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Key Points:

« Net tropical climate land area, defined by smaller seasonal than diurnal temper-
ature range, is projected to decrease in a warming climate

e The decrease is primarily due to enhanced summer warming, leading to elevated
seasonal temperature range in the tropics

« Changes are consistent with but not clearly related to the expansion of the sub-
tropical dry zones with global warming
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Abstract

Regions along the edges of the tropics host vast populations and ecosystems which are
sensitive to climate change. Here we examine the extent of tropical climate land areas
in the ERA5 and MERRA-2 reanalyses in high-emission scenarios of 45 models partic-
ipating in phases 5 and 6 of the Coupled Model Intercomparison Project (CMIP5/6).
Based on the definition of tropical climate land areas as regions where the diurnal tem-
perature range exceeds the seasonal temperature range, we find a net reduction of trop-
ical land area with global warming. This change is primarily due to an increased sea-
sonal temperature range, driven by enhanced summer warming. The reduction in trop-
ical land area is consistent with the expansion of the subtropical descending zones and
with the expansion of drylands with global warming. However, the particular contribu-
tions of dynamic and thermodynamic processes are not clear.

Plain Language Summary

Tropical climate land areas host about 40% of the world’s population and 80% of
the world’s biodiversity. Changes in the extent of tropical climate land areas, which gen-
erally border semi-arid climate zones, can therefore carry vast ecological and socio-economic
implications. Tropical climate land areas are generally defined as regions where the daily
temperature range exceeds the seasonal temperature range. Based on this definition we
find a net decrease in tropical land area in climate model projections of greenhouse-gas-
induced global warming. The net reduction in tropical land area is driven primarily by
increased seasonal temperature range, due to enhanced summer warming. The reduc-
tion in tropical land area is consistent with the expansion of the subtropical descending
zones and with the expansion of drylands with global warming. However, the specific
contributions of dynamic and hydrological processes are not clear.

1 Introduction

Tropical climate land areas host about 40% of the world’s population and 80% of
the world’s biodiversity. Changes in the extent of tropical climate land areas, which gen-
erally border semi-arid climate zones, can therefore carry vast ecological and socio-economic
implications (Ruane et al., 2021; Griinzweig et al., 2022). It is now well established that
the tropical overturning circulation in the atmosphere has widened meridionally in re-
cent decades, pushing subtropical dry zones poleward (Lu et al., 2007; Seidel et al., 2008),
a tendency expected to continue under global warming (for reviews, see Staten et al.,
2018, 2020). The extent of global drylands is similarly observed and projected to increase
with global warming, partly at the expense of tropical land areas, due to increased global
aridity (Feng & Fu, 2013; Huang et al., 2017). However, regional trends and the dynamic
and thermodynamic drivers that underlie regional variations in the extent of the trop-
ics remain poorly understood (Bony et al., 2015; Nguyen et al., 2018; Grise et al., 2018;
Staten et al., 2019; Palmer & Stevens, 2019; D’Agostino et al., 2020). Here we analyze
projected changes in the extent of tropical climate land areas using a simple definition
of tropical zones based on temperature variations, and relate these changes to the ex-
pansion of the subtropical dry zones.

In the present climate, seasonal temperature variations nearly vanish near the equa-
tor and generally increase toward the poles — in accordance with seasonal insolation (Riehl
et al., 1979). Diurnal temperature variations are similarly lower near the equator but
vary modestly between tropical and subtropical latitudes (Riehl et al., 1979; Yang & Slingo,
2001). In addition, owing to the large contrast in heat capacity, tropical surface temper-
ature variations over land are significantly larger than over ocean. Specifically, land vari-
ations are larger by a factor of about 10 on diurnal timescales, and by a factor of about
2 on seasonal timescales, making diurnal surface temperatures variations significantly
larger than seasonal variations in the tropics (Riehl, 1954; Riehl et al., 1979). Tropical
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Figure 1. (a) Seasonal (solid black) and diurnal (dashed gray) surface temperature

ranges (Ageasonal a0d A piyurnat, respectively), zonally averaged over land areas. (b) Global
Apiurnal — AsSeasonal- Data shown for climatological values of the European Centre for Medium-
Range Weather Forecasts ERAS dataset (panel b and thick lines in panel a, Hersbach et al.,
2020), and for the National Aeronautics and Space Administration MERRA-2 dataset (thin lines
in panel a, Gelaro et al., 2017), for the years 1980-2020. See section 2 for details on the data and

calculations.

climate land areas are therefore conveniently defined as land regions where the diurnal
temperature range exceeds the seasonal temperature range — a definition commonly at-
tributed to Riehl et al. (1979), but first proposed by Troll (1943) and demonstrated in
Paffen (1967).

Figure 1 shows the observed climatological mean differences over land between max-
imal and minimal diurnal surface air temperatures (A pjurnar) and between the hottest
and coldest months in each year (Ageqsonat)- Tropical climate land areas, where A piyrnal >
Ageasonal, are clearly delineated from subtropical areas, with mean edges at about 24°S
and 17°N. Changes associated with global warming in the extent of tropical land areas,
as defined above, thus depend on the responses of seasonal and diurnal surface temper-
ature variations.

The sensitivities of seasonal and diurnal temperature variability to global warm-
ing have been extensively analyzed in modeling and observational studies (e.g., Stouf-
fer & Wetherald, 2007; Manabe et al., 2011; Sobel & Camargo, 2011; Dwyer et al., 2012;
Stine & Huybers, 2012; Donohoe & Battisti, 2013; Holmes et al., 2016; Yettella & Eng-
land, 2018; Chen et al., 2019). In high latitudes, the seasonal temperature range gen-
erally decreases with global warming due to enhanced winter warming (e.g., Manabe et
al., 2011; Dwyer et al., 2012; Chen et al., 2019). The diurnal temperature range has like-
wise generally decreased globally over the past century, especially in higher latitudes, due
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to enhanced nighttime warming (Wild, 2009; Thorne, Menne, et al., 2016; Thorne, Do-
nat, et al., 2016; K. Wang & Clow, 2020).

In contrast, at low latitudes global warming is associated with a weak general in-
crease in both seasonal and diurnal surface temperature variability. The increase in the
seasonal temperature range is mainly attributed to reduced evaporative cooling during
summer, caused by decreased relative humidity and weakened circulation (Sobel & Ca-
margo, 2011; Chen et al., 2019). The diurnal temperature range is generally lower dur-
ing summer, and therefore affected by the elevated summer temperatures (Yang & Slingo,
2001; Geerts, 2003). However, both seasonal and diurnal temperature variations over land
depend strongly on local processes which are typically not well simulated by climate mod-
els. There is therefore generally poor consistency across climate models and between ob-
served and projected changes in both seasonal and diurnal tropical temperature varia-
tions, especially on regional scales (Dwyer et al., 2012; C. Wang et al., 2014; Thorne, Do-
nat, et al., 2016; Yin & Porporato, 2017; Chen et al., 2019; K. Wang & Clow, 2020).

Here we use the temperature-range definition of tropical climate land areas to ex-
amine the extent of tropical land areas in reanalyses and in projections by coupled cli-
mate models. Our methodology is described in Section 2, followed by our results and a
discussion in Sections 3 and 4.

2 Data and methods

Observationally constrained data is taken from the European Center for Medium-
Range Weather Forecasts (ECMWF) ERAD5 reanalysis (0.25° X 0.25°resolution; Hers-
bach et al., 2020), and from the National Aeronautics and Space Administration MERRA-
2 reanalysis (0.625° X 0.5°; Gelaro et al., 2017) for the years 1980-2020.

The seasonal temperature range (Ageasonal) is calculated as the difference between
the months with hottest and coldest surface air temperatures (2m) in each year at each
grid point. The diurnal temperature range (Apjurnat) is calculated as the annual mean
difference between monthly maximal and minimal diurnal surface temperatures at each
grid point, derived from hourly data. We derive two parameters from the difference be-
tween Apiurnal a0d Ageasonar: (1) Tropical land width is calculated as the distance be-
tween the northern and southern latitudes where A piyrnai — Aseasona; changes sign;
(ii) Tropical land area is calculated as the area-weighted sum over all land grid points
in which Apjurnat > Aseasonal (lakes are excluded). For reference, the climatologies
of observed seasonal and diurnal surface temperature ranges are shown and discussed
in the Supporting Information (Figure S1).

We also analyze tropical temperature variations in 27 climate models from phase
5 (Taylor et al., 2012) and 18 models from phase 6 (Eyring et al., 2016) of the Coupled
Model Intercomparison Project (CMIP5/6), based on availability (Table S1). For CMIP5/6
models, Ageqsonal 18 calculated from monthly surface air temperature fields (i.e., the ‘tas’
variable), and Apjurna 18 calculated as the annual mean difference between monthly max-
imal and minimal daily surface temperatures at each grid point (i.e., using the ‘tasmax’
and ‘tasmin’ variables). For each model we use data only from the first realization (en-
semble members ‘rlilpl’ and ‘rlilplfl’ for CMIP5 and CMIPG6, respectively), linearly
interpolated to a common 1.5°x1.5° horizontal grid.

To examine the relation of tropical land areas to the subtropical dry zones, we an-
alyze variations in precipitation minus evaporation (P — E) in the 27 CMIP5 models
and in 16 of the 18 CMIP6 models (P—FE data is not available for the 'GFDL-ESM4’
and "CAS-ESM2-0’ models; see Table S1). Specifically, the poleward extent of the sub-
tropical dry zones increases with global warming, and is known to strongly covary with
the width of the tropical meridional overturning circulation (Lu et al., 2007; Seviour et
al., 2018). We calculate the poleward extent of the subtropical dry zones as the subtrop-
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ical latitudes where the zonal mean P—FE (over land and ocean) changes sign, averaged
over the northern and southern hemispheres, using the TropD software package (Adam
et al., 2018). (Note that this definition cannot be applied to only land areas, because evap-
oration nearly vanishes over land.) We also analyze the width of the tropical rain belt
(or the width of the intertropical convergence zone), which is projected to decrease un-
der global warming (Byrne & Schneider, 2016b). We estimate the width of the tropical
rain belt (TRB) as the standard deviation of the meridional distribution of precipita-
tion equatorward of 20°, which is well correlated with other indices of the TRB width
(Adam et al., 2022, see the Appendix for details). We apply this definition to the zonal
mean precipitation (over land and ocean), as well as to precipitation zonally averaged
over land.

To gauge model biases, we compare historical simulations averaged over the period
1980-1999 with the ERA5 and MERRA-2 reanalyses. For assessing the sensitivity to global
warming, we take the averaged difference between years 2080-2099 in the RCP85 (CMIP5)
and SSP585 (CMIP6) scenarios, in which pre-industrial CO4 levels are quadrupled by
the end of the 21st century, and the historical simulations. As shown in Figure S2, the
zonally land-averaged representation of Agcasonai and A piyrna; in the two CMIP phases
is statistically indistinguishable; we therefore analyze the two phases jointly. We note
that CMIP5/6 models are known to have regional biases in seasonal temperature vari-
ability, mainly associated with coupled large-scale circulation (C. Wang et al., 2014; Chen
et al., 2019), as well as deficiencies in the representation of diurnal temperature varia-
tions, associated with biases in cloud, surface, and vegetation processes (Yin & Porpo-
rato, 2017; K. Wang & Clow, 2020).

3 Results
3.1 Zonal mean trends

Figure 2a compares Ageqsonal and Apjurna in the CMIP5/6 historical simulations
and in the ERA5 and MERRA-2 datasets, zonally averaged over land. In the subtrop-
ical latitudes where Apjurani—Aseasonal changes sign, the model seasonal temperature
ranges are in broad agreement with the reanalyses. However, diurnal temperature ranges
do not agree across both models and reanalyses, for example in the southern hemisphere
where the models underestimate A pjyrna; (more so when compared with MERRA-2),
reflecting the large uncertainty in simulating diurnal temperature variations (K. Wang
& Clow, 2020). We therefore proceed with the analysis while acknowledging the large
uncertainties associated with changes in diurnal temperature variations. In addition, given
the discrepancies across reanalyses and the significant role of natural variability in ob-
served tropical widening trends (Nguyen et al., 2013; Adam et al., 2014; Staten et al.,
2018), our analysis hereon focuses only on long-term trends associated with global warm-
ing in CMIP5/6 projections.

Figure 2b shows the CMIP5/6 ensemble means of Agecasonar and A piyrnal, zonally
averaged over land, in historical simulations and in projections. The projected changes
show: (i) generally increased tropical Ageasonal, and (ii) reduced A pjyrna in the north-
ern hemisphere and increased A p;yrna in the southern hemisphere, suggesting an over-
all decrease in the extent of tropical land area. Consistent with previous analyses, since
Ageasonal inCreases with mean temperature, the projected increase in Ageqsonal 1S caused
by enhanced warming during the warm season (e.g., Chen et al., 2019).

Figure 3a,b shows model probability distribution functions (PDF's) of the projected
changes per 1K global warming of tropical land width (mean latitudinal extent of land
where Apiurnal > Aseasonat) and of tropical land area (net land area where Apjyrnar >
Aseasonal)- A shift toward reduced tropical width and area is seen in nearly all of the
models, indicating a reduced net tropical extent under global warming (ensemble mean
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Figure 2. (a) Amplitudes of seasonal (Agecasonal, s0lid) and diurnal (Ap;urnat, dashed) sur-
face temperature ranges, zonally averaged over land, for CMIP5/6 historical simulations (blue)
and for the ERA5 (purple) and MERRA-2 (gray) reanalyses. Shading indicates +1 standard
deviation across models. (b) Ensemble mean CMIP5/6 values of Apiyrnai and Agegsonal, 200~
ally averaged over land, for the periods 1980-1999 (black, historical simulations) and 2080-2099
(green, RCP85/SSP585 simulations).

decrease in width and area per 1K is 0.48° and 0.78-10% km?; see Figure S3 for the cor-
responding end of 20th and end of 21st centuries’ PDF's).

Figure 3c,d shows the projected changes in the poleward extent of the subtropi-
cal dry zones (SDZs) and in the width of the tropical rain belt (TRB), zonally averaged
over land and ocean. A clear poleward expansion of the SDZs is seen, associated with
a widening of the tropical meridional overturning circulation (, e.g., Seviour et al., 2018;
Waugh et al., 2018), and a narrowing of the TRB, associated with increased energy trans-
port out of the rising branch of the tropical overturning circulation (Byrne & Schneider,
2016a). These changes indicate an expansion of the SDZs on both their poleward and
equatorward edges (Byrne & Schneider, 2016a). However, as shown in Figure 3e, there
is no statistically significant change in the width of the TRB over land. The narrowing
of tropical climate land area is therefore not clearly related to the expansion of the sub-
tropical descending zones, which is attributed to changes in the tropical meridional over-
turning circulation, but is manifested primarily over ocean due to confounding effects
by land-ocean temperature contrast and radiative forcing (He & Soden, 2017).

3.2 Regional trends

We now turn to examine regional changes. Given the similarities between the width
and area indices, and given that tropical zonally-varying width is not well defined in nar-
row continent strips (Figure 1b), we focus our regional analysis on tropical land area.
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zonal mean (over land and ocean) subtropical dry zones (SDZs), (d) width of the zonal mean
tropical rain belt (TRB), and (e) width of the TRB averaged over land. Vertical lines show medi-

ans. The PDFs are composed of 45 models in panels a and b, and of 43 models in panels c—e.

Figure 4a shows the projected ensemble-mean changes per 1K warming in A pjurnai—
Ageasonal- Significant reduction of tropical land area is seen over Africa and the Amer-
icas, and to a lesser degree over the Asian and western Pacific sectors (see Figures S4
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and S5 for PDFs of the regional changes). Specifically, the ensemble-mean projected re-
gional changes in tropical land area per 1K are -0.31-10% km? over Africa, -0.43-10% km?
over the Americas, and -0.03-10% km? over Asia and the western Pacific sectors.

The specific contributions of changes in Ageasonar and Apiurnar are shown in Fig-
ure 4b,c. Most of the reduction in net tropical land area is due to increased Agecasonals
with A pjurne; having a generally small reinforcing effect over northern Africa, and a bal-
ancing effect elsewhere. Therefore, despite the large uncertainties in projected changes
in the diurnal temperature range, the reduction of tropical land area is a robust response
to global warming, associated primarily with increased seasonal temperature range in
the tropics.

Since the increased seasonal temperature range is associated with reduced evap-
orative cooling during summer (Sobel & Camargo, 2011; Chen et al., 2019), we exam-
ine the ensemble-mean changes in precipitation minus evaporation (P—F), normalized
per 1K global warming, in Figure 5. Drying is consistent with increased seasonal tem-
perature range over northern America and southern Africa. But it is likely not a key driver
of the increased temperature range in the already-dry northern Africa, and in the wet-
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Figure 5. CMIP5/6 ensemble mean projected changes in precipitation minus evaporation

(P — E) over land per 1K warming. Pink lines show latitudes where Apiurnai — ASeasonal = 0.

ter southern America and parts of the Asian sector. Thus, the decreased extent of trop-
ical land areas, as defined here, cannot be generally attributed to drying.

4 Discussion

Tropical climate land areas can be defined as regions where the diurnal surface tem-
perature range exceeds the seasonal surface temperature range (Figure 1). Based on this
definition we find a robust reduction of tropical land area with global warming in a co-
hort of 27 CMIP5 and 18 CMIP6 models forced with high-emission scenarios.

The projected decrease in tropical land area is driven primarily by an increased sea-
sonal temperature range (Figure 2b), consistently seen across regions (Fig. 4b), caused
by enhanced summer warming (Sobel & Camargo, 2011; Chen et al., 2019). The diur-
nal temperature range generally decreases in the northern hemisphere and increases in
the southern hemisphere (Figure 2b), and has an overall small contribution to the changes
in tropical land area (Figure 4c). Thus, despite large uncertainties in simulated trends
of the diurnal temperature range, the reduction of tropical land area with global warm-
ing is a robust response, seen in nearly all of the CMIP5/6 models (Figure 3a,b).

The net loss of tropical land area with global warming coincides with the projected
expansion of the subtropical descending zones on both their equatorward and poleward
edges (Lu et al., 2007; Lau & Kim, 2015), associated with dynamic processes, and with
the projected global expansion of drylands, due to increased aridity (Huang et al., 2017).
However, the reduction in tropical land area is not clearly related to either of these dy-
namic and thermodynamic trends. Specifically, the expansion of the subtropical descend-
ing zones is caused by the widening of the mean meridional overturning circulation (MOC),
which is also observed across regions (Grise et al., 2018; Staten et al., 2019; D’ Agostino
et al., 2020), and the narrowing of the width of the tropical rain belt (i.e., the rising branch
of the MOC Byrne & Schneider, 2016b; Byrne et al., 2018; Donohoe et al., 2019). But
the width of the tropical rain belt does not decrease over land, and is therefore not clearly
related to changes in the MOC (Figure 3). Similarly, changes in the seasonal and diur-
nal temperature ranges are not directly related to changes in precipitation minus evap-
oration (Figure 5). Moreover, in the subtropics, where tropical climate land area is lost,
CMIP5 models project transitions of land areas from both wet-to-drier and from dry-
to-wetter conditions (Figure 5; Feng & Fu, 2013; Griinzweig et al., 2022). Therefore, dy-
namic and thermodynamic drivers likely have diverse effects on the reduction in trop-
ical climate land area. Further analysis is required to to better understand the causes
and implications of reduced tropical land area, especially on regional to local scales.
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Appendix A Width of the tropical rain belt

Defining the centroid latitude of the meridional distribution of zonal-mean precip-
itation P as

20°N
Soont = /2 P()¢ cos(6)dg, (A1)

0°S

the width of the tropical rain belt (TRB) is estimated as the standard deviation
of the meridional distribution of precipitation,

/ s P(¢) cos(p)de

This width estimate is generally correlated with other TRB width indices across CMIP5/6
models (Adam et al., 2022), and can be consistently applied to global and over-land zonal
averages of precipitation. Results based on this estimate are also not statistically dif-
ferent from those obtained using TRB width defined as the difference between the north-
ern and southern hemisphere precipitation centroids, used by Donohoe et al. (2019). Other
indices of of TRB width which rely on the meridional mass streamfunction or geomet-

ric quantities of the precipitation distribution (Popp & Lutsko, 2017; Byrne et al., 2018)
cannot be applied over land due to the regional and irregular precipitation distributions.
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