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Abstract

The Novais climate classification is a system that employs reanalysis climate data and integrates both
analytical and dynamic approaches to define homogeneous climate units according to the adopted
hierarchical scale. This study applies the Novais classification globally, contributing to traditional,
exclusively empirical climate classification systems widely used in the globe. Its methodology relies
on cartographic products that were generated on the free software Dinamica EGO, associating spatial
and non-spatial data through conditional equations. The Novais climate classification system
contains hierarchies ranging from the zonal to the local scale, encompassing the regional level for the
study area that comprises units divided into climatic zone, zonal climate, climatic domain, climatic
subdomain, and climatic region. This study found 11 climatic domains, characterized by the average
temperature of the coldest month: equatorial, mild equatorial, tropical, mild tropical, subtropical,
temperate, cold temperate, subglacial, glacial, semiarid, and arid. These domains are subdivided into
climatic subdomains according to the number of dry months (which can be humid, semihumid,
semidry, and dry). Finally, the arrangement of domains and subdomains defines climatic regions by
considering variations in relief and the biogeographic regions of each continent. Research at this scale
can enhance the understanding of global climates, providing a relevant analytical and dynamic
diagnosis that can synthesize the diversity and complexity of the climate across all continents.

Keywords: Novais climate classification system; climate characterization; cartographic modeling

1. Introduction

Earth receives intense solar radiation due to its position within the solar system. This factor,
combined with the presence of liquid water, favors the emergence and maintenance of life. Climatic
elements, such as temperature, precipitation, and atmospheric pressure, exhibit spatial variability
influenced by latitude, altitude, topography, proximity to oceans, vegetation cover, and
anthropogenic activities. These climatic factors actively shape terrestrial landscapes through diverse
weathering processes. According to the World Meteorological Organization (WMO), climate normals
are calculated based on 30-year averages of atmospheric conditions, reflecting their critical role in
maintaining ecological balance and supporting societal planning.

Climate classifications are essential for addressing climatic diversity and are generally divided
into two main categories: analytical, which focus on climatic elements and their effects on the
biosphere, and dynamic, which emphasize variability in air masses. While several classification
models have emerged from these approaches, historical limitations in data quality have affected their
accuracy.

Novais (2019) has proposed a hybrid climate classification system that integrates analytical and
dynamic methods using climate reanalysis data, multivariate statistics, and cartographic modeling.
Initially developed for the Cerrado biome, this system has been expanded to assess climates across
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Brazil, South America, Europe, and, more recently, the entire globe, thereby enhancing multi-scale
analyses and improving environmental management. This methodology is distinguished by its
incorporation of recent technological and methodological advancements. In this paper, the
classification method is detailed, followed by the presentation of Novais’s Global Climate Map.

2. Methods

The hybrid Novais system employs a hierarchical structure that classifies climates from the most
comprehensive to the most specific levels. Understanding the interaction between different scales
and hierarchical levels is essential to comprehending climate impacts on a given area. The order of
magnitude of climate scales, as defined by Ribeiro (1993), Galvani (2020), and Fialho et al. (2023), is
summarized in Table 1.

Table 1. Scales hierarchy in Novais’s Climate Classification System.
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The first levels of Novais’s hierarchy are found at the zonal climate scale, represented by climate
zones and zonal climates, which span continents. These classes are primarily organized by latitude,
atmospheric circulation centers, and regional geographic factors. The tilt of the Earth’s axis relative
to its orbit causes seasonal variations in the angle of solar incidence, most notably during the solstices
(Novais, 2019). Based on this phenomenon, Novais’ climate classification establishes climatic zones,
the first hierarchy, according to the angle of solar incidence on the Earth.

As shown in Figure 1, the solar “illumination cone” on the intertropical region has a range of
46°54’ during equinoxes, shifting to the hemispheres at solstices, indicating the zones of maximum
solar incidence in the summer. To improve the delimitation of these zones, Novais (2023) proposed
four new imaginary lines in addition to the traditional ones.

Subequatorial lines, situated at 11°43'30” latitude in both hemispheres, represent an
intermediate position between the equator and the tropics. The subtropic lines, at 46°54" latitude,
indicate the greatest solar insolation during the solstices, in which the Sun reaches a zenith angle of
23°27" (solar noon) over the tropics. These new references enrich the analysis of solar energy
distribution and the definition of climatic zones.

mer solstice (June)

High solar incadence in i
- spang and summer mer solstice (December)

I:] High soler incidence in
summer

[ tow smmscaincience
[ osboiner

Figure 1. Solar incidence (height) on the planet. Novais (2017).

The five climatic zones delimited by these imaginary lines, according to Novais (2023a), are
shown in Table 2.
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Table 2. Climatic Zones of Novais Climate Classification System.
Minimum Solar
limati Day/Night
Climatic Location Solar radiation Altitude on the ay{ B
Zone . Variation
Horizon
Very Hot Between the subequators Maximum throughout the year; 5494930 Up to 35
(Torrid) (£11°43'30”) Sun at zenith twice minutes
Between subequators and High; Sun at zenith twice and , Upto
Hot . , . 43°06 .
tropics (+23°27") once over the tropic 1h35min
Moderate Betweer.l tropici ar},d High' in summer; Sun neve.r at 19939 Up to.
subtropics (+46°54”) zenith (except on the tropic) 3h19min
Between subtropics and Low; cold surface for most of the Average of
Cold . o 0° .
polar circles (£66°33") year 7h30min
. Minimal; Absent during winter, .
Polar Between polar circles and but visible 24 hours a day in Negative ~ Ranges from

the poles (darkness) Oh to 24h

summer

Zonal climates, defined in the second hierarchy of Novais’ classification system, differ from
climatic zones in that they are based on mean temperature of the coldest month (MTCM), a parameter
closely related to solar radiation (Novais 2023a). The isotherms delimiting them were proposed by

Novais (2017) — some of which were based on K&éppen (1948) — considering factors such as
population thermal sensitivity, tropical diseases, frost formation, and snow (Novais and Machado
2023a):

e Very hot (torrid) - MTCM above 22.5 °C, equatorial populations’ sensitivity to cold;

e Hot-MTCM from 15.1 to 22.5 °C, with Frost occurrence possible at the transition to the moderate
zonal climate;

e Moderate - MTCM from 0.1 to 15 °C, with sporadic frosts and low presence of diseases
transmitted by tropical vectors;

e Cold - MTCM from -14.9 to 0 °C; possibility of snow cover;

e Polar - MTCM < -15 °C and soil freezing.

In addition to zonal climates, the second hierarchy includes azonal climates, which are common
in mountainous areas between the subtropics and associated with the adiabatic effect. Novais and
Machado (2023) define a climate as azonal when its MTCM corresponds to that of two zonal climates
colder than the climatic zone in which it is located.

The regional climate scale has the greatest degree of hierarchical variation, as it connects the
upper and lower levels. It includes three climate hierarchies: climatic domain, subdomain, and
region. These hierarchies are defined by secondary circulation and regional geographic
characteristics, considering criteria such the mean temperature of the coldest month (MTCM),
precipitation, the number of dry months (precipitation below potential evapotranspiration), and
continental location, particularly terrain features.

Climatic domains (Table 3) subdivide zonal climates based on the MTCM intervals, while also
incorporating the influence of regional atmospheric systems, such as the Intertropical Convergence
Zone (ITCZ). Thus, even with identical MTCMs, domains such as equatorial and tropical are
distinguished by their seasonal moisture regimes (Novais 2023a). Moreover, semiarid and arid
domains are defined by 12 dry months per year and average annual precipitations above or below
500 mm (Novais and Machado 2023b).

Table 3. Climatic domains classification.

Dry Months / Annual Average

Climatic Domain MTCM (°C) / ITCZ Precipitation (AAP)
Equatorial (Eq) >225+ITCZ -
Mild Equatorial (EqM) 18.1t022.5+ITCZ -
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Tropical (Tr) >18.0 + without ITCZ -
Mild Tropical (TrM) 15.1 to 18.0 -
Subtropical (St) 10.1 to 15.0 -
Temperate (Te) 0.1to10.0 -
Cold Temperate (TeC) -9.91t0 0.0 -
Subglacial (Sg) -29.9 to -10.0 -
Glacial (GI) <-30.0 -

Semiarid (SA) - 12 dry months + AAP > 500 mm

Arid (Ar) - 12 dry months + AAP <500 mm

The fourth hierarchy, climatic subdomains, is based on the number of dry months per year, with
the climatological water balance and ETp calculated by Penman-Monteith method (1964), which is
more comprehensive than that of Thornthwaite and Mather (1955). A month is classified as dry when
precipitation (P) is lower than ETp, producing a soil water deficit, reducing surface runoff, and
constraining plant growth.

According to Novais and Galvani (2022), ETp is related to atmospheric attributes, whereas real
evapotranspiration depends on soil moisture. Water surplus indicates the volume of water available
during the period, while P-ETp represents the potential water balance. Based on these criteria (Table
4), the subdomains are classified according to the number of dry months as humid, semihumid,
semidry, and dry (Novais and Machado 2023).

Table 4. Climatic subdomains (domains) classification.

limati - limati
Climatic Subdomain / Climatic Number of Dry Months Annual Average Precipitation

Domain
Humid Upto3 -
Semihumid 4to5 -
Semidry 6to7 -
Dry 8to11 -
Semiarid 12 > 500 mm
Arid 12 <500 mm

Average temperature, precipitation, and ETp data from 1981 to 2010, obtained from CHELSA
(Climatologies at high resolution for the earth’s land surface areas) version 2.1 (Karger et al. 2018),
were used to define climatic domains and subdomains. CHELSA offers high-resolution global data
(one km?), integrating ERA-Interim climate reanalyses with information from more than 26,000
meteorological stations and measurements from ships, aircraft, probes, and satellites. Although
broadly comprehensive, CHELSA does not provide ETp or mean temperature data for Antarctica. To
fill this gap, we used version 1.2 data for average temperature (1979-2013) and version 2.1 data for
precipitation to delineate the Antarctic climatic subdomains (www.chelsa-climate.org).

Novais’ (2019) methodology was implemented through an automated model developed in
Dinamica EGO software, which enabled rapid processing of climate data (Figure 2). Climatic domains
were delimited based on the MTCM values, which obtained by finding the coldest pixel in the
monthly rasters and generating a combined raster. These values are reclassified according to Chart 3
and cross-referenced with ITCZ activity, the number of dry months, and average annual
precipitation. ITCZ is essential to distinguish the equatorial and tropical domains that share the same
MTCM band.

ITCZ stands on the ascending branch of the Hadley Cell, varying seasonally from 8 to 1°N
(Hastenrath and Heller, 1977, Citeau et al. 1988). More recent studies indicate that it can extend
beyond 5°S, forming a double band with maximum precipitation in April in South America (Teodoro
etal. 2019, Cavalcanti et al. 2009). In this study, its delimitation considers three main criteria: (1) limits
in Brazil according to Novais and Machado (2023); (2) humid tropical forests between the subequators
according to Olson et al. (2001); and (3) precipitation above 150 mm in April in the southern
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hemisphere and in October in the northern hemisphere as these months represent tropical seasonal
transitions.

®) Domain ®) subdomain
‘ Monthly ETP s . Anual
Monthly Mean \J Pluviometric
Temperature | = MTCm Precipitation
e NoofDry |
Monthly Months i
v ‘ Pluviometric 1+ H v
e |
P-ETP<0 (Dry Month) | §
ICTZ fomn » CLIMATIC L, CumaTiC
DOMAIN F—_———————— \ SUBDOMAIN
[
| £ Anual I
| ‘E Pluviometric -
Software | < | Pprecipitation
Q AarcGis N~ /

Vector
Conversion

) Dinamica EGO

Overlay
(Union

Climate Map

Figure 2. Methodological approach.

The climatic subdomains were delineated using a condicioning logic model wich aggregates the
total number of dry months in a year and reclassified the resultant raster according to the criteria in
Table 4. Finally, the domain and subdomain raster maps were converted into shapefiles using ArcGIS
10.8 software and overlaid into a single file with the climate attributes. Visualization was
standardized by a symbology defined by colors and tones.

Climatic regions, defined as the fifth level of the classification hierarchy, integrate domains and
subdomains within continents by accounting for topography, bioclimatic zones, and distance from
the ocean, alongside meteorological factors such as frost frequency, imparting them a hybrid
character. This delineation resolves the occurrence of the same climate type across different parts of
the globe.

The lower level of the climate scale holds a more direct influence on surface and is divided into
subregional and local scales. The subregional scale encompasses the climatic subregion and the
mesoclimate -the sixth and seventh hierarchies in Novais’s system- with spatial extents ranging from
tens to thousands of square kilometers. The primary criteria rely on instrumental measurements. Key
organizing factors at this scale include geoecological integration, human activity, and urban
planning, while delimitation is typically based on geomorphological units. The eighth hierarchy is
occupied by topoclimates/local climates, with restricted occurrence in the relief, such as on slopes
exposed to insolation, local wind circulation, and orographic precipitation, as well as urban local
climates influenced by different land uses

Only the upper level of Novais’s classification system was applied at the global scale in this
paper. This level includes the hierarchies of climatic zones, zonal climates, climatic domains and
subdomains.

To facilitate the interpretation of the climatic classes, a coding scheme was developed to
represent each unit in a concise and systematic manner. Figure 3 illustrates this structure according
to the example of the Semi-dry Tropical of Southern Central Brazil. In this scheme, the climatic domain
is denoted by two uppercase letters (e.g., Tr for tropical), while the subdomain is indicated by specific
symbols - (“) for humid, (¢ for semihumid, (*) for semidry, and (**) for dry - reflecting the number of
dry months. The climatic region is expressed by three lowercase letters (e.g., scb, referring to southern
central Brazil), which identify its geographical location within the continent.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Coding scheme employed to distinguish climate units in the mapped representation.

This coding system expresses the hierarchical structure of the climates and facilitates the
identification of each unit, especially where numerous color tones may hinder interpretation.

3. Results and Discussion

Analyzing global climates requires the acquisition of MTCM, precipitation, and ETp values to
calcite Novais’s climatic domains and subdomains.

3.1. Climatic Zones

The five climatic zones defined in Novais’s classification (Figure 4) reflect the first-order spatial
imprint of solar radiation on Earth’s surface. These latitudinal divisions—bounded by the equator,
subequatorial, tropical, subtropical, and polar reference lines—encode the fundamental seasonality
and solar declination structure that modulates global climate and better represent the annual
distribution of zenithal solar angles.

This refinement is particularly useful in transitional belts where the classical equator—tropic—
polar structure fails to reflect intermediate solar regimes. For instance, regions between 11° and 23°
latitude experience two annual peaks of solar elevation but also display subtler differences in day
length and seasonal atmospheric circulation that shape climatic nuances not easily captured in earlier
systems. The differentiation of these belts underscores the multiscale character of Novais’s system,
anchoring all subsequent hierarchies to physically meaningful gradients of solar forcing.

What Novais does by proposing the subtropical line at 46°54’ is to establish a geometric
equivalence: at the summer solstice, this latitude receives the Sun at the same angle as the tropics
receive it at the equinoxes. In other words, the Sun is not directly overhead there, but the solar
radiation is still sufficiently intense to define a climatic boundary.

FIPEEINE - Northern Subequator: 8 & 5 F - 2 S 1335N
M Equator A - o

RO Southem Subequator, ot . =L —

RS OUnE TS UD oD T e e e e By -

66°338 =

Climatic Zones
Bl Very Hot I Hot Moderate [ Cold Polar

High annual solar incidence High solar incidence High solar incidence in summer Low annual solar incidence Dark winter
in spring-summer

----- Zonal Boundaries

Figure 4. Earth climatic zones. Novais and Machado (2023).
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3.2. Zonal Climates

Zonal climates, distinct from climatic zones, represent a hierarchy determined by MTCM values.
Temperature ranges are defined according to Kdppen (1948) and Novais (2017). Figure 5 shows the
distribution of Global Zonal Climates. Unlike climatic zones, which are defined exclusively by
astronomical geometry, zonal climates integrate real atmospheric responses, influenced by both
radiation and regional circulation.

Zonal Climates
I Very Hot wews 2256
[ Hot o s1-225°ch
- [_IModerate mcuoa- 150y
SeiE Sty - - | [ Cold #o-143-00°¢)
[ Polar iwou s
| %22 Azonal

————
- 0 100 3000 4%0  GUOD&m

Figure 5. Global zonal climates. Novais and Machado (2023).

The global distribution of the five zonal climates—very hot, hot, moderate, cold, and polar—
exhibits a clear latitudinal gradient, consistent with fundamental thermodynamic expectations and
previous classifications (Kdppen, 1948; Strahler, 1951; Nimer, 1979). Their spatial distribution across
continents reflects the dominant role of planetary-scale processes governing global thermal
variability, such as:

e the Hadley Cell and the strong subsidence in its descending branches, which regulates the
thermal structure of hot and very-hot zones;

e  the Ferrel Cell influence over moderate zones;

e polar high-pressure systems controlling cold and polar regimes.

Novais’s zonal climates align with Képpen’s thermal thresholds but introduce narrower MTCM
intervals that improve resolution in subtropical, mid-latitude, and high-latitude areas. The 15 °C
isotherm delineates the boundary between the warm zonal and temperate climates, indicating the
areas where annual frost is possible.

Moreover, Novais’s inclusion of azonal climates, derived from deviations produced by adiabatic
cooling in high mountain ranges, adds a dynamic dimension absent from classical latitudinal models.
This is particularly evident in regions such as the Andes, Himalayas, and East African Rift, where
adiabatic processes differ local thermal structure relative to neighboring zonal climates.

3.3. Climatic Domains and Subdomains

The integration of thermal regimes (domains) and hydrological seasonality (subdomains)
produces 38 combinations globally (Figure 6), revealing complex spatial mosaics shaped by
interactions among latitude, atmospheric circulation, continentality, relief, and surface properties. It
includes 11 domains (equatorial, mild equatorial, tropical, mild tropical, subtropical, temperate, cold
temperate, subglacial, glacial, semiarid and arid) and four subdomains (humid, semihumid, semidry,
and dry).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In future studies, this climate classification may be extended to include the oceanic regions,
tanking into account sea surface temperatures and ocean currents, although the present study only
considered the continental areas.

Mild Equatorial Tropical Mild Tropical Cold i Glacial
THEbeen | uaeeoerre, | T batusen OB baueen | THWE veen A b T s | utsE s s 3w
2.5°G. undst the ihaut G2 Aluence 5 ang 18°C 10" ana 10 Tashee 0¥ ans T 01 and S0°C

I Humict I Humid Humid Hurmid I Humid I Humicl B Humid Humid
i - d = id Semiumid Semiumid Semiumid I semiumid [ semiumid Semiumid
H € 6ta7 Semi-dry W semi-dry Semi-dry Semidry Semidry Semidry W Semidry Semidry Semidry Arid
2
Sae0n Dry Dy Dry Dry Dry Dry Dry Dry Dry

Figure 6. Novais global climate classification map (climatic domains and subdomains).

3.3.1. Climatic Domains: Thermal Regimes

The distribution of the 11 climatic domains, most of them essentially subdivisions of the zonal
climates, demonstrates the strong coupling between solar radiation and regional atmospheric
systems. Equatorial and mild-equatorial domains are concentrated along the Intertropical
Convergence Zone (ITCZ), a region characterized by strong upward motion, deep convective
activity, and persistent cloud cover that sustains high annual rainfall and a very short dry season.
The hemispheric asymmetry observed in their distribution, especially over South America and
Africa, reflects shifts in the mean position of the ITCZ, largely influenced by cross-equatorial
gradients in sea-surface temperature (SST) and by the contrasting arrangement of land and ocean
masses.

Tropical and mild tropical domains, extending into subtropical latitudes, reflect seasonal
oscillations of the Hadley Cell and its subtropical subsidence branches. These regions exhibit distinct
rainfall seasonality depending on monsoon dynamics, SST gradients, and the influence of subtropical
highs.

Subtropical, temperate, cold-temperate, subglacial, and glacial domains capture the gradual
weakening of solar energy and the strengthening of meridional temperature gradients that define the
extratropics. In Novais’s classification, these zones are delimited by thermal thresholds closely
aligned with well-established bioclimatic responses, including the onset of frost, the frequency of
snow events, and the degree to which human populations are affected by low temperatures.

Finally, semiarid and arid domains appear in regions where precipitation deficits become severe
enough to sustain extensive dryland environments across both tropical and extratropical latitudes.
The distinction between semiarid (>500 mm/year) and arid areas (<500 mm/year), combined with the
requirement of twelve dry months, produces a clear and physiological relevant separation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3.2. Climatic Subdomains: Hydrological Seasonality

Subdomains - humid, semihumid, semidry, and dry - integrate moisture availability through the
number of dry months (P < ETp). This approach surpasses both the Thornthwaite and Mather (1955)
water balance methodology and the simplified indices in Képpen’s system by linking hydrological
stress to evapotranspiration dynamics rather than fixed precipitation thresholds.

The global arrangement of the subdomains reveals clear and coherent hydrological patterns.
Across the continental interiors of all major landmasses, strong hydrological gradients emerge,
reflecting the combined effects of distance from moisture sources and atmospheric circulation.
Distinct dry-season regimes appear in Northeast Brazil, Central Africa, South Asia, and northern
Australia, where moisture supply is tightly controlled by the position and seasonal migration of the
monsoon systems. In contrast, maritime Western Europe displays more gradual transitions, shaped
by the moderating influence of the North Atlantic and prevailing westerlies. At the opposite extreme,
persistent aridity characterizes the Earth’s major desert regions, including the Sahara, the Arabian
Peninsula, the Atacama, central Australia, and the Gobi, where subsidence, continentality, and cold-
ocean influences reinforce long-term moisture deficits.

3.3.3. Climatic Regions: Fifth Hierarchy

Climatic regions depict the distribution of domains and subdomains throughout continents,
determined by multiple factors, including relief configuration (plains, depressions, plateaus, and
mountains), bioclimatic aspects, oceanic influence, and recurring atmospheric phenomena such as
the occurrence of frost in southern central Brazil.

Climatic regions describe how domains and subdomains are arranged across the continents,
reflecting the influence of several factors, including the configuration of the relief (plains, depressions,
plateaus, and mountain systems), bioclimatic characteristics, oceanic exposure, and recurrent
atmospheric features such as the frost episodes that occur in southern central Brazil. On the maps,
the regions are indicated by dashed boundaries and numbers that serve as identifiers. So far, these
regions have been delineated only for Europe and South America, the two continents that have
already been mapped at the fifth hierarchical level. Extending this level of detail to the remaining
continents is a goal for future work.

Novais (2023b) identified 32 climatic regions in Europe (Figure 7). When combined with the
domains and subdomains, these regions give rise to 191 climatic types. Chart 5 presents a selection
of these units and includes information on MTCM, annual precipitation, ETp values, and the number
of dry months; the bioclimatic references for Europe follow Roekaerts (2002). The remarkable climatic
diversity observed in Europe arises from the interaction between maritime and continental
influences, strong variations in topography and the presence of high-latitude, boreal conditions,
among other regional factors.

Table 5. Examples of Climatic Units at the Fifth Hierarchical Level in Europe.

Annual Annual Potential
Fifth Hierarchical e el . . Dry Months
T ° P E
Code Climate Unit (Region) MTCM (°C) Precipitation Evapotranspiration (P<ETp)
(mm) (mm)

Port i

Spropt Lortuguese  Oceanic ;o 449 0095834 704 - 850 2-3
Humid Subtropical

Sprmie Lalic  Mediterranean 01340 367 557 853-978 8
Dry Subtropical
Belgium-Dutch

Te”obd Oceanic Humid 4.2-45 921 -943 666 - 671 3
Temperate

Te'obr DhUSH Oceanic 3 89 584-1.274 574 - 686 4-5

Semihumid Temperate
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Panoni .

Te*pan Lonomian - Semidry o, 474 - 826 688 - 819 6-7
Temperate

TeCrcqu SoUCasian  Humid = oo 000 cas 3431 101 - 600 0-3
Cold Temperate
European Center

TeC*cce Continental Semidry -3.4-0.0 457 — 1,004 589 - 728 6-7
Cold Temperate

B Alpine Humid

5841 Gupglacial 254 -(-10.0) 735-3,315 0-200 0-3
R i t tal

Sgrry Russian  Continental o) 100 64 1392 101 - 200 6-7
Semidry Subglacial

Armib i’fzan Mediterranean ) ¢ 150 198.241 918 - 970 12

1

South America comprises 43 climatic regions, reflecting a broad range of meteorological
conditions shaped by major geographic features such as the Andes, the Amazon Basin, and the desert
environments of the Atacama and Patagonia. In total, the continent contains 471 climatic types
distributed across five hierarchical levels. Chart 6 provides selected examples of these units.

Table 6. Examples of Climatic Units at the Fifth Hierarchical Level in South America.

Fifth Hierarchical Annual Annual Potential

Code Climate Unit MTCME Precipitation = Evapotranspiration Dry Months
) ©0) (P <ETp)
(Region) (mm) (mm)
Eqcam Contral - Amazon o, o oo 4 1,991-4,036 1,169 - 1,769 0-3
Humid Equatorial
Northeast of Brazil
EqM**neb Dry Mild 19.5-225 615-1,278 1,538 - 2,419 8-11
Equatorial
Southern  Central
Tr*scb  Brazil Semidry 18.0-24.4 1,094 — 2,278 1,248 — 2,139 6-7
Tropical
Platine
TrM/mes Y esopotamia 150-17.1 1,547 - 1,900 1,430 - 1,693 4-5
Semihumid
Tropical Mild
Oceanic Central
St**occ  Chilean Dry 10.0-12.9 117 -1,249 1,022 - 1,689 8-11
Subtropical
Southern Plateau of
Terprp ¢ Parand River . oo 50 347 1,023 - 1,437 0-3
Basin Humid ’ ! ! ’
Temperate
Patagonian
TeC'ptg Semihumid -9.9-0.0 497 - 2,149 541 -1,190 4-5
Temperate Cold
Sg”pta ;ﬁjﬁ?;%gﬁgjfs (—?6?0) 1,209 — 8,160 351 - 764 0-3
SAchc Chaco Semiarid 13.1-22.9 632 — 1,405 1,273 -2,217 12
Aratc  Atacama Arid -7.8-22.1 3-408 945 - 2,020 12
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3.4. Contributions and Differences with Other Climate Classifications

Previously developed climate classification systems played an important role in shaping the
model proposed by Novais (2019), which integrates analytical and dynamic components into a single
framework. By combining these elements, the system incorporates not only observed meteorological
and climatic records but also the influence of atmospheric circulation patterns.

The Koppen climate classification (1948) provided key parameters for the development of the
second and third hierarchies, particularly those related to air temperature and its spatial distribution.
Koppen's isotherms contributed directly to the thermal limits that define the very hot and cold zonal
climates in the Novais framework.

A notable correspondence emerges in the MTCM threshold separating Koéppen’'s “C” climates
from the Novais mild tropical domain, both meeting at the upper limit of 18 °C. Likewise, the spatial
extent of Koppen’s BSh climate aligns closely with the semiarid and arid domains defined by Novais,
while the distribution of the Af climate shows strong agreement with the humid tropical climate in
Brazil (Novais 2023a). Table 7 illustrates key points of comparison between the Koppen climate
classification and the Novais system.

Table 7. Comparison between Koppen's climatic groups and the thermal-hydrological domains and

subdomains of Novais.

Thermal /
Koppen Hydrological Corresponding
Climatic Group Thresholds Novais Domains

Corresponding
Novais Notes

(Képpen) Subdomains
Equatorial, MildHumid (“)Novais subdivides Koppen's
A - Tropical Tmin (coldestEquatorial, Semihumid  (¢,broad tropical belt into four
P month) > 18 °C Tropical, = MildSemidry (*), Drythermal bands based on MTCM
Tropical (**) and ITCZ influence.

t tch ith is’
Af - TropicalNo dry month;Equatorial ! . 5 rong march wi Nov.als S
. . . . () humid humid tropical units, especially

Rainforest Pmin > 60 mm Tropical (humid) . . .
in Amazonia and Central Africa.
Corresponds to  monsoon-
Short dryTropical / Mild influenced tropical units in S.

Am - Monsoon (9 semihumid

season Tropical Asia, N. Australia, NE Brazil
margins.
(*) semidry or (* *)Novais separates savannas by
Aw/As —Dry Tropical / Mild YOI Jhumber  of dry  months
. . dry (depending .
Savanna winter/summerTropical . (hydrological threshold), not
on duration)
only season.
Pann < Novais uses fixed rainfall limit
B - DryPthreshold (500 mm) + 12 dry months —

Arid, Semiarid Dry (**) only

(Arid/Semiarid)(temperature- clearer physiological meaning
dependent) than Bs/Bw.

BSh - Hot, . . . " Spatial agreement is strong
Steppe Semiarid Semiarid Dry (**) (Novais 2023a).

Matches major desert regions:
BWh - HOtArid Arid Dry (**) Sahara, Atacama, Arabia,
Desert .

Australia.

Mild  Tropical, Al sub domainsKOppenS broad interval is

Subtropical, . subdivided into 4 thermal
possible

C - Temperate /-3 °C < Tmin <

Mesothermal 18 °C

Temperate domains in Novais.
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Cfa/Cfb - Subtropical / .
. p . Strong overlap with Western
Humid No dry season Temperate () humid .
. Europe, SE South America.
Temperate (humid)
ClCob e Tempoe O ST 0r s by ruber
Mediterranean ~ > P (*) semidry ypes by

(semidry) of dry months, not season only.

Koppen’s D-group spans several

Temperate, Cold Al

D - ColdTmin < -3 °C,Tem orate 1 subdomainsNovais thermal domains
Continental ~ Tmax >10°C perate, possible depending on winter
Subglacial
temperature.
Dfb/Dfc —Cold  winter Matches boreal regions of

‘Cold T “ *
Cold Temperate (") to (%) Canada, Russia, Scandinavia.

Novais refines Képpen’s ET/EF

Boreal humid

Tmax (warmestSubglacial,

E - Polar o i Dry (*) with specific lower thermal
month) <10 °C Glacial bands (~10 to -30 °C; <30 °C).
. Partial correspondence with
<
ET - Tundra 8 < Tmax < 1OSubg1ac1.al. Dry (**) cold-temperate/subglacial
C (upper limit) . .
depending on thermal regime.
EF-Ice Cap Tmax<0°C Glacial Dry (**) Strong match with - Novais's

glacial domain.

Strahler (1989) served as an important reference for delimiting the equatorial and tropical
climatic domains, particularly through the use of the Araguaia River in northern central Brazil as a
dividing line linked to the extent of the Amazon rainforest.

Finally, unlike the dynamic climate classification outlined by Strahler (1951), which does not
incorporate relief or its effects on air temperature, precipitation, and ETp, the Novais system treats
topography in lower levels as a central element. Relief exerts a decisive influence on the delineation
of numerous climatic units in fifth level, highlighting one of the system’s key conceptual advances.
Table 8 illustrates key points of comparison between the Strahler’s dynamic climate classification and
the Novais system.

Table 8. Comparison between Strahler’s dynamic climate classification and the Novais climatic system.

Aspect Strahler (1951,1989) Novais (2019-2023) Notes / Key Differences

P'xtmospherlc Thermal domains + hydrological
circulation belts

Primary Basis subdomains +

(Hadley, Ferrel, Polar . . environmental variables.
cells) dynamic/geomorphic controls

Explain global zonalProduce high-resolution globalNovais focuses on

Novais integrates more

Core Objective climate structure usingclimate mapping with hierarchicalspatial precision, not

circulation dynamics detail only zonal processes.
trict latitudinal belts: Novai fi
Treatment Oftsr rlcicala ! Slrtl,ir ieca? Latitude interacts with thermalsu(,:;:ls cal_tr ict:i 1;?;
Latitude Qp 7 UDOPICaL 4 resholds and ITCZ influence op.1 °P i
midlatitude, polar equatorial boundaries.
Broad zonalFixed thermal thresholds for 10_ .. . .
Thermal . o o~ Koppen-like precision,
.. temperature characterdomains (e.g., >22.5 °C; 15-18 °C; — .
Criteria but more detailed.

(no fixed thresholds) 10 to —-30 °C)

Novais integrates

Hydrological Does not use dry-Subdomains defined by ETp andThomthwaite’s water

Criteria month counts or ETp number of dry months (0-12)
balance.
Use of e . . . .
s Implicit (via circulationExplicit, via dry-month rules andNovais provides
Precipitation . ETp-P balance hysiologicall
Seasonality P Py gically
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meaningful hydrological
limits.

Central component: relief

incl hl
Role of Relief /Not included (Stra “modifies temperature,  ETp,Key conceptual

assumes macro-zonal

Topography control) pre'(:1p1tat10r1 and defines manyinnovation of Novais.
units
I h
Dryland Fixed thresholds: <500 mm and 12M0re ,Ob] ective  than
cpe i Zonal hot-desert zones . circulation-only
Identification dry months (arid)

approach.

Thornthwaite and Mather (1955) were also pivotal in the development of the system, as their
introduction of the climatological water balance provided the foundation for distinguishing climatic
subdomains according to differences between precipitation and ETp. Nimer (1989) further
contributed to the conceptual framework by informing the definition of the number of dry months,
although his approach followed the method proposed by Gaussen and Bagnouls (1953). Building on
this foundation, Novais expands the approach by incorporating explicit thermal thresholds, the
counting of dry months, the influence of the Intertropical Convergence Zone, and the role of relief in
shaping climatic variables. Whereas the Thornthwaite-Mather framework offers a functional and
relatively generalist perspective, the Novais system adopts a hierarchical and spatially detailed
structure. The two approaches can be viewed as complementary, although Novais transforms the
classic hydrological logic into an operational, high-resolution classification applicable at the global
scale. Table 9 illustrates key points of comparison between the Thornthwaite & Mather climate
classification and the Novais system.

Table 9. Comparison between the Thornthwaite & Mather climate classification and the Novais climatic

system.
Thornthwaite & Math
Aspect ornthwaite TN ovais (2019-2023) Key Notes
(1955)
Thermal domains +Novais builds on
Conceptual  Climatological waterhydrological subdomains +Thornthwaite’s
Basis balance (P - ETp) dynamic & geomorphichydrological logic and
factors expands it.
Primary Precipitation (P), PoterltialTempera’rure thresholds, dryNoYals integrates more
Variables E transpiration (ETp) onths, ETp-P balance,variables and regional
anable vapotranspiratio b relief, ITCZ influence context.
Hvdrological Central element: waterDry-month thresholds +Shared foundation, but
¥ . 8 balance definesETp-P  balance defineNovais adds seasonal
Criteria o Lo : ;
humidity/aridity classes =~ subdomains detail.
i 1
Thermal Uses thermal efficiencyFixed thermal bands for 10Novals . reP aces
o . . . Thornthwaite’s heat index
Criteria index (heat index) domains . ..
with explicit thresholds.
. Recognizes seasonal waterExplicitly counts dry monthsNovais operationalizes
Seasonality . . .
surplus/deficit (0-12) seasonality more directly.
Central element (controls .
iff t
Role of Relief Not incorporated local temperature, ETp,Ma]o1~ difference between
L the systems.
precipitation)
hi High tail i i fi
GeograP ic o oad functional categories .1g 'de ai across 5Nov.als . pr.ov.ldes_ iner
Resolution hierarchies spatial discrimination.

Contemporary reanalysis-based approaches (Beck et al.; 2018; Belda et al., 2014; Chan et al., 2016,
Defrance et al., 2020), represent important advances in global climate mapping, yet they generally
preserve the traditional categorical structure of earlier classifications. Novais’s system moves beyond
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these frameworks by incorporating a multiscale hierarchical structure, explicitly accounting for
hydrological seasonality, and integrating relief constraints that modulate temperature, precipitation,
and ETp across complex terrains.

4. Conclusions

The Novais climate classification system offers a more detailed and refined representation of
global climate patterns by combining thermal, hydrological, dynamic, and geomorphological criteria
within a hierarchical framework. This structure substantially improves the capacity to identify
regional climatic variations, providing subdivisions that are more specific than those found in
traditional and widely used classifications.

By incorporating factors such as ETp, hydrological seasonality, and topographic influence, the
system aligns the classification more closely with the conditions experienced by ecosystems and
human populations. Its methodological flexibility also enables consistent updates using modern
climate reanalysis datasets, making it adaptable to contemporary and future climate-change
scenarios.

The higher spatial and thematic resolution enhances comparative analyses across different
regions of the world, supporting applications in ecological modeling, biodiversity assessment,
agricultural zoning, territorial planning, and climate-risk evaluation. The use of explicit thermal and
hydrological thresholds strengthens climate-change diagnostics by allowing the detection of subtle
shifts that may be overlooked in more generalized systems.

Furthermore, by integrating physical, hydrological, and biogeographic elements, the Novais
system contributes to conceptual and cartographic advances in climatology, reinforcing both
scientific and educational applications. In doing so, it addresses persistent analytical gaps in existing
climate classifications and provides a more robust foundation for environmental research and spatial
planning at multiple scales.
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