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Abstract of Dissertation 

 

 

Three Essays on Urban Economics and Housing Finance 

 

 

This dissertation consists of three essays on urban economics and housing finance. 

The three essays are related to the standard urban model, housing price gradient shift, urban 

structure changes, total return to housing, and effect of housing wealth shocks on household 

consumption. Chapter 1 provides direct evidence documenting shifts of the asset and rental 

price gradients, and develops reasons for the steepening of the house price gradient using 

the standard urban model. Chapter 2 discusses specific properties of the relation among the 

rental and asset return components of the total return to housing using the estimates of these 

rates across US MSAs, and empirically tests the effects of housing wealth shocks on 

consumption by constructing shocks to total housing return, as well as its division between 

capitalization and asset appreciation rates. Chapter 3 compares constant-quality inter-area 

housing price indices using alternative data sets to construct both asset and rental price 

indices for 35 MSAs over 1985-2013 using the AHS, and 2337 PUMAs over 2005-2019 

using the ACS.  

Alonso (1964), Mills (1967) and Muth (1969) formalized the monocentric standard 

urban model (SUM) and demonstrated that price and density gradients characterize 

differences in urban structure. Subsequent literature concentrated on changes in the 

population density or the housing asset price gradients. The rental price gradient has been 

ignored. Chapter 1 adds to the literature by providing direct evidence documenting shifts 

of both asset and rental price gradients. The rental and asset price gradients are found to 

behave differently over the 1985 to 2013 period studied. Possible reasons for the steepening 
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of house price gradient are then developed using the standard urban model (SUM) and 

tested empirically. Asset price gradient steepening is positively associated with the rising 

congestion cost and dwelling age. MSAs with larger housing units and higher income tend 

to have a smaller rental price gap between the center city and the suburbs. 

 The total return to housing is properly measured as the sum of its rental and asset 

appreciation returns. Housing wealth shocks should be based on total return but the 

literature often ignores rental return. Chapter 2 discusses specific properties of the relation 

between the two components of total return using the estimates of these rates across US 

metropolitan areas. Im-Pesaran-Shin panel unit root tests and augmented Dickey-Fuller 

regressions demonstrate that asset appreciation returns differ by location and there is 

persistence in differences. Beyond demonstrating the problem with treating differences in 

asset appreciation return as shocks, Chapter 2 constructs measures of shocks to total 

housing return. Empirical tests following the Case-Quigley-Shiller framework show that 

the effect of housing return shocks on consumption is much larger when measured using 

total return rather than just appreciation. If shocks to total return to housing are the basis 

of consumption effects, they may be important to understanding other household responses 

to housing wealth.  

 There are large differences in cost-of-living across cities due to the differences in  

housing prices, taxes and amenities. An accurate measurement of quality-adjusted place-

to-place indices of housing prices is important. Chapter 3 reports the production of 

constant-quality place-to-place housing price indices based on the hedonic estimation 

method to construct a panel data set of asset and rental price indices for 35 MSAs over 

1985-2013 using the AHS, and 2337 PUMAs over 2005-2019 using the ACS. A 
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comparison of the information in the two data sets is made and then a statistical comparison 

of ability to explain housing price variation is conducted. Finally an application of the 

newly constructed quality-adjusted housing price indices on measuring housing market 

inflation is discussed. A Laspeyres index, a Paasche index, and a Fisher index are produced 

using the AHS and the ACS for the time period of 2005-2013 on MSA level.  
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Introduction 

 
 

Alonso (1964), Mills (1967) and Muth (1969) formalize the monocentric urban spatial 

structure model and provide the gradient approach to analyze the issue of suburbanization. 

Urban sprawl has been observed and studied since then. Many researchers have worked on 

estimating the density gradient to measure the American suburbanization and find evidence 

of the decentralization of population and employment due to technology and transportation 

innovations, rising real incomes, and “flight from blight” (Mills 1972, Edmonston 1975, 

Mieszkowski et. al. 1993, Glaeser and Kahn 2004). However, recent evidence suggests a 

reversal: center cities are gaining population. Millennials as “the creative class” prefer 

living in center cities (Florida 2004). Couture and Handbury (2016) find that almost all 

large American cities have experienced large increases in young professionals near central 

business districts (CBD) since 2000. Great divergence of jobs, income, retail services and 

amenities start to emerge in big cities (Moretti 2012, Diamond 2016). Bogin et. al. (2018) 

finds larger house price appreciation in areas closer to the city center within large cities. 

This literature has been based on changes in population density or the slope of the housing 

asset price gradient.  

Chapter 1 adds to this research by estimating the changing slope of both the rental 

and asset price gradients for metropolitan areas in the U.S. over a 30 year period. The 

steepening of the asset and rental gradients is then analyzed at disaggregate geographic 

levels, showing that regions have not all followed the national trend. The asset price 

gradient has been steepening in all regions but the Midwest. Whereas all regions but the 

Northeast experienced comparable increases in the slope of the rent gradient. The house 
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price gradient, whether measured using asset or rental prices, increased in slope fastest in 

big cities with high GDP and large population.  

Possible reasons for the steepening of house price gradient are then developed using 

the standard urban model (SUM). The Muth-Mills equation predicts that the slope of house 

price gradient should vary directly with congestion in urban travel and inversely with 

housing unit size. The empirical tests evidenced in this paper are performed using a 

specially constructed panel data set of U.S. metropolitan areas and confirmed these 

expected relations. The shift of asset price gradient is positively associated with the rising 

congestion cost and the MSA average dwelling age. Whereas in the rental market, MSAs 

with larger housing units on average and higher income tend to have a smaller rental price 

gap between the center city and the suburbs, suggesting the steepening of the rental price 

gradient. These results echo the findings in the literature on the rotation of the house price 

gradient and city gentrification. 

Economic theory suggests that the total income from durable household assets 

should include the implicit net rental income. In the case of homeownership, the total return 

to housing investment is the sum of its implicit rental and asset appreciation returns, and it 

is the basis for valuing real estate investment. Empirical research has assessed the relevance 

of the dividend pricing hypothesis by examining two testable implications of the theory. 

First, the hypothesis implies that differences in asset appreciation returns are systematically 

associated with location and hence predictable. Gyourko and Voith (1992), Case and 

Shiller (1994) find evidence of unequal persistence in appreciation rates across 

metropolitan areas. Rachlis and Yezer (1985), Archer, Gatzlaff and Ling (1996), Gelfand 

et. al. (2004), among many others, have confirmed the existence of systematic locational 
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variation both within and across cities in the rates of house price appreciation. Second, the 

dividend pricing hypothesis implies that higher rental returns are offset by lower 

appreciation returns. Although measuring implicit rental returns has been a major challenge 

for prior work, this negative correlation has been found in several settings. However, many 

papers have ignored the dividend pricing hypothesis when examining how consumption 

responds to housing wealth shocks by ignoring the role of the rental return. Shocks to 

appreciation return have been used to measure the link between housing markets and 

household consumption. 

Chapter 2 discusses specific properties of the relation among the two components 

of the total return to housing using the estimates of capitalization rates and asset 

appreciation rates across US MSAs. Empirical estimates, including Im-Pesaran-Shin panel 

unit root test and augmented Dickey-Fuller regressions, demonstrate that differences in 

asset price appreciation are systematically associated with location and that there is 

persistence in returns. These results suggest that differences in appreciation rates are 

predictable and therefore are not shocks. 

The innovation in this paper is that shocks to total return, as well as its division 

between the capitalization and asset appreciation rates, are constructed and related to 

household consumption. The principal finding is that consumption responds more to 

shocks to the total return to housing than to a similarly-sized increase in the rental or asset 

appreciation return. This implies that the capitalization rate component is important both 

because households respond to total return and because differences in appreciation return 

are not shocks but anticipated by homeowners in areas where the capitalization rates are 

unusually high or low. Encompassing tests performed by forcing total return and asset 
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appreciation return into the same consumption equation, show that the estimated effect of 

total return is positive and significant while asset appreciation return is not significant. The 

empirical tests demonstrate that the marginal propensity to consume from a $1 shock to 

total housing wealth is about 11-18 cents. 

Housing is the largest asset held by most households. According to 2019 American 

Community Survey (ACS) 1-year data, there are 120,691,221 residential housing units, of 

which 65% are owner-occupied. The total asset value of housing in the US is $36.3 trillion 

of which $26.3 trillion is owner-occupied housing. Changes in housing prices can create 

sizable income and wealth shocks. An accurate measurement of quality-adjusted place-to-

place indices of housing prices is important for a variety of purposes, for example, for 

households and housing investors to make housing consumption decisions, for economists 

to examine housing market dynamics, and for policy makers to assess the equity and 

efficiency of various government housing assistance programs.  

Housing price indices are sometimes based on tenure and sometimes include all 

housing units. There is one market for housing and ownership is determined by the high 

bidder for the unit regardless of tenure. Potential owner occupants bid against potential 

investors for units in a single market. Any housing price index based on transaction prices 

includes a mixture of units sold to occupants and investors. Repeat sale price indices do 

not distinguish sellers or buyers and therefore include all transactions between occupants 

and investors, i.e. transactions of all housing units are included in repeat sales indices. 

There is no repeat rent index. This means that repeat sale indices systematically select units 

that are sold more often but there is no selection bias based on tenure except in multifamily 

rental units where there is no ownership of individual units. 
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In contrast survey data on housing prices, from the AHS or ACS, is not based on 

transaction prices and instead relies on occupant perceptions. For obvious reasons, rental 

tenants cannot value rental units but are well suited to report on rental prices. Similarly 

owner occupants may not be immediately aware of the rental value of their units but likely 

are aware of asset value. Therefore, surveys are able to identify rental and asset prices 

although this information is gleaned by surveying different groups of households. There is 

a substantial literature on potential bias in owner perceptions of value but that measurement 

error is generally assumed to be eliminated by differencing responses over time. This can 

be determined by comparing repeat sales indices with changes in house prices reported in 

survey data. Similar concern about bias in renter responses has not occupied the attention 

of researchers. 

The ACS and the AHS are two commonly used sources of information on housing 

in the U.S. market. The application of either data set to construct hedonic housing price 

index for the purpose of measuring constant-quality inter-area housing price differences 

has advantages and disadvantages. 

 Chapter 3 constructs quality-adjusted place-to-place housing price indices using 

data from the AHS for 35 MSAs over 1985-2013, and data from 2005-2019 ACS 1-year 

files for 1178 PUMAs. The hedonic estimation specification used in this paper follows 

previous studies, by regressing the natural logarithm of house price (asset value for owner-

occupied unit or monthly rent for rental unit) on observed characteristics of the unit, 

building structure and its neighborhood and dummy variables for different contract 

conditions. Previous studies (Thibodeau 1992, 1995; Malpezzi, Chun and Green 1998; 
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Carrillo, Early and Olsen 2014) have shown that this functional form is suitable for the data 

and is the most widely used specification.  

 The primary purpose of this chapter is to update and extend previous work on 

constructing housing price indices using either the AHS or the ACS, by documenting the 

production of the quality-adjusted housing price indices and comparing the results using 

the most recent data from the AHS and the ACS. A comparison between these hedonic 

price indices and the most commonly used repeat sales indices (FHFA HPI and Case-

Shiller HPI) is conducted to illustrate the possible effects of alternative data sources on 

measures of housing price movements. 

Chapter 3 also conducts an application of the quality-adjusted inter-area housing 

price indices on measuring housing price changes. A Laspeyres index, a Paasche index, 

and a Fisher index are produced using the AHS and the ACS for the time period of 2005-

2013, on the MSA and PUMA levels respectively. For the asset price indices, the AHS 

produces more consistent inflation indices than the ACS does. The AHS and the ACS 

produce comparable annualized inflation rates for the rental market.  
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1. Shifting House Price Gradients: Evidence Using Both Rental and Asset Prices 

1.1 Introduction 

Alonso (1964), Mills (1967) and Muth (1969) formalize the monocentric urban spatial 

structure model demonstrating that gradient functions for prices and density can be used to 

characterize spatial structure and sprawl. The literature on city spatial structure change was 

initially based on changes in the population density gradient. Mills (1972), Mieszkowski 

et. al. (1993), Glaeser and Kahn (2004) and many others have used estimates of the 

changing population density gradient to measure the American suburbanization. Various 

possible causes of sprawl have been identified, including unpriced traffic congestion (Anas 

and Rhee, 2006), availability of roads and highways (Anas and Pines, 2008), low crime 

rate and quiet neighborhoods in the suburbs (Couch and Karecha, 2006), change of age and 

household structure (Jaeger and Schwick, 2014), the improvement of economic base 

(Brueckner and Helsley 2011), and racial animus (Massey and Tannen 2018). Brueckner 

(2000) pointed out that it is debatable whether urban expansion is purely in response to 

fundamental forces or due to some market failures that justifies criticism of urban sprawl. 

Although there is lack of agreement on cause, the effect being studied for many years was 

the determinants of falling population density gradients, or sprawl. 

 Recent evidence suggests a reversal in the process of sprawl. Center cities are 

gaining population. Urban research has turned to explaining the revival of the city. There 

is evidence suggesting that center city housing is becoming more expensive and popular 

among the highly educated younger generations. Almost all large American cities have 

experienced large increases in young professionals near CBD since 2000 (Couture and 

Handbury 2016), and millennials as the creative class prefer living in center cities (Florida 
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2002). Great divergence of jobs, income, retail services and amenities start to emerge in 

big cities (Moretti 2012, Diamond 2016). Edlund et al. (2016) argue that gentrification is a 

result of longer working hours of households as workers favor proximity to work and city 

amenities more than large housing space because they spend less time at home. As this 

paper is written, the pandemic may be changing these preferences and relative time 

allocation between workplace and home.  

With more housing transaction data available, the study of urban spatial structure 

change has most recently switched from population density to changes in the housing asset 

price gradient. Glaeser, Gottlieb, and Toibo (2012) found that, within metropolitan areas, 

median house value grew faster in neighborhoods closer to the center city. Bogin et. al. 

(2018) report larger house price appreciation in areas closer to the city center within large 

cities. Their work provides the first direct evidence documenting the steepening of the 

within-city house price gradient. However, most of the estimates struggle with the problem 

of differentiating between home value changes and changes in the price of housing 

services. Moreover, the rental price gradient has been ignored although most center city 

housing is rental in the largest cities.  

This paper adds to this literature by providing direct evidence of the housing price 

gradient shifts using both asset and the rental prices. With publicly available data that 

covers a wide range of metropolitan areas in the U.S. over a 30 year period, the American 

Housing Survey (AHS) contains comprehensive and publicly available information on 

asset and rental prices as well as physical and neighborhood characteristics. This detailed 

information facilitates the construction of panel data sets of asset and rental price indices 

in the center cities and the suburbs of large MSAs. The relative price changes between the 
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center city and the suburb reflects the shift of asset price and rental price gradients over 

time. Findings on the city spatial structure change are presented from the perspective of 

both asset and rental price gradients on a disaggregated geographic level. 

The two most commonly used asset price indices in the existing literature are the 

Case-Shiller home price indices and the FHFA house price indices. Both are generated 

using the repeat-sales estimates, and they are highly correlated. This paper constructs new 

asset price indices using the AHS and adds rental price indices that differentiate between 

the center city and the suburb, which is an extension of existing city-level house price 

indices.  

Asset and rental price indices are constructed using publicly available datasets. 

Various models are developed to create comparable house price indices. Each model 

produces a panel of house price indices for the center city and the suburbs for 76 MSAs 

over 1985-2013. The slope of house price gradient is characterized by the ratio of price in 

the center city to that in the suburbs, and the difference in the rate of price appreciation 

between the center city and the suburbs.  

Tests based on the AHS house price indices constructed in this paper illustrate three 

main stylized facts. For the owner-occupied housing units, there is an overall steepening 

of the asset price gradient over 1985-2013. The asset price gap between the center city and 

the suburbs stayed relatively stable during the 1980s and 1990s, but it increased after 2000. 

The shift of the asset price gradient is more significant in MSAs that initially had small 

populations, low numbers of housing units, and dense structure. However, the rental price 

gradient does not exhibit comparable rotation over the full sample period. The slope of the 

rental price gradient mainly increased before the early 1990s, and has stayed stable since 
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then. Furthermore, the pattern of rental price gradient shifts are relatively consistent across 

MSAs, regardless of the initial condition of population and housing structure 

characteristics.  

The reminder of the essay proceeds as follows. The next section reviews related 

literature. Section three outlines how the relative asset price and rental price indices 

between the center city and the suburbs are constructed and compares them to existing 

house price indices. Section four discusses the stylized facts from the indices, which is 

followed by the theoretical framework of the standard urban model (SUM) in Section five. 

Section six demonstrates the results of the empirical tests, and explains the steepening of 

house price gradients using SUM. The final section concludes with a summary and 

implications. 

1.2 Literature Review 

Alonso (1964), Mills (1967) and Muth (1969) formalized the monocentric urban spatial 

structure model. Brueckner (1987) presented a unified treatment of the Muth-Mills model 

and shows that the price per square foot of housing drops with the distance to CBD and 

that this rate is a function of commuting cost per round-trip mile and household 

consumption of housing, which is affected by some exogenous factors. Given usual 

assumptions about housing production and transportation congestion, the house price 

gradient follows a negative exponential. Furthermore Bertrand and Brueckner (2005) 

showed that the price gradient maintains its shape in the face of planning restrictions on 

building height and density. 

 The literature on city spatial structure change was initially based on changes in the 

population density gradient. Mieszkowski and Smith (1991) analyzed the decentralization 
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in the Houston region using estimations of population density functions based on land areas 

actually used for residential activities.  Glaeser and Kahn (2004) used estimates of the 

changing population density gradient to measure the American suburbanization, and 

claimed that sprawl, as the result of car-based lifestyle, is associated with significant 

improvements in quality of living. Various possible causes of sprawl have been identified, 

including unpriced traffic congestion (Anas and Rhee, 2006), availability of roads and 

highways (Anas and Pines, 2008), low crime rate and quiet neighborhoods in the suburbs 

(Couch and Karecha, 2006), change of age and household structure (Jaeger and Schwick, 

2014), the improvement of economic base (Brueckner and Helsley 2011) , and racial 

animus (Massey and Tannen 2018). Despite the lack of agreement on cause, the effect 

being studied for many years was the determinants of falling population density gradient. 

 With more housing transaction data available, the study of urban spatial structure 

change has most recently switched from population density gradients to changes in the 

housing asset price gradient. Glaeser, Gottlieb, and Toibo (2012) found that, within 

metropolitan areas, median house value grew faster in neighborhoods closer to the center 

city. Bogin et. al. (2018) reported larger house price appreciation in areas closer to the city 

center within large cities. Their work provides the first direct evidence documenting the 

steepening of the within-city house price gradient. The relative house price between center 

cities and the suburbs is associated with various factors. Guerrieri, Hartley, and Hurst 

(2013) documented dynamics of house price appreciation across neighborhoods in 

response to city-wide housing demand shocks and explained the endogenous gentrification 

mechanism as an important determinant of the house price change variation. Edlund, 

Machado and Sviatchi (2015) found that the rotation of house price gradient is due to the 



12 

 

increase in high-skilled workers whose leisure time has shrunk and the improved public 

safety in the center city. Larson and Zhao (2017) showed the house price gradient rotates 

and rises or falls generally with an oil price change both theoretically and empirically. 

Couture and Handbury (2019) found that the urban revival and rising house price in center 

cities are driven by the increase in the college-educated population in large cities due to 

their preference over non-tradable city service amenities. 

1.3 Construction of House Price Gradient Indices 

The American Housing Survey (AHS) started in 1973 and is now conducted every other 

year. The AHS changed the narrative of the questionnaires significantly in 1983, and took 

away individual household responses on housing value questions in the Public Use File 

(PUF) starting in 2015. As a result, this study uses 1983-2013 AHS PUFs. It provides a 

consistent panel data set of detailed property-level information, including house price 

(asset price of units that are occupied by owners, and rental price of units that are occupied 

by renters), housing quality characteristics, geographic location and information on 

occupants.  

There are several major advantages of using AHS data for the purpose of measuring 

house price changes over space and time. First, the AHS has a large sample of owner-

occupied units and renter-occupied units. Most center city housing is rental in the largest 

cities. Rental units have been long ignored in the existing literature on the house price 

gradient due to data limitations. Second, the AHS provides information on both the housing 

units that transact and those that did not, therefore reducing the likelihood of sample 

selection bias. Kiel (1994) found that homeowners were more likely to trade their house if 

their house had higher-than-average appreciation in the past. This suggests that houses with 
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repeat sales may be fundamentally different from those that are never sold. Third, the panel 

data feature of AHS makes it relatively easy to control for the quality characteristics of the 

housing units. Fourth, the rich information of AHS is publicly available. Limited data 

accessibility due to private listing services has always been a challenge to measure house 

price changes over a large area and a long period. The AHS public files cover more than 

100 metropolitan areas over 30 years. 

There are two common questions raised concerning the AHS data: the accuracy of 

self-reported house values, and the lack of objective information on neighborhood 

characteristics. For the first concern, Goodman and Ittner (1992) found that the average 

homeowner over-values the house by 6%. Kiel and Zabel (2003) found a similar over-

valuation of 5.1% and showed that the difference between sales prices and owners’ 

valuations is unrelated to particular characteristics of the house, occupants, or the 

neighborhood. For the second concern, the missing objective information on the 

neighborhood and community is not unique to AHS. The AHS has some subjective 

information on the neighborhood characteristics. The AHS asks questions about the 

presence of abandoned buildings, crime on the street, pests and rats, etc. as well as 

respondents’ evaluation of the unit and the neighborhood, to collect information on 

neighborhood and community conditions. Given the focus on changes over time of this 

study, the slow pace of neighborhood change means that the dynamic nature of the 

measurements here as well as those in repeat sales indices might not suffer significant bias 

from these omitted variables.  

Previous literature has focused on measuring the housing price index based on the 

units that are owner-occupied. This paper adds the rental indices, given that most center 
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city housing is rental in the largest cities and measuring the rental price index provides an 

important tool to understand the opportunity cost of owner occupants. It should be noted 

that there is only one market for housing. Some units are occupied by owners and some are 

occupied by renters. When a unit is sold, some individuals decide to be investors and lease 

the units, and some individuals decide to be owner occupants.  Table 1.1 compares some 

of the key characteristics of the housing units sampled in the AHS that are occupied by 

owners versus renters. The comparison suggests that the housing units that are occupied by 

owners versus renters tend to be different in physical housing characteristics. Owner-

occupied housing units tend to be larger, older, and with better structure features than those 

occupied by renters. 

In this section, a number of house price indices are estimated based on the self-

reported asset and rental prices. Case, Pollakowski, and Wachter (1991) and Kiel and Zabel 

(1997) estimated house price indices for owner-occupied houses by comparing various 

hedonic models, repeat-sales models, and hybrid models. Both studies found that indices 

estimated based on the full sample of house values have no substantial differences in the 

appreciation rates among the various models. However, indices based on subsamples of 

housing units with sales information have substantial differences in the appreciation rates, 

which suggests the sample selection bias of the repeat-sales method. For robustness 

purposes, this study uses a modified repeat-sales method that uses the self-reported values 

of both the housing units with transaction history and those without over time. It is 

convenient to refer to the three approaches to estimating house price effects used here as 

models A, B, and C. 

Model A is a standard hedonic regression for asset or rental price, as shown in 
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equation (1). 𝑌𝑖,𝑡,𝑐,𝑚 is the asset or rental price of housing unit i at year t in the area of c= 

center city, suburb in MSA m. 𝛼𝑐,𝑚is the location-specific constant term. 𝑋𝑖,𝑡,𝑐,𝑚 is a vector 

of housing quality characteristics, including the number of living units, housing unit 

structure type, number of bedrooms, number of full bathrooms, number of half bathrooms, 

whether a garage is included, whether a basement is included, the type of air system, the 

type of heating system, age of the structure and the square of age, interior space of the 

housing unit in square foot, and the lot size. 𝐷𝑗,𝑡,𝑐,𝑚is the year dummy variable with the 

value of 1 when j=t and 0 otherwise. Given that the AHS is conducted every other year, 

𝑗 = 1987, 1989, . . . , 2013. And 𝜖𝑖,𝑡,𝑐,𝑚is the error term. In each city, the panel regression of 

Equation (1) produces the results of 𝛾  estimates for 𝑗 = 1987, 1989, . . . , 2013. These 

estimates of 𝛾𝑗,𝑐,𝑚 measures the location-specific asset or rental log-price appreciation 

compared to base year 1985. The average annual appreciation rate of the house price index 

is calculated in equation (2), using results of 𝛾 estimates from running Equation (1). 

𝑀𝑜𝑑𝑒𝑙 𝐴: 𝑙𝑜𝑔(𝑌𝑖,𝑡,𝑐,𝑚) = 𝛼𝑐,𝑚 + 𝑋𝑖,𝑡,𝑐,𝑚𝛽𝑐,𝑚 + ∑2013
𝑗=1987 𝐷𝑗,𝑡,𝑐,𝑚𝛾𝑗,𝑐,𝑚 + 𝜖𝑖,𝑡,𝑐,𝑚 (1) 

% △ 𝐻𝑃𝐼𝑗,𝑐,𝑚  = [𝑒𝑥𝑝(
𝛾̂𝑗,𝑐,𝑚−𝛾̂𝑗−2,𝑐,𝑚

2
) − 1] (2) 

Model B is a modified repeat-sales model. The traditional repeat-sales method 

applies to housing units that have been traded without major changes in housing quality 

characteristics during the sample period. The AHS contains self-reported values of all the 

sampled housing units regardless of the transaction history. Controlling for the housing 

quality characteristics, this repeat-value model, as shown in equation (3), is applied over 

all houses to estimate the rate of housing price appreciation. Results of 𝛾 estimates for 𝑗 =

1987, 1989, . . . , 2013 from Equation (3) are used to compute annual average housing price 

appreciation rates, same as in Equation (2). 
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𝑀𝑜𝑑𝑒𝑙 𝐵: 𝛥𝑙𝑜𝑔𝑌𝑖,𝑡,𝑡−1 = ∑2013
𝑗=1987 𝛥𝐷𝑗,𝑡,𝑡−1𝛾𝑗 + 𝛥𝜖𝑖,𝑡,𝑡−1 (3) 

, where the first differenced variables are constructed as 

𝛥𝑙𝑜𝑔𝑌𝑖,𝑡,𝑡−1 ≡ 𝑙𝑜𝑔(𝑌𝑖,𝑡,𝑐,𝑚) − 𝑙𝑜𝑔(𝑌𝑖,𝑡−1,𝑐,𝑚) (4) 

𝛥𝐷𝑗,𝑡,𝑡−1 ≡ 𝐷𝑗,𝑡,𝑐,𝑚 − 𝐷𝑗,𝑡−1,𝑐,𝑚 (5) 

𝛥𝜖𝑖,𝑡,𝑡−1 = 𝜖𝑖,𝑡,𝑐,𝑚 − 𝜖𝑖,𝑡−1,𝑐,𝑚 (6) 

There are 73,456 owner-occupied housing units and 39,202 rental units over 76 

MSAs included in this repeat-value model, which is fewer than the 177,126 owner-

occupied units and 130,280 rental units in Model A, after dropping houses that were 

surveyed only once during the sample period, had no transaction records, had changes in 

major housing quality characteristics. 

If houses that had changes in housing quality characteristics are different from those 

that had none, house price indices estimated using the repeat-value model can be biased. 

And the repeat-value model does not allow the impact of time to be separated from that of 

building age. This problem can be avoided using a hybrid model, by taking first differences 

using Equation (1) to include changes in housing quality characteristics. Again, results of 

𝛾 estimates for j=1987, 1989, ..., 2013 from Equation (7) are used to compute annual 

average housing price appreciation rates, following Equation (2). 

𝑀𝑜𝑑𝑒𝑙 𝐶: 𝛥𝑙𝑜𝑔𝑌𝑖,𝑡,𝑡−1 = 𝛥𝑋𝑖,𝑡,𝑡−1𝛽 + ∑2013
𝑗=1987 𝛥𝐷𝑗,𝑡,𝑡−1𝛾𝑗 + 𝛥𝜖𝑖,𝑡,𝑡−1 (7) 

, where 𝛥𝑋𝑖,𝑡,𝑡−1 = 𝑋𝑖,𝑡,𝑐,𝑚 − 𝑋𝑖,𝑡−1,𝑐,𝑚 

Appendix A1.1-A1.2 shows the number of housing units in the center city and the 

suburbs of each MSA when the above models are used to estimate asset and rental price 

appreciation indexes. The AHS asks  directly in the national questionnaire if the housing 

unit is located in the primary center city of MSA, secondary central cities of the MSA, or 
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suburb of the MSA. The differentiation between the center city and the suburb is a political 

concept in the AHS. The MSA borders follow the 2013 metropolitan map definitions.  

Within the entire sample, 53% of the housing units are in the center city nationwide. 

60% of the rental housing units are located in the center city, and 41% of the owner-

occupied housing units are in the center city. The relative size of center city to the total 

MSA housing varies substantially across MSAs, which ranges from 9% in Bergen-Passaic, 

NJ to 90% in Denver, CO. The boundary of MSAs does not change, which works for the 

purpose of this study. Within each MSA, the share of center city housing has stayed 

relatively constant across the survey years. In some of the biggest US MSAs, for example, 

New York City has 72% - 80% of housing units in the center city across the survey years, 

Washington DC has 67%-77% of center city housing relative to the total housing market, 

and Chicago has 47%-54% of housing units in the center city. A detailed table that tabulates 

the share of housing units in the center city versus in the suburb for each MSA in each of 

the survey years is provided in an online appendix. 

Each model produces a panel of house price indices of the center city and the 

suburbs for about 76 MSAs over 1985-2013 (base year = 1985), using asset and rental 

prices respectively. The slope of house price gradient is measured both by the relative price 

between the center city and the suburbs, and the absolute difference in price appreciation 

between the center city and the suburbs.  

It is informative to compare the asset price indices that are created using AHS in 

this study with alternative indices in the literature. The two most commonly used asset 

price indices in the existing literature are the Case-Shiller home price indices and the FHFA 

house price indices. Both are created using the repeat-sales method based on records of the 
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owner-occupied housing units. The models discussed in the previous part generate three 

panels of MSA-level house price indices, using hedonic estimation, repeat-sales method 

and modified repeat-sales method. Figure 1.1 illustrates the comparisons among the 

appreciation rates of the national level asset price indices created based on: (1) hedonic 

model, (2) repeat-value model, (3) hybrid model, (4) Case-Shiller national home price 

indices, and (5) FHFA house price indices.  

Casual observation suggests that house price appreciation rates based on repeat 

sales indices are biased upward. This is consistent with the previous literature. As predicted 

in the literature, higher appreciation promotes more sales. Kiel (1994) found that 

homeowners were more likely to trade their house if their house had higher-than-average 

appreciation in the past. As found in this study, the mean of the annual asset appreciation 

rates over the sample period is 3.5% based on Case-Shiller HPI and FHFA HPI, with the 

maximum of 10% and 13% in 2005 and the minimum of -5% and -9% in 2009, 

respectively. The mean of the asset price appreciation rates based on data constructed in 

this paper using AHS are: (1) standard hedonic model: -0.2% in the center city and -0.3% 

in the suburbs, (2) repeat-value model: -1.9% in the center city and suburbs, (3) hybrid 

model: -0.8% in the center city and -0.5% in the suburbs. In terms of the variance of the 

annual asset appreciation rates, FHFA HPI appreciation rates has the lowest variance of 

0.17%, while Case-Shiller HPI appreciation rates have the largest variance of 0.33%. The 

three models based on AHS indices have variances ranging from 0.18% to 0.31%, in line 

with Case-Shiller HPI and FHFA HPI. 

To better understand the stationary of the annual average appreciation rates of the 

above five house price indices, augmented Dickey-Fuller regressions (ADF1981) are 
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estimated for each series. Tests are based on ADF with 0-2 lags, a constant term and no 

trend. Following Bogin, Doerner and Larson (2019), a deterministic constant term is 

included but not a trend because “it is difficult to justify a model with real house prices 

trending upward ad infinitum.”  The results of ADF tests are shown in Table 1.2. The null 

hypothesis of a unit root can be rejected at 90% level for all. The house price appreciation 

rates based on various data sources and models are stationary and predictable.  

The Engle-Granger two-step tests for cointegration are then conducted between 

each pair of two house price indices appreciation rates. The cointegrating residuals are 

examined using ADF with 1 lag, a constant term and no trend term. As shown in Table 1.3, 

the null hypothesis of the ADF tests that the residuals have a unit root can be rejected in 

all pairs, which provides evidence in support of the cointegration of the house price 

appreciation rates constructed by FHFA HPI, Case-Shiller Home Price indices and the 

three AHS asset price indices based on the hedonic model, repeat value model and hybrid 

model.  

Tests for structure breaks show that the annual average real appreciation rates of all 

house price indices have similar patterns over time: FHFA HPI and Case-Shiller Home 

Price Indices have structural breaks in 2005 and 2009. The AHS asset price indices based 

on the three models of this study have structural breaks in 2003 and 2011.  

 As a counterpart to the asset price appreciation rates, national level rental price 

indices are created using the number of MSA-level housing units as weights. The three 

models discussed in Equations (1)-(7) produce three sets of annual average real 

appreciation rates of national rental price indices, as shown in Figure 1.2. In models A, B, 

and C, the means of the annual rental price appreciation rates in the center city over the full 
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sample period are 0.5%, 1.6%, and 1.1% respectively. Those in the suburbs are 0.2%, 0.2%, 

and 0.4%. From 1987 to late 1990s, the rental price in the center city had consistently 

higher appreciation rates than in the suburbs. Over 1987-1999, the annual rental price 

appreciation rates in the center city are, on average, 0.4% - 1.5% higher than those in the 

suburbs based on the three models. Since 2000, the center city rental price has continued 

to  appreciate faster than  the suburban rental price index.  

ADF regressions are estimated for annual appreciation rates for each of the rental 

price indices. Tests are based on ADF with 0-2 lags, a constant term and no trend. As shown 

in Table 1.4, the null hypothesis of a unit root is rejected in all models. The appreciation 

rates of rental price indices generated using AHS based on the three models are all 

stationary and predictable. The Engle-Granger two-step tests for cointegration are then 

conducted between each pair of two house price indices appreciation rates. The 

cointegrating residuals are examined using ADF with 1 lag, a constant term and no trend 

term. Results of the ADF tests on the residuals are shown in Table 1.5, and provide 

statistical evidence in support of the cointegration of the rental price appreciation rates 

based on the AHS rental price indices using various models. 

 Table A1.3 and Table A1.4 demonstrate the summary statistics of the house price 

appreciation indices created using the hedonic model, the repeat-value model and the 

hybrid model. The three sets of panel datasets have similar patterns. Among the three, the 

hedonic model and the hybrid model produce very consistent results. 

1.4 Stylized Facts Regarding Shifting House Price Gradients 

This section examines the shift of asset and rental price gradients over time following the 

framework of SUM. Instead of finding the house price at every location in the city and 
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tracing out the entire house price gradient for each of the survey years, this study tests the 

changes of the slope of asset and rental price gradients respectively.  

(𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚 = (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡−1,𝑚 ∗ (
1+%𝛥𝐻𝑃𝐼𝑐𝑒𝑛𝑡𝑒𝑟

1+%𝛥𝐻𝑃𝐼𝑠𝑢𝑏𝑢𝑟𝑏
)𝑡−1,𝑡,𝑚 (8) 

The slope of house price gradient in MSA m at year t is proxied by the relative price 

between the center city and the suburbs, (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚. The change of the house 

price gradient slope is measured by the relative gross appreciation rate between the center 

city and the suburbs, (
1+%𝛥𝐻𝑃𝐼𝑐𝑒𝑛𝑡𝑒𝑟

1+%𝛥𝐻𝑃𝐼𝑠𝑢𝑏𝑢𝑟𝑏
)𝑡−1,𝑡,𝑚. When this ratio of gross appreciation rates is 

greater than 1, (
1+%𝛥𝐻𝑃𝐼𝑐𝑒𝑛𝑡𝑒𝑟

1+%𝛥𝐻𝑃𝐼𝑠𝑢𝑏𝑢𝑟𝑏
)𝑡−1,𝑡 > 1, or when the rate of house price appreciation is 

larger in the center city than in the suburbs, %𝛥𝐻𝑃𝐼𝑐𝑒𝑛𝑡𝑒𝑟,𝑡−1,𝑡 > %𝛥𝐻𝑃𝐼𝑠𝑢𝑏𝑢𝑟𝑏,𝑡−1,𝑡.  

The tests in the rest of this study are mainly based on the house price indices 

generated using the hedonic model. The three sets of house price indices based on the 

hedonic model, repeat-value model and the hybrid model are highly consistent and 

correlated, and the hedonic model has the largest sample size.  

Over the entire sample period, 36 out of 76 MSAs had larger asset appreciation 

rates in the center city than in the suburbs. Then MSAs are divided based on size. A MSA 

is considered large if the number of owner-occupied units in 2013 was more than the 

median MSA, otherwise the MSA is considered small. Overall, 22 large MSAs and 14 

small MSAs experienced steepening of asset price gradient over 1985-2013. In order to 

examine the timing of changes in asset price gradients, the entire sample period is divided 

into seven four-year windows: 1985-2013, 1985-1989, 1989-1993, 1993-1997, 1997-2001, 

2001-2005, 2005-2009 and 2009-2013. MSAs are divided into small and large MSAs. 

Figure 1.3 lists the number of MSAs by whether the asset appreciation rate is larger in the 
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center city than in the suburbs, for small and large MSA groups respectively. The fraction 

of MSAs that experienced steepening of the asset price gradient remained relatively stable 

during each of the subperiods. 

Similarly, the rental markets are examined over the full sample period and for each 

of the four-year subperiods, based on whether the rental price appreciation rate is larger in 

the center city than in the suburbs, and whether the number of rental units is larger than the 

national median. A summary of the fractions is demonstrated in Figure 1.4. The steepening 

of rental price gradient is strongest during 1989-1993.  

To determine if there is a persistent time trend of the change in the slope of house 

price gradients, tests are conducted using equation (9). The ratio of house price indices 

between the center city and the suburb in year t in MSA m, (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚,is 

calculated using the relative house price estimates based on the hedonic model, using asset 

price and the rental price respectively. The time trend variable 𝑦𝑒𝑎𝑟𝑡 is coded with the year 

1985 as 0, year 1987 as 2, and so on so forth until year 2013 as 28. This is because the AHS 

is conducted every other year. 𝑀𝑆𝐴𝑚 is the metropolitan area fixed effect, and 𝜖𝑡,𝑚is the 

error term. The recent evidence of center cities gaining population suggests a positive 𝛽 

and hence an increase in the slope of both asset price and rental price gradients over time. 

But such population shifts could reflect zoning changes rather than price shifts. 

 (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚 = 𝛼 + 𝛽 ∗ 𝑦𝑒𝑎𝑟𝑡 + 𝑀𝑆𝐴𝑚 + 𝜖𝑡,𝑚 (9) 

The above equation is first tested for 1985-2013 over 76 MSAs, to examine the 

time trend of the asset price ratio changes. As suggested by the discussion in previous 

sections, the changes in the slope of asset price gradients have different patterns over 

various time periods. The relative growth of asset price indices between the center city and 
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the suburbs was stable before 2000, and the gap has grown during the 2000s. Regressions 

based on equation (9) are further tested on sub time periods of 1985-1999 and 1999-2013, 

as well as over each decade (or so) of 1985-1993, 1993-2003, and 2003-2013.  

The results are shown in Table 1.6. The slope of the asset price gradient across the 

US became steeper annually starting from the initial price ratio of 0.971 in 1985. Overall, 

it became 6% steeper over the three decades between 1985 and 2013. The reversal of the 

asset price gradient slope is mainly driven by the relative asset price changes since 2000. 

The time trend of the asset price gradient rotation is 0.006 per year after 2000, or about 

0.7% steeper annually compared to the initial slope. The regression results also provide 

evidence of the relative stability of the asset price gradient in the 1980s and 1990s. 

The rental price gradient behaved differently during the sample period. Table 1.7 

shows the time trend of the ratio of rental price indices between the center city and the 

suburbs generated based on the hedonic model over the full sample time period and for 

various subperiods. The slight steepening of rental price gradient happened during the 

1980s and 1990s and stopped afterwards. When the sample is divided into two sub periods  

(1985-1999 and 2000-2013), the ratio of rental price indices between the center city and 

the suburbs increased by 0.3% per year before 2000. The relative rental price index 

remained constant after 2000.   

Table 1.8 shows the results of tests to determine if the asset and rental price 

gradients had a comparable shift. Compared to the rental price, the asset price of housing 

started from a lower price ratio between the center city and the suburbs, and steepened at a 

faster rate during 1985-2013 overall. However, the shift of rental price gradient is 

significantly larger than that of the asset price gradient before 1999, especially during the 
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first decade of the sample period. Whereas the steepening of the asset price gradient is 

more prominent since the 2000s because the rental price gradient failed to change. 

This study does not intend to directly explore the mechanism through which the 

asset and rental price gradients have shifted. Obviously rent is the spot price of housing 

services and the asset price includes future expectations and there is no reason why future 

expectations should reflect current conditions. 

The different shifts in asset and rental price gradients could potentially be explained 

by the difference in housing demand and preferences of the home-owners who decide to 

invest and rent versus those who decide to occupy their own house, as well as the housing 

supply and regulations on these two types of units. Hwang and Quigley (2006) found that 

trends in house prices are mitigated by changes in vacancy rates for owner-occupied units, 

which is in construct to the inverse relationship between rents and vacancy rates across 

markets found in other empirical studies (Rosen and Smith, 1983; Gabriel and Nothaft, 

1988, 2001). Previous literature found statistically significant evidence on the importance 

of variations in materials, labor and capital costs, and regulation in affecting new supply of 

owner-occupied units on asset prices, but that result tends to be insignificant between rental 

prices and those factors (Mayer and Somervile 2000; Hwang and Quigley 2006). Rubio 

(2019) argued that because renters and home-owners have different sensitivity to housing-

related taxation incentives, this is an influential factor to their tenure decisions. 

In sum, tests on the house price indices generated in this study suggest three  

stylized facts regarding the shift of asset and rental price gradients. For the asset price 

gradient, there is an overall steepening over 1985-2013. The asset price gap between the 

center city and the suburbs stayed relatively stable during the 1980s and 1990s, but it 
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expanded increasingly post 2000. The steepening of the asset price gradient is more 

significant in MSAs that initially had small populations, low housing stock, and dense 

structure. However, the rental price gradient did not exhibit comparable rotation over the 

full sample period. The slope of the rental price gradient mainly increased before the early 

1990s, and has stayed stable since then. And the pattern of rental price gradient shifts is 

relatively consistent across MSAs, regardless of the initial condition of population and 

housing structure characteristics. These results add to the literature by providing direct 

evidence on the shift of asset and rental price gradients within and across MSAs, and 

support the recent studies on the city spatial structure change. 

It is worth noting that hedonic price rice indices generated using asset value versus 

rental prices yield different results, and that the shifts of asset and rental price gradients 

have different behaviors during the time period of this study. The difference in rental and 

asset price indices generated in this study is consistent with results of literature on the 

varying capitalization rate. As Carrillo and Yezer (working paper 2021) pointed out, 

hedonic analysis of rental price provides information on the implicit prices of current 

housing quality characteristics and neighborhood amenities, and asset price hedonic 

estimation provides information on the expected discounted future value of housing 

services and neighborhood amenities. Current and future conditions of variables that enter 

into the hedonic estimation equations tend to be varying in different ways and/or unknown. 

As a result, the ratio of rent to asset price indices is not consistent, and a wedge between 

the asset and rental price hedonic estimates is observed. This paper empirically examines 

the shifts of both rental and asset price gradients separately in the following section.    

1.5 SUM and the House Price Gradient Shift 
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The study on the shift of house price gradients is directly based on the Standard Urban 

Model (SUM). Brueckner (1987) presents a unified treatment of the Muth-Mills model and 

shows that the price per square foot of housing 𝑝 drops with distance 𝑘 to CBD and that 

this rate is a function of commuting cost per round-trip mile 𝑡 and household consumption 

of housing ℎ, which is affected by some exogenous factors 𝜎. 

𝜕𝑝

𝜕𝑘
 =  −

𝑡

ℎ(𝑘;𝜎)
 (10) 

A large body of literature has discussed various potential determinants of the shift 

of the house price gradients. Anas and Rhee (2006) and Anas and Pines (2008) examined 

unpriced traffic congestion leads to inefficient urban sprawl. Couch and Karecha (2006) 

discussed how low crime rate and quiet neighborhoods in suburbs affect households' 

location choice and thus the house price change. Glaeser, Kahn and Rappaport (2008) 

found that the housing-based force is weaker than the time-cost force, resulting in high-

income households’ location choice in the center cities. Brueckner and Rosenthal (2009) 

discussed how the age of the housing stock affects the location of high- and low-income 

neighborhoods in the US and hence the gentrification. Jaeger and Schwick (2014) 

discussed several explanations on the shift of house price gradient, such as change in life-

style, household structure, and employment structure, in addition to the traditional 

explanations that focus on commuting behavior and income. Brueckner and Helsley (2011) 

identified the improvement of economic base as a potential determinant of the house price 

gradient change. Edlund, Machado and Sviatchi (2015) found that the rotation of house 

price gradient is due to the increase in high-skilled workers whose leisure time has shrinked 

and the improved public safety in the center city.  

This section presents a model that is based on SUM and in line with the literature. 
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In a monocentric city, households consume housing ℎ and a composite commodity 𝑐, and 

commute to the CBD for employment. Households earn the same base income y. Following 

Brueckner and Rosenthal (2009), Housing services depend on the dwelling’s age a and 

some exogenous factors 𝜎, with ℎ = ℎ(𝑎(𝑘); 𝜎)and ℎ𝑎 < 0. For workers, the time cost of 

commuting is a fraction of the full work time income. Total commuting cost per unit 

distance k is the sum of the out-of-pocket cost t and the opportunity cost of commuting 

time 𝜙𝑦. The household’s utility maximization problem becomes 

𝑚𝑎𝑥 𝑈(𝑐, ℎ) s.t. 𝑦 = 𝑐 + 𝑝(𝑘)ℎ(𝑎(𝑘); 𝜎) + 𝑇(𝑘) and 𝑇(𝑘) = (𝑡 + 𝜙𝑦)𝑘 (11) 

The house price gradient is implicitly defined by the indirect utility function 

𝑉[𝑦 − 𝑝(𝑘)ℎ(𝑎(𝑘); 𝜎) − (𝑡 + 𝜙𝑦)𝑘, ℎ(𝑎(𝑘); 𝜎)] = 𝑢  (12) 

Total differential with respect to the distance k and first order condition give 

𝑝𝑘 =  −
𝑡+𝜙𝑦

ℎ(𝑎(𝑘);𝜎)
 (13) 

𝜕𝑝𝑘

𝜕𝑡
< 0,

𝜕𝑝𝑘

𝜕𝜙
< 0 (14) 

𝜕𝑝𝑘

𝜕𝑎
=

𝑡 +𝜙𝑦

ℎ(𝑎(𝑘);𝜎)2
ℎ𝑎 < 0 (15) 

𝜕𝑝𝑘

𝜕𝑦
=

(𝑡+𝜙𝑦)ℎ𝜎𝜎𝑦

ℎ(𝑎(𝑘);𝜎)2
−

𝜙

ℎ(𝑎(𝑘);𝜎)
 (16) 

𝜕𝑝𝑘

𝜕𝜎
=

(𝑡+𝜙𝑦)

ℎ(𝑎(𝑘);𝜎)2
ℎ𝜎 (17) 

This model presents several testable predictions. First, both out-of-pocket cost of 

commuting and traffic congestion delay are positively correlated with a larger price gap 

between the center city and the suburbs. Second, places with older housing tend to have 

steeper house price gradients. Third, the effect of income on the shift of the house price 

gradient is ambiguous. Rising income increases the time cost of commuting. However the 

income elasticity is less than one, suggesting richer households will lower their housing 
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consumption share and live in the suburbs.  

1.6 The ability of SUM factors to explain the house price gradient shifts 

To test the predictions stated above, equation (18) is specified and estimated. The 

dependent variable is the ratio of AHS house price indices between the center city and the 

suburbs in year 𝑡in MSA 𝑚, created based on the hedonic model from the previous section. 

𝑦𝑒𝑎𝑟𝑡 is the time trend with 1985 = 0, 1987 = 2, . . . , 2013 = 28. 𝑋𝑡,𝑚
′ is a set of covariates, 

including city congestion cost and delay time, city income, dwelling age, housing structure 

density, household size, and land supply and regulation index. 𝑀𝑆𝐴𝑚 is the metropolitan 

area fixed effect, and 𝜖𝑡,𝑚is the error term.  

 (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚 = 𝛼 + 𝛽 ∗ 𝑦𝑒𝑎𝑟𝑡 + 𝑋𝑡,𝑚
′ 𝛾 + 𝑀𝑆𝐴𝑚 + 𝜖𝑡,𝑚 (18) 

City congestion cost and delay time are generated using the Urban Mobility 

Scoreboard constructed by Texas A&M Transportation Institute. It provides a panel dataset 

of annual total congestion cost per commuter based on travel delay time, value of time per 

auto commuter, gas cost, and wasted fuel over 101 urban areas from 1982 to 2017. City 

income is measured as the MSA-level per capita personal income computed by the Bureau 

of Economic Analysis (BEA). Dwelling age variables are the weighted average age of 

housing units using the sampling weights from the AHS, and the difference between the 

MSA-level and national average dwelling age. Housing structure variables include the 

weighted average interior housing space, the difference between MSA-level and national 

average interior housing space, share of housing units in a building with more than 10 units, 

and the difference between MSA and national share of buildings with more than 10 units. 

The final data set contains 53 MSAs over 1985-2013. 
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There is usually the concern about a wide variety of sources of endogeneity 

problems when it comes to how transportation and house price interact. For example, if the 

crime rate changes disproportionately in a certain area due to a new metro station, which 

also affects the average commuting cost in the area, the house price in the area will change 

as a response to the change in crime rate. The above regression fails to reflect the value of 

an omitted variable and would attribute this to the commuting cost change. However, the 

causality concern of the congestion variable in the gradient slope equation is not unique to 

this study. It is common to treat physical characteristics of the city as exogenous when 

analyzing house price changes in the literature.   

Green, Malpezzi, and Mayo (2005) estimated the price elasticity of housing on 

commuting cost, population, and land-use regulation using house price index, population, 

average commuting time, and land use regulation. They treated these city feature variables 

as exogenous. Khan (2007) examined the value captured by the housing market due to the 

expansion and construction of rail transit across 14 cities, by treating the new stations as 

exogenous. His argument is that it takes a long time to complete the construction of rail 

transit. Housing prices tend to adjust to infrastructure construction quickly, but 

infrastructure construction takes years to complete.  

There is no evidence that transportation authorities consider relative housing prices 

in planning facilities and infrastructure projects. However, it could be that congestion is 

correlated with other omitted variables, for example, poor urban planning and imcompetant 

government. As a practical matter, congestion changes more rapidly than government 

competence. So the identification strategy of the above regression is consistent with the 

literature, and the possibility that housing prices cause transportation  is not a serious 
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concern for the purpose of this study.  

Table 1.9 presents the relation between the rotation of the asset price gradient and 

covariates based on the SUM over 1985-2013. Congestion cost is significant and positively 

correlated with the relative asset price between the center city and the suburb. The slope of 

the asset price gradient shifts positively with the MSA average dwelling age, and 

negatively with the quadratic term, suggesting a non-linear relation.  

Results for the rental price gradient are shown in Table 1.10. Rising income is 

associated with higher relative rental price between the center city and the suburbs, 

suggesting the effect of income on increasing time cost of commuting is stronger than that 

on renters’ demand for housing. Interior housing space is negatively correlated with the 

slope of the rental price gradient. MSAs with larger housing units on average tend to have 

a smaller rental price gap between the center city and the suburbs. These results echo those 

in the literature on the rotation of house price gradient within Muth-Mills equation 

framework. 

For robustness tests, Equation (18) is applied to subsamples pre and post 1999 with 

the covariates of congestion, income, dwelling age and housing structure. Table 1.11 and 

Table 1.12 present the results on the asset price gradient over 1985-1999 and 1999-2013 

respectively. The effect of congestion cost on the shift of the asset price gradient is 

significant and positive pre and post 2000, as predicted by SUM.  Dwelling age moves 

positively with the ratio of asset price between the center city and the suburbs over 1999-

2013, providing consistent evidence on the renovations and rebuilding in the gentrifying 

cities. For the rental price gradient, the subperiod regression results are demonstrated in 

Table 1.13 and Table 1.14. Interior housing space reverses the slope of the rental price 
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gradient in both subperiod, as predicted by the Muth-Mills equations.  

1.7 Conclusions 

Alonso (1964), Mills (1967) and Muth (1969) formalize the monocentric urban spatial 

structure model and advocate the gradient approach to analyze the urban structure change 

and sprawl. Subsequent literature has been based on changes in population density or the 

slope of the asset price gradient. This paper addresses the rental price gradient shift, which 

has been ignored in the existing literature, estimates the rotations of the asset and rental 

price gradients, and bridges the recent phenomenon of city revival with the SUM 

framework.  

The contribution of this paper is threefold. First, this paper addresses the gap in the 

availability of rental price indices by creating a new set of asset and rental price indices. 

House price indices are created using hedonic model, repeat-value model and hybrid 

model, based on the AHS across 76 MSAs in the US over 1985-2013. Compared to the 

commonly used repeat-sales house price indices in the existing literature, AHS provides 

information of both the housing units that transact and those that did not, therefore reducing 

the likelihood of sample selection bias. Limited data accessibility due to private listing 

services has always been a challenge to measure house price changes over a large area and 

a long period. Whereas AHS public files cover more than 100 metropolitan areas over 30 

years. 

Second, this paper adds to the literature on city spatial structure change by 

providing direct evidence documenting the shift of both asset and rental price gradients. 

Tests based on the new house price indices illustrate four main stylized facts. There is an 

overall steepening of the asset price gradient over 1985-2013. The asset price gap between 
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the center city and the suburbs has stayed relatively stable during the 1980s and 1990s, but 

it expanded increasingly post 2000. The shift of the asset price gradient is more significant 

in MSAs that initially had small populations, low housing stock, and dense structure. The 

rental price gradient does not exhibit comparable rotation over the full sample period. The 

slope of the rental price gradient mainly increased before the early 1990s, and has stayed 

stable since then. The pattern of rental price gradient shifts is  relatively consistent across 

MSAs, regardless of the initial condition of population and housing structure 

characteristics.  

Third, empirical tests evidenced in this paper use a specially constructed panel data 

set of the new house price indices and economic fundamentals, and confirm the relations 

between the shift of house price gradients and these covariates, as predicted by Muth-Mills 

equation. The shift of asset price gradient is positively associated with the rising congestion 

cost and the MSA average dwelling age. Whereas for the rental price gradient, MSAs with 

larger housing units and higher income on average tend to have a smaller rental price gap 

between the center city and the suburbs, and hence the steepening of the rental price 

gradient. These results echo the findings in the literature on the rotation of house price 

gradient and city gentrification. SUM is shown to be able to well explain the empirically 

observed phenomenon of city revival and gentrification. No other assumptions, which are 

often made however, are made in this study, such as different housing preferences of the 

younger generations and differentiation between city amenities and suburban amenities.  
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Table 1.1 Housing Characteristics of Units by Tenure and Metro Status 

 Owner-Occupied Units Rental Units 

 Center City Suburb Center City Suburb 

Number of housing units 91,232 112,976 94,452 52,735 

Share of single-family detached 75% 82.73% 15.71% 20.02% 

Share of single-family attached 9.18% 7.04% 7.43% 8.85% 

Share of multi-family/apartment 14.40% 7.59% 76.59% 70.22% 

Share of mobile home 1.42% 2.64% 0.27% 0.91% 

Average Home Price or Monthly Rent 189485.40 206766.00 668.88 704.77 

Average Square Footage 2006.42 2164.84 1211.25 1242.23 

Average Number of Bedrooms 2.90 3.09 1.78 1.90 

Average Number of Bathrooms 1.57 1.68 1.15 1.22 

Average Unit Age 47.38 38.66 47.22 37.95 

Presence of central AC system 54.98% 63.56% 38.45% 46.58% 

Presence of garage 73.38% 80.18% 29.73% 38.14% 

Presence of basement 35.69% 48.02% 7.27% 8.25% 

Residents satisfaction with 

neighborhood 7.9/10 8.3/10 7.2/10 7.7/10 

Note: The above table compares some of the key housing quality characteristics of housing units by 

tenure and metro status, based on AHS 1985-2013 data files.  
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Table 1.2 ADF Test for Unit Root of Asset Price Indices 

Annual Average Appreciation Rates of House Price 

Indices 
0 lag 1 lag 2 lags 

FHFA HPI -1.868** -3.169*** -1.793* 

Case-Shiller Home Price Indices -2.045** -3.163*** -1.703* 

AHS Asset Price Index (simple hedonic model) -1.445* -1.420* -1.910** 

AHS Asset Price Index (repeat value model) -1.321 -1.771* -2.344** 

AHS Asset Price Index (hybrid model) -1.474* -1.965** -2.284** 

Note: * t<0.1; ** t<0.05; *** t<0.01. The tests are based on the annual average appreciation rates 

of the following five house price indices: (1) FHFA HPI, (2) Case-Shiller national home price 

indices, (3) national asset price index based on standard hedonic model using AHS, (4) national 

asset price index based on repeat value model using AHS, (5) national asset price index based on 

hybrid model using AHS. Augmented Dickey-Fuller regressions are estimated for each series 

during 1987-2013. Models include 0-2 lags, a constant term but no trend term. Z(t) has t-

distribution, and the 1%, 5% and 10% critical values tabulated by MacKinnon (1991) are (1) -

2.718, -1.796, -1.363 with 0 lag; (2) -2.821, -1.833, -1.383 with 1 lag; (3) -2.998, -1.895, -1.415 

with 2 lags. 
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Table 1.3 Engle-Granger Two-Step Tests for Cointegration of Asset Price Indices 

Dep. Var 

Indep. Var. 

(1) (2) (3) (4) (5) 

(1)  -1.799* -3.523*** -3.061*** -3.307*** 

(2) -2.476**  -4.698*** -4.606*** -5.093*** 

(3) -2.378** -1.905**  -4.875*** -2.243** 

(4) -1.879** -1.529* -4.398***  -2.817** 

(5) -2.366** -2.264** -2.315** -3.041***  

Note: * t<0.1; ** t<0.05; *** t<0.01. The tests are based on the annual average appreciation rates 

of the following five house price indices: (1) FHFA HPI, (2) Case-Shiller national home price 

indices, (3) national asset price index based on standard hedonic model using AHS, (4) national 

asset price index based on repeat value model using AHS, (5) national asset price index based on 

hybrid model using AHS. Augmented Dickey-Fuller regressions on the residuals of each pair are 

estimated using models including 1 lag, a constant term but no trend term. Z(t) has t-distribution, 

and the 1%, 5% and 10% critical values tabulated by MacKinnon (1991) are -2.821, -1.833, -1.383 

with 1 lag. 
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Table 1.4 Augmented Dickey-Fuller Test for Unit Root of Rental Price Indices 

Annual Average Appreciation Rates of Rental Price 

Indices 
0 lag 1 lag 2 lags 

AHS center city (simple hedonic) -4.301*** -2.792** -2.015** 

AHS center city (repeat value) -6.340*** -2.836*** -2.234** 

AHS center city (hybrid model) -4.344*** -2.833*** -2.153** 

AHS suburb (simple hedonic) -4.406*** -2.785** -2.419** 

AHS suburb (repeat value) -3.956*** -2.843*** -1.707* 

AHS suburb (hybrid model) -3.477*** -2.466** -2.023** 

Note: * t<0.1; ** t<0.05; *** t<0.01. The tests are based on the annual average appreciation rates 

of the following three rental price indices for the center city and the suburbs respectively: (1) 

national rental price index based on standard hedonic model using AHS, (2) national rental price 

index based on repeat value model using AHS, (3) national rental price index based on hybrid 

model using AHS. Augmented Dickey-Fuller regressions are estimated for each series during 1987-

2013. Models include 0-2 lags, a constant term but no trend term. Z(t) has t-distribution, and the 

1%, 5% and 10% critical values tabulated by MacKinnon (1991) are (1) -2.718, -1.796, -1.363 with 

0 lag; (2) -2.821, -1.833, -1.383 with 1 lag; (3) -2.998, -1.895, -1.415 with 2 lags. 

  



37 

 

Table 1.5 Engle-Granger Two-Step Tests for Cointegration of Rental Price Indices 

Dep. Var 
Indep. Var. 

(1) (2) (3) (4) (5) (6) 

(1)  -3.559*** -2.006**  -2.867*** -1.885** 

(2) -3.664***  -4.112*** -2.858***  -2.855*** 

(3) -1.933** -4.293***  -3.053*** -3.362***  

(4)  -2.690** -3.394***  -2.758** -0.976 

(5) -2.752**  -3.164*** -2.636**  -3.804*** 

(6) -1.780* -2.278**  -1.095 -3.089***  

Note: * t<0.1; ** t<0.05; *** t<0.01. The tests are based on the annual average appreciation rates 

of the following rental price indices: (1) national center city rental price index based on standard 

hedonic model using AHS, (2) national center city rental price index based on repeat value model 

using AHS, (3) national center city rental price index based on hybrid model using AHS, (4) 

national suburban rental price index based on standard hedonic model using AHS, (5) national 

suburban rental price index based on repeat value model using AHS, (6) national suburban rental 

price index based on hybrid model using AHS. Augmented Dickey-Fuller regressions on the 

residuals of each pair are estimated using models including 1 lag, a constant term but no trend term. 

Z(t) has t-distribution, and the 1%, 5% and 10% critical values tabulated by MacKinnon (1991) are 

-2.821, -1.833, -1.383 with 1 lag.  
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Table 1.6 Time Trend of Asset Price Index Ratios between Center City and Suburb 

Dep. Var. Asset Price Indices Ratio (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚 

Sample 1985-2013 1985-1999 1999-2013 1985-1993 1993-2003 2003-2013 

Time Trend 0.002* 0.001 0.006* 0.000 0.001 0.010* 

 [0.001] [0.001] [0.004] [0.002] [0.002] [0.006] 

Constant 0.971*** 1.015*** 0.831*** 1.076*** 0.926*** 0.802*** 

 [0.013] [0.009] [0.083] [0.007] [0.021] [0.130] 

R2 0.27 0.45 0.31 0.61 0.54 0.3 

N 1,140 608 608 380 456 456 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of asset 

price indices between the center city and the suburbs created based on the standard hedonic model. 

The main dependent variable is the time trend with year 1985 coded as 0, year 1987 coded as 2, 

and all the way until year 2013 coded as 28. The sample covers 76 MSAs over 1985-2013 using 

AHS PUF data. MSA fixed effects are included in all models. Standard errors are adjusted based 

on clustering at the MSA level.  
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Table 1.7 Time Trend of Rental Price Index Ratios between Center City and Suburb 

Dep. Var. Rental Price Indices Ratio (𝑃𝑐𝑒𝑛𝑡𝑒𝑟/𝑃𝑠𝑢𝑏𝑢𝑟𝑏)𝑡,𝑚 

Sample 1985-2013 1985-1999 1999-2013 1985-1993 1993-2003 2003-2013 

Time Trend 0.001 0.003*** 0.000 0.007*** -0.002 0.002 

 [0.001] [0.001] [0.002] [0.002] [0.002] [0.003] 

Constant 1.043*** 1.000*** 1.083*** 0.980*** 1.107*** 1.022*** 

 [0.012] [0.009] [0.037] [0.010] [0.022] [0.077] 

R2 0.44 0.62 0.50 0.64 0.63 0.51 

N 1,140 608 608 380 456 456 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of rental 

price indices between the center city and the suburbs created based on the standard hedonic model. 

The main dependent variable is the time trend with year 1985 coded as 0, year 1987 coded as 2, 

and all the way until year 2013 coded as 28. The sample covers 76 MSAs over 1985-2013 using 

AHS PUF data. MSA fixed effects are included in all models. Standard errors are adjusted based 

on clustering at the MSA level. 
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Table 1.8 Comparability of the Shift of Asset and Rental Price Gradients 

Dep. Var. Ratio of House Price Indices between Center City and Suburb 

Sample 1985-2013 1985-1999 1999-2013 1985-1993 1993-2003 2003-2013 

Time Trend 0.001 0.003*** 0.000 0.007*** -0.002 0.002 

 [0.001] [0.001] [0.002] [0.002] [0.002] [0.003] 

Time Trend * Own 0.001 -0.003 0.006 -0.007** 0.003 0.007 

 [0.001] [0.002] [0.004] [0.003] [0.002] [0.006] 

Own -0.031* -0.006 -0.137 0.009 -0.067** -0.176 

 [0.017] [0.011] [0.084] [0.006] [0.034] [0.135] 

Constant 1.022*** 1.010*** 1.022* 1.023*** 1.050*** 1.000*** 

 [0.013] [0.007] [0.047] [0.006] [0.025] [0.071] 

R2 0.22 0.32 0.24 0.37 0.34 0.24 

N 2,280 1216 1216 760 912 912 

Note: * p<0.1; ** p<0.05; *** p<0.01. Regressions are based on the ratio of price indices between 

the center city and the suburbs created using the standard hedonic model, by pooling the owner-

occupied and rental units. The variable time trend is coded with year 1985 as 0, year 1987 as 2, and 

all the way until year 2013 as 28. The variable “Own” is a tenure status dummy variable with 

owner-occupied units as 1. The sample covers 76 MSAs over 1985-2013 using AHS PUF data. 

MSA fixed effects are included in all models. Standard errors are adjusted based on clustering at 

the MSA level. 
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Table 1.9 Shift of Asset Price Gradient and Muth-Mills Equation Variables 1985-2013 

Dep. Var. Asset Price Ratio 

 (1) (2) (3) (4) (5) 

time trend -0.0040** -0.0013 0.011 0.0083 -0.0051 

 [0.0017] [0.0021] [0.0134] [0.0083] [0.0098] 

delay cost 0.0963*    0.1169** 

 [0.0500]    [0.0441] 

delay cost * time trend 0.0028*    0.0024* 

 [0.0014]    [0.0014] 

income  -0.0045   -0.0002 

  [0.0047]   [0.0041] 

income * time trend  0.0002*   0.0000 

  [0.0001]   [0.0001] 

dwelling age   0.0198*  0.0255* 

   [0.0113]  [0.0154] 

dwelling age^2   -0.0002*  -0.0001 

   [0.0002]  [0.0002] 

dwelling age * time trend   -0.0008  0.0002 

   [0.0007]  [0.0005] 

dwelling age^2 * time trend   0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    0.0117 0.0185 

    [0.0287] [0.0146] 

interior space * time trend    -0.0034 -0.0037* 

    [0.0038] [0.0020] 

buildings with 10+ units    -0.4156 -0.2230 

    [0.4168] [0.3330] 

buildings with 10+ units * time 

trend    

0.0183* 0.0026 

    [0.0104] [0.0139] 

constant 0.9875*** 1.0709*** 0.5436** 0.9517*** 0.8473*** 

 [0.0181] [0.0766] [0.2467] [0.0642] [0.2847] 

R2 0.34 0.24 0.28 0.28 0.35 

N 825 1,004 1,139 1,139 824 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of asset price indices between the 

center city and the suburbs created based on the hedonic model. The main independent variables are the time trend with 1985 = 

0, 1987 = 2, ..., 2013 = 28. Delay cost is the annual total delay cost per commuter (1000$) from the Urban Mobility Scoreboard. 

Income is the per capita personal income (1000$) released by the Bureau of Economic Analysis. Dwelling age is the MSA 

weighted average dwelling age using the housing sampling weight from AHS. Interior space is the weighted average interior 

housing space (1000 sqft). Buildings with 10+ units is the percentage of sampled housing units that are in buildings with 10+ 

units. MSA fixed effects are included in all models. Standard errors are adjusted based on clustering at MSA level. 
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Table 1.10 Shift of Rental Price Gradient and Muth-Mills Equation Variables 1985-2013 

Dep. Var. Rental Price Ratio 

 (1) (2) (3) (4) (5) 

time trend .0003 0.0030 0.0120 0.0004 0.0019 

 [0.0023] [0.0021] [0.0081] [0.0034] [0.0071] 

delay cost -0.0173    -0.201 

 [0.0417]    [0.0393] 

delay cost * time trend 0.0001    0.0004 

 [0.0016]    [0.0017] 

income  0.0024*   0.0045* 

  [0.0015]   [0.0023] 

income * time trend  0.0001*   0.0001* 

  [0.0000]   [0.0001] 

dwelling age   -0.0143*  0.0042 

   [0.0080]  [0.0091] 

dwelling age^2   0.0002*  -0.0001 

   [0.0001]  [0.0001] 

dwelling age * time trend   -0.0002  -0.0000 

   [0.0004]  [0.0003] 

dwelling age^2 * time trend   0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    -0.0249* -0.0161** 

    [0.0152] [0.0079] 

interior space * time trend    -0.0003 -0.0012 

    [0.0020] [0.0016] 

buildings with 10+ units    0.0967 -0.0757 

    [0.1877] [0.1068] 

buildings with 10+ units * time 

trend    

0.0019 -0.0042 

    [0.0050] [0.0067] 

constant 

1.0562**

* 

0.9934*** 1.3123*** 1.0002*** 0.9748*** 

 [0.0185] [0.0383] [0.1696] [0.0534] [0.2038] 

R2 0.44 0.41 0.45 0.45 0.45 

N 825 1,004 1,139 1,139 824 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of rental price indices between the 

center city and the suburbs created based on the hedonic model. Time trend is coded with 1985 = 0, 1987 = 2, ..., 2013 = 28. 

Delay cost is the annual total delay cost per commuter (1000$) from the Urban Mobility Scoreboard. Income is the per capita 

personal income (1000$) released by the Bureau of Economic Analysis. Dwelling age is the MSA weighted average dwelling 

age. Interior space is the weighted average interior housing space (1000 sqft) based on the AHS sampling weights. Buildings 

with 10+ units is the percentage of sampled housing units that are in buildings with 10+ units. MSA fixed effects are included 

in all models. Standard errors are adjusted based on clustering at MSA level. 



43 

 

Table 1.11 Shift of Asset Price Gradient and Muth-Mills Equation Variables 1985-1999 

Dep. Var. Asset Price Ratio 

 (1) (2) (3) (4) (5) 

time trend -0.0007 -0.0024 -0.0002 0.0017 -0.0138 

 [0.0031] [0.0040] [0.0124] [0.0052] [0.0191] 

delay cost 0.1685***    0.1931*** 

 [0.0543]    [0.0646] 

delay cost * time trend -0.0022    -0.0039 

 [0.0021]    [0.0027] 

income  -0.0022   -0.0028 

  [0.0068]   [0.0074] 

income * time trend  0.0002   0.0005* 

  [0.0002]   [0.0003] 

dwelling age   -0.0187  -0.0048 

   [0.0176]  [0.0163] 

dwelling age^2   0.0004  0.0001 

   [0.0003]  [0.0003] 

dwelling age * time trend   0.0004  0.0008 

   [0.0003]  [0.0011] 

dwelling age^2 * time trend   -0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    0.0043 0.0191 

    [0.0154] [0.0164] 

interior space * time trend    -0.0008 -0.0036 

    [0.0022] [0.0026] 

buildings with 10+ units    0.7827 0.4470 

    [0.5021] [0.4118] 

buildings with 10+ units * time 

trend    

0.0105 -0.0092 

    [0.0174] [0.0235] 

constant 0.9790*** 1.0541*** 1.1772*** 1.0112*** 1.1011*** 

 [0.0177] [0.1116] [0.2559] [0.0345] [0.2796] 

R2 0.46 0.47 0.45 0.45 0.48 

N 440 536 607 607 440 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of asset price indices between 

the center city and the suburbs based on the hedonic model. The main independent variables are the time trend with 1985 

= 0, 1987 = 2, ..., 2013 = 28. Delay cost is the annual total delay cost per commuter (1000$) from the Urban Mobility 

Scoreboard. Income is the per capita personal income (1000$). Dwelling age is the MSA weighted average dwelling age. 

Interior space is the weighted average interior housing space (1000 sqft) based on the AHS sampling weights. Buildings 

with 10+ units is the percentage of sampled housing units that are in buildings with 10+ units. MSA fixed effects are 

included in all models. Standard errors are adjusted based on clustering at the MSA level.  
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Table 1.12 Shift of Asset Price Gradient and Muth-Mills Equation Variables 1999-2013 

Dep. Var. Asset Price Ratio 

 (1) (2) (3) (4) (5) 

time trend -0.0123* -0.0053 -0.0170 0.0084 -0.0807** 

 [0.0073] [0.0097] [0.0417] [0.0330] [0.0383] 

delay cost 0.0199*    0.1555* 

 [0.0105]    [0.0906] 

delay cost * time trend 0.0105*    0.0098* 

 [0.0061]    [0.0059] 

income  -0.0098   0.0021 

  [0.0082]   [0.0090] 

income * time trend  0.0003   -0.0000 

  [0.0003]   [0.0003] 

dwelling age   0.0337  0.0872* 

   [0.0458]  [0.0517] 

dwelling age^2   -0.0004  0.0001 

   [0.0006]  [0.0006] 

dwelling age * time trend   -0.0003  0.0022 

   [0.0019]  [0.0019] 

dwelling age^2 * time trend   0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    -0.1364 -0.1952 

    [0.2957] [0.2079] 

interior space * time trend    -0.0019 0.0023 

    [0.0150] [0.0085] 

buildings with 10+ units    -0.7273 -0.6009 

    [0.6971] [0.7467] 

buildings with 10+ units * 

time trend    

0.0046 0.0040 

    [0.0288] [0.0314] 

constant 1.0688*** 1.1861*** 0.3632 1.1399* 1.6142 

 [0.1048] [0.2222] [0.93199] [0.6504] [1.0992] 

R2 0.38 0.27 0.32 0.32 0.40 

N 440 535 608 608 439 

Note: * p<0.1; ** p<0.05; *** p<0.01. The dependent variable is the ratio of asset price indices between the center city 

and the suburbs based on the hedonic model. The time trend is 1985 = 0, 1987 = 2, ..., 2013 = 28. Delay cost is the annual 

total delay cost per commuter (1000$) from the Urban Mobility Scoreboard. Income is the per capita personal income 

(1000$). Dwelling age is the MSA weighted average dwelling age. Interior space is the weighted average interior housing 

space (1000 sqft) based on the AHS sampling weights. Buildings with 10+ units is the percentage of sampled housing 

units that are in buildings with 10+ units. MSA fixed effects are included in all models. Standard errors are adjusted based 

on clustering at the MSA level. 
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Table 1.13 Shift of Rental Price Gradient and Muth-Mills Equation Variables 1985-1999 

Dep. Var. Rental Price Ratio 

 (1) (2) (3) (4) (5) 

time trend 0.0042 0.0157*** -0.0097 0.0075** 0.0029 

 [0.0032] [0.0050] [0.0095] [0.0038] [0.0113] 

delay cost -0.0255    0.0099 

 [0.0649]    [0.0663] 

delay cost * time trend -0.0028    -0.0009 

 [0.0023]    [0.0023] 

income  0.0111*   0.0119* 

  [0.0067]   [0.0066] 

income * time trend  -0.0002   0.0001 

  [0.0003]   [0.0003] 

dwelling age   -0.0028  -0.0088 

   [0.0089]  [0.0090] 

dwelling age^2   -0.0000  0.0001 

   [0.0001]  [0.0001] 

dwelling age * time trend   0.0008  0.0008 

   [0.0005]  [0.0006] 

dwelling age^2 * time trend   -0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    -0.0207* -0.0158* 

    [0.0122] [0.0096] 

interior space * time trend    0.0003 -0.0013 

    [0.0024] [0.0015] 

buildings with 10+ units    0.0550 -0.0681 

    [0.1178] [0.0979] 

buildings with 10+ units * 

time trend    

-0.0149 -0.0057 

    [0.0111] [0.0116] 

constant 1.0080*** 1.1220*** 1.2166*** 0.9734*** 1.4700*** 

 [0.0156] [0.1093] [0.1847] [0.0319] [0.2179] 

R2 0.52 0.54 0.63 0.63 0.55 

N 440 536 607 607 440 

Note: * p<0.1; ** p<0.05; *** p<0.01. This table reports the regression results of the ratio of rental price indices between 

the center city and the suburbs based on the hedonic model. The time trend is 1985 = 0, 1987 = 2, ..., 2013 = 28. Delay 

cost is the annual total delay cost per commuter (1000$) from the Urban Mobility Scoreboard. Income is the per capita 

personal income (1000$). Dwelling age is the MSA weighted average dwelling age. Interior space is the weighted average 

interior housing space (1000 sqft) based on the AHS sampling weights. Buildings with 10+ units is the percentage of 

sampled housing units that are in buildings with 10+ units. MSA fixed effects are included in all models. Standard errors 

are adjusted based on clustering at the MSA level. 
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Table 1.14: Shift of Rental Price Gradient and Muth-Mills Equation Variables 1999-2013 

Dep. Var. Rental Price Ratio 

 (1) (2) (3) (4) (5) 

time trend -0.0027 -0.0004 -0.0200 0.0046 -0.0241 

 [0.0041] [0.0058] [0.0325] [0.0096] [0.0285] 

delay cost -0.2279***    -0.1975* 

 [0.0782]    [0.0145] 

delay cost * time trend 0.0028    0.0027 

 [0.0032]    [0.0041] 

income  0.0049   0.0078 

  [0.0091]   [0.0091] 

income * time trend  -0.0001   -0.0002 

  [0.0002]   [0.0002] 

dwelling age   -0.0446*  -0.0134 

   [0.0262]  [0.0198] 

dwelling age^2   0.0005*  0.0001 

   [0.0003]  [0.0002] 

dwelling age * time trend   0.0011  0.0008 

   [0.0013]  [0.0011] 

dwelling age^2 * time trend   -0.0000  -0.0000 

   [0.0000]  [0.0000] 

interior space    0.2094* -0.0624 

    [0.1238] [0.1414] 

interior space * time trend    -0.0095 -0.0000 

    [0.0069] [0.0006] 

buildings with 10+ units    -0.3031 -0.2268 

    [0.3050] [0.3272] 

buildings with 10+ units * 

time trend    

0.0209* 0.0049 

    [0.0129] [0.0144] 

constant 1.2365*** 0.9716*** 1.8519*** 0.9490*** 1.4699*** 

 [0.0757] [0.2432] [0.5366] [0.1892] [0.0.5012] 

R2 0.51 0.48 0.51 0.51 0.53 

N 440 535 608 608 439 

Note: * p<0.1; ** p<0.05; *** p<0.01. The dependent variable is the ratio of rental price indices between the center city 

and the suburbs based on the hedonic model. Time trend is 1985 = 0, 1987 = 2, ..., 2013 = 28. Delay cost is the annual 

total delay cost per commuter (1000$) from the Urban Mobility Scoreboard. Income is the per capita personal income 

(1000$). Dwelling age is the MSA weighted average dwelling age. Interior space is the weighted average interior housing 

space (1000 sqft) based on the AHS sampling weights. Buildings with 10+ units is the percentage of sampled housing 

units that are in buildings with 10+ units. MSA fixed effects are included in all models. Standard errors are adjusted 

based on clustering at MSA level. 
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Figure 1.1 Annual Average Appreciation Rates of National House Price Indices 
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Figure 1.2 Annual Average Appreciation Rates of Rental Price Indices Using AHS 
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Figure 1.3 Fractions of MSAs by Asset Price Gradient Shift and Housing Market Size 

 

Note: MSAs are divided into small and large MSA groups, depending on if its number of housing 

units is less than or greater than the median number of housing units when all MSAs are pooled. 

The above figure shows the number of MSAs by whether its asset price appreciation rate is larger 

in the center city than in the suburbs, for small and large MSA groups respectively. 
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Figure 1.4 Fraction of MSAs by Rental Price Gradient Shift and Housing Market Size 

 

Note: MSAs are divided into small and large MSA groups, depending on if its number of housing 

units is less than or greater than the median number of housing units when all MSAs are pooled. 

The above figure shows the number of MSAs by whether its rental price appreciation rate is larger 

in the center city than in the suburbs, for small and large MSA groups respectively. 
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2. Housing Wealth And Consumption: Effects of Total versus Asset Appreciation 

Return 

2.1 Introduction 

Economic theory suggests that the total income from durable household assets should 

include the implicit net rental income. It makes a difference whether a household owns or 

leases automobiles. Poverty measurement considers implicit income from durables 

carefully. But, partly due to the lack of information, implicit rental income from durable 

assets is sometimes neglected. However, in the case of homeownership, implicit rental 

income is so substantial that it should be considered. The total return to housing investment 

is the sum of its implicit rental and asset appreciation returns, and it is the basis for valuing 

real estate investment.  

Based on a substantial empirical literature, differences in rates of appreciation 

return across housing markets have been shown to be persistent and hence predictable. This 

leaves the problem of dividing the appreciation in the asset price of housing into anticipated 

and unanticipated components. In the real estate literature, this division has been based on 

the differences in capitalization rates under the dividend pricing hypothesis. The dividend 

pricing hypothesis suggests that investors arbitrage away differences in expected risk-

adjusted return across housing markets. The capitalization rate functions as a dividend, and 

the theory implies that expected asset appreciation varies inversely with the capitalization 

rate.  

Empirical research has assessed the relevance of the dividend pricing hypothesis 

by examining two testable implications of the theory. First, the hypothesis implies that 

differences in asset appreciation returns are systematically associated with location and 
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hence predictable. Gyourko and Voith (1992) and Case and Shiller (1994) found evidence 

of unequal persistence in appreciation rates across metropolitan areas. Rachlis and Yezer 

(1985), Archer, Gatzlaff and Ling (1996), Gelfand et. al. (2004), among many others, have 

confirmed the existence of systematic locational variation both within and across cities in 

the rates of house price appreciation. Second, the dividend pricing hypothesis implies that 

higher rental returns are offset by lower appreciation returns. Although measuring the 

implicit rental returns has been a major challenge for prior work, this negative correlation 

has been found in several settings. These two elements, rental returns and asset appreciation 

rate, of housing return have been shown by Meese and Wallace (1994), Capozza and 

Seguin (1996), Gallin (2008), Eisfeidt and Demers (2018) and Vinson (2019) to vary 

inversely in panel estimates of housing markets. Accordingly it appears that the dividend 

pricing hypothesis provides useful insights for understanding housing markets and 

predicting differences in appreciation rates. 

Many papers have ignored the dividend pricing hypothesis when examining how 

consumption responds to housing wealth shocks by ignoring the role of the rental return. 

Shocks to appreciation return have been used to measure the link between housing markets 

and household consumption. There is substantial evidence that positive shocks to the 

appreciation rate are associated with increases in consumption. Engelhardt (1996), 

Benjamin, Chinloy and Jud (2004), Bostic, Gabriel and Painter (2009), Calomiris, 

Longhofer and Miles (2009), Carroll, Otsuka and Slacalek (2011), Case, Quigley and 

Shiller (2005, 2011) have estimated the elasticity of consumption with respect to housing 

wealth in the range of 0.03-0.13. These studies all measure shocks to housing wealth using 
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differences in the asset price appreciation rate across locations without considering the 

rental return component. 

Equating shocks to the asset appreciation rate to shocks to the total housing return 

neglects how the lower implicit rental return compensates for the anticipated high asset 

appreciation rates in places where large increases in housing price are observed. Under the 

dividend pricing hypothesis, ignoring differences in risk, the proper measure of shocks to 

housing returns should be the differences in total return, measured as the sum of the 

capitalization rate and asset appreciation rate. Recently, Jorda et al. (2019a) and Eichholtz 

et al. (2020) argued that total return to housing is properly measured as the sum of 

appreciation and rental return in papers that measure adjustments for risk differentials.  

Thus the 2% (US Census 2010) capitalization rate in San Francisco and the 12% 

(US Census 2010) capitalization rate in Cleveland do not prompt a massive capital outflow 

from West to Midwest, because the asset appreciation rate in San Francisco is expected to 

be 7% (Zillow 2020) and that in Cleveland -2% (Zillow 2020), in order to equalize the total 

return to real estate investors in the national market. Treating the difference in observed 

appreciation rates between these two cities as unexpected produces a biased estimate of the 

unanticipated component of return to housing investment. Furthermore that bias is 

systematically related to a host of factors that distinguish San Francisco and Cleveland. 

 The innovation in this paper is that shocks to total return, as well as its division 

between the capitalization and asset appreciation rates, are constructed and related to 

household consumption. The principal finding is that consumption responds more to 

shocks to the total return to housing than to a similarly-sized increase in the rental or asset 

appreciation return. This implies that the capitalization rate component is important both 



54 

 

because households respond to total return and because differences in appreciation return 

are not shocks but anticipated by homeowners in areas where the capitalization rates are 

unusually high or low. Encompassing tests performed by forcing total return and asset 

appreciation return into the same consumption equation show that the estimated effect of 

total return is positive and significant while asset appreciation return is not significant. The 

empirical tests demonstrate that the marginal propensity to consume from a $1 shock to 

total housing wealth is about 11-18 cents.  

 The next section of this paper reviews both the literature on total return to housing 

investment and its division into the capitalization and asset appreciation rates. Research on 

the consequences of shocks to asset appreciation rates compared to other wealth shocks is 

also discussed. Section three explains how the capitalization rate and asset appreciation 

return across US metropolitan areas are constructed. Specific properties of the relation 

among components of the total return using the estimates of these rates are developed in 

section four. Finally the relation between total return and its rental and asset appreciation 

components and consumption is estimated in section five. Section six concludes. 

2.2 Literature Review 

This paper contributes to two strands of literature: evaluating the prediction of the dividend 

pricing hypothesis that rent-to-price ratios, or capitalization rates, are related to future asset 

price returns, and the effect of housing wealth shocks on consumption. 

According to the present value relation, the expected total return on an asset is the 

sum of the dividend yield and the expected asset price appreciation rate. Campbell and 

Shiller (1998b) developed the dividend-price ratio model as a dynamic version of Gordon’s 

(1962) asset pricing model. According to the dividend yield decomposition presented in 
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this research, the log dividend–price ratio reflects expected future long-term returns and 

dividend growth, and this decomposition holds for both nominal and real variables. 

Campbell (2003) demonstrated that the variables that predict returns and dividend growth 

are ratios of stock prices to factors such as dividends, earnings, moving average of earnings, 

or the book value of equity.  

Fama and French (1988 a,b) and Poterba and Summers (1988) showed that there is 

a forecastable component of stock returns, and that this component is important when 

returns are measured over long periods. Campbell and Shiller (2001) tested various simple 

efficient-market models of the financial market using dividend-price ratios based on 

aggregate data for the US and twelve other countries, and found the dividend-price ratios 

to be useful in predicting future stock price changes. Engsted and Pedersen (2010) 

documented that, for the US stock market, inflation reinforces real return predictability and 

it changes the effects of real dividend growth in the manner predicted by the dividend-price 

ratio. A non-exhaustive list of papers analyzing the use of dividend-price ratio to predict 

stock returns includes Stambaugh (1999), Valkanov (2003), Lewellen (2004) and 

Campbell and Yogo (2006), Cochrane (2008), Asimakopoulos and Asimakopoulos (2017), 

and Piatti and Trojani (2020). The central finding is that dividend return is consequential 

for predicting total return. 

Housing is typically a composite good: the structure, a depreciating capital good 

which delivers a flow of consumption services over a long period of time; and land, an 

asset that does not depreciate. In the case of housing, the total return is the sum of the 

capitalization rate and asset appreciation return. The capitalization component is analogous 

to a dividend yield and has been shown to be informative with respect to expectations about 
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the future growth rate of housing prices. The asset appreciation return is commonly 

measured as the real house price appreciation rate for owner-occupied housing.  

The user cost approach and the rental equivalence approach are the two main 

existing approaches used to measure housing service flow. Poterba (1984) pointed out that 

a house’s real price equals the present value of its future net service flow discounted at the 

homeowner’s real after-tax interest rate. The full ex ante user cost consists of normal 

maintenance expenditures plus property taxes plus depreciation expenses (loss of value of 

the dwelling unit due to the effects of aging and wear and tear that is not offset by normal 

maintenance expenditures) plus waiting costs (the costs of forgone interest due to the funds 

tied up in an owned dwelling) and anticipated capital gains or losses due to housing market 

specific inflation over the given time period. On the other hand, the rental equivalence 

approach values the services yielded by a dwelling using the observed market rent for the 

same sort of dwelling for the same period of time (if such a rental value exists). Blackley 

and Follain (1996) examined the link between rents and user cost, and found that increases 

in user cost are not fully matched by increases in rents. Verbrugge (2008) showed the large 

divergence of rents and user cost, and suggested there are both practical and theoretical 

reasons to prefer a rent-based approach to homeowner cost measurement. Accordingly, the 

rent-based approach is used here. 

In the context of asset pricing, rent is a dividend from owning a house, and price is 

a discounted sum of future rents. Empirical research provides two types of evidence 

supporting the application of the dividend pricing model to the housing market. First, many 

studies have analyzed the predictive power of the rent-price ratio on future price changes, 

in spite of problems of attenuation bias due to difficulties of unmatched price and rent 
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samples. Second, there are many studies testing the persistent differences in appreciation 

rates across housing markets that have not been arbitraged away. 

Many studies have analyzed the predictive power of the rent-price ratio on future 

asset price changes using data from individual housing markets rather than national 

aggregate. Phillips (1988) applied pooled-tenure hedonic estimates of rent-price ratio to 

generate the capitalization rates and found a weak inverse relation between capitalization 

rates and future house price appreciation. Meese and Wallace (1994) tested 16 submarkets 

in the San Francisco MSA and found a negative relation between rental and asset 

appreciation returns. Clark (1995) used decennial census data and found a significant and 

negative relation between rent-price ratio and subsequent changes in rents, suggesting that 

house prices will be higher in areas that subsequently have larger increases in rents. 

Capozza and Seguin (1996) analyzed decadal house value appreciation rates using census 

data from 64 US MSAs, and found that they could be predicted by rent-price ratios at the 

beginning of the decade. Gallin (2008) uses the BLS rental series and finds that previous 

rent-price ratios are significantly, but positively, correlated with the future 4-year-ahead 

national house price appreciation rates. Hattapoglu and Hoxha (2013) examined the 

Houston housing market and showed there is a negative relation between the lagged 

appreciation rate and subsequent rent-price ratio. Eisfeldt and Demers (2018) construct 

city-level returns for the largest 30 cities from 1986 to 2014, and found rental yields 

monotonically decline with house price tier while house price appreciation monotonically 

increases with price tier. Overall, when the U.S. capitalization rates are disaggregated 

spatially, they appear to be negatively related to subsequent asset price appreciation. 
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Outside the residential housing market in the US, there are many studies on return 

predictability and rent-price ratios. Kallberg, Liu and Anand (2003) tested the dividend 

pricing model in the U.S. REIT market over 1973-2001 and found that it cannot be rejected 

if share repurchase is included as part of dividends. Plazzi, Torous and Valkanov (2006) 

examined the commercial real estate sector, and found that the rent–price ratio does not 

have predictive power for future rent growth for apartment, retail and industrial properties, 

but that it does predict future returns for these types of property, compared to no predictive 

power for either rent growth or returns for office properties. Hendershott and MacGregor 

(2005) used micro data from the U.K. office and retail market, and showed that expected 

real rent growth predicted future real rent-price ratios over 1977-2001. Hwang, Quigley 

and Son (2006) found strong supportive evidence for the dividend pricing hypothesis in 

South Korea both before and after the Asian Financial Crisis. Bracke (2015) found a 

significant negative relation between rent growth and the rent-price ratio in Central London 

areas. Eichholtz et al. (2020) constructed historical total return and risk estimates for Paris 

and Amsterdam, and found the long-term real return to housing is entirely due to the rental 

yields with real capital gains around zero. 

In an alternative approach, empirical research supports the dividend pricing model 

applied to housing through tests for persistent differences in appreciation rates across 

housing markets that have not been arbitraged away. Gyourko and Voith (1992) and Case 

and Shiller (1994) found evidence of unequal persistence in appreciation rates across 

MSAs. Rachlis and Yezer (1985), Archer, Gatzlaff and Ling (1996), and Gelfand et. al. 

(2004), among many others, have confirmed the systematic locational variation in the rates 

of house price appreciation. Clark and Coggin (2009) found mixed evidence for the 
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convergence of regional house price. Guren (2018) pointed out that house prices exhibit 

substantial momentum and positive autocorrelation. Kang et. al. (2020) employed multi-

source big geo-data in the machine learning framework to provide evidence of house price 

appreciation persistence with respect to locations. According to the consumption capital 

asset pricing model, expected return should be equal across assets that have similar 

correlation with the market portfolio. Housing, as an asset class for investors should have 

the expected return equated across areas. The simple arbitrage argument means that areas 

where expected appreciation is higher should have lower capitalization rates to equalize 

expected return across housing markets. 

This paper also adds to the literature on the effects of housing wealth shocks on 

consumption. Existing literature on the wealth effect on consumption has found that 

consumption responds differently depending on the type of wealth. Iacoviello (2004), 

Lettau and Ludvigson (2004), Piazzesi et al. (2004), Case et al. (2005) and Lustig and Van 

Nieuwerburgh (2004) have explored the independent roles of financial wealth and housing 

wealth shocks on consumption. Because housing serves as both an instrument for saving 

and as a consumption good, it therefore may affect household consumption expenditure 

differently than financial wealth. Engelhardt (1996) provided a direct test of the link 

between house price appreciation and consumption and found a marginal propensity to 

consume out of real capital gains in owner-occupied housing of about 0.03. Benjamin, 

Chinloy and Jud (2004) estimated that a $1 increase in real estate wealth is associated with 

an increase in current year consumption of 8 cents whereas the financial wealth effect on 

consumption is only 2 cents. Carroll, Otsuka and Slacalek (2011) found the immediate 

marginal propensity to consume from $1 change in housing wealth is about 2 cents while 
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the final eventual effect is about 9 cents. Bostic, Gabriel and Painter (2009) estimated the 

elasticity of consumption spending with respect to housing wealth shocks to be about 0.06 

over 1989-2001 for homeowners. However, Calomiris, Longhofer and Miles (2009) 

reported that housing wealth has a small and non-significant effect on consumption after 

controlling for the endogeneity bias resulting from the correlation between housing wealth 

and permanent income. Case, Quigley and Shiller (2011) revisited their own estimates in 

Case, Quigley and Shiller (2005), using an extended panel of observations on state-quarter 

level over 1978-2009, and found the elasticity of consumption with respect to house value 

shocks ranging from 0.03 to 0.13. In sum, estimates of the effect of housing wealth shocks 

on consumption vary substantially across these studies. Overall the evidence favors a 

modest positive link between differences in house price appreciation and household 

consumption. 

2.3 Data 

The total return to real estate is the sum of the implicit rental return and asset appreciation 

return. A major challenge in testing the effects of differences in total return is the lack of 

data on capitalization rates for residential housing. This section discusses how a panel of 

MSA-level total return on housing was constructed. 

2.3.1 Capitalization Rates 

The American Housing Survey (AHS) is used to generate the capitalization rates, i.e. the 

rent-to-price ratio, at the MSA level over 1985-2013. The AHS started in 1973 and data is 

collected every other year. The AHS changed the narrative of the questionnaires 

significantly in 1985, and removed individual household responses on housing value 

questions in the Public Use File (PUF) after 2015. As a result, this study uses AHS PUF 
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for 1985-2013. It provides a panel data set of detailed property-level information, including 

house price (asset price of owner-occupied homes, and rental price of renter-occupied 

units), housing quality characteristics, geographic location and information on occupants.  

 There are several advantages of using AHS data for the purpose of measuring house 

price changes over space and time. First, the AHS covers a large number of housing units 

that are occupied by owners and renters. This facilitates the construction of MSA-level 

rent-price ratios. Most center city housing is rental in the largest cities, this portion of the 

housing market has been long ignored due to data limitations.1 Second, the AHS provides 

information on both the housing units that transact and those that did not. This reduces the 

likelihood of sample selection bias. Kiel (1994) found that homeowners were more likely 

to trade their house if their house had higher-than-average appreciation in the past. 

Consequently houses with repeat sales may be fundamentally different. Third, the panel 

data feature of the AHS makes it relatively easy to control for quality characteristics of the 

housing units.  

There are two common issues with the AHS data: the accuracy of self-reported 

house values, and the lack of objective information on neighborhood characteristics. 

Goodman and Ittner (1992) found that the average homeowner over-values his/her house 

by 6%. Kiel and Zabel (2003) found a similar over-valuation of 5.1% but showed that the 

difference between sales prices and owners’ valuations is unrelated to particular 

characteristics of the house, occupants, or the neighborhood. The missing objective 

 
1 There is a stream of literature using the BLS rent index to construct rent-price ratios (Case 

and Shiller 1990; Davis, Lehnert and Martin, 2008). Campbell, Davis and Gallin (2009) 

pointed out that the BLS rent index may not capture some of the unobserved trends in the 

implicit rental prices of owner-occupied housing units. Recently Ambrose, Coulson and 

Yoshida (2015) have demonstrated substantial biases that resulted from procedures used to 

construct the BLS rent index. 
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information on the neighborhood and community is not unique to AHS. The transaction 

data sources used to generate Case-Shiller home price indices and FHFA house price 

indices do not contain neighborhood characteristics either. The AHS has some subjective 

information on the neighborhood characteristics. The AHS asks questions about the 

presence of abandoned buildings, crime on the street, pests and rats, etc. as well as 

respondents’ evaluations of the unit and the neighborhood, to collect information on 

neighborhood and community conditions.  

The method adopted to estimate capitalization rates is the pooled-tenure hedonic 

estimation approach developed by Phillips (1988). This method pools value for owner 

occupied units with rent for rental units in a single regression of the following form. 

𝑙𝑜𝑔(𝑃𝑖,𝑡,𝑚)  =  𝛼𝑖,𝑡,𝑚 + 𝛽𝑡,𝑚 ∗ 𝑂𝑊𝑁𝑖.𝑡.𝑚 + 𝑋𝑖,𝑡,𝑚𝛾′ + 𝜀𝑖,𝑡.𝑚  (1) 

 𝐶𝐴𝑃𝑡,𝑚  = 𝑅𝑒𝑛𝑡𝑎𝑙 𝑃𝑟𝑖𝑐𝑒 / 𝐴𝑠𝑠𝑒𝑡 𝑃𝑟𝑖𝑐𝑒 = 𝑒𝑥𝑝(− 𝛽𝑡,𝑚)  (2) 

The dependent variable, 𝑙𝑜𝑔(𝑃𝑖,𝑡,𝑚) is the log of market value for owner-occupied 

unit i in year t and MSA m, or the log of annual rent for rental unit i in year t and MSA 

m. 𝑂𝑊𝑁𝑖.𝑡.𝑚 is a dummy variable indicating if housing unit i is owner-occupied or not in 

year t and MSA m. 𝑋𝑖,𝑡,𝑚 is a vector of housing quality characteristics, including metro 

status dummy (center city or suburb), structure type of the building, age of the unit and its 

unit size in square feet, number of bedrooms, number of bathrooms, number of half 

bathrooms, garage dummy, basement dummy, type of air system, type of heating system, 

and housing adequacy score.  

Regressions are estimated for each MSA and year separately to generate a panel of 

different 𝛽 estimates by MSA and year. The 𝛽 parameter estimates reflect the average 

percentage difference in log-price, 𝑙𝑜𝑔(𝑃𝑖,𝑡,𝑚), between owner-occupied units and rental 
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units, controlling for differences in specified housing quality characteristics. Then the 

capitalization rate can be calculated as the antilog of the estimated value of 𝛽. 

There are two concerns about this method. First, this method computes the average 

capitalization rates, assuming the capitalization rate is constant across all structure types 

and neighborhoods within a MSA. As demonstrated in Carrillo and Yezer (working paper, 

2021), the capitalization rate holds constant only under strong assumptions. In reality, the 

current and future conditions of  housing characteristics and amenities associated with 

location are likely to vary. This concern is not unique to this study. It is present in the entire 

literatura on cap rates discussed above. It would be more consequential if rental and owner 

units were fundamentally different in either location or structure characteristics that were 

not included in the Phillips estimation of cap rates. .  

Second, the dummy variable  𝑂𝑊𝑁𝑖.𝑡.𝑚 also captures the unspecified differences in 

average quality between owner-occupied and rental units that are not evident in the 

regressors included in the model.  Note that asset prices of units are set by purchases of 

both owner-occupants and landlords.  Every rental unit was purchased in the open market 

by a landlord.  This approach follows a vast literature in assuming that owners and renters 

face the same implicit prices for various housing quality characteristics within each MSA. 

A potential addition to the Phillips method would be to include interaction terms between 

the tenure dummy  𝑂𝑊𝑁𝑖.𝑡.𝑚 and all the characteristics of the housing unit. However 

economic theory implies that landlords should adjust capitalization rates across various 

housing features so that they are equalized. Landlords should adjust housing characteristics 

so that the capitalization rate for each major characteristic is identical. If capitalization rates 
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are unequal, the returns from investing in one characteristic are higher than others, and 

landlords should convert units until this inequality in capitalization rates is not observed.  

In addition to Phillips (1988)’s argument and the widespread use of this technique 

to estimate cap rates, the application in this study is to the changes over time. Even if rental 

and owner occupied units vary in location within a city, that difference in location is 

constant over time and hence differences in the capitalization rates would be stable over 

time.  

For the US housing market in general, the average capitalization rate has stayed 

relatively stable over the three decades. Nationwide, the annual cross-sectional average 

capitalization rate ranges from 6% to 9% over the sample period. The pooled average 

capitalization rate over 1985-2013 is 7.64% with the standard deviation of 2.53%. In each 

decade (1985-1995, 1995-2005, 2005-2013), the means (and standard deviations in 

parentheses) of the cross-sectional capitalization rates are 7.76% (2.21%), 7.57% (2.35%), 

and 7.42% (2.97%). However capitalization rates differ significantly across markets. 

Among these 10 biggest MSAs in the US, Houston, TX and Dallas, TX have the highest 

capitalization rates over the time period of 1985-2013, ranging from 7.5% to 12%. San 

Francisco, CA and Los Angeles, CA have the lowest capitalization rates in most of the 

years during the sample period, ranging from 3% to 6%. This is consistent with other 

research that also found sizable differences in CAP rates for the subset of the years and 

metropolitan areas that is examined here.2 A detailed list of MSA-level capitalization rates 

and standard errors by year is provided in an online appendix.  

 
2 Phillips (1988) found that, from 1974 to 1979, the capitalization rate of Atlanta, GA increased 

from 5.9% to 8.2% while that of Chicago, IL fell from 8.2% to 5.4% but that of Boston, MA 

remained around 6%. In May 2019, Zillow reported the capitalization rates in every US city 

with a population over 250,000 using median home value and median annual rent. The list 
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2.3.2 Asset Price Appreciation Rates 

The FHFA house price index (FHFA HPI) is used to measure the asset price appreciation 

rate. This index is a weighted, repeat-sales index measure of the change over time in single-

family house prices. The sample used in this study is the quarterly purchase-only indexes 

for 118 MSAs over 1975q1 - 2019q1. MSA-level average annual appreciation rate is 

generated based on the simple mean of the quarterly indexes in each year. The FHFA HPI 

dataset contains 404 MSAs, of which 118 MSAs are in the AHS dataset. A detailed list of 

MSA-level annual asset appreciation rates and average annual HPI is provided in an online 

appendix. 

The intertemporal and geographical variation in asset appreciation rates is large. 

Nationwide, the cross-sectional average asset appreciation rate ranges from -6.55% in 2009 

to 10.78% in 2005, with an average of 3.23% over 1985-2013. Among the biggest 10 cities 

in the US, Los Angeles, CA has the most volatile appreciation rates, ranging from -13% to 

24% over time, with a mean of 5.5% and a standard deviation of 10%. San Francisco, CA 

follows on the volatility list, with annual appreciation rates ranging from -8% to 20%, mean 

of 6.5% and a standard deviation of 9%. Dallas, TX has the smallest standard deviation of 

3%, with the range of appreciation rates from -4.8% to 6.3% and the mean at 2%. 

2.3.3. Total Return to Housing 

According to the present value relation, the total return to housing for each MSA is the sum 

of the capitalization rate and the expected asset appreciation rate. This panel of total return 

to housing covers 118 MSAs in every other year over 1985-2013. Capitalization rates are 

 

started from San Francisco, CA with a capitalization rate of 2%, and went up to Detroit, MI at 

19%. Such differences either imply massive imperfections in house pricing or compensating 

differences in expected appreciation. 
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estimated using AHS as described in the previous section. Risk adjusted expected asset 

returns are equalized ex ante asset returns, which are not observed in the data. Instead, 

subsequent asset appreciation rates based on the FHFA HPI are used as the proxy for the 

risk-adjusted expected asset appreciation rates to generate the total return to housing in this 

study. An alternative approach is to construct a measure of house price expectations based 

on time series estimates of past house price change.  

This study chooses to use actual subsequent asset appreciation rate in place of the 

expected asset appreciation rate at the current period, because this practice is consistent 

with existing literature in dividend pricing hypothesis testing and housing finance. 

Campbell et al. (2009) used actual house price changes based on the repeat-transactions 

house price index published by FHFA to construct the real return to housing and housing 

premium in their decomposition of the rent-to-price ratio variance. Case and Shiller (1990) 

research on the forecastability of excess return on investing in single family houses for 

Atlanta, Chicago, Dallas and San Francisco, was constructed based on actual house price 

changes and previous imputed rental price. Meese and Wallace (1994) tested 16 

submarkets in the San Francisco MSA and found a negative relation between rental and 

actual asset appreciation returns to provide supportive evidence of the dividend pricing 

hypothesis.    

It is acknowledged that ex post asset appreciation returns differ from ex ante asset 

appreciation returns because actual appreciation deviates from expected appreciation. 

Garner and Verbrugge (2009) argued that rational agents admit the possibility of rational 

bubbles and would reduce their appreciation forecast via attaching positive probability to 

a bubble burst, so the ex ante appreciation could be smaller than the ex post appreciation. 
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Matthew Shapiro (2005) noted that determining the correct measure of expected 

appreciation is very challenging. While differences in housing appreciation rates across 

markets is hard to predict, ex post house price appreciation has a strongly forecastable 

element that is persistent with location, which will be discussed further in the following 

section. Hence, using actual appreciation in place of expected appreciation is not a big 

concern in this study.   

Another potential bias of the total return to housing generated in this paper comes 

from the average capitalization rate based on Phillips (1988) method. As Carrillo and Yezer 

(working paper 2021) demonstrated, the capitalization rate is usually varying in different 

locations and for different types of housing units. The willingness to pay for current 

housing characteristics and location amenities estimated in the rental price hedonic analysis 

is likely to be different from the expected discounted willingness to pay for all future 

housing characteristics and location amenities that comes from the asset price hedonic 

analysis, unless some strong assumptions are held. The Phillips(1988) approach assumes 

that capitalization rates are constant across the units considered in a given year, which in 

fact represents the average capitalization rate of all housing units in  a city. However, the 

sample size will be too small if the year-MSA-level sample is further disaggregated by 

building type (single family detached versus single family attached versus multifamily), 

building age, granular neighborhood features, and other factors that could cause a wedge 

between rental and asset price hedonic estimations. Furthermore, the MSA-level FHFA 

HPI data is heavily single family units and provides only the average asset appreciation 

rate in a certain MSA, without disaggregating the housing market by building age, structure 

type, transportation accessibility, neighborhood safety, etc. The approach used in this study 
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to measure total return to housing in a city in a year as the average on that of all different 

types of housing units is consistent with the literature. 

The average capitalization rate has stayed stable over the full sample period. The 

average asset appreciation rate was relatively stable and lower than the capitalization rate 

before 2000. In terms of volatility, the total return to housing is similar to the asset price 

appreciation rate, while the capitalization rate is less volatile than the asset appreciation 

rate. In a recent study by Eisfeldt and Demers (2008), supportive evidence is found to 

complement the findings in this paper. House returns are generated for 30 largest US cities 

using AHS and CoreLogic data, and exhibit two stylized facts. Average annual city-level 

rental yields and house price appreciation rates are stable, at 4.5% and 4.2%, respectively, 

but house price appreciation rates have higher volatility than rental yields.   

The decomposition of the total return to housing into its rental and asset return parts 

differs significantly across individual housing markets. For example, New York City and 

Los Angeles experienced more volatile boom-and-bust cycles over the three decades than 

Chicago and Houston did. 

Housing markets behave differently over cycles in asset prices. It is natural to zoom 

into the pre- and post- financial crisis years to examine the cross-sectional distribution of 

the total return to housing and its rental and asset appreciation components. Casual 

observation indicates that higher capitalization rates are associated with lower future 

appreciation and that the geographical variation in the total return to housing is different in 

boom and bust periods. The dividend pricing hypothesis suggests that current higher rental 

returns are offset by subsequent lower appreciation returns. In the next section, empirical 
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tests are conducted to examine the correlation between current capitalization rates and the 

asset appreciation rates of the subsequent year.   

2.4 Dividend Pricing Model 

Campbell and Shiller (1988 a,b) developed the dividend-price ratio model as a dynamic 

version of Gordon’s (1962) asset pricing model. The log dividend-price ratio can be written 

as an expected discounted value of all future returns and dividend growth rates discounted 

as the constant rate. 

𝛿𝑡 = 𝑑𝑡−1 − 𝑝𝑡 ≃ 𝐸𝑡 ∑∞
𝑗=0 𝜌𝑗(𝑟𝑡+𝑗 − 𝛥𝑑𝑡+𝑗) + (𝑐 − 𝑘)/(1− 𝜌) (3) 

In the above equation, 𝛿𝑡 is the log dividend-price ratio, as the difference between 

the log dividend in last period, 𝑑𝑡−1, and the log asset price in this period, 𝑝𝑡. 𝑟𝑡 is an ex 

post discount rate. 𝛥𝑑𝑡is the growth rate of the dividend. Their model defines the log of the 

sum of the asset price and the previous dividend as a constant 𝑘, plus a weighted average 

of the log asset price and the log dividend with weights 𝜌and 1− 𝜌. 𝜌 is slightly below the 

unit. The constant term 𝑐 is the deviation between beginning-of-period rational expectation 

of return and the ex ante return over the period. This paper will focus on empirical tests of 

properties of the relation between the two components of the total return using the estimates 

of these rates across US MSAs. 

2.4.1 Tests for Persistence 

The dividend pricing model, as applied to housing, argues that the total return to housing 

is properly measured by the sum of its rental and appreciation returns. Based on a 

substantial empirical literature, differences in rates of return across housing markets have 

been shown to be persistent and hence predictable. This leaves the problem of dividing the 

appreciation in the asset price of housing into anticipated and unanticipated components.  
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A number of tests for persistence of appreciation rates across housing markets are 

conducted here over these 118 MSAs, to determine if differences in appreciation rates 

across housing markets are persistent. To obtain an estimate of the degree of persistence, a 

standard test is applied to estimate the speed with which the asset appreciation return 

converges to its long run level. 

𝑦𝑖,𝑡 = 𝛼 + ∑𝑁
𝑛=1 𝛽𝑖,𝑛𝑦𝑖,𝑡−𝑛 + 𝑀𝑆𝐴𝑖 + 𝑇𝑖𝑚𝑒𝑡 + 𝜀𝑡 (4) 

In Equation (4), 𝑦𝑡 and 𝑦𝑡−𝑛 are the current period and n-lagged period values of 

the asset appreciation return. 𝑀𝑆𝐴𝑖 and 𝑇𝑖𝑚𝑒𝑡 represents MSA fixed effects and the time 

trend. Following the literature on panel unit root tests that allow for cross-sectional 

dependence (Pesaran, 2007; Haurin, Jong and Zhang, 2013), Im-Pesaran-Shin (IPS) tests 

are conducted with a time trend and subtracting the cross-sectional means. There are three 

main reasons to use the IPS panel unit root test. First, house prices in different MSAs are 

affected by common factors such as interest rates and business cycles. Second, the IPS test 

allows for panel-specific intercept, trend and autoregressive coefficients. Third, the IPS 

test assumes a large N and a small T, which is the case here.  

Table 2.1 reports the results on tests of 𝑙𝑛(𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘), the percentage change in the 

house price index of MSA 𝑖 from period 𝑡 − 𝑘 to period 𝑡. Table 2.2 shows the results on 

tests of 𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘, the cumulative appreciation in house price index of MSA 𝑖 from period 

𝑡 − 𝑘 to period 𝑡. In both tables, 𝑘 = 1, 4, 8, 20, representing quarterly appreciation, yearly 

appreciation, bi-annual appreciation and 5-year appreciation respectively. The null 

hypothesis of all panels containing unit roots can be rejected at 1% significance level in 

almost all models, which provides evidence that some panels are trend stationary. These 

results suggest that house price appreciation, during the period of 1975-2019, could be 
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predicted. The past literature assumes that the expected appreciation rate is equal in each 

city. But the rational expectations assumption and the dividend pricing hypothesis imply 

that differences in asset appreciation rates are systematically associated with location and 

hence predictable. Results found in this paper confirm that. 

The result is consistent with the many studies in the literature that examine local 

housing markets during different time periods. Malpezzi (1999) applied Levin-Lin-Chu 

panel unit root tests ( Levin, Lin, and Chu 2002) and found that a unit root can be rejected 

for real house price changes over 1979-1996. Mikhed and Zemcik (2009) conducted IPS 

panel unit root tests of house price appreciation rates over several different time periods 

across 22 US metropolitans, and found that the null hypothesis of a unit root could be 

rejected for 1978-2007. Haurin, Jong and Zhang (2013) also used IPS panel unit root tests 

on state level house prices, and found the house price series to be trend stationary with 

structural breaks. Capozza, Hendershott and Mayer (2002) explored the cyclical behavior 

of real house prices in 62 MSA over 1979-1995 and showed patterns of serial correlation 

and mean reversion that varied across cities. 

To better understand the stationary of asset price appreciation rate and cumulative 

asset appreciation in different MSAs, augmented Dickey-Fuller regressions (ADF1981) 

are estimated for each MSA using the full time series of each variable. Following Bogin, 

Doerner and Larson (2019), a deterministic constant term is included but not a trend, 

because it is difficult to justify a model with real house prices trending upward ad infinitum.  

An alternative test of persistence in the differences of MSA-level housing price 

appreciation rates is the traditional full panel model with time and MSA fixed effects, as 

shown in Equation (5) below, where 𝛥𝑙𝑜𝑔(𝐻𝑃𝐼
𝑖,𝑡,𝑘

) is the cumulative change in log value 
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of house price index of MSA 𝑖 from period 𝑡 − 𝑘 to period 𝑡.𝛥𝑙𝑜𝑔(𝐻𝑃𝐼
𝑖,𝑡−𝑘,𝑘

) is the change 

in log HPI from period 𝑡 − 2𝑘 to period 𝑡 − 𝑘. 𝑇𝑖𝑚𝑒𝑡 and 𝑀𝑆𝐴𝑖 represent time and the 

MSA fixed effects. The data is in quarterly so 𝑘 = 1, 4, 8, 20 in various models.  

𝛥𝑙𝑜𝑔(𝐻𝑃𝐼
𝑖,𝑡,𝑘

) = 𝛼 + 𝛽𝛥𝑙𝑜𝑔(𝐻𝑃𝐼
𝑖,𝑡−𝑘,𝑘

) + 𝑇𝑖𝑚𝑒𝑡 + 𝑀𝑆𝐴𝑖 + 𝜀𝑖,𝑡  (5) 

Regression estimates for equation (5) are shown in Table 2.3. The F-statistics of 

the tests on the MSA dummies are significant at the 1% significance level, suggesting that 

the differences in asset price appreciation rates are systematically associated with location. 

This result provides evidence of the predictability of the differences in asset price 

appreciation rates. Thus the differences in asset appreciation rates are not shocks but have, 

or at least should have, an expected component. This is fully consistent with the dividend 

pricing hypothesis provided capitalization rates vary accordingly across cities. 

The coefficients of the MSA dummies identify MSAs with persistently high and 

low rates of appreciation. Table 2.4 presents the summary statistics and the top and bottom 

5 MSAs in terms of the MSA dummy coefficient estimates using the model in equation 

(5). The coefficient estimates of the MSA dummies represent the additional asset 

appreciation, over a quarter (𝑘 = 1), a year(𝑘 = 4), two years (𝑘 = 8) and five years (𝑘 =

20) respectively, of a certain MSA compared to the reference MSA, Akron, OH. MSAs 

that have persistently high and low appreciation rates tend to keep the momentum in both 

short and long run. These results demonstrate the persistent locational variation in the 

differences of asset price appreciation rates across individual markets.  

It is natural to ask if there is persistence in total housing returns, when the rental 

return component is included on top of the asset appreciation return, and how tests for 

persistence in total return compare to the appreciation return results just presented. It 
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should be noted that there is an issue of directly comparing the test for persistence in total 

return to housing with the test for persistence in asset appreciation rate, because the 

measure for total return to housing constructed in this paper is for every other year. 

However, tests for the persistence in the total return to housing provide some useful insights 

into housing market dynamics. IPS panel unit root tests and the traditional full panel model 

with time and MS fixed effects are applied.  

First, Augmented Dickey-Fuller regressions on total return on housing series are 

estimated for each MSA to understand the differences in total housing return across 

different locations. Given that this is a bi-annual data set over 1985-2013, models including 

0-1 lags for ADF regressions are tested, using average annual total return to housing based 

on the capitalization rates from the AHS and the average annual asset appreciation rates 

from the FHFA HPI. Compared to inland MSAs, coastal MSAs have a higher probability 

of rejecting the null hypothesis of a unit root in total housing return. The null hypothesis 

that the panels of total return to housing have unit roots can be rejected at 1% significance 

level for 24 MSAs without lag terms and 69 MSAs with 1 lag term. In sum, these tests are 

more likely to reject the null hypothesis of a unit root in asset price appreciation rates than 

in the total return to housing. There is more persistence and predictability in differential 

appreciation rates than in rates of total return. 

Second, the traditional full panel model with time and MSA fixed effects is applied 

to test the systematic locational variation in the total return to housing, as shown in 

Equation (6), where 𝑅𝑖,𝑡 is the total return to housing of MSA 𝑖 in period 𝑡 − 𝑘. 

𝑅𝑖,𝑡 = 𝛼 + 𝛽 ∗ 𝑅𝑖,𝑡−2 + 𝑇𝑖𝑚𝑒𝑡 + 𝑀𝑆𝐴𝑖 + 𝜀𝑖,𝑡 (6) 
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The results of the above equation are comparable to the results of Equation (5) when 

𝑘 = 8.The mean and standard deviation of the coefficient estimates of MSA dummy 

variables are 0.12% and 1.01%, when total return to housing is regressed on the total return 

2 years ago. Compared to the mean and standard deviation of 4.10% and 21.64% of the 

MSA dummy estimates for asset price appreciation rate test, the variance in persistent 

differences in total return to housing across housing markets is much less than that in asset 

appreciation return. 

Overall the evidence for persistence in appreciation rates for virtually all MSAs 

presented here is compelling as suggested in the previous literature. This alone implies that 

at least a portion of differences in appreciation return is expected. Conversely persistence 

in total return is less robust across cities. 

2.4.2 Direct Testing of the Dividend Pricing Hypothesis 

There is a modest literature analyzing the predictive power of the capitalization rate on 

subsequent housing price appreciation. The general finding is that it moves inversely with 

future asset price returns, consistent with the dividend pricing hypothesis. However, the 

degree of the negative relation varies across studies and is always greater than the -1 

predicted by theory, a result generally attributed to attenuation bias due to measurement 

error. Studies differ depending on the market geography, time periods and housing unit 

samples of the data set. This section demonstrates that the data used in this study (biannual 

data across 118 MSAs over 1985-2013) gives similar results in testing the dividend pricing 

hypothesis as the literature reviewed earlier. 

Testing of the relation between asset price appreciation rate and the capitalization 

rate is conducted using Equation (7) below. 𝑃𝑚,𝑡 is the average asset price in MSA m in 
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year t, 𝐶𝐴𝑃𝑚,𝑡is the capitalization rate in MSA m in year t. Also included are the MSA and 

time fixed effects. The dividend pricing hypothesis predicts that subsequent asset price 

appreciation varies inversely with the capitalization rate, if total return on housing is 

consistent with a no-arbitrage equilibrium. 

 
𝑃𝑚,𝑡+1−𝑃𝑚,𝑡

𝑃𝑚,𝑡
= 𝛼 + 𝛽 ∗ 𝐶𝐴𝑃𝑚,𝑡 + 𝑀𝑆𝐴 + 𝑌𝐸𝐴𝑅 + 𝜀𝑚,𝑡 (7) 

The estimate of 𝛽 is expected to be -1 under the dividend pricing hypothesis, but 

measurement errors in both the capitalization rate estimate and the use of the actual rather 

than expected appreciation rate will attenuate the resulting estimate of 𝛽. As noted in the 

literature review, the expectation is that estimates of 𝛽 are negative and significant but 

larger than -1 due to classical measurement error bias in the capitalization rate. 

Estimates of Equation (7) are shown in Table 2.5, using the annual average asset 

price appreciation rates of FHFA HPI and pooled-tenure hedonic capitalization rates from 

the AHS. The coefficient of the capitalization rate is statistically significant at the 1% 

significance level and negative in model (1)-(3) over the full sample period, ranging from 

-0.15 to -0.3. Subperiod tests are also conducted with year fixed effects and MSA fixed 

effects for 1985-1995, 1995-2005 and 2005-2013, as shown in model (4)-(6). The asset 

appreciation return predictability of the capitalization rate is statistically significant during 

1995-2005 and 2005-2013, with the coefficient estimate of -0.7 and -0.4 respectively. 

Column (7) and (8) examine the predictive power of the capitalization rate on the 

subsequent asset appreciation rate during the boom and bust periods around the financial 

crisis, i.e. 2005-2009 and 2009-2013 respectively. The estimate of the coefficient of 

capizalitazion rate is equal to -1 at 1% confidence level during 2005-2009. This result given 

by the data constructed in this paper is consistent with but generally stronger than previous 
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literature. Capitalization rates are inversely related with subsequent asset price appreciation 

rates, confirming the general prediction of the dividend pricing hypothesis. Although the 

point estimate is significantly different from -1, it is possible that the basic insights of the 

dividend pricing hypothesis would be valuable for examining consumption responses, as 

will be shown in next section. 

The negative correlation between current capitalization rate and future asset 

appreciation rate found using data constructed in this paper is supported by Eisfeldt and 

Demers (2018), which examined the rental yields and capital gains of single family housing 

for 30 largest US cities over the same period. Eisfeldt and Demers (2018) found that rental 

yields increase with city house price tiers while house price appreciation rates fall with 

house price tiers. Their findings complement the results found in this paper. However, this 

paper goes beyond presenting the correlation of the two series of house returns and 

regressed capitalization rates on asset appreciation rates to test the dividend pricing 

hypothesis. 

2.5 Effect of shocks to total return to housing on consumption  

The test here follows the empirical papers, reviewed in some detail below, that have 

examined the housing wealth effect on consumption. The difference is that deviations from 

total return to housing rather than from asset price appreciation return are considered 

wealth shocks in this study. The previous literature finds the housing wealth elasticity of 

consumption is in the range of 0.02 - 0.13 when housing wealth changes are measured by 

asset price appreciation rate alone.  

Case, Quigley and Shiller (2005) tested the effects on consumption using log 

differences in asset price appreciation and seeks to estimate the model in Equation (8),  
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𝛥𝐶𝑡,𝑚 = 𝛼 + 𝛽
1
𝛥𝐻𝑜𝑢𝑠𝑒𝑡,𝑚 + 𝛽

2
𝛥𝑆𝑡𝑜𝑐𝑘𝑡,𝑚 + 𝛽

3
𝛥𝐼𝑛𝑐𝑡,𝑚 + 𝜖𝑡,𝑚 (8) 

where 𝛥𝐻𝑜𝑢𝑠𝑒𝑡,𝑚is log change in housing wealth generated using Case-Shiller home value 

index, 𝛥𝑆𝑡𝑜𝑐𝑘𝑡,𝑚 is log change in stock market wealth generated using data obtained from 

the Federal Reserve Flow of Funds (FOF) accounts, 𝛥𝐼𝑛𝑐𝑡,𝑚is change in personal income, 

and 𝛥𝐶𝑡,𝑚is the change in retail sales constructed by Moody’s used as a proxy for 

consumption spending. The observations are in state-quarters over 1982-1999. They found 

the elasticity of consumption with respect to appreciation ranged from 0.03 to 0.06.  

Case, Quigley and Shiller (2011) revisited their 2005 estimation, using an extended 

panel of observations on state-quarter level over 1978-2009. Their re-test used log 

differences in asset price appreciation with various error-correction consumption models, 

and found the elasticity of consumption with respect to asset price change ranges from 0.04 

to 0.08. Their estimation model III (i.e. error-correction consumption models) is the basis 

for the specification in Equation (9),  

𝛥𝐶𝑡,𝑚 = 𝛼 + 𝛽
1
𝛥𝐻𝑜𝑢𝑠𝑒𝑡,𝑚 + 𝛽

2
𝛥𝑆𝑡𝑜𝑐𝑘𝑡,𝑚 + 𝛽

3
𝛥𝐼𝑛𝑐𝑡,𝑚 + 𝛾𝛥𝐶𝑡−1,𝑚 + 𝛿(𝐶/𝐼𝑛𝑐)

𝑡−1,𝑚
+ 𝐹𝐸𝑠 + 𝜖𝑡,𝑚  (9) 

where a lagged log change in consumption 𝛥𝐶𝑡−1,𝑚, a lagged log ratio of consumption to 

income (𝐶/𝐼𝑛𝑐)𝑡−1,𝑚, and fixed effects (state fixed effects, year fixed effects, or state 

specific time trends) are added to their original estimation models (Equation 8) in Case, 

Quigley and Shiller (2005). 

Following the Case-Quigley-Shiller (CQS) empirical framework, this paper 

investigates the housing wealth effect using the state-level total returns to housing over 

1985-2013. Due to data limitations, MSA-level consumption is not available, and state-

level data is used instead. The state-level total return to housing is the sum of state-level 

capitalization rates and state-level asset price appreciation returns. Same as with the MSA 
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level analysis discussed above, the capitalization rate component is generated using 

Phillips (1988) pooled-tenure hedonic estimation method from the AHS. State-level asset 

price appreciation returns are calculated as the annual appreciation rates of FHFA state-

level HPI. 

The baseline OLS estimation equation is shown in Equation (9)3. The overlapping 

years of the AHS and CQS 2005 dataset are 1985, 1987, 1989, 1991, 1993, 1995, 1997 and 

1999. To be consistent, the following regressions are conducted using state-level biannual 

data. In each state 𝑚 in year 𝑡, 𝛥𝐻𝑜𝑢𝑠𝑒𝑡,𝑚is the log change in housing wealth, measured 

using the total rate of return to housing. Other variables are directly employed from the 

CQS 2005 dataset. 𝛥𝐶𝑡,𝑚is the log change in consumption, and a panel of retail sales 

constructed by Moody’s Economy.com (Formerly Regional Financial Associates, RFA. 

See Zandi, 1997) is used as a proxy. The RFA estimates were constructed from county 

level sales tax data, the Census of Retail Trade published by the U.S. Census Bureau, and 

the Census Bureau’s monthly national retail sales estimates. It is important to note that 

housing consumption is excluded from the data. 𝛥𝑆𝑡𝑜𝑐𝑘𝑡,𝑚is the log change in stock market 

wealth. “Estimates of aggregate financial wealth were obtained annually from the Federal 

Reserve Flow of Funds (FOF) accounts and compared to the aggregate capitalization of the 

three major U.S. stock markets.” (Case et al. 2005 page 7). 𝛥𝐼𝑛𝑐𝑡,𝑚is the log change in 

income. Also included in the equation are a lagged log change in consumption 𝛥𝐶𝑡−1,𝑚, a 

lagged log ratio of consumption to income (𝐶/𝐼𝑛𝑐)𝑡−1,𝑚, state fixed effects, year fixed 

effects, state specific time trend and an error term 𝜖𝑡,𝑚.  

 
3 This regression model is the same as model III in Case et al. (2011), but uses the total return rate 

on housing to measure housing wealth change. 
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A few papers argued that this CQS regression is subject to endogeneity bias. 

Calomiris, Longhofer and Miles (2009) noted that the CQS method does not control for 

shocks related to permanent income and that permanent income shocks should be the 

dominant source of housing price changes across time and across states. So when housing 

prices rise in some places, that rise should reflect both past income growth and the 

expectation of future income growth, which could cause changes in current market 

indicators, including house price appreciations. Attanasio, Blow, Hamilton and Leicester 

(2009) pointed out that the correlation between housing wealth and consumption may arise 

when housing wealth and consumption respond to common third factors, such as expected 

future income.  

As a response, Case, Quigley, and Shiller (2011) argued that their underlying 

assumption is the causality running from wealth components to consumption, and not that 

“the two are determined by some third variable, such as general confidence in the economy 

(Case, Quigley, and Shiller 2011, page 35)”. This study intends to compare the results of 

how shocks to total housing return affects consumption with the CQS benchmark results 

that examined the effect of housing market capital gain on consumption, and serves as an 

improvement upon the CQS results. So the benchmark regression in this study is the same 

as the CQS regression. This paper agrees with Case, Quigley, and Shiller (2005, 2011) that 

it is useful to think of consumption as determined in accordance with the model presented 

in Equation (9). 

The effect of changes in total housing return on consumption is expected to be 

statistically and economically significant. The effect of classical measurement error in the 

estimate of total return to housing should bias estimates of the effect of housing returns on 
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consumption downward. However the measurement error bias in using only appreciation 

return rather than total return should produce even larger attenuation bias. This leads to the 

prediction that the elasticity of consumption with respect to total housing return will be 

larger than that due to asset price appreciation rate only. 

Table 2.6 presents the estimation results under four specifications: (1) housing 

wealth shocks are measured as the total return to housing, (2) asset price appreciation rate 

from FHFA only, (3) capitalization rate from the AHS only, and (4) total return to housing 

together with its asset appreciation component. When the housing wealth shock is 

measured as the total return to housing, as in model (1), the marginal propensity to consume 

from a $1 change in total housing return is about 11 cents, compared to 9 cents for 

appreciation return only as shown in model (2). When testing the effect of capitalization 

rates only (model 3), the coefficient is larger than that of total housing return or asset 

appreciation return. This may be due to an association between high capitalization rates 

and local labor market conditions, for example declining local employment should generate 

a housing market with replacement cost higher than housing price.  

Model (4) is the encompassing test that includes the total return to housing and its 

asset appreciation component. The coefficient estimate of the total housing return is 

positive and significant, while the coefficient of asset appreciation return component is 

non-significant. This is consistent with the theory, which says both of the two components 

of total return to housing have equally important effects on consumption. The 

encompassing test in column 4 shows that in the presence of total return, appreciation 

return has the "wrong” sign and is non-significant. Total return dominates appreciation 

rates in determining consumption effects. 
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Case, Quigley and Shiller (2005, 2011) measured the housing wealth shock as the 

change of housing value using repeat sales estimates of asset price change. This index is 

an alternative measure of asset price appreciation return, and an alternative total housing 

return is generated using this CQS repeat-sale asset price appreciation rate and 

capitalization rate from the AHS. Table 2.7 demonstrates the test results using these 

measures. The marginal propensity to consume out of real housing capital gains in owner-

occupied housing is about 0.06 (not statistically significant). This result is consistent with 

Case, Quigley and Shiller (2005, 2011) in which the marginal propensity to consume out 

of housing wealth shock is in the range of 0.03-0.13. In contrast, the results from model (2) 

based on total return to housing calculated using the CQS appreciation rate is about 0.08 

and is statistically significant. When both the asset appreciation return and total return are 

included to form an encompassing test, as in model (3), the coefficient of the appreciation 

rate is non-significant, again confirming the important effect of the capitalization rate 

component of total return on consumption. 

Note that, the effect of a housing wealth shock is systematically larger than that of 

the stock market wealth shock, which is about 0.03 but not statistically significant. 

Benjamin, Chinloy and Jud (2004), Bostic, Gabriel and Painter (2009), and Quigley and 

Shiller (2005, 2011) found non-significant or even slightly negative coefficients on stock 

market wealth change. Tests in paper provide consistent results with the literature. 

2.6 Conclusions 

According to the substantial literature reviewed above, the total return to housing is 

properly measured by the sum of its rental and appreciation returns. This paper discusses 

specific properties of the relation among the two components of the total return to housing 
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using the estimates of these rates across US MSAs. Empirical estimates, including Im-

Pesaran-Shin panel unit root test and augmented Dickey-Fuller regressions, demonstrate 

that differences in asset price appreciation are systematically associated with location and 

that there is persistence in returns. These results suggested that differences in appreciation 

rates are predictable and therefore are not shocks.  

 The innovation in this paper is that shocks to total housing return, as well as its 

division between capitalization and asset appreciation rates, are constructed and related to 

household consumption. capitalization rates are generated following the Phillips (1988) 

method by conducting pooled-tenure hedonic estimating of the AHS self-reported asset 

and rental prices. And a panel data set of total return to housing across 118 U.S. MSAs 

over 1985-2013 is constructed by combining the FHFA HPI appreciation rate and 

capitalization rate.  

Then the relation between total return and its capitalization rate and appreciation 

rate components and consumption is estimated. Empirical tests following the Case-

Quigley-Shiller framework estimate the housing wealth effect on consumption, using 

different measures. The principle finding is that the effect of a housing wealth shock on 

consumption is much larger when it is measured as an innovation in the total return to 

housing, implying that the capitalization rate component of return is important. The 

empirical tests demonstrate that the marginal propensity to consume from a $1 change in 

total housing wealth is about 11-18 cents. When both total return and either appreciation 

or capitalization rates are included in the model, total return estimates are both statistically 

and economically significant while estimated coefficients of either appreciation or 

capitalization rates are non-significant. This result of the encompassing test provides strong 
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evidence that shocks to total return to housing are important to consumption rather than 

either of the separate components of that return. Consumption effects of shocks to total 

return to housing are systematically larger than those of stock market wealth change on 

consumption, which are non-significant and about 0.03 in this data. 

These estimates suggest the possibility of a sizable effect of fluctuations in the total 

return to housing. However, just as a financial asset shock on household consumption 

should be based on unanticipated variation in total return to the household portfolio, the 

effect of housing investment shocks is properly based on changes in total return rather than 

on either of its components.  

To estimate and explain the independent roles of financial wealth and housing 

wealth shocks on consumption, the literature has been focusing on the dual purpose of 

housing, which is to serve as both an instrument for saving and as a consumption good. 

What is being neglected is that housing returns differ from stock market returns in one 

crucial aspect. The household owning the housing investment lives in the local labor and 

housing market where the return is experienced. Accordingly, there are likely to be omitted 

variables reflecting local economic conditions that cause actual housing returns to differ 

from expectations. These omitted variables could also influence other aspects of the 

economic welfare of the household. Changes in consumption could result from these 

omitted variables and could account for the finding that shocks to housing return are more 

consequential for consumption than shocks to stock market returns. Cities with rising 

housing costs could also be experiencing local amenity changes that influence household 

consumption choice and well-being. However, the return from the stock market investment 
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is not associated with changes in local economic or amenity conditions. This difference 

could account for the smaller effect of stock market returns on consumption.  
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Table 2.1 IPS Panel Unit Root Tests for Asset Appreciation Rates 

Model (1) (2) (3) (4) 

Lag structure for ADF 0 1 2 3 

Panel 1: k=1 

W-t-bar Statistic -57.81*** -38.70*** -23.49*** -16.49*** 

Panel 2: k=4 

W-t-bar Statistic -12.05*** -16.38*** -18.40*** -20.33*** 

Panel 3: k=8 

W-t-bar Statistic -2.83** -8.91*** -15.15*** -18.99*** 

Panel 4: k=20 

W-t-bar Statistic 2.45 -2.47** -11.19*** -18.78*** 

Note: Im-Pesaran-Shin panel unit root tests statistics of Equation (4): 

𝑙𝑛(𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘) = 𝛼 + ∑

𝑁

𝑛=1

𝛽𝑖,𝑛𝑙𝑛(𝛥𝐻𝑃𝐼𝑖,𝑡−𝑛,𝑘) + 𝑀𝑆𝐴𝑖 + 𝑇𝑖𝑚𝑒𝑡 + 𝜀𝑡 

when a time trend is included and cross-sectional means are subtracted, with 1-4 lag structures for 

ADF regressions. 𝑙𝑛(𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘) is MSA-level asset price appreciation rate over k quarters 

(k=1,4,8,20) based on the quarterly purchase-only FHFA HPI in MSA i quarter t. Sample covers 

118 U.S. MSAs over 1975 q1 - 2019 q1.  
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Table 2.2 IPS panel Unit Root Tests for Cumulative Asset Price Appreciation 

Model (1) (2) (3) (4) 

Lag structure for ADF 0 1 2 3 

Panel 1: k=1 

W-t-bar Statistic -31.09*** -15.65*** -10.72*** -11.98*** 

Panel 2: k=4 

W-t-bar Statistic -1.39 -20.25*** -23.18*** -23.48*** 

Panel 3: k=8 

W-t-bar Statistic 4.5 -25.73*** -29.32*** -29.63*** 

Panel 4: k=20 

W-t-bar Statistic 11.49 -18.10*** -24.67*** -30.66*** 

Note: Im-Pesaran-Shin panel unit root tests statistics of Equation (4): 

𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘 = 𝛼 + ∑

𝑁

𝑛=1

𝛽𝑖,𝑛𝛥𝐻𝑃𝐼𝑖,𝑡−𝑛,𝑘 + 𝑀𝑆𝐴𝑖 + 𝑇𝑖𝑚𝑒𝑡 + 𝜀𝑡 

when a time trend is included and cross-sectional means are subtracted, with 1-4 lag structures for 

ADF regressions. 𝛥𝐻𝑃𝐼𝑖,𝑡,𝑘 is MSA-level cumulative asset price appreciation over k quarters 

(k=1,4,8,20) based on the quarterly purchase-only FHFA HPI in MSA i quarter t. Sample covers 

118 U.S. MSAs over 1975 q1 - 2019 q1. ***, **, and * indicate statistical significance at the 0.1%, 

1%, and 5% levels, respectively.  
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Table 2.3 Panel Regressions of Asset Appreciation Rate on Lagged Terms 

Model (1) (2) (3) (4) 

k= 1 4 8 20 

Lagged log(HPI) 0.041* 0.068*** 0.076*** 0.039 

 (2.26) (5.59) (4.23) (1.28) 

Constant -1.472*** -1.239*** -1.580*** -0.726* 

 (-109.68) (-70.39) (-79.47) (-2.59) 

Number of obs 18,837 17,809 16,503 12,933 

F-test on MSA fixed effect 190,000 540,000 340,000 840,000 

Pesaran's test of cross sectional independence 6.235 7.322 5.444 3.557 

Wooldridge test for autocorrelation 489.568 0.687 0.236 0.379 

Note: Reported are the regression results of FHFA HPI appreciation rates on its lagged terms. The 

asset appreciation rates of MSA-level HPI are calculated as quarterly change, annual change, bi-

annual change and 5-year change (k=1,4,8,20). Lagged log HPI changes in each model 

corresponding to the value of k. The row of Wooldridge test for autocorrelation in panel data 

presents the F-statistics under null hypothesis of no first-order autocorrelation. Sample covers 118 

MSAs over 1975-2019 on quarter frequency. The numbers in parentheses are t-statistics. ***, **, 

and * indicate statistical significance at the 0.1%, 1%, and 5% levels, respectively.  
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Table 2.4 Coefficient Estimates of Selected MSAs in Panel Regressions of FHFA HPI 

Appreciation Rates on Lagged Term 

Panel 1: k=1 

Mean (Std. Dev.) 6.09% (20.02%) 

Largest 

San Jose, CA 77.25% 

Smallest 

Johnson City, TN -37.23% 

San Francisco, CA 67.63% McAllen, TX -29.51% 

Los Angeles, CA 57.35% Montgomery, AL -29.01% 

New York, NY 53.89% Utica, NY -24.86% 

Seattle, WA 51.85% Youngstown, OH -24.84% 

Panel 2: k=4 

Mean (Std. Dev.) 5.59% (21.51%) 

Largest 

San Jose, CA 95.68% 

Smallest 

Johnson City, TN -38.25% 

San Francisco, CA 78.14% Montgomery, AL -32.14% 

New York, NY 56.09% McAllen, TX -31.11% 

Los Angeles, CA 55.02% Utica, NY -27.55% 

San Diego, CA 52.71% Youngstown, OH -26.99% 

Panel 3: k=8 

Mean (Std. Dev.) 4.10% (21.64%) 

Largest 

San Francisco, CA 79.90% 

Smallest 

Johnson City, TN -38.37% 

Los Angeles, CA 74.02% Montgomery, AL -34.29% 

San Jose, CA 67.73% McAllen, TX -31.56% 

Seattle, WA 66.65% Youngstown, OH -30.38% 

San Diego, CA 53.46% Utica, NY -28.21% 

Panel 4: k=20 

Mean (Std. Dev.) 1.53% (24.55%) 

Largest 

San Jose, CA 113.14% 

Smallest 

Johnson City, TN -48.34% 

San Francisco, CA 76.10% McAllen, TX -40.99% 

Seattle, WA 59.86% Montgomery, AL -40.22% 

Los Angeles, CA 53.45% Utica, NY -35.14% 

New York, NY 49.24% Youngstown, OH -33.63% 

Note: This table reports the coefficient estimates of MSA dummy variables in Equation (5). The 

coefficient estimates of the MSA dummies represent the additional asset appreciation rate, over a 

quarter (k=1), a year(k=4), two years (k=8) and five years (k=20) respectively, of a certain MSA 

compared to the reference MSA, Akron, OH.    
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Table 2.5 Results on the Predictive Power of CAP Rate on Subsequent Asset Appreciation Rate 

Model (1) (2) (3) (4) (5) (6) 

CAP rate -0.166** -0.179*** -0.071 0.001 -0.447*** -0.125 

 (-2.96) (-4.20) (-1.36) -0.01 (-3.99) (-0.95) 

Constant 0.042*** 0.059*** 0.047*** 0.060*** 0.074*** 0.097*** 

 -9.4 -9.31 -7 -5.99 -9.08 -7.07 

R2 0.03 0.43 0.45 0.18 0.5 0.56 

N 1,737 1,737 1,737 693 699 578 

Year FE No Yes Yes Yes Yes Yes 

MSA FE Yes No Yes Yes Yes Yes 

Time Period 1985 - 2013 1985 - 2013 1985 - 2013 1985 - 1995 1995 - 2005 2005 - 2013 

Note: This table reports the test results of panel regressions of subsequent MSA-level asset 

appreciation returns on current CAP rates, for 118 MSAs over 1985-2013 and each decade (or so). 

MSA-level asset appreciation returns are calculated using FHFA MSA-level HPI, by averaging 

quarterly data over a year. CAP rates are generated using pooled-tenure hedonic estimation of AHS 

data. The numbers in parentheses are t-statistics. ***, **, and * indicate statistical significance at 

the 0.1%, 1%, and 5% levels, respectively.  
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Table 2.6 Error Correction Models of MPC from Housing Wealth Shocks Using FHFA and AHS 

Model (1) (2) (3) (4) 

Total return to housing (AHS+FHFA) 0.106*   0.222* 

 (2.34)   (2.21) 

Asset appreciation return (FHFA)  0.082  -0.132 

  (2.02)  (1.36) 

CAP rate (AHS)   0.181*  

   (2.14)  

Stock market wealth shock 0.026 0.028 0.026 0.024 

 (1.08) (1.15) (1.19) (1.00) 

Income change 0.419** 0.454** 0.586*** 0.415** 

 (2.95) (3.14) (4.14) (2.93) 

Lagged consumption change -0.205 -0.202 -0.072 -0.181 

 (1.83) (1.84) (0.57) (1.66) 

Lagged ratio of consumption to income -0.014 -0.013 -0.106 -0.036 

 (0.11) (0.10) (0.73) (0.27) 

Constant -0.010 -0.004 -0.021* -0.019* 

 (1.45) (0.66) (2.58) (2.17) 

R2 0.55 0.54 0.53 0.55 

N 271 271 271 271 

Note: This table reports the panel regression results of the Error correction consumption models in 

equation (9). Variables are generated as the first difference of inflation-adjusted values in per capita 

terms. Sample covers biannual observations over 1985-1999 on state level. Measures of housing 

wealth shock are, respectively, the total return to housing generated in this study, asset appreciation 

return from FHFA, capitalization rates from the AHS, and total return to housing together with its 

asset appreciation components. All other variables are from the Case-Quigley-Shiller 2005 dataset. 

All models include year fixed effects and state fixed effects. Standard errors in all models are 

clustered by state. The numbers in parentheses are t-statistics. ***, **, and * indicate statistical 

significance at the 0.1%, 1%, and 5% levels, respectively.  
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Table 2.7 Error Correction Models of MPC from Housing Wealth Shocks Using CQS2005 

Dataset and AHS 

Model (1) (2) (3) 

Total return to housing (CQS 2005 + AHS) 0.073  0.207* 

 (1.61)  (2.15) 

Asset appreciation return (CQS 2005)  0.060 -0.141 

  (1.36) (1.53) 

Stock market wealth shock 0.028 0.029 0.026 

 (1.23) (1.28) (1.13) 

Income change 0.467** 0.499*** 0.464** 

 (3.46) (3.64) (3.45) 

Lagged consumption change -0.167 -0.163 -0.141 

 (1.38) (1.35) (1.18) 

Lagged ratio of consumption to income -0.049 -0.047 -0.070 

 (0.35) (0.33) (0.51) 

Constant -0.009 -0.004 -0.019* 

 (1.32) (0.67) (2.18) 

R2 0.54 0.53 0.54 

N 271 271 271 

Note: This table reports the panel regression results of the Error correction consumption models in 

equation (9). Variables are generated as the log first difference of inflation-adjusted values in per 

capita terms. Sample covers biannual observations over 1985-1999 on state level. Asset 

appreciation return is the change of real housing value from the Case-Quigley-Shiller 2005 dataset. 

Total housing return is the sum of CQS appreciation rate and capitalization rate from the AHS. All 

other variables are from the Case-Quigley-Shiller 2005 dataset. All models include year fixed 

effects and state fixed effects. Standard errors in all models are clustered by state.The numbers in 

parentheses are t-statistics. ***, **, and * indicate statistical significance at the 0.1%, 1%, and 5% 

levels, respectively.  
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3. Comparison of Intercity Indices of Housing Asset and Rental Prices Using the AHS 

Versus ACS 

3.1 Introduction 

Housing is the largest asset held by households. According to 2019 American Community 

Survey (ACS) 1-year data, there are 120,691,221 residential housing units, of which 65% 

are owner-occupied. Changes in housing prices can create sizable income and wealth 

shocks. An accurate measurement of quality-adjusted place-to-place indices of housing 

prices is important for a variety of purposes, for example, for households and housing 

investors to make housing consumption decisions, for economists to examine housing 

market dynamics, and for policy makers to assess the equity and efficiency of various 

government housing assistance programs.  

 Despite the absence of official housing price indices that measure constant-quality 

housing price differences over a long time period across U.S. cities, many recent studies 

have focused on constructing quality-adjusted place-to-place housing price indices using 

publicly available data. The ACS and the AHS are two most commonly used sources of 

information on housing in the U.S. market. Malpezzi, Chun and Green (1998), Quigley and 

Raphael (2005), Chen and Rosenthal (2008), Moretti (2013), and Albouy, Ehrlich and Liu 

(2016), among others, use the Decennial Census PUMS and the ACS to estimate a series 

of constant-quality housing price indices across U.S. metropolitan areas (MSAs), based on 

the hedonic estimation model.  

The more detailed socioeconomic information once collected via the long-form 

questionnaire of the decennial census program is now collected by the ACS every year 

since 2005. The ACS has approximately 3 million housing units selected each year, and 
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releases data for all states, counties and cities with populations equal to or greater than 

65,000. However, it is based on a relatively short housing questionnaire that provides basic 

information on housing (for example, tenure status, year built, unit structure, price, number 

of rooms, etc) but not detailed information on unit quality, and neighborhood 

characteristics and quality.   

The AHS started in 1973 and is now conducted every other year. It changed the 

narrative of the questionnaires significantly in 1983, and took away individual household 

responses on housing value questions in the Public Use File (PUF) starting in 2015. 

Different from the ACS, the AHS focuses mainly on the information on housing, and also 

collects demographic information on households and individuals in occupied housing 

units. The AHS has 50,000 to 60,000-plus housing units selected in each survey year, 

which is large enough to create statistically reliable estimates for large MSAs. A unique 

and important feature of the AHS is that it provides a panel dataset of comprehensive 

property-level information. The same housing units are revisited every two years. It also 

provides more elaborate information on housing characteristics including questions on 

housing geography, status of unit, value or rent of housing, structure characteristics, unit 

characteristics, unit quality, housing costs, and neighborhood characteristics and quality. 

Applications that measure constant-quality inter-area housing price differences based on 

the AHS data include Thibodeau (1992, 1995), Crone, Nakamura and Voith (2004), Gabbe 

and Pierce (2017), and Stefani (2020). 

 The application of either data set to construct hedonic housing price index for the 

purpose of measuring constant-quality inter-area housing price differences has advantages 

and disadvantages. Eggers (2007) compared and analyzed the housing information from 
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the AHS and the ACS, and concluded that there are no fundamental flaws in either survey. 

He recommended the AHS for analysis of housing issues at the national level and the ACS 

at the local level, but the choice comes down to a trade-off for analysis at the MSA level. 

Carrillo, Early and Olsen (2014) produced and compared a panel of housing price indices 

for the time period of 1982-2012, using HUD’s 2000 Section 8 Customer Satisfaction 

Survey (CSS), 1999 and 2001 AHS, and 2000 Census PUMS data. They found that the 

AHS housing price index differs greatly from the CSS housing price index but the ACS 

housing price index is highly correlated and closer to proportional with the CSS housing 

price index.  

 This paper constructs quality-adjusted intercity housing price indices using data 

from the AHS for 35 MSAs over 1985-2013, and data from 2005-2019 ACS 1-year files 

for 1178 PUMAs. Housing price indices are calculated using hedonic regressions. This 

method estimates implicit prices of housing characteristics based on variation in asset 

values and rents, including characteristics of the unit, structure, and neighborhood (for the 

AHS housing price indices). Separate regressions are estimated for owner-occupied and 

rental units respectively, in each of the MSA-year cells. Asset and rental price indices are 

generated by using a constant quality bundle across MSAs. The constant quality housing 

characteristics bundle is the national average of the characteristics of the unit, structure and 

neighborhood. 

 The hedonic estimation specification used in this paper follows previous studies, 

by regressing the natural logarithm of house price (asset value for owner-occupied unit or 

monthly rent for rental unit) on observed characteristics of the unit, building structure and 

its neighborhood and dummy variables for different contract conditions. Previous studies 
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(Thibodeau 1992, 1995; Malpezzi, Chun and Green 1998; Carrillo, Early and Olsen 2014) 

have shown that this functional form is suitable for the data and is the most widely used 

specification.  

 The primary purpose of this paper is to update and extend previous work on 

constructing housing price indices using either the AHS or the ACS, by documenting the 

production of the quality-adjusted housing price indices and comparing the results using 

the most recent data from the AHS and the ACS. A further test of the indices from the two 

data sets is based on a comparison between the implied appreciation rates and the most 

commonly used repeat sales indices (FHFA HPI and Case-Shiller HPI). 

This paper also applies the quality-adjusted inter-area housing price indices to the 

measurement of housing market inflation. Thibodeau (1995) conducted hedonic estimation 

of housing services for rental and owner-occupied units and measured the house price 

inflation based on 1984-1992 AHS files. This paper follows and updates his empirical 

application with hedonic housing price indices from 2009 to 2013 using the AHS versus 

the ACS. A Laspeyres index, a Paasche index, and a Fisher index are produced using the 

AHS and the ACS for the time period of 2009-2013. The AHS produces more consistent 

inflation indices than the ACS does, when measuring the appreciation of asset price indices. 

The AHS and the ACS produce comparable annualized inflation rates for the rental price 

indices. 

 The reminder of this essay proceeds as follows. The next section reviews related 

literature. Section three documents the data and methods used to produce the new quality-

adjusted place-to-place housing price indices from the AHS and the ACS. A comparison 

on the hedonic regressions results using the AHS versus the ACS is discussed in section 
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four, followed by section five that demonstrates an application of the housing price indices 

to measuring housing market inflation. The final section concludes. 

3.2 Literature Review 

Housing is a bundle of various housing characteristics that provide a flow of housing 

service. Many papers applied the hedonic method to estimate the implicit prices of different 

characteristics of the housing bundle to generate the hedonic housing price index.  

Griliches (1961), Kain and Quigley (1970), and Linneman (1980, 1981) adopted 

linear or logarithmic parametric function forms to estimate the hedonic price. Malpezzi, 

Ozanne and Thibodeau (1980), DiPasquale and Somerville (1995), Thibodeau (1992, 

1995), and Malpezzi, Chun and Green (1998), among others, discussed the advantages of 

using the log-linear function form for hedonic estimation. First, the semi-log form allows 

for the underlying prices of various characteristics to depend on each other. Second, the 

coefficient estimates of a semi-log model can be explained as the percentage change in the 

house value of an owner-occupied unit (or the rent of a rental unit) given a unit change in 

the housing characteristics. Third, the semi-log form mitigates the heteroskedasticity 

exhibited in the residuals, compared to a linear specification. Blackley, Follain and Ondrich 

(1984) applied the Box-Cox test for functional form to hedonic estimation models and 

found that the semi-log functional form outperforms the linear form. 

 Rosen (1979) and Roback (1982) built the framework of the Rosen-Robak model, 

explaining that there are large differences in cost-of-living across various housing markets 

due to the differences in housing cost and amenities. Therefore, an accurate measurement 

of quality-adjusted place-to-place indices of housing prices is important. Since then, many 

studies in the literature have presented quality-adjusted inter-area hedonic housing price 
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indices for selected MSAs over a relatively short period of time. The ACS / Census and 

the AHS are two most commonly used sources of micro-data on housing in the U.S. market 

to generate hedonic housing price indices in the literature. Given that the ACS has a much 

larger sample size but the AHS provides much more detailed information on housing, there 

are many studies in the literature using one individually to construct hedonic price indices 

but the type of comparison made here has been neglected. 

Malpezzi, Chun and Green (1998) applied hedonic technique to construct constant-

quality place-to-place indexes of the housing price in 272 U.S. MSAs, using the 1990 

Census. They included 12 housing elements of structural characteristics, neighborhood 

characteristics, housing location, and contract conditions or characteristics in their hedonic 

estimation specification. Despite the shorter questionnaire on housing and fewer potential 

explanatory variables in the Census data, the large sample size and geographical coverage 

are the main advantage of using the Census PUMS data. Quigley and Raphael (2005) used 

the 1990 and 2000 Census PUMS to estimate a series of constant-quality housing price 

indexes for California cities. Moretti (2013) adopted the hedonic estimation model to 

measure the quality-adjusted rent of rental units with 2 or 3 bedrooms across U.S. MSAs, 

using 1980-2000 Decennial Census data. Albouy, Ehrlich and Liu (2016) constructed the 

relative rent and a new cost-of-living index using 2000 Census data to demonstrate the 

disproportional exposure of the poor to the housing affordability crisis. 

Applications that measure constant-quality inter-area housing price differences 

based on the AHS data took advantage of the comprehensive information on the property, 

structure and neighborhood. Thibodeau (1995) provided constraint-quality hedonic indices 

of housing asset and rental prices for 33 U.S. MSAs from 1984-1992 MSA AHS surveys, 
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as an extension of Thibodeau (1989, 1992) that computed tenure-specific housing price 

indices over 1974-1983. Crone, Nakamura and Voith (2004) proposed a hedonic method 

for consistently measuring inflation in housing services for owner-occupied and rental units 

using 1985, 1993 and 1999 AHS data files. Gabbe and Pierce (2017) used 2011 national 

AHS file and hedonic regression techniques to investigate the cost of garage parking to 

rental housing. Stefani (2020) used 1997-2007 AHS to construct hedonic housing price 

indices and found households living in high inequality regions experienced a steeper rise 

in home value between the mid 1990s and 2007. 

Another closely related recent study to this paper is Carrillo, Early and Olsen 

(2014). They produced a panel of housing price indices for the time period of 1982-2012, 

using HUD’s 2000 Section 8 Customer Satisfaction Survey (CSS) as the basic housing 

price index, and 1999 and 2001 AHS, and 2000 Census PUMS data as alternative indices. 

They found that the AHS housing price index differs greatly from the CSS housing price 

index but the ACS housing price index is highly correlated and closer to proportional with 

the CSS housing price index. The main difference between this paper and Carrillo, Early 

and Olsen (2014) is that this paper uses 1983-2013 national AHS files and 2005-2019 ACS 

1-year data files to construct the constant-quality inter-area housing price indices for each 

survey year, based on hedonic regressions for each year separately. Carrillo, Early and 

Olsen (2014) applied hedonic regression techniques on 2000 ACS and a “pseudo” 2000 

AHS (as an average of 1999 and 2001 AHS data) to produce the housing price indices for 

the single year of 2000, and then used BLS time-series price indices to create the panel for 

the time period of 1982-2012. 
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3.3 Constructing Quality-Adjusted Place-to-Place Housing Price Indices  

3.3.1 Method for Constructing Housing Price Indices 

This paper uses the hedonic estimation method to compute housing price indices. Separate 

regression equations are estimated for owner-occupied and rental units in each of the areas 

covered in 1985-2013 AHS files and 2005-2019 ACS files. A semilog hedonic 

specification is used to estimate the underlying price of the components of the housing 

bundle, including the year and MSA fixed effects, as shown in Equation (1). As discussed 

in the literature review section, previous studies have shown that this functional form is 

suitable for the data and is the most widely used specification. The estimates of the 

regression coefficients from Equation (1) are the underlying price of the housing quality 

characteristics.  The housing price indices for a given area in a given year are calculated 

by pricing a constant-quality housing bundle using these coefficients, as shown in Equation 

(2). The constant-quality housing bundle is the national average bundle of housing 

characteristics in the end year of the sample time period (i.e. 2013 for AHS price index and 

2019 for ACS price index) for all owner-occupied and rental units respectively. 

𝑙𝑛𝑉𝑖,𝑡,𝑚 = 𝛼 + 𝑋𝑖,𝑡,𝑚
′ 𝛽𝑡,𝑚 + 𝑌𝑒𝑎𝑟𝑡 + 𝑀𝑆𝐴𝑚 + 𝜖𝑖,𝑡,𝑚 (1) 

𝑃𝑡,𝑚 = 𝑒𝑥𝑝(𝛼 + 𝑋𝑡
′𝑏𝑡,𝑚 + 𝑌𝑒𝑎𝑟𝑡 + 𝑀𝑆𝐴𝑚) (2) 

In Equation (1), the dependent variable is the log of the self-reported asset value 

for an owner-occupied unit or the log of the self-reported contract monthly rent for a rental 

unit in survey year t at area m. Housing quality characteristics, X, is a vector of explanatory 

variables, which usually includes structural characteristics (structure type, number of units 

in the structure, dwelling age, square footage, lot size, number of bedrooms, bathrooms, 

and other rooms, etc), unit equipment (type of heating, water, and air conditioning), unit 
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quality (recorded adequacy of housing unit, common housing problems), neighborhood 

characteristics (survey respondents’ opinion of neighborhood), contract condition (number 

of persons per room,  occupant's length of tenure, etc). 

 In Equation (2), 𝑃𝑡,𝑚 is the constant-quality housing price index in survey year t for 

area m that is generated by pricing the national average bundle in year t (𝑋𝑡) using the 

hedonic coefficients 𝑏𝑡,𝑚 estimated from Equation (1). According to previous literature 

(Goldberger 1968; Stynes, Peterson, and Rosenthal 1986; Thibodeau 1995), this index is 

an approximation to the median price of a constant-quality housing bundle. The mean, or 

expected value, of the constant-quality housing bundle is different from the median. 

However, in large samples, like in this study, the mean of the log of housing prices is close 

to the median. 

3.3.2 Data Sources for Constructing Hedonic Housing Price Indices 

The AHS and the ACS are two most commonly used sources of information on housing in 

the U.S. market. This paper uses 1985-2013 AHS data files and 2005-2019 ACS data files 

to compute and compare hedonic housing price indices across the U.S. markets. 

The AHS started in 1973 and is now conducted every other year to revisit the same 

housing units. The AHS provides comprehensive and detailed information on the 

characteristics of the housing unit, neighborhood and tenants, covering a large number of 

both owner-occupied and rental housing units. The survey changed the narrative of the 

questionnaires significantly in 1983, and took away individual household responses on 

housing value questions in the Public Use File (PUF) starting in 2015. This study produces 

the indices of housing asset and rental prices for all the odd years over 1985-2013 using 

national AHS PUF micro-data.  
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 The AHS has 50,000 to 70,000-plus housing units selected in each survey year. 

This random sample of US housing units is sufficient to create statistically reliable 

estimates of housing prices at the MSA level. Following previous studies in the literature 

that generate housing price indices from AHS (Thibodeau 1992, 1995; Crone, Nakamura 

and Voith 2004; Carrillo, Early and Olsen 2014), this study measures asset and rental price 

indices on the MSA level. Small MSAs with fewer than 80 observations are dropped. 

Ultimately 35 MSAs over 1985-2013 are covered in this study.  

 The national average housing quality bundle is based on variables from the 2013 

AHS data file. The following housing quality characteristics are included in the hedonic 

regression equation as explanatory variables. The definitions of variables are listed in Table 

3.1.  

(1) Structural characteristics: structure type, number of units in the structure, number 

of stories in the building, dwelling age, age squared, age cubed, interior square 

footage, interior square footage squared, lot size (for owner-occupied units only), 

number of bedrooms, number of bathrooms, dummy variables for the presence of 

a garage or a basement 

(2) Unit equipment: type of heating and air conditioning 

(3) Housing problems: dummy variables for recorded adequacy of housing unit and 

housing problems (electricity, heating, plumbing, pests, structural problems, 

leaking and mold) 

(4) Neighborhood characteristics: respondents’ overall opinion of the unit and the 

neighborhood 
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 Another commonly used data source for generating housing price indices is the 

ACS (Malpezzi, Chun and Green 1998; Quigley and Raphael 2005). The ACS has 

approximately 3 million housing units selected each year, and releases data for all states, 

counties and cities with populations equal to or greater than 65,000. However, it is based 

on a relatively short housing questionnaire that provides basic information on housing but 

not detailed information on unit quality, and neighborhood characteristics and quality. 

 This paper uses 2005-2019 ACS 1-year data files to construct hedonic housing price 

indices, as a comparison with the AHS hedonic housing price indices. The national average 

housing bundle is based on variables from the 2019 ACS. Following Malpezzi, Chun and 

Green (1998), this paper uses the following housing characteristics as explanatory variables 

in the hedonic regression. A list of the definitions of variables in the hedonic regression 

can be found in Table 3.2. 

(1) Structural characteristics: number of units in the structure, dwelling age, age 

squared, age cubed, number of bedrooms, number of other rooms, dummy variables 

for the presence of a full bathroom, and lot size 

(2) Unit equipment: type of water system and heating fuel, dummy variable for 

complete plumbing, internet access, telephone, refrigerator, sink with a faucet, 

stove, and complete kitchen 

The original ACS files do not contain information on the MSA of the housing units. 

Instead, PUMA is the most dis-aggregated geographical level sampled. To produce 

comparable hedonic housing price indices using the ACS versus the AHS, PUMA-level 

housing information is aggregated and converted to MSA-level to match the 35 MSAs 

covered in the AHS, based on the crosswalks using 2013 MSA definitions and 2010 Census 
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population provided by U.S. Census Bureau. Appendix A3.1 reports the crosswalk between 

the 35 MSAs from AHS and 1178 PUMAs from ACS studied in this paper. 

3.3.3 Treatment of Missing Values 

A common issue of the AHS and the ACS is the incomplete observations. The missing 

indicator method (MIM) and complete case analysis (CCA) are frequently used to handle 

the missing data. MIM replaces covariates with missing values with 0 and adds a set of 

indicators to the covariates with 1 indicating a missing value and 0 otherwise, for the 

different patterns of missing data. The missing indicator dummy variables are added as 

covariates in the hedonic regressions. This approach retains the entire data set. But the 

direction in which the estimates are biased is ambiguous (Knol et al. 2010). The CCA 

approach drops all observations with missing covariate values, which can be up to 40% - 

50% for survey data sets. Previous studies found that CCA produces unbiased estimates if 

it is the case of missing completely at random (MCAR), which is unlikely to be the case in 

survey data.   

 This paper conducts hedonic regressions (Equation (1) and (2)) using MIM 

approach and CCA approach, based on the full set of variables listed in Table 3.1 and Table 

3.2 and based on a shorter list of variables that are in both the AHS and the ACS. The CCA 

approach based on the full set of variables keeps 77% and 83% of the observations for the 

owner-occupied and rental units from the AHS, and 63% and 64% of the observations for 

the owner-occupied and rental units from the ACS. The shorter list of common variables 

is further discussed in the following section.  
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3.3.4 Treatments of Different Housing Information Provided in Two Data Sets 

The general problem of having two data sets to use in doing a forecast of housing prices is 

the likely difference in the housing pricing indices results. There are three sources of the 

difference in the housing price estimates: (1) measurement error in the dependent variable 

(self reported home value or rent), (2) measurement error in the explanatory variables (unit 

characteristics, structure characteristics, neighborhood features, etc), and (3) difference in 

housing characteristics available because the two surveys ask different questions. One 

survey may not provide the housing information that the other survey does4. For example, 

the ACS does not provide information on the square footage and specific building year of 

the housing unit. This section compares the distribution of variables from the 35 MSAs 

listed in Appendix A3.1, and explores the measurement errors of these two sets of hedonic 

housing price indices.  

Eggers (2007) and the Census bureau provide detailed background discussion of 

the history, sampling methodology and the types of information on housing available of 

these two surveys. In summary, the AHS is the only longitudinal dataset of housing 

information in the US. The same housing units are revisited every two years. It provides a 

comprehensive and thorough view of housing for the biggest metropolitan areas or more 

aggregate geographical locations (selected states, regions, the nation as a whole) due to its 

sample size of only 80,000 households per year. The ACS is conducted every year. It only 

provides the most basic information on housing, but it has a very large sample size (about 

 
4 It is worth noting that the AHS uses enumerators to check on the responses but the ACS 

uses questionnaires by mail. These different approaches to collect information could affect 

the data accuracy and reliability. 
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2.2 million households every year), which makes it useful to create statistics that represent 

more disaggregated areas (counties, cities, census tracts). 

To test the importance of the difference in housing characteristics variables in the 

original hedonic regressions, modified hedonic regressions are conducted by including 

only explanatory variables that are in both the AHS and the ACS. For the AHS hedonic 

regression, explanatory variables are reduced from the 42 variables (other than year and 

MSA fixed effect variables) in the original hedonic regression in section 3.2 to 12 variables 

(i.e. detached, attached, multi, age, age2, age3, bedrms, baths, halfb, nothrm, heatsys, and 

nunits listed in Table 3.1) to match with the ACS questionnaire. Similarly, modified 

hedonic regressions based on the shorter list of variables are conducted using the ACS data 

to estimate the housing price indices, by including only the explanatory variables that are 

in both the ACS and the AHS. The variables dropped from original ACS hedonic 

regressions in section 3.2 are dummy variables of the presence of a full kitchen, plumbing 

system, running water, telephone, stove, sink, refrigerator, and access to Internet (i.e. kit, 

plm, rwat, tel, stov, sink, refr, and access listed in Table 3.2). 

3.4 Results of Hedonic Regressions for Housing Price Indices 

The purpose of this study is not to settle the differences in measurement error but to 

compare the distributions of variables from the 35 MSAs that are covered in both of these 

two datasets and compare the difference in the housing price estimation results based on 

these two data sets. 

Table 3.3 shows the mean and standard deviation of the full set of variables in the 

hedonic regressions to estimate asset price indices, using the AHS versus the ACS. The 

AHS samples fewer single-family detached units (76.8%) and more multi-unit 
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apartments/condos (12.1%), compared to the ACS, which has 79.5% of single-family 

detached and 8.5% multi-unit apartments or condos. The housing units sampled in the AHS 

tend to be cheaper and older, sit on smaller lots, and have fewer rooms. In terms of the 

number of bedrooms, bathrooms, heating system and other unit characteristics, the two sets 

of housing unit samples are comparable. 

For the rental price indices, Table 3.4 lists the means and standard deviations of all 

the variables included in the original hedonic regressions, for a direct comparison of these 

two datasets. The housing units sampled in the AHS tend to have lower rental prices but 

newer units, compared to the units in the ACS. The AHS also has a higher proportion of 

multi-unit apartments and townhouses in the sample than the ACS does (86% versus 

78.9%). The two datasets are comparable in terms of other unit and structure 

characteristics, such as the number of rooms and the heating system. 

It is worth noting that results of hedonic estimation using asset versus rental price 

are expected to differ for a city over time. Rental price hedonic analysis provides 

information on the willingness to pay for current housing characteristics and amenities 

associated with location. Asset price hedonic analysis, on the other hand, provides 

information on the expected discounted willingness to pay for future housing services and 

locational amenities. Carrillo and Yezer (working paper, 2021) demonstrated theoretically 

and empirically that rental and asset price hedonic estimations have consistent results on 

the implicit prices of housing services and locational amenities only under strong 

assumptions. However, as a practical matter, it is very likely the future conditions of 

housing and the location related factors are unknown and/or different from current 
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conditions. In this study, asset value and rental price hedonic estimates yield different 

results for house price changes in cities over time.    

3.4.1 Results of Hedonic Regression of Asset Price Indices 

The AHS has many more variables of the structure characteristics, including interior square 

footage, the presence of basement, garage, number of floors in the building, air system), 

housing problems, neighborhood characteristics, and the center city dummy variable. 

These variables are missing in the ACS. Table 3.5 reports the estimates of coefficient and 

standard errors for AHS hedonic regressions using the MIM approach based on the full set 

of variables (Model (1)), MIM based on the variables that are only in both data sets (Model 

(2)), CCA based on the full set of variables (Model (3)), and CCA based on the short list 

of variables (Model (4)). It shows that dropping the variables that are not in the ACS does 

not change the estimation results, but it marginally decreases the goodness of fit of the 

hedonic model, resulting in smaller adjusted 𝑅2 and larger RMSE. 

 Similar regressions are conducted using the ACS data. Results of the coefficient 

estimates and the standard errors are shown in Table 3.6. Dropping the variables that are 

only in the ACS does not change the estimation results, but slightly lowers the goodness 

of fit of the hedonic model in terms of 𝑅2 and RMSE. 

 For the AHS data, using the MIM approach decreases the goodness of fit of the 

hedonic regressions, compared to the CCA approach. The trade off is the larger sample 

size. However, for the ACS data, the MIM approach produces better goodness of fit of the 

regression and keeps all the survey records, which is preferred to the CCA approach. 

Appendixes A3.2 and A3.3 report the constant-quality place-to-place asset price indices 

across 35 MSAs, using the AHS and the ACS respectively. 
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3.4.2 Results of Hedonic Regression of Rental Price Indices 

To estimate the rental piece indices, the same alternative hedonic regressions are conducted 

using MIM and CCA approaches based on the full set of variables and the short list of 

variables respectively.  

In the AHS hedonic regression, explanatory variables are reduced from the 42 

variables (other than year and MSA fixed effect variables)  in the original hedonic 

regression in section 3 to 12 variables to match with the ACS questionnaire. The results of 

the estimates are reported in Table 3.7.  In the ACS hedonic regressions, the modified 

hedonic equations dropped the variables that are only in the ACS. Table 3.8 shows the 

regression results of the coefficient estimates and standard errors. The coefficients and 

standard errors of the two models did not change when adding or dropping the variables 

that are not in both datasets. Adding more explanatory variables lowers the RMSE of the 

regression and increases adjusted 𝑅2, which suggests improved goodness of fit of the 

hedonic models. The constant-quality place-to-place rental price indices for the rental 

market based on the AHS and the ACS are shown in Appendixes A3.4 and A3.5. 

3.4.3 Comparing Goodness of fit of Separate Hedonic Regressions for Each MSA 

Using AHS Versus ACS 

Early (2006) and Carrillo, Early and Olsen (2014) constructed housing price indices based 

on the estimation of separate hedonic equations in each location in a single survey year 

using various data sources. Following their practice, this section conducts separate hedonic 

regressions (Equation 1 and 2) for each of the MSA-year cells covered in the AHS and 

ACS. Furthermore, following the literature in assessing and comparing between hedonic 

estimation models (Hoesli, Thion and Watkins 1997; Bowen, Mikelbank and Prestegaard 
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2001; Fletcher, Mangan and Raeburn 2004), this section computes and compares 𝑅2, 

adjusted 𝑅2, and RMSE of each of hedonic regressions to assess the goodness of fit of the 

hedonic regressions. 

There is a large literature testing heteroscedasticity, normality and functional form 

in hedonic estimation models of housing price indices (Meen 1990; Drake 1993; Goodman 

and Thibodeau 1995; Fletcher, Gallimore and Mangan 2000b). This paper reports robust 

standard errors in house price estimation regressions in previous sections, so the test of 

heteroscedasticity is not a focus in this section. The purpose of this paper is to produce the 

asymptotically unbiased measures of housing price indices across areas, hence as many 

housing-relevant variables as the data sources provide are included in the regression, 

following the specifications of previous literature (Thibodeau 1995; Malpezzi, Chun and 

Green 1998; Carrillo, Early and Olsen, 2014). The comparison of different function forms 

for hedonic models is not discussed in this section. Instead, this section focuses on the three 

measures of goodness of fit of the hedonic regression (𝑅2, adjusted 𝑅2, and RMSE). 

 For the AHS data set, the hedonic regression was conducted based on the MIM 

approach for 35 MSAs over 15 survey years for asset price indices, and for 29 MSAs over 

the 15 survey years for rental price indices. 𝑅2, adjusted 𝑅2, and RMSE are calculated for 

each hedonic regression, as well as the summary statistics of these three measures across 

the 504 regressions for asset price indices and the 397 regressions for rental price indices. 

For the ACS data set, the hedonic regression was conducted based on the MIM 

approach for 1178 PUMAs over 2005-2019, and the PUMA-level price estimates were 

aggregated and converted into MSA-level price indices to match the 35 MSAs from AHS 

so that the two sets of hedonic regressions cover the same geographic MSA boundaries. 
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Similarly, 𝑅2, adjusted 𝑅2, and RMSE of each hedonic regression is calculated, and the 

summary statistics of these three measures across 12,439 hedonic regressions for asset 

price indices and 10,278 regressions for rental price indices respectively.  

The cross-sectional summary statistics of these three measures are shown in Table 

3.9 and Table 3.10. The table also reports the summary statistics of the number of housing 

units in each hedonic regression. 

As shown in Table 3.9, hedonic asset price regressions using the AHS present 

higher 𝑅2 and adjusted 𝑅2 and lower RMSE overall, compared to the hedonic regressions 

using the ACS. The mean values of 𝑅2 and adjusted 𝑅2 from the 504 AHS hedonic 

regressions are about twice the mean of 𝑅2 and adjusted 𝑅2 from the 12,349 ACS hedonic 

regressions. On average, there are about 209 owner-occupied housing units in the hedonic 

regression for a given MSA in a given year using AHS data files. There are 247 owner-

occupied housing units in a hedonic regression for a given PUMA in the ACS. Considering 

that a MSA consists of multiple PUMAs, the sample size for each MSA-year cell from the 

ACS is much larger than that from the AHS. 

The comparison between AHS hedonic regressions and ACS hedonic regressions 

for the rental price estimations is shown in Table 3.10. Compared to AHS, hedonic 

regressions using the ACS, in general, have lower values of 𝑅2 and RMSE. The average 

number of rental units in a hedonic regression for a given AHS MSA is 204, while that in 

a hedonic regression for a given ACS PUMA is 90. Again, the sample size for each MSA-

year cell from the ACS is larger than that from the AHS.  

The AHS provides more housing information, and hence more explanatory 

variables are included in the hedonic regressions, which may explain the larger values of 



111 

 

𝑅2 of the AHS hedonic regressions. However, including more housing quality 

characteristics using the AHS does not necessarily lower the RMSE of the hedonic 

regression, and the results vary over year and MSA. Eggers (2007) discussed the difference 

in the sample size between the AHS and the ACS, and concluded that the AHS provides a 

large enough sample for MSA (and broader geographies) while the ACS has a large enough 

sample for more granular geographies. The results of the hedonic regressions in this study 

are consistent with his conclusion.  

Choosing which data set to use can depend on the specific research question or if a 

particular housing quality characteristics variable is available. For example, the ACS does 

not provide information on the interior square footage of the housing unit, nor the specific 

year when the unit was built. This study does not aim to, nor cannot, argue if one data set 

is obviously better than the other. The differences in the coverage of time period, 

geography, and housing information usually means that only one data set is suitable for the 

purpose of a research question. When both the AHS and the ACS are available to estimate 

the housing price index, a comparison of their different results is needed, as will be 

discussed in the next section. 

3.5 Comparison of Housing Information from the AHS and the ACS 

The difference in the hedonic housing price indices based on the AHS versus the ACS hints 

at the general problem of having two data sets to use in doing a forecast of housing price. 

As discussed before, the AHS provides a panel dataset of comprehensive information on 

housing characteristics, structure features, and neighborhood quality. And the AHS has 

50,000 to 60,000-plus housing units selected in each survey year, which is large enough to 

create statistically reliable estimates at the MSA level. The ACS has approximately 3 
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million housing units selected each year, but it does not provide as much detailed 

information as the AHS on unit quality, and neighborhood characteristics and quality. 

Using either of the data sources has its advantages and disadvantages. 

 Many empirical studies have used either the AHS or the ACS/Census data to 

construct housing price indices to answer housing-related research questions. A non-

exhaustive list of these studies is shown in Table 3.11. However, the majority of these 

studies did not explain the reasons for their choice of the data set nor compare their data 

with alternative data sources to consider if the results would be different. 

Only a few previous studies have constructed and compared housing price index 

using both Census and the AHS, but there is no consensus on whether one dataset is better 

than the other. Malpezzi, Chun and Green (1998) used 1990 Census data to construct new 

house price index and compared them to the AHS benchmarks computed by Thibodeau 

(1995). They found large differences in these two sets of house price indices and believed 

that the differences were caused by the different housing bundles sampled in the two 

surveys. Eggers (2007) computed and compared the housing bundle characteristics 

between 2005 AHS and 2005 ACS, but did not discuss the difference in housing price 

indices based on these two data sets. Carrillo, Early and Olsen (2014) computed and 

compared the house price index for the year of 2000 using the CSS, the AHS, the ACS, 

and other alternative data sets. They found that the AHS index is significantly different 

from their basic CSS index, but the ACS index and the basic CSS index are very close to 

proportional to each other.  

 The following section tests and compares hedonic housing price indices constructed 

based on MIM approach over 2005-2013. Tests in the previous section suggest that MIM 
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approach based on the full set of variables is preferred, because this method keeps all the 

survey records and takes advantage of as much housing information provided by the 

surveys as possible. Carrillo, Early and Olsen (2014) computed hedonic rental price indices 

using different hedonic regression specifications across various data sources, by including 

in the regression all housing-relevant variables and their corresponding missing indicators 

at their disposal in each data source. This paper follows their practice. The purpose of this 

section is not to decide if one data set is superior to the other. The goal is to present the 

difference in the housing price indices based on different data sources. 

3.5.1 Measuring Hedonic Asset and Rental Prices Inflation over 2005-2013 

The years 2005-2013 are covered in both the AHS and the ACS. This section compares the 

AHS versus ACS hedonic housing price indices over this time period, using the MIM 

approach based on the shorter list of variables that are common in the AHS and the ACS.  

Figure 3.1 plots the AHS hedonic asset price estimates against the ACS hedonic 

asset price estimates for 35 MSAs, with a 45-degree line as the reference line. Figure 3.2 

compares the AHS versus ACS hedonic rental price indices, with a 45-degree line as the 

reference line. Each hollow circle represents a given MSA from the AHS directly, or the 

same MSA from the ACS by aggregating and converting PUMAs using 2010 Census 

population weights. For the asset price indices, the AHS and the ACS produce similar 

hedonic estimates for low-price MSAs, but have relatively large differences for high-price 

MSAs. The hedonic rental price indices constructed using AHS versus ACS are similar, 

but the ACS tends to produce higher hedonic price estimates. 

An application of the hedonic housing price indices is to measure housing market 

inflation, using the hedonic coefficient estimates of various housing characteristics and the 
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quality-adjusted housing bundle. This section computes and compares the annualized 

inflation rates in 2005-2013 using both data sets at the MSA level in three approaches: a 

Laspeyres index, a Paasche index, and a Fisher index. For area m, its quality-adjusted 

housing price index, 𝑝𝑖,𝑗,𝑚, can be estimated by pricing the national average housing bundle 

in year i using the estimated coefficients from the year j-area m hedonic regression. 𝑖 =

 2005 𝑜𝑟 2013, and 𝑗 = 2005 𝑜𝑟 2013 for different indexes. 

𝑝𝑖,𝑗,𝑚 = 𝑒𝑥𝑝(𝛼 + 𝑋𝑖
′𝑏𝑗,𝑚 + 𝑌𝑒𝑎𝑟𝑗 + 𝑀𝑆𝐴𝑚) (6) 

The Laspeyres index: 𝑃𝑚
𝐿 = 𝑝2005,2013,𝑚/𝑝2005,2005,𝑚 (7) 

The Paasche index: 𝑃𝑚
𝑃 = 𝑝2013,2013,𝑚/𝑝2013,2005,𝑚 (8) 

The Fisher index: 𝑃𝑚
𝐹 = √𝑃𝑚

𝐿 𝑃𝑚
𝑃 (9) 

The annualized inflation rates over this time period for each MSA using the AHS 

hedonic price indices are listed in Table 3.12 for the asset price indices and in Table 3.13 

for the rental price indices. The alternative annualized inflation rates based on ACS are 

shown in Table 3.14 and Table 3.15.  

For the asset price indices, the national cross-sectional average annual inflation rate 

over 2005-2013 based on the AHS data is -3.56% in a Laspeyres index, -4.10% in a Paasche 

index, and -3.84% using a Fisher index. And for the same time period, based on the ACS, 

the Laspeyres index, Paasche index, and Fisher index are -4.21%, -1.11%, and -2.71% 

respectively. The difference in these inflation rates reflects the differences in the coverage 

of the samples. For a given MSA, the three inflation rates calculated based on the AHS are 

relatively consistent, but those calculated based on the ACS vary substantially. For 

example, the annualized inflation rate in New York City is about 5% based on the AHS, 

but it varies from a Paasche Index of -2% to a Laspeyres Index of -5% based on the ACS. 



115 

 

This is likely due to the limited variables of housing characteristics provided in the ACS 

and the large amount of missing values in the already short housing questionnaire of the 

ACS. 

For rental price indices, the cross-sectional average of the annualized inflation rate 

over 2005 - 2013 based on  the AHS is 2.19% with a Laspeyres index, 1.89% with a 

Paasche index, and 2.03% using a Fisher index. And for the same time period based on the 

ACS, the Laspeyres index, Paasche index, and Fisher index are 1.73%, 2.89%, and 2.25% 

respectively. The ACS inflation rates agree well with the AHS rates. However, there is a 

large variation for certain cities. For example, Atlanta has an annualized inflation rate of 

about 2% based on the AHS data but 7% - 9% based on the ACS. The large variation in 

individual markets from the two data sets reflects the differences in sample coverage, 

variables of housing information available, and measurement errors due to incomplete or 

inaccurate records of the AHS versus the ACS.  

3.5.2 Comparison of Alternative Housing Price Indices 

Besides hedonic price index, repeat sales price index is also widely used in the literature. 

This section computes the annualized appreciation rates of the Case-Shiller home price 

index and the FHFA house price index, and compares them with the annualized hedonic 

price inflation indices constructed in the previous section. Both the Case-Shiller home price 

index and the FHFA house price index are created using the repeat-sales method. The 

traditional repeat-sales method applies to housing units that have been traded without major 

changes in housing quality characteristics during the sample period.  This is useful for 

assessing the results of the tests in this paper based on the alternative housing price indices 
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and providing insights on choosing between the AHS and the ACS datasets in future 

studies. 

Table 3.16 reports the correlation among the annualized appreciation rates over 

2005-2013 based on the AHS hedonic index, the ACS hedonic index, the Case-Shiller HPI 

and the FHFA HPI. FHFA HPI is available for all the 35 MSAs covered in the AHS and 

the ACS. Case-Shiller home price index is available for 17 U.S. MSAs: Atlanta GA, Boston 

MA, Chicago IL, Cleveland OH, Dallas TX, Denver CO, Detroit MI, Los Angeles CA, 

Miami FL, Minneapolis-St. Paul MN, New York City NY, Phoenix AZ, San Francisco CA, 

San Diego CA, Seattle WA, Tampa FL and Washington DC-MD-VA. The correlation of 

the MSA-level annualized appreciation rates based on the hedonic price indices generated 

in this study and the two repeat sales indices is low, and negative in most pairs. Using 

different housing price indices can produce different insights of housing market 

appreciation for MSAs. 

Table 3.17 shows the correlation of the AHS hedonic price index generated in this 

paper, FHFA HPI, and Case-Shiller Home Price Index in the 17 U.S. MSAs covered by all 

data sets over 1985-2013. The correlation among the ACS hedonic price index, FHFA HPI, 

and Case-Shiller Home Price Index in the 17 MSAs over 2005-2019 are shown in Table 

3.18. The correlation among these housing price indices has large variation across MSAs. 

For example, in Dallas, AHS has no correlation with neither FHFA HPI nor Case-Shiller 

HPI, but ACS hedonic index is strongly correlated with both repeat sales indices. However 

in Miami, AHS hedonic index is strongly correlated with FHFA HPI and Case-Shiller HPI 

but the ACS hedonic index has very weak correlation with the two series. All of the hedonic 

housing price indices generated in the two widely used repeat sales house price indices 
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differ from one another. The correlation among these series depends on the individual 

housing market and time period.  

3.5.3 Case Study: Comparison of Asset Price indices for Atlanta 

This section zooms into an individual housing market, Atlanta, to examine the differences 

in the asset price indices across AHS hedonic index and ACS hedonic index. 

 A potential cause of the different hedonic estimation results based on the AHS 

versus the ACS is the different sample coverage in these two surveys. The AHS has 2730 

housing units across the sample years, and the ACS has 163,075 housing units. Table 3.19 

tabulates the mean and standard deviations of the asset prices and main features that are 

included in the hedonic estimation equations. Compared to the AHS, the ACS samples 

more single family detached housing units, and has much higher average asset value, newer 

buildings, and more  rooms. 

 The gap in the AHS versus ACS asset price indices could also be due to the different 

measures of unit, structure and neighborhood characteristics provided in the surveys. The 

AHS provides more comprehensive information on housing characteristics, structure 

features, and neighborhood quality, while the ACS only provides basic information on 

structure type, building age, number of rooms, and main unit equipment features. Given 

that the two surveys ask different questions and cover different housing units, it should be 

expected that the asset price hedonic estimation results would not show consistent 

willingness to pay for a certain housing service feature. Table 3.20 shows the coefficient 

estimates of the asset price hedonic regressions when all variables available to the survey 

are included. As listed in Table 3.1 and Table 3.2, the AHS hedonic estimation equation 

has 41 measures of unit, structure, and neighborhood characteristics, and the ACS equation 
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has 22 measures of housing service characteristics. The willingness to pay for some of the 

main features of housing units, especially the structure type, building age, number of 

bedrooms and bathrooms, varies across the AHS and ACS hedonic regressions. 

 Modified hedonic regressions are conducted by including only explanatory 

variables that are in both the AHS and the ACS. For the AHS hedonic regression, 

explanatory variables are reduced from the 42 variables (other than year fixed effect 

variables) in the original hedonic regression to 12 variables (i.e. detached, attached, multi, 

age, age2, age3, bedrms, baths, halfb, nothrm, heatsys, and nunits listed in Table 3.1) to 

match with the ACS questionnaire. The variables dropped from original ACS hedonic 

regressions are dummy variables for the presence of a full kitchen, plumbing system, 

running water, telephone, stove, sink, refrigerator, and access to Internet (i.e. kit, plm, rwat, 

tel, stov, sink, refr, and access listed in Table 3.2). A comparison of the hedonic regression 

results is shown in Table 3.21. The implicit prices of structure type and number of 

bedrooms, bathrooms, and other rooms vary largely across the two surveys. 

Table 3.22 presents the asset price indexes in Atlanta based on the two data sources.  

Once again there are large differences in the estimates of the coefficients of the housing 

characteristics included in the regression.   

3.6 Conclusion 

There are large differences in cost-of-living across various housing markets due to the 

differences in labor market and amenities. Therefore, an accurate measurement of quality-

adjusted place-to-place indices of housing prices is important for a variety of purposes. 

Many empirical studies in the literature worked on constructing quality-adjusted place-to-
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place housing price indices using publicly available data. The ACS and the AHS are two 

most commonly used sources of information on housing in the U.S. market.  

Previous literature has mostly worked on housing price index measurement using 

either the ACS (or Census) or the AHS, without comparing with alternative data sets to 

discuss how the different housing information provided in different data sources could 

change the results. Only a few studies tried to compare the alternative housing price indices 

based on different data sets. There is no consensus if one data set is superior to the other. 

Using either of the data sources has its advantages and disadvantages.  

The goal of this paper is not to settle the argument but to present how the results of 

housing price index computation differs based on the different housing information using 

the ACS versus the AHS. The AHS provides a panel dataset of comprehensive information 

on housing characteristics, structure features, and neighborhood quality. And the AHS has 

50,000 to 60,000-plus housing units selected in each survey year, which is large enough to 

create statistically reliable estimates at the MSA level. The ACS has approximately 3 

million housing units selected each year, but it does not provide as much detailed 

information as the AHS on unit quality, and neighborhood characteristics and quality. The 

differences in the coverage of time period, geography, and housing information usually 

means that only one data set is suitable for the purpose of a research question. When both 

the AHS and the ACS are available to use, a comparison of their different results is needed. 

This paper reports the production of constant-quality place-to-place housing price 

indices based on the hedonic estimation method, using both the AHS and the ACS as 

alternative measures. Eventually this paper constructs a panel data set of asset and rental 

price indices for 35 MSAs over 1985-2013 using the AHS, and 1178 PUMAs over 2005-
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2019 using the ACS. This paper greatly updates the work of existing literature on 

generating constant-quality hedonic housing price indices to account for the large 

differences in cost-of-living, by measuring housing price indices for a long time period 

across the U.S. MSA markets, and extends the empirical studies on housing price index 

construction by comparing the results from the ACS versus the AHS.  

 This paper also documents an application of the newly constructed quality-adjusted 

housing price indices for measuring housing market inflation. A Laspeyres index, a 

Paasche index, and a Fisher index are produced using the AHS and the ACS for the time 

period of 2009-2013. For the asset price indices, the AHS produces much more consistent 

inflation rates than the ACS does. The AHS and the ACS produce comparable annualized 

inflation rates for the rental price indices. 

An accurate measurement of quality-adjusted place-to-place indices of housing 

prices is important for a variety of purposes, for example, for households and housing 

investors to make housing consumption decisions, for economists to examine housing 

market dynamics, and for policy makers to assess the equity and efficiency of various 

government housing assistance programs. The housing price indices for the recent years 

constructed in this paper can be used for further research. More importantly, this paper 

examines the different housing information provided in the AHS versus the ACS, and 

presents the difference in the hedonic price indices based on these two data sets. Previous 

studies worked on the housing price indices for older time periods, mostly using a single 

data source. Only a few researchers have computed and compared housing price indices 

based on multiple data sources. This paper suggests that the AHS and the ACS provide 

very different housing information and cover different housing samples. As a result, the 
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housing price indices based on the two data sets, together with the commonly used FHFA 

HPI and Case-Shiller HPI, fail to have high correlations among them. This paper has no 

intention of deciding which data source is better, but can serve to document the substantial  

differences in housing price measurement when different data sets are used. 
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Table 3.1 List of Variables in Hedonic Regression Using AHS 

Variable Tenure Definition 

1. Dependent variables 

lnrent rental Log of monthly contract rent 

lnvalue owner-occupied Log of self-reported house value estimate 

2. Structural characteristics 

detached both Unit is a single-family detached 

attached both Unit is a single-family detached 

multi both Unit is in a building with two or more units 

mobile both Unit is a mobile home 

nunits both Number of units in building 

floors both Number of floors in building 

age both Dwelling age in years 

age2 both Dwelling age squared 

age3 both Dwelling age cubed 

unitsf both Square footage of unit 

bedrms both Number of bedrooms in unit 

baths both Number of bathrooms in unit 

halfb both Number of half bathrooms in unit 

nothrm both Number of other rooms in unit (finished or unfinished) 

basement both Presence of a basement 

garage both Presence of a garage 

3. Unit equipment 

airsys both Presence of central AC 

heatsys both Central warm-air system 

4. Housing problems 

ifblow both Fuses blown or circuit breakers tripped 

ifcold both Main heating equipment broke down 

iftlt both Any toilet breakdowns in last 3 months 

ifdry both 

Unit completely without running water in the last 90 

days 

ifsew both Sewage system broke down 

otleak both Water leak from other outside source 

pests 

rats both Rats seen in unit recently 

bigp both 

Area of broken plaster or peeling paint over 1 square 

foot 

ecrumb both Holes / cracks or crumbling in foundation 

eholer both Roof has holes 
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emissr both Missing shingles or other roofing material 

esagr both Roof's surface sags or is uneven 

emissw both Outside walls missing siding, bricks, etc. 

eslopw both Outside walls slope, lean, slant, buckle 

ebroke both Broken window(s) 

holes both Holes in floor 

cracks both Open cracks or holes in walls or ceilings 

leak both Any outside water leaks in last 12 months 

ileak both Any inside water leaks in last 12 months 

zadeq both Recoded adequacy of housing 

5. Neighborhood characteristics 

hown both Residents satisfaction with neighborhood 

howh both Residents satisfaction with unit 

6. Geography characteristics 

metro both Unit is in central city of MSA 

Note: The above table lists the dependent variables and explanatory variables included in the 

hedonic regression Equation (1) when using the AHS 1985-2013 PUFs to estimate the housing 

price indices. 
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Table 3.2 List of Variables in Hedonic Regression Using ACS 

Variable Tenure Definition 

1. Dependent variables 

lnrent rental Log of monthly gross rent 

lnvalue owner-occupied Log of reported property value 

2. Structural characteristics 

Structure type 

detached both One-family house detached 

attached both One-family house attached 

multi both multi-unit Apartments 

mobile both Mobile home or trailer 

dwelling age 

age both Dwelling age in years 

age2 both Dwelling age squared 

age3 both Dwelling age cubed 

Interior features 

bdsp both Number of bedrooms in unit 

bath both Presence of a full bathroom 

rmsp both 

Number of other rooms in unit (finished or 

unfinished) 

exterior feature 

acr owner-occupied Lot size (acres) 

3. Unit equipment 

kit both Complete kitchen facilities 

plm both Complete plumbing facilities 

rwater both Running water 

tel both Telephone service 

stov both Stove or range 

sink both Sink with a faucet 

refr both Refrigerator 

access both Access to the Internet 

heating fuel 

hfl1 both Utility gas 

hfl2 both Bottled, tank, or LP gas 

hfl3 both Electricity 

hfl4 both Fuel oil, kerosene, etc. 

hfl5 both Coal or coke, wood, solar energy, and other fuel 

Note: The above table lists the dependent variables and explanatory variables included in the hedonic 

regression Equation (1) when using the ACS 2005-2019 1-year files to estimate the housing price indices. 
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Table 3.3 Summary Statistics of Covariates in Asset Price Hedonic Regressions 

AHS ACS 

Variable Mean Std. Dev. Variable Mean Std. Dev. 

1. Dependent variables 1. Dependent variables 

value 225448.300 256131.200 value 364467.100 464895.700 

lnvalue 11.887 1.099 lnvalue 12.389 1.075 

2. Structural characteristics 2. Structural characteristics 

Structure type Structure type 

detached 0.768 0.422 detached 0.795 0.404 

attached 0.091 0.288 attached 0.088 0.283 

multi 0.121 0.326 multi 0.085 0.279 

mobile 0.020 0.141 mobile 0.032 0.175 

nunits 5.544 30.290 dwelling age 

floors 2.242 1.823 age 42.241 23.345 

dwelling age age2 2329.306 2154.908 

age 42.750 22.896 age3 147238.400 179322.200 

age2 2351.773 2161.705 Interior features 

age3 148293.000 186869.400 bdsp 3.208 1.004 

Interior features bath 0.999 0.037 

bedrms 3.035 0.947 rmsp 6.832 2.372 

baths 1.667 0.720 3. Unit equipment 

halfb 0.437 0.572 heating fuel 

nothrm 0.168 0.542 hfl1 0.620 0.485 

unitsf 2.135 1.878 hfl2 0.033 0.180 

unitsf2 8.086 27.700 hfl3 0.272 0.445 

basement 0.421 0.494 hfl4 0.054 0.226 

garage 0.784 0.412 hfl5 0.021 0.144 

3. Unit equipment equipment 

heating equipment kit 0.997 0.056 

heatsys 0.607 0.488 plm 0.998 0.048 

air conditioning rwater 0.998 0.042 

airsys 0.684 0.465 tel 0.992 0.188 

4. Housing problems stov 0.998 0.049 

electrical problem sink 0.999 0.037 

ifblow 0.118 0.322 refr 0.998 0.039 

heating problem access 0.905 0.294 

ifcold 0.020 0.139    

plumbing problems    
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iftlt 0.024 0.154    

ifdry 0.027 0.162    

ifsew 0.015 0.123    

otleak 0.014 0.117    

pests    

rats 0.015 0.121    

structural problems    

bigp 0.023 0.149    

ecrumb 0.018 0.133    

eholer 0.010 0.098    

emissr 0.025 0.155    

esagr 0.012 0.108    

emissw 0.014 0.119    

eslopw 0.006 0.078    

ebroke 0.020 0.140    

holes 0.006 0.077    

cracks 0.039 0.194    

leaking and mold    

leak 0.144 0.351    

ileak 0.087 0.282    

general      

zadeq 1.047 0.260    

5. Neighborhood characteristics    

hown 8.118 1.757    

howh 8.473 1.474    

6. Geography characteristics    

metro 0.393 0.488    

Note: This table reports and compares the means and standard deviations of variables in the hedonic 

regression Equation (1) to estimate asset price indices for the owner-occupied units when using the 

AHS versus the ACS. The definitions of the variables are shown in Table 3.1 for AHS variables 

and Table 3.2 for ACS variables.  
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Table 3.4 Summary Statistics of Covariates in Rental Price Hedonic Regressions 

AHS ACS 

Variable Mean Std. Dev. Variable Mean Std. Dev. 

1. Dependent variables 1. Dependent variables 

rent 725.055 543.889 rent 1226.314 674.364 

lnrent 6.332 0.723 lnrent 6.954 0.602 

2. Structural characteristics 2. Structural characteristics 

Structure type Structure type 

detached 0.136 0.343 detached 0.195 0.396 

attached 0.077 0.267 attached 0.068 0.252 

multi 0.783 0.412 multi 0.721 0.449 

mobile 0.003 0.057 mobile 0.016 0.124 

nunits 26.429 59.666 dwelling age 

floors 3.259 2.841 age 45.699 23.703 

dwelling age age2 2650.239 2275.266 

age 43.830 23.698 age3 173481.300 195093.200 

age2 2482.680 2295.201 Interior features 

age3 161574.000 200188.400 bdsp 1.897 1.045 

Interior features bath 0.997 0.058 

bedrms 1.777 0.912 rmsp 4.150 1.772 

baths 1.167 0.442 3. Unit equipment 

halfb 0.131 0.366 heating fuel 

nothrm 0.035 0.237 hfl1 0.460 0.498 

unitsf 1.266 1.860 hfl2 0.015 0.122 

unitsf2 5.062 24.400 hfl3 0.458 0.498 

basement 0.063 0.242 hfl4 0.036 0.185 

garage 0.340 0.474 hfl5 0.032 0.177 

3. Unit equipment equipment 

heating equipment kit 0.985 0.121 

heatsys 0.439 0.496 plm 0.995 0.070 

air conditioning rwater 0.997 0.054 

airsys 0.373 0.484 tel 0.975 0.236 

4. Housing problems stov 0.988 0.111 

electrical problem sink 0.997 0.052 

ifblow 0.104 0.306 refr 0.995 0.072 

heating problem access 0.806 0.395 

ifcold 0.039 0.193    

plumbing problems    
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iftlt 0.059 0.236    

ifdry 0.067 0.250    

ifsew 0.020 0.138    

otleak 0.014 0.118    

pests    

rats 0.041 0.197    

structural problems    

bigp 0.059 0.235    

ecrumb 0.020 0.139    

eholer 0.011 0.106    

emissr 0.022 0.145    

esagr 0.012 0.109    

emissw 0.021 0.144    

eslopw 0.010 0.101    

ebroke 0.024 0.155    

holes 0.020 0.142    

cracks 0.087 0.282    

leaking and mold    

leak 0.109 0.311    

ileak 0.149 0.356    

general      

zadeq 1.151 0.451    

5. Neighborhood characteristics    

hown 7.312 2.206    

howh 7.499 1.951    

7. Geography characteristics    

metro 0.608 0.488    

Note: This table reports and compares the means and standard deviations of variables in the hedonic 

regression Equation (1) to estimate rental price indices for the rental units when using the AHS 

versus the ACS. The definitions of the variables are shown in Table 3.1 for AHS variables and 

Table 3.2 for ACS variables.
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Table 3.5 Hedonic Regression Results of Asset Price Index (AHS)  

 Missing Indicator Method Complete Case Analysis 

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

 Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. 

detached 1.787 0.025 1.941 0.026 1.849 0.031 1.992 0.031 

attached 1.595 0.027 1.664 0.027 1.642 0.032 1.711 0.032 

multi 1.482 0.028 1.563 0.028 1.571 0.033 1.668 0.033 

age -0.011 0.001 -0.010 0.001 -0.010 0.001 -0.011 0.001 

age2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

age3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

bedrms 0.042 0.004 0.050 0.005 0.047 0.005 0.052 0.005 

baths 0.241 0.006 0.329 0.006 0.246 0.006 0.329 0.006 

halfb 0.133 0.005 0.197 0.006 0.137 0.006 0.201 0.007 

nothrm 0.054 0.004 0.067 0.004 0.051 0.004 0.062 0.004 

heatsys -0.007 0.007 0.047 0.007 0.002 0.008 0.053 0.008 

nunits 0.000 0.000 0.001 0.000 -0.001 0.000 0.001 0.000 

floors 0.041 0.003   0.038 0.003   

unitsf 0.066 0.000   0.065 0.000   

unitsf2 -0.004 0.000   -0.003 0.000   

garage 0.166 0.008   0.151 0.009   

basement 0.025 0.009   0.018 0.010   

airsys 0.160 0.007   0.152 0.008   

ifblow 0.045 0.007   0.047 0.008   

ifcold -0.045 0.023   -0.048 0.024   

iftlt -0.004 0.014   -0.009 0.016   

ifdry 0.082 0.014   0.075 0.016   

ifsew -0.030 0.026   -0.028 0.026   

otleak 0.034 0.015   0.043 0.017   
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rats 0.014 0.017   0.005 0.019   

bigp -0.075 0.023   -0.030 0.020   

ecrumb -0.056 0.027   -0.047 0.021   

eholer -0.136 0.044   -0.063 0.033   

emissr -0.055 0.023   -0.037 0.022   

esagr -0.066 0.037   -0.039 0.032   

emissw -0.089 0.030   -0.088 0.027   

eslopw -0.062 0.061   0.010 0.039   

ebroke -0.158 0.031   -0.104 0.019   

holes -0.276 0.067   -0.064 0.041   

cracks -0.074 0.015   -0.052 0.016   

leak 0.024 0.007   0.019 0.008   

ileak 0.012 0.008   0.003 0.009   

zadeq -0.043 0.014   -0.044 0.013   

hown 0.048 0.002   0.049 0.002   

howh 0.010 0.002   0.014 0.002   

metro -0.066 0.006   -0.054 0.007   

constant 7.965 0.041 8.441 0.035 7.827 0.047 8.367 0.040 

R2 0.419 0.393 0.455 0.434 

Adjusted R2 0.419 0.393 0.455 0.433 

RMSE 0.863 0.882 0.812 0.828 

F-stats   770.640 1024.250 

N 136760 136760 105271 105271 

Note: This table reports the estimates of coefficients and standard errors of the hedonic regression Equation (1) of asset price indices, based on the AHS 

data, when including all the original explanatory variables in section 3, and dropping the variables that are only in the AHS. The definitions of the variables 

are shown in Table 3.1. Year and MSA fixed effects are not shown in the above table.  
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Table 3.6 Hedonic Regressions Results of Asset Price Index (ACS)  
 Missing Indicator Method Complete Case Analysis 

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

 Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. 

detached 1.542 0.036 1.571 0.036 1.690 0.049 1.733 0.049 

attached 1.432 0.036 1.462 0.036 1.568 0.049 1.613 0.049 

multi 1.665 0.036 1.696 0.036 1.769 0.049 1.814 0.049 

mobile -0.049 0.037 -0.041 0.037 0.060 0.049 0.069 0.049 

age -0.018 0.000 -0.018 0.000 -0.017 0.000 -0.017 0.000 

age2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

age3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

bdsp 0.104 0.001 0.107 0.001 0.110 0.001 0.115 0.001 

bath -0.071 0.036 0.096 0.018 -0.163 0.057 0.143 0.025 

rmsp 0.087 0.000 0.089 0.000 0.079 0.000 0.082 0.000 

hfl1 0.091 0.004 0.102 0.004 0.088 0.005 0.103 0.005 

hfl2 0.090 0.004 0.096 0.004 0.100 0.006 0.105 0.006 

hfl3 0.031 0.004 0.040 0.004 0.024 0.005 0.036 0.005 

hfl4 0.065 0.004 0.073 0.004 0.059 0.006 0.068 0.006 

kit 0.219 0.022   0.302 0.039   

plm 0.094 0.024   0.262 0.056   

rwat 0.120 0.029   0.006 0.052   

tel 0.051 0.002   0.057 0.003   

stov -0.034 0.025   -0.086 0.038   

sink -0.158 0.031   -0.145 0.043   

refr -0.139 0.026   -0.154 0.035   

access 0.239 0.002   0.239 0.002   

constant 9.369 0.045 9.676 0.037 9.284 0.059 9.345 0.055 

R2 0.429 0.426 0.399 0.395 

Adjusted R2 0.429 0.426 0.399 0.395 

RMSE 0.778 0.780 0.834 0.837 

F-stats 26705.710 29867.770 17314.290 19568.930 

N 4149446 4149446 2606981 2606981 

Note: This table reports the estimates of coefficients and standard errors of the hedonic regression Equation (1) of asset price indices, based on the ACS data, when including all the 

original explanatory variables in section 3, and dropping the variables that are only in the ACS. The definitions of the variables are shown in Table 3.2. Year and MSA fixed effects 

are not shown in the above table. 
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Table 3.7 Hedonic Regressions Results of Rental Price Index (AHS) 

 Missing Indicator Method Complete Case Analysis 

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

 Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. 

detached 0.477 0.049 0.554 0.048 0.502 0.054 0.574 0.054 

attached 0.433 0.049 0.464 0.049 0.457 0.055 0.481 0.055 

multi 0.471 0.048 0.504 0.048 0.497 0.054 0.526 0.054 

age -0.011 0.001 -0.012 0.001 -0.010 0.001 -0.010 0.001 

age2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

age3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

bedrms 0.064 0.004 0.062 0.004 0.066 0.004 0.062 0.004 

baths 0.186 0.009 0.239 0.010 0.192 0.010 0.244 0.011 

halfb 0.075 0.007 0.107 0.008 0.080 0.008 0.112 0.009 

nothrm 0.049 0.009 0.058 0.009 0.049 0.009 0.057 0.009 

heatsys 0.020 0.006 0.069 0.006 0.023 0.006 0.071 0.006 

nunits 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

floors 0.001 0.002   0.001 0.002   

unitsf 0.018 0.000   0.016 0.004   

unitsf2 -0.002 0.000   -0.002 0.000   

garage 0.148 0.005   0.146 0.006   

basement -0.016 0.013   -0.030 0.014   

airsys 0.168 0.008   0.157 0.008   

ifblow 0.062 0.007   0.063 0.007   

ifcold -0.010 0.014   -0.018 0.014   

iftlt -0.015 0.010   -0.017 0.011   

ifdry 0.045 0.009   0.049 0.009   

ifsew -0.009 0.017   -0.011 0.018   
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otleak 0.015 0.019   0.016 0.019   

rats -0.081 0.012   -0.082 0.013   

bigp -0.046 0.012   -0.045 0.012   

ecrumb -0.033 0.021   -0.033 0.021   

eholer -0.011 0.027   -0.032 0.027   

emissr -0.017 0.021   0.000 0.019   

esagr 0.028 0.022   0.026 0.021   

emissw -0.078 0.021   -0.083 0.020   

eslopw 0.018 0.026   0.013 0.026   

ebroke -0.063 0.018   -0.054 0.018   

holes -0.072 0.023   -0.072 0.024   

cracks -0.044 0.010   -0.047 0.010   

leak 0.018 0.008   0.020 0.008   

ileak 0.026 0.006   0.027 0.007   

zadeq -0.042 0.006   -0.035 0.006   

hown 0.029 0.001   0.030 0.001   

howh -0.022 0.002   -0.022 0.002   

metro -0.078 0.005   -0.080 0.006   

constant 4.787 0.058 4.810 0.056 4.714 0.064 4.742 0.063 

R2 0.298 0.272 0.336 0.308 

Adjusted R2 0.297 0.272 0.335 0.307 

RMSE 0.640 0.651 0.589 0.602 

F-stats  456.150 355.980 446.410 

N 97290 97290 80828 80828 

Note: This table reports the estimates of coefficients and standard errors of the hedonic regression Equation(1) of rental price indices, based on the AHS 

data, when including all the original explanatory variables in section 3, and dropping the variables that are only in the AHS. The definitions of the variables 

are shown in Table 3.1. Year and MSA fixed effects are not shown in the above table.  
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Table 3.8 Hedonic Regressions Results of Rental Price Index (ACS) 

 Missing Indicator Method Complete Case Analysis 

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

 Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. 

detached 0.387 0.023 0.415 0.024 0.377 0.031 0.418 0.032 

attached 0.325 0.024 0.359 0.024 0.315 0.031 0.364 0.032 

multi 0.262 0.023 0.293 0.024 0.265 0.031 0.310 0.032 

mobile 0.004 0.024 -0.002 0.024 0.004 0.031 -0.009 0.032 

age -0.014 0.000 -0.015 0.000 -0.012 0.000 -0.012 0.000 

age2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

age3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

bdsp 0.088 0.001 0.097 0.001 0.093 0.001 0.106 0.001 

bath 0.218 0.023 0.235 0.012 0.246 0.032 0.300 0.016 

rmsp 0.024 0.000 0.026 0.001 0.018 0.001 0.022 0.001 

hfl1 0.106 0.003 0.113 0.003 0.096 0.003 0.104 0.004 

hfl2 0.065 0.004 0.081 0.004 0.067 0.005 0.090 0.005 

hfl3 0.078 0.003 0.083 0.003 0.069 0.004 0.075 0.004 

hfl4 0.031 0.004 0.038 0.004 0.014 0.005 0.019 0.006 

kit 0.044 0.012   0.081 0.018   

plm 0.154 0.018   0.162 0.031   

rwat -0.075 0.019   -0.071 0.029   

tel 0.026 0.002   0.018 0.002   

stov -0.181 0.013   -0.223 0.017   

sink 0.004 0.018   0.001 0.022   

refr -0.073 0.012   -0.105 0.017   

access 0.350 0.002   0.352 0.002   

constant 6.030 0.028 5.904 0.027 6.098 0.039 5.994 0.036 

R2 0.285 0.251 0.292 0.239 

Adjusted R2 0.285 0.251 0.292 0.239 

RMSE 0.506 0.517 0.498 0.516 

F-stats 7044.680 6965.670 4723.240 4574.480 

N 1786983 1786983 1143823 1143823 

Note: This table reports the estimates of coefficients and standard errors of the hedonic regression Equation(1) of rental price indices, based on the ACS data, when including all the original 
explanatory variables in section 3, and dropping the variables that are only in the ACS. The definitions of the variables are shown in Table 3.2. Year and MSA fixed effects are not shown in 

the above table.
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Table 3.9 Goodness of fit for Asset Price Hedonic Regressions 

 R2 Adjusted R2 RMSE Sample Size 

Panel 1: AHS for 35 MSAs over 1985-2013 

Num of Regressions 504 504 504 504 

Mean 0.65 0.50 0.56 208.87 

Std. Dev. 0.20 0.22 0.35 226.97 

25% percentile 0.53 0.37 0.38 85 

Median 0.68 0.54 0.46 131.5 

75% percentile 0.79 0.66 0.62 221 

Panel 2: ACS for 1178 PUMAs over 2005-2019 

Num of Regressions 12,439 12,439 12,439 12,439 

Mean 0.32 0.28 0.65 247.30 

Std. Dev. 0.14 0.15 0.22 105.45 

25% percentile 0.22 0.17 0.49 176 

Median 0.32 0.28 0.61 235 

75% percentile 0.42 0.39 0.76 302 

Note: The hedonic regression follows Equation (1) and (2) to estimate asset price indices using the 

AHS and the ACS. When using the AHS, 504 hedonic regressions are conducted for 35 MSAs over 

1985-2013 to generate MSA-level asset price index. When using the ACS, 12,439 hedonic 

regressions are conducted for 1,178 PUMAs over 2005-2019 to generate PUMA-level asset price 

index, and these PUMA-level asset price indices are aggregated and converted to MSA-level asset 

price indices to match with the 35 MSAs in AHS, using 2010 Census population as weights and 

following the OMB 2013 MSA definitions provided by the Census Bureau. For each hedonic 

regression, its 𝑅2, adjusted 𝑅2, root mean square error (RMSE) and sample size are computed to 

measure the goodness of fit of the regression. The summary statistics of these four measures across 

the AHS hedonic regressions and the ACS hedonic regressions are presented in the above table.  
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Table 3.10 Goodness of fit for Rental Price Hedonic Regressions 

 R2 Adjusted R2 RMSE Sample Size 

Panel 1: AHS for 35 MSAs over 1985-2013 

Num of Regressions 397 397 397 397 

Mean 0.50 0.27 0.51 203.60 

Std. Dev. 0.19 0.21 0.20 239.62 

25% 0.34 0.12 0.35 76 

Median 0.50 0.26 0.47 113 

75% 0.64 0.41 0.62 189 

Panel 2: ACS for 1178 PUMAs over 2005-2019 

Num of Regressions 10,278 10,278 10,278 10,278 

Mean 0.42 0.32 0.35 89.57 

Std. Dev. 0.15 0.16 0.12 43.49 

25% 0.32 0.20 0.27 59 

Median 0.42 0.31 0.33 78 

75% 0.53 0.43 0.42 108 

Note: The hedonic regression follows Equation (1) and (2) to estimate rental price indices using 

the AHS and the ACS. When using the AHS, 397 hedonic regressions are conducted for 35 MSAs 

over 1985-2013 to generate MSA-level rental price index. When using the ACS, 10,278 hedonic 

regressions are conducted for 1,178 PUMAs over 2005-2019 to generate PUMA-level rental price 

index, and these PUMA-level rental price indices are aggregated and converted to MSA-level rental 

price indices to match with the 35 MSAs in AHS, using 2010 Census population as weights and 

following the OMB 2013 MSA definitions provided by the Census Bureau. For each hedonic 

regression, its 𝑅2, adjusted 𝑅2, root mean square error (RMSE) and sample size are computed to 

measure the goodness of fit of the regression. The summary statistics of these four measures across 

the AHS hedonic regressions and the ACS hedonic regressions are presented in the above table.  
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Table 3.11 Studies using Census and AHS to Construct House Price Index 

Literature Data Measures 

Malpezzi, Chun and Green 

(1998) 
1990 Census asset price index and rent index for 272 MSAs 

Quigley and Raphael 

(2005) 

1990 and 2000 

Census 
asset price index for 407 California cities 

Chen and Rosenthal (2008) 1970-2000 Census 

rents for 64 MSA and non-MSA locations in 

1970, 321 locations in 1980, 323 in 1990, and 

346 in 2000 

Albouy, Ehrlich and Liu 

(2016) 
2000 Census rental price index for 331 MSAs 

Thibodeau (1995) 1984-1992 AHS asset price index and rent index for 47 MSAs 

Crone, Nakamura and 

Voith (2004) 

1985, 1993, 1999 

AHS 

asset price index and rent index on national 

level 

Gabbe and Pierce (2017) 2011 AHS city-level rents 

Note: This is a non-exhaustive list of recent literature that measures housing price indices based on 

either the census/ACS data or the AHS data.  
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Table 3.12 Annualized Inflation Rate of AHS Hedonic Asset Price Index 2005-2013 

MSA 

Laspeyres Index 

(%) 

Paasche Index 

(%) 

Fisher Index  

(%) 

Atlanta, GA -2.78% -6.00% -4.40% 

Baltimore, MD -10.04% -9.63% -9.83% 

Boston, MA 1.39% 1.24% 1.32% 

Chicago, IL -2.58% -2.49% -2.53% 

Cleveland, OH -3.72% -2.24% -2.98% 

Dallas, TX -13.74% -13.11% -13.42% 

Detroit, MI -6.10% -6.24% -6.17% 

Houston, TX 14.62% 16.40% 15.50% 

Los Angeles-Long Beach, CA -2.37% -2.21% -2.29% 

Miami-Hialeah, FL -3.72% -3.31% -3.52% 

Minneapolis-St. Paul, MN 2.23% 0.02% 1.12% 

New York City, NY 5.35% 5.77% 5.56% 

Philadelphia, PA-NJ 1.89% 2.26% 2.07% 

Phoenix, AZ -11.69% -13.71% -12.70% 

Pittsburgh, PA 13.11% 11.03% 12.06% 

Riverside-San Bernardino, CA -28.90% -26.61% -27.76% 

St. Louis, MO-IL 1.42% -3.66% -1.15% 

San Diego, CA -2.04% -0.49% -1.27% 

San Francisco, CA -6.34% -6.70% -6.52% 

Seattle, WA -7.72% -5.68% -6.70% 

Tampa-St. Petersburg-Clearwater, FL -11.26% -19.95% -15.72% 

Washington, DC-MD-VA -5.30% -4.90% -5.10% 

Cross-sectional Average -3.56% -4.10% -3.84% 

Note: This table presents the average annual inflation rates over 2005-2013 based on AHS hedonic 

asset price index constructed in this paper. The average housing bundle across the listed MSAs in 

certain years is used to compute the corresponding index, following Equation (6)-(9).  
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Table 3.13 Annualized Inflation Rate of AHS Hedonic Rental Price Index 2005-2013 

MSA Laspeyres Index (%) Paasche Index (%) Fisher Index (%) 

Atlanta, GA 1.79% 2.46% 2.13% 

Boston, MA -7.72% -10.03% -8.88% 

Chicago, IL 4.25% 2.88% 3.56% 

Dallas, TX 3.04% 2.97% 3.00% 

Detroit, MI -1.72% -0.87% -1.30% 

Houston, TX 4.78% 4.87% 4.82% 

Los Angeles-Long Beach, CA 3.92% 4.44% 4.18% 

New York City 3.33% 4.22% 3.77% 

Philadelphia, PA-NJ 1.73% 1.63% 1.68% 

Phoenix, AZ -4.90% -11.19% -8.10% 

San Diego, CA 1.44% 1.77% 1.61% 

San Francisco, CA 1.27% 1.39% 1.33% 

Seattle, WA 16.45% 21.91% 19.15% 

Washington, DC-MD-VA 2.97% 0.05% 1.50% 

Cross-sectional Average 2.19% 1.89% 2.03% 

Note: This table presents the average annual inflation rates over 2005-2013 based on AHS hedonic 

rental price index constructed in this paper. The average housing bundle across the listed MSAs in 

certain years is used to compute the corresponding index, following Equation (6)-(9). 
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Table 3.14 Annualized Inflation Rate of ACS Hedonic Asset Price Index 2005-2013 

MSA 

Laspeyres Index 

(%) 

Paasche Index    

(%) 

Fisher Index       

(%) 

Atlanta, GA 0.58% 1.36% 0.97% 

Baltimore, MD 1.94% -0.95% 0.49% 

Boston, MA -6.94% -3.49% -5.23% 

Chicago, IL -2.28% -3.66% -2.97% 

Cincinnati, OH-KY-IN 1.14% -0.32% 0.41% 

Cleveland, OH 5.22% 1.00% 3.09% 

Columbus, OH -8.78% -0.59% -4.77% 

Dallas, TX -1.18% -0.60% -0.89% 

Denver, CO -20.36% -3.81% -12.48% 

Detroit, MI -7.94% -3.88% -5.93% 

Houston, TX -10.52% 0.23% -5.30% 

Indianapolis, IN -2.78% -0.88% -1.84% 

Kansas City, MO-KS -9.60% -1.75% -5.76% 

Los Angeles-Long Beach, CA 1.70% -2.96% -0.66% 

Memphis, TN-AR-MS -5.20% -0.70% -2.98% 

Miami-Hialeah, FL 10.54% 3.87% 7.15% 

Minneapolis-St. Paul, MN -7.23% -2.57% -4.92% 

New Orleans, LA -6.85% 4.87% -1.16% 

New York City, NY -5.30% -1.99% -3.66% 

Philadelphia, PA-NJ 2.74% 1.97% 2.35% 

Phoenix, AZ -1.99% -4.19% -3.09% 

Pittsburgh, PA -6.35% -1.05% -3.74% 

Sacramento, CA -18.05% -10.00% -14.12% 

St. Louis, MO-IL -6.38% 1.26% -2.63% 

San Antonio, TX 5.46% 1.84% 3.64% 

San Francisco, CA -7.22% -1.05% -4.19% 

Washington, DC-MD-VA -8.18% -1.85% -5.07% 

Cross-sectional Average -4.21% -1.11% -2.71% 

Note: This table presents the average annual inflation rates over 2005-2013 based on ACS hedonic 

asset price index constructed in this paper. The average housing bundle across the listed MSAs in 

a certain year is used to compute the corresponding index, following Equation (6)-(9).  
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Table 3.15 Annualized Inflation Rate of ACS Hedonic Rental Price Index 2005-2013 

MSA 

Laspeyres Index 

(%) 

Paasche Index     

(%) 

Fisher Index       

(%) 

Atlanta, GA 9.34% 7.41% 8.37% 

Baltimore, MD 5.45% 3.53% 4.48% 

Boston, MA 0.11% 2.16% 1.13% 

Chicago, IL 0.12% 1.96% 1.04% 

Cincinnati, OH-KY-IN -0.40% 2.12% 0.85% 

Cleveland, OH 10.98% 3.15% 7.00% 

Columbus, OH 1.91% 2.80% 2.35% 

Dallas, TX 6.35% 2.21% 4.26% 

Denver, CO 4.68% 2.13% 3.40% 

Detroit, MI -1.13% 3.08% 0.95% 

Houston, TX 3.54% 2.70% 3.12% 

Indianapolis, IN 21.19% 2.45% 11.42% 

Kansas City, MO-KS 12.32% 2.41% 7.25% 

Los Angeles-Long Beach, CA -2.45% 3.07% 0.27% 

Memphis, TN-AR-MS 4.16% 3.53% 3.85% 

Miami-Hialeah, FL 2.79% 6.11% 4.44% 

Minneapolis-St. Paul, MN -16.24% 1.83% -7.65% 

New York City -2.36% 2.66% 0.12% 

Philadelphia, PA-NJ 0.34% 4.24% 2.27% 

Phoenix, AZ -0.37% 1.45% 0.54% 

Pittsburgh, PA -0.78% 1.31% 0.26% 

Sacramento, CA -8.25% -1.65% -5.01% 

St. Louis, MO-IL -8.60% 3.63% -2.67% 

San Antonio, TX 1.98% 3.78% 2.88% 

San Francisco, CA -3.02% 3.56% 0.21% 

Washington, DC-MD-VA 3.25% 3.63% 3.44% 

Cross-sectional Average 1.73% 2.89% 2.25% 

Note: This table presents the average annual inflation rates over 2005-2013 based on the ACS 

hedonic rental price index constructed in this paper. The average housing bundle across the listed 

MSAs in certain years is used to compute the corresponding index, following Equation (6)-(9).  
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Table 3.16 Correlation of Alternative Asset Appreciation Rates 2005-2013 

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

(1) 1    

(2) 0.2642 1   

(3) 0.315 -0.1634 1  

(4) -0.2872 -0.1068 -0.3061 1 

Note: This table reports the correlation among annualized asset price appreciation rates based on 

(1) AHS hedonic asset price index generated in this study (2) ACS hedonic asset price index 

generated in this study (3) FHFA HPI (4) Case-Shiller HPI at MSA level for 17 largest US MSAs 

that are covered in all datasets over 2005-2013.
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Table 3.17 Correlation of AHS Hedonic Asset Price Index, FHFA HPI, and Case-Shiller Home Price Index 

Atlanta, GA Boston, MA 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.6675 1  FHFA HPI 0.9126 1  

Case-Shiller HPI 0.6301 0.9795 1 Case-Shiller HPI 0.9085 0.9962 1 

Chicago, IL Cleveland, OH 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.9749 1  FHFA HPI 0.7223 1  

Case-Shiller HPI 0.9499 0.9874 1 Case-Shiller HPI 0.6756 0.9944 1 

Dallas, TX Denver, CO 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI -0.054 1  FHFA HPI 0.6715 1  

Case-Shiller HPI 0.0128 0.8262 1 Case-Shiller HPI 0.6474 0.9984 1 

Detroit, MI Los Angeles-Long Beach, CA 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.9199 1  FHFA HPI 0.8994 1  

Case-Shiller HPI 0.9039 0.9809 1 Case-Shiller HPI 0.9291 0.9906 1 

Miami-Hialeah, FL Minneapolis-St. Paul, MN 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.9089 1  FHFA HPI 0.8248 1  

Case-Shiller HPI 0.8909 0.9873 1 Case-Shiller HPI 0.7388 0.9744 1 

New York City, NY Phoenix, AZ 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 
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AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.8017 1  FHFA HPI 0.6071 1  

Case-Shiller HPI 0.7611 0.9924 1 Case-Shiller HPI 0.6214 0.976 1 

San Diego, CA San Francisco, CA 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.5875 1  FHFA HPI 0.9368 1  

Case-Shiller HPI 0.5818 0.9946 1 Case-Shiller HPI 0.8521 0.9636 1 

Seattle, WA Tampa-St. Petersburg-Clearwater, FL 

 AHS Hedonic Index FHFA HPI Case-Shiller HPI  AHS Hedonic Index FHFA HPI Case-Shiller HPI 

AHS Hedonic Index 1   AHS Hedonic Index 1   

FHFA HPI 0.8858 1  FHFA HPI 0.7573 1  

Case-Shiller HPI 0.8929 0.9947 1 Case-Shiller HPI 0.7236 0.9912 1 

Washington, DC-MD-VA     

 AHS Hedonic Index FHFA HPI Case-Shiller HPI     

AHS Hedonic Index 1       

FHFA HPI 0.9166 1      

Case-Shiller HPI 0.8954 0.9928 1     

Note: This table reports the correlation of (1) AHS hedonic asset price index generated in this study (2) FHFA HPI and (3) Case-Shiller 

HPI for each of the 17 largest US MSAs that are covered in all datasets over 1985-2013.  
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Table 3.18 Correlation of ACS Hedonic Asset Price Index, FHFA HPI, and Case-Shiller Home Price Index 

Atlanta, GA Boston, MA 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.7497 1  FHFA HPI 0.8993 1  

Case-Shiller HPI 0.6574 0.9588 1 Case-Shiller HPI 0.869 0.9725 1 

Chicago, IL Cleveland, OH 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.7843 1  FHFA HPI 0.2022 1  

Case-Shiller HPI 0.6662 0.9562 1 Case-Shiller HPI 0.2976 0.9555 1 

Dallas, TX Denver, CO 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.9636 1  FHFA HPI 0.953 1  

Case-Shiller HPI 0.9378 0.9916 1 Case-Shiller HPI 0.9398 0.9965 1 

Detroit, MI Los Angeles-Long Beach, CA 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.9185 1  FHFA HPI 0.9756 1  

Case-Shiller HPI 0.8673 0.969 1 Case-Shiller HPI 0.9266 0.9739 1 

Miami-Hialeah, FL Minneapolis-St. Paul, MN 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.5657 1  FHFA HPI 0.8658 1  

Case-Shiller HPI 0.3931 0.9454 1 Case-Shiller HPI 0.7594 0.9457 1 

New York City, NY Phoenix, AZ 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   
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FHFA HPI 0.6283 1  FHFA HPI 0.7495 1  

Case-Shiller HPI 0.6707 0.8464 1 Case-Shiller HPI 0.6353 0.9371 1 

San Diego, CA San Francisco, CA 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.9058 1  FHFA HPI 0.9388 1  

Case-Shiller HPI 0.8788 0.9962 1 Case-Shiller HPI 0.8792 0.9281 1 

Seattle, WA Tampa-St. Petersburg-Clearwater, FL 

 ACS Hedonic Index FHFA HPI Case-Shiller HPI  ACS Hedonic Index FHFA HPI Case-Shiller HPI 

ACS Hedonic Index 1   ACS Hedonic Index 1   

FHFA HPI 0.9904 1  FHFA HPI 0.9755 1  

Case-Shiller HPI 0.9841 0.9992 1 Case-Shiller HPI 0.9582 0.9932 1 

Washington, DC-MD-VA     

 ACS Hedonic Index FHFA HPI Case-Shiller HPI     

ACS Hedonic Index 1       

FHFA HPI 0.8186 1      

Case-Shiller HPI 0.609 0.9239 1     

Note: This table reports the correlation of (1) ACS hedonic asset price index generated in this study (2) FHFA HPI and (3) Case-Shiller 

HPI for each of the 17 largest US MSAs that are covered in all datasets over 2005-2019.
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Table 3.19 Summary Statistics of Covariates in the Asset Price Hedonic for Atlanta 

AHS ACS 

Variable Mean Std. Dev. Variable Mean Std. Dev. 

1. Dependent variables 1. Dependent variables 

value 163,049.00 171,025.90 value 225,910.70 246,388.30 

lnvalue 11.67 0.95 lnvalue 11.94 0.98 

2. Structural characteristics 2. Structural characteristics 

Structure type Structure type 

detached 0.86 0.35 detached 0.87 0.34 

attached 0.06 0.24 attached 0.04 0.20 

multi 0.07 0.25 multi 0.07 0.25 

nunits 4.63 32.03 mobile 0.02 0.15 

floors 2.03 1.75    

dwelling age dwelling age 

age 30.80 18.65 age 28.77 18.67 

age2 1,296.26 1,438.92 age2 1,176.08 1,470.62 

age3 65,486.77 107,167.60 age3 60,148.06 110,076.90 

Interior features Interior features 

bedrms 3.23 1.00 bdsp 3.40 0.97 

baths 1.95 0.80 bath 1.00 0.04 

halfb 0.53 0.62 rmsp 7.20 2.49 

nothrm 0.21 0.59    

unitsf 2.45 2.18    

unitsf2 10.74 37.39    

basement 0.42 0.49    

garage 0.71 0.45    

3. Unit equipment 3. Unit equipment 

heating equipment heating fuel 

heatsys 0.89 0.31 hfl1 0.54 0.50 

air conditioning hfl2 0.07 0.25 

airsys 0.88 0.33 hfl3 0.38 0.48 

4. Housing problems hfl4 0.00 0.05 

electrical problem equipment 

ifblow 0.10 0.30 kit 1.00 0.06 

heating problem plm 1.00 0.05 

ifcold 0.01 0.11 rwater 1.00 0.05 

plumbing problems tel 1.04 0.66 
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iftlt 0.02 0.13 stov 1.00 0.05 

ifdry 0.02 0.16 sink 1.00 0.04 

ifsew 0.01 0.10 refr 1.00 0.04 

otleak 0.02 0.13 access 0.91 0.29 

rats 0.01 0.12    

structural problems    

bigp 0.02 0.13    

ecrumb 0.01 0.10    

eholer 0.01 0.10    

emissr 0.02 0.13    

esagr 0.01 0.10    

emissw 0.01 0.10    

eslopw 0.01 0.07    

ebroke 0.02 0.12    

holes 0.01 0.10    

cracks 0.04 0.19    

leaking and mold    

leak 0.14 0.35    

ileak 0.08 0.27    

general      

zadeq 1.05 0.27    

5. Neighborhood characteristics    

hown 8.25 1.63    

howh 8.60 1.41    

6. Geography characteristics    

metro 0.21 0.41    
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Table 3.20 Hedonic Regressions Results of Asset Price Indices 

AHS ACS 

Variable Coef. Std. Err. Variable Coef. Std. Err. 

Structural characteristics Structural characteristics 

Structure type Structure type 

detached 2.444 0.441 detached 1.329 0.225 

attached 2.514 0.441 attached 1.371 0.225 

multi 2.546 0.446 multi 1.665 0.226 

nunits 0.001 0.001 mobile 0.092 0.226 

floors 0.003 0.020 dwelling age 

dwelling age age -0.018 0.001 

age -0.007 0.007 age2 0.000 0.000 

age2 0.000 0.000 age3 1.60E-06 2.61E-07 

age3 1.37E-06 1.40E-06 Interior features 

Interior features bdsp 0.128 0.004 

bedrms 0.067 0.028 bath 0.208 0.201 

baths 0.284 0.028 rmsp 0.091 0.001 

halfb 0.113 0.027 Unit equipment 

nothrm 0.015 0.023 heating fuel 

unitsf 0.000 0.000 hfl1 0.072 0.022 

unitsf2 -3.58E-09 8.32E-10 hfl2 0.049 0.024 

basement 0.095 0.036 hfl3 -0.031 0.022 

garage 0.121 0.035 hfl4 -0.036 0.061 

Unit equipment equipment 

heating equipment kit 0.105 0.123 

heatsys 0.011 0.043 plm 0.037 0.190 

air conditioning rwater -0.136 0.181 

airsys 0.173 0.050 tel 0.003 0.003 

Housing problems stov -0.077 0.133 

electrical problem sink -0.020 0.205 

ifblow 0.093 0.033 refr -0.132 0.125 

heating problem access 0.171 0.012 

ifcold -0.001 0.091    

plumbing problems    

iftlt -0.148 0.117    

ifdry 0.171 0.085    

ifsew 0.194 0.146    

otleak -0.016 0.064    
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rats 0.040 0.084    

structural problems    

bigp -0.066 0.101    

ecrumb -0.088 0.113    

eholer -0.186 0.102    

emissr -0.115 0.104    

esagr 0.098 0.109    

emissw -0.041 0.119    

eslopw -0.183 0.140    

ebroke 0.084 0.091    

holes -0.355 0.291    

cracks 0.043 0.087    

leaking and mold    

leak 0.031 0.033    

ileak -0.010 0.040    

general      

zadeq 0.033 0.052    

Neighborhood characteristics    

hown 0.034 0.010    

howh 0.006 0.013    

Geography characteristics    

metro 0.047 0.047    
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Table 3.21 Results of Asset Price Hedonic Regressions Using Common Covariates 

AHS ACS 

Variable Coef. Std. Err. Variable Coef. Std. Err. 

Structural characteristics Structural characteristics 

Structure type Structure type 

detached 2.810 0.427 detached 1.351 0.223 

attached 2.779 0.431 attached 1.399 0.223 

multi 2.842 0.433 multi 1.699 0.224 

nunits 0.001 0.000 mobile 0.104 0.223 

dwelling age dwelling age 

age -0.006 0.006 age -0.017 0.001 

age2 0.000 0.000 age2 0.000 0.000 

age3 2.22E-06 1.38E-06 age3 1.81E-06 2.62E-07 

Interior features Interior features 

bedrms 0.102 0.029 bdsp 0.131 0.004 

baths 0.366 0.026 bath 0.076 0.079 

halfb 0.166 0.030 rmsp 0.092 0.001 

nothrm 0.032 0.023 Unit equipment 

Unit equipment heating fuel 

heating equipment hfl1 0.085 0.022 

heatsys 0.097 0.042 hfl2 0.054 0.024 

   hfl3 -0.021 0.022 

   hfl4 -0.034 0.062 
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Table 3.22 Asset Price Indices in Atlanta 

Year 
HPI Average Annual Appreciation (%) 

AHS ACS AHS ACS 

1985 76177.75    

1987 89432.59  8.35%  

1989 89833.05  0.22%  

1991 88499.89  -0.74%  

1993 98167.6  5.32%  

1995 97849.25  -0.16%  

1997 108812.5  5.45%  

1999 120471.1  5.22%  

2001 151609.3  12.18%  

2003 155984.8  1.43%  

2005 163009.1 129596.1 2.23%  

2006  138425  6.81% 

2007 162682.8 149452.4 -0.10% 7.97% 

2008  163110.5 -0.10% 9.14% 

2009 178794.5 158378.7 4.83% -2.90% 

2010  159028.9 4.83% 0.41% 

2011 140903 157556.6 -11.23% -0.93% 

2012  168097.6 -11.23% 6.69% 

2013 103816.4 133221.5 -14.16% -20.75% 

2014  139723.1  4.88% 

2015  172305.6  23.32% 

2016  179315  4.07% 

2017  195177.6  8.85% 

2018  206881.7  6.00% 

2019  222135.5  7.37% 
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Figure 3.1 Compare AHS versus ACS Hedonic Asset Price Indices 
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Figure 3.2 Compare AHS versus ACS Hedonic Rental Price Indices 
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Appendices 

A Chapter 1 Appendix 

A1.1 Number of Housing Units Sampled by MSA, by Metro Status and Model (Owner-occupied Units) 

MSA Name 

Number of Housing Units 

Model A:  

standard hedonic 

Model B:  

repeat-value 

Model C:  

Hybrid 

Center City Suburb Center City Suburb Center City Suburb 

Albany-Schenectady-Troy, NY 283 502 117 261 278 499 

Allentown-Bethlehem-Easton, PA 290 309 122 145 286 307 

Atlanta, GA 672 2,203 172 916 555 2,164 

Bakersfield, CA 299 187 164 85 294 184 

Baltimore, MD 1,029 1,627 354 745 1,014 1,618 

Baton Rouge, LA 289 299 108 154 283 288 

Bergen-Passaic, NJ 80 1,738 18 735 76 1,721 

Birmingham, AL 731 653 146 324 390 645 

Boston, MA 887 2,644 332 1,174 871 2,615 

Bridgeport-Milford, CT 399 474 160 228 395 468 

Canton, OH 213 230 101 129 201 230 

Chattanooga, TN-GA 244 258 105 131 234 256 

Chicago, IL 3,820 6,396 1,237 3,028 3,591 6,320 

Cincinnati, OH-KY-IN 527 1,257 147 617 380 1,242 

Cleveland, OH 863 2,061 271 1,080 649 2,040 

Columbia, SC 121 412 52 224 119 402 

Columbus, OH 1,580 568 417 297 873 566 

Dallas, TX 3,602 1,955 1,370 966 2,634 1,691 

Denver, CO 1,496 282 462 127 1,080 278 

Detroit, MI 2,013 9,748 724 3,992 1,825 8,722 
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Flint, MI 203 245 106 139 200 241 

Fort Lauderdale-Hollywood, FL 651 1,693 228 714 637 1,674 

Fresno, CA 394 199 207 112 390 197 

Gary-Hammond, IN 290 419 151 187 283 416 

Grand Rapids, MI 371 505 183 273 363 495 

Greenville-Spartanburg, SC 156 470 66 225 154 470 

Honolulu, HI 435 386 152 173 427 380 

Houston, TX 2,047 1,477 981 797 2,010 1,451 

Indianapolis, IN 1,839 323 481 176 982 321 

Jersey City, NJ 162 284 50 80 154 275 

Johnson City-Kingsport-Bristol, TN-VA 177 274 64 120 175 272 

Joliet-Naperville, IN-WI 137 365 61 183 135 362 

Kansas City, MO-KS 1,338 1,002 446 544 951 998 

Knoxville, TN 279 273 129 131 267 272 

Lake County, IL 219 840 78 403 209 835 

Las Vegas, NV 562 626 249 324 559 621 

Lawrence-Haverhill, MA-NH 148 143 63 57 145 143 

Los Angeles-Long Beach, CA 5,694 8,622 1,969 3,779 5,127 8,299 

Memphis, TN-AR-MS 1,516 341 459 187 899 340 

Miami-Hialeah, FL 713 2,036 231 802 685 1,995 

Milwaukee, WI 1,323 982 479 563 879 976 

Minneapolis-Saint Paul, MN 1,112 2,387 527 1,151 1,103 2,366 

New Haven-Meriden, CT 147 374 65 156 145 372 

New Orleans, LA 1,266 741 283 366 694 723 

New York City, NY 6,233 3,670 1,784 1,548 5,940 3,631 

Norfolk-Portsmouth, VA 1,831 1,070 842 167 1,597 331 

Oklahoma City, OK 837 395 438 227 821 390 

Omaha, NE-IA 536 256 256 118 534 254 

Orlando, FL 187 1,157 80 579 183 1,140 

Oxnard-Ventura, CA 273 497 133 269 260 493 
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Peoria, IL 243 166 122 67 242 164 

Philadelphia, PA-NJ 2,940 8,176 1,129 3,193 2,688 7,418 

Phoenix, AZ 3,159 1,091 1,249 451 2,810 879 

Pittsburgh, PA 680 2,304 228 1,117 551 2,283 

Providence, RI 442 707 49 349 131 703 

Riverside-San Bernardino, CA 695 2,040 272 1,049 577 1,911 

Rochester, NY 250 805 125 443 242 801 

Sacramento, CA 1,010 839 363 468 666 836 

Saint Louis, MO-IL 673 1,995 266 1,042 541 1,972 

Salt Lake City-Ogden, UT 414 1,187 166 522 404 1,177 

San Antonio, TX 1,277 225 675 128 1,256 214 

San Diego, CA 2,259 1,262 748 609 1,548 1,252 

San Francisco, CA 2,324 3,477 595 1,656 1,528 3,444 

San Jose, CA 2,014 916 553 452 1,051 907 

Scranton-Wilkes Barre, PA 235 472 98 241 230 468 

Seattle, WA 991 1,642 389 742 979 1,621 

Springfield, MA 287 347 149 174 283 347 

Syracuse, NY 191 315 91 158 188 312 

Tacoma, WA 279 320 117 180 274 315 

Tampa-Saint Petersburg-Clearwater, FL 1,051 2,090 463 961 1,032 2,072 

Toledo, OH 543 248 292 143 538 247 

Tucson, AZ 647 392 267 171 635 389 

Washington, DC-MD-VA 945 3,646 345 1,557 913 3,602 

West Palm Beach-Boca Raton, FL 435 1,132 173 446 420 1,122 

Worcester, MA 272 122 132 66 271 118 

Youngstown-Warren, OH 193 392 90 197 192 380 

Total 74,963 102,163 26,966 46,490 63,126 97,943 

Source: U.S. Department of Housing and Urban Development and U.S. Census Bureau, American Housing Survey 1985-2013 

Note: Econometric details of Model A-C are explained in Equation (1)-(7). 
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A1.2 Number of Housing Units Sampled by MSA, by Metro Status and Model (Rental Units) 

MSA Name 

Number of Housing Units 

Model A:  

standard hedonic 

Model B:  

repeat-value 

Model C:  

Hybrid 

center city suburb center city suburb center city suburb 

Albany-Schenectady-Troy, NY 374 218 145 91 368 214 

Allentown-Bethlehem-Easton, PA 295 184 118 73 293 180 

Atlanta, GA 843 1,556 208 451 723 1,505 

Bakersfield, CA 191 122 59 39 187 118 

Baltimore, MD 870 896 282 379 848 882 

Baton Rouge, LA 253 108 75 30 249 105 

Bergen-Passaic, NJ 180 866 78 310 177 848 

Birmingham, AL 582 234 104 86 282 226 

Boston, MA 1,233 1,484 445 535 1,216 1,457 

Bridgeport-Milford, CT 383 68 116 38 374 62 

Canton, OH 161 53 60 16 160 53 

Chattanooga, TN-GA 216 98 72 43 215 95 

Chicago, IL 4,445 2,270 1,156 761 4,264 2,179 

Cincinnati, OH-KY-IN 691 585 202 280 523 570 

Cleveland, OH 726 768 186 277 486 748 

Columbia, SC 87 211 34 74 84 205 

Columbus, OH 1,717 215 408 88 1,080 209 

Dallas, TX 4,038 1,369 1,026 396 2,986 1,090 

Denver, CO 1,406 53     

Detroit, MI 1,199 2,889 346 837 1,068 2,417 

Flint, MI 99 137 39 60 97 127 

Fort Lauderdale-Hollywood, FL 478 780 183 276 456 749 

Fresno, CA 423 146 122 47 406 139 

Gary-Hammond, IN 238 125 77 44 233 123 

Grand Rapids, MI 183 196 71 74 179 191 
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Greenville-Spartanburg, SC 83 112   81 105 

Honolulu, HI 411 249 110 88 404 248 

Houston, TX 2,445 784 634 252 2,379 754 

Indianapolis, IN 1,713 161 365 57 963 161 

Jersey City, NJ 625 385 281 154 621 382 

Johnson City-Kingsport-Bristol, TN-VA 68 39 24 12 66 33 

Joliet-Naperville, IN-WI 90 66 29 19 89 63 

Kansas City, MO-KS 1,093 500 276 204 775 494 

Knoxville, TN 282 160 85 53 278 158 

Lake County, IL 150 161 28 59 140 156 

Las Vegas, NV 392 569 115 185 379 561 

Lawrence-Haverhill, MA-NH 106 110 37 56 106 110 

Los Angeles-Long Beach, CA 8,690 6,968 2,292 2,316 7,994 6,517 

Memphis, TN-AR-MS 1,221 202 243 49 642 199 

Miami-Hialeah, FL 893 1,061 270 315 868 1,013 

Milwaukee, WI 1,230 373 247 159 714 366 

Minneapolis-Saint Paul, MN 862 881 345 264 839 864 

New Haven-Meriden, CT 299 109 126 44 299 103 

New Orleans, LA 1,093 455 162 143 619 446 

New York City, NY 12,839 1,994 4,306 649 12,638 1,944 

Norfolk-Portsmouth, VA 1,495 555 516 34 1,244 93 

Oklahoma City, OK 769 249 322 96 752 239 

Omaha, NE-IA 452 101 138 25 449 99 

Orlando, FL 306 607 113 216 304 580 

Oxnard-Ventura, CA 225 242 98 98 222 232 

Peoria, IL 156 58 65 19 155 55 

Philadelphia, PA-NJ 1,961 2,448 590 661 1,754 2,163 

Phoenix, AZ 2,215 496 467 100 1,755 270 

Pittsburgh, PA 578 745 158 286 450 723 

Providence, RI 553 353 103 142 282 348 
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Riverside-San Bernardino, CA 638 985 172 301 488 807 

Rochester, NY 386 227 142 91 384 225 

Sacramento, CA 1,072 706 271 247 741 697 

Saint Louis, MO-IL 639 763 187 339 496 740 

Salt Lake City-Ogden, UT 312 433 123 187 299 415 

San Antonio, TX 1,127 91 412 26 1,110 84 

San Diego, CA 2,413 1,164 601 383 1,643 1,142 

San Francisco, CA 3,311 2,117 707 772 2,121 2,075 

San Jose, CA 1,328 603 215 217 669 590 

Scranton-Wilkes Barre, PA 171 210 66 102 165 205 

Seattle, WA 973 931 359 341 955 897 

Springfield, MA 324 199 136 87 321 197 

Syracuse, NY 226 138 63 45 220 137 

Tacoma, WA 282 352 117 162 276 348 

Tampa-Saint Petersburg-Clearwater, FL 732 816 228 263 710 768 

Toledo, OH 315 88 99 29 304 87 

Tucson, AZ 538 144 162 25 518 139 

Washington, DC-MD-VA 1,225 1,742 360 581 1,200 1,671 

West Palm Beach-Boca Raton, FL 232 392 68 120 224 372 

Worcester, MA 181 57 67 27 176 57 

Youngstown-Warren, OH 117 150 40 45 112 143 

Total 81,148 49,132 22,752 16,450 68,347 45,767 

Source: U.S. Department of Housing and Urban Development and U.S. Census Bureau, American Housing Survey 1985-2013 

Note: Econometric details of Model A-C are explained in Equation (1)-(7). 
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A1.3 Summary Statistics of Annual Average Real Appreciation Rates of Asset Price Indices 

Year 
Num. of 

Obs. 

Standard Hedonic Model Repeat-value Model Hybrid Model 

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

Panel A: Center City 

1987 76 4.52% 0.097 8.61% 0.386 3.62% 0.118 

1989 76 1.32% 0.086 2.63% 0.284 1.45% 0.102 

1991 76 -2.86% 0.080 -1.68% 0.218 -4.23% 0.104 

1993 76 -0.48% 0.075 -0.03% 0.213 1.39% 0.235 

1995 76 -1.86% 0.073 0.86% 0.254 -2.27% 0.096 

1997 76 -1.64% 0.132 4.90% 0.310 -1.45% 0.162 

1999 76 6.20% 0.265 617.85% 53.649 4.99% 0.298 

2001 76 6.96% 0.218 5.05% 0.267 6.30% 0.226 

2003 76 3.04% 0.150 7.31% 0.335 3.04% 0.159 

2005 76 6.59% 0.193 7.07% 0.292 5.06% 0.219 

2007 76 1.89% 0.215 11.33% 0.442 3.05% 0.235 

2009 76 -1.41% 0.212 -4.54% 0.412 -2.49% 0.246 

2011 76 -7.15% 0.147 -7.97% 0.209 -7.79% 0.166 

2013 76 1.37% 0.387 9.96% 1.229 2.58% 0.447 

Panel B: Suburb 

1987 76 4.09% 0.081 2.63% 0.125 4.11% 0.089 

1989 76 1.46% 0.066 -0.45% 0.104 1.79% 0.078 

1991 76 -1.90% 0.066 -3.53% 0.086 -1.27% 0.079 

1993 76 -1.63% 0.048 -3.75% 0.079 -1.95% 0.064 

1995 76 -0.94% 0.054 -2.26% 0.091 -0.28% 0.080 

1997 76 -2.20% 0.093 -3.66% 0.101 -2.04% 0.090 

1999 76 2.33% 0.102 -0.59% 0.253 2.82% 0.106 

2001 76 6.73% 0.150 6.88% 0.348 8.59% 0.194 

2003 76 4.64% 0.141 2.01% 0.111 4.67% 0.127 

2005 76 6.39% 0.154 4.58% 0.127 6.89% 0.155 

2007 76 2.78% 0.171 -0.06% 0.161 2.38% 0.134 

2009 76 -7.99% 0.152 -10.50% 0.171 -8.31% 0.159 

2011 76 -2.04% 0.210 -6.06% 0.195 -1.19% 0.270 

2013 76 -5.44% 0.181 8.29% 1.021 -4.19% 0.188 
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A1.4 Summary Statistics of Annual Average Real Appreciation Rates of Rental Price Indices 

Year 
Num. of 

Obs. 

Standard Hedonic Model Repeat-value Model Hybrid Model 

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

Panel A: Center City 

1987 76 3.22% 0.092 6.75% 0.421 2.65% 0.093 

1989 76 0.37% 0.077 1.83% 0.154 0.34% 0.104 

1991 76 1.42% 0.088 4.77% 0.203 0.52% 0.084 

1993 76 -0.43% 0.078 0.36% 0.117 1.07% 0.089 

1995 76 0.53% 0.068 1.03% 0.136 -0.48% 0.072 

1997 76 -1.70% 0.095 1.01% 0.148 -0.45% 0.109 

1999 76 1.74% 0.114 -1.99% 0.158 1.19% 0.119 

2001 76 2.29% 0.093 0.68% 0.124 1.51% 0.087 

2003 76 1.94% 0.115 8.08% 0.498 1.86% 0.111 

2005 76 1.30% 0.088 0.87% 0.150 1.18% 0.086 

2007 76 0.70% 0.097 1.64% 0.136 1.20% 0.109 

2009 76 -0.67% 0.125 2.18% 0.229 -0.35% 0.128 

2011 76 2.25% 0.178 3.83% 0.184 0.47% 0.100 

2013 76 -1.01% 0.118 32.05% 2.607 -0.57% 0.218 

Panel B: Suburb 

1987 76 2.04% 0.115 7.22% 0.387 2.77% 0.143 

1989 76 3.91% 0.097 3.80% 0.265 4.16% 0.129 

1991 76 1.47% 0.075 3.87% 0.245 2.88% 0.127 

1993 76 0.83% 0.072 3.06% 0.297 1.14% 0.120 

1995 76 0.69% 0.092 7.13% 0.312 2.68% 0.186 

1997 76 -3.16% 0.092 0.54% 0.220 -1.48% 0.126 

1999 76 2.42% 0.121 2.30% 0.255 3.72% 0.164 

2001 76 3.02% 0.117 5.79% 0.278 4.55% 0.162 

2003 76 -0.23% 0.131 1.92% 0.270 1.24% 0.158 

2005 76 2.22% 0.152 5.16% 0.236 4.18% 0.148 

2007 76 0.39% 0.146 223.20% 42.700 0.87% 0.170 

2009 76 3.88% 0.389 402.96% 34.089 4.61% 0.384 

2011 76 0.70% 0.123 9.32% 0.395 1.00% 0.178 

2013 76 -0.29% 0.156 1.12% 0.246 -0.59% 0.163 
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B Chapter 3 Appendix 

A3.1 Crosswalk of MSA from AHS and PUMA from ACS using OMB 2013 MSA 

definition and 2010 Census Population 

[Table can be found online: 

https://docs.google.com/spreadsheets/d/1m8Krm0LbXTkuru9h0Ktu83jFlPB7rzJC_pKX

YfY6k1M/edit?usp=sharing ] 

A3.2 Hedonic Asset Price Indices Using 1985-2013 AHS 

[Table can be found online: 

https://docs.google.com/spreadsheets/d/1hDOXDbyTgprfQ7XE13o6hCn6kIQyfs-

wIDlQ3tkfOfc/edit?usp=sharing ] 

A3.3 Hedonic Asset Price Indices Using 1985-2013 ACS 

[Table can be found online: 

https://docs.google.com/spreadsheets/d/193e0AD_W6oKcU3fXEJ1YAsonvOuVWW6tr

mgm5R9I-1M/edit?usp=sharing ] 

A3.4 Hedonic Rental Price Indices Using 2005-2019 AHS 

[Table can be found online: 

https://docs.google.com/spreadsheets/d/1GH7YjDTwzPW296pR5fExppeDn3ZhErPeux

MrXogffMI/edit?usp=sharing ] 

A3.5 Hedonic Rental Price Indices Using 2005-2019 ACS 

[Table can be found 

online:https://docs.google.com/spreadsheets/d/1JHl2MOvIZktUSUq6D9HgYZXn1lW1L

UEtBFQ7qVDDsPQ/edit?usp=sharing ] 

 

https://docs.google.com/spreadsheets/d/1m8Krm0LbXTkuru9h0Ktu83jFlPB7rzJC_pKXYfY6k1M/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1m8Krm0LbXTkuru9h0Ktu83jFlPB7rzJC_pKXYfY6k1M/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1hDOXDbyTgprfQ7XE13o6hCn6kIQyfs-wIDlQ3tkfOfc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1hDOXDbyTgprfQ7XE13o6hCn6kIQyfs-wIDlQ3tkfOfc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/193e0AD_W6oKcU3fXEJ1YAsonvOuVWW6trmgm5R9I-1M/edit?usp=sharing
https://docs.google.com/spreadsheets/d/193e0AD_W6oKcU3fXEJ1YAsonvOuVWW6trmgm5R9I-1M/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1GH7YjDTwzPW296pR5fExppeDn3ZhErPeuxMrXogffMI/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1GH7YjDTwzPW296pR5fExppeDn3ZhErPeuxMrXogffMI/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1JHl2MOvIZktUSUq6D9HgYZXn1lW1LUEtBFQ7qVDDsPQ/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1JHl2MOvIZktUSUq6D9HgYZXn1lW1LUEtBFQ7qVDDsPQ/edit?usp=sharing

