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Over the coming decades, urbanization and 
climate change will profoundly transform our 
world; however, these two powerful phenomena 
are projected to have a particularly large impact 
on developing countries. Cities are currently home 
to over half of the world’s population, but the UN 
Framework Convention on Climate Change projects 
they will accommodate over 70 percent of the 
total population by 2050, with the overwhelming 
majority of urban growth concentrated in countries 
across Africa, Asia, and South America (UNFCC 
2017). Rapidly burgeoning urban centers may 
pose major challenges for national and municipal 
governments struggling to keep up with the pace of 
expansion and growing demand for public services. 
Historically, unplanned urban growth has resulted 
in the “proliferation of slums, congestion, pollution, 
lack of affordable housing, poor access to sanitation 
and waste management, and vulnerability to natural 
hazards” (World Bank 2021). 

As a result, rapid and unsustainable urbanization 
“could make the world’s society and economy 
increasingly vulnerable to the impacts of climate 
change…, [particularly] urban centers… in developing 
countries” (UNFCC 2017). Indeed, the United Nations 
warns that the “effects of urbanization and climate 
change are converging in dangerous ways” (UN 
Habitat [n.d.]). For example, hasty, unsupervised, 
and unsound construction may increase the 
likelihood of damage to infrastructure and dwelling 
units during severe storms, which are projected to 
become increasingly intense and unpredictable as 
climate change continues (IPCC 2022, 938). Similarly, 
land degradation resulting from urban sprawl may 
heighten susceptibility to devastating landslides 
during periods of heavy rainfall (Ozturk et al. 2022).

Rising temperatures also threaten to turn cities into 
urban heat islands; recent work by Tuholske et al. 
(2021) finds that between 1982 and 2016, global 
exposure to extreme heat in urban areas “increased 
nearly 200%, affecting 1.7 billion people.” Remarkably, 
52.4 percent of the increase in exposure to extreme 
heat in urban areas was concentrated in India alone, 
due to both the country’s rapid urban population 
growth and its vulnerabilities to climate change 
(Tuholske et al. 2021, Appendix). 

On the other hand, sustainable urbanization has the 
potential to foster human flourishing at all levels and 
support climate adaptation efforts.1 In fact, there is 
“a near-perfect correlation between urbanization and 
prosperity across nations. On average, as the share 
of a country’s population that is urban rises by 10 
percent, the country’s per capita output increases by 
30 percent” (Glaeser 2011, 7). Cities, at their best, are 
epicenters of opportunity, innovation, and economic 
growth. As such, they play an important role in the 
fight against climate change. For one, individuals 
and households whose livelihoods stand to be 
negatively impacted as climate change “reshapes the 
comparative advantage of regions” will increasingly 
rely on urban centers for alternative employment 
opportunities and stability (Adger et al. 2020). For 
example, work by Rigaud et al. (2018) at the World 
Bank finds that climatic variability, drought, and other 
hazards caused by climate change will negatively 
impact agricultural livelihoods in South Asia – a region 
projected to see 35.6 million internal climate migrants 
by 2050 – leading to urban migration as people seek 
alternative sources of income (90). Furthermore, 
efficient and informed urban planning can also enable 
households to better withstand the impacts of climate 
change through high-quality public service provision – 
such as water and sanitation services, electricity, and 
waste management – and sound infrastructure and 
dwelling construction. Finally, the knowledge sharing 
and innovation that arises from urban agglomerations 
has the potential to spur the development of new 
green technologies that support climate resilience in 
both urban and rural areas.

Managing urbanization and adequately preparing 
cities for rapid growth will allow citizens to harness 
the economic opportunities that come with urban 
development and help improve overall climate 
resilience. Christiaensen, De Weerdt, and Todo (2013) 
point out that “how the world urbanizes may well 
be as important as urbanization itself.” As such, it is 
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essential to understand how urbanization and climate 
change will interact to compound growing population 
pressures on urban areas. Existing literature suggests 
that climate change may influence urbanization 
dynamics and city growth in a variety of ways.2 For 
one, regions experiencing higher temperatures, 
drier conditions, or more extreme weather patterns 
may see declines in agricultural productivity, driving 
rural-to-urban migration or rural out-migration as 
residents engaged in agriculture search for new 
employment opportunities (Henderson, Storeygard, 
and Deichmann 2017; Barrios, Bertinelli, and Strobl 
2006). Alternatively, regions experiencing milder 
conditions may see agricultural productivity gains 
and rural growth, leading to population and savings 
spillovers into nearby cities, thus contributing to 
greater urban population growth (Bustos, Garber, and 
Ponticelli 2019; Asher et al. 2022). Recent research 
suggests that these two processes may, in fact, occur 
simultaneously and in close proximity to one another 
(Tuholske et al. 2019).

This study makes an original contribution to this 
debate by exploiting district-level heterogeneity in 
climatic moisture to estimate the impact of climate 
change on urbanization and city growth in India 
between the years of 1971 and 2011 (see Figure I).3 

The central contention of this study is that changes 
in climatic moisture are exogenous and directly 
impact agricultural productivity, which subsequently 
influences urbanization patterns by either pushing 
rural residents into urban areas or supporting nearby 
city growth through spillovers. The guiding research 
question is thus divided into two parts regarding how 
climate change affects: (i) district-level urbanization 
patterns and (ii) city-level population growth across 
India.4 To answer these questions, two 40-year 
datasets are constructed from census data, climatic 
and meteorological data, and industry-related 
carbon emissions data. The first dataset aggregates 
population statistics to the district level, resulting 
in a balanced panel of 485 districts. This is used to 
estimate the effect of climatic moisture changes on 
the share of the population living in urban centers, 
urban population growth, and rural population growth 
at the district level. The second dataset is constructed 
at the city level, resulting in a balanced panel of 
2,222 urban centers throughout India; this is used 
to estimate the effect of climatic moisture changes 
on city population growth.5 An important difference 
between these two datasets is that while the first 
accounts for the classification of new urban centers 
over time, the second includes only cities that were 
classified in the 1971 census.6

FIGURE I
Moisture Map of India, 1971–2011

Source: Author’s calculations using data from Willmott and Feddema’s Moisture Index and the 2011 Census of India. This map 
shows the average Moisture Index score for each district. Districts that are dark red have lower moisture scores, representing drier 
conditions. Districts that are dark blue have higher moisture scores, representing wetter conditions. The 1971 map is displayed on the 
left and the 2011 map on the right. Districts in gray have no gridded observations in Willmott and Feddema’s data archive.

1971 2011
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This study finds evidence that declines in climatic 
moisture – alternatively referred to as “drying” 
– leads to greater growth in urbanization across 
districts in India. However, the effect of climatic 
moisture decline on a district’s total urban population 
growth is statistically insignificant. Instead, evidence 
suggests that districts experiencing drying have 
slower rural population growth compared to districts 
with increased climatic moisture. As such, the 
observed increase in the rate of urbanization in drying 
districts may be partially due to rural out-migration 
to districts with land more suitable to agriculture, 
potentially contributing to the observed increase in 
rural population growth in moister districts. This is 
consistent with the literature and the Indian context, 
where substantial frictions exist in sectoral labor 
reallocation and rural-to-urban migration is slow (Liu, 
Shamdasani, and Taraz 2020). Moreover, this study 
also finds strong, statistically significant evidence that 
established cities have grown most rapidly in districts 
experiencing increased moisture. This is largely 
consistent with the findings of Asher et al. (2022). 
Taken together, these findings suggest that districts 
in India experiencing drying may become increasingly 
urbanized, but major population pressures will likely 
arise in urban centers and rural regions located in 
districts experiencing moisture growth.

This study contributes to the literature in three 
important ways. For one, most scholarship at the 
nexus of urbanization and climate change employs 
cross-country regression methods. This study exploits 
within-country heterogeneity in climatic moisture 
changes to investigate internal urbanization patterns. 
Focusing on a single country also has the advantage 
of removing unobserved cross-country heterogeneity. 
Second, this study considers the effect of changes in 
moisture on urbanization, as opposed to precipitation 
or rainfall, which are the most common proxies for 
climate change. This is an important contribution, as 
moisture is arguably a more pertinent measure for 
estimating the effect of climate change on atmospheric 
agricultural potential and thus agricultural productivity. 
Finally, this study goes beyond the consideration of 
urban share growth to investigate rural and city-level 
dynamics. These findings have important implications 
for understanding how climate change may alter or 
compound population pressures on urban centers. 

Nonetheless, this study also suffers from several 
shortcomings. For one, it does not directly observe 
district-level agricultural output. Although there are 
limited data available on agricultural yields for recent 

years, consistent and accurate time-series data on 
yields over the period examined are not readily 
available. Instead, this study finds its theoretical 
underpinnings in the abundant climatology literature, 
which provides evidence for the close relationship 
between climatic moisture and agricultural potential 
(Kumar and Gautam 2014; Abiy et al. 2019; Gornall 
et al. 2010). Additionally, this study does not directly 
measure internal migration patterns, nor does it 
consider seasonality in migration, primarily focusing 
on permanent, district-level local migration instead. 
Although it is true that rural to urban migration 
patterns vary across regions, states, districts, and 
cities – for example, some destinations attract 
migrants from across the country, while others pull 
primarily from nearby populations – the goal of this 
paper is to understand how climatic changes impact 
local urbanization dynamics and city growth. Finally, 
the use of annual averages for moisture, temperature, 
and precipitation may obscure seasonal fluctuations 
and extreme weather events, which can devastate 
crop yields and directly influence internal migration 
patterns. Nonetheless, this study is concerned 
primarily with long-run, slow-onset climatic changes, 
so annual averages in climatic moisture are the 
more pertinent measure. Future studies may seek 
to overcome these limitations by employing data 
on crop yields, directly observing internal migration 
and demographic dynamics, constructing average 
measures for climatic moisture during the wet and 
dry seasons, and considering exposure to extreme 
weather events. 

The rest of this paper is structured as follows: Section 
Two surveys the existing literature on the relationship 
between climate change and urbanization; Section Three 
provides an overview of the empirical strategy, including 
the relevance and construction of the climatic moisture 
index, data sources, and empirical specification; Section 
Four outlines the main findings of this study; Section Five 
discusses the results and proposes an agenda for future 
research; Section Six concludes. 

A growing body of research suggests there are clear 
yet nuanced relationships between climate change 
and urbanization patterns. For one, regions negatively 

LITERATURE2
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impacted by climate change may experience higher 
rates of urbanization, with declining climatic and 
environmental conditions acting as a “push” factor 
driving rural residents into nearby cities in search of 
alternative off-farm employment opportunities. Several 
recent studies support this argument. Henderson, 
Storeygard, and Deichmann (2017) present evidence 
that there are “strong, but differentiated links between 
climate and urbanization.” More specifically, these 
authors find that districts in countries throughout 
Sub-Saharan Africa that experienced greater loss in 
moisture, but had a more robust industrial presence, 
experienced greater urbanization, measured as 
growth in urban population share, leading them 
to argue that local “urban migration provides an 
‘escape’ from negative agricultural moisture shocks.” 
Furthermore, Barrios, Bertinelli, and Strobl (2006) find 
that decreases in rainfall increase urbanization rates 
in countries across Sub-Saharan Africa. Using global 
data, Peri and Sasahara (2019) argue that increases 
in temperature may have differential effects on urban 
migration depending on a country’s socioeconomic 
status. They find evidence that higher temperatures 
increase internal migration to urban areas in middle-
income countries but decrease rural to urban migration 
in countries situated in the bottom quartile of the 
income distribution. Bohra-Mishra, Oppenheimer, and 
Hsiang (2014) find that higher temperatures have 
contributed to permanent out-migration from warming 
provinces in Indonesia.

Nonetheless, not all regions have been, or are 
projected to be, equally impacted by climate change. 
While some areas may experience increasingly 
adverse climatic conditions, others may benefit from 
milder conditions. As such, regions experiencing more 
favorable climatic and meteorological conditions 
may experience improved agricultural productivity, 
leading to local economic growth and potentially 
subsequent urbanization. In this way, changes such 
as increased climatic moisture may act as a “land-
augmenting technological change” that “leads to an 
increase in the marginal product of labor in agriculture” 
(Bustos, Caprettini, and Ponticelli 2016). This may 
lead to increases in rural population growth, as more 
amenable land attracts rural migrants from areas 
where land has become less suitable to agriculture. 
Recent work by Asher et al. (2022) finds that villages in 
India with better access to canals – a land-augmenting 
technology that increases agricultural productivity – 
have “higher population density [which is evidence 
of] increased demand for [agricultural] labor.” The 
authors present compelling evidence that there are 
“concentrated population gains in proximate urban 

areas…[despite] net population gains [that seem to be] 
considerably higher in rural areas than in urban areas.” 

The burgeoning rural population may migrate into local 
cities, but high agricultural yields may also contribute 
indirectly to the growth of nearby urban centers. In 
a setting such as India, where “rural-urban mobility 
is low and structural transformation, particularly the 
movement from agriculture to manufacturing is slow 
and ‘stunted,’” agricultural gains may also contribute 
to urban growth through the flow of increased rural 
savings and subsequent investment (Liu, Shamdasani, 
and Taraz 2020). Bustos, Garber, and Ponticelli (2019) 
find evidence that “agricultural productivity growth can 
lead to structural transformation through its impact 
on capital accumulation,” as more savings are made 
available to financially integrated urban centers. In this 
way, climate change–induced agricultural productivity 
gains may lead to structural transformation in urban 
centers as a byproduct of rural growth.

Taken together, these two strands of literature 
provide evidence that urbanization patterns may be 
impacted by climate change in two important ways: 
regions experiencing increasingly adverse climatic 
and meteorological conditions may see a higher 
proportion of the population concentrated in urban 
areas as rural residents are “pushed” to find off-
farm employment; and regions experiencing climatic 
changes more amenable to agricultural productivity 
may see urban population gains in nearby cities as 
the entire region grows and thrives. Recent work by 
Tuholske et al. (2019) finds evidence of such a complex 
relationship between climatic conditions, city size, 
and urban growth patterns. Using gridded population 
data and a robust method of urban identification, the 
authors present evidence that “small and medium-
sized urban settlements in arid regions are growing 
faster compared to larger urban settlements across 
Africa’s arid regions…By comparison, in semi-arid and 
humid regions of Africa, larger cities are absorbing a 
greater share of urban population growth.” In essence, 
secondary and tertiary cities have emerged in drier 
regions throughout Africa, while city populations have 
exploded in wetter regions. The authors’ conclusions 
provide a neat bridge between the primary strands of 
work on climate change and urban growth patterns, 
suggesting that climatic conditions may give rise to 
two distinct forms of urbanization, which can occur 
simultaneously and in close proximity to one another. 
In concert with the study conducted by Henderson, 
Storeygard, and Deichmann (2017), these findings also 
provide support for the relevance of climatic moisture 
as a driver of urbanization. 

Soaked Cities: Climactic Moisture and Urbanization Patterns in India from 1971–2011
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This study contributes to the growing body of 
literature that employs climatic moisture as a proxy 
measure for climate change and investigates its 
impact on urbanization and urban growth. However, 
in contrast to the studies conducted by Henderson, 
Storeygard, and Deichmann (2017) and Tuholske et 
al. (2019), this study focuses solely on within-country 
heterogeneity in moisture growth as opposed to 
cross-country differences. Furthermore, it considers 
the simultaneous yet differentiated processes of 
urbanization and urban growth, as opposed to previous 
studies, which often consider only one or the other. 

3.1 RELEVANCE OF CLIMATIC MOISTURE

A majority of the literature investigating the impacts 
of climate change on urbanization patterns measures 
climatic conditions using data on precipitation or 
temperature; however, there are three distinct 
advantages of estimating climatic variability and 
change using moisture:

4 It is highly reflective of long-term climatic changes

4 It is closely related to agricultural potential

4 It is a good source of exogenous heterogeneity, 
     particularly across districts in India

C. W. Thornthwaite was one of the first climatologists 
to recognize the importance of atmospheric water 
balance in the assessment and classification of 
climatic conditions, arguing that “the combined 
evaporation from the soil surface and transpiration 
from plants, called evapotranspiration,” is a critical 
and often-overlooked part of the hydrological process 
(Thornthwaite 1948). Furthermore, Thornthwaite 
argued that it is not only necessary to track the 
actual movement of water “from the Earth to the 
atmosphere” (ibid.), but also the “evapotranspiration 
that would occur if the vegetation experiences 
no water stress” (Willmott and Feddema 1992). 
Thus, “potential evapotranspiration” – according 
to Thornthwaite’s construction – may also be 
understood as the water required by a hypothetical, 
full-cover reference plant, given typical meteorological 
conditions for a region, such that no water is returned 
to the atmosphere through evapotranspiration. 

Comparing potential evapotranspiration to 
precipitation levels, Thornthwaite argued, would 
provide valuable information on the dryness or 
wetness of the climate: “As water deficiency becomes 
larger with respect to potential evapotranspiration, 
the climate becomes arid; as water surplus 
becomes larger, the climate becomes more humid” 
(Thornthwaite 1948). 

Following from this observation, Thornthwaite put 
forth a method for estimating a moisture index based 
on the ratio between precipitation and potential 
evapotranspiration – which may also be interpreted 
as an “aridity index” – to measure long-run climatic 
tendencies toward water deficiency or surplus. 
Willmott and Feddema (1992) subsequently proposed 
a modified version of Thornthwaite’s index that lends 
itself to clearer interpretation.7 Their Moisture Index is 
defined as follows: 

where r is the average monthly precipitation rate and 
EO is the average monthly potential evapotranspiration. 
Estimating potential evapotranspiration is a complex 
process for which multiple methods have been 
proposed. In this model, potential evapotranspiration 
is calculated as a function of spatially-interpolated 
meteorological data – specifically, temperature, 
humidity, windiness, and solar radiation – using the 
method proposed by Shuttleworth and Wallace 
(1985), as it has been found to perform well across 
regions in different climatic zones (Stannard 1993; 
Abeysiriwardana, Muttil, and Rathnayake 2022).8 This 
calculation yields a symmetric index ranging from 
-1 to 1, such that negative scores correspond to a 
deficiency of moisture relative to atmospheric demand 
and positive scores correspond to a moisture surplus 
relative to atmospheric demand.9

Using Willmott and Feddema’s Moisture Index to proxy 
climate change has a variety of advantages over more 
commonly used measures such as temperature and 
precipitation. For one, climatic moisture provides a 
stable measure of slow-onset climatic changes. Neither 
potential evapotranspiration nor mean precipitation 
are highly volatile measures; as such, they reflect 
long-run, enduring changes in “mean climate state” 
as opposed to extreme events (Gornall et al. 2010). 

EMPIRICAL
APPROACH3
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As climate change continues, scientists predict that 
for every additional degree Celsius of warming, the 
atmosphere will be capable of holding up to 7 percent 
more water, resulting in increased evaporation of 
surface moisture (Buis 2022; Kumar and Gautam 
2014). In other words, evapotranspiration and potential 
evapotranspiration are expected to increase globally 
(see Figure II). In fact, the Intergovernmental Panel 
on Climate Change states with high confidence 
that “evapotranspiration increased by between 
approximately 0.5 and 1.5 mm yr2 between the 1980s 
and early 2010s due to warming-induced increased 
atmospheric demand worldwide” (IPCC 2022, 568). 
Increases in evapotranspiration are expected to 
“accelerate the hydrologic cycle, altering rainfall, 
magnitude and timing of run-off…, [as well as] 
affect the soil moisture, groundwater recharge, and 
frequency of flood or drought, and finally groundwater 
level in different areas” (Kumar and Guatam 2014). 
Furthermore, as evapotranspiration rises, if increasing 
water demand is not met by higher average levels 
of precipitation, then there will likely be a “greater 
soil [moisture] deficit in summer” which is not only 
expected to “exacerbate impacts of heat waves 
as well as drought stress,” but also to negatively 
impact agricultural productivity” (IPCC 2022, 225). In 
regions expected to experience a decrease in mean 

precipitation levels, increased evapotranspiration 
will further exacerbate drying (see Figures II and III). 
In essence, changes in climatic moisture reflect the 
impacts of climate change on evapotranspiration levels 
and mean precipitation patterns, which will interact 
to make “wet regions wetter and dry regions drier” 
(Buis 2022). This is expected to have profound effects 
on human activities and livelihoods, particularly in the 
agricultural sector.

Indeed, agricultural productivity is closely tied to 
climatic and meteorological conditions (Kumar and 
Gautam 2014; Abiy et al. 2019; Gornall et al. 2010; 
Henderson, Storeygard, and Deichmann 2017). For 
example, in their 2017 study, Henderson, Storeygard, 
and Deichmann use a moisture index to proxy climatic 
conditions, arguing that because “plant growth is also 
a function of temperature, dividing precipitation by 
potential evapotranspiration, which is the appropriate 
non-linear function for temperature…, creates a 
better measure of climatic agricultural potential.” It 
follows from the relevance of moisture for agricultural 
potential that changes in climatic moisture levels, 
resulting from climate change, will have a direct impact 
on changes in agricultural productivity. Essentially, 
as global warming continues, rising temperatures 
will increase evapotranspiration, impacting 

FIGURE II
Annual Mean Potential Evapotranspiration, 1971 – 2011

Source: Author’s calculations using data from Willmott and Feddema’s Moisture Index and the 2011 Census of India. This map 
shows the average annual potential evapotranspiration for each district. Districts that are dark green have higher levels of potential 
evapotranspiration, representing higher water demand. Districts that are light green have lower levels of potential evapotranspiration, 
representing lower water demand. The 1971 map is displayed on the left and the 2011 map on the right. Districts in gray have no 
gridded observations in Willmott and Feddema’s data archive.

1971 2011

Soaked Cities: Climactic Moisture and Urbanization Patterns in India from 1971–2011 9



hyrdological processes and increasing water demand 
for agriculture, thereby diminishing agricultural 
productivity if adequate adaptation measures are 
not implemented. Furthermore, Abiy et al. (2019) 
find that an “atmospheric moisture deficit at critical 
times of crop development causes stunting of crop 
development attributed to soil deficit.” Climate change 
will not only affect agricultural productivity through its 
impact on growing conditions, but also its impact on 
the efficacy of farming systems, such as “established 
infrastructure, local farming practice, and individual 
experience” (Gornall et al. 2010). In this way, changes 
in mean climatic conditions, as measured by moisture, 
have profound effects on agricultural productivity.
Finally, because climatic moisture is calculated 
as an annual average using spatially interpolated 
meteorological data, the statistic is largely unaffected 
by agricultural practices and urbanization, limiting 
endogeneity concerns. Willmott and Feddema’s 
climatic moisture measure is estimated from 
meteorological data using a data-interpolation 
strategy based on “the spherical version of Shepard’s 
algorithm, which employs an enhanced distance-
weighting method (Shepard, 1968; Willmott et al. 
1985)” (Willmott and Matsuura 2018b). Furthermore, 
“the number of nearby [weather] stations that 
influenced a grid-node estimate was increased to an 
average of 20, from an average of 7…, [resulting in] 

smaller cross-validation errors” (ibid.).10 Willmott and 
Feddema’s Moisture Index uses these interpolations 
to estimate potential evapotranspiration, rather 
than directly observing actual evapotranspiration. 
The advantage of this approach is that the moisture 
measure is not impacted by local agricultural 
practices or urbanization, mitigating issues caused 
by reverse causality. For example, in theory, regions 
with low agricultural productivity may lack the 
capacity to invest in irrigation systems, resulting 
in decreased evapotranspiration and lower near-
surface atmospheric moisture (Zhang et al. 2019); 
similar processes may occur in urban areas, which are 
vulnerable to the urban “heat island” effect. However, 
these sources of endogeneity are mitigated through 
robust estimation of potential evapotranspiration as 
opposed to direct observation of evapotranspiration. 
Furthermore, substantial variation in moisture changes, 
particularly across the Indian subcontinent, provide a 
good source of heterogeneity (see Figure I and Figure 
IV). Overall, as measured by Willmott and Feddema’s 
Moisture Index, moisture provides a pertinent, 
exogenous, and heterogeneous proxy for slow-onset 
climatic changes.

3.2 DATA

To estimate the relationships between changes in 

FIGURE III
Annual Mean Precipitation, 1971 – 2011

Source: Author’s calculations using data from Willmott and Feddema’s Moisture Index and the 2011 Census of India. This map shows 
the average annual precipitation in millimeters for each district. Districts that are dark blue received more precipitation; those that are 
white received less precipitation. The 1971 map is displayed on the left and the 2011 map on the right. Districts in gray have no gridded 
observations in Willmott and Feddema’s data archive.

1971 2011
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climatic moisture, urbanization, and urban growth, 
this study combines data from three sources: the 2011 
Census of India,11 the Willmott and Feddema Moisture 
Index Gridded Dataset, and the European Commission 
Emissions Database for Global Atmospheric Research. 

As part of the 2011 Census of India, the Office of the 
Registrar General and Census Commissioner published 
statistics on the “adjusted population figures for the 
twelve censuses from 1901 to 2011 for India, States, 
Union Territories, and Districts according to [2011] 
jurisdictions” (Census of India 2011). Accordingly, the 
2011 census includes population statistics for towns 
and urban agglomerations dating back to 1901, as 
classified by 2011 standards. In theory, this would allow 
for the creation of a balanced panel dataset containing 
twelve observations at 10-year intervals between the 
years of 1901 and 2011 on the population of every 
urban area in India according to 2011 classifications. 
However, population statistics before 1961 are often 
interpolated or unavailable due to failure or inability 
to conduct the census in various states during early 
rounds. As such, this study uses population statistics 
from 1971 and 2011 on Class I, II, III, IV, V, and VI cities 
(i.e., all urban centers identified in the 2011 census) to 
identify urbanization patterns and city growth.12 For 
cases in which cities spill into multiple districts, large 
urban agglomerations are broken down into subsets 
to ensure that the urban population of a district is 
not over- or under-estimated. District-level urban 
populations are a sum of the population of all urban 
centers located in the district, including urban centers 
that were not classified as urban areas in 1971 but were 
by 2011. District-level population statistics with decadal 
variation to 1901 are also taken from the 2011 Census 
of India. Because the aggregation of Class I–VI cities 
provides a complete measure of the urban population, 
rural populations are calculated by subtracting the 
district-level urban population from the total district 
population. In the city-level analysis, each urban 
subset is treated as a separate observation. Cleaning 
and combining data on all cities in India that were 
classified as an urban area in both 1971 and 2011 yields 
a balanced panel dataset of 2,222 urban areas. These 
statistics are used to calculate annual city growth.

Data on moisture are taken from the Willmott and 
Feddema Moisture Index Gridded Dataset. The 
methods used to calculate Willmott and Feddema’s 
Moisture Index are outlined in Section III.A of this 
paper. For districts containing multiple gridded 
observations, the average moisture index score is 
calculated using 2011 shapefiles. Data on precipitation 
and temperature are also taken from Willmott and 
Feddema’s gridded datasets and averaged at the 

district level using similar methods. Precipitation is 
expressed in millimeters and temperature in degrees 
Celsius. District-level annualized growth rates for 
precipitation and temperature are calculated using 
the same methods employed for moisture. These 
measures are included in the regression analysis 
to completely isolate the effect of moisture and 
ensure robustness (Henderson, Storeygard, and 
Deichmann 2017). For some districts, there are no 
gridded observations available; these districts are 
dropped from the analysis. Because the estimates 
are calculated at a constant spatial interval, it may 
be argued that districts are missing moisture, 
temperature, and precipitation observations at 
random. A valid counterargument is that the smaller 
districts which often comprise cities are systematically 
more likely to be missing observations compared to 
large rural districts. This is a limitation that should 
be rectified in future studies. One solution may 
be to impute district-level annual means by taking 
the average from surrounding districts; however, 
this estimation method is unlikely to yield a robust 
measure such as those calculated using Willmott and 
Feddema’s spatial-interpolation algorithm.

The presence of industrial production is also 
included in the regression analysis, again following 
the precedent set by Henderson, Storeygard, and 
Deichmann (2017). These authors find that greater 
baseline industrial presence led to an increase in 
urbanization in drier districts. Although industrial 
presence and growth may be a consequence of low 
moisture, poor agricultural productivity, and urban 
growth, these variables are nonetheless included in 
various specifications of the model to ensure this 
potential channel is controlled. As such, industrial 
presence is calculated at the district level using 
emissions data from the European Commission 
Emissions Database for Global Atmospheric Research 
(EDGAR). EDGAR publishes raster layers containing 
annual sector-specific statistics on non-short and 
short-cycle carbon emissions, expressed in tons and 
calculated at the 0.1x0.1-degree level.13 Non-short 
and short-cycle carbon emissions caused by power 
industry and manufacturing are combined to estimate 
total industrial presence by district for 1971 and 2011. 
Emissions are summed on the district level using 2011 
shapefiles. Emissions data are then matched to urban 
centers by district. This has a variety of drawbacks. 
For one, industrial presence cannot be directly tied to 
a single urban area within the district, rather it is an 
aggregate measure of total district-level emissions. 
This may lead to over-estimation of industrial presence 
for separate urban areas located within the same 
district. However, for cases in which there are multiple 
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observations within the same district, the individual 
urban subsets often belong to the same larger urban 
agglomeration. As such, calculating total emissions 
yields a more accurate measure for local industrial 
presence than the district-level mean. Ideally, polygons 
for each urban area in the 2011 census would be used 
to calculate emissions within the city boundaries; 
however, such shapefiles are not available. This should 
be pursued in future studies.

3.3 EMPIRICAL SPECIFICATION

Using two panel datasets, this study estimates the 
effect of moisture growth on four outcomes of 
interest: annualized urban share growth, annualized 
total district-level urban population growth, annualized 
rural population growth, and annualized city 
population growth. The base specification follows:

where Yi is one of the four outcomes of interest; 
MOISTURE_GROWTHi is the annualized moisture 

growth rate and the primary variable of interest; Xi is 
a vector of controls, including baseline urban share or 
logged baseline urban/rural/city population, baseline 
moisture, and a dummy for whether the district 
is coastal; and vi is a vector of state fixed effects. 
Models that estimate the impact of moisture growth 
on city population growth are also clustered at the 
district level. Logged baseline industry emissions and 
annualized industry emissions growth are included as 
controls in the extended version of the model (columns 
3, 4, and 6 in Tables I–IV). As discussed in the previous 
section, two additional models for each dependent 
variable are tested, which control for baseline average 
annual temperature, annualized temperature growth, 
baseline average annual precipitation, and annualized 
precipitation growth in the primary and extended 
models. Following the precedent set by Henderson, 
Storeygard, and Deichmann (2017), this is intended to 
serve as a robustness check for the impact of moisture 
on urbanization.

All dependent variables are winsorized at three 

Source: Author’s calculations using Willmott and Feddema’s Moisture Index data and the 2011 Census of India. This graph shows the 
distribution of districts experiencing moisture growth and decline from 1971–2011. 

FIGURE IV
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standard deviations above the mean. Results for the 
winsorized estimates are discussed in the following 
section; non-winsorized estimates are recorded in the 
Appendix. Results are largely consistent. Table A. I in 
the Appendix provides summary statistics for each of 
the variables used in the regressions for urban share, 
total urban population, and rural population. Table 
A. II in the appendix contains summary statistics for 
the city population growth regressions. Figure A. I in 
the Appendix shows the distribution of urban share 
growth; A. II the distribution of total district population 
growth; A. III the distribution of rural population 
growth; and A. IV the distribution of city population 
growth. Figure IV below shows the distribution of 
annualized moisture growth by district.

4.1 DISTRICT-LEVEL RESULTS

The results of the regression analysis using annualized 
growth of urban share as the dependent variable 
are recorded in Table I. They suggest that increased 
drying may contribute to increased growth in urban 
share. In the primary specification, the coefficient on 
moisture growth is significant at the 5-percent level 
and suggests that a 1 percentage point decrease in 
annualized moisture growth increases annualized 
urban share growth by 0.210 percentage points, all 
else equal. In other words, a decrease of one standard 
deviation in the annualized moisture growth rate 
increases urban share growth by 0.105 percentage 
points. This is consistent with the literature which 
finds that drying increases urbanization (Henderson, 
Storeygard, and Deichmann 2017). The magnitude of 
the coefficient on moisture growth diminishes slightly 
as subsequent controls are added to the regression 
but remains significant at the 10-percent level. The 
regression results also suggest that coastal districts 
saw greater urban share growth between 1971 and 201. 
In every regression specification, the results suggest 
that coastal districts experienced urban share growth 
that was 0.3 percentage points greater than non-
coastal districts, significant at the 5-percent level, all 
else equal. This is consistent with the literature, which 
argues that human settlements tend to concentrate 
along coastlines (Neumann et al. 2014; Small and 
Nicholls 2003).

These findings are robust to the inclusion of controls 

for baseline average annual precipitation, baseline 
average annual temperature, precipitation growth, and 
temperature growth. The point estimates on moisture 
growth are largely unchanged and remain statistically 
significant at the 5-percent level. Baseline precipitation, 
precipitation growth and baseline temperature are 
all statistically insignificant in robustness checks 
on the primary specification and the extended 
specification; however, temperature growth emerges 
as statistically significant at the 1-percent level. The 
results suggest that a 1 percentage point increase in 
annualized average temperature growth increases 
urban share growth by 0.160 percentage points, all 
else equal. Regression results for non-winsorized 
urban share growth are recorded in Table A. III in the 
Appendix. The point estimates on moisture growth are 
comparable to those in the winsorized regressions and 
statistically significant at the 5-percent level. All other 
findings are generally consistent. 

Looking a bit deeper into the dynamics underpinning 
this increase in urban share growth yields intriguing 
results. The point estimate on moisture growth is 
statistically insignificant in every regression on total 
urban population growth, except for the model that 
does not include state fixed effects. Nonetheless, 
the negative coefficient on moisture in each of these 
regressions suggests that total urban population may 
increase more rapidly in drying districts; however, 
statistical insignificance renders this finding largely 
irrelevant. Instead, what emerges as statistically 
significant for urban population growth is coastal 
location, high baseline industrial presence, industrial 
growth, and positive temperature growth. The most 
marked difference between the findings on urban share 
growth and total urban population growth pertains 
to the importance of baseline industrial presence and 
growth. The findings suggest that higher baseline 
industrial presence and industrial growth increases 
total urban population growth, all else equal. Coastal 
location – and, in robustness checks, temperature 
growth  has a similar effect on total urban population 
growth when compared to urbanization growth. 

The results of the regression analysis using rural 
population as the dependent variable are more 
interesting. The point estimate on moisture growth 
is positive and statistically significant in all regression 
specifications. In the primary specification, moisture 
growth is significant at the 5-percent level, and the 
results suggest that a 1 percentage point increase in 
moisture growth increases rural population growth 
by 0.130 percentage points, all else equal. In other 
words, a one standard deviation decrease in moisture 
growth decreases rural population growth by 0.065 

RESULTS4
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TABLE I: Regression Results: Urban Share Growth, Winsorized

TABLE II: Regression Results: Total Urban Population Growth, Winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on 
annualized urban share growth. The dependent variable is winsorized to three standard deviations outside the mean. Regressions 2–6 employ state 
fixed effects. Urban share is calculated by dividing urban population over total district population. 

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) 
on annualized total district-level urban population growth. The dependent variable is winsorized to three standard deviations outside the mean. 
Regressions 2–6 employ state fixed effects. Urban population is calculated as the sum of the population of Class I–VI cities located within a district.



percentage points. The point estimate on moisture is 
significant at the 1-percent level after controlling for 
temperature and precipitation, and the magnitude 
is slightly larger. The other variables that emerge 
as consistently statistically significant for rural 
population growth are inland location, lower baseline 
moisture – perhaps because such regions are now 
experiencing increases in moisture – low baseline 
industrial emissions, and industrial growth. Taken 
together, these results offer weak evidence that drier 
conditions increase total urban population growth but 
strong evidence that drying decreases rural population 
growth. Instead, districts with increased moisture 
experience faster rural growth. This may underlie the 
apparent increase in urban share in drying districts.

4.2 CITY-LEVEL RESULTS

The results of the regression analysis using annualized 
city population growth as the dependent variable 
are recorded in Table IV. The point estimate for 
moisture growth is significant at the 1-percent level in 

all specifications that include state fixed effects. In the 
primary specification, the point estimate on moisture 
growth suggests that a 1 percentage point increase 
in moisture growth leads to a 0.373 percentage point 
increase in city population growth, all else equal. In 
other words, a one standard deviation increase in 
moisture growth in the surrounding district leads to 
a 0.187 percentage point increase in city population 
growth. The point estimate declines slightly as 
subsequent controls are added and more sharply 
after the inclusion of temperature and precipitation 
controls, down to 0.329; however, the coefficient 
remains statistically significant at the 1-percent level. 
These results suggest that established cities (i.e., 
cities that existed at baseline) grew more quickly in 
districts that experienced an increase in moisture. 
This finding is in line with the literature on agricultural 
productivity improvements contributing to urban 
growth. Baseline industry emissions, annualized 
industry emissions growth, baseline temperature, 
and annualized temperature growth also emerge as 
statistically significant for city population growth. Of 

TABLE III: Regression Results: Rural Population Growth, Winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on 
annualized total district-level rural population growth. The dependent variable is winsorized to three standard deviations outside the mean. Regressions 
2–6 employ state fixed effects. Rural population is calculated as the difference between total population and the sum of the population of Class I–VI 
cities located within a district.
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TABLE IV: Regression Results: Urban Population Growth by Urban Center, Winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on 
annualized city population growth. The dependent variable is winsorized to three standard deviations outside the mean. Regressions 2–6 employ 
state fixed effects. All regressions cluster standard errors at the district level. 

these variables, industry growth has the strongest 
statistical significance. The magnitude of the point 
estimate suggests that a 1 percentage point increase 
in district industry growth leads to a 0.058 increase 
in city growth. Non-winsorized regression results are 
displayed in Table A. IV in the Appendix. The findings 
are consistent across both winsorized and non-
winsorized estimates.

This study finds that drying increases urban share 
growth in districts across India. This is broadly in line 
with the literature on climate change acting as a 
“push” factor contributing to increased urbanization 
(Henderson, Storeygard, and Deichmann 2017; Barrios, 
Bertinelli, and Strobl 2006). However, the results of 
this study also suggest that moisture growth does not 
have a statistically significant effect on total district 
urban population growth. Instead, drying contributes 

to slower rural population growth; conversely, moisture 
increase contributes to more rapid rural population 
growth. This has interesting implications for the 
findings on urban share growth, suggesting that the 
observed increase in urbanization may be driven by 
stifled rural growth and/or rural out-migration rather 
than by urban population growth. Rural residents may 
simply be relocating to areas with more favorable 
farming conditions rather than to nearby urban areas; 
this may also contribute to the observed increase 
in rural population growth in districts experiencing 
moisture increase.

Indeed, a recent report by the World Bank finds that 
the “southern Indian highlands… will be climate in-
migration hotspots” while the “northern part of the 
Gangetic Plain, and the corridor from Delhi to Lahore” 
and the “irrigated areas and rice-growing areas 
are likely to see population dampening as a result 
of out-migration” (Rigaud et al. 2018, 89). A rough 
comparison between the moisture map displayed 
in Figure I and a map from the National Aeronautics 
and Space Administration’s Socioeconomic Data 
and Applications Center (SEDAC) database showing 

Soaked Cities: Climactic Moisture and Urbanization Patterns in India from 1971–2011 16

DISCUSSION5



internal migration flows across India (Figure A. V in 
the Appendix) provides support for the argument that 
individuals may be moving out of drying districts and 
into districts more conducive to agriculture. In this way, 
drying districts may be urbanizing more rapidly than 
districts experiencing moisture gains, though rural out-
migration likely plays a particularly important role in 
this transition.

This study also finds evidence that cities in districts 
experiencing increases in climatic moisture tend to 
grow faster than cities located in drying regions. 
Together with the results on rural population 
dynamics, these findings suggest that increased 
moisture – and thus improvements to agricultural 
productivity – may contribute to rural growth, which 
subsequently results in gains to nearby urban centers. 
This is in line with the literature, which suggests 
urban growth may be augmented by local gains to 
agricultural productivity (Asher et al. 2022; Bustos, 
Garber, and Ponticelli 2019). However, it is important to 
reconcile this finding with the district-level regression 
analysis, which finds that moisture has no impact on 
total urban population growth. As previously noted, 
the city-level analysis employs a panel dataset of 
urban centers and does not account for cities that 
emerged or were reclassified between 1971 and 2011.14 
While “established” urban centers experienced more 
rapid growth in moister districts, it may be that rural 
villages coalesced into small census towns in drying 
districts as individuals sought off-farm employment to 
escape declining agricultural conditions.15

The emergence of new towns may explain why 
population growth in “established” cities does not 
correspond with significantly higher total urban 
population growth in moister districts as compared 
to drier districts. In essence, climate change may 
hasten two types of urbanization: (i) the rise of small 
census towns, which result from increased demand 
for off-farm employment but ultimately stagnate due 
to rural out-migration; and (ii) rapid, sustained urban 
center growth driven by improvements to agricultural 
productivity. Additional analysis is necessary to 
confirm or refute this theory, though scholars have 
become increasingly interested in India’s small and 
dispersed “emergent urban areas” (Jan van Duijne 
and Nijman 2019). The role of reclassification is also an 
understudied and important phenomenon, particularly 
in India, where it is estimated that reclassification may 
have contributed to almost 9.6 percent of measured 
urban growth (Menashe-Oren and Bocquier 2021). 

Additionally, future studies should further explore 

the nuanced relationships between climate change, 
migration, and urbanization. One of the major 
drawbacks of this study is that migration and the 
motivations for migration are not directly observed. 
Furthermore, this study focuses primarily on local, 
intra-district migration as opposed to cross-district, 
cross-state, and international migration; most Indian 
districts are small geographic units, so changes in 
climatic conditions are likely to induce cross-district 
or cross-state migration. Future studies should also 
explore how moisture conditions, urbanization levels, 
and industrial presence in neighboring districts affect 
intra-district dynamics. Similarly, fertility and mortality 
trends are not directly observed in this study. Both 
migration and natural demographic trends play an 
important role in urbanization and urban population 
growth (Menashe-Oren and Bocquier 2021); because 
these processes are intricately intertwined, this 
study does not explicitly distinguish between the two 
but considers overall population and demographic 
changes. However, because there are important and 
distinct policy implications for addressing different 
types of migration, as well as natural demographic 
trends, future studies should seek to disentangle the 
dynamics of these phenomena and their impacts on 
urbanization and urban growth. 

Another drawback of this study is that agricultural 
output is not directly measured. As more accurate, 
systematic data on crop yields across India become 
available, future studies should seek to establish more 
robust causal relationships between climatic changes, 
agricultural yields, migration, and urbanization. 
However, future studies should not only consider the 
impact of long-term, slow-onset climatic changes, 
but also shifts in the seasonal variation of rainfall 
patterns and extreme weather events, as both directly 
impact agricultural yields. Climatic and meteorological 
conditions immediately before and during the growing 
season may have particularly poignant effects on 
output and thus more directly influence decisions to 
migrate. Similarly, extreme weather events – such 
as intense rains, floods, heatwaves, and droughts – 
not only have the potential to destroy crop yields, 
but also to directly induce migration as households 
flee devastation. Nonetheless, future studies should 
be aware of endogeneity concerns, particularly if 
governments introduce targeted legislation to improve 
conditions for households in climate-affected areas, to 
stem the flow of migration, or to induce urbanization 
patterns.16 
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Overall, this study finds that residents in drying 
districts may become increasingly concentrated in 
urban areas, but the highest population pressures 
may be found in districts experiencing an increase 
in climatic moisture. This finding has important 
implications for urban planning and climate resilience 
efforts throughout India. For one, residents 
in burgeoning towns must have access to the 
infrastructure and services necessary to help parlay 
the growth of off-farm employment into structural 
transformation.17 Promoting the growth of smaller 
urban areas will not only lead to economic growth in 
rural districts, but also help support those who stand 
to be most severely impacted by climate change. 
Furthermore, creating more local opportunities for 
off-farm and industrial employment through the 
sustainable growth of towns may help towns absorb 
rural residents who would otherwise move to areas 
with better agricultural land, thus helping relieve 
pressure on in-demand regions. Mitra and Tripathi 
(2021) explain: “The proper management of new 
census towns will play a pivotal role in the context 
of higher and balanced urbanization…, [which] will 
help reduce pressure on large cities and the impact 
of the other diseconomies.” Harnessing the potential 
of growing towns and small cities will be a crucial 
challenge for both India’s urban development and 
climate change adaptation efforts.

Additionally, districts in areas experiencing moisture 
growth need to be ready to accommodate significant 
population increases. Rapid urban expansion in major 
cities across India has already put significant strain 
on municipal authorities. In a World Bank report, 
Ellis and Roberts (2016) find that “South Asia’s cities 
are not fulfilling their development potential as 
characterized by either prosperity or livability because 
of the congestion pressures that growing populations 
are exerting on infrastructure, basic services, land, 
housing, and the environment” (77). Lofty policy 
solutions such as strengthening urban governance, 
increasing infrastructure investment, or implementing 
climate-conscious urban expansion plans need to 
be tailored to address local needs and capacities. 
Climate change and urbanization pose highly localized 
challenges that require highly localized solutions. 
As such, future research should consider how these 
processes will manifest in specific, meso-level settings.  

Understanding how climate change and urbanization 
converge will help inform more effective, integrated 
policy responses to address two of the most 
formidable challenges facing our world in the decades 
to come. The evidence presented in this study 
suggests that changing climatic conditions will have a 
significant impact on urbanization patterns, whereby 
populations in drying regions become increasingly 
ossified into small towns while population pressures 
in both cities and rural areas increase in regions 
experiencing greater climatic moisture. Policies 
to support urbanization efforts should take these 
dynamics into account when planning for future 
development, otherwise the challenges posed by 
urban growth and climate change may compound one 
another and prove too heavy for local, national, and 
international governments to bear. On the other hand, 
sustainable urbanization has the potential to support 
human flourishing at all levels and insulate against the 
impacts of climate change. Indeed, as climate change 
continues to transform our environment and impact 
livelihoods, safe and sustainable urban development 
will be an integral part of creating a prosperous world 
for all.
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APPENDIX

TABLE A. I. District-Level Descriptive Statistics

Notes: This table displays the summary statistics for variables used in the urban share growth, total district urban population growth, and rural 
population growth regressions. The variable name is displayed in the leftmost column. Column 2 displays the mean; Column 3 displays the standard 
deviation; Column 4 displays the minimum value the variable takes; and Column 5 displays the maximum value. Annualized urban share, urban 
population, and rural population growth rates reflect winsorization.
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TABLE A. II. Urban Center–Level Descriptive Statistics

Notes: This table displays the summary statistics for variables used in the city population growth regressions. The variable name is displayed in the 
leftmost column. Column 2 displays the mean; Column 3 displays the standard deviation; Column 4 displays the minimum value the variable takes; 
and Column 5 displays the maximum value. City population growth rates reflect winsorization.

FIGURE A. I. Distribution of Annualized Urban Share Growth 

Source: Author’s calculations using data from the 2011 Census of India. Graph shows distribution of annualized growth in urban share. Annualized 
urban share growth is winsorized to three standard deviations from the mean. 
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FIGURE A. II. Distribution of Annualized Urban Population Growth 

Source: Author’s calculations using data from the 2011 Census of India. This graph shows the distribution of annualized growth in total district urban 
population. Annualized total urban growth is winsorized to three standard deviations from the mean.
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FIGURE A. III. Distribution of Annualized Rural Population Growth 

Source: Author’s calculations using data from the 2011 India Census. This graph shows the distribution of annualized growth in rural population. 
Annualized rural growth is winsorized to three standard deviations from the mean.

Annualized Rural Population Growth

D
e

n
si

ty



TABLE A. III. Regression Results: Urban Share Growth, Non-winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) 
on annualized urban share growth. Regressions 2–6 employ state fixed effects. Urban share is calculated by dividing urban population over total 
district population. 
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TABLE A. IV. Regression Results: Urban Population Growth, Non-winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on
annualized urban population growth. Regressions 2–6 employ state fixed effects. Urban population is calculated as the sum of the population of
Class I–VI cities located within a district.
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TABLE A. V. Regression Results: Rural Population Growth, Non-winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on
annualized rural population growth. Regressions 2–6 employ state fixed effects. Rural population is calculated as total district population minus
urban population.
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FIGURE A. IV. Distribution of Annualized City Population Growth 

Source: Author’s calculations using data from the 2011 Census of India. Graph shows distribution of annualized city population growth. 
Annualized city growth is winsorized to three standard deviations from the mean.
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TABLE A. VI. Regression Results: Urban Population Growth by Urban Center, Non-winsorized

* p < 0.010, ** p < 0.05, *** p < 0.01. Notes: This table regresses moisture growth and various additional controls (listed in the leftmost column) on
annualized city population growth. Regressions 2–6 employ state fixed effects. All regressions cluster standard errors at the district level.



FIGURE A. V. Internal Migration Flows in India

Source: NASA Socioeconomic Data and Applications Center (de Sherbinin et al. 2015). This map shows net migration flows throughout India from 
1990–2000. Areas that have experienced an inflow of migrants have, by and large, also experienced moisture growth from 1971–2011. 
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ENDNOTES

1 Cities also have an important role to play in climate change mitigation efforts; however, the focus of this section 
is climate adaptation, so discussion of mitigation efforts is left to other studies.

2 There is an important distinction to be made between urbanization and urban growth. As Tacoli et al. (2015) 
explain, urbanization is defined as “the proportion of the total national population living in areas classed as 
urban.” This is also called the “national urban population share.” Urban growth, on the other hand, refers to “the 
absolute number of people living in areas classed as urban.” These transitions are driven by different processes, 
so it is important to investigate them both separately and together.

3 Construction and justification for the use of climatic moisture is provided in later sections.
4 India’s governing apparatus is divided into 28 states and 8 territories. According to the 2011 census, states 

were further partitioned into 640 districts; this number has increased to 741 as of 2020. As outlined in the 
“Methods” section, this paper employs the district names and boundaries from the 2011 census to allow for panel 
comparison.

5 The data identification and analysis methods follow closely in the precedent set by Hendersen, Storeygard, and 
Deichmann (2017).

6 Cities originally classified in the 1971 census are henceforth referred to as “established cities.” In subsequent 
Indian censuses, new towns were identified and classed as urban areas; these emergent “census towns” are, on 
average, much smaller than established cities. The reclassification of new towns is captured in the urban share 
and total urban population statistics.

7 Willmott and Feddema’s construction yields a clearly bounded measure, as opposed to Thornthwaite’s 
unbounded measure, thus allowing for clearer and more consistent interpretation.

8 See Shuttleworth and Wallace (1985) for a full description of the methods used to calculate potential 
evapotranspiration (PET). This method is considered to be stronger than others because it combines separate 
estimates for soil evapotranspiration and canopy transpiration. Stannard (1993) and Abeysiriwardana, Muttil, 
and Rathnayake (2022) also provide straightforward explanations of the methods to calculate PET, along with a 
comparison between the Shuttleworth-Wallace method, Penman-Monteith method (a simpler, more commonly 
used calculation) and other accepted PET-calculation methods. 

9 Willmott and Feddema’s index is recentered around 1 to allow for calculation of the annualized growth rate. 
10 Willmott and Feddema estimate moisture at spatial resolution of 0.5x0.5 degrees. A full overview of the 

methods used to calculate gridded data on moisture, temperature, and precipitation can be found in Willmott 
and Matsuura (1999).

11 The 2011 Census of India is the most recent census. Due to the Covid-19 pandemic, the 2021 Census of India has 
been continually postponed. 

12 In order, the population thresholds for Class I–VI cities are as follows: 100,000 and above; 50,000–99,999; 
20,000–49,999; 10,000–19,999; 5,000–9,999; and less than 5,000.

13 Non-short cycle emissions data includes “all fossil CO2 sources, such as fossil fuel combustion, non-metallic 
mineral processes, metal (ferrous and non-ferrous) production processes, urea production, agricultural liming, 
and solvents use” (Crippa et al. 2021a). EDGAR primarily uses data from the International Energy Agency World 
Energy Balances.

14 “Reclassification” refers to “the shift of a settlement from one category (rural) to another (urban) when its 
boundaries expand, it is annexed to an adjacent settlement, or it passes specific criteria such as a population 
density threshold” (Menashe-Oren and Bocquier 2021).

15 “Census towns” refers to areas that are classified as urban for the purposes of the census based on the 
following criteria: “population exceeds 5,000; at least 75% of main male working population is employed outside 
the agricultural sector; minimum population density of 400 persons per km2” (Mitra and Tripathi 2021).
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