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S1 Supplementary simulation results

S1.1 Migration flows between U.S. states during 2000-2014

Panel 1.a: Migration flows from NY to other states
(relative to destinationstate population)
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Panel 1.b: Migration flows from other states to NY
(relative to originstate population)

NJ DC CT VT MA RI FL PA NH DE
Top ten originstates

0

2

4

6

8

P
er

 c
en

t

Panel 2.a: Migration flows from PA to other states
(relative to destinationstate population)
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Panel 2.b: Migration flows from other states to PA
(relative to originstate population)
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Panel 3.a: Migration flows from IL to other states
(relative to destinationstate population)
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Panel 3.b: Migration flows from other states to IL
(relative to originstate population)
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Figure S1: Bilateral migration flows between U.S. states during the evaluation sample (2000-
2014)

Notes: Panel 1.a shows the realized and simulated accumulated migration flows from New York to other
states during the period 2000-2014 relative to destination-state population in 2014. Only the ten destination-
states with the largest migration flows from New York (relative to their own population) are displayed. Panel
1.b shows the realized and simulated accumulated migration flows from other states to New York relative to
origin-state population. Similarly, Panels 2.a and 2.b show the bilateral migration flows between Pennsylvania
and other U.S. states, and Panels 3.a and 3.b show the bilateral migration flows between Illinois and other
U.S. states.
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S1.2 Increasing land supply in California: a counterfactual exer-
cise

In this sub-section, we consider the application of the model to study the effects of local land-
use regulations on regional house prices and spatial population allocation. This exercise is
complementary to the California land-use deregulation experiment carried out by Herkenhoff
et al. (2018). These authors emphasize the positive impact of land-use deregulation in Cal-
ifornia on the national output through population reallocation, whilst our analysis focusses
on the spatiotemporal patterns of the population reallocation resulting from the land-use
deregulation. It is shown that the population reallocation towards California is mainly from
nearby states, while the population reallocation from distant states to California are both
smaller in magnitude and slower in speed.

We consider exogenous increases in the annual supply of new land in California by 10 per
cent in each year from 2000 to 2014. Increasing the annual new land supply in California
by a different rate will not qualitatively change our main findings. We simulate the model
using the counterfactual baseline state-level land supply values.

Table S1 gives the impact of increasing land supplies on house prices, population and
output in California in 2014. Increasing land supply in California leads to a decline in
house prices and housing rents by 3.8 and 1.5 per cent respectively in 2014, and the net
outward migration from California decreases by 0.7 per cent, which in turn raises California’s
population and output in 2014 by 0.06 and 0.04 per cent, respectively.

Table S1: Effects of increasing land supply in California

Notes: This table shows the impact of a 10 per cent exogenous increase in the annual flows of new land
released in California in each year from 2000 to 2014. The first row reports the results from the baseline
simulation in Section 7 of the main paper. The second row reports the results from the counterfactual
simulation expressed as per cent change from the counterpart values in the baseline simulation.

Figure S2 shows the counterfactual changes in U.S. population by states in 2004, 2009
and 2014, in response to the counterfactual increases in California land supplies. In each
panel, the first bar corresponds to California, and the rest of the bars correspond to other U.S.
states, arranged in order of their distance from California. As can be seen, first the percentage
change of population tends to be larger for states that are geographically close to California,
and smaller for the distant states. Second, since land-use deregulation increases stock of
housing only very gradually, it takes a long time for the effects of deregulation to show up in
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population reallocation. As shown in Panel 1, in 2004, only the population changes in the
nearby states are non-negligible. Third, as shown in Figure S3, the counterfactual changes
of the output of U.S. states have a similar spatiotemporal pattern. Finally, population
reallocation towards California leads to an increase in California output, and at the same
time a decrease in the output of the rest of the U.S. states. Since California has higher labor
productivity than other U.S. states, the reallocation of population towards California leads
to a net increase in the national output. See Figure S5.

Figure S2: Effects of increasing land supplies in California on population by states

Notes: Each panel shows the percentage changes of population by states for the year noted above in response
to a 10 per cent exogenous increase in the annual flows of new land released in California in each year from
2000 to 2014. States are ordered ascendingly by their distance from California.
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Figure S3: Effects of increasing land supplies in California on output by states

Notes: Each panel shows the percentage changes of output by states for the year noted above in response
to a 10 per cent exogenous increase in the annual flows of new land released in California in each year from
2000 to 2014. States are ordered ascendingly by their distance from California.
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Figure S4: Effects of increasing land supplies in California on population and output by
states

Notes: Panels 1 and 2 show respectively the absolute changes of population and output in 2014 by states in
response to a 10 per cent exogenous increase in the annual flows of new land released in California in each
year from 2000 to 2014. In each panel, only California and the ten most affected states (in terms of the
magnitudes of the counterfactual changes) are displayed.
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Figure S5: Effects of increasing land supplies in California on U.S. output

Notes: This figure shows the absolute changes of output in 2014 for California, all U.S. states except for
California, and the U.S. in response to a 10 per cent exogenous increase in the annual flows of new land
released in California in each year from 2000 to 2014.
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S1.3 Spatiotemporal impulse responses

S1.3.1 Responses to regional shocks in California
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Figure S6: Size and speed of responses of U.S. states (except for California) to a positive
productivity shock in California

Notes: In each panel, a dot represents a state. In Panels 1.a and 1.b, the vertical axis corresponds to the
extreme value of a state’s response after a one per cent positive productivity shock in California, and in
Panels 2.a and 2.b, the vertical axis corresponds to period in which a state’s response reaches its extreme
value. States are ordered ascendingly by their distance from California, and the horizontal axis corresponds
to a state’s rank in terms of distance from California.
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Panel 1.a: Extreme values of the responses
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Panel 2.a: Periods in which the responses of
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Figure S7: Sizes and speed of responses of U.S. states (except for California) to a positive
land-supply shock in California

Notes: In each panel, a dot represents a state. In Panels 1.a and 1.b, the vertical axis corresponds to the
extreme value of a state’s response after a ten per cent positive land-supply shock in California, and in Panels
2.a and 2.b, the vertical axis corresponds to period in which a state’s response reaches its extreme value.
States are ordered ascendingly by their distance from California, and the horizontal axis corresponds to a
state’s rank in terms of distance from California.
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S1.3.2 Responses to regional shocks in Texas
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Figure S10: Reponses of variables in Texas to a positive productivity shock in Texas

Notes: This figure shows responses of log wage rate, net inward migration rate (i.e., the ratio of net inward
migration to local population), log population, log house price, log housing rent and log housing stock in
Texas to a one per cent positive shock to labor productivity in Texas.
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Figure S11: Spatiotemporal responses of log population of U.S. states to a positive produc-
tivity shock in Texas

Notes: Each panel shows responses of log population of U.S. states (except for Texas) to a one per cent
positive shock to labor productivity in Texas, for the period noted at the top. Each dot represents a state.
States are ordered ascendingly by their distance from Texas, and the horizontal axis corresponds to a state’s
rank in terms of distance from Texas.
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Figure S12: Spatiotemporal responses of log house price-to-income ratios of U.S. states to a
positive productivity shock in Texas

Notes: Each panel shows responses of log house price-to-income ratios of U.S. states (except for Texas) to
a one per cent positive shock to labor productivity in Texas, for the period noted at the top. Each dot
represents a state. States are ordered ascendingly by their distance from Texas, and the horizontal axis
corresponds to a state’s rank in terms of distance from Texas.
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Figure S13: Reponses of variables in Texas to a positive land-supply shock in Texas

Notes: This figure shows responses of log wage rate, net inward migration rate (i.e., the ratio of net inward
migration to local population), log population, log house price, log housing rent and log housing stock in
Texas to a ten per cent positive shock to the annual supply of new land in Texas.
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Figure S14: Spatiotemporal responses of log population of U.S. states to a positive land-
supply shock in Texas

Notes: Each panel shows responses of log population of U.S. states (except for Texas) to a ten per cent
positive shock to the annul supply of new land in Texas, for the period noted at the top. Each dot represents
a state. States are ordered ascendingly by their distance from Texas, and the horizontal axis corresponds to
a state’s rank in terms of distance from Texas.
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Figure S15: Spatiotemporal responses of log house price-to-income ratios of U.S. states to a
positive land-supply shock in Texas

Notes: Each panel shows responses of log house price-to-income ratios of U.S. states (except for Texas) to a
ten per cent positive shock to the annul supply of new land in Texas, for the period noted at the top. Each
dot represents a state. States are ordered ascendingly by their distance from Texas, and the horizontal axis
corresponds to a state’s rank in terms of distance from Texas.
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S1.3.3 Responses to regional shocks in Florida
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Figure S16: Reponses of variables in Florida to a positive productivity shock in Florida

Notes: This figure shows responses of log wage rate, net inward migration rate (i.e., the ratio of net inward
migration to local population), log population, log house price, log housing rent and log housing stock in
Florida to a one per cent positive shock to labor productivity in Florida.
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Figure S17: Spatiotemporal responses of log population of U.S. states to a positive produc-
tivity shock in Florida

Notes: Each panel shows responses of log population of U.S. states (except for Florida) to a one per cent
positive shock to labor productivity in Florida, for the period noted at the top. Each dot represents a state.
States are ordered ascendingly by their distance from Florida, and the horizontal axis corresponds to a state’s
rank in terms of distance from Florida.
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Figure S18: Spatiotemporal responses of log house price-to-income ratios of U.S. states to a
positive productivity shock in Florida

Notes: Each panel shows responses of log house price-to-income ratios of U.S. states (except for Florida) to
a one per cent positive shock to labor productivity in Florida, for the period noted at the top. Each dot
represents a state. States are ordered ascendingly by their distance from Florida, and the horizontal axis
corresponds to a state’s rank in terms of distance from Florida.

S18



1 8 15 22 29 36 43 50
Period

5

0

5

10

15

Pe
r c

en
t

Supply of new land

1 8 15 22 29 36 43 50
Period

5

0

5

10

15

20

Pe
r c

en
t

104
Net inward

migration rate

1 8 15 22 29 36 43 50
Period

0

5

10

15

Pe
r c

en
t

103Log population

1 8 15 22 29 36 43 50
Period

1.5

1

0.5

0

Pe
r c

en
t

Log house price

1 8 15 22 29 36 43 50
Period

0.15

0.1

0.05

0

Pe
r c

en
t

Log housing rent

1 8 15 22 29 36 43 50
Period

0

0.05

0.1

0.15

Pe
r c

en
t

Log housing stock

Figure S19: Reponses of variables in Florida to a positive land-supply shock in Florida

Notes: This figure shows responses of log wage rate, net inward migration rate (i.e., the ratio of net inward
migration to local population), log population, log house price, log housing rent and log housing stock in
Florida to a ten per cent positive shock to the annual supply of new land in Florida.
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Figure S20: Spatiotemporal responses of log population of U.S. states to a positive land-
supply shock in Florida

Notes: Each panel shows responses of log population of U.S. states (except for Florida) to a ten per cent
positive shock to the annul supply of new land in Florida, for the period noted at the top. Each dot represents
a state. States are ordered ascendingly by their distance from Florida, and the horizontal axis corresponds
to a state’s rank in terms of distance from Florida.
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Figure S21: Spatiotemporal responses of log house price-to-income ratios of U.S. states to a
positive land-supply shock in Florida

Notes: Each panel shows responses of log house price-to-income ratios of U.S. states (except for Florida) to a
ten per cent positive shock to the annul supply of new land in Florida, for the period noted at the top. Each
dot represents a state. States are ordered ascendingly by their distance from Florida, and the horizontal axis
corresponds to a state’s rank in terms of distance from Florida.
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S1.3.4 Calibration sensitivity
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Panel 1: Reponses of variables in California to a positive labor productivity shock in California
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Panel 2: Reponses of variables in California to a positive land-supply shock in California

Figure S22: Reponses of variables in California to local shocks for different estimates of the
migration elasticity, 1/σε

Notes: Panel 1 shows responses of net inward migration rate (i.e., the ratio of net inward migration to local
population), log population and log housing stock in California to a one per cent positive shock to labor
productivity in California. The blue lines designated with ’o’correspond to the benchmark model calibrated
in Section 6 of the main paper (with 1/σε = 0.8). The red lines designated with ’?’ correspond to the
re-calibrated model when the migration elasticity, 1/σε, is set to 1.8, which is the benchmark estimate for
the migration elasticity of "star scientists" in Moretti and Wilson (2017). The green lines designated with
’∆’correspond to the re-calibrated model when 1/σε is set to 2, and the purple lines designated with ’�’
correspond to the re-calibrated model when 1/σε is set to 0.6. Similarly, Panel 2 shows responses of the
variables in California to a ten per cent positive shock to the annual supply of new land in California, when
1/σε is set to different values.
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Panel 1: Spatiotemporal responses of log population of U.S. states to a positive labor productivity shock in

California
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Panel 2: Spatiotemporal responses of log population of U.S. states to a positive land-supply shock in California

Figure S23: Spatiotemporal responses of log population of U.S. states to shocks in California
for different estimates of the migration elasticity, 1/σε

Notes: Panel 1 shows responses of log population of U.S. states (except for California) to a one per cent
positive shock to labor productivity in California, for the periods noted at the top. Each dot represents a
state. States are ordered ascendingly by their distance from California, and the horizontal axis corresponds
to a state’s rank in terms of distance from California. The blue circles correspond to the benchmark model
calibrated in Section 6 of the main paper (with 1/σε = 0.8). The red stars correspond to the re-calibrated
model when the migration elasticity, 1/σε, is set to 1.8, which is the benchmark estimate for the migration
elasticity of "star scientists" in Moretti and Wilson (2017). Similarly, Panel 2 shows responses of log popu-
lation of U.S. states (except for California) to a ten per cent positive shock to the annual supply of new land
in California, when 1/σε is set to different values.

S23



1 8 15 22 29 36 43 50
Period

0

0.02

0.04

0.06

0.08

Pe
r c

en
t

Log population

1 8 15 22 29 36 43 50
Period

0

0.1

0.2

0.3

0.4

0.5

Pe
r c

en
t

Log house price

1 8 15 22 29 36 43 50
Period

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Pe
r c

en
t

Log housing stock

Panel 1: Reponses of variables in California to a positive labor productivity shock in California

1 8 15 22 29 36 43 50
Period

0

0.01

0.02

0.03

0.04

0.05

0.06

Pe
r c

en
t

Log population

1 8 15 22 29 36 43 50
Period

4

3

2

1

0

Pe
r c

en
t

Log house price

1 8 15 22 29 36 43 50
Period

0

0.1

0.2

0.3

0.4

0.5

0.6

Pe
r c

en
t

Log housing stock

Panel 2: Reponses of variables in California to a positive land-supply shock in California

Figure S24: Reponses of variables in California to local shocks for different choices of the
housing depreciation rate, δ

Notes: Panel 1 shows responses of log population, log house price and log housing stock in California to a
one per cent positive shock to labor productivity in California. The blue lines designated with ’o’correspond
to the benchmark model calibrated in Section 6 of the main paper (with δ = 0.2). The red lines designated
with ’?’correspond to the model in which the housing depreciation rate, δ, is set to 0.1. Similarly, Panel 2
shows responses of the variables in California to a ten per cent positive shock to the annual supply of new
land in California, when the housing depreciation rate, δ, is set to different values.
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Panel 1: Spatiotemporal responses of log housing stocks of U.S. states to a positive labor productivity shock in
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Panel 2: Spatiotemporal responses of log housing stocks of U.S. states to a positive land-supply shock in

California

Figure S25: Spatiotemporal responses of log housing stocks of U.S. states to shocks in
California for different choices of the housing depreciation rate, δ

Notes: Panel 1 shows responses of log housing stocks of U.S. states (except for California) to a one per cent
positive shock to labor productivity in California, for the periods noted at the top. Each dot represents a
state. States are ordered ascendingly by their distance from California, and the horizontal axis corresponds
to a state’s rank in terms of distance from California. The blue circles correspond to the benchmark model
calibrated in Section 6 of the main paper (with δ = 0.2). The red stars correspond to the model in which the
housing depreciation rate, δ, is set to 0.1. Similarly, Panel 2 shows responses of log housing stocks of U.S.
states (except for California) to a ten per cent positive shock to the annual supply of new land in California,
when the housing depreciation rate, δ, is set to different values.
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S2 Computation of the impulse responses

The impulse responses reported in the paper are computed using the Monte Carlo techniques
developed by Koop et al. (1996). As discussed in Section 4, the model economy set out in
Sections 2 and 3 of the main paper can be written in a compact form as

ζt = f
(
ζt−1,at,at−1,κt−1, gl,t;Θ

)
, (S.1)

where Θ is a row vector that contains all the parameters, ζt = [l(t), qt] is a 1 × 2n vector,
and

χt = g (ζt,at,κt;Θ) , (S.2)

where χt = [pt,ht] is a 1× 2n vector.
Set ξt = [ζt,χt], which is a 1×4n vector. Then equations (S.1) and (S.2) can be combined

and written as

ξt = ψ
(
ξt−1,at,at−1,κt,κt−1, gl,t;Θ

)
. (S.3)

The stochastic processes of at and κt, are given by

lnat = lna +gat +λ ft+za,t, (S.4)

ft = ρfft−1 + σfεf,t, (S.5)

za,t = za,t−1diag(ρa,1, ρa,2, ...ρa,n) + εa,tdiag(σa,1, σa,2, ...σa,n), (S.6)

and

lnκt = lnκ+ gκt+zκ,t, (S.7)

zκ,t = zκ,t−1diag(ρκ,1, ρκ,2, ...ρκ,n) + εκ,tdiag(σκ,1, σκ,2, ...σκ,n), (S.8)

and the values of state level intrinsic population growth rates, gl,t, for t = 0, 1, 2, ..., are
exogenously given.

Impulse response function: To illustrate the computation algorithm used, we con-
sider impulse responses to one standard error negative productivity shock to state i∗, as an
example. Recall that the model is Markovian so that the relevant history is only the period
before the start of simulations. Let the shock hits the economy in period 1. Then, the
impulse response function is given by

GIξ(t, εa,i∗1, ξ0,a0,κ0) = E(ξt|εa,i∗1, ξ0,a0,κ0)− E(ξt|ξ0,a0,κ0)

for t = 1, 2, ..., T,

where T is the horizon of the impulse responses, E(ξt|ξ0,a0,κ0) is the expectations of ξt
conditional on ξ0,a0 and κ0, and E(ξt|εa,i∗1, ξ0,a0,κ0) is the expectations of ξt conditional
on ξ0,a0,κ0 as well as εa,i∗1. Recall that εa,i∗1 is the innovation to the local productivity
shock in state i∗ in period 1.

Initial values: In simulating impulse responses, we assume that the economy is on a
balanced growth path at time t = 0. Recall that in Section 5 of the main paper we established
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the uniqueness of the balanced growth path by showing that for given values of L0,κ and a,
the steady states of the detrended variables are uniquely determined by the equation system
(47)-(54) in the main paper. Note that detrended and non-detrended variables coincide when
t = 0. Thus we use the steady state values of the detrended variables as the initial values
for the corresponding non-detrended variables in the impulse response simulations, which
implies that the economy is on a balanced growth path at t = 0.

Deterministic variables: The intrinsic population growth rates of all states are set
equal to the balanced growth path level given by equation (42) in the main paper

gl,t = [ĝl, ĝl, ..., ĝl] , for t = 1, 2, ..., T ,

where gl is the balanced growth path intrinsic population growth rate, which is assumed
to be common to all states, and set to the average growth rate of U.S. population during
1976-2014.

Stochastic processes: The state level productivities and land supplies, at and κt, are
simulated using equations (S.4) - (S.8), with f0, za0 and zκ0 set to 0.

We set the number of replications and horizons to R and T , and independently draw
innovations from the standard normal distribution. Let ε(r)

f,t , ε
(r)
a,t and ε

(r)
κ,t denote the simulated

values of εf,t, εa,t and εκ,t, for replication r, where ε
(r)
a,t =

[
ε

(r)
a,1t, ε

(r)
a,2t, ..., ε

(r)
a,nt

]
and ε(r)

κ,t =[
ε

(r)
κ,1t, ε

(r)
κ,2t, ..., ε

(r)
κ,nt

]
. The innovations, ε(r)

f,t , ε
(r)
a,it and ε

(r)
κ,it, for i = 1, 2, ..., n, t = 1, 2., ..., T and

r = 1, 2., ..., R, are also independently drawn from the standard normal distribution.
Productivity processes without shocks: In the absence of shocks, for each replication r,

we plug the simulated innovations, ε(r)
f,t and ε

(r)
a,t , into (S.4) - (S.6), and obtain a series of

simulated productivities, a(r)
t , for t = 1, 2., ..., T .

Productivity processes subject to shocks: In the presence of shocks, for each replication
r, we plug the simulated innovations, ε(r)

f,t and ε
(r)
a,t , with the i

∗th element of ε(r)
a,1, i.e., ε

(r)
a,i∗1,

being replaced by -1 (a negative one standard error shock), into (S.4) - (S.6), and obtain
another series of simulated productivities, ǎ(r)

t , for t = 1, 2., ..., T .
Land supply processes: For both cases, with and without shocks, and for each replication,

r, we plug the simulated innovations, ε(r)
κ,t, into (S.7) - (S.8), and obtain a series of simulated

productivities, κ(r)
t , for t = 1, 2., ..., T .

To compute E(ξt|ξ0,a0,κ0) and E(ξt|εa,i∗1, ξ0,a0,κ0) numerically, we conduct the fol-
lowing simulations:

• Simulation 1 (without shocks): For each replication r, given the initial values, ξ0,a0

and κ0, and the deterministic processes of gl,t, we simulate model (S.3) using the

simulated productivity processes, a(r)
t and κ(r)

t , for t = 1, 2, ..., T , and obtain ξ(r)
t , for

t = 1, 2, ..., T :
ξ

(r)
t = ψ

(
ξ

(r)
t−1,a

(r)
t ,a

(r)
t−1,κ

(r)
t ,κ

(r)
t−1, gl,t; Θ

)
.

• Simulation 2 (with shocks): For each replication r, given the initial values, ξ0,a0

and κ0, and the deterministic processes of gl,t, we simulate model (S.3) using the
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simulated productivity processes, ǎ(r)
t and κ(r)

t , for t = 1, 2, ..., T , and obtain ξ̌
(r)

t , for
t = 1, 2, ..., T :

ξ̌
(r)

t = ψ
(
ξ̌

(r)

t−1, ǎ
(r)
t , ǎ

(r)
t−1,κ

(r)
t ,κ

(r)
t−1, gl,t; Θ

)
.

Then the two expectations, E(ξt|ξ0,a0,κ0) and E(ξt|εa,i∗1, ξ0,a0,κ0), are approximated as
the averages across replications:

ÊR(ξt|ξ0,a0,κ0) =
1

R

R∑
r=1

ξ
(r)
t and ÊR(ξt|εa,i∗1, ξ0,a0,κ0) =

1

R

R∑
r=1

ξ̌
(r)

t .

Thus the approximated impulse response in period t is given by

GIξ(t, εa,i∗1, ξ0,a0,κ0) =
1

R

R∑
r=1

ξ̌
(r)

t −
1

R

R∑
r=1

ξ
(r)
t .
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S3 Parameter values

Table S2: Location-specific parameters related to housing supplies and investment
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Table S3: Location-specific parameters of labor productivity processes
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Table S4: Location-specific parameters of land supply processes

Notes: The average WRI is computed across the 48 states on the U.S. mainland, since Alaska and Hawaii
are excluded from our analyses, and WRI values of the included states are re-scaled accordingly, such that
the mean and the standard deviation of WRI over the 48 states are zero and one, respectively.
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