes by 1.6%, 2.6%, 4.2% and 6.1%, respectively. Unlike forest biome, 
grassland will suffer the loss of 0.8% of the territory, with a temperature increase by 2.5°C, whereas with an increase by 
4.3°C, the loss will be 2.2%.

Tundra will decrease globally by 0.5%, if the temperature increases by 2.3°C, while it will increase by 3.7% with a tem-
perature increase by 4.3°C. The deserts will increase by 3.8% with an increase of T by 2.5°C, and 15.5% with an increase 
of T by 4.3°C (see Table 2, Figures 4 and 5 and the Appendix S1).

Table 2 and the Appendix S1 show the changes of certain climate types and their territories in percent. A change of 
100% indicates a doubling of territory under a particular climate. Climate types Ar, Am and Aw, more precisely their 
territories, are the most sensitive to the T increase and unequal amount of precipitation. Australia and Asia will have 
a doubling of territories with this climate. These territories will increase by 56.1% following a T increase from 2.5°C to 
4.3°C. Territories with climate types Ft and Fi, with the same increase of T will lose 39.3% of territory. North America will 
also have big increases of territory with climate types Ar and Am. Both territories will increase by 93.8%, thus doubling 
the territory under these climates, with a T increase by 2.5°C, i.e. 4.3°C.
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T A B L E  1   The Trewartha climate classification (Remedio et al., 2019)

Class Type Sub-type Description Rules

A Tropical Coolest month >18°C

Ar Rainy tropical broadleaf forest 10 to 12 months wet

Am Tropical monsoonal forest

Aw Tropical deciduous forests/woodland Winter dry>2 dry 
months

B Dry climates Evaporation/
precipitation

BS Semi-arid Annual rainfall 
desert; limit of 
precipitation

BSh Tropical-subtropical scrubland 8 or more months 
>10°C

BSk Temperate-boreal steppe Less than 8 months 
>10°C

BW Arid or desert Annual rainfall < 
desert limit of 
precipitation

BWh Tropical-subtropical desert 8 or more months 
>10°C

BWk Temperate-cold desert Less than 8 months 
>10°C

C Subtropical climates 8 to 12 months >10°C

Cw Subtropical winter dry season Winter dry season

CWa Mixed broadleaf deciduous and 
needleleaf forest

Warmest month 
>22°C

CWb Needleleaf evergreen and broadleaf 
evergreen forest

Warmest month 
<22°C

Cf Subtropical humid Driest month >30 mm

CFa Needleleaf evergreen and broadleaf 
evergreen forests and evergreen 
broadleaf shrub understory

Warmest month 
>22°C; no distinct 
dry season

CFb Needleleaf evergreen and deciduous 
forest

Warmest month 
<22°C; no distinct 
dry season

D Temperate climates 4 to 7 months >10°C

DC Temperate continental climate Coldest month <0°C

DCs Summer dry season Summer dry season

DCsa Mixed evergreen and deciduous forest Warmest month 
>22°C

DCsb Mixed evergreen and deciduous forest Warmest month 
<22°C

DCw Winter dry season Winter dry season

DCwa Mixed deciduous and needleleaf 
evergreen forests

Warmest month 
>22°C

DCwb Needleleaf evergreen forest Warmest month 
<22°C

DCf Humid continental Driest month >30 mm

(Continues)
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Class Type Sub-type Description Rules

DCfa Mid-latitude grassland, broadleaf 
deciduous forests and woodlands, 
mixed evergreen and broadleaf 
forests

Warmest month 
>22°C; no distinct 
dry season

DCfb Needleleaf evergreen and mixed 
needleleaf-deciduous forest

Warmest month 
<22°C; no distinct 
dry season

E Needleleaf deciduous forest and tundra 
woodland

1 to 3 months >10°C

F Polar

Ft Tundra, high altitude steppe 0°C ≤ warmest 
month<10°C

Fi Perpetual frost All months<0°C

T A B L E  1   (Continued)

T A B L E  2   Changes of the climate types and their territories with the temperature increase by 4.3°C: – indicates decreasing values and + 
increasing values of areas in the period between 2081 and 2100

Territories of the same climate 
types Changing [%]

South 
America

North 
America Africa Europe Asia Australia Antarctica

Ar +81.2 +133.3 +59.8 0.0 +102.2 +112.1 0.0

Am +40.3 +106.6 +15.5 0.0 +89.9 +344.4 0.0

Aw +189.2 +9.5 +10.9 0.0 +41.2 +122.2 0.0

BS +23.3 +23.4 +23.3 + 153.1 +12.2 +11.7 0.0

BSh +39.8 +11.2 +43.4 +72.1 +16.5 +28.8 0.0

BSk +11.8 +5.7 +22.3 +18.6 +6.1 +5.1 0.0

BW +20.0 +11.1 +7.1 0.0 +2.3 +20.9 0.0

BWh +24.5 +25.5 +0.2 0.0 −34.4 −2.1 0.0

BWk +10.9 +14.5 +25.6 0.0 +13.3 +23.5 0.0

CW −10.9 +5.6 +4.9 0.0 −0.9 +0.2 0.0

CWa +2.5 +5.1 +14.5 0.0 0.0 +0.9 0.0

CWb +33.7 +27.7 +21.9 0.0 +15.2 +0.7 0.0

CF −6.1 −0.5 +14.1 −1.3 2.1 −1.3 0.0

CFa −1.1 +7.1 +5.5 −1.3 +9.1 +3.1 0.0

CFb +4.1 −4.1 +1.1 −1.1 −1.8 +11.8 0.0

DC −13.2 −23.5 0.0 −35.6 −14.5 0.0 0.0

DCs −15.1 −8.9 0.0 −46.8 −16.5 0.0 0.0

DCsa −13.2 −20.3 −9.9 −12.2 −8.9 −13.5 0.0

DCsb −12.2 −2.3 +0.9 −11.3 −11.4 −33.4 0.0

DCwa −5.5 −2.2 −25.5 −5.5 −21.1 −20.7 0.0

DCwb −44.5 −33.4 −45.2 −4.7 −26.5 −45.5 0.0

DCf −5.6 −1.0 −0.1 −4.9 −15.5 0.0 0.0

DCfa −9.2 −8.8 −23.2 −7.8 −18.8 0.0 0.0

DCfb −11.3 −9.2 +0.2 −31.1 −16.4 0.0 0.0

E −11.2 −20.2 0.0 −67.7 −14.5 0.0 −6.5

Ft −18.8 −17.8 −4.5 −25.5 −20.4 0.0 −5.5

Fi −20.1 −16.1 −17.7 −35.6 −21.1 0.0 −8.1
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In Europe with the T increase by 2.5°C, i.e. 4.3°C, the climate types BS and BSh and their territories will increase by 
19.3%, whereas DCS climate type will lose 1.4% of its territory (see Figures 2 and 5).

South America will have an increase of 65.6% of territories under Am climate type if global T increases by 4.3°C. The 
increase of average T between 0.3° and 4.3°C at a global scale in all analysed periods has greater effects on the climate 
types CW, CWa, CWb, and CF, and their covered areas will increase by 122.3% (Figures 2–5).

If the average global temperature increases by 1.1°C, the territories of all climate types in the period 2021–2040 will 
increase by 1.9%, and by 2.7% in the period 2040–2061 with an increase of T by 2.3°C. If T increases by 3.1°C, the increase 
will be 4.1% in the period 2061–2080. In the case of a global T increase by 4.3°C, the territories will increase by 6.1% in the 
period 2081–2100. The most resistant territories are those with climate types Ft and Fi. In Asia, territories with Ar climate 
type will suffer the biggest changes (see Figures 2–5). Climate types that present the territory of the desert, i.e., BW and 
Bwh, will have the biggest increase.

As has previously been stated, Australia is an isolated continent that will suffer huge consequences of climate change, 
as has been shown in the predictions reported here. The greatest changes will occur in the territories under climate types 
Ar, Am and Aw, which will increase, whereas the territories under climate types DCsb, DCwa and DCwb will decrease. 
The territories with tropical climate in South America in the period 2021–2100 will increase by 31.2%.

In North America, the territories with sub-tropical climates will increase the most. In North America and Europe, 
climate types CFa and CFb will lose the biggest territories. The most interesting part of the research is the fact that, ac-
cording to TWCC, Australia gets a new climate Ar, in the case of a global T increase by 4.3°C (Figures 2–5, Table 2 and 
Appendix S1).

6   |   DISCUSSION

The main goal of this paper was to map TWCC with updated temperatures taken from the synthetic grid of climate 
predictions MIROC6 and IPSL-CM6A- LR. This paper may be useful for future adaptations to climate change. Four 
scenarios of T increase with unequal distributions of precipitation were taken into consideration. The extreme scenario 
was analysed in particular (New et al., 2007). Mapping climate, although with certain errors and limitations, may give 

F I G U R E  2   The territories of climate types according to TWCC in case of global T increase of 0.3°C, 0.5°C, 0.8°C and 1.1°C for the period 
2021–2040
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F I G U R E  3   The territories of climate types according to TWCC in case of global T increase of 1.3°C, 1.7°C, 2.1°C and 2.3°C for the period 
2041–2060

F I G U R E  4   The territories of climate types according to TWCC in case of global T increase of 2.5°C, 2.7°C, 2.9°C and 3.1°C for the 
period 2061–2080
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an indication of the change of climate types, as well as the biomes within these climates. The advantage of GIS and spa-
tial analysis is the possibility to obtain the data on climate efficiently and rapidly. Visualisation aims to present all these 
changes in a more convenient way.

TWCC has not been used extensively in references worldwide, but this classification is suitable since it represents 
more sub-classes than the Köppen classification. Human activity has been the leading factor in the last century (Shine 
& Forster, 1999; Wang & Qin, 2017). In the Amazonian Basin, even a little increase in global temperature and a decrease 
in yearly precipitation may have consequences for forest distribution (Hulme & Turnpenny, 2004). Accordingly, the dis-
tribution of species cannot be the same as before (Li et al., 2000). Mapping climate types has a long history. There are 
numerous methods and climate classifications for mapping a climate property on a global scale. The Trewartha climate 
classification (TWCC) system, although very similar to Köppen-Geiger (KG), has some advantages. For example, the 
TWCC can present more differences between climate types within an area. Furthermore, the TWCC may be better at 
presenting local, regional and global scales of climate change effects (Klein et al., 2019). Finding the patterns of climate 
types and areas changing at a global scale has been an important task and the most significant question over the past 
decades. The current paper focuses on evaluating the global extent and distribution of updated climate types over a very 
long period that can help to improve our understanding of global change.

7   |   CONCLUSIONS

The purpose of this research was to present updated global maps of TWCC. The grid taken for the purpose represents two 
climate models for the period between 2021 and 2100. Four potential scenarios of global temperature increase were used 
to model the change of amount of precipitation. All the data are in synthetic grids, out of which one was made using the 
advanced methodology of GIS. A total of 4261 control meteorological stations served to check the grid and distribution 
of climate. This classification, with its three predictions, may be a solid base for further, more detailed and more precise 
research on future climate changes. The paper focused on all the continents, including the Antarctic. Australia and Asia, 
South East Asia in particular, showed the biggest changes, whereas the Antarctic showed only minor changes. This may 

F I G U R E  5   The territories of climate types according to TWCC in case of global T increase of 3.3°C, 3.6°C, 4.0°C and 4.3°C for the period 
2081–2100
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also be encouraging, taking into account that the Antarctic would transform, and would disappear to a lesser extent, with 
a T increase by 4.3°C.

Overall, the following conclusions can be drawn:

1.	 Climate change impact on lands is a critical condition that affects the economy and future planning of living 
conditions on Earth; therefore, the TWCC should be preferred for climate change modelling applications.

2.	 It is found that, based on the new classification (i.e., TWCC), the impact of climatic change can modify the climate types, 
leading to an increase of up to 65.2% or a decrease to 39.1% and that this depends on the distribution of climate types.

3.	 The TWCC is designed to account for changes in land cover distribution and areas of urban and rural regions. 
Therefore, the use of TWCC for climate change impact studies can be powerful for representing realistic climate 
change impact on society.

4.	 Spatial analysis of climate belts, conducted in GIS, has shown that the biggest change in climate belts comes with the 
global temperature increase by 3.1°C. The biggest movement of climate belts which belong to A – tropical and B – dry 
climates is from the west to the east globally. Some future research on the same topic might present more climate clas-
sifications using the same climate data within the same period.
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