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Dryland self-expansion enabled by
land-atmosphere feedbacks
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Dryland expansion causes widespread water scarcity and biodiversity loss. Although the drying influence
of global warming is well established, the role of existing drylands in their own expansion is relatively
unknown. In this work, by tracking the air flowing over drylands, we show that the warming and drying
of that air contributes to dryland expansion in the downwind direction. As they dry, drylands contribute
less moisture and more heat to downwind humid regions, reducing precipitation and increasing
atmospheric water demand, which ultimately causes their aridification. In ~40% of the land area that
recently transitioned from a humid region into a dryland, self-expansion accounted for >50% of the
observed aridification. Our results corroborate the urgent need for climate change mitigation measures

in drylands to decelerate their own expansion.

rylands are often defined as regions in

which the atmospheric water demand

[potential evaporation (E;)] substan-

tially exceeds supply [precipitation (P)]

(1, 2). Currently, they occupy ~45% of
Earth’s land surface (3) and have been high-
lighted as hotspots of climate change (4-6), yet
how the global distribution of drylands will
evolve under a changing climate remains unclear.
From an atmospheric aridity perspective (often
represented by the aridity index: Al = E,/P),
there is strong evidence of intensified aridifica-
tion of existing drylands and their expansion
into more humid regions (7-9). Debates persist
around whether an atmosphere-centric metric
of aridity such as Al is appropriate for iden-
tifying drylands and quantifying their expan-
sion because actual evaporation in drylands
may not increase owing to soil moisture lim-
itation (10, 1I) and the influence of CO, fer-
tilization on vegetation and water use efficiency
(12, 13). Nonetheless, the degree to which in-
creasing water use efficiency can counteract
the effects of atmospheric aridity on vegeta-
tion remains uncertain (14, 15), particularly
in dry conditions (16, 17). Moreover, field ex-
periments, observations, and model-based
studies have established unequivocal links
between atmospheric aridity and adverse
changes in water availability (18-20), eco-
system function (2I), stability of soils (9),
and nutrient cycling (22); a comprehensive
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overview of the advantages of an atmo-
spheric definition of aridity for this study is
presented in the supplementary materials (23).
Therefore, it is vital to improve our understand-
ing of the processes that drive increases in
atmospheric aridity over humid regions and
ultimately cause dryland expansion.

From an atmospheric perspective, dryland
expansion is assumed to take place when Al
surpasses a threshold of 1.55, which repre-
sents a shift from the humid to the dry sub-
humid class as defined by the World Atlas of
Desertification (24). This shift occurs when
P becomes lower than 65% of Ej, or E, be-
comes larger than P by >55% for a pro-
longed period (a minimum of 10 years in this
study). Changes in E,, are inextricably linked
to increasing temperature under rising green-
house gases and associated changes in relative
humidity and vapor pressure deficit (25, 26).
E, has exhibited significant positive trends in
historical records (27) and is projected to fur-
ther increase in the future (28, 29), thus driving
ecosystems into a more arid regime worldwide
(30, 31). Although E;, increases are largely con-
sistent with temperature trends, changes
in P and their potential drivers are more com-
plex. In the long term, global warming can
alter the atmospheric water-holding capac-
ity, its stability, and large-scale circulation pat-
terns (32, 33), resulting in systematic changes
in the spatiotemporal patterns of P. Because of
these complex changes, simple paradigms
such as “dry gets drier and wet gets wetter”
are unable to accurately explain the observed
trends in P over land, especially in transitional
regimes on the edge between drylands and
humid regions (11, 34).

At subseasonal to seasonal timescales, the
causes of P deficits are better understood; ano-
malous anticyclonic conditions created by
shifts in global circulation patterns, often
associated with anomalies in sea surface
temperatures, can cause deficits in P, which
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can potentially evolve into a drought (35, Updates

Then, the land dry-out can reinforce bo...-
deficits and E, increases through what is
typically referred to as positive land-
atmosphere feedbacks (37, 38): Deficits in P lead
to drier soil and vegetation, which often result in
a decreased air moistening [through evapora-
tion (£)] and increased warming [through
sensible heat flux ()], which in turn reduces
precipitable water and increases E;, (37).
Moreover, these land feedbacks can influence
the atmosphere of downwind regions through
advection of (i) drier air, which leads to a
reduction in the total moisture available for
P (39), and (ii) warmer air, which leads to an
increase in air temperature (40) and conse-
quently E, (41, 42). However, the degree to
which the downwind propagation of P deficits
and E;, increases caused by land-atmosphere
feedbacks in upwind drylands can contribute
to the aridification of downwind humid en-
vironments (expansion of drylands) over the
multiannual timescales at which aridification
occurs remains unknown.

We investigated the role of drylands in the
aridification of downwind humid regions over
multiple decades and across the global land
surface. We hypothesized that drylands con-
tribute to their own expansion through land-
atmosphere feedbacks, which leads to the
aridification of downwind humid regions,
a process we term “dryland self-expansion.”
We quantified the importance of this process
by spatiotemporally tracking the atmospheric
moisture and heat transported into humid-
dry transitioning regions using 38 years (1981
to 2018) of simulations from an observation-
ally constrained Lagrangian atmospheric
transport model (23). Reductions in moisture
transported through drier air can affect
P (eq. S5), and increased heat transport
through warmer air can affect E;, (egs. S6 and
S7) through changes in air temperature and
vapor pressure deficit. Therefore, by using the
Lagrangian model, we can trace the origins of
both the observed P deficits and E,, increases
that drive the aridification of downwind humid
regions and isolate the relevance of upwind
drylands. In addition, we quantified the changes
in the land surface fluxes within upwind dry-
lands that initiate and promote their self-
expansion.

Global dryland expansion

Between 1981 and 2018, ~5.2 million km? of
humid land transitioned into a dryland (table
S1). By accounting for dryland contraction
(~1.3 million km?), this represents a ~9%
expansion in global dryland area. Long-term
expansion into humid regions is observed in
all major drylands across the globe, with
Eurasia witnessing the largest, followed by
Africa and South America (Fig. 1 and table S1).
The extent of dryland expansion is robust and
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Fig. 1. Global prevalence of dryland self-expansion. Global map of existing
(shades of green) and expanding (red) drylands. The stacked bar plots show the
degree to which the increase in aridity index (AAI) over the expanded drylands
can be attributed to reduced P (brown) and increased £, (tan) from existing
drylands (self-expansion) and other regions, including upwind oceans and humid
regions (gray), across the globe. The black bar indicates the spread (1 SD) in the
combined importance of self-expansion across all the expanding drylands. The

independent of the resolution of the input
datasets (fig. S2), the specific choice of P and
E, datasets (fig. $3), and the exact threshold of
Al used to define drylands (fig. S4). In relative
terms, the Caatinga drylands have expanded
the most (79%), followed by the South American
drylands (26%) (table S1). These patterns are
consistent with recent studies that have docu-
mented drying trends in the southwest of the
United States of America (43), Congo (44), cen-
tral Asia (45), and the Caatinga (46). However,
the largest dryland contraction of ~0.5 million
km? is observed in North America, primarily in
the Midwest, and eastern Eurasia (fig. S1 and
table S1). Dryland expansion and contraction
is concentrated in regions bordering existing
drylands, as expected. Likewise, there is a large
variance in the degree of aridification, with the
largest Al increases of up to 60% being in the
Caatinga (fig. S6).

Decomposing the increase in atmospheric
aridity into its first-order drivers (P and E})
(23), we found that globally, the relative con-
tribution of changes in P (mean and spread
of 54.9 + 26%) is larger than that of E, (45.1 =
26%). However, the relative importance of
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P and E, expresses high spatial variability
across the globe (Fig. 2); although decreases in
P play a more important role in South America
and Africa, increases in Ej, explain most of the
aridification in the western parts of Eurasia
(figs. S3 and S4). These spatial patterns are
primarily driven by P changes, which show
much higher variance than those in E,,. Never-
theless, several regions underwent a humid-
dry transition despite experiencing small in-
creases in P, which were thus counteracted
by disproportionate increases in E,, (Fig. 2,
Q1 and Q2) (47).

Contribution of dryland self-expansion

Using a Lagrangian atmospheric model con-
strained by reanalysis and observation-based
estimates of P and E (23, 48), we quantified the
contribution of existing drylands to their own
expansion. Globally, in ~40% of the ~5.2 million
km? of humid land area transitioning into
dryland, self-expansion accounts for >50%
of the increase in aridity. In parts of Australia
and Eurasia, self-expansion is the dominant
mechanism by which drylands spread (fig. S12),
accounting for >50% of the aridity increase. We
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extent of the upwind drylands corresponds to the year 1980, which represents
the initial state in our analysis. The expanding dryland regions are estimated
over the subsequent period 1981 to 2018 (23). The dashed boxes encompass
regions that have transitioned from a humid region to a dryland during the study
period. Al is defined here as E,/P, which is consistent with several previous
studies (21, 54, 55). An alternative version of the figure with Al defined as P/Ej, is
presented in the supplementary materials (fig. S5).

also found strong intraregional variability in
the importance of self-expansion, especially
in Africa, the Caatinga, and the eastern parts
of Eurasia (fig. S12). Although the drying of
the Congo bordering the East Sudanian
savanna is primarily driven by self-expansion,
this mechanism plays a smaller role in the
expansion of the East African drylands. Simi-
larly, we observed an increasing importance of
self-expansion from north to south in the
Caatinga and from east to west in eastern
Eurasia (fig. S12). Furthermore, we found that
more than half of the global self-expansion is
due to the reduction in P contribution from
upwind drylands (Fig. 1). However, this rela-
tive importance of P for self-expansion is
highly variable across different regions and
accounts for only 30% of the self-expansion
in western Eurasia but up to 82% in Australia
(fig. S13). Whereas self-expansion in the subtropics
and the Southern Hemisphere drylands is pri-
marily driven by reductions in upwind P con-
tributions (fig. S13), increases in £, are the major
cause of self-expansion in the mid-latitude dry-
lands of the Northern Hemisphere (fig. S14),
which is consistent with the importance of P and
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Fig. 2. Relative importance of changes in P and E,, contribution from
upwind drylands in their expansion. (A and B) Relationship between
percentage change in total (A) P or (B) E, over expanding drylands (y axis) and
the change in (A) P or (B) E,, contribution from upwind drylands to the expanding
drylands (x axis). Each marker indicates a 1°-by-1° grid cell that has undergone
a humid-dry transition and over which the Lagrangian model simulations are
evaluated to estimate P and E, contributions from upwind drylands. In total, the
540 grid cells represent ~5.2 million km? of transitioning land. The color of each
marker indicates the mean contribution of upwind drylands to the total P and
E, in grid cells undergoing a humid-dry transition, calculated over the entire
period of study (1981 to 2018). The size of the marker indicates the importance
of changes in P and Ej, to the increase in aridity over the drying humid regions;
big markers indicate high importance, and small markers indicate low
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importance. Regions in quadrants (A) Q1 and Q2 and (B) Q3 and Q4 have
undergone a humid—dry transition despite local net (A) increases in P or (B)
decreases in Ep. Regions in quadrants (A) Q1 and (B) Q3 have undergone

anet (A) increase in P or (B) decrease in Ey, respectively, despite a reduction in
(A) P or an increase in (B) E, contribution from upwind drylands. Regions in
quadrants (A) Q3 and Q4 and (B) Q1 and Q2 have undergone a humid-dry
transition because of a local (A) reduction in P or (B) an increase in E,,. Regions
in (A) Q3 and (B) Q1 have witnessed (A) a reduction in P or (B) an increase

in E,, despite (A) an increase in P or (B) a decrease in E, contribution from
upwind drylands—that is, no dryland self-expansion. Regions in (A) Q4 and

(B) Q2 have experienced (A) a reduction in P or a (B) decrease in E, partially
because of (A) a reduction in P or (B) increase in Ej, contribution from upwind
drylands—that is, dryland self-expansion.

E,, changes for the observed increase in aridity in
these regions.

Moisture and heat transport as a conduit of
dryland self-expansion

In regions with a high climatological depen-
dency on oceans and upwind humid lands for
their supply of moisture (affecting P) and heat
(affecting Ey,), there is relatively low influence
of dryland self-expansion. For example, the
lower influence of self-expansion in regions
such as East Africa can be attributed to the
predominance of the ocean as a major source
of moisture (49). Similarly, in regions where
self-expansion plays a relatively small role
such as the Caatinga, South America, and West
Eurasia, a large proportion of the imported
moisture and heat can be traced to the ocean
and humid land areas (tables S2 and S3). In
such regions, drylands have expanded into
~0.9 million km? of humid land despite an
increase in P contribution or a decline in E;,
contribution from upwind drylands—that is,
without self-expansion (Fig. 2, Q3, and figs.
$29 and S30). However, in some regions upwind
drylands play a disproportional role in down-
wind aridification despite their importance as
a source of moisture and heat to these regions
being low. For example, in Australia 64.6% of
the total increase in aridity is caused by self-
expansion (Fig. 1), but climatologically, upwind
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drylands contribute only ~19% to total P and
~41% to total E, on average (tables S2 and S3).
Furthermore, in eastern Eurasia, for example,
upwind drylands play an important role in
dryland expansion (Fig. 1), even though hu-
mid regions form the primary source of both
heat and moisture (tables S2 and S3). In most
regions transitioning from humid to dryland,
we found contributions to both declines in
P and increases in E, from existing upwind
drylands (Fig. 2 and figs. S22 to S28). This
raises the question: What causes the re-
duction in moisture and the increase in heat
transport from upwind drylands into down-
wind humid regions that results in P deficits
and E, surpluses over them, and thus dry-
land self-expansion?

Upwind dryland aridification as a driving force
of self-expansion

We hypothesize that changes in P and E,, over
expanding drylands result mainly from the
aridification of upwind drylands, which causes
long-term changes in their land-atmosphere
fluxes—that is, reduction in E and increase in
H. Changes in surface fluxes can be initiated
by various phenomena, including long-term
circulation trends and climate oscillations.
The methodological framework based on obser-
vationally constrained atmospheric transport
modeling used in this study implicitly con-

2024

siders the impact of trends in circulation and
the influence of climate oscillations on the
modulation of upwind land fluxes and down-
wind heat and moisture transport. For example,
the drying of the upwind drylands caused by
more frequent blocking highs would still be
considered as self-expansion if it translates
into reduced P and increased E, contribution
from those upwind drylands to the downwind
transitioning regions. To test our hypothesis,
we grouped upwind drylands into two clusters
—drying and wetting—on the basis of whether
they have become more arid or humid during
the period in which the downwind humid areas
transitioned into drylands. Then, we compared
the changes in upwind P and E;, contributions of
both clusters (upwind drying and wetting dry-
lands) with the AI of expanding drylands.
Despite comparable areas of existing drylands
undergoing drying (~29 million km?) and
wetting (~27 million km?) (fig. $33), we found
that the changes in P and E,, contributions to
downwind aridification are an order of mag-
nitude greater when upwind drylands expe-
rienced a drying trend (Fig. 3, C and D), which
corroborates the importance of (upwind) dryland
aridification for dryland self-expansion.
Although P contributions to Al from drying
upwind drylands are largely negative (mean
and spread of —16.1 + 21.5 mm year " across all
the expanding drylands), the P contributions
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Fig. 3. Relative importance of drying and wetting upwind drylands for
self-expansion. (A and B) Comparison of change in (A) P and (B) £,
contributions from upwind drylands, which are either drying (x axis) or wetting
(y axis), to downwind regions that are undergoing a humid-dry transition. The
color of each point indicates the aridity class (hyper arid, arid, semiarid, or
dry subhumid) from which the maximum change in P or Ej, contribution arises.

to Al changes from wetting drylands do not
show substantial changes (-0.3 + 6.0 mm year ).
For example, the P contribution of the wetting
western part of Australia (fig. S33) experienced
an increase, whereas that of the drying eastern
part experienced a decline (fig. S23). A similar
conclusion can be drawn for the P contribu-
tion to dryland self-expansion from East Africa
and southwestern United States, which have
both had previously unrecorded levels of
warming and aridification (50, 5I). Likewise,
the change in E,, contributions to AI from

Koppa et al., Science 385, 967-972 (2024)

drying drylands is positive (18.0 + 18.7 mm
year%). However, changes in E,, contributions
from wetting drylands show a larger spread
and less positive values (mean of 3.7 = 8.5 mm
year ). This is particularly evident in the in-
creased sensible heat contribution from the
Sahara, which has witnessed both drying and
wetting (fig. S33), to dryland expansion not
only in Africa but also in the eastern and west-
ern parts of Eurasia (figs. S22, S25, and S26).
Furthermore, a major proportion of the
changes in P and E, contributions globally
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(C and D) Bar plots show the average change in (C) P and (D) E, contribution
from drying and wetting upwind drylands [classified according to aridity
classes detailed in (23)] to all the downwind regions undergoing a humid-dry
transition; changes in P and E,, contributions from upwind drylands with different
aridity classes have been averaged over all 540 grid cells, amounting to

~5.2 million km? of land area.

can be attributed to semiarid and dry sub-
humid regions that have experienced a drying
trend (Fig. 3). The large difference between the
contributions of upwind drying and wetting
drylands to self-expansion is due to the con-
trasting changes in land-atmosphere fluxes
within them (fig. S34). We found that changes
in both E (figs. S34, A to E) and H (fig. S34F)
are substantially different between drying
and wetting drylands, during the period in
which downwind humid regions transitioned
into a dryland. Although H has witnessed a
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Fig. 4. Conceptual representation of the dryland expansion process.
Aridification of upwind drylands due to both declines in P and increases in

E, leads to negative changes in soil water availability, which in turn results in
changes in land-atmosphere fluxes. The reduced evaporation and increased
sensible heating dries and warms the air in upwind drylands, which when advected
downwind results in P declines and £ surpluses over downwind humid regions and
ultimately contributes to dryland expansion. The numbers are the global mean

nominal decline in wetting drylands (-0.5% +
10.8%)), it is substantially increased in their
drying counterparts (5.9 + 9.1%). Changes in
E follow a similar pattern, with reductions in
drying drylands (-3.4 + 12.1%) and substan-
tial increases in wetting drylands (12.3 + 26.7%).
Land E is increasingly unable to satisfy the
increased atmospheric demand for water,
with the ratio of E to E, reduced by —-6.1 +
5.7% in drying drylands compared with a
minor increase of 0.3 + 6.9% in wetting
drylands (fig. S34)). The increased atmospheric
water demand in upwind drylands is also a
consequence of higher H. Therefore, changes
in land-atmosphere fluxes and subsequent
advection provide a mechanistic pathway for
the downwind propagation of aridification.

Synthesis of the dryland self-expansion
process and implications

Progressive aridification of existing drylands,
initiated by global warming (4, 34), is the
primary trigger for dryland self-expansion
(Fig. 4). Specifically, long-term decline in
P and increase in E;, over drylands desiccate
vegetation and soils, which in turn reduces
evaporation. We found decreases in all com-
ponents of evaporation, including transpiration,
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interception loss, and bare soil evaporation (Fig. 4).
These declines occurred despite the greening
of drylands seen in our results [leaf area
index (LAI) increase of 6.4 + 15.3% in drying
and 18.8 + 25.1% in wetting drylands, respec-
tively] (figs. S35 and S36) and in previous
assessments (52). Deficits in £ are accompanied
by an increase in H. These changes in both
E and H are then propagated through the ad-
vection of drier and warmer air, respectively,
to downwind humid regions, which results in
deficits in P and surpluses in E;. The persist-
ence of this process over a sufficiently long
period leads to expansion of drylands in the
downwind direction. Thus, our results demon-
strate the existence of a land-atmosphere
feedback by which drylands may have spatially
evolved historically and provide a theoretical
framework for predicting their future expan-
sion. With the projected increase in atmospheric
aridity (38) and soil desiccation (53), coupled
with potential saturation of vegetation green-
ing (14), the dryland self-expansion mecha-
nism elucidated here is expected to become
more relevant in the future. Not only have we
identified regions that are vulnerable to grad-
ual and abrupt regime shifts, we also identi-
fied the upwind regions that are responsible
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changes in various hydroclimatic variables in upwind drylands that are drying and
the regions undergoing a humid-dry transition, estimated over the period 1981 to
2018. The average and spread (1 SD) of surface fluxes (sensible heat, total
evaporation, interception loss, transpiration, and bare soil evaporation), LAI, and soil
moisture (surface and root zone) over upwind drylands are weighted by the
contribution of each upwind dryland grid cell to the changes in precipitation and
potential evaporation over downwind regions undergoing a humid-dry transition (23).

for the aridification. By doing so, our results
provide a scientific basis to help identify and
design regionally targeted ecosystem manage-
ment strategies in existing drylands to slow
their rates of drying and consequent expansion.
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