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Abstract

Denser cities are more productive, but they also generate more local air pollution. This
pollution lowers local amenities, which should raise real wages as compensation, but also
labour productivity, which should lower them. This paper studies how these two chan-
nels shape wage and housing price differences across French cities. To do so, I develop a
spatial equilibrium model in which local air pollution is generated by city population and
surface area, and lowers both local amenities and labour productivity. I take it to French
data over 2002-2018, using historical, geological and atmospheric instruments to estimate
the urban wage and housing cost premia that separate the two channels. I find that air pol-
lution generated by urban density lowers wages by more than housing costs, so that real
wages decrease: the productivity channel dominates. As the densest cities are also the most
polluted, air pollution compresses nominal wage differences across cities, but widens real
wage differences. The cost of density-generated air pollution thus lies in the existing stock
of density rather than in its flow. In the main counterfactual exercise, continuing current
population trends while preventing cities from expanding into space, as under no net land
take objectives, barely raises air pollution, and mainly raises housing prices. Reducing the
elasticity of air pollution to density by a quarter would turn the resulting real wage losses
into gains. |
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1 Introduction

To accommodate growing urban populations, cities are increasingly pushed to grow inward rather
than outward: the European Union aims for no net land take by 2050, China requires each city to
delineate an urban development boundary beyond which urban construction is restricted, and a
growing number of cities now permit denser housing. Density indeed brings clear benefits: denser
cities offer higher productivity and wages (Ciccone and Hall, [1996; (Glaeser, [2010), and emit less
CO; per capita (Kahn and Walsh, 2015; Lyubich, 2025).Yet denser cities are also more polluted
(Borck and Schrauth, 2021; Carozzi and Roth} 2023). Unlike CO,, a global pollutant, local air
pollution harms the city’s own residents: it lowers their productivity, and hence wages (Hoffmann|
and Rud, 2024), but, as they dislike it, it also lowers housing prices (Chay and Greenstone, [2005).
Density may thus erode part of the productivity gains that make it attractive, unless lower housing
prices compensate residents for the local air pollution it generates. Which of these two effects
dominates is a priori ambiguous.

This paper quantifies the costs of the local air pollution that density generates, through its
effects on wages, housing prices and real wages across cities. I develop a spatial equilibrium
model in which local air pollution rises with city population but falls with city surface, and lowers
both labour productivity and perceived amenities. I estimate the urban wage and housing cost
premia on data for French cities over the 2002-2018 period, instrumenting density, surface area
and air pollution. Matching these estimates to their model counterparts allows me to separate
the productivity and amenity effects of air pollution. I then use the estimated model to simulate
counterfactual scenarios that mirror current population trends and land use and air quality poli-
cies. These show that density-generated air pollution is costly as a stock: it accounts for a large
share of current wage and housing price differences across cities. As a flow, however, it is not:
continuing current population trends while preventing cities from expanding into space would
barely worsen air quality, and reasonably weakening the link between density and air pollution
would even turn the resulting real wage losses into gains.

The stock of density is costly because the productivity channel dominates: lower housing
prices only partly compensate residents for local air pollution, such that real wages fall with it.
Because density differs by more than an order of magnitude across cities, this drag on productiv-
ity leads to a substantial erosion of the wage gains from agglomeration: absent density-generated
pollution, the urban wage premium would be significantly larger, and the cross-city variance of
nominal wages about 28% higher. Current population trends, by contrast, change density by much

less than it differs across cities: even when cities cannot expand into space, density rises by 13%,



but average exposure by only about 1.5%, and real wages fall mostly because housing prices rise
in growing cities. The relevant policy lever is therefore the link between density and air pollution
itself. Weakening it by a quarter would raise real wages by about 3% even when cities are not
allowed to expand into space. While reaching the WHO air pollution guideline would require

cutting this elasticity by 38%, it would increase real wages by a sizeable 7%.

To reach these conclusions, I develop a model in which workers choose which city to live in,
trading off wages, housing costs and amenities (Rosen) 1979; Roback, (1982), and where to live
within it. All jobs are located in the city centre, such that wages are set at the city level, while
housing prices decline with distance to the centre to offset commuting costs (Alonso, 1964; Mills,
1967). Cities can therefore grow either by becoming denser or by expanding into space, with differ-
ent implications for local wages and housing prices. Unlike in the canonical framework, workers
are imperfectly mobile across cities: congestion costs make labour supply to each city upward-
sloping, which is isomorphic to workers having idiosyncratic preferences for locations (Ahlfeldt
et al 2024). Real wage differences across cities thus reflect not only differences in amenities, but
also these frictions. Firms, in turn, benefit from agglomeration economies (Duranton and Puga,
2004). The central feature of the model is that local air pollution is endogenous to city population
and surface area, rather than taken as given. This builds on recent evidence that density raises
local air pollution in Germany and the United States (Borck and Schrauth, 2021; Carozzi and Roth,
2023), which I confirm with original estimates for France. Local air pollution, in turn, acts as both
a production and a consumption disamenity. I solve the model both when city surface is held
fixed, such that population inflows are absorbed through density only, and when it adjusts en-
dogenously. While rich, the model remains simple enough to deliver closed-form expressions for
equilibrium city size, wages and housing prices.

These expressions show how density-generated air pollution affects the wage gradients that
the literature estimates (Glaeser and Gottlieb} 2009). It unambiguously reduces the urban wage
premium, but affects the real wage gradient in opposite directions: it lowers real wages through
productivity, and raises them through compensation. How the real wage penalty to city size

changes once air pollution is accounted for therefore reveals which channel dominates.

The model also disciplines the empirical strategy. Because city size, wages and housing prices
are jointly determined, it implies that the wage and housing price gradients to density are iden-
tified only by instruments that shift amenities, not labour or housing construction productivity. I

therefore instrument employment density with geological characteristics that determined histori-



cal settlement through soil fertility, and city surface area with pre-industrial population, since his-
torically populated cities have on average expanded more into space. Both are plausibly unrelated
to current productivity and construction costs: agriculture now accounts for about 2% of employ-
ment and value added, and population is measured in 1806, before industrialisation, conditional
on long-lasting amenities such as access to the sea. I also use the two-step method of Combes
et al.[(2008) to purge wages of the sorting of workers across cities. Finally, because cross-city dif-
ferences in air quality may correlate with other city characteristics, I instrument PMy 5 with the
number of days on which the height of the planetary boundary layer (PBL), the lowest layer of the
atmosphere, falls well below the city’s own long-term mean. The thinner this layer, the less room
particles have to disperse upwards, and the higher the concentration of PMy 5. Existing studies
use this phenomenon to generate exogenous daily variation in local air pollution (Godzinski and
Suarez Castillo, 2021 Basaglia and Sarmiento} 2025); I use it to generate yearly and cross-sectional
variation in annual PM, 5 levels.

With these instruments in hand, I proceed in three steps. First, I estimate how density and
surface area affect PMs 5, which pins down how air pollution responds to city structure in the
model. In line with recent evidence for the United States (Carozzi and Roth, 2023) and Germany
(Borck and Schrauth, 2021), PM; 5 concentration increases with density, with an elasticity of about
0.12, while a larger surface area lowers it by about as much at a given population: local air pollu-
tion thus depends, to a first approximation, on density alone. Second, I estimate the urban wage
and housing cost premia without controlling for air pollution, and match them to their model
counterparts. As both embed the air pollution that density generates, this allows me to recover
its productivity and amenity effects separately. The productivity effect dominates, such that real
wages fall with air pollution: a productivity shock passes almost one-for-one into wages, whereas
an amenity shock mostly capitalises into housing prices. Third, I test this prediction in reduced
form, by controlling for instrumented PMs 5. At a given level of air quality, and as unobserved
heterogeneity is already controlled away, the elasticity of nominal wages to density is about 40%
larger, a magnitude comparable to the role played by the spatial sorting of skilled workers in in-
flating the urban wage premium (Combes et al., 2008). In addition, about a third (36%) of the
real wage penalty to city size operates through the air pollution that density generates when city

surface is held fixed, against less than 10% when it is allowed to vary.

Beyond the reduced-form relationships, I then take the model to the data. Using the closed-
form expressions for the urban wage and housing cost premia, I map the reduced-form estimates

into the elasticities of labour productivity and perceived amenities to air pollution. The calibrated



model indicates that, in addition to being a consumption disamenity, which implies that some
compensation for bad air quality does occur, local air pollution is an even stronger production
disamenity. Real wages therefore decrease with local air pollution, because the negative produc-
tivity effect of (density-induced) air pollution is stronger in absolute terms than the compensation
mechanism. This contradicts the common view that bad air quality is a pure consumption dis-
amenity, fully compensated for through higher real wages. The dominance of the productivity
channel stems only partly from the damage elasticities, as the productivity one is less than twice
as large as the amenity one. It mostly stems from how each channel passes through to real wages.
A loss in productivity lowers wages almost one-for-one, while housing prices fall by too little to
offset it, such that real wages fall. A loss in amenities, by contrast, barely affects wages and mostly
lowers housing prices, which raises real wages, but by much less: the elasticity of real wages is

about 0.7 to productivity, against about 0.1 to amenities.

Then, I take the spatial equilibrium observed across French cities in 2018 as my baseline to
conduct counterfactual analyses. For each exercise, I compare a fixed city surface area, which cor-
responds to the shorter-run response or to a binding constraint on land take, with an endogenous
one, which corresponds to the longer-run response once cities can expand into space. I examine
three exercises in turn.

First, I sever the link between density and air pollution and examine the effect this has on the
variance of equilibrium wages and housing prices. I find that density-generated air pollution com-
presses nominal wages: without it, their cross-city variance would be about 28% higher, almost
entirely through the productivity channel. As housing prices are much less affected, it instead
widens the cross-city variance of local real wages, by 4 to 5%.

A second exercise shows that bringing average exposure within the WHO guideline of 5
ug/m3, against about 11 pug/m? in 2018, would require cutting the elasticity of PMa 5 to den-
sity by 38%, for instance through measures that reduce per-capita emissions more in denser cities,
such as public transport or collective heating networks. Accounting for the resulting reallocation
of workers across cities, this would raise real wages by about 7%, almost entirely through labour
productivity gains. A smaller, 25% reduction would leave exposure above the guideline, but still
raise real wages by about 4.5%.

I a third exercise, I project the 1999-2018 population trend forward, by backing out the corre-
sponding perceived amenity change, and feeding it to the 2018 equilibrium. When cities cannot
expand into space, as under no net land take objectives, density rises by 13.4%, but average expo-

sure to air pollution by only about 1.5%. Real wages fall by 1.5%, mostly because housing prices



rise in growing cities, not because air quality deteriorates. Cutting the elasticity of air pollution to

density by a quarter reverses this, raising real wages by 3.1% even under a fixed surface area.
Allin all, these results show that accounting for the air pollution generated by density matters

for both the level and the spatial distribution of wages and real wages, and that weakening this

link would yield large gains, however future population is distributed across space.

These results are directly relevant to urban planning policy, in particular in a context of press-
ing environmental concerns. Densification is often promoted because dense cities emit less CO,
per capita (Kahn and Walsh, 2015), but may be feared to come at the expense of worse local air
quality. The results suggest that this concern applies to existing density rather than to densifi-
cation. The air pollution that density generates is costly because density already differs widely
across cities: accommodating current population growth within existing city limits would barely
worsen air quality, and its costs would run mostly through housing prices. The relevant policy
margin is therefore not how much cities densify, but how much air pollution a given density gen-
erates. Denser cities also provide local public services at a lower cost per capita, and their residents
rely less on cars (Ahlfeldt and Pietrostetani, 2019), such that measures that cut emissions per resi-
dent are likely to be more cost-effective there, be it public transport investment or the replacement
of individual residential heating, the largest source of PM; 5 (Citepa, 2018), by collective heating
networks. Densification and emission-reducing investments are thus complements rather than
substitutes, and the latter would raise real wages even where land take is restricted. Under such
restrictions, however, cleaner air makes growing cities more attractive, such that these investments

should come with policies that expand housing supply within existing city limits.

This paper contributes to three strands of the literature. First, it contributes to the literature
on spatial differences in wages and housing costs, by showing that local air pollution is an en-
dogenous cost of agglomeration, which acts through labour productivity. In spatial equilibrium,
cross-city differences in wages and housing costs reflect differences in productivity and amenities
(Rosen, [1979; Roback, 1982; Glaeser and Gottlieb, 2009). A large literature documents the nomi-
nal wage gains from agglomeration since Ciccone and Hall (1996), and the role of the sorting of
skilled workers in inflating them (Glaeser and Mare} 2001; Combes et al., [2008), including in the
French context (Combes et al., |2010; Berson et al., 2024), while a more recent strand quantifies
the urban costs that offset these gains, mostly through housing (Combes et al., 2019; Chen et al.,
2024). I show that density also generates a cost that operates through productivity rather than

through housing: the air pollution it generates erodes part of the very gains that agglomeration



produces, to an extent comparable to the bias induced by the sorting of skilled workers (Combes
et al., 2008), and accounts for part of the real wage penalty to city size. Moreover, cross-city gaps
in real wages are commonly interpreted as compensating differentials for differences in amenities,
including climate (Albouy, [2016;|Albouy et al., 2016;|Diamond, 2016), and have received growing
attention as a dimension of spatial inequality (Moretti, 2013; Ganong and Shoag), 2017; Diamond
and Moretti, 2026). Building on recent work showing that mobility frictions matter for this inter-
pretation (Ahlfeldt et al., [2024), I allow workers to be imperfectly mobile across cities, such that
real wage gaps reflect both amenities and these frictions. I show that they also partly reflect pro-
ductivity losses: because the most productive cities are also the densest and the most polluted,
local air pollution compresses nominal wage differences across cities, but widens differences in
real wages.

Second, this paper contributes to the literature on city structure and the environment. Denser
cities emit less CO; per capita (Kahn and Walsh), 2015; Blaudin de Thé et al. 2021} Lyubich, 2025),
and density brings a range of economic benefits (Ahlfeldt and Pietrostefani, 2019). Recent work
shows that density also raises local air pollution (Borck and Schrauth, 2021; |Carozzi and Roth,
2023), and discusses its implications for health. I quantify the costs of this “dirty density” beyond
health, in general equilibrium, through its effects on wages, housing prices and real wages. I show
that these costs lie in the existing stock of density rather than in current densification: because
current population trends change density by much less than it differs across cities, accommodating
them within existing city limits barely raises air pollution, and lowers real wages mostly through
housing costs. The relevant policy margin is therefore how much air pollution a given density
generates, rather than density itself. As total urban population is then pinned down by projected
trends, the model also delivers welfare changes: weakening the link between density and air
pollution by a quarter would raise welfare by 7%.

Third, this paper contributes to the literature on the economic costs of air pollution, by recov-
ering its productivity and amenity effects jointly, in a long-run spatial equilibrium. One strand
values air quality through its capitalisation into housing prices and its effect on location choices,
thus treating it as a consumption amenity (Chay and Greenstone, 2005; Bayer et al., 2009). Another
documents negative effects of air pollution on worker productivity and labour supply, mostly
over short exposure periods and using narrow measures of output (Graff Zivin and Neidell, 2012;
Chang et al., 2016} 2019; Hanna and Oliva, [2015; Hoffmann and Rud, 2024; Leroutier and Ollivier,

2025) EI while effects on earnings have only been studied through very short-term pollution events

'These effects hold both for workers completing manual tasks (He et al.,2019;|/Adhvaryu et al.,2022) and for high-
skilled workers performing cognitive ones (Ktnn et al [2023; [Holub and Thies, 2023; [Lichter et al., 2017} |Qin et al.}
2022), in line with negative effects on cognitive performance (Ebenstein et al.,[2016; |Carneiro et al.},[2021; Heissel et al.,



(Borgschulte et al., 2024)E] I find that the labour productivity cost dominates: lower housing prices
compensate residents for only part of it, such that real wages fall with air pollution. Valuations
of air quality based on housing markets therefore capture only part of its cost. These effects arise
in a low-pollution setting, where average exposure is close to the 2005 WHO guideline, consistent
with evidence that air pollution remains harmful below legal standards (Deryugina et al., [2019;

Burnett et al., 2018), and operate through the price of labour rather than through hours worked.

The remainder of the paper is organised as follows. Section [2| develops a spatial equilibrium
model of the urban system with endogenous air pollution. Section 3| gives a description of all data
sources. Section[d]discusses the identification strategy. Section[5|presents the reduced-form results,
tirst on the relationship between city structure and PMs 5 in French cities, then on the implications
of air pollution for the nominal wage, housing cost and real wage differentials of agglomeration.
Section [p| combines the model with the reduced-form estimates to recover the productivity and
amenity effects of air pollution, and Section [7] presents the counterfactual exercises. Section

concludes.

2 A spatial equilibrium model with endogenous air quality

I start by motivating the main empirical analysis by setting up a model that extends the canonical
framework of cross-city equilibrium of Rosen! (1979) and Roback! (1982). I start by relating it to the
monocentric city model in the tradition of Alonso (1964) and Mills|(1967). Then, I introduce several
key components, starting with agglomeration economies, on the firm side, and congestion costs, or
mobility frictions, on the worker side. Crucially, I then model local air pollution as being generated
by local city structure, and as affecting both local perceived amenities and local productivity. I
then derive closed-form equilibrium expressions for city size, wages and housing prices. The
central assumption here is that equilibrium is achieved both within each city, across all possible
residential locations, and across cities, such that workers are indifferent between living at z or 2
within city ¢, and between living in city ¢ or in city ¢’. Using this framework, I show theoretically
how air pollution, as a product of city size, affects wage and housing cost differentials. I also

discuss implications for the empirical identification of underlying parameters.

2022; Brehm et al., 2025;|Krebs and Luechinger), 2024;|La Nauze and Severnini, 2025).

T use daily measures of PBL height, in order to build yearly-level instruments for PMz 5. The instrument thus
generates yearly variation in local air pollution. Although it does so by relying on short-term events, it does not
identify a short-term (e.g., daily) effect of air pollution on wages, but a more medium term (and cross-section) effect. In
that sense, this paper differs from Borgschulte et al.|(2024), which looks at the effect on earnings of an additional day of
exposure to a wildfire.



2.1 Model set-up

I focus on a circular city, which is made up of locations that are each at distance = from the central
business district (CBD), where = 0. Residents/workers choose to live in any location =, and
since all production takes place in the CBD, they commute from x to the CBD to work. Changes
in the city’s surface area are therefore changes in residential extent around a fixed employment

centre, whose costs fall on households through commuting rather than on firm productivityﬂ

Worker side First, the representative worker that lives in location x is assumed to have the

following (normalised) Cobb-Douglas utility:

U(C(a).hw) = Zr—gyr=s Ohle) Cla)' P r(a) 1)
where © represents consumption amenities. First, I set © = N —0 with § > 0 and N the entire
city population, so as to model overall congestion forces. The canonical Rosen-Roback framework
assumes that labour supply is perfectly elastic. But introducing N ~° to the utility function implies
instead that each worker inelastically supplies labour to the dedicated market located in the CBD.
This is a reduced-form way of generating an upward-sloping labour supply, which is particularly
important to better fit the observed spatial equilibriumE] Workers obtain a wage w by working at
the CBDF]

6 captures the net benefits of living in the city, once congestion costs have been accounted for.
It can be thought of as a broadly defined public good containing mostly natural amenities, such
as agreeable weather. As I will discuss more thoroughly below, city-level air pollution, denoted
Z, will negatively affect 6, since clean air is positively valued by workers. The rest of the utility

function is made up of h(z), the quantity of housing that the worker consumes at unit price ¢(z),

3Liotta et al.| (2022) test the relevance of the monocentric city model on a set of 192 cities across the globe, and
find that its predictions capture observed within-city structure very well, in both developed and developing contexts.
Harari| (2020) finds that urban compactness affects household welfare through within-city commuting distances, but
not firm productivity, in the Indian setting.

* Another way of introducing such mobility frictions is adding to the utility function an idiosyncratic amenity shock
drawn from a Type-1 extreme-value distribution. In such a case, the shape parameter that controls the dispersion of
the amenity draws, denoted e in Ahlfeldt et al.| (2015) and ~ in|Ahlfeldt et al|(2024), enters the labour supply equation
isomorphically as in the reduced-form approach I take, with e = 1/4.

°T interpret w as an hourly wage and do not model the division of time between work and leisure. The model
thus captures the extensive, locational margin of labour supply (that is, mobility across cities, which pins down city
population V) and abstracts from the intensive margin of hours. This is a deliberate choice about the structural object:
the model prices the hourly return to labour, which maps to productivity, whereas total earnings would additionally
embed an hours response. Such a response is present in my setting, but it is a labour supply channel that is distinct
from the price of labour, and loading it onto the structural object would misattribute an income effect response to
productivity. In addition, the intensive margin is in any case compressed in my empirical setting, where statutory
working time is standardised around a 35-hour reference week, limiting how much full time hours can vary across
cities.



C(z), a numéraire tradable good, and 7(x), a commuting disutility that the worker experiences
from travelling from their residence z to their workplace, the CBD. Combining all these elements,

the indirect utility function of a worker living in x writes:

w

V) = O P

(2)

Assuming that the economy is at spatial equilibrium, workers are indifferent between locating
at any x within the city, such that V(x) = ©. In particular, rearranging (2) allows to write the

following bid-rent equation:
1

o) = (i) ®)

At this equilibrium, workers are indifferent between any two locations, as distance to the CBD
increases, commuting costs increase, and housing prices adjust downwards. Valuing equation
(3) at the CBD and relying on utility equalisation generates the following expression for inverse
labour supply:

w = 0g(x)’7(0)N? 4)

Notice that the presence of congestion costs ¢ generates an upward-sloping labour supply curve,
in contrast to the perfectly elastic labour supply of the original Rosen-Roback framework, where
0 = 0. Rearranging (3) also allows to derive an expression of the housing price gradient as a

function of relative commuting costs, i.e., of inverse housing demand:

o= (72 "0 G)

As 7(0) < 7(x), that is, as the cost of commuting within the CBD is lower than that of commuting
from any location = to the CBD, this equation shows that the price of housing at location x de-
creases with respect to housing prices in the centre (¢(0)), at a rate that is inversely dependent on

the share of housing in expenditure.

Housing productiorﬁ Developers use land L(z), whose rental price is r(z), and building height
hy(x), to produce housing H (z), which is the product of land and height They have the following

For this portion of the model, I draw inspiration from Glaeser and Gottlieb|(2009), also used in|Harari (2020).
"I make the assumption that developers do not need any workers to produce. This is arguably innocuous even once
I take the model to the data, as the construction sector employs about 6% of the workforce nationwide (INSEE, |[2023).



profit function, with o > 1:
mr (L(z), ho(x)) = Ba(a) L(x)hy(z) — cL(z)hy(z)” = r(z)L(z) (6)

The lower o, the less convex the cost of building housing, hence, the more elastic the intensive
margin of housing supply. Then, I deduce the equilibrium on the housing market by maximising
(6) and combining it with city-level housing demand, which is the product of worker-level housing
demand at location z, h(z) = Bw/q(x), and population N(z). Denoting x = 21 the inverse

housing supply elasticity gives the following expression for housing market equilibrium:

o) = 5 (0] D) 7)

Housing prices at location x decrease with productivity in the construction sector B, and increase

with the share of housing in expenditure /3, wage w and population density N (z)/L(x).

Tradable good production Finally, a representative firm located in the CBD produces the trad-
able good using all workers IV, capital K, and non-traded capital R. Its profit function thus writes
as follows:

7y (N,K,R) = (AN)*K"R*™ 7 — KK —wN (8)

where A is labour productivityﬂ I further define itas A = AN*, where N* captures the labour pro-
ductivity gains from agglomeration. Later on, A will be negatively affected by local air pollution.

1—a
«a

Gathering all constant terms in I'» and denoting A=AR & to represent local productivity, the

first-order and zero-profit conditions yield the following inverse labour demand:
wl—'y _ FFAaN—(l—'y—a(l-l-)\)) (9)

Notice that agglomeration economies ) attenuate the negative effect of hiring an extra worker on
nominal wages, because of their positive influence on overall labour productivity.
2.2 Equilibrium relationships at a given spatial surface area

Equations (2), (7) and (9) jointly define an equilibrium vector of endogenous quantities and prices
{N*, w*, q(0)*}, given the city fundamentals 6, A and B if the city fringe is left to vary. In this

81 abstain from modelling the productivity of other factors of production here because I focus on local air pollution,
which, if anything, impacts the productivity of capital by a much lower extent than it does the productivity of labour.
In related work, [Hanlon| (2020) makes the assumption that coal use affects productivity as a whole (TFP).
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subsection, I start by holding the city fringe, hence the city surface, constant, to solve for equilib-

rium city size, wages and housing prices. I turn to endogenising it in the next subsection.

Equilibrium city size, S fixed Let us denote the city fringe by z. Then, city population is equal

to the sum of people living in every location x from 0 to z:

[ N [FH@) g, [ L)
V= | Nwar= [ 5= [ EGE 10

I use optimal building height hy(z) = Bq(x)ﬁ, replace ¢(x) using housing demand and
replace w using labour demand @) For now, I hold the city’s fringe as fixed at z, and denote S =
f(f L(z)dx =27 foi zdz the city’s (fixed) total surface area. I also denote T'(z) = foj :m(x)_ﬂ%dx the

accessibility term. Log-linearising and rearranging, equilibrium city population writesﬂ

In(N%) = (1 —7)® [Ty +In(0) + ﬁu — Bk) In(A) + BIn(B) + Bk ln(T(j))] (11)

All three exogenous city fundamentals 6, A and B and temporarily exogenous accessibility term
T'(z) enter equilibrium city size positively. Amenities attract workers. Higher productivity also
attracts new workers, although feedback through a tighter housing market (—f«) attenuates this
effect. Higher construction productivity lowers housing prices, which attracts workers to the city.
But a larger spatial extent has one downside, in that it generates lower accessibility T'(z), which

limits the inflow of new residents by creating a disutility

Equilibrium nominal wages, S fixed Inserting equation into labour demand (9) gives an

expression for city-level equilibrium wages.

In(wg) =Ty + a(d+ Br)PIn(A)
—(1=y—a(l+X)®(n(9) + BIn(B) + prIn(T(z)))

(12)

Since a, 8,7, k, A > 0, the coefficient associated with labour productivity Ais positive: firms in
inherently more productive cities are going to pay their workers a higher wage, and even more so
in order to compensate them for the congestion costs ¢ that a larger workforce entails. The signs

of the coefficients associated with consumption amenities § and construction amenities In(B) are,

°In addition to bringing constant terms together into I's, I denote ® = [(1 —v)(1 4+ 6) — (1 — Br)a(1 + \)] ™" for
easier readability of the equations.

Introducing a simple functional form for commuting costs 7(x) = (b + =)™ as I do in equation (22) and modulo a
constant, one may write 8« In(T(zZ) = BxIn(S) — 7In(b + &).
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however, a priori ambiguous. If the additional labour productivity brought by agglomeration
economies a is large enough to prevail over the income share of the local resource 1 — a — 7,
then amenities have a positive effect on nominal wages. Indeed, amenities attract workers, which
depletes wages due to increased labour supplyE] However, with a larger workforce, agglomera-
tion economies chip in and boost labour productivity, possibly up to the extent that, if X is large
enough, the overall effect of amenities on equilibrium wages is positive. In fact, Section in
particular equation (16, shows that the empirical existence of an urban nominal wage premium
implies that we are in such a situation where aA > 1 — a — v, such that consumption amenities
positively affect equilibrium nominal wages w§. This implies that correcting for housing costs is

necessary to the quantification of cross-city compensating differentials.

Equilibrium housing price, S fixed Then, plugging both equilibrium city size and equilibrium
wages into the housing market equilibrium condition (7) renders an expression for equilibrium

housing price at the CBD:

In(g(0)5) = Ty +ak® ((1+2)In(0) + (1+6)n(4))
(13)
— (1 —aBr(l+X)®) (In(B) + xIn(T'(x))

Consumption amenities § raise housing prices, and even more so as agglomeration economies are
strong: as seen above, amenities attract workers, and a high enough X implies that this pushes
nominal wages up, thus attracting more workers, and raising housing prices. In a similar way,
more productive cities have higher housing prices, even more so if congestion costs ¢ are high.
On the other hand, provided that housing supply is sufficiently elastic (¢ low enough), higher

construction productivity B has a negative effect on housing prices.

2.3 Incorporating air pollution

Air pollution enters the model in two ways. First, it affects the city’s fundamental quality of life
0 and its labour productivity A. Second, it responds to changes in the city’s population N and its

surface area S.

Effects of ambient pollution First, I model the fact that local air pollution affects local attributes.

Specifically, I consider air pollution Z as a negative shock to both consumption amenities ¢ (with

""The reasoning is similar with respect to the effect of an increase in construction productivity: if it improves, for
instance through looser land use regulations, workers face lower housing prices and thus migrate to the city.
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elasticity —zy) and, perhaps more distinctively, labour productivity (with elasticity —z,):
(14)

Air quality is widely seen and modelled as a consumption amenity (Chay and Greenstone, |2003;
Bayer et al., 2009; Bieri et al., 2023), and I thus assume zp > 0. Modelling local air quality as
a productive amenity as in the second line of equation is newer in the theoretical part of
literature. It is indeed common to model emissions of global pollutants as inputs in the production
function, which amounts to assuming that they are a by-product of production (Copeland and
Taylor, 2004), and, therefore, are in most cases costly to abateF_ZI Somewhat in contrast to this, I
examine the role played by local concentration in air pollution, which is the result of the production
process, but is also generated by the transport and residential sectors. In fact, according to French
organisation [Citepal (2018), 42% of primary PM; 5 emissions are from residential heating alone,
and 18% originate from road transport. As such, given new evidence on the harmful effects of
PM3 5 on labour productivity (e.g., (Chang et al., 2016), it is reasonable to assume that local air
pollution is more of a production disamenity than a production amenity that allows for better
firm performance.

0 captures other city-specific amenities, such as the presence of a river or a beach, and a cap-
tures national labour productivity trends. Note that I make the assumption that local air pollution
does not directly affect the third fundamental, construction productivity B. In other words, I as-

sume that the potential reaction of land use regulations to local air quality is negligiblerj

Generating local pollution Second, I model local air pollution Z as a function of city size N
and city surface S, with ¢, ¢s > 0:
Z = zN?N§~9s (15)

The assumption that city population increase local air pollution also stems from reasons akin
to those evoked above: the residential and private road transport sectors account for 52% and
8% of primary PMy 5 emissions alone (Citepa, 2018). Adding to this, economic activity is itself

concentrated in more populated cities, and it is responsible for 22% of primary emissions, adding

2Hanlon| (2020) models coal pollution as a by-product of production, i.e., incorporates it in the firm’s problem, that
also affects productivity. This fits into the historical context of coal being used as an input in British cities during the
industrial revolution.

3Note that this is also consistent with the fact that the housing sector is assumed not to hire any workers, such that
its labour productivity mechanically cannot be affected.

13



up manufacturing, commercial services, and light commercial transportE]

I also assume that a larger spatial extent S allows for a reduction of local air pollution at a given
population, for several reasons. First, a larger physical extent allows for the horizontal dispersion
of air pollutants. Second, it also leaves more room for green spaces that tend to improve local air
quality. I outline a strategy to quantify these two elasticities in Section[4.1} and provide estimates
in Section B.11

Finally, z represents a local pollution endowment, which captures all city characteristics that
may influence its PMy 5 levels outside of population and surface. These may range from city
topography (e.g., cities located in narrow valleys may experience higher pollution due to less
horizontal dispersion) to the pollution intensity of nearby emitters (e.g., cities located close to
foreign industrial basins may experience higher pollution due to dominant winds). This can also
relate to historical industry specialisation, such as the presence of coal mines or quarries, although

the latter are to this day mostly no longer operated in my empirical setting.

2.4 Implications for estimation

Now that the model is exposed for the most part, I draw implications for the empirical estimation
of the effects of air pollution on the city-size gradient in nominal wages, housing prices, and real
wages. To this end, I introduce subscripts c for cities, and subscript ¢ for time, as I gather panel
data for estimation. I focus on the situation where city surface is held constant for now, but I relax
this belowE] Corresponding results focusing on the effect of air pollution independently of its link

with city structure are detailed in Appendix[A]

Identifying nominal wage and housing price premia The wage premium to agglomeration is
measured by regressing (log) wages on (log) employment (density). The first direct implication
from the framework developed above is that city size, wages and housing prices are equilibrium
objects that are jointly determined given a given level of consumption, production and construc-
tion amenities. It immediately follows that there is endogeneity in any regression of the wage-city

size type. Following the literature on agglomeration Combes et al. (2010), I instrument city size

4Tn related work, Jégard|(2021) shows that due to the failure of firms to internalise air pollution damages, the result-
ing out-migration of workers implies that large cities are too small. In his model, local emissions are also proportional
to city size, but this is obtained only endogenously: as city size grows, there is higher productivity through agglomer-
ation economies, hence higher income, which increases the pollution intensity of firms, and thus air pollution. Hence,
city size does affect pollution emissions, but this operates only via the production process, since the focus of the paper
is to be able to optimally target which firms to tax. Here, I take local air pollution as a result of overall city size, such
that it encapsulates all of its vectors and sources, be it production, road traffic or the residential sector.

5The qualitative conclusions pertaining to the effects of local air pollution on wage and housing price differentials
hold regardless, but should be interpreted with a constant city surface in mind.
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using geological characteristics. While I provide further details on the selection of these character-
istics in the empirical section of the paper (see Section[d), the model developed here highlights the
importance of the nature of the instrumental variable used to generate exogenous variation in city
population. Indeed, shocks to labour productivity A.; (resp., construction productivity B.) have a
direct effect on wages (resp., housing prices) as an outcome. As such, only a shock on amenities 6
appropriately identifies the effect of city size on wages or housing prices. In the empirical section,
I select geological attributes that reflect soil fertility, as they were historically relevant to location
choice, hence to current density via location inertia, but do not qualify as current productivity
shiftersm In the next paragraphs, I provide expressions for the nominal wage premium, housing

cost premium and real wage penalty, that a shock on 6., allows me to identify.

Nominal wage response to city size, S fixed When estimating the urban wage premium by
TSLS using an exogenous construction or consumption amenity shifter, one should be estimating:

din(wg ) dinws )awe.) 0y ny  a(l+A)

= =& 0 -1
din(Ng ) 45 /ame.)  ny ) 1 -~ (16

Where 7Y denotes the derivative of y with respect to z. The above equation tells us that an exoge-
nous increase in local population stemming from improved construction amenities affects nominal
wages in two ways: higher labour supply does have a direct negative effect on wages, but also gen-
erates agglomeration externalities that increase (labour) productivity, and hence, wages (through
the o)\ term). Hence, as long as aA > 1 — a — v, that is, as long as agglomeration economies A
are strong enough compared to local costs, we observe a premium to density, whereby an amenity-
driven rise in population implies an increase in nominal wages. As this is a common observation
in practice (Ahlfeldt and Pietrostefani, 2019), I make the assumption that aA > 1 — a — v through-

out the rest of this section.

Real wage response to city size, S fixed Using a consumption amenity shock to city size to

identify a causal relationship, one should be estimatingﬂ

*One may argue that soil fertility affects agricultural production, making it somewhat of a labour productivity
shifter. This does not present a significant threat to identification in this setting, since in the 21*" century, agriculture
no longer represents a large part of value added nor employment, particularly in the French context. To alleviate any
remaining concerns, I drop the very few agricultural workers (1%) that are recorded in the wage dataset. I also proceed
to a careful selection of soil IV in Section ??.

In this case, as housing prices In(g(0).¢) are involved as an outcome, the equivalence between using a construction
amenity shock B.; and a consumption amenity shock 6.; as in equation breaks, as B.: directly affects In(g(0)c:)
and is therefore not a valid instrument.
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This expression closely resembles equation (16), with the addition of the (—fk) term. As city
increases, nominal wages increase. But this also raises housing demand and housing prices.
Whether the urban real wage differential is positive or negative at equilibrium therefore depends
on the stickiness of housing supply x and the share of housing in expenditure 3. There is a real
wage gain from agglomeration if o\ > llj—ﬁl — a, which is a significantly stronger condition than
al > 1—a— ’y Section |5/ shows that the reverse does hold on French data, such that larger,

denser cities exhibit lower real wages@

Total versus direct nominal wage premium Equation gives the wage premium to density
at a given level of air quality, that is, when the increase in city size generates no change in produc-
tion or consumption amenities. But an exogenous increase in population also raises air pollution
(equation [I5), which lowers both labour productivity and amenities (equation [14), which in turn
affect both city size and wages (equations [IT]and [I2). An IV regression of (log) wages on (log)
city size that does not include air pollution, with city size instrumented by an amenity shifter,

therefore identifies the total equilibrium gradient:

din(wg ) din@w; ) /am@.) 1y — 022 + 15 20) dN 1Y

)

din(Ng ) NG fam@e) 0y’ (1= (0 za +n)'20) dn)

(18)

Given that ¢ and all n and z coefficients are positive, both the numerator and the denominator of
this expression are smaller than their counterparts in equation (16). Whether the pollution channel
lowers or raises the measured gradient therefore depends on whether wages or city size react more
strongly to amenity and productivity changes at the equilibrium.

The total gradient and the gradient at given air quality are linked by a simple rela-

tionship. Given city size and air pollution, wages are pinned down by labour demand (equation

!8This is true as long as Bx < 1, which is, as abovementioned, a very weak assumption that is easily met in practice.
The calibration of the parameters is discussed in Section With a share of housing in expenditure 8 at about 33%, «
would have to be larger than 3.33 for this condition not to hold. Recall that & is an intensive margin elasticity, such that
it being larger than 1 is already a stretch.

This is consistent with the existence of a quality of life premium in larger cities: individuals are willing to give up
part of their real wage to live in cities with high quality of life, which makes the latter larger.
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), so that an amenity shock affects wages only through these two variables. It follows that:

dhnw' _ a(l+X) |, <_ @2 >¢N (19)

dinN*  1—+ 1—7

gradient at given Z Olnw/dInZ

where the second term is the direct effect of air pollution on wages at given city size, multiplied

by the elasticity of air pollution to city size.

Total versus direct real wage penalty The same reasoning applies to real wages. An IV regres-
sion of real wages on city size that does not include air pollution, with city size instrumented by

an amenity shifter, identifies:

d <ln(wg’ct - ﬁln(Q(O)E@» L dW@E) fame.)  ny — (nitze +nkza) on md 20)
dIn(NZ_) NG O fant0) Y [L— (170 + 1 2a) o |

where ¢, nlt, név N, 29,24 > 0 but né{z < 0. The denominator behaves as in equation . In the
numerator, the pollution channel has an ambiguous sign. If the productivity effect of air pollution
is smaller than its compensating effect, the total real wage gradient is less negative than the gradi-
ent at given air quality. If instead the productivity effect dominates, the pollution channel adds to
the real wage penalty, and the total gradient is more negative than the gradient at given air quality.
As for nominal wages, the two gradients differ by the direct effect of air pollution on real wages
times ¢y. This requires the instrument to shift amenities § only, as a construction productivity

shifter would affect housing prices directly.

2.5 Allowing for an endogenous city surface area

For now, I have assumed the city’s physical surface to be constant. In this context, a positive
shock on amenities and labour productivity, such as an improvement in local air quality, triggers
an inflow of residents that is fully absorbed through densification. But in this section, I allow for
an endogenous reaction of city surface area to changes in local fundamentals, that is, I allow for

urban sprawl, and discuss the related implications.

Endogenising the city fringe 1 use the fact that beyond the city’s fringe z, land is no longer
used for housing production, but for agricultural purposes. I start by inserting equation (5) into
the housing developer zero-profit condition (¢(x) = % (r(d)/c)"), and evaluate this at the CBD,

where = 0. I obtain the following land price gradient, which is very similar to the housing price
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gradient (5), though with a smaller elasticity to commuting costs:

)= (Z2) " ) e

At this point, it is useful to introduce a functional form for 7(z). I thus set:
() = (b+a)" (22)

with b the very small cost of commuting within the CBD, similarly to Combes et al. (2012)@ Ican

thus rewrite the land price gradient as:

r(z) = ( b >ﬁl r(0) (23)

b+x

Since commuting costs increase with distance to the CBD z, and assuming 7 > [k, equation (23)
shows that land rent decreases as x increases. As such, the city expands up until the point where
it is no longer economically sensible for it to, meaning, up until to the point where land rent is
equal to the agricultural land rent: at z = z, I have r(z) = 7,. Combining this with equation (23),
using the free-entry condition for housing developers, plugging in equations (3), (9) and (10), and
log-linearising, I obtain that the city fringe is equal to@

In(z) = [z + & [aﬂfi ((1 + M) In(0) + (1 +6) 1n(£1)) + B (aBr(1+ ) — Qo — 1)) 1n(£3)} (24)

This equation shows that cities whose fringe z is higher, i.e., that sprawl more, have higher pro-
ductivity in the construction sector B or tradable sector A, and/or higher consumption amenities
0. All elasticities depend negatively on the commuting cost parameter 7 (which enters ® nega-
tively): the more costly it is for workers to commute from their residence located at x to the CBD,
the lower the inflow of workers in reaction to an improvement in amenities or productivity, and
thus the more modest the physical expansion of the city.

I then follow the same steps as with a fixed city surface to recover city-level prices and quanti-
ties at the spatial equilibrium. Given the complexity of the expressions, I use calibrated parameter
values to compute values for each coefficient in Appendix Table This provides an empirical
validation of the discussion of magnitude and sign differences depending on whether S is fixed

or free that I give in the next paragraphs.

21 refer here to the working paper version of the paper, then superseded by [Combes et al.| (2019), as the latter
published version features a more general model that allows for commuting cost within the CBD to be equal to zero.
! Additionally, for simplicity, I denote @ = (1 —v)(1 + ) — (1 + ) and & = ®[r — (7 — 28K)QP] '
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Equilibrium city size, S free Going back to the equation for equilibrium city size with a fixed
city fringe given in (11), I replace Z by its equilibrium expression (24), and rearrange to obtain the

expression for equilibrium city size with endogenous surface:

In(N*) = 2(1 — 7)Bk® In(8) + afr(2 — 1)@ In(A) + (1 — 7)B (28K — 7) D In(B)

>(1—7)® >a(l-pk)P >(1—7)8P

(25)

Following a positive shock on amenities, city population increases more when the city fringe is
allowed to adjust than when it is not (equation[11)), as the upward pressure that is put on housing
prices is partially relieved by the expansion of the city onto agricultural land. This is true as long
as 7 < 20k, thatis, as long as the increase in commuting cost does not generate too high a disutility
compared to the utility gains brought by new housing supply that pushes prices down. As a con-
sumption and production disamenity that increases with city size but decreases with city surface
area, local air pollution enters equation through both # and A, and its effect on equilibrium
city size is affected in two opposite ways when the city fringe is allowed to adjust. On the one
hand, as the elasticities of city size to § and A are larger than with a fixed fringe, a given change in
air pollution has a larger effect on equilibrium population. On the other hand, a given inflow of
workers generates less air pollution, as part of it is accommodated through a larger surface area,
which dilutes pollutants. Which of these two effects dominates is an empirical question, which I

examine in Section

Equilibrium housing price, S free I follow the same procedure as in Section [2.2) with fixed city
surface to obtain an expression for nominal wages, and then housing prices, with an endogenous
city fringeF_ZI

1—25/—@1
B

a(l —Br(2—71))
Bl —7)

In(g(0))* =Ty, + QP n(f) + In(A) — (28k — 7) In(B) (26)

where @ = (1 — ¥)(1 +0) — a(1 + X), which is positive provided that labour supply is inelastic
enough to offset part of the agglomeration gainsF_gI The same mechanisms as for nominal wages
apply to housing prices: following a positive shock on amenities, the resulting increase in air

pollution has a stronger negative effect on housing prices when the city fringe is allowed to react,

ZThe only difference is that I first proceed to adjust the housing supply equation ([71) in order to account for the fact
that L(z) is now endogenous. The corrected equation is given in Appendix

PMore specifically, this holds if § is larger than O‘(l%;‘) — 1, which, as equation shows, coincides with the
estimand of the urban wage premium. In practice, the urban wage premium is around 0.03, while ¢ is an order of
magnitude higher, and set at 0.4 here.
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although the expansion of the city’s surface area partly offsets it by dispersing pollutants. Whether
this expansion fully offsets the negative effect on housing prices is an empirical question, which I

answer below.

3 Data

This section describes all the data sources used throughout the paper. A complete set of summary

statistics at the city-level is available in Appendix Table B.3[*

3.1 Ambient air pollution

I make use of fine-grained (~ 1 km x 1 km) PM; 5 concentration data provided by the Atmospheric
Composition Analysis Group (ACAG)E] Satellite measures of aerosol optical dept}ﬁ are used as
inputs in a chemical air transport model (GEOS-Chem), so as to retrieve ground-level air pollutant
concentration. The estimates are then calibrated to monitor data from the European Environment
Agency (EEA), using geographically-weighted regressions (for more details, see van Donkelaar
et al., 2021). While Fowlie et al.| (2019) suggest being cautious using this data as they may carry
measurement error, the authors stress that the main issue is the underestimation of very high
concentrations, which does not pose a threat in the comparatively low-pollution context of France.
Finally, van Donkelaar et al.|(2021) compare their estimates to ground-level monitor measures, and

the resulting R? is equal to 0.81.

3.2 Wages

Wages are extracted from matched employer-employee panel data (DADS) collected and dissem-
inated by the French Statistical Institute (IN SEE)EI Observations are at the worker-establishment-
year level. From 2002 on, the sample is made up of all workers born in October, and thus rep-
resents about 1/12 of the population. For each observation, I use information on the individual,
namely age, gender, occupation (at the 2-digit level of INSEE’s PCS classification), number of

hours worked during the year, and wage earnings net of social security contributions, as well as

*Like robustness checks, most estimations are also performed using an alternative city definition, commuting zones
(CZ), described in this section. Appendix Table[D.5|provides the corresponding summary statistics.

BThe raw data can be found here: https://sites.wustl.edu/acag/datasets/surface-pm2-5/}

*The presence of dust, sand, smoke and pollutants in the atmosphere absorbs sunlight. Aerosol optical depth
(AOD) is a measure of the extinction of sunbeam by these particles within a column of air from the surface of the earth,
to the satellite instrument. The higher the value of AOD, the hazier the column of air.

7T exploit the panel version of the data so as to be able to introduce worker fixed effects in the first step of my
empirical strategy, so as to account for worker sorting across cities.
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information on the establishment they work in (municipality, 3-digit sector of the NAF classifi-
cation). In terms of terminology, (hourly) wage is measured as the ratio of yearly wages to the
total yearly number of hours worked during the year. I select 15-65 year-old workers of the pri-
vate sector, excluding industries with very few observations and agricultural workers, to preserve
the validity of the soil instrumental variable. A detailed description of the sample selection is
available in Appendix

3.3 Housing prices

I build a housing price index based on data on the universe of property transactions between 2010
and 2018, available in the DVF database. I select cities for which there are at least 150 recorded
transactions every year, such that the main results focus on a sample of 249 cities, observed over 8
years@ Available information includes the sale price, transaction date, address, type of property
(house, flat, farmland...), and its surface area. I select only house and flat transactions, and thus
omit all commercial buildings. In order to account for cross-city differences in the composition of
housing stock, I use a housing price index, which corresponds to a city fixed effect introduced in
transaction-level regressions. For each of the 8 years of data, I regress the log square meter price of
the housing unit on the quarter of the transaction date, a house/flat dummy, and the log of its built
surface and the log of the associated plot of land + 1. I follow the model of Section (2) and account
for variations in city surface area by controlling for distance to the CBD, such that the housing
price index can be interpreted as the housing price at the CBD. I denote this measure ln(q/(O\)ct)
below. I provide more information on sample selection and robustness checks for estimating the

housing price index in Appendix

3.4 Instruments

Soil characteristics I obtain geological information from the European Soil Database (ESDB),
maintained by the European Soil Data Centre (ESDAC). It provides information on biological,
chemical, hydrological and mechanical soil properties, disseminated as rasters of 1 km by 1 km.
I select instruments that are a) not derived from current human activity and b) both theoretically
and quantitatively correlated with density and surface area, as discussed in Section {4.3|and Ap-
pendix The first selected instrument is the cation exchange capacity (CEC) of the subsoil, the

second is the depth to a gleyed soil horizon (or layer), and the third is the organic carbon content

BDue to historical reasons, the three departments of Alsace-Moselle are excluded from the scope of the data, such
that cities in this region must be excluded from the estimating sample. Wage results are robust to expanding the sample
to the full set of 310 cities over 17 years (2002-2018), as shown in Appendix.
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of the topsoil.

In the raw raster data, pixels take categorical values, with, e.g., 0 indicating a low level of sub-
soil CEC, 1 indicating a medium level of subsoil CEC. I compute the share of a city’s surface area
where subsoil CEC is medium, the share where the depth to a gleyed horizon is medium, and
the share where topsoil organic carbon content is high or very high. Panels (a) to (c) of Appendix
Figure|C.1|map the three instruments, which can be compared with a map of employment density
in Panel (d).

Planetary boundary layer height The planetary boundary layer height (PBLH) instrument is
constructed using the ERAS5 dataset of the Copernicus European project, a gridded dataset of 0.25°
x 0.25° (approximately 26 km x 26 km)@ The value of the planetary boundary layer height in
metres is provided at an hourly frequency. I first aggregate the gridded data up to the daily level,
for all days from 01/01/2002 to 31/12/2018. Second, I proceed to compute the mean daily PBLH
at the city level. The instrument captures the fact that the concentration in fine particles increases
when the PBLH is low, and is therefore constructed as follows. Denoting PBLH.. the mean city-
specific PBL height over all days of the study period, the dummy LowPBLH,, takes the following
value for city c on day d:

LowPBLH,, = 1 {PBLH, < a PBLH,}

Then, I sum this dummy over all days during year ¢ to obtain the number of days where the PBLH
was unusually low during the year. The more days with a low PBLH, the higher the yearly mean
concentration in PMs 5. The main results are given using a factor of a = 0.7 to consider a day as a

low-PBLH day, but the results are robust to using factors of 0.5 to 0.9@]

Historical population I use past population and past population in the central municipality
of the city to instrument for city total surface area. Municipality-level historical population data
is drawn from the INSEE-EHESS-Cassini project The first census started in 1791, but a large

proportion of municipalities are missing. I use 1806, the first most complete census year, and 1836.

21 use the ERAS5 dataset (Hersbach et al., [2018), downloaded from the Copernicus Climate Change Service (C3S)
Climate Data Store (CDS). DOI:|10.24381/cds .adbb2d47

¥Taking more extreme values of a does not significantly change the point estimates, but induces a strong loss in
precision, as the number of selected days is mechanically either very low (if below 0.6) or very high (if above 0.9), with
low variation across cities, and thus, less statistical power.

¥ Each municipality has its own webpage, where one can find its population for each census year from 1793 to 1999:
http://cassini.ehess.fr/fr/html/.
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3.5 Control variables and alternative outcomes

Weather controls As for PBL height, meteorological variables are extracted from the ERA5
dataset of the Copernicus European project. I use hourly measures of surface temperature, wind
speed and total precipitation, which I average over the whole city surface area. I then aggregate
wind speed to the yearly level, and temperature to the season level (summer and winter) by taking
the simple average, for each year from 2002 to 2018. I aggregate the precipitation data by taking

the sum over the year.

Geographical controls I also control for the presence of different amenities, namely mean ele-
vation, ruggedness, the share of the surface covered by mountains, and dummies capturing access
to economic and environmental amenities (waterway and the sea), using data from BD-TOPO,
which is produced by IGN, the French National Institute of Geographic and Forest Information,

and Observatoire des Territoires.

Measure of labour productivity I approximate labour productivity through (raw) mean value
added per worker. To construct this proxy, I use information extracted from firm-level balance
sheet data (in the FARE and FICUS databases). Due to the fact that the information is given at
the firm level, as opposed to the establishment level, and that I need to be able to pinpoint exactly
where each establishment is located in order to avoid wrong inference, I focus on private-sector
single-establishment firms. I compute value added per worker as the ratio of gross value added

to total employment in the firm, which I then aggregate to the city level.

3.6 City definition

Cities are defined here based on the French Statistical Institute (INSEE) definition of metropolitan
areas (MSA, aires urbaines in French). This partitioning was built in 2010 using 2006 Census data@
and defines a city as a cluster of municipalities that constitute an urban pole and its suburban ring,
accounting for both inner and outer suburbs. More formally, municipalities are grouped into the
same MA if they a) exceed a certain population threshold, b) constitute a built-up continuum, and
¢) comprise a minimum of jobs, which generate sufficient within-MSA commuting flows. It thus
takes into account the location of buildings and economic activity, and commuting patterns, which

are all important determinants of both air pollution and wage levels. In terms of sample selection,

2Until 1999, INSEE ran exhaustive censuses. In 2004, INSEE switched to annual surveys, covering all municipalities
with less than 10,000 inhabitants and 40% of dwellings in municipalities with more than 10,000 inhabitants over a five-
year period. Hence, the “2006 Census” refers to the wave of data collected over the 2004-2008 period.
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I focus on urban areas that have at least 10,000 jobs, and drop rural areas and small towns. My
final sample of cities represents 45 million people (75% of the country’s population).

An additional set of results, provided in Appendix ??, relies on commuting zones (CZ, or zones
d’emploi in French), also drawn by INSEE in 2010. This zoning divides country based solely on
commuting flows, which makes it a relevant definition of local labour markets, in such a way
that it covers the entire territory. It also allows for easier comparison with the earlier literature
on agglomeration economies in France, but it is less directly relevant to study air pollution, and
often features several CBDs, thus preventing a clean mapping from the model to its empirical

implications.

4 Identification strategy

This section turns to the translation of the above theoretical set-up into reduced-form, estimable
equations. First, it focuses on identifying the effect of city structure on local air pollution, and then

addresses the impact on nominal and real wages.

4.1 Density and air quality: Identifying ¢n and ¢

The model draws attention to the fact that the wage gains from agglomeration may be mismea-
sured, if city size and/or surface area does induce higher air pollution, that is, if ¢n, ¢g > 0in
equation (I5). This is indeed a necessary condition for the urban wage premium equation not
to be equivalent to equation (18), and for the real wage differential equation not to be equiva-
lent to equation (20). The first step of the empirical analysis therefore consists in verifying that the
previously identified relationship is not specific to the United States or Germany, but exists in the

French context. To this end, I estimate the empirical counterpart of equation (15, which writes:

In(Zet) = ¢ In(density_,) —dg In(arear) +¢rTe + ne + £et (27)
—_——— N—
In(Net)/ In(Se) In(Se)

The outcome is log PM> 5 concentration, weighted by neighbourhood population. In(density ,) is
city density, defined as city-level density of employment (or population, in robustness checks). As
I control for (instrumented) land area, the ¢ coefficient can be interpreted as both the effect of

a 1% increase in density, or a 1% increase in city sizelg_gl I'; includes both time-varying weather

%Tn such a case, given the log specification, I deduce that és = ¢n — bg, such that coefficient ¢s on log area is

not directly interpretable as the effect of city surface, but should be computed as the difference between ¢ and ¢g. In
alternative specifications, I also use In(size.;), defined as In(N;) directly.
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controls, and time-invariant geographical controls, as they may affect both local air pollution lev-
els and population density. More specifically, I control for average wind speed, total precipitation
and mean temperature, differentiating between summer and winter. Geographical controls in-
clude dummies for access to the sea and the presence of a waterway, as well as the share of land
covered by mountains, mean elevation and ruggedness.

Even conditionally on geographical controls, employment in a given city is likely endogenous,
as households have a preference for cleaner air, and would move away from a very polluted city
to a cleaner one. The model shows that, as a consumption disamenity, air pollution negatively af-
fects workers” willingness to locate in polluted cities, thus negatively affecting the latter’s density.
As a production disamenity, it reduces firms’” incentive to locate in polluted cities, also reducing
employment. This induces a reverse causality bias in the OLS estimation, which would result in
an underestimation of ¢ . As evoked in the theoretical section, I instrument employment density
using three soil characteristics that determined agricultural potential: subsoil cation exchange ca-
pacity and topsoil organic carbon content, which relate to soil fertility, and the depth to a gleyed
horizon, which relates to drainage capacity, in the spirit of Rosenthal and Strange|(2008b). Indeed,
when agriculture was a key part of the economy, these characteristics were a strong determinant
of household location decisions, and therefore of today’s spatial distribution of workers, but they
are unlikely to affect local air pollution other than through city structure (see Appendix @
Moreover, I use log 1806 population and 1836 central-municipality density to instrument for city
surface area. Historically populated cities have expanded more into space on average (Combes
et al., 2024), but this is exogenous to current pollution conditionally on controlling for the pres-
ence of long-lasting amenities such as access to the sea, or current-day weather amenities. The

first-stage regressions, for city size and surface area respectively, thus write as follows:

In(density ) = 78 4+ 1R, (soil)e + TET et + 1P + €k} 28)
In(area,) = w5 + 77y In(lagged pop.)e + 2 Tet 4+ 7} + €5

where I';; include geography and weather controls and the excluded instruments of the other

endogenous variables.

34Gand, which is correlated with soil fertility, is technically included in PMio. But these are particulates that are
coarser than PM3 5, so this does not pose a threat to the causal identification of the coefficients. I provide a more thor-
ough discussion of the nature and relevance of these instruments for city structure in Section |4.3|on the identification
strategy for the main wage and housing price equations.
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4.2 Main wage and housing price equations

The second and main step of the reduced-form analysis brings air pollution into the city size-wage

and city size-housing price relationships, and estimates the following equation:
In(Yer) = Bo + Bnys In(density ;) + Bz In(Zet) + Bs In(areac) + Srle + vi + e (29)

where In(Y,;) is either the log of mean wage, or the log of the housing price index ln(@ct). Log

mean wage has three definitions:

- WIH: the raw mean of log wages at the city xyear-level

- W4 the mean of log wages, correcting for local sectoral composition and worker fixed

effects, following equation below
. W;dj -p 1n(q/(0\)ct): real wages, defined as nominal wages corrected for housing costs (hous-

ing price index multiplied by the share of housing in expenditure)
I'ct includes the same time-varying weather controls (wind speed, precipitation, winter and sum-
mer temperature) and time-invariant geographical controls (sea, waterway, mountains, mean ele-
vation, ruggedness) as above. The estimated equations also control for time trends, the empirical
counterpart of constant utility v;. My main coefficient of interest is Sy,g. Its interpretation de-
pends on whether air pollution is included in equation . When it is not, By,s identifies the
total gradient of wages with respect to density, which combines agglomeration economies A and
the effect of the air pollution that density generates (equation |18 for nominal wages, equation
for housing prices, equation 20| for real wages). When instrumented air pollution is included,
Bnys identifies the gradient at a given level of air quality, and 37 the direct effect of air pollution.
The two are linked by 6}{;}%1 = Bnys + Bz ¢n, where ¢y is the elasticity of PMy ;5 to density esti-
mated in equation ([27) with the same instruments for density and surface area. This relationship
should not be read as an omitted-variable correction in the OLS sense: both coefficients are IV
estimands. It holds because, given density, surface area and air quality, wages are determined by
labour demand, so that the instruments for city structure affect wages only through these vari-
ables. It requires that these instruments affect PMy 5 only through density and surface, which I
discuss in Section d.3below.

The model yields two predictions. For nominal wages (W/*" or Wftdj ), both disamenity chan-
nels lower wages, so that 3z¢n < 0 and the gradient at given air quality should exceed the total
gradient. For real wages (W;dj — B1In(q(0)Y,)), the sign of Bz¢y is ambiguous: it is negative if the
productivity effect of air pollution dominates the compensating effect, positive if the compensat-

ing effect dominates, and zero if the two cancel out.
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4.3 Tackling endogeneity issues

Equation (29) is subject to three main endogeneity issues that invalidate the identification of coeffi-
cients Byy/s, s and Bz by OLS. Two main mechanisms threaten the causal identification of the first
two city structure coefficients. First, as highlighted by the model, more productive places attract
more workers, making them larger and denser, while also affecting wages. Second, some workers
may have a stronger preference for density than some other workers due to different preferences
for amenities induced by density, thus introducing unobserved heterogeneity in the wage level
observed in the city. The coefficient associated with air quality, 37 is also endogenous due to it be-
ing both a consumption disamenity and a production disamenity: lower perceived amenity levels
and lower productivity from Z have an effect on both wages and employment. I discuss how I

tackle these issues below.

Instrumenting for city structure: soil characteristics As the model shows, a valid instrument
for city size N, or surface S. must shift consumption or construction amenities (¢.; or Bc), not firm
productivity A, since a productivity shock affects wages directly and would violate the exclusion
restriction. When housing prices (and hence real wages) are the outcome, the instrument must
shift consumption amenities 6.; alone, as a construction-amenity shock B, affects housing prices
directly. I therefore instrument employment density with city-level soil characteristics, which
should affect wages only through density. More specifically, I rely on a persistence argument: soil
characteristics determined agricultural potential, and hence settlement, when agriculture domi-
nated the economy, and settlement patterns persist through the inherited housing stock and local
networks. I also select instruments that are not derived from current human activity, and thus
exclude direct measures of land use and erosion.

The first set of instrumental variables pertains to soil fertility. The first instrument is subsoil
cation exchange capacity (CEC), a chemical property of the lower layers of the soil. As most of the
main plant nutrients are cations (e.g., calcium Ca?" or magnesium Mg?"), the higher the quantity
of cations that can be retained in the soil, the higher its fertility. The second instrument is medium
depth to a gleyed horizon of the soil. In a gleyed layer, water replaces oxygen, such that, when the
gleyed layer is too shallow, plants lack oxygen to grow. On the other extreme, when the layer is
too deep, soils tend to lack water, although it is also necessary for plant growth. Hence, medium
depth to gleyed soils tends to be associated with better drainage capacity, favouring plant growth.
In the same spirit, the third instrument is topsoil organic carbon content (OCC), which also helps
water retention and nutrient circulation. The maps of Appendix Figure|C.1|allow to see the degree

of correlation between medium subsoil CEC (Panel a), medium depth to a gleyed horizon (Panel
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b), high topsoil organic carbon content (Panel c) and current-day employment density (Panel d).
They also show that the three IVs are not very correlatedﬁ]

I introduce these instruments using quadratic terms, as I posit that city size and surface area
may not be best predicted by a linear combination of these three instruments, but rather, that the
relationship may be inverted U-shaped. Soils had to be fertile enough to support early settlement,
but not so fertile as to lock local economies into agriculture, with lower current-day population.
Appendix Figure[C.2]plots city size and surface against each of the three soil instruments and does
show a hump-shaped relationship. Introducing a quadratic term thus theoretically increases the
relevance of the soil instruments. First-stage regressions in Table for city size and Table
for surface area confirm that these features are indeed strong determinants of city structure, even
when controlling for geographical factors such as hilliness, and that the relationship is indeed
inverted U-shaped.

The exogeneity of these instruments to present-day wage and housing price outcomes seems
satisfied. Given the current weight of agriculture in the French labour market and GDP (about 2%
in both cases), the likelihood of soil fertility affecting current productivity and wages is unlikely.
Still, I exclude agricultural workers from the analysis to preserve exogeneity. Appendix fur-

ther discusses the validity of each separate soil instrument.

Instrumenting for city structure: Lagged population The second set of instruments relies on
the persistence argument more explicitly, and thus relies on long lags of population. I take two
measures: 1806 total population within the current-day boundaries of the city, and 1836 density
in the central municipality of the city. The first instrument is a “pure” historical lag. It is relevant
because cities with a larger historical population have experienced larger absolute increases in
population over the following two centuries, and these increases were mostly accommodated by
an expansion of the urbanised area rather than by a rise in density in the historical core (Combes
et al, 2024). A larger population in 1806 is therefore associated with a larger surface area of the
metropolitan area today. The second instrument rests on a complementary idea: cities whose cen-
tral municipality was already densely populated in 1836 had less scope for further densification of
their core, such that subsequent population growth was more likely to take place through outward
expansion. These settlement patterns are, however, likely exogenous to present-day productivity,
wages, or housing prices. In particular, I choose pre-industrial census years so as to avoid any

concerns related to past city size being correlated with current-day industrial specialisation.

35 All coefficients of correlation between the three IVs are low. The coefficient of correlation between subsoil CEC
with medium depth to gleysoil is 0.184, and with topsoil OCC 0.074. The coefficient of correlation between the medium
depth to gleysoil instrument and the topsoil OCC instrument is 0.093.
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Correcting the wage measure I use matched employer-employee data to construct wage mea-
sures. A first set of results uses raw log individual wages aggregated at the city xyear-level W7
as the outcome. Because skilled workers sort into denser cities (Glaeser and Mare, 2001; [Dia-
mond, 2016), especially in France (Combes et al) 2010), this raw measure risks overestimating
the density coefficient. My main set of results therefore uses an adjusted wage W%, purged of
unobserved worker sorting and localisation economies via the two-step method of Combes et al.
(2008): exploiting the individual panel structure, worker fixed effects absorb unobserved worker
heterogeneity, and I recover the adjusted wage as a city-year fixed effect that nets out individual
and sector-city composition, as written in Appendix equation 39 Computing this adjusted mea-
sure before estimation, rather than adding controls to equation (29), is particularly important here
because it accounts for correlations between city-sector composition and unobserved city char-
acteristics: some cities plausibly hold a partly unobserved comparative advantage in polluting
economic activity, inducing a sectoral specialisation correlated with air pollution that a specifica-
tion based on controls would not properly absorb. I discuss sample restrictions and the estimation

of city-level adjusted wages in further detail in Appendix Section B.1}

Instrumenting for air pollution The inclusion of PM; 5 in the wage and housing price premium
regressions introduces another source of endogeneity. Even controlling for (instrumented) city
structure, remaining factors, in particular unobserved amenities such as green spaces, may be
correlated with both air quality and wages and housing prices.

I address this by exploiting exogenous variation in the height of the planetary boundary layer
(PBL), the lowest layer of the atmosphere and the one in which we live. Its height varies between
roughly 100 m and 3,000 m depending on weather conditions, and the lower it sits, the less room
pollutants have to disperse vertically, raising ground-level particulate concentrations Because
this height depends on topography, some cities sit chronically lower than others, so the yearly
mean PBL height could itself be endogenous to the presence of other amenities like mountains. I
therefore compare each city against its own long-term mean rather than a common one: for each
city xyear, the instrument counts the days on which the PBL falls more than 1 — a = 30% below
the city’s own long-term expectation (a = 0.7). This comparison captures how often a city departs
from its own norm rather than its fixed topographic position. Appendix|[C.2shows that a common

benchmark would instead recover that fixed position, gives justification behind the choice of a,

%In the data, yearly city averages range from 282 m to 676 m, with a mean of 550 m, and daily values range from
9.6 m to 2,213 m.
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Figure 1: Low PBL height instrument and PM3 5 exposure

(a) Days with a low PBL height, residualised (b) PM, 5 exposure

Low-PBLH days, net of controls PM2.5 exposure

-10 -6 -3 -1 1 3 6 10 10 12 14 16

Sources: ERA5, ACAG, INSEE, IGN.

Notes: All values are averages over the 2006-2018 sample period. Panel (a) residualises the low PBL height instrument
using the set of geography and weather controls used in main regressions. Panel (b) shows PM3 5 exposure, measured
by taking a population-weighted average of PM> 5 concentration at the neighbourhood level. This is the main measure
of air pollution used throughout the paper.

and provides evidence on the absence of correlation between the PBL height instrument and the
soil fertility instruments. I control for the long-term mean PBL height in the main regressions,
so that systematic long-term differences in PBL height are not confounded with the short-term
cross-city variation I exploit.

Figure [I| maps the mean value of the (residualised) PBL height instrument alongside mean
PM> 5 concentration. Residualising shows that, after controlling for weather and geography, sub-
stantial variation in the number of low-PBL days remains across cities, which is what I exploit; the
two panels also line up, with high values of both in the North, the Rhone valley and the Alpine
foothills, lower values in the East, and variations elsewhereﬂ

A remaining concern is that a low PBL raises the concentration of other pollutants as well,

which would violate the exclusion restriction if the PBL affected them other than through their

¥ Appendix Figure shows the raw PBL height instrument in Panel (a), the raw PMaz.5 measure in Panel (b),
and the main PM» 5 measure, which weights air quality by neighbourhood pollution and is also shown in Panel (b) of
Figure in Panel (c).
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Table 1: Raw correlations between instruments for city structure and air pollution

Instrument Soil features Historical pop.
% mid gleysoil depth % high CEC % high OCC log 1806 pop. log 1836 central density
PBL height -0.139 -0.026 -0.102 -0.035 -0.064

correlation with PM; 5. At the between-city level of this analysis (as opposed to the within-city or
neighbourhood level) cross-city differences in PM; 5 are likely a sufficient proxy for differences in

overall air quality.

4.4 Assessing instrument validity

Strength of the instruments Table allows to assess the strength of the instruments for city
size. Columns (1)-(3) provide results for the first-stage regressions when pollution is the out-
come (equation 28), or when mean wage is used as an outcome but pollution is not yet included.
Columns 4-6 apply when wages are used as an outcome (real wages in Column 6) and PMy 5 is
also instrumented (equation[12). Soil features are strong determinants of employment density, and
remain so conditional on geographical controls and the PBL instrument for local air pollution.

Table[C.3|gives first-stage regression results for PM; 5 concentration. The number of days with
an unusually low planetary boundary layer height is indeed a strong determinant of yearly pollu-
tion levels, even when controlling for weather conditions (F-statistic of 39.7 in the main regression

in Column 6).

Independence of the instruments In equation @D, density, surface area and PM> 5 concentration
are instrumented simultaneously. Identification requires that the instruments for city structure
and for air pollution provide independent sources of variation, that is, that they do not move the
endogenous variables in proportional ways. Table [I|shows that the raw correlations between the
PBL height instrument and the instruments for city structure are all below 0.15 in absolute value. I
further regress the PBL height instrument on each instrument for city structure, conditional on the
controls of the main specification. Appendix Figure shows the resulting coefficients, in bold
purple when the low-PBL day threshold is set at 30%, as in the main regressions, and in orange
for other thresholds. None is statistically significant, which indicates that the instrument for air

pollution is unrelated to the instruments for city structure, conditional on controls.
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5 Reduced-form results

This section focuses on reduced-form estimations of the main relationships. First, it provides and
discusses new estimates of the effect of city density and city surface area on local air pollution
levels. Second, it provides evidence on the joint effect of local air pollution, city population and
city surface area on nominal wages, housing prices, and, in turn, real wages. It highlights how the

urban wage and housing cost premia respond to controlling for local air pollution.

5.1 City structure and air quality: Estimating ¢n and ¢

Table [2| shows the estimation results of the effect of population density and surface area on local
PM3 5 concentration, both for OLS and TSLS. The coefficients shown here are therefore provides
estimates for ¢ and ¢g in the pollution generation equation , with ¢y being equal to S5
when area is controlled for (Columns 3, 5-6), and ¢s = Bs — Bn/5. Results consistently show
that higher population density increases PMj 5 concentration. The downward bias of the OLS
estimates (Columns 1-3) is consistent with selective sorting across cities, whereby workers would
flee pollution that negatively affects amenities 6.; and productivity Ay Formally, a 1% increase in
density results in a .12% increase in local air pollution. For the average city in the sample, i.e. for
a density of 196 workers by km?, doubling density raises PMs 5 concentration from 12.18 to 13.64
ug/ m?>. This roughly corresponds to a jump from the median to the third quartile of the cross-city
distribution of PM> 5 concentration. Turning to the effect of city surface area, we need to deduct
the coefficient associated with density from that associated with surface area to deduce the actual
value. This is shown in the row right below the main estimates. I find that holding city population
tixed, city surface has a negative effect on PM; 5 concentration. This is attributable to the fact that
a larger spatial extent allows for pollutants to disperse horizontally. It is also associated with more
green space (Kahn and Walsh, 2015), which was itself shown to decrease PM> 5 concentration (Ai
et al.,2023).

An interesting finding here is that 35 is roughly equal to zero, such that & ~ —®g. In other
words, a one percent increase in population raises local air pollution by about as much as a one
percent expansion of the city’s spatial extent lowers it. Sprawl neutralises the air pollution effect
of a higher population to the extent that surface area grows as fast as population. The pollution
channel thus operates on the density margin rather than on the sprawl margin, so that the nega-
tive effect of pollution on wages and the capitalisation of pollution into housing prices should be

read as costs of density rather than total size per se.
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Table 2: Impact of city structure on air pollution

Outcome: (log) PM3 5
1) (2) 3) 4) ) (6)

(log) density 0.060*** 0.051*** 0.051*** 0.152*** 0.160*** 0.115"**
(0.007)  (0.006) (0.007) (0.037)  (0.040) (0.027)
(log) area 0.0006 0.012 0.006
(0.004) (0.008)  (0.007)
Implied ¢5 = fBs — Bn/s -0.050 -0.148  -0.109
Density instrumented? X X X
Area instrumented? X X
Year fixed effects X X X X X X
Geo and weather controls X X X X X
Observations 4,628 4,628 4,628 4,628 4,576 2,214
Cities (clusters) 356 356 356 356 352 246
Mean outcome 2.51 2.51 2.51 2.51 2.51 2.48
F-stat, (log) density 36.26 30.90 29.39
F-stat, (log) area 583.55  347.04
Kleibergen-Paap 36.42 28.32 29.59

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

PM; 5 measured as (municipal-)population-weighted PM 5 at the city scale. Geography controls include mean eleva-
tion, ruggedness, share of land covered by mountains, and dummies for sea access and waterway presence. Weather
controls include summer temperature, winter temperature, mean wind speed and total precipitation. IV for density
and surface area: 1806 population, 1836 density in the central municipality of the current city, soil characteristics.

Discussion on magnitudes These estimates of the elasticity of PM; 5 to density are very close to
those obtained by Carozzi and Roth| (2023), who find values ranging from 13% to 15%, in the U.S.
context. But, they are larger than the estimates of Borck and Schrauth (2021) on German data for
PM;, a category that includes PM; 5 and coarser particulates, as those lie around 6-8%. One may
a priori hypothesise that differences between estimates drawn from German data and estimates
drawn from U.S. data arise due to European cities being characterised by a lower reliance on
individual cars, and wider public transport networks (Blaudin de Thé et al., 2021} Conwell et al.,
2023). If, for a given increase in density, European cities have a larger response in terms of public
transit development and take-up, then this can translate into smaller increases in local pollutant
concentrations than in U.S. cities. Table 2| comes to contradict this theory, as estimates for France
are closer to the U.S. than Germany.

I find that instead of differences in context, differences in city definition are what appears to
drive the gap in these estimates. (Carozzi and Roth| (2023) use a definition that is close to this

paper’s, in that they use Metropolitan Statistical Areas (MSAs), as delineated by the US Census
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BureauF_g] On the other hand, cities in [Borck and Schrauth| (2021) are defined as districts and
labour market regions. This comes closer to the definition of “commuting zones” (CZ) introduced
in Section 3| Performing the same analysis on this alternative observation level gives the results
shown in Appendix Table These results are comparable, both in terms of city definition
(CZ) and magnitude, to the 6-8% range of |[Borck and Schrauth| (2021). These discrepancies can be
explained by the fact that the MSA zoning drops rural areas, which are less densely populated.
As such, taken together with the convexity of the effect of density on PM; 5 concentration, one ob-
tains larger estimates for MSAs than for CZs. This exercise thus suggests that instead of inherent
differences between countries, differences in estimated ¢y rather pertain to non-linearities in the

relationship between density and air quality.

Mechanisms TableD.§|provides suggestive evidence of the mechanisms through which higher
density hinders air quality. Higher density is associated with both higher total residential emis-
sions and higher total traffic emissions, which is expected. While it is associated with lower traffic
emissions per capita (per worker in Column 3) and per car commuter in Column 4), the overall
distance travelled by car is larger (Column 5). More importantly, the average distance travelled by
car commuters decreases with density, which means that the reaction in terms of public transport
development or usage is not sufficient, even for short distances. This is also due to city surface:
at a constant population, cities with a larger spatial extent have lower total emissions, but the dis-
tance that workers have to commute is much larger (Columns 5 and 6). Overall, there is a reaction

in per capita terms, but it is not sufficient to offset the total size effect, and emissions are higher.

5.2 Air quality and the urban wage premium

As established right above, city structure, in particular density, affects local air pollution, such
that part of the wage and housing-cost differences observed across cities of different sizes operates
through air quality rather than through city size alone. This subsection estimates how accounting
for this channel affects wage, housing price, and real wage differentials to agglomeration. It dis-

cusses the pollution-only estimates, reported in Appendix, as a consistency check.

Attenuation of urban wage premium Table [3| shows the main results on the urban wage pre-

%¥The US Census Bureau defines an MSA as a “core area containing a substantial population nucleus, together with
adjacent communities having a high degree of economic and social integration with that core”. The French Statistical
Institute provides a similar definition in its own MSA zoning, as mentioned in Section

FTFigure in Appendix gives maps of the values of the soil characteristics used as IV (Panel a) and 2010 density
(Panel b) for French commuting zones. As one can see on these maps, urban areas do not cover the entire territory,
unlike employment zones, but still expand to a large part of the country, as they include outer suburban municipalities.
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Table 3: Local air pollution and the urban wage premium

Outcome: (log) nominal wage WY

(1) (2) (3) (4) ) (6)

(log) density 0.026* 0.040***  0.014 0.031***  0.070**  0.044***
(0.005)  (0.003) (0.012) (0.006) (0.035) (0.011)
(log) area 0.029*** 0.030*** 0.032***
(0.002) (0.002) (0.002)
(log) PM> 5 -0.675***  -0.129*
(0.239) (0.074)
Implied s = Bs — Bn/s -0.011 -0.001 -0.012
Density instrumented? X X X X
Area instrumented? X X
PM; 5 instrumented? X X
Year fixed effects X X X X X X
Observations 2,241 2,241 2,241 2,232 2,223 2,223
Clusters (cities) 249 249 249 248 247 247
Mean outcome 0.523 0.523 0.523 0.523 0.523 0.523
F-stat, (log) density 30.57  41.68 38.26 33.60
F-stat, (log) area 367.16 299.69
F-stat, (log) PM3 5 34.00 37.43
Sargan, p-value 0.001 0.003 0.001 0.154

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

Geography controls include mean elevation, ruggedness, share of land covered by mountains, and dummies for sea
access and waterway presence. Weather controls include summer temperature, winter temperature, mean wind speed
and total precipitation. IV for density: soil characteristics. IV for area: 1806 population. IV for PMz.5: number of days
with an unusually low PBL height.

mium, that is, the nominal wage premium to density. Note that the outcome variable is wead
such that the potential confounding effect of localisation economies and unobserved worker het-
erogeneity is removed. First, estimates in Columns 1-4 confirm existing estimates of nominal
wage gains from agglomeration, including recent ones for France (Berson et al., 2024). As more
populated cities tend to have larger surface areas as well, omitting to control for surface area
underestimates the wage effect of population. Then, going from Column 2 to Column 4 by instru-
menting for both density and surface area does lower the size of the density coefficient, because

productivity A.t is an omitted variable that positively affects both city size and wages. Doubling
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density, e.g., by moving from the average city of Clermont-Ferrand (196 inhab./km?, c. 400,000
inhab.) to Nice (390 inhab./km?, top decile of density, c. 1 million inhab.), entails an increase of
about 3% in nominal wages.

Including instrumented PM; 5 substantially changes the density coefficient (Column 6 against
Column 4). As shown in Section[2.4} this change alone does not distinguish the amenity channel
from the productivity channel, as both lower nominal wages. All else equal, cities with better
air quality have higher productivity, which unambiguously implies higher wages. They also have
better perceived amenity levels, and, because agglomeration economies are large enough, this also
leads them to have higher nominal wages. These compounding effects imply that the air pollution
generated by agglomeration erodes part of the very gains that agglomeration produces. At a given
level of air quality, the wage gradient (0.044) is about 40% larger than the total gradient (0.031),
and the difference is statistically significant. Consistent with the prior that 55\‘;7‘; = Bnys + Bz on,
this difference closely matches the product of the direct effect of PMj 5 on wages and the elasticity
of PM; 5 to density estimated in Table 2: —0.129 x 0.115 ~ —0.015, against 0.031 — 0.044 = —0.013.
This is comparable in magnitude to the role played by the spatial sorting of skilled workers in

inflating the urban wage premium (about 30% according to Combes et al.| (2008)).

The role of city surface area Columns 3-6 of Table 3 also shed light on the role of city surface
area. When surface is not included, the density coefficient is smaller, since more populated cities
also tend to be more spread out. More central to this paper, the coefficient on PMj 5 is much larger
in absolute value without surface (Column 5: —0.675) than with it (Column 6: —0.129). Since a
larger surface lowers PM, 5 at a given population, the specification without surface attributes to
air pollution part of the wage effect of city extent. Finally, in the preferred specification of Column
6, the coefficient associated with city surface, ,35 — BN/ s, is small and not statistically different
from zero (—0.012, s.e. 0.011). This is in line with the theoretical model, in which agglomeration
economies depend on population only, so that, conditional on air pollution, surface has no direct

effect on wages.

Robustness checks Appendix Table shows a series of robustness checks of these reduced-
form results by mirroring Table |3} these effects are similar looking at employment, i.e., city size
N, instead of density N/S (Panel a), looking at city population density instead of employment
density (Panel b), and looking at the full sample of cities, i.e., including those for which I cannot
observe housing prices (Panel c). Appendix Table shows that these results are robust to using

the commuting zone definition instead of the urban area. Finally, switching from a relative to an
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absolute measure of PM; 5 in Column 6 renders the exact same conclusions, as coefficients /s

and fs are very similar to the main ones.

Reaction of working hours Table[3|focuses on adjusted hourly wages. This is indeed my object
of interest, as it is the one that comes closest to a definition of labour productivity, and as I don’t
include working hour choices in the model (see Section for a discussion on this point). Still, as
my data allows, I provide a test for whether air pollution affects working hours in this cross-city
long-run spatial equilibrium context. Appendix Table runs the same regressions, this time
looking at raw working hours (Panel a), working hours adjusted for worker-level heterogene-
ity and differences in sectoral composition (Panel b), and labour earnings, adjusted for the same
confounders (Panel c). The results first suggest that working hours are lower in denser cities, in
line with higher hourly wage yielding an income effect@ The coefficient associated with density
does not significantly vary once I control for air pollution in Column 6, and the coefficient for air
pollution itself is insignificant. This is in line with absenteeism responses to density-generated
air pollution being negligible in a cross-city spatial equilibrium context, as compared to labour

productivity effects.

5.3 Air quality and the urban housing cost premium

Attenuation of the housing cost premium Table | shows the results for housing prices. Columns
1-2 show OLS results, and the rest of the columns show TSLS results. Coefficients associated with
city size (resp., city surface) are consistently positive (resp., negative), in line with both the theoret-
ical model and previous evidence on the costs of agglomeration (Combes et al., 2019). Column 4
shows that clean air capitalises into higher city-level housing prices, though not statistically signif-
icantly so. This is not a precise zero, which suggests some heterogeneity. The estimated elasticity
(net of the impact of density and city surface), is around -0.22%, and is therefore close, though
slightly smaller, to previous cross-city estimations for the U.S., obtained from temporal variation
(Chay and Greenstone, 2005; Gruhl et al., 2025) or using hedonic valuation (Bayer et al., 2009).
This is however larger than within-city estimates for Chicago (Chattopadhyay, 1999) or Tehran
(Amini et al [2022). In the French city of Nantes, |Le Boennec and Salladarré (2017) find no evi-

“This partly goes against the evidence of Rosenthal and Strange| (2008a) in the U.S., who find a negative reaction
of working hours to density for low-skill workers, and a positive one for high-skill workers, for which returns to
effort through labour market interactions, competition and career incentives are stronger. However, I condition on skill
differences. More specifically, comparing Panel (a) to Panel (b) in Tablereveals a more negative reaction of working
hours to density once skill is controlled away, which suggests that the effort effect is larger for high-skill workers than
for low-skill workers. In the French context, the nationwide 35-hour work week cap also leaves less room for such
returns to effort through longer working hours.
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Table 4: Local air pollution and the urban housing cost premium

Log housing price index

(1) ) ®) (4) ©) (6)

(log) density 0.221*  0.263** 0.190** 0.377** 0.496™* 0.446***
(0.034) (0.032) (0.086) (0.077)  (0.173)  (0.148)
(log) area 0.090*** 0.061* 0.064*
(0.018) (0.033) (0.033)
(log) PMy 5 -1.34 -0.226
(1.17) (0.958)
Implied 7is = Bs — By/s -0.173 -0.316 -0.382
City size instrumented? X X X X
Area instrumented? X X
PMs; 5 instrumented? X X
Year fixed effects X X X X X X
Observations 2,313 2,313 2,295 2,277 2,295 2,277
Clusters (cities) 257 257 255 253 255 253
Mean outcome 8.11 8.11 8.11 8.11 8.11 8.11
F'-stat, (log) density 30.570 41.679  38.256  33.599
F-stat, (log) area 367.16 299.69
F-stat, (log) PMy 5 33995 37434

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

Geography controls include mean elevation, ruggedness, and dummies for access to the sea, presence of a waterway,
and mountains. Weather controls include summer and winter average temperature, wind speed, cloud cover and total
precipitation. Geography controls include a dummy for access to the sea, to a waterway, to mountains, ruggedness and
mean elevation. IV for density: soil characteristics. IV for area: 1806 population. IV for PMs 5: number of days with an
unusually low PBL height.

dence of such capitalisation. Obtaining larger estimates across cities than within cities is sensible
considering that city-level air quality is often better perceived by households, who know that Paris
is polluted, while Nantes or Bordeaux are “clean”, while they likely perceive smaller within-city
differences. Moreover, the cross-city variations estimated here reflect long-run, equilibrium dif-
ferences in amenity levels, as studied in the theoretical framework, which likely generates higher

elasticities than within-city variations.

Effect on real wages Appendix Table brings the results of Tables 3] and [4, by looking at
the effect on real wages directly, defining the latter as nominal wages, minus the share of hous-

ing in expenditures 8 = 0.33, times the housing price index. First, putting air pollution aside,
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I estimate a real wage “penalty” to city size: causal estimates in Column (4) show that a 1%
increase in city population decreases real wages by about 0.044%. The literature in urban eco-
nomics has long highlighted that the existence and growth of cities results from the balance of
agglomeration and dispersion forces. (Net) agglomeration economies are thus theoretically bell-
shaped: the centripetal force first prevails over the centrifugal one, but after a certain threshold,
diseconomies and negative externalities arising from congestion and rising rents exceed the ag-
glomeration economies (Fujita et al.,|1999). This negative relationship between city size and real
wages means that French cities are located on the right-hand side of the bell-shaped curve. This
is despite a positive but small net effect of city surface (0.002), which slightly relaxes the surge in
housing prices caused by higher density, but not sufficiently so. This is in line with the Rosen-
Roback intuition of the theoretical framework, which states that lower amenity levels provided in
smaller cities must be compensated for by higher real wages.

Columns (5)—(7) include instrumented PMj 5. The real wage gradient at a given level of air
quality (Column 6) is significantly less negative than the total gradient (Column 4): about 36% of
the real wage penalty to density operates through the air pollution that density generates. This
corresponds to a negative pollution component 3% ¢y, which indicates that the productivity effect
of air pollution dominates its compensating effect. This holds despite the negative effect of air

pollution on housing prices, which raises real wages through lower housing costs.

The role of city surface area When city surface is held fixed (Columns 4 and 6), about a third of
the real wage penalty to density operates through the pollution channel (1 — 28/44 = 36%). When
city surface is allowed to vary, the pollution component accounts for less than 10% of the gradient
(1 —39/42 = 7%). As the city can expand into space, a given increase in population generates
a smaller increase in air pollution, and hence smaller wage losses. Table 4 shows the same pat-
tern for housing prices: the housing price gradient at given air quality exceeds the total gradient
by more when surface is held fixed (Column 6 against Column 4) than when it varies (Column
5 against Column 3). The implied coefficient on surface area is also more negative at a given
level of air quality: when air pollution is allowed to vary, part of the dampening effect of sprawl

on housing prices is offset by the improvement in air quality it brings, which raises housing prices.

Consistency check: Direct effect on (real) wages Appendix Table shows the effects of lo-
cal air pollution on nominal (Columns 1-4) and real wages (Columns 5-7). The OLS estimates of
Columns 1 and 2 are positive, as high local air pollution and high wages are both positively influ-

enced by productivity-enhancing factors and city size. Turning to the IV results in Columns 3 and
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4, the estimated elasticity of nominal wages to PM; 5 lies around -0.16. In levels, this means that a
city whose PM, 5 concentration is one pg/m? higher offers nominal wages that are 1.7% lower. It
is rather difficult to find comparable estimations in the literature. Borgschulte et al.|(2024) examine
the effect of an additional day of exposure to wildfire smoke on quarterly earnings in the US, and

find a semi-elasticity of -0.1%.

Discussion A pure consumption-disamenity view predicts that real wages, measured as wadi—
Bx (log) housing price index, should rise with pollution, compensating residents for the dis-
amenity. The estimates of Columns 5 to 7 of Table[D.2do not support this, as they show a negative
effect of PMj 5 on real wages. As Section [2 shows, this can occur whenever the productivity cost
of air pollution outweighs the amenity-compensation channel: a negative real-wage response is a
sign of local air pollution acting as a production disamenity, not only a consumption one. How-
ever, as also highlighted in equations and (20), these reduced-form results are not sufficient
to be able to conclude on whether this is due to the wage capitalisation of any amenity or produc-
tivity shock being large (i.e., n'{ and 1y’ being large), or whether this is due to the effect on labour

productivity being relatively large (i.e., (4 being large compared to (p).

6 Structural model: Calibration and fit

This section takes the spatial equilibrium model of Section [2| to the data. It starts by discussing
how parameters that are shared with existing work are calibrated. Then, it combines the structure
of the model to the reduced-form evidence of B in order to recover estimates of the effect of local
air quality on perceived amenity levels, (y, and on labour productivity, (,. All calibrated and

estimated parameter values are summarised in Appendix Table

6.1 Calibration of common parameters

I calibrate, rather than estimate, the values of the model’s deep parameters that do not pertain to
the generation of local air pollution nor its effects. Indeed, the literature has recently produced
reliable estimates of most of these, including in the French context.

First, worker-level parameters are the following. I set the share of expenditure dedicated to
housing /5 to a cross-city constant of 0.33, and the cost of commuting 7 to 0.15, with a negligible
cost of within-CBD commuting of 0.05 (Combes et al.,2019). The commuting cost parameter also
governs the within-city housing price gradient, which the model implies to be ¢(z) o< (b + 2)~ /5,

that is, an elasticity of —7/8 ~ —0.45 with respect to distance. Estimating this gradient on DV3F
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transactions located outside the central municipality yields an elasticity of —0.3 (Appendix Table
Column 6), which implies 7 ~ 0.10, with a 95% confidence interval that includes 0.15. I
keep 7 = 0.15: within this interval, it implies a weaker response of the city surface to housing
prices (as discussed in Section [6.3| below), and is therefore conservative with respect to the land
margin. Then, noting that the way city population enters the labour supply equation shown in
(@) is isomorphic to that of |[Ahlfeldt et al.| (2024), I set the congestion parameter d to 1/¢, where €
corresponds to the dispersion of idiosyncratic tastes for a city over another. The closer ¢ is to 0,
the more one worker prefers one city over another, and the less elastic the labour supply. As ¢
tends to +o0o, we have § = 1/e = 0 and labour is perfectly elastic, which goes back to the classical
Rosen-Roback case without spatial frictions. At the cross-city level, e is measured to be between 2
and 3 (Monte et al.,|2018; Bilal, 2023). I thus take 6 = 1/e = 1/2.5 = 0.4.

Second, housing production depends on available land (extensive margin) and the cost of
building taller, o (intensive margin). As available land is determined through the value of the
agricultural land rent, the housing equilibrium equation (7) only depends on the building cost,
with k = (0 — 1) /0. I thus calibrate « following work on intensive housing supply elasticities, and
setit to x = 0.3 (Combes et al.,[2021; Baum-Snow and Duranton),2025).

Third, turning to firms, I set the labour share in production « to 0.75 and the capital share
to 0.2, from Cette et al. (2019) and Gutiérrez and Piton| (2020). The agglomeration parameter is
not directly estimated, but I don’t borrow it from the literature either. I deduce its value from the
structural equation , which implies that A = % — 1. T use my estimate of 3y from
Column (4) in Table |5, and the calibrated values of o and ~ from above to obtain A = 0.11.

6.2 Production vs consumption disamenity: Deducing ¢y and (,

Second, I need to estimate parameter values that govern the endogenous formation of local air
pollution and its feedback onto local fundamentals. On the one hand, the reaction of pollution Z
to population and surface area, i.e. parameters ¢ and ¢g, are directly estimated in the reduced-
form results of Table[2| On the other hand, the effects of Z on amenities § and labour productivity

A are inferred by applying the model’s structure onto the reduced-form coefficients.

Deducing (dis)amenity values Given the structure of the model, I am able to deduce the value

of ¢y and (, from the estimates of Table 3| I rewrite equations and into a system, and
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equalise them to the reduced-form estimates of Section 5

dln(w*&ct) _ din(wg )/dIn(9er) ’72)‘1_(’73”3&"'7719”29)‘?1\’ név _ Bw

dln(Ng',ct) T dIn(NZ ) /dIn(6er) néV(l_(néVza+néV29)¢N) — PN|S (30)
dln(q(0)5 ,) A3 . )/amee) _ mg—(ndzatmize)én nd El

dW(Ng ) AWOVE ofamee) g (1 (neatn) 7)o ) | CNIS

I rely on the calibration of Table[A.5 discussed above to derive the values of the 7 coefficients up to
the values of the ¢ parameters. This way, I am then able to derive the underlying values of (4 and
(p from the combination of known parameters and the total gradients of wages (BA}\”,‘ g, Column 3
of Table3) and housing prices (B;{,| g, Column 3 of Table , estimated in the specifications without
PM, 5. I deduce from these that (4 = 0.11 and {y = 0.06.

As a consistency check, the total gradients estimated without PMs 5 and without surface area
can also be matched to the equations, shown in the Appendix, of the urban wage and housing cost
premia with an endogenous city surface. Following this route, I find consistent estimates of (4 ad

Cy. Those lie at 0.11 for the former, and 0.03 for the latter.

What do (¢ and (, capture? 1 argue that this estimation method allows me to isolate the
effect of city structure-generated differences in air pollution levels on perceived amenities and
productivity across cities. This relies on the assumption that any other city characteristic that is
dependent on city structure and affects local amenities and/or productivity is filtered out.

With respect to (,, one could think of three potentially confounding elements, that are all taken
care of by the identification strategy. First, industrial composition and worker sorting may be at
play, with cities specialised in dirtier sectors having both higher air pollution and wage levels.
This is accounted for through the two-step method used to construct the wage measure, which
nets worker and industry effects out of the wage premium before it feeds the calibration. Second,
there could be other production amenities orthogonal to air pollution that provide a natural ad-
vantage to denser or sprawling cities. This is absorbed by the A\ parameter, which is calibrated to
match my observed wage premium that controls for air pollution. Third, and finally, unobserved
pollutants like NOz and O3 could be generated by density and then have an effect on amenities
and productivity. These co-pollutants share a common generator with PM, 5, car traffic, which is
itself a function of city structure. Like in the reduced-form results, {, could therefore be argued to
be a productivity effect of this pollution bundle, and I do not claim to separate them out.

With respect to (p, one could think of several confounding elements, one of which is also co-
pollutants, for which the same reasoning as for ¢, applies. The first specific component is traffic

noise, which is a function of city size, and hits the amenity margin. The estimated (y here is
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Figure 2: Model-predicted city surface area against observed city surface area
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Notes: One dot for each of 248 cities. The 45-degree line is dotted. Observed city surface area from INSEE 2010 MSA
definition. Model-predicted city surface area from main calibration according to Table[A.5] The slope is equal to 0.882,
the R? to 0.693, and the coefficient of correlation to 0.832.

stripped out of this confounder through controlling for the commuting cost term 7(x). The second
potential threat relates to consumer-city amenities, which rise with city size and capitalise into
housing prices (Glaeser et al., 2001). This is cancelled out under the reasonable assumption that,
conditional on city size and surface, consumer-city amenities are orthogonal to air quality. The
third potential element is crime, which tends to rise with city size (Glaeser et al., 1996; Glaeser and
Sacerdote, 1999), although a causal link has recently been disputed (Exbrayat and Stephane, 2025).
Again, this does not affect my estimate of (y under the assumption that crime is orthogonal to air

pollution levels, conditional on density

6.3 Assessing model fit

As the model gives expressions for their equilibrium values, I solve the model by exploiting data
on observed city population, wages, housing prices and local air pollution. As such, by construc-
tion, these elements are well predicted by the model. However, in the version of the model where

the city fringe is endogenised, I back the latter out using the same observed information. In other

#To some extent, it would be relevant for part of the crime component to be captured in (s, since air pollution was
shown to have a positive effect on crime rates (Bondy et al., 2020; Herrnstadt et al.,2021). In that sense, stripping out
differences in crime rates by introducing such a (likely bad) control would actually be removing part of the actual effect
of air pollution on housing prices, and thus, perceived amenity levels.
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words, city surface is pinned by the fundamentals using equation (24), such that its predicted val-
ues provide a test of the model’s fit. I check the accuracy of predicted city surface by plotting it
against observed city surface area in Figure 2l Overall, the model matches observed surface areas
well, although with a slight over-prediction at the tails of the distribution.

Figure [2|assesses the level of city surface, not its response to shocks, which is what matters for
the counterfactuals. In the model, the fringe responds only to housing prices at the CBD: given
construction productivity and agricultural rent, dIn S ~ (25/7)dIng(0), an elasticity of about
4.4 under the calibration. This response abstracts from land use regulation. Restrictions on the
conversion of agricultural and natural land, as the no net land take objective, create a wedge at
the fringe: they lower the effective elasticity without affecting the within-city price gradient. City
surface responses in the endogenous-surface model should therefore be read as an upper bound,

and the fixed-surface model as the closed-margin bound.

7 Counterfactual exercises

I provide estimations of the effect of density-generated air pollution on spatial wage disparities,
as well as counterfactual exercises based on credible scenarios of city-specific population growth
and local pollution responsiveness to a population increase. For each counterfactual simulation,
I'look at the effect both holding city surface constant, and allowing it to move, so as to shed light

on the role of sprawl as a mitigator of the air pollution channel.

7.1 Air pollution and spatial (real) wage disparities

The model built in Section [2| allows for a general-equilibrium estimation of the role played by
local air quality in shaping wage, housing price, and real wage differentials across cities. Figure
shows the results of a counterfactual exercise taking the variance of observed raw wages (top
left), wages adjusted for worker sorting (top right), housing prices (bottom left) and real wages
(bottom right). Starting from the estimated baseline, I sever the link between density and air
pollution (¢ = 0), while holding the damages caused by air pollution fixed. I then decompose
this effect by letting the reduction in air pollution operate through productivity only, and through
amenities only. Each bar shows the share of baseline cross-city variance that is removed, computed
as one minus the ratio of counterfactual to baseline variance. I do this for a fixed city surface in
purple, and for an endogenous one in orange. A negative value means that air pollution from city
density compresses dispersion, so that tackling it widens the distribution; a positive value means

the reverse.
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Figure 3: Which fraction of the variance in wages and housing prices is attributable to air pollu-
tion?

B s fixed [ S free

Raw wage Housing price Real wage (w - 8 q0)

4%
30%

+3.6%

+25,9%26.2%

0%
3%

20%

2%
-2%

10%

1%

4%

Change in cross-city variance without density-generated pollution

0% 0%

Both channBleductivity chaAne¢nity channel Both channBeductivity chaAmetnity channel Both channBreductivity chaAnetnity channel

Notes: Results from a counterfactual exercise shutting local air pollution down (left), or only the feedback on labour
productivity (middle), or only the feedback on amenity level (right). Figures shown are the change in the variance in
wages (top) and housing prices (bottom) across the 248 largest French cities.

Air pollution damages from density account for a large share of the cross-city dispersion in
wages. Shutting the generation link down entirely removes 27.6% of the baseline variance in raw
wages and 34.6% in adjusted wages under a fixed surface (27.9% and 35.0% under a free one). The
negative sign is central: density-generated air pollution compresses the cross-city wage distribu-
tion, because more air pollution is generated in the densest cities. This drags down their amenities
and productivity, which in turn pulls their wages towards those of smaller cities. The same holds,
to a much smaller extent, for housing prices (3.6% of baseline variance). Air pollution thus acts
as a spatial equaliser across the city size distribution. If a policy allowed cities to generate less
pollution from their density, for instance through cleaner transport, electrified heating or tighter
emission controls, this force would weaken and the largest cities would pull away again.

Real wages go the other way: the share of variance explained by air pollution is positive, mean-

ing that abating air pollution from density compresses real wage dispersion rather than widens
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it. The reason is that the compression of nominal wages and of housing prices do not cancel once
housing costs are netted out: in real terms, density-generated pollution widens the income distri-
bution across cities. Severing the generation link narrows real wage dispersion by 4.1% under a
fixed surface, and by 4.6% under a free one. Air quality is thus equalising in nominal terms but
disequalising in real, cost-of-living terms.

The productivity channel accounts for almost all of these effects: on its own, it removes 25.9%
of the variance in raw wages, 32.6% in adjusted wages, and narrows real wage dispersion by 4.5%
(fixed surface). The amenity channel plays a minor role, with effects below 1.2% in absolute value
for all outcomes. This asymmetry stems only partly from the damage elasticities, as (, is less
than twice as large as (p (0.11 vs. 0.06), and mostly from how each fundamental passes through
to wages. A productivity shock shifts labour demand and passes almost one-for-one into wages
(ny = 1.01). An amenity shock, by contrast, only affects wages through the inflow of workers
it attracts. This inflow has two opposite effects on wages: a higher labour supply lowers wages
through diminishing returns to labour, while agglomeration economies raise productivity@ By
contrast, both fundamentals make a city more attractive and are capitalised into housing prices
with elasticities of similar magnitude (n% = 0.85 and 77 = 0.68), so that the two channels con-
tribute more evenly to the compression of housing prices.

Finally, the fixed-surface bars should be read as the constrained, shorter-run response, and the
free-surface bars as the longer-run response once spatial extent re-optimises. Allowing for sprawl
leaves the wage results almost unchanged, but dampens the compression of housing prices (2.8%
vs. 3.6%) and slightly strengthens that of real wages (4.6% vs. 4.1%): when a city can resize its
spatial extent, it absorbs part of a population change by spreading out rather than through housing

prices.

7.2 Bringing cities within the WHO guideline

In 2021, the WHO revised the recommended guideline for the average yearly concentration of fine
particulates down from 10 ug/m? to 5 ug/m3. In my sample in urban France, 2018 concentration
is 9.85 ng/ m3 at the city level, and 10.94 at the worker level, i.e., around the 2005 guideline of
10 pg/ m3. Figure @ shows three counterfactual exercises, or scenarios, around this objective to
quantify whether a reduction of the elasticity of local PM; 5 to density would allow to reach it. It
shows the reaction of raw wages, adjusted wages, housing prices, real wages, population, density,

city surface, and, of course, PM; 5. All results are displayed at the worker level, by weighting each

2With my calibrated parameters, the two nearly offset each other (aA = 0.08 against 1 — a — v = 0.05): a 1%
amenity-driven increase in population raises wages by only 0.04% (equation ??), hence the small 1" = 0.09.
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Figure 4: Meeting the WHO guideline by reducing the elasticity of air pollution to density
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Notes: Counterfactual exercises whose target is to set the overall mean level of population-weighted PMs 5 below the 5
ng/m?® WHO guideline. Results shown using city-level population weights at the new equilibrium, such that they are
at the worker level, for the average at the new equilibrium. Current-day (2018) PMa 5 is equal to 10.94 pg/m? at the
worker level.

Scenario 1 turns off the city structure-air pollution channel entirely, to set a benchmark, by taking the observed ¢y
down from 0.15 to 0. Scenario 2 targets population-weighted mean PMa 5 to be equal to the 5 pug/m? WHO guideline,
and deduces that under a fixed (resp., free) city surface, the observed &~ should reach 0.092 (resp., 0.093). Scenario 3
reduces the observed ¢ by a quarter, from 0.15 to 0.11.

city by its new equilibrium population, as this is most policy-relevant.

The first scenario severs the link between urban density and local PMs 5, by setting ¢n = OF‘El
For each outcome, this corresponds to the two bars on the left-hand side. This scenario would
meet the WHO guideline, as it achieves a mean PMy 5 of 1.4 ug/ m? under both a fixed and a free
city surface. Therefore, it generates average wage gains of 21.7 to 22.4%, and real wage gains of
18.3 to 19.1%, since the reaction of housing prices is more limited (10.2 to 11.0%). As air pollution
decreases in the most dense, polluted and populated cities, new workers are drawn there, such
that population and density increase in the already largest cities. The latter also expand more into
spaceFEl

As a perfect decoupling of density and air pollution is unrealistic, I use the scenario where

BTt matches the scenario in Section this time looking at mean worker outcomes as opposed to city variances.
#“ At the worker level, average city surface would also increase in the scenario where it is fixed, because of a dis-
placement of workers from more compact cities to more sprawling ones.
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¢n = 0 as a benchmark for two other exercises. The second scenario takes 5 pug/ m3 as a target
for mean PMy 5, and backs out the elasticity of PM> 5 to density needed to reach it: ¢ must fall
by 38% to 0.092. Reaching the guideline would raise wages by about 8% and real wages by 7.0 to
7.2%. Notice that real wage gains are slightly larger under a free surface, as cities accommodate the
inflow of workers by sprawling (+15.2% in surface area) rather than densifying, which dampens
the reaction of housing prices (3.7% vs. 4.1%).

The third scenario reduces the observed elasticity by a quarter, to ¢ = 0.11. Mean PMy 5
then reaches 6.6 ug/m?, above the WHO guideline, but still yields wage gains of 5.4 to 5.5% and
real wage gains of 4.5 to 4.7%, i.e., about a quarter of the benchmark gains. Overall, reducing the
elasticity of air pollution to density generates substantial gains.

Appendix Figure [E.T|shows the same results as Figure [d, but at the city level in Panel (a), and
weighting by baseline city population instead of new-equilibrium city population in Panel (b).
Appendix Figure [E.2| decomposes these effects into the productivity and amenity channels at the
worker level, and at the city level. The productivity channel accounts for virtually all of the
gains in nominal and real wages, while the amenity channel accounts for a substantial share of the
reallocation of workers (about 40% of the population increase under a fixed surface when ¢ = 0)

and part of the increase in housing prices.

7.3 Projecting current internal migration trends

In a third exercise, I back out the change in local amenities that explains the observed population
trend from 1999 to my last year of observation, 2018. I then feed these changes in perceived
amenities back into the model to predict the effect that a continuation of the current migration
trend from cities of the North and East to the Atlantic and Mediterranean coasts, would have
on wages and housing prices, and the share of these effects attributable to induced changes in
local air pollution@ Panel of Appendix Figure [E.4{shows the observed 1999-2018 changes
in population, and Panel the amenity changes that the model requires to explain them.
Appendix [E.2 provides more details on the technical steps.

Figure |5/ shows the results of this exercise at the worker level (i.e., weighting by new equilib-

rium city population)@ Under today’s elasticities, continuing the 1999-2018 trend barely affects

#The model, and thus the counterfactual exercise, abstract from modelling in-migration from outside cities, and
treats them as a closed system. In the projection exercise, each city’s target population embeds its observed 1999-2018
trend, including in-migration from rural areas and from abroad, such that total urban population grows as observed.
The model does not, however, specify where new residents come from, nor allow air pollution to affect the total inflow
into the urban system, which would require an outside option

4 Appendix Figure shows the results at the city level (Panel and weighted by baseline city population

(Panel [E.5D).
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Figure 5: Projecting current internal migration trends
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Mean PM2.5 (ug/m?3) Population Density Surface area
30%

27.1%

20.7921.3%

0,
20% 16.7%16.7%
14.6%

10%

0%

-0.3%
-5.8%

-10%
¢ (today) 0.75¢ ¢ (today) 0.75¢ ¢ (today) 0.75¢ ¢ (today) 0.75¢

Nominal wage Housing price Real wage Welfare
10%

8.5%

6.0% 6.3%

5% 3.8%
3.1% 25%

1.6%

0.5% 0.7%
0%
-1.5% 0-9%

-5%

6.29% 6%

@ (today) 0.75¢ @ (today) 0.75¢ @ (today) 0.75¢ @ (today) 0.75¢

Notes: Projection of 1999-2018 city population trends from 2018 on. Step 1: amenity shocks are backed out to reproduce
each city’s projected population. They average to zero across cities. Air pollution is held at its 2018 level, so that the
shocks are identical across scenarios. Step 2 (shown in the figure): the model is solved under these shocks, with air
pollution responding to the change in population and surface area, at today’s pollution elasticities (¢) and with both
¢n and ¢s reduced by a quarter (0.75¢). Purple: fixed city surface area. Orange: endogenous city surface area. Bars
show changes relative to the 2018 equilibrium, averaged across 248 cities and weighted by new projected equilibrium
population.

average exposure: mean PMy 5 reaches 11.1 pg/m? under a fixed surface area and 10.9 under a
free one, against 10.94 in 2018. Even though density increases by 13.4% at the worker level when
cities cannot expand into space, the elasticity of PMs 5 to density is moderate enough for this to
translate into an increase of only about 1.5% in concentration. The current internal migration trend
is therefore neither a threat to, nor a path towards, the WHO guideline.

Nominal wages barely move under this trend (+0.4 to +0.7%), while housing prices rise by 4.9
to 5.8%, so that real wages fall by 0.9 to 1.5%. This is the counterpart, at the scale of the urban
system, of the asymmetry discussed in Section the trend is rationalised by amenity shocks,
which pass through to wages only weakly but are capitalised into housing prices. Workers moving
towards the Atlantic and Mediterranean coasts thus pay for the amenities of these cities through
higher housing costs rather than lower nominal wages. The fall in real wages should therefore

not be read as a welfare loss, but as the compensating differential for the amenities that attract
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workers to these cities.

Whether city surface area can adjust determines how this growth is absorbed. When it is free,
the trend is absorbed almost entirely through sprawl: average surface area increases by 17.0% at
the worker level, of which about 3 percentage points reflect the reallocation of workers towards
cities with larger surface areas (as shown by the fixed-surface bar), and average density does not
change (-0.3%). When it is fixed, which is closer to the no net land take objective (ZAN), the same
growth is absorbed through a 13.4% increase in density. Absorbing this growth through density
rather than sprawl raises mean exposure by only 0.2 pug/ m? of PMs 5 (about 2%), which is small
compared with the 6 pg/m? gap to the WHO guideline. Real wages fall by only 0.6 percentage
point more under a fixed surface (-1.5 vs. -0.9%), mostly because housing prices rise more (5.8 vs.
4.9%), rather than because of air pollution.

Reducing both elasticities of air pollution to city structure by a quarter reverses the sign of
the real wage change, to +3.1% under a fixed surface and +3.8% under a free one. Relative to the
trend under today’s elasticities, this partial decoupling raises real wages by 4.6 to 4.7 percentage
points and brings mean PMas 5 down to 6.5 to 6.7 pg/m?. This is very close to the effect of a similar
reduction starting from the 2018 equilibrium (real wage gains of 4.5 to 4.7%, Section[7.2). The gains
from decoupling therefore barely depend on where population goes. They also operate through
a different channel than the migration trend: decoupling mostly raises labour productivity, and
hence nominal wages (+5.8 to 6.3%), whereas the trend mostly redistributes amenities and housing
costs across cities.

Decoupling, however, adds to the pressure on housing in growing cities. With a fixed surface,
housing prices rise by 8.5%, against 7.3% when cities can sprawl, as cleaner air makes cities more
attractive and the inflow of workers can only be accommodated through higher prices. Combining
cleaner air with a binding constraint on land take thus makes housing costs the main margin of
adjustment, such that policies cutting emissions per resident would need to be paired with policies
that expand housing supply within the existing surface.

Appendix Figure maps these changes city by city under a fixed surface, which approximates
the no net land take objective. Population, and hence density, grows most along the Atlantic arc
(Rennes, Nantes, Bordeaux), in Toulouse, Montpellier and the French side of the Geneva area,
while cities of the North-East and the Centre shrink. As it is generated by density, local air pol-
lution follows the same pattern, with increases of at most 4%. As nominal wages are virtually
unchanged everywhere, the spatial pattern of real wages mirrors that of housing prices, which
rise by over 7% in the fastest-growing cities: real wages fall most, by about 2%, in Toulouse, Mont-

pellier and close to Switzerland, and barely move in declining cities.
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8 Conclusion

This paper studies how the local air pollution that city structure generates shapes wage, housing
price, and real wage differences across French cities. Its central finding is that density is partly
self-taxing: the local air pollution it generates acts primarily as a production disamenity, which
erodes part of the productivity gains that agglomeration delivers.

First, I provide reduced-form evidence that PM 5 rises with density, while a larger spatial ex-
tent lowers it by about as much at a given population. At a given level of air quality, the urban
wage premium is about 40% larger than when air quality adjusts with density, and the air pol-
lution that density generates accounts for about a third of the real wage penalty to density. Real
wages fall with air pollution, such that the productivity cost of air pollution outweighs the com-
pensation that workers receive for it. Second, I develop and estimate a spatial equilibrium model
with endogenous air quality, which confirms that the productivity channel dominates. Counter-
factual simulations show that density-generated air pollution compresses cross-city differences in
nominal wages, but widens differences in real wages. Bringing French cities within the WHO
guideline by weakening the link between density and air pollution alone would require a near-
complete decoupling.

These results do not argue against densification, which remains justified on climate and pro-
ductivity grounds, but they show that its local environmental cost is borne by the workers of the
densest cities. Densification should therefore be paired with policies that cut emissions per res-
ident, such as cleaner residential heating and public transport scaled to population growth, and
with policies that reduce the level of emissions. Sprawl offers only a partial alternative: it dilutes
air pollution but moves workers further from jobs, and with restrictions on land take such as the
European “no net land take” objective, densification is likely to be the main margin of city growth
in the coming decades. The magnitudes found here also likely represent a lower bound for rapidly
urbanising settings, where the elasticity of air pollution to density is likely higher.

Finally, the model abstracts from worker heterogeneity, such that welfare is measured through
a common utility level. Introducing skill differences would allow to quantify the distributional ef-
fects of density-generated air pollution across skill groups. Since high-skilled workers sort into the
largest and most polluted cities, abating air pollution there would likely strengthen this sorting,
with ambiguous effects on spatial inequality in real wages. Other dimensions of urban morphol-
ogy, such as the distribution of density within cities, would also deserve attention from future

research.
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A Model Appendix

This Appendix provides extra information on the model presented in Section [2, including full
expressions for equilibrium prices and quantities, as well as additional theoretical results relevant
to the estimation of the overall effect of air pollution on these equilibrium prices and quantities.

A.1 Structural equations: fixed city surface

This section provides complementary expressions of equilibrium relationships in the case where
city surface is held fixed. Expressions for equilibrium city population, wages and housing prices
are given in the main text (Section 2.2). In complement, I show here the expression for equilib-
rium real wages, keeping city surface fixed. Expressions for the nominal wage premium and the
real wage penalty are also given in the main text (Section[2.4). I also provide the expressions for
the housing price premium when air pollution is controlled for (equation [32) and when it is not
(equation [33), keeping spatial surface fixed.

Equilibrium real wages, fixed S I write real wages as equilibrium nominal wages, minus the
product of the housing share in expenditure and housing price.

In(wg) — Bln(g(0)s) =Tr+ @ [ad(l — Br) In(A) — (1 — v — a(l + A)(1 — Bk)) In(6)

(31)
— (Ba(1+ A)(1 — Bk))(In(B) + k In(T(Z)]

As equation 1| shows, equilibrium real wages are higher where labour productivity A and qual-
ity of life 0 are higher; and all the more so if housing supply is sufficiently elastic (low x) and if
housing represents a low share of expenditure (low (). This is consistent with the Rosen-Roback
intuition that real wages should negatively react to fundamental amenity levels. Under the very
weak assumption that Sx < 1, real wages however decrease with construction productivity B.

Housing price response to city size, S fixed The housing price premium to higher city popula-
tion estimated using an amenity shock writes:
1 ; 5 1
Olg(O)) _ 1 all+) )
OIn(Ng) — ny 1—vy
This housing price premium is again a positive function of agglomeration economies ), as they
attract a higher worker demand for housing. It is also a positive function of «: the less elastic the
housing supply, the higher the increase in housing price for a given shock.

(Mis)measurement of the housing price premium In the same fashion as in equations and
(20), the housing price premium to density is measured by regressing the housing price index on
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city size or density. If one does not control for air pollution, one estimates the following:

dIn(q(0)5 .,)  din(q(0)z)/dn(0.)  mg — [ndza + nize] dnmly
dIn(N% ) dIn(N%)/dIn(0.) nyY [1— (ndza + niz0)on]

(33)

Failing to control for air pollution implies that its deflating effect on housing prices (at the nu-
merator) and its deflating effect on population (at the denominator) are not accounted for. This
is extremely to the case of nominal wages in equation (18). Worse air quality from higher density
attenuates (resp., inflates) the urban housing price premium if equilibrium housing prices react
more (resp., less) to changes in local fundamentals than equilibrium city size does.

A.2  Structural equations: endogenous city surface

This subsection provides the full expressions for equilibrium city size, nominal wages, and hous-
ing prices, when the city surface S is allowed to vary, as functions of the model’s parameters and
fundamental city attributes: construction productivity B, labour productivity A and amenity level
6. Shorter versions of these expressions are derived and discussed in Sectionof the main text. ®
is equal to (7 — (1 +7 — 28k)[(1 —v)(1 +6) — (1 + \)®]) !, and T, T'r and Ty group constant
terms. Appendix Table provides a calibration of the coefficients.

Equilibrium nominal wages, S free I follow the same procedure as in Section 2.2 with fixed city
surface to obtain an expression for nominal wages with an endogenous city fringe.

In(w*) =Tp — [(1 —y—a(l+ X)) [Zer In(0) + (26km + BoT — 1) ln(B)]

4 (0]
1—

[T 4 (2Bkm — 7) (1 — ) 4] 1n(j1)] (34)

= [f‘p —(I=v—a(l+ X)) (TeIn(d) + T'pln(B)) + 7 “

©(r+ 8- lnui)]

Since I'y/ > ® and a(1+ A) > 1 — v, for the same improvement in consumption amenities 6, nom-
inal wages increase more when the city fringe is allowed to react than when it does not. This is
due to the fact as amenities improve, the expansion of the city allows for an even larger increase in
population, and hence an even larger gain in labour productivity. Let us assume a positive shock
on amenities as in Section The inflow of inhabitants to the city triggers wage gains through
agglomeration economies, but also raises local air pollution. Labour productivity and amenity
levels decrease as a consequence. Equation (34) shows that the negative shock on # will have an
even stronger negative effect on wages if the city fringe is allowed to react. This effect is however
mitigated by the spatial expansion of the city, which disperses pollutants and thus limits the in-
crease in local air pollution.
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In the main text, I denote:

Ly/® =20k —1, I'p/®=p2Fk+7(c—1)—1),and'y/P = Br(2 — 7')1 iév -1 (35)

A.3 Theoretical implications for estimation: the effect of Z on w* and g(0)*

This subsection complements the results of Section 2.4/ by discussing the model-derived expres-
sions for the “exogenous” effect of local air pollution on equilibrium wages and housing prices,
omitting its relation to city structure.

Air pollution and nominal wages Inserting equations (14), on the effects of Z;, and (15), on Z;
formation, into equation for equilibrium wages at the city level, the effect of local air pollution

on nominal wages can be expressed as:

k
8fws‘,ct

0Z

=((1=v—a(l+X)zg— (a(d + BK))z)P <0 (36)

Which, because oA > 1 — a — v, as we show below, is unambiguously negative. In the presence of
strong agglomeration economies, reduced-form estimates on the effect of air pollution on nominal
wages cannot be used to infer whether any compensation for local air pollution does occur.

Air pollution and housing prices Doing the same as above, but looking at equilibrium housing
prices from equation (13), I obtain:

dn(q(0)5,,)

T (Zur) —ak[(z0 4 2q) + (Azg + 024)| P < 0 (37)

Both agglomeration gains A and congestion costs § intervene to make the effect of Z.; even more
negative. As a consumption disamenity, higher air pollution drives workers away from the city,
which depreciates housing prices, and even more so when the loss of workers implies a strong
foregone productivity gain (a high ). A similar mechanism arises due to local air pollution being
a production disamenity (—z, < 0): the loss of workers implies lower congestion, which depletes
housing prices even more strongly if these costs matter a lot (a high ¢).

Air pollution and real wages | measure real wages as equilibrium wages net of housing costs,
and follow conventions by defining the latter as the product of the housing expenditure share g

and the equilibrium housing price ¢(0) The effect of local air pollution on real wages thus

*
S,ct®
writes:

9 (In(wy) — BIn(p"))
0 ll’l(th)

=|1=7y—a@+X) (1—-pkK))z —ad(l-Pk)z|P (38)

The sign of the overall effect is here ambiguous. The productivity channel on the right-hand
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side implies a negative effect (—a 6(1 — Sk)z, < 0 under the reasonable assumption that fx <
1). However, the consumption amenity channel on the left-hand side induces a positive (resp.,
negative) impact of better amenities on real wages only if extra labour income from agglomeration

economies, through a\, is larger (resp., smaller) than 11__575 — o I discuss this strong condition

further below when I study the measurement of the real wage differential of city size. In practice,
housing supply is not sticky enough, i.e., « is not large enough, for amenities to have a negative

impact on real wages.

A.4 Model calibration

The discussion behind the choice of calibrated values of Table below is given in Section of
the main text.

Table A.5: Parameter values

Name Notation Value Source
Labour share e 0.75 Cette et al.|(2019); Gutiérrez and Piton|(2020)
Capital share v 0.2
Housing share Jé] 0.33 Combes et al.|(2021)
Inverse housing supply elasticity K 0.3  |Combes et al.|(2021); Baum-Snow and Duranton|(2025)
Congestion -0 -0.4 Monte et al.|(2018);|Bilal|(2023)
Agglomeration A 0.11 Deduced from TSLS estimation of
Commuting disutility T 0.15 Combes et al.|(2019)
Commuting cost within CBD b 0.05 Combes et al.|(2019)
Air pollution from population oN 0.15 Estimation of (27), TSLS
Air pollution from footprint -pg -0.14 Estimation of 1 , TSLS
Production disamenity -Ca -0.11 Deduced from estimation of 1 , TSLS
Consumption disamenity -Co -0.06 Deduced from estimation of , TSLS

Notes: k = 2=*, where o > 1 denotes the convexity of the cost of building taller, is an intensive-margin elasticity, hence
the calibration to|Combes et al.|(2021). § = 1/¢ = 1/2.5 where € is the dispersion parameter in [Ahlfeldt et al.|(2024);
Monte et al.|(2018); Bilal| (2023).

61



Table A.6: Calibrated values of main coefficients of equilibrium city size, wages and housing prices

Equation Coefficient Symbolic value Calibrated value
City size, S fixed dn s (1—7)@ 2.16
City size, S free dirfn]\g* 2(1 —v)Bk® 2.29
City size, S fixed il a(l — Br)® 1.83
City size, S free dj?n]\g (2 — 7)afBrd 1.98
Wages, S fixed % “(I=y—a(l+A)® 0.09
Wages, S free e —2(1 =y —a(l+N))Br® 0.09
Wages, S fixed Zil?n% a(d+ Br)P 1.01
Wages, S free dllr;wA — [1 —@-71 -7 -a(l+ A))ﬁmi] 1.02
Housing price, S fixed dlz fn((;)% ro(l + /\)<I>~ 0.68
Housing price, S free dlng(0) 5 (1 - 2Q5n¢>> 0.54
Housing price, S fixed dl;;fl(%)*g ko(l+0)® 0.85
Housing price, S free dldnlq% = (1 - (2- T)Qﬁmi)) 0.68

Note: All calibrated values taken from Table
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B Data Appendix

This Appendix contains additional information on the data sources and how I use them to con-
struct wage and housing price outcomes.

B.1 Wage measure

For years 2002 to 2018, the period of study, the raw data contains about 57.8 million observations.
Sample selection rather closely follows Combes et al. (2008), even though improvements in the
quality of the data allow to impose less stringent constraints. For instance, I am able to keep part-
time employees, since the number of hours worked is observed from 2002 on, as observed to the
number of days worked.

Sample selection Table |B.1| presents the evolution in the number of observations at some im-
portant steps of the sample selection. I start by dropping all observations with missing values
in important variables. Given that the data is at the job level, some workers are observed several
times in one year. In such a case, I select the observation with the highest number of hours worked.
Then, I proceed to select private sector employees of working age (between 15 and 65 years old)
who work in mainland France. This covers both full-time and part-time Workerslﬂ As I use soil
characteristics as instruments for density, I exclude all workers of the agricultural sector in order to
avoid endogeneity. Moreover, some sectors such as postal service or financial intermediation have
specific reporting rules, which allow them to file their declaration at the regional level instead of
the establishment level. This implies that for these industries, one cannot properly pinpoint the
employment zone workers work in. As such, these industries are excluded from the sample. I also
drop all (3-digit) industries that have less than 500 observations throughout the study period. In
addition to public administration and agricultural activities, this implies excluding the following
industries: financial services, insurance, postal services, telecommunications, coal extraction, ura-
nium, thorium and other non-ferrous metal extraction, supporting activities in oil extraction and
other extracting activities, manufacturing of fur products, coking, and manufacturing of magnetic
and optical media. Finally, some outlying values in hourly wage, likely due to reporting mistakes
in the number of hours worked or the yearly wage, are dropped by trimming the bottom 1% and
top 1% of hourly wages for each year. The final sample consists of 25 million worker-year obser-
vations over the 2002-2018 period, out of which 21.6 million live and work in urban areas.

Accounting for unobserved sorting In order to filter out unobserved worker heterogeneity and
localisation economies, I use the two-step method of Combes et al. (2008), and compute an “ad-

#1Combes et al.| (2008) use DADS data over the period 1976-1996, during most of which one could not observe the
number of hours worked, but the number of days worked. As such, they focus on full-time employees.

81 thus drop Corsica and overseas départements.

¥This includes agriculture, fishing and extractive industries.

5ORegional reporting precludes the proper identification of the location of workers, which is crucial here. Industries
that are allowed to use regional-level reporting include financial services, insurance, ICT, and postal services.
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Table B.1: Number of observations for each step of the DADS sample selection, 2002-2018

Step Description Observations left
0 All observations 57,781,020
1 Mainland France®]| + wage and hours > 0 51,473,665
2 Only 1 observation per worker 51,463,451
3 Drop retirees, apprentices, elected officials 51,109,349
4 15-65 age range 51,091,059
5 Drop public sector and associations 37,153,371
6 Drop industries likely correlated with vi® 36,246,304
6  Drop industries with regional reporting™| 28,063,799
7 Drop industries <500 observations 25,487,665
8  Drop top and bottom 1% outliers in hourly wage 24,977,890
9  Keep only those in selected urban areas 21,618,013

justed wage” Wa% . I estimate this from the worker-year panel:

Inwy = Wih , +PBLH, + A + X5 7 + X0 AW + e (39)
where w;; is the hourly wage of worker i for year ¢, PBLH. is worker fixed effect and )\ is a sector
fixed effect. Exploiting the individual nature of the data allows to differentiate the role played
by individual characteristics (age, age squared in X") from the role played by sector-city-specific
characteristics X°. X includes the share of executiveﬂ in local sector s in city ¢, the (log) share
that each sector s represents in the total employment of city ¢ and the (log) share that each sector
s represents in the total number of establishments of city ¢, all at time ¢. ngdj is a city-year fixed
effect, and corresponds to the adjusted wage measure used as the main outcome of the wage
analysis.

B.2 Housing price index

I construct a housing price index based on exhaustive transaction data from the DV3F (Demande de
Valeurs Foncieres) database, collected for tax collection purposes. The dataset is available from 2010
on, and covers the universe of housing and land transactions in France, excluding Alsace-Moselle,
in the East. I focus on years 2010-2018 and select transactions of flats and houses, and thus exclude
transactions of entire buildings or bare or agricultural land. As there are some outlying values due
to errors in recording, I compute the price per sqm and trim the top and bottom 0.5% of prices per
sqm at the département xyear level. At this point, I have 5,186,887 transactions over 9 years. To
ensure that the housing price index is computed on non-sparse cells, I select cities for which I
observe at least 150 transactions per year, which brings the number of cities down from 403 to 257,
and the number of transactions to 5,089,014.

As the empirical equivalent of the housing price gradient of the theoretical model, I compute

°!T use the INSEE definition of occupations, which includes executives, engineers but also largely “independent”
professional occupations such as lawyers, physicians and veterinarians (with employee status) or journalists.
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the housing price index from the residual city-level variation x. in a regression that I run at the
transaction level. For each year ¢, I regress the log price of transaction j of a dwelling located in
city c and sold during quarter g¢:

In(transaction price; ) = ao + o In(built area;) + az In(1 + plot area) + a3 distance CBD; @0)
+ asl{house;} + a5 building period; + wg + xc + u;

where I regress the log of the amount of the transaction on the log built area, the log plot area
(+1), distance in km to the CBD, a dummy equal to one if the good sold is a house (0 if it’s a flat),
a factor of 6 construction periods, and a quarter fixed effect. x. thus denotes the city fixed effect
that measures the housing price index at the CBD, net of differences in housing composition, and
is my measure of ln(q/(O\))ct.

For the sake of exposition, Table [B.2] provides estimations of several variants of equation (40),
grouping all years together and replacing x. by a city-year fixed effect (not shown). In particular,
comparing Column (2) to Column (3), (5) or (6) shows that using level distance to the CBD, log
distance to the CBD, or a quadratic form as a control for the within-city housing price gradient has
no incidence. It also shows that the estimations are not sensitive to the exclusion of transactions
that occur in the CBD (and for which distance is equal to 0).
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Table B.2: Hedonic regressions of housing prices and distance to CBD

Outcome: log transaction value

@ 2 ®3) 4) ©) (6)
Distance to CBD (km) -0.0180*** -0.0190*** -0.0186**
(0.0029) (0.0023) (0.0078)
Distance to CBD (km) squared 1.28 x 107
(9.31 x 107°)
log (distance to CBD + 0.01) -0.0218***
(0.0053)
log distance to CBD -0.2935***
(0.0850)
log built area 0.7590***  0.7581***  0.7565***  (.7492*** 0.7582*** 0.7550***
(0.0080) (0.0099) (0.0083) (0.0183) (0.0100) (0.0218)
log (plot area + 1) 0.0130*  0.0346™*  0.0195***  0.0349*** 0.0348*** 0.0323***
(0.0070) (0.0026) (0.0064) (0.0032) (0.0032) (0.0043)
House dummy -0.0246 0.0500* -0.0015 0.0064 0.0511*** 0.0210
(0.0488) (0.0262) (0.0494) (0.0275) (0.0190) (0.0146)
Q2 0.0080***  0.0083***  0.0077***  0.0084*** 0.0083*** 0.0083***
(0.0009) (0.0011) (0.0009) (0.0016) (0.0010) (0.0018)
Q3 0.0364**  0.0350***  0.0356***  (0.0382*** 0.0350*** 0.0385***
(0.0029) (0.0027) (0.0028) (0.0033) (0.0026) (0.0036)
Q4 0.0157***  0.0176***  0.0157***  0.0190*** 0.0176*** 0.0185***
(0.0012) (0.0015) (0.0012) (0.0016) (0.0014) (0.0016)
Built before 1914 0.0512 0.0267 0.0417 0.0360 0.0258 -0.0077
(0.0870) (0.0655) (0.0839) (0.0854) (0.0583) (0.0469)
Built 1914-1944 0.1315** 0.0345 0.1068* 0.0437 0.0335** 0.0363**
(0.0610) (0.0214) (0.0589) (0.0308) (0.0148) (0.0173)
Built 1945-1960 0.0743** 0.0053 0.0499* 0.0225 0.0042 0.0099
(0.0302) (0.0132) (0.0285) (0.0195) (0.0075) (0.0114)
Built 1961-1974 0.0184** -0.0010 0.0130 0.0208** -0.0014 0.0113
(0.0086) (0.0070) (0.0084) (0.0097) (0.0077) (0.0141)
Built 1975-1989 0.1110**  0.1110**  0.1111**  0.1201*** 0.1108*** 0.1055***
(0.0135) (0.0136) (0.0147) (0.0162) (0.0146) (0.0262)
Built 1990-2012 0.1883**  0.2067***  0.1962***  (0.2019*** 0.2069*** 0.1902***
(0.0182) (0.0151) (0.0183) (0.0193) (0.0143) (0.0248)
Built after 2013 0.2019**  0.2316™*  0.2179***  0.2000*** 0.2320*** 0.1915***
(0.0231) (0.0175) (0.0231) (0.0214) (0.0161) (0.0255)
Including distance CBD =0 X X X X
City xyear fixed effects X X X X X X
Observations 5,089,014 5,089,014 5,089,014 3,651,168 5,089,014 3,651,168
R? 0.57379 0.63560 0.57919 0.59338 0.63562 0.58951
Within R? 0.46621 0.54361 0.47296 0.51340 0.54365 0.50877

Sources: DV3F, IGN.

Notes: Standard errors clustered at the MSA level in parentheses. Signif. Codes: ***: 0.01, **: 0.05, *: 0.1.

The top panel displays variations of the control for distance to the CBD, while the bottom panel displays controls
common to all regressions (built area, plot area, house dummy, quarter of transaction and construction date). Columns
1-3 and 5 include transactions located in the CBD (defined as the central municipality of the city), while Columns 4 and
6 don’t. All columns include city xyear fixed effects, which constitute the measure of the housing price index used in
the main analysis.
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B.3 Summary statistics

Table B.3: Summary statistics - French MSAs, 2002-2018

Variable Mean Std Dev. Min. Max. NxT

Main variables
Hourly log wage W (2019 €) 2.28 0.10 1.97 2.61 6,069

Adjusted log wage W4 0.30 0.26 -024 096 6,009
Employment density 169.9 12432 2553 1,121 6,069
Log employment density 4.93 0.64 324 7.02 6,069
Population density 189.0 140.6 2755 1,264 6,069
Log population density 5.03 0.65 332 714 6,069
Population (thousands) 140.9 674.2 2.67 12,481 6,069
Log population 10.73 1.21 7.89 16.34 6,069
Area (sq. km) 618.1 1,190 15.52 17,284 6,069
Log area 5.71 1.17 274 976 6,069
PM, 5 concentration (ug/m?) 12.52 2.19 6.90 33.2 6,069
Log PM concentration 2.51 0.17 193 350 6,069
Number of PM; 5 pixels 729 1,425 18 21,136 6,069
Housing price index (€/km?) -0.33 0.33 -1.15 118 1,700

Weather controls
Mean winter temperature (°C) 7.03 217 -7.35 1227 6,069
Mean summer temperature (°C) 17.14 1.84 725 2315 6,069

Mean wind speed (km/h) 13.52 3.98 1.18 26.81 6,069
Mean cloud cover (%) 61.81 6.42 378 7350 6,069
Total precipitation (m) 0.83 0.23 030 201 6,069
Geographical controls

Mean elevation (m) 24845 29327 094 2,286 6,069
Ruggedness (m) 45444  581.20 2.2 4,030 6,069
Sea (dummy, %) 17.93 6,069
Waterway (dummy, %) 38.41 6,069
Mountainous (dummy, %) 31.42 6,069
Instruments

Log 1806 population 9.78 1.35 0 13.83 6,069
Topsoil CEC: medium (%) 23.2 6,069
Some soil differentiation (%) 40.9 6,069
Share of swelling minerals 19.2 0.25 0 1 6,069
Share of clay/silts 33.8 0.30 0 1 6,069
Number of days with low PBLH  104.1 15.6 6 212 6,069

Sources: INSEE, DADS, ACAG, ERA5, IGN, Observatoire des Territoires, Cassini-EHESS, DV3F and ESDAC.
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C Instrumental variables

C.1 Instrumenting for cross-city variation in density

Requirements from the model As shown in Section an instrument for city size must shift con-
sumption amenities # rather than labour productivity A, which affects wages directly. When
housing prices, and hence real wages, are the outcome, it must not shift construction produc-
tivity B either, as the latter affects housing prices directly. In addition, the decomposition of the
wage—density gradient in Section [d] requires the instruments for city structure to affect PMs 5 only
through density and surface area. This section describes each soil instrument, the channel through
which it is expected to affect density, and the channels through which it could violate these re-
quirements.

Construction of the soil instruments All three instruments are drawn from the European Soil
Database (ESDB), whose attributes are expressed as categorical classes on a 1 km x 1 km grid.
They are derived from the soil typological units of the 1:1,000,000 European soil map and contain
no contemporary measurement. For each city, I compute the share of its surface area that falls
into a given class. The instruments enter the first stages with quadratic terms, as I expect the re-
lationship between soil quality and current city size is expected to be hump-shaped. Figure
shows this hump shape for each instrument, and the first stages in Tables and confirm it

conditional on controls.

Subsoil cation exchange capacity Cation exchange capacity (CEC) measures the soil’s ability
to retain positively charged nutrients such as calcium (Ca?"), magnesium (Mg?") and potassium
(K1), and is therefore a central determinant of chemical fertility. The instrument is the share of
the city’s surface area with a medium subsoil CEC. Medium values correspond to soils that retain
enough nutrients to sustain cultivation without the heavy, hard-to-work textures associated with
the highest values, which were costly to till before mechanisation. The intended channel is his-
torical: such soils supported agricultural surpluses, and hence early settlement, which persists in
current city size. The main threat to validity is a construction-cost channel. CEC rises with clay
content and with the share of swelling clay minerals, and clay-rich subsoils are those most exposed
to shrink-swell movements, which damage foundations and raise construction costs. This would
make subsoil CEC partly a shifter of B, which remains a valid instrument for nominal wages, but
not for housing prices or real wages. The restriction to the medium class limits this concern, as
shrink—swell hazard concentrates in the most clay-rich soils.

Medium depth to a gleyed horizon A gleyed horizon is a soil layer saturated with water for
long periods, in which water replaces oxygen. When it lies close to the surface, roots lack oxygen
and land is hard to work. When it lies very deep, soils tend to dry out. Land with a gleyed hori-
zon at a medium depth is therefore seasonally moist but workable, typically in valley bottoms and
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alluvial plains, and was well suited to pre-industrial agriculture, both for crops and for meadows.
The instrument is the share of the city’s surface area with a gleyed horizon at a medium depth.
Two historical channels make it relevant for settlement: agricultural workability before modern
drainage, and the disease environment, as permanently waterlogged land was associated with
endemic malaria in several French regions until the nineteenth century. Both operate through his-
torical amenities and agricultural potential, rather than through current productivity. The main
threat is again a construction-cost channel: high water tables raise foundation, drainage and base-
ment costs, and correlate with flood exposure. As for CEC, this would invalidate the instrument
for housing prices and real wages, but not for nominal wages. The restriction to the medium class
again limits the concern, as construction costs are highest where the gleyed horizon is shallowest.

High topsoil organic carbon The third instrument is the share of the city’s surface area whose
topsoil organic carbon content falls in the high or very high classes. Organic carbon improves
water retention and nutrient cycling, but high contents also reflect slow decomposition, typically
under grassland and in cool or moist conditions. The instrument thus captures land better suited
to grazing and meadows than to intensive arable farming, which shaped the historical density
of settlement. Unlike the two other instruments, organic carbon is derived in the ESDB through
expert pedotransfer rules that combine soil type, climate and the typical land use associated with
each soil typological unit in the 1:1,000,000 soil map (?). It therefore contains no local measure-
ment and does not reflect actual land cover around cities. The construction-cost channel is thus
very limited in its case.

Productivity channel For all three instruments, a direct effect on current labour productiv-
ity would run through agriculture, which now accounts for about 2% of employment and value
added. Agricultural workers are excluded from the wage sample, and the two-step adjusted wage
nets out sectoral composition. A remaining channel could run through agri-food industries, if soil
quality raises their local productivity, for instance through cheaper or better inputs.
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Figure C.1: Geological instruments and urban density

(a) High subsoil CEC (b) Medium depth to gleysoil

% high subsoil CEC % medium depth to gleyed horizon
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(c) High topsoil OCC (d) Employment density

% high topsoil organic carbon Employment density (selected DADS sample, by km2)
B B

0 025 05 075 1 1 3 10 20

Sources: INSEE, ESDAC, DADS.

Notes: All values are averages over the 2006-2018 sample period. Values of Panels (a), (b) and (c) are computed as shares
of the total surface area of the city. Panel (d) measures employment density as the number of workers in the DADS
final sample, divided by the total surface area of the city.

Paris and south-western cities, such as Toulouse, compound both high CEC, a medium depth to a gleyed soil horizon
and relatively low topsoil OCC, but have different levels of density. Cities located on the Mediterranean seafront, like
Marseille or Nice in the south east, are very dense but do not have any of these soil fertility advantages. Central cities
have high shares of medium depth to gleysoil but comparatively lower density. Northern cities display high subsoil
CEC and topsoil OCC, but very deep gleyed soil (hence the low medium depth). The instruments are thus not perfectly
correlated.
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Figure C.2: City size and surface area peak at intermediate soil fertility

(a) Subsoil CEC and employment
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Sources: ESDB, DADS, IGN.

(b) Topsoil CEC and area
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Notes: Each row shows a different soil fertility feature on the x-axis. The left column shows employment on the y-axis,
and the right column shows surface area on the y-axis. Each point corresponds to a city, and the size of the point is
proportional to city employment. The plain purple curve fits a quadratic function to the points, without weighting by
city employment, while the red dashed line fits a quadratic function, weighting by city employment.



C.2 Instrumenting for cross-city variation in air quality

The planetary boundary layer (PBL) height instrument counts, for each city, the days on which
daily PBL height is an anomaly, i.e., when it falls below a benchmark. The choice of benchmark
is not innocuous. Let PBLH,, denote daily PBL height in city ¢ on day d, PBLH. = E[PBLH,,]
its long-term mean, and PBLH the common (pooled) mean across cities. Comparing to the city’s
own mean counts days with LowPBLH,; = PBLH,;/PBLH, — 1 < —(1 — a), while comparing to
the common mean counts days with P/éiT—ch = PBLH,.;/PBLH — 1 < —(1 — a), and these are not
interchangeable.
A common benchmark applies, in own-mean terms, a city-specific cut-off:
e PBLH

PBLH. < —(1 —a) <= PBLH. < aPBLH <= LowPBLH. < a SBIH. l=r..

The cut-off 7. = a (PBLH/PBLH,) — 1 is a deterministic, decreasing function of the city’s level
PBLH,. A city with a chronically shallow PBL (PBLH, < PBLH) faces a lax cut-off and is counted
as low-PBL most of its days. A city with a chronically thick one (PBLH, > PBLH) faces a stringent
one and is almost never counted. With a = 0.7, a city at PBLH, = 0.5PBLH has 7. = +0.40 and
one at PBLH. = 1.5 PBLH has 7. = —0.53. The common-benchmark count is therefore essentially

a monotone transform of PBLH,, which recovers the topographic level, i.e., elevation and coastal
position, which also loads on local amenities. Own-mean normalisation removes the level by con-
struction, leaving cross-city variation in the shape of each city’s centred distribution, by measuring
how often PBL height dips below its own norm.

Figure makes this visible: the cross-city dispersion in PBLH, is large (Panel a), so centring
on the common mean (Panel b) merely shifts each city’s whole distribution by its own level and
the count IV still tracks that level, whereas own-mean normalisation (Panel c) centres every city
at zero and leaves only tail-shape differences.

The factor a trades off two forces. A low a (a large required drop) selects only the days of
most extreme vertical stagnation, where the instrument’s relevance is cleanest; but set too low,
some cities never reach the cut-off and take a zero value, so identification comes from a subset of
cities and estimates a very local effect. A high a (a small required drop) mechanically counts many
days in every city, so the counts saturate and cross-city variation (and with it instrument strength)
wavers. The value a = 0.7 is an empirically sound middle ground. Table ?? reports first stages
across a range of a.

Two balance checks support treating the own-mean count as orthogonal to fixed geography.
First, regressing PBLH,. on coarse geography (elevation, coastal distance, terrain, region) returns
a high R?: the level is geography. Second, regressing the own-mean count on the same geography
(and on the recovered amenity ;) returns a weak association: the surviving shape variation is not.
Table ?? reports both.
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Figure C.3: Daily PBL height, overall means, and city-specific means
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Sources: ERA5, INSEE, IGN.

Notes: Each line is one city’s density of daily PBL height (2002-2018); hourly ERA5 measures are averaged over the city
surface and aggregated to the daily level. Panel (a) plots levels, with the vertical line at the pooled mean across all cities
and days (PBLH = 550 m). Panel (b) expresses each day as a deviation from that common mean, PBLH.;/PBLH — 1;
Panel (c) as a deviation from the city’s own mean, PBLH.q/PBLH. — 1. In (b) and (c) the solid line marks the a = 0.7
cut-off (—30%) and the shaded area spans deviations of 5% to 50% below the benchmark (@ = 0.95 to a = 0.5).
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Figure C.4: Raw PBL height instrument, PM3 5 concentration and PM; 5 exposure

(a) Days with a low PBL height (b) PM; 5 concentration (c) PMy 5 exposure

Number of days with a low PBL height

100 120 140

Sources: ERA5, ACAG, INSEE, IGN.

Notes: All values are averages over the 2006-2018 sample period. PMs 5 is measured by averaging pixels over the
city’s surface area. PMz. 5 exposure is measured by taking a population-weighted average of PMa.5 concentration at the
neighbourhood level, and is the main measure of air pollution used throughout the paper.
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Figure C.5: No correlation between instruments for city structure and for air pollution
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Sources: ESDB, ERA5, IGN, INSEE.
Note: Point estimates of regressions of the PBL height IV (for local air pollution) on the soil IV (for density) and cor-
responding 95% confidence intervals, at different levels of factor a in equation @) The main regression results use
a = 0.7, shown in bold and purple.
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C.3 First-stage regression results

Table [C.1|shows first-stage regression results for city size. Both soil instruments and 1806 popula-
tion predict current population, while 1836 density in the central municipality of the city and the
PBLH IV (intended to predict air pollution) don’t. This holds controlling for weather (Columns
5-6) or not (Columns 1-4), and taking each instrument independently (Columns 1-3) or together
(Columns 4-6).

Table does the same for city surface, and shows the relevance of both lagged population
and soil instruments, while the instrument for air pollution does not predict it. Importantly, the ex-
pected inverted U-shaped relationship between soil fertility and city size and surface is confirmed
(Columns 2-6 of Tables|C.1]and [C.2).

Table |C.3|provides first-stage regression results for air pollution.
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Table C.1: First-stage regression results - City size

Outcome variable: log employment, excl. missing q(0)

©)) (&) ®) (4) ®) (6)
log 1806 population 0.641*** 0.624***  0.600***  0.603***
(0.090) (0.085) (0.089) (0.090)
log 1836 central density 0.102 0.082 0.105 0.104
(0.063) (0.061)  (0.064)  (0.064)
% medium gleysoil depth 3.47%%x 2.01%** 1.62%* 1.60**
(0.970) (0.689) (0.680) (0.680)
5q. % medium gleysoil depth -5.17*** S3Aree 2.710 2.70%
(1.55) (0.990) (0.984) (0.980)
% high organic carbon 1.65** 1.11* 1.36** 1.28**
(0.692) (0.593) (0.597) (0.609)
Sq. % high organic carbon -1.22 -0.837 -1.11 -1.03
(0.753) (0.703) (0.720) (0.734)
Nb days low PBL height -0.001
(0.003)
Observations 2,223 2,241 2,241 2,223 2,223 2,214
Number of clusters (cities) 247 249 249 247 247 246
R? 0.57 0.24 0.23 0.60 0.61 0.61
F-stat 957.22 58.09 36.92 357.35 354.49 349.33
Outcome variable: log employment, incl. missing q(0)
@ @ G 4) ©®) (6)
log 1806 population 0.594*** 0.581***  (0.582***  (.585***
(0.076) (0.072)  (0.075)  (0.075)
log 1836 central density 0.081 0.069 0.065 0.064
(0.057) (0.056) (0.058) (0.058)
% medium gleysoil depth 3.24%** 2.31%** 1.99%** 1.97%**
(0.904) (0.650) (0.634) (0.635)
5q. % medium gleysoil depth -4.99*** -3.70*** - -3.33%**  -3.32%**
(1.51) (0.978) (0.952) (0.951)
% high organic carbon 1.78*** 0.927* 1.12** 1.07**
(0.612)  (0.516)  (0.514)  (0.525)
Sq. % high organic carbon -1.71 -0.894 -1.09* -1.04*
0.651)  (0.567)  (0.575)  (0.586)
Nb days low PBL height -0.002
(0.002)
Observations 5,066 5134 5,134 5,066 5,066 5,049
Number of clusters (cities) 298 302 302 298 298 297
R? 0.565 0.275 0.260 0.586 0.602 0.601
F-stat 1,884 114.48 60.58 704.45 710.48 700.50
Outcome variable: log population, incl. missing q(0)
O] @ G 4) ©) (6)
log 1806 population 0.567*** 0.553***  (0.534***  (0.536***
(0.077) (0.073) (0.075) (0.075)
log 1836 central density 0.104* 0.093 0.111* 0.110*
(0.059) (0.057) (0.059) (0.059)
% medium gleysoil depth 3.34%** 2.40%* 2.17%** 2.10%**
(0.901) (0.652) (0.641) (0.642)
Sq. % medium gleysoil depth -5.20%** -3.89%**  -3.60***  -3.59%**
(1.53) (1.00) (0.980)  (0.980)
% high organic carbon 1.96%** 1.04** 1.22%* 1.18**
0.605)  (0.505)  (0.507)  (0.517)
Sq. % high organic carbon -1.93%** -1.06* -1.21%* -1.17**
(0.648) (0.568) (0.578) (0.588)
Nb days low PBL height -0.003
(0.002)
Observations 4,172 4,228 4,228 4,172 4,172 4,158
Number of clusters (cities) 298 302 302 298 298 297
R? 0.567 0.284 0.270 0.592 0.602 0.602
F-stat 1,524 102.93 59.98 580.29 578.25 569.23
Geography controls X X X X X X
Weather controls X X
Mean PBLH control X
Year fixed effects X X X X X X

Notes: Geography controls include mean elevation, ruggedness, share of land covered by mountains, and dummies for
sea access and waterway presence. Weather controls include summer temperature, winter temperature, mean wind

speed and total precipitation.
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Table C.2: First-stage regression results - City surface area

Outcome variable: log surface area, excl. missing q(0)

1) 2) ®) @) ®) (6)
log 1806 population 0.713*** 0.685***  0.667***  0.646™**
(0.077) (0.071) (0.077) (0.078)
log 1836 central density 0.102 0.082 0.105 0.104
(0.063) (0.061) (0.064) (0.064)
% medium gleysoil depth 3.47*** 2.01%** 1.62%* 1.60**
(0.970) (0.689) (0.680) (0.680)
Sq. % medium gleysoil depth -5.17*** S3 A1 271 2707
(1.55) (0.990) (0.984) (0.980)
% high organic carbon 1.63** 1.17* 1.31%* 1.36%*
(0.755) (0.654) (0.664) (0.678)
Sq. % high organic carbon -1.50* -1.17 -1.34* -1.41*
(0.827) (0.760) (0.776) (0.792)
Nb days low PBL height -0.001
(0.003)
Observations 2,223 2,241 2,241 2,223 2,223 2,214
Number of clusters (cities) 247 249 249 247 247 246
R? 0.57 0.24 0.23 0.60 0.61 0.61
F-stat 957.22 58.09 36.92 357.35 354.49 349.33
Outcome variable: log surface area, incl. missing q(0)
1) &) ®) 4) ©) (6)
log 1806 population 0.594*** 0.581***  0.582***  (0.585***
(0.076) (0.072) (0.075) (0.075)
log 1836 central density 0.081 0.069 0.065 0.064
(0.057) (0.056) (0.058) (0.058)
% medium gleysoil depth 3.24%** 2.31%** 1.99*** 1.97%**
(0.904) (0.650) (0.634) (0.635)
Sq. % medium gleysoil depth -4.99%** -3.70***  -3.33***  -3.32%**
(1.51) (0.978) (0.952) (0.951)
% high organic carbon 1.78*** 0.927* 1.12%* 1.07**
(0.612) (0.516) (0.514) (0.525)
Sq. % high organic carbon -1.71% -0.894 -1.09* -1.04*
(0.651) (0.567) (0.575) (0.586)
Nb days low PBL height -0.002
(0.002)
Observations 5,066 5,134 5,134 5,066 5,066 5,049
Number of clusters (cities) 298 302 302 298 298 297
R? 0.565 0.275 0.260 0.586 0.602 0.601
F-stat 1,884 114.48 60.58 704.45 710.48 700.50
Geography controls X X X X X X
Weather controls X X
Mean PBLH control X
Year fixed effects X X X X X X

Notes: Geography controls include mean elevation, ruggedness, share of land covered by mountains, and dummies for
sea access and waterway presence. Weather controls include summer temperature, winter temperature, mean wind

speed and total precipitation.
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Table C.3: First-stage regression results - City PM3 5 exposure

Outcome variable: log PM> 5 “exposure”, excl. missing q(0)

) @ G 4 ©) (6)
% days low PBL height 0.578***  0.392***  0.405***  0.332***  0.391***  0.353***
(0.148)  (0.120)  (0.120) (0.115) (0.119) (0.114)
log 1806 population 0.009 0.010
(0.009) (0.009)
log 1836 central density 0.006 0.009
(0.007) (0.007)
% medium gleysoil depth -0.2427%** -0.268***
(0.064) (0.066)
Sq. % medium gleysoil depth 0.231** 0.265***
(0.100) (0.102)
% high organic carbon -0.031 -0.033
(0.058) (0.054)
Sq. % high organic carbon 0.041 0.041
(0.064) (0.061)
Observations 2,223 2,241 2,241 2,223 2,223 2,214
Number of clusters (cities) 247 249 249 247 247 246
R2 0.749 0.802 0.808 0.814 0.802 0.822
F-stat 105.41 55.68 34.23 66.66 19.56 39.73
Outcome variable: log PM> 5 “exposure”, incl. missing q(0)
@ 2 ®G C) @) ()
% days low PBL height 0.634***  0.435***  0.445***  0.383***  0.434***  0.399***
(0.132) (0.109) (0.108) (0.105) (0.108) (0.103)
log 1806 population 0.010 0.010
(0.007) (0.007)
log 1836 central density 0.005 0.007
(0.007) (0.006)
% medium gleysoil depth -0.237%** -0.252%**
(0.058) (0.058)
Sq. % medium gleysoil depth 0.229** 0.248***
(0.090) (0.090)
% high organic carbon -0.017 -0.033
(0.048) (0.045)
Sq. % high organic carbon 0.021 0.040
(0.053) (0.049)
Observations 3,900 3,900 3,848 3,900 3,900 3,848
Number of clusters (cities) 300 300 296 300 300 296
R? 0.724 0.775 0.781 0.788 0.775 0.795
F-stat 210.87 110.24 66.02 116.44 37.26 67.96
Outcome variable: log raw PMa 5 mean, excl. missing q(0)
@ @ ®) C) ©) (6)
% days low PBL height 0.586***  0.403***  0.374***  0.339***  0.403***  0.322***
(0.152) (0.124) (0.118) (0.118) (0.122) (0.110)
log 1806 population 0.005 0.006
(0.008) (0.008)
log 1836 central density 0.002 0.005
(0.007) (0.007)
% medium gleysoil depth -0.273*** -0.280***
(0.062) (0.063)
Sq. % medium gleysoil depth 0.273*** 0.281***
(0.098) (0.099)
% high organic carbon -0.044 -0.027
(0.058) (0.052)
Sq. % high organic carbon 0.062 0.044
(0.064) (0.058)
Observations 2,232 2,232 2,214 2,232 2,232 2,214
Number of clusters (cities) 248 248 246 248 248 246
R? 0.755 0.813 0.818 0.828 0.814 0.833
F-stat 112.60 63.87 21.43 83.66 24.07 37.99
Geography controls X X X X X X
Weather controls X X X X X
Mean PBLH control X X X X X
Year fixed effects X X X X X X

Notes: Geography controls include mean elevation, ruggedness, share of land covered by mountains, and dummies for
sea access and waterway presence. Weather controls include summer temperature, winter temperature, mean wind
speed and total precipitation.
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D Additional reduced-form results and robustness

This appendix presents additional reduced-form results and robustness checks, in the following
order:
- Additional results on the relationship between city structure and air pollution
- Robustness checks on the effect of local air pollution on nominal wage differentials, housing
price differentials, and real wage differentials
- Additional results on the effect of local air pollution on working hours, total earnings, and
value added per worker
- A replication of the main results at the commuting zone (CZ) level

D.1 Robustness: Local air pollution and wages

Table D.1: Impact of PM5 5 level on the real wage “penalty”

Outcome: (log) nominal wage W%

) ) ®) (4) ©) (6)

(log) density 0.026***  0.040***  0.014 0.031***  0.070**  0.044***
(0.005)  (0.003) (0.012)  (0.006) (0.035) (0.011)
(log) area 0.029*** 0.030*** 0.032***
(0.002) (0.002) (0.002)
(log) PMy 5 -0.675***  -0.129*
(0.239) (0.074)
Implied /s = Bs — Bnys -0.011 -0.001 -0.012
Density instrumented? X X X X
Area instrumented? X X
PM,; 5 instrumented? X X
Year fixed effects X X X X X X
Observations 2,241 2,241 2,241 2,232 2,223 2,223
Clusters (cities) 249 249 249 248 247 247
Mean outcome 0.523 0.523 0.523 0.523 0.523 0.523
F-stat, (log) density 30.57 41.68 38.26 33.60
F-stat, (log) area 367.16 299.69
F-stat, (log) PM 5 34.00 37.43
Sargan, p-value 0.001 0.003 0.001 0.154

Direct effect of local air pollution Table provides evidence of the direct effect of PMy 5 on
nominal wages in Columns 1-4, and on real wages, equal to nominal wages - (share of housing in
expenditures x housing price index) in Columns 5-7. The results are consistent with the theoret-
ical prediction of equations and (38), as they show a consistently negative effect, apart from
Columns 1-2, which show a positive correlation due to confounding factors.
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Table D.2: Impact of local air pollution on nominal and real wages

(log) nominal wage (log) real wage
(1) ) 3) 4) () (6) )
OLS TWEFE 1A% v OLS TWEFE v
(log) PM3 5 0.094**  0.002 -0.159* -0.181 -0.301*** -0.055*** -0.136
(0.021) (0.004) (0.082) (0.116)  (0.050) (0.012) (0.115)
PMs; 5 instrumented? X X X X
Year fixed effects X X X X X X X
City fixed effects X X X
Weather controls X X X X X X X
Geo controls X X X X
Observations 4,628 4628 4,615 2,295 2,295 2,295 2,295
F-stat, (log) PM3 5 146 65 13

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

Geography controls include mean elevation, ruggedness, the share of city surface covered by mountains, and dummies
for access to the sea and presence of a waterway. Weather controls include summer and winter average temperature,
wind speed and total precipitation. IV for PMs 5: number of days with an unusually low PBLH. Columns (1)-(4) use
residual wages, controlling for individual sorting and sectoral composition, as an outcome. Columns (5)-(7) focus on
real wages, i.e. residual wages of Columns (1)-(4) net of housing costs (share of housing in expenditure 8 x log housing
price index) as an outcome. Column (4) restricts the sample to observations for which housing price data is available,
so as to allow for a direct comparison with Columns (5)-(7).
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Table D.3: Local air pollution and the urban wage premium: Robustness to alternative city size
definitions

Outcome: (log) nominal wage WY
@) @) ) ) ©) (6)
(a) City size definition: employment

(log) city size 0.031*** 0.040***  0.031*** 0.032***  0.036**  0.044"**
(0.002)  (0.003)  (0.002)  (0.006)  (0.004)  (0.011)

(log) area -0.011*** -0.0010 -0.013
(0.003) (0.007) (0.011)

(log) PM3 5 -0.014  -0.124*
(0.051)  (0.070)

Observations 2,241 2,241 2,241 2,232 2,223 2,223
F-stat, (log) city size 221.09 22593  37.190 179.70
F-stat, (log) area 246.44 210.94
F-stat, (log) PM2 5 33.995 36.815

Sargan, p-value 0.001 0.008 0.079 0.175

(b) City size definition: population density

(log) density 0.026***  0.039***  0.004  0.033***  0.085**  0.047***
(0.005)  (0.003)  (0.013)  (0.007)  (0.039)  (0.013)
(log) area 0.028*** 0.030*** 0.031***
(0.002) (0.002) (0.003)

(log) PM3 5 -0.733**  -0.126
(0.253)  (0.082)

Observations 2,241 2,241 2,241 2,232 2,223 2,223
F-stat, (log) density 30930  41.235  39.078 34.175
F-stat, (log) area 246.44 210.94
F-stat, (log) PM3 5 33.995 36.815

Sargan, p-value 0.001 0.017 0.018 0.210

(¢c) Including cities with missing housing price data
(log) city employment  0.027***  0.035***  0.027*** 0.038***  0.025***  0.045"**
(0.001)  (0.002)  (0.003)  (0.008)  (0.002)  (0.011)

(log) area -0.009*** -0.012* -0.018*
(0.002) (0.007) (0.010)
(log) PMy 5 0.013 -0.077
(0.035) (0.060)
Observations 6,069 6,069 6,069 6,001 4,615 4,615
F-test, (log) city size 70.630 1,701.8 1,1069 1,107.5
F-test, (log) area 2,748.6 1,724.3
F-test, (log) PM> 5 47.509 47.512
City size instrumented? X X X X
Area instrumented? X X X X
PMs; 5 instrumented? X X
Year fixed effects X X X X X X

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

All panels of this Table replicate Table [3} such that all regressions include for geography and weather controls. In-
struments for city size and surface area are soil characteristics and historical population. Instrument for PMs 5 is the
number of days with a low PBL height. When PM3 5 is instrumented, regressions include a control for city mean PBL
height over the study period.

82



D.2 Validity checks: air pollution and working hours, earnings and value added per
worker

Table D.4: Elasticity of working hours and labour earnings to density and air pollution

@ @ ®) “4) ©) ©)

(a) Outcome: (log) raw number of working hours

(log) density -0.023*** -0.049**  0.029  -0.130*  0.034  -0.158**
(0.006)  (0.018) (0.035) (0.069) (0.030)  (0.077)
(log) area 0.031 0.103 0.134*
(0.020) (0.070) (0.074)
(log) PMy 5 -0.356 0.112
(0.229)  (0.405)
Observations 2,155 2,155 2,155 2,137 2,146 2,128
F-stat, (log) city size 37.358 239.19 39936  213.50
F-stat, (log) area 258.22 238.49
F-stat, (log) PMay 5 58.938  47.665
Sargan, p-value 0.0001  0.0001  0.0001 0.001
(b) Outcome: (log) adjusted number of working hours
(log) density -0.097*** -0.061** -0.154** -0.338 -0.182*** -0.289*
(0.024)  (0.027) (0.052) (0.218)  (0.051)  (0.162)
(log) area 0.164 0.116
(0.211) (0.154)
(log) PM3 5 -0.543 -0.043
(0.383)  (0.724)
Observations 2,155 2,155 2,155 2,137 2,146 2,128
F-stat, (log) density 37.358 239.19 39936  205.82
F-stat, (log) area 258.22 216.78
F-stat, (log) PM3 5 58.938  44.503
Sargan, p-value 0.001 0.001 0.001 0.001
(c) Outcome: (log) adjusted labour earnings
(log) density -0.090***  -0.048 -0.139"* -0.335 -0.169"** -0.274*
(0.025)  (0.027)  (0.050) (0.213)  (0.050)  (0.157)
(log) area -0.050 0.166 0.108
(0.047) (0.206) (0.149)
(log) PM3 5 -0.537 -0.093
(0.381)  (0.695)
Observations 2,155 2,155 2,155 2,137 2,146 2,128
F-test, (log) city size 37.358 239.19 39936  204.62
F-test, (log) area 258.22 216.47
F-test, (log) PMy 5 58.938  44.185
City size instrumented? X X X X
Area instrumented? X X X X
PM, 5 instrumented? X X
Year fixed effects X X X X X X

Sources: INSEE, DADS, IGN, ERAS5, ESDB.

Notes: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01

All panels of this Table replicate Table [3} such that all regressions include for geography and weather controls. In-
struments for city size and surface area are soil characteristics and historical population. Instrument for PMs 5 is the
number of days with a low PBL height. When PM3 5 is instrumented, regressions include a control for city mean PBL
height over the study period.

Outcomes are the following: in Panel (a), the raw average number of working hours at the city xyear level, in Panel
(b), the average number of working hours adjusted for sectoral composition and worker fixed effects in the fashion of
equation for wages, in Panel (c) average labour earnings, adjusted in the same fashion.
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D.3 Robustness: A replication at the commuting zone level

In the main text, I use on INSEE’s definition of urban areas equivalent to U.S. Metropolitan Sta-
tistical Areas (MSAs), close the European Union’s Functional Urban Areas (FAUs). This appendix
shows the robustness of the main results to a change in the city definition, by looking at commut-
ing zones (CZ). The way each delineation is built is discussed in Section Figure below
displays the spatial delineation of France into its 297 commuting zones. As one can see, the Paris
region is split into several commuting zones, in a way that is forced by INSEE to prevent it from
getting too large. This is part of the reason why I focus on the MSA definition in the main text: con-
tinuities in the urban fabric and commuting flow intensity are preserved by the MSA delineation,
while the CZ delineation breaks these rules.
The summary statistics of all variables are shown at the CZ level in Table [D.5|below.
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Figure D.1: Instrumental variables (left) and endogenous regressors (right) at the CZ level

(a) Soil characteristics (b) 2010 population density

Topsoil CEC and differentiation
[ ] Low CEC, no differentiation Il Medium CEC, no differentiation
[ Low CEC, some differentiation [l Medium CEC, some differentiation

(c) % of days with a low PBLH (d) Mean PM, 5 concentration

Quartiles of population density (inhab./km2)
[113-47 EW47-76 HEE76-139 [ 139- 9026

Mean share of days with a Mean PMa.s concentration

thermal inversion (2006-2017) . by decile (2006-2017)
[]0-0,02 [F0,05-008 M O0,10-0,13 M 0,16-0,19 M 0,21- 0,24 [110,7-13,0 [ 13,4- 13,7 [ 14,1- 14,5 [ 14,8- 15,4 [ 16,1- 16,8
[70,02-0,05 [ 0,08-0,10 W 0,13-0,16 M 0,19-0,21 I 0,24-0,27 [113,0-13,4 I 13,7- 14,1 [ 14,5- 14,8 W 15,4- 16,1 I 16,8- 19,5

Note: Author’s elaboration based on INSEE, IGN, Copernicus ERA5 and ACAG data.
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Table D.5: Summary statistics - French commuting zones, 2002-2018

Variable Mean Std Dev. Min. Max. NxT
Main variables
Hourly log wage W (2019 €) 2.40 0.06 226 267 5,049
Adjusted log wage WU -7.54 2.76 -12.01 -3.07 5,049
Adjusted log wage wWedi demeaned 0 0.027 -0.08 0.11 5,049
Employment density 73.91 327.5 3.77 5,392 5,049
Log employment density 3.48 0.94 1.33 8.59 5,049
Population density 178.6 577.0 1052 9,139 5,049
Log population density 4.47 0.94 235 912 5,049
Population (thousands) 211.3 410.7 842 6,002 5,049
Log population 11.70 0.95 9.04 15.61 5,049
Area (sq. km) 1,819 1,396 119.2 8,826 5,049
Log area 7.24 0.75 4.78 9.09 5,049
PM, 5 concentration (pg/m?) 12.61 211 7.89 19.51 5,049
Log PM concentration 2.52 0.17 2.07 297 5,049
Number of PM; 5 pixels 2,136 1,617 148 9,824 5,049
Log housing price (€/km?) -0.30 0.37 -1.34 071 1,405
Weather controls
Mean winter temperature (°C) 6.63 211 -6.75 11.88 5,049
Mean summer temperature (°C) 16.39 1.75 725 2215 5,049
Mean wind speed (km/h) 12.49 3.51 426 2681 5,049
Mean cloud cover (%) 61.97 6.42 3594 73.85 5,049
Total precipitation (m) 0.83 0.23 030 201 5,049
Geographical controls
Mean elevation (m) 300.83  343.63 022 2,286 5,049
Ruggedness (m) 379.34  526.92 15 4,030 5,049
Sea (dummy, %) 18.18 5,049
Waterway (dummy, %) 50.17 5,049
Mountainous (dummy, %) 33.46 5,049
Instruments
Log 1806 population 10.50 0.88 7.58 13.44 5,049
Topsoil CEC: medium (%) 17.8 5,049
Some soil differentiation (%) 41.8 5,049
Number of days with low PBLH 18.15 19.18 0 160 5,049

Notes: Author’s computation based on DADS, INSEE, ACAG, the Copernicus project, IGN, Observatoire des Territoires,
Cassini-EHESS, DV3F and ESDB information.
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Table D.6: Impact of density on air pollution at the CZ level

Outcome: (log) PM3 5

1 2) (©) (4) (5) (6)
OLS1 OLS2 TSLS1 ~ TSLS2 Pop. Subs.
(log) density 0.047**  0.043***  0.065"* 0.062*** 0.067*** 0.060***
(0.003) (0.004) (0.010)  (0.008) (0.009) (0.009)
(log) area -0.014*** -0.009  -0.053***  -0.008
(0.005) (0.007) (0.013) (0.008)
F'-stat, (log) density 346.7 425.9 3,117 112.6
F-stat, (log) area 1,281 1,281 335.8
Sargan p-value 0.036 0.161 0.816 0.390
Year fixed effect X X X X X X
Geographical controls X X X X X X
Weather controls X X X X X X
Observations 5,049 5,049 5,049 5,049 5,049 1,405
Cities (clusters) 297 297 297 297 297 281

Note: Standard errors clustered at the city (CZ) level in parentheses. * p < .10, ** p < .05, *** p < .01

Cities are defined as employment zones (commuting zones). Geographical controls include mean elevation, rugged-
ness, and dummies for access to the sea, presence of a waterway, and mountains. Weather controls include summer
and winter average temperature, wind speed and cloud cover. Columns 3-6 use topsoil CEC and differentiation as in-
struments for employment density. Columns 4-6 use 1806 population as an instrument for land area. Column 6 focuses
on the subsample for which housing prices are available.
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Table D.7: Impact of density on air pollution - Clay instruments - CZ level

Outcome: (log) PM3 5

(1) 2) 3) 4) ()
OLS OLS TSLS TSLS Pop.
(log) density 0.0471***  0.0432***  0.0727*** 0.0700***  0.0818"***
(0.0033) (0.0036)  (0.0149) (0.0135)  (0.0160)
(log) area -0.0134** -0.0042  -0.0816"**
(0.0051) (0.0119)  (0.0192)
Year fixed effect X X X X X
Geographical controls X X X X X
Weather controls X X X X X
Observations 5,049 5,049 5,049 5,049 5,049
Cities (clusters) 297 297 297 297 297
Adjusted R? 0.774 0.777 0.774 0.776 0.781
F-stat, (log) density 346.7 4259 3,117
F-stat, (log) area 1,281 1,281
Sargan p-value 0.036 0.161 0.816

Note: Standard errors clustered at the city (CZ) level in parentheses. * p < .10, ** p < .05, *** p < .01

Cities are commuting zones. Geographical controls include mean elevation, ruggedness, and dummies for access to
the sea, presence of a waterway, and mountains. Weather controls include summer and winter average temperature,
wind speed and cloud cover. Columns 3-6 use clay instruments as instruments for employment density. Columns 4-5
use 1806 population as an instrument for land area. Column 5 focuses on the subsample for which housing prices are
available.
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Table D.8: Impact of density on emissions and commuting

log resid- log traffic log traffic log traffic em. log dist. log dist.
ential emissions emissions em. /worker /car commuter travelled /car commuter
(1) () 3) 4 ®) (6)
(log) density 0.520*** 0.472*** -0.529*** -0.411*** 0.859*** -0.024**
(0.047) (0.039) (0.039) (0.043) (0.020) (0.010)
(log) area -0.030 -0.073** -1.073*** -1.079*** 1.336*** 0.332%**
(0.041) (0.036) (0.036) (0.034) (0.013) (0.008)
Implied ¢s = 8s — Bn/s -0.550 -0.545 -0.544 -0.668 0.477 0.356
Year fixed effects X X X X X X
Geographical controls X X X X X X
Weather controls X X X X X X
Observations 5,049 5,049 5,049 3,861 3,861 3,861
Cities 297 297 297 297 297 297
F-stat, (log) density 433.98 433.98 433.98 331.75 331.75 331.75
F-stat, (log) area 1,262.6 1,262.6 1,262.6 962.07 962.07 962.07
Cragg-Donald 225.38 225.38 225.38 170.26 170.26 170.26
Wu-Hausman, p-value 10-% 10710 10710 1078 0.004 1073
Sargan, p-value 0.003 0.002 0.002 0.074 0.502 0.001

Notes: Standard errors clustered at the city (CZ) level in parentheses. * p < .10, ** p < .05, *** p < .01
Data on emissions from EDGAR. Number of car commuters built using the restricted access version of the Census.
Each car commuter is assumed to commute from the population-weighted centroid of the municipality they reside in
to the population-weighted centroid of the municipality they work in, via the shortest path by road, including tolls.

Table D.9: Impact of density on nominal and real wage differentials — CZ level

(log) wage WU (log) real wage W
D 2) ©) (4) 6)
(log) density 0.020* 0.018** 0.024*** -0.073"* -0.046™*
(0.001)  (0.005)  (0.009) (0.009)  (0.022)
(log) PM> 5 -0.223** -0.755**
(0.108) (0.011)
Density IV? X X X X
PMy 5 IV? X X
Year fixed effects X X X X X
Geo/weather controls X X X X X
Mean PBLH control X X
Observations 5,049 5,049 5,049 1,405 1,405
Cities (clusters) 297 297 297 281 281
F-stat (1st stage), (log) density 140.88 163.26 112.6 98.1
F-stat (1st stage), (log) area 403.16  345.05 349.1 248.6
F-stat (1st stage), (log) PMa 5 81.53 25.4
Sargan, p-value 0.268 0.218

Note: Standard errors clustered at the city (CZ) level in parentheses. * p < .10, ** p < .05, *** p < .01
IV for city density: soil characteristics. IV for city surface area: 1806 population. IV for PM2 5: number of days with an unusually low

PBLH.
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Table D.10: Impact of air pollution on nominal and real wages — CZ level

(log) wage W4 (log) real wage W
(1) 2) 3) 4) ®)
(log) PM; 5 0.071** -0.178** -0.223** 0.044*** -0.096*
0.011 0.083 0.108 0.019 0.058
Density IV? X
PMy 5 IV? X X X
Year fixed effects X X X X X
Geo/weather controls X X X X X
Mean PBLH control X X X
Observations 5,049 5,049 5,049 5,049 5,049
Cities (clusters) 297 297 297 297 297
F-stat (1st stage), (log) area 403.16  345.05 403.16
F-stat (1st stage), (log) PMa 5 44.35 81.53 44.35
Sargan, p-value 0.218

Notes: Standard errors clustered at the city (CZ) level in parentheses. * p < .10, ** p < .05, *** p < .01
IV for density: soil characteristics. IV for area: 1806 population. IV for PMz 5: number of days with an unusually low
PBLH.
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Table D.11: Impact of local air pollution on (raw) value added per worker

@) &) ®) ) ©)
Panel 1: Logarithms

(log) PM 0.003 -0.396  -0.235**  -0.202** -0.225
(0.025) (0.727) (0.083)  (0.077) (0.217)
(log) density 0.084***  0.086***  0.062***
(0.004)  (0.003) (0.019)

(log) area 0.008** -0.008

(0.004) (0.010)
Panel 2: Levels

PM, 5 -0.0006  -0.032 -0.026** -0.015** -0.036***
(0.0009) (0.103)  (0.010) (0.006) (0.013)
(log) density 0.093***  0.087***  0.098***
(0.006) (0.004) (0.008)
(log) area 0.009** -0.0006
(0.004) (0.012)
F-stat (1st stage), (log) PM 7.37 187.63 383.69 114.16
F-stat (1st stage), (log) density 272.84 1,086.6 225.96
F-stat (1st stage), (log) area 167.41 390.83
Kleibergan-Paap 10.04 32.45 22.05 17.21
PM,; 5 instrumented? X X X X
Mean PBLH control X X X
Year fixed effects X X X X X
City fixed effects X X
Observations 5,049 5,049 5,049 5,049 5,049

Note: Standard errors clustered at the city (MSA) level in parentheses. * p < .10, ** p < .05, *** p < .01
All regressions control for summer and winter average temperature, wind speed, cloud cover and total precipitation.
IV for PMz.5: number of days with an unusually low PBL height.
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E Additional structural results and robustness

E.1 Bringing cities to the WHO guideline

Figure E.1: Meeting the WHO guideline: city-level and baseline population results

(a) City-level outcomes (no weight)
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Figure E.2: Meeting the WHO guideline: channel decomposition at the worker level
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Figure E.3: Meeting the WHO guideline: channel decomposition at the city level
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E.2 Projecting current internal migration trends

I provide the details behind the computation of the third counterfactual exercises, which extrapo-
lates current city population changes.

Backing out amenity shock 0 I proceed in two steps. I start from the 2018 equilibrium, and re-
cover each city’s fundamentals (productivity, amenities, construction productivity and pollution
endowment) from observed population, wages, housing prices, PM 5 concentration and surface
area, as in Section@ I then set a target population for each city, assuming that its population grows
over the next nineteen years by the same proportion as between 1999 and 2018, as shown in Panel
of Figure below. For each city, I back out the level of amenities that delivers exactly
this target population, holding all other fundamentals and air pollution at their 2018 levels. I pin
down the common utility level by requiring these amenity shocks to average to zero across cities,
weighted by target population. The exercise therefore reallocates amenities across cities rather
than making all cities more attractive, and the growth of national population is absorbed by a
change in common utility. This backed-out change in perceived amenities in shown in the map of

Panel (E.4b).

Projecting the 1999-2018 trend In the second step, I apply these amenity shocks to the 2018
fundamentals and solve the model again, this time letting air pollution respond to the new popu-
lation and surface area through equation (15). Because growing cities also become more polluted,
they grow by less than their target, and comparing this outcome with the one where air pollution
is held at its 2018 level isolates the role of the pollution feedback. I repeat this second step with
both pollution elasticities ¢ and ¢g halved, to see how a partial decoupling of air pollution from
city structure changes the results. I run the whole exercise with a fixed and with an endogenous
city surface (in the latter case, the surface also adjusts in both steps). All outcomes are reported as
changes relative to the 2018 equilibrium.
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Figure E.4: 1999-2018 population change and deduced perceived amenity change

(a) Observed population change (b) Backed-out amenity change
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Figure E.5: Projecting migration trends: city-level and baseline population results
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Figure E.6: Projecting migration trends: effects city by city
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