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Abstract
We examine the effects of human-induced deserti�cation on economic growth by exploiting a 56 km-by-
56 km grid-cell global dataset on the annual frequency from 1990–2015. We �nd that areas that
experienced large soil aridi�cation are associated with a reduction in GDP per capita. Our results indicate
that from 1990–2015, aridi�cation reduced the GDPs of African and Asian countries by 12% and 2.7%,
respectively. Our estimates are robust to adding higher-order terms of geo-climatic variables and
controlling for country-speci�c linear trends, which allows us to project future costs of deserti�cation. Our
�ndings show that deserti�cation will generate losses in GDP growth by 16% and 6.7% in Africa and Asia,
respectively.

1. Introduction
Approximately 52 million square kilometers of the Earth’s surface are dryland areas, de�ned as zones
where the total amount of precipitation is balanced by the evaporation of water from land and the natural
transpiration from plants [1]. This “right” balance between rainfall and water evaporation is pivotal in
maintaining biological productivity. However, climate change is steadily modifying this equilibrium, with
dramatic consequences for liveability and food availability in many areas worldwide.

According to the Intergovernmental Panel on Climate Change 2019 [2], in 2015, about 500 million people
lived within areas that had experienced deserti�cation between the 1980s and 2000s. Deserti�cation is
de�ned as land degradation in arid, semi-arid, and dry sub-humid regions caused by many factors,
including climatic variations and human activities. This situation is expected to worsen in future decades
because the population vulnerable to habitat degradation, including deserti�cation, is estimated to
increase in intervals (178–277) of a million people by 2050, depending on the global climate scenario.
Moreover, Asia and Africa are expected to have the highest number of vulnerable people [2]. Despite these
projections, there is little knowledge about the economic effects of deserti�cation in the short and long-
term [3, 4, 5].

The goal of this study is to assess the economic effects of climate-induced soil aridi�cation. We
assembled a panel dataset of more than 66,000 grid cells with almost global coverage of the 26 years
between 1990 and 2015. We combined annual grid-level data on GDP per capita [7] with climate variables
such as precipitation, average temperature, and potential evo-transpiration. The combination of rainfall
and potential evo-transpiration enabled us to use the Aridity Index (AI) to measure deserti�cation [8].

We assess the relationship between annual variations in the AI and GDP per capita using econometric
panel models. Our �ndings are summarised as follows:

i. There is a signi�cant grid-level relationship between AI and GDP per capita. According to our
benchmark speci�cation, a one standard deviation shock to the AI is associated with a decline in the
GDP per capita between 1.9% and 4.1%. The African continent exhibits the highest decrease, with a
total cost of 14% in GDP per capita, caused by soil aridi�cation during 1990–2015.
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ii. Aridi�cation has a more signi�cant effect compared with precipitation and temperature alone. Our
baseline estimates showed that a one standard deviation shock in annual precipitation levels
affected GDP per capita by between 1.6% and 2.5%. In contrast, a standard deviation shock in
temperature levels caused decreases in GDP per capita by 0.5–2.9%.

iii. The effects are higher in humid areas of the world (i.e., characterised by higher precipitation and
lower evapotranspiration) than in arid areas. Furthermore, we �nd that lower-income countries are
more affected by deserti�cation compared with higher-income countries.

iv. The effects of precipitation alone do not entirely explain the economic impact of climate shocks. We
�nd that although most areas in the southern hemisphere experienced an increase in rainfall from
1990–2015, they showed a decline in AI, which partly explains lower GDPs per capita.

v. Finally, based on a recent dataset on future projections of precipitation and potential
evapotranspiration [9], we predict that deserti�cation would cost as much as 10% in terms of GDP
per capita in Sub-Saharan Africa by 2079. These results are obtained using a baseline scenario that
assumed a peak in greenhouse gas emissions by 2040, followed by a decline throughout the 21st
century.

2. The Geography Of Deserti�cation
“Deserti�cation” was �rst de�ned as “land degradation in arid, semi-arid and dry sub-humid areas
resulting from a range of factors, including climatic variations and human activities” [10]. Major climatic
factors leading to deserti�cation include climatic variables such as spatial and temporal distributions of
precipitation, increases in land surface albedo, drought events, sudden and high-intensity rainfall, high
temperatures, and high wind speeds [11].

Based on future carbon emissions scenarios, scienti�c literature showed that dryland areas would
increase between 11% and 23% by the end of the present century in relation to the 1961–1990 baseline
[12, 13, 14]. This expansion of drylands would reduce carbon sequestration and enhance regional
warming, resulting in warming trends over present drylands double those over humid regions. Global
warming and the rapidly growing human population will exacerbate the risk of land degradation and
deserti�cation in the drylands of developing countries. Recently it was shown that that aridity is projected
to decrease (i.e., areas would become drier) because of anthropogenic climate change [15]. However,
accomplishing the 1.5°C temperature goal would substantially reduce the likelihood that large regions
would face substantial aridi�cation and its effects [12].

Figure 1 shows that despite the declining trend in total precipitation (Panel A) in most areas of the world,
particularly in Africa and the Middle East, large parts of Latin America and South-East Asia have
experienced increased precipitation compared with their historical mean. Nevertheless, zones that have
experienced increases in precipitation might also have become increasingly arid. Panel B in Fig. 1 shows
that the increases in precipitation levels experienced in Latin America and Southeast Asia have been
accompanied by higher evaporation levels.



Page 4/16

To better measure dryness, the total amount of precipitation must be divided by the soil’s potential
evapotranspiration (PET), which is a measure of the “drying power” of the atmosphere in removing water
from land surfaces by evaporation [16]. Higher levels of evapotranspiration lead to more arid land at a
given level of precipitation. In particular, PET is calculated by the method proposed by Penman in 1948
[17], and different variables are considered, such as atmospheric humidity, solar radiation, and wind.
These variables are affected by climate change [18]. This ratio is de�ned as the Aridity Index (AI). The AI
is a simple but convenient measure of the actual water availability of the land. Recently, the effects of
rainfall and potential evapotranspiration soil moisture on distinct regions of the world were examined
[19]. Their �ndings showed a signi�cant difference between precipitation and aridity: if PET is larger than
P, then the climate is arid.

To operationalise the concept of deserti�cation, �ve types of arid lands or drylands were classi�ed [20]:

Hyper-arid (AI < 0.05)

Arid (0.05 < AI < 0.2)

Semi-arid (0.2 < AI < 0.5)

Dry sub-humid (0.5 < AI < 0.65)

Humid (AI > 0.65)

The process in which the biological activity of drylands decreases is called “deserti�cation”, which
corresponds to lower AI levels. During the last 40 years, the process of deserti�cation has accelerated by
more than 30 times its historical rate [21]. The principal factors of soil aridi�cation are farming and
human activities, such as clearing away trees and other vegetation. Hence, an increasing amount of
literature focuses on the differences between rainfall and aridity. In this regard, a recent study has
distinguished between droughts, which are transient regional extreme phenomena typically de�ned as
departures from a local climatological norm that is presumed known, and so-called “background” dryness
[22]. In addition to being a function of precipitation, the latter depends on how fast water evaporates.
Indeed, a primary consequence of climate change is that average rainfall is predicted to increase in some
areas of the world. However, evaporation is also expected to increase because of warmer temperatures.
As a result, the net effects of the two forces on aridity are uncertain.

Figure 2 shows the global distributions of percentage changes in the Aridi�cation Index (AI) measured by
the difference between the present-day (1990–2015) and the historical average (1900–1980). As shown
in Fig. 2, the areas that are the most affected by deserti�cation are primarily located in continental
Europe, Africa, and South-East Asia. The AI in Africa decreased from an average of 0.25 for the period
1990–2015 to 0.23 compared with the period from 1900–1980. The overall change was equal to
approximately 8%. However, areas on the west side of the continent showed aridi�cation that had
exceeded 50%. Similarly, the average AI in Southeast Asia had decreased by 3% compared with the period
from 1980–1990, and areas in the west of China and Mongolia showed that aridi�cation had increased
by 25%.
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3. Results
Our benchmark estimates indicated that higher AI values are positively associated with GDP per capita.
Moreover, the effects are more signi�cant in less developed areas of the world. To con�rm our estimates,
we explored the sensitivity of our estimates to several models, aridity classes, and income groups.

This result contrasts a recent study that found that the relationship among temperature, precipitation, and
economic growth was globally generalisable to agricultural and non-agricultural activity in rich and
developing countries [23].

Our results showed that grid-level income per capita was non-linear and concave according to the AI. This
�nding indicates that income increases with higher water availability of the soil, whereas it decreases
with excessive precipitation or too little soil transpiration caused by extreme heat and humidity. This non-
linear effect of aridity on income per capita is in line with the estimates shown for temperature shocks
(Fig. 3) [23]. In particular, we �nd that above a threshold of approximately 0.65, a marginal variation in AI
did not have economic effects.

However, our estimates show that the areas most affected by soil aridi�cation are located on the African
and Asian continents. As a result, these continents will pay the highest price in terms of GDP loss.

This �nding is consistent with the “opportunity cost” mechanism related to local agricultural production.
We argue that the adverse economic effects of soil aridi�cation are partly due to less e�cient crops. For
example, if a particular area experiences substantially less precipitation in a given year (or a higher PET),
the crop yield could be negatively affected, which would lead to economic losses. Several theoretical and
empirical studies have offered insights relevant to our proposed interpretation [23, 24, 25, 26].

Based on the results in Appendix B and shown in Fig. 3, it is possible to evaluate the average annual
economic impact of deserti�cation from 1990 to 2015. Figure 4 shows the average annual GDP per
capita loss in Africa (Panel A) and Asia (Panel B). We estimate that during the last 25 years, in some
areas on the African continent, climate-induced soil aridi�cation had decreased the GDP per capita by
more than 12%.

Our results show a slight but signi�cant positive relationship between AI and GDP per capita worldwide.
However, the economic effects of the decreased AI were more pronounced in Asia and Africa. We
estimate that the cumulative reduction in AI between

1990 and 2015 has negatively affected the Asian GDP per capita by between one and six percentage
points, and the African GDP per capita between 9 and 16%.

The results of the association between AI and GDP were used to project the costs of future deserti�cation
patterns. We �rst computed the future grid-cell projections of the AI by using annual precipitation and
potential evapotranspiration data drawn from the most recent CMCC-BioClimInd [5]. These projections
are obtained from a variety of earth system models and two representative concentration pathways (i.e.,
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RCP 4.5 and RCP 8.5), which are part of the World Climate Research Programme’s Coupled Model
Intercomparison Project phase 5 (CMIP5). In particular, we considered the RCP 4.5 emissions scenario.
RCP 4.5 assumes a peak in greenhouse gas emissions between 2010 and 2030, followed by a decline
throughout the 21st century. For the period 2021–2040, the WorldClim 2.1 database forecasts an
increase in temperature between 0.93 and 1.27°C, with precipitation predicted to increase between 10 and
30 percentage points in the northern hemisphere while decreasing between 10 to 40% in the southern
hemisphere, depending on the Shared Socioeconomic Pathway (SSP) considered [27]. Conversely, the
evapotranspiration is estimated to increase between 0.4 and 3.8% for 2021–2040 compared to the
present-day mean (2011–2020) [28].

In our historical sample (1900–1980), the average AI was 0.489, which declined to 0.479 during the
present day (1990–2015). It is predicted to be 0.438 in the projected period from 2040–2079. This result
indicates that the average cell would experience rainfall shortages comparable to the present-day mean.
Speci�cally, 17,926 grid cells were arid or hyper-arid (i.e., AI < 0.2) during the historical period. However,
this number was projected to increase to 20,998 in the period from 2040–2079. Based on this projection,
more than 2,000 grid cells will become arid in the future (i.e., approximately 5 million km2 or 3% of the
world’s land surface). Figure 5 shows the grid-cell differences in percentages between the projected AI
and the present-day mean for the world, Africa, and Asia.

In Fig. 7 (right), panel B presents the estimation of the effects of future AI variations on GDP per capita
growth between the present day and 2079 under the baseline RCP 4.5 scenario. The patterns are similar
to those in recent decades. Future variations in the AI resulted in a total cost of 6.7% in GDP per capita
growth in Asia and about 15% in Africa.

4. Conclusion
The results of our study showed that climate-induced aridi�cation was associated with a reduction in
GDP per capita. Although the decline was high in Asia (-2.7%), we �nd that the effects of deserti�cation
were more signi�cant in poor African countries that relied on agriculture (-12.74% of GDP during the
period 1990–2015). We also showed that by 2079, aridi�cation would cost African and Asian countries
16% and 6.7%, respectively.

Overall, our study provides a �rst step in understanding the effects of human-induced climate
aridi�cation on the economic development of areas that rely predominantly on agriculture. Moreover, the
�ndings indicate that instead of precipitation, the Aridity Index should be used to determine the economic
effects of climate change.

Declarations

Declarations
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Note

Secular data on precipitation and PET were retrieved from Fu et al. (2016),

Declarations
Note

Secular data on precipitation and PET used to construct the AI were retrieved from the National Centre for
Atmospheric Science (2020) [30].

Declarations
Note

Grid-level data used to construct the Aridity Index were retrieved from the National Centre for Atmospheric
Science (2020), and grid-level GDPs per capita were adopted from Kummu et al. (2018) [7]. The
parameters used to draw the functions are shown as estimates in Table 2 in Appendix B.

Declarations
Note

The areas in red indicate the highest impact of the Aridity Index on GDP per capita from 1990–2015.
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Figure 1

Global distributions of percentage changes (%) in (a) precipitation and (b) PET between the present day
(2000–2015) and the historical average (1900–1980) Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
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authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 2

Global distributions of percentage changes (%) in the AI between the present day (2000–2015) and the
historical average (1900–1980) Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 3

Relationship between grid-cell annual variations in Aridity Index and GDP per capita from 1990–2015 in
World, Africa, and Asia.
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Figure 4

Average annual effects of Aridity Index on GDP per capita from 1990–2015 Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 5

Distributions of percentage changes (%) in the Aridity Index, shown as the difference between the period
2040–2079 and the present day (1990–2015). Future data on precipitation and PET used to construct
the AI were retrieved from the CMCC-BioClimInd [9]. The dark brown colour indicates areas that are
projected to be most affected by deserti�cation. Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
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Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 6

Average annual effects of Aridity Index on GDP per capita 2040–2079 (CMCC-BioClimInd – RCP 4.5
Projections). Future data on precipitation and PET used to construct the AI were retrieved from the CMCC-
BioClimInd [9]. Note: The designations employed and the presentation of the material on this map do not
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imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 7

GDP per capita cost due to soil aridi�cation between 1990 and 2015 (left) and between the present day
and 2079 in the world, Africa, and Asia. Future data on precipitation and PET used to construct the AI
were retrieved from the CMCC-BioClimInd [9].
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