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Abstract

Environmental noise may affect hearing and a variety of non-auditory disease processes.
There is some evidence that, like other environmental hazards, noise may be differentially
distributed across communities based on socioeconomic status. We aimed to a) predict day-
time noise pollution levels and b) assess disparities in daytime noise exposure in Chicago,
lllinois. We measured 5-minute daytime noise levels (Leq, 5.min) at 75 randomly selected
sites in Chicago in March, 2019. Geographically-based variables thought to be associated
with noise were obtained, and used to fit a noise land-use regression model to estimate the
daytime environmental noise level at the centroid of the census blocks. Demographic and
socioeconomic data were obtained from the City of Chicago for the 77 community areas,
and associations with daytime noise levels were assessed using spatial autoregressive
models. Mean sampled noise level (Leg, 5-min) Was 60.6 dBA. The adjusted R2 and root
mean square error of the noise land use regression model and the validation model were
0.60 and 4.67 dBA and 0.51 and 5.90 dBA, respectively. Nearly 75% of city blocks and 85%
of city communities have predicted daytime noise level higher than 55 dBA. Of the socioeco-
nomic variables explored, only community per capita income was associated with mean
community predicted noise levels, and was highest for communities with incomes in the 2"
quartile. Both the noise measurements and land-use regression modeling demonstrate that
Chicago has levels of environmental noise likely contributing to the total burden of environ-
mental stressors. Noise is not uniformly distributed across Chicago; it is associated with
proximity to roads and public transportation, and is higher among communities with mid-to-
low incomes per capita, which highlights how socially and economically disadvantaged com-
munities may be disproportionately impacted by this environmental exposure.

Introduction

Environmental noise in urban areas has long been recognized as annoying and adversely
affecting sleep [1, 2]. Evidence is emerging, however, that environmental noise is associated
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with a variety of non-auditory disease processes, including: ischemic heart disease [3], hyper-
tension [4], cognitive function [5], and diabetes [6], among others. These conditions are more
prevalent among low-income, disadvantaged populations [7-10], which suggests a potential
mechanistic role of environmental noise in health disparities. To better elucidate the effect of
noise on human health, it is important to improve our understanding of the determinants of
noise exposures in urban environments and identify at-risk populations. This is challenging in
epidemiologic studies because noise is one of many agents comprising the urban exposome
[11], and can be correlated with other exposures [6].

Noise is thought to influence cardiometabolic health through a physiological stress response
[12], a response influenced by a variety of social and environmental stressors. Repeated and
prolonged exposure to social and environmental stressors activates the sympathetic-adrenal-
medulla system and the hypothalamic-pituitary-adrenal axis, triggering the release of primary
mediators of the stress response including norepinephrine, epinephrine and cortisol [13].
These mediators then activate secondary responses across key regulatory systems of the body,
including the immune, cardiovascular and metabolic systems. Although the physiological
stress response is adaptive during short-lived (i.e., acute) stress exposures, repeated and pro-
longed exposure to environmental stressors can exert a physiological toll on the body that
alters normal functioning and leads to the dysregulation of multiple, interconnected physio-
logical systems [14]. Living in urban areas with high levels of environmental noise may con-
tribute to this process of dysregulation.

Structural racism and economic inequities have resulted in residential and economic segre-
gation, such that communities of color and low-income individuals are often relegated to
neighborhoods characterized by concentrated poverty, economic disinvestment and political
marginalization [15]. Chicago, IL is a large, racially and ethnically diverse city that continues
to experience segregation based on race, ethnicity and socioeconomic status. Urban redevelop-
ment initiatives and housing policies in the 1940s through the 1960s contributed to the segre-
gation of African Americans and Latinos to the South and West sides of the city from non-
Latino whites in the North and East [16]. The impact of residential segregation has been the
disproportionate clustering of adverse health exposures, including noise, in some socially and
economically disadvantaged neighborhoods [17, 18].

The objectives of this study were to: a) predict daytime noise pollution levels and b) assess
disparities in daytime noise exposure in Chicago, IL, USA. This study aims to better elucidate
the association between environmental noise level and socioeconomic status of Chicago’s
communities.

Materials and methods
Noise sampling

Chicago, IL has an area of 606 km? (Fig 1), and is comprised of 77 community areas and
46,357 census blocks. Seventy-five sites were selected for measurement from contiguous 200
m” tiles using stratified random sampling with proportional allocation on two potential deter-
minants of noise: proximity to airports and greenness. These two determinants were selected
because proximity to airports is a distinct determinant of noise, and greenness is used to miti-
gate noise in urban areas [19]. For some sites, the exact location was moved from the tile cen-
troid due to accessibility. The geolocation of the sites was extracted from Google Maps
(Google, Mountain View, CA).

Five-minute average daytime noise levels (Leg, 5.min» dBA) were measured at each site using
the 3M SoundPro sound level meter (3M, Maplewood, MN) on the fast A-weighted setting. A-
weighting is used to adjust the sound pressure levels to reflect the response of the human ear.
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Fig 1. Predicted daytime noise level in the city of Chicago, IL at the census block (left) and community level (middle),
compared to community per capita income (right). Black lines denote the 77 communities.

https://doi.org/10.1371/journal.pone.0254762.g001

The sound level meter was calibrated using the AcoustiCal AC-300 sound level calibrator at a
sound pressure level of 114 dB before and after the sampling periods. The value of Leg, 5-mins
dBA was automatically calculated by the sound level meter. The sound level meter was held at
a height of 1.5 m and a windscreen was used on the microphone (Type 4936, Briiel & Kjeer,
Neerum, Denmark). Noise measurements were made in the “non-rush hour” period between
10 AM and 4 PM in March 2019 (3/8/2019-3/21/2019). Noise sampling in urban areas has
been previously performed using this method, and Leg, 5.min measurements have been found
to be stable over time [20, 21].

Geographically-based variables

Public sources of digitized data were used to identify and calculate a number of geographi-
cally-based variables at each of the 75 sampling sites and the centroids of the 46,375 census
blocks in Chicago. All layer attribution extraction and variable generation were performed
using ArcGIS 10.5 (Esri, Redlands, CA). For each variable, the anticipated association with
environmental noise (positive/negative/unknown) was specified a priori, based on published
literature. The variables can be grouped into four major categories:

1. Land use. Residential, commercial and industrial zoning was calculated based on 2018 Zon-
ing Districts from the City of Chicago data portal (https://data.cityofchicago.org).

2. Aviation traffic. Chicago has two airports—Chicago O’Hare International Airport and Chi-
cago Midway International Airport. The airport locations were extracted from Google
Maps. Noise contours around the airports were based on the Airport Noise Management
System reports [22, 23], which depicted the area with day-night average sound levels higher
than 65 dB based on Federal Aviation Administration’s Integrated Noise Model.

3. Ground traffic. Ground traffic variables included distance to nearest and total length of sur-
rounding streets, major roads, primary roads, Chicago Transit Authority (CTA) train
tracks, CTA bus routes and Metra train tracks. Primary road information was obtained
from the 2016 data from US Census Bureau, Department of Commerce (data.gov), and the
rest of the variables were obtained from data on the City of Chicago data portal.

4. Natural environment. Natural environment variables included distance to Lake Michigan
and Normalized Difference Vegetation Index (NDVI). NDVI was calculated from the public
raster Landsat-8 Satellite image obtained from USGS Earth Explorer (https://earthexplorer.
usgs.gov). NDVI ranges from -1 to 1, where positive values indicate vegetated area and nega-
tive values indicate non-vegetated area, such as water surface or barren land [24].
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The complete list of variables is available in S1 Table in S1 File, and some are depicted in S1
Figin S1 File. Buffer radii of 100, 200, 300, 500 and 1000 meters were used to define area vari-
ables, and are noted as subscripts in the variables. For area variables doughnut-shaped regions
were also defined: ND V5.0, for example, is the difference between NDVIs5o, and NDVI 4.
When multiple years of data were available, the most recent was used.

Descriptive analysis

Descriptive analysis for noise level measurements and certain geographically-based variables
was conducted, and included tabulation of the mean, standard deviation and selected
percentiles.

Land-use regression modelling

A land-use regression (LUR) model was built to predict the spatial pattern of noise in Chicago,
IL. The measured noise level (Leq, smin) Was the dependent variable and the geographically-
based variables were the independent variables. Prior to model fitting, the 75 sampling sites
were randomly divided into a training set (n = 38) and a validation set (n = 37).

The supervised stepwise method was used to build the LUR model with the training set
[25]. Initially, LUR models were fitted for one geographically-based variable at a time. The var-
iable that gave the highest R” in the single-variable models was selected as the first variable for
inclusion in the multivariate LUR model. Individual variables were then added, and retained
in the multivariate LUR model when the adjusted R* improvement was greater than 0.01. Vari-
ables added included interaction and exponential terms. During the stepwise selection process,
we only retained variables in the model that met the following criteria:

1. The regression coefficient direction of each independent variable was the same as our a pri-
ori determination of the direction of effect.

2. The p-value of each independent variable was smaller than 0.2.
3. The variance inflation factor (VIF) of each independent variable was smaller than 4 [26].

To validate the model, the final fitted multivariate LUR model was used to predict noise lev-
els at the 37 sites in the validation set. Model performance was determined by comparing pre-
dicted and measured noise levels at these 37 sites using the adjusted R* and root mean square
error (RMSE).

Socioeconomic analysis

The final LUR model was used to predict noise levels at the geo-centroid of the 46,357 census
blocks in Chicago, IL. The mean noise level, N (dBA), for each of the 77 Chicago community
areas was calculated using the predicted noise level N; for each of the n census blocks within
each community:

|:%>< 10(%> +ix 10(%) +---+%x10(%)

N = log

Demographic and socioeconomic data for the 77 community areas were obtained from the
2008-2012 and 2012-2016 American Community Survey through the City of Chicago data
portal. Ten variables were selected for analysis, including 1) population density, 2) percent
commuters, 3) White race, 4) Hispanic ethnicity, 5) Black race, 6) Asian race, 7) population
without a high school diploma, 8) population unemployed, 9) per capita income and 10) eco-
nomic hardship index. The hardship index is an indicator of economic conditions based on
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the following: the percent of the population living below the poverty level, unemployed, with-
out a high school diploma, less than 18 years old and aged 65 years or older, per capita income,
and crowding level (percentage of housing units with more than one occupant per room) [27,
28]. Percent communters were included because it may reflect an abundance of public transit
options, or lack of financial resources for private transportation.

Moran’s I test, using queen’s case nearest neighbors, indicated mean daytime noise in the
77 communities was spatially autocorrelated, with I = 0.59 given a possible range of -0.83 to
1.03 [29]. As a result, a spatial autoregressive model (SAR) was implemented using the lag-
sarlm function of the ‘spdep’ package in R to explore the association between environmental
noise and socioeconomic variables [30]. Since previous studies suggested that socioeconomic
variables may be non-linearly associated with noise [17], these variables were divided into
quartiles for regression modeling. Locally weighted smoothing (LOESS) was used to graphi-
cally explore the relationships between quartiles of the socioeconomic variables with predicted
community noise levels. As with the LUR model, a supervised stepwise method was used.
First, each socioeconomic variable was separately included in the model. Then, additional vari-
ables were included only when at least one of the quartile dummy variables had p-value < 0.1.
Interim results were inspected to evaluate whether additional variables influenced that coeffi-
cient of other variables. Cook’s D and DFFITS were used to identify and assess the influence of
potential outliers in the regression model.

Results
Noise measurements

The mean measured Leq.s5min is 60.6 dBA, with a range of 48.1-82.0 dBA (Table 1); the noise
sampling sites are shown in S2 Fig in S1 File. The distributions of the geographically-based var-
iables included in the final LUR model at the 75 noise sampling sites are fairly similar to the
distributions for the 46,357 census blocks in Chicago, IL (Table 1). Only the range of values for
NDVI, 4o and NDVIs, are noticeably smaller than those for the city. Overall, the characteris-
tics of the geographically-based variables at the noise sampling sites were similar to those of
the city, though 5,222 of the 46,357 (11.3%) census blocks in the city require predictions out-
side of the range of collected data (S2 Fig in S1 File).

Daytime noise LUR model and predictions

Table 2 shows the final noise LUR model built on the training set (n = 38) to predict the day-
time Leg-smin» which included four independent geographically-based variables. Model

Table 1. Measured noise levels (Leq.smin) and geographically-based variables included in the final land use regression model at the noise sampling sites (n = 75) and
at the centroids of the census blocks in Chicago, IL (n = 46,375).

Variable

Leq-5min
Dcra
PRD; 09
NDVlIpo
NDVIsg
NDVIs00-100

Unit
Mean
dBA 60.6
m 2065
m 12
0.32
0.33
-0.00

Noise Sampling Sites Chicago
SD 0, 50, 100%tiles Mean SD 0, 50,100%tiles
7.9 48.1, 60.8, 82.0
2239 4, 1393, 10720 1999 1992 0, 1258, 11419
76 0,0, 577 37 209 0, 0, 2679
0.15 0.05,0.31,0.70 0.35 0.12 -0.61, 0.36, 0.90
0.12 -0.03, 0.34, 0.81 0.35 0.09 -0.27,0.35,0.87
0.11 -0.27, 0.00, 0.28 0.00 0.08 -0.55, 0.00, 0.53

Dcra: the distance to the nearest CTA train track. PRD;q: the total length of primary road within 100 meters. NDVI,o: the mean NDVI within 100 meters. NDVI54q:
the mean NDVI within 500 meters. NDVI5yg_100: NDVI500 ~-NDVTI,

https://doi.org/10.1371/journal.pone.0254762.t001
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Table 2. Fitted land use regression model predicting daytime noise (Leq.smin» dBA) in Chicago, IL.

Model Training Set Validation Set
Variables i SE p-value VIF adj-R® RMSE (dBA) adj-R? RMSE (dBA)
Intercept 71.95 2.69 <.001 0.60 4.67 0.51 5.90
Dcra -1.69x107° 4.38x107* <.001 1.19
NDVI, g9 -29.87 7.36 <.001 1.79
PRD 9 2.72x1072 8.46x107° 0.002 1.35
NDVIs00.100 -24.50 10.29 0.023 2.08

Dcra: the distance to the nearest CTA train track. PRDqq: the total length of primary road within 100 meters. NDVI;4o: the mean NDVI within 100 meters. NDVI5qq:
the mean NDVI within 500 meters. NDVIsgo_190: NDVI500 -NDVTI, 4o. RMSE: Root-mean square error. VIF: Variance inflation factor.

https://doi.org/10.1371/journal.pone.0254762.t1002

performance was reasonably good, with adjusted R* = 0.60 for the training set and adjusted R
= 0.51 for the validation set. The regression diagnostics showed a slight heteroscedasticity, but
it was not severe (S3 Fig in S1 File). No autoregressive correlation was found through the Mor-
an’s I testing (Moran’s I: 6.09, p < 0.01). Sensitivity analysis verified that the presence of sur-
face water, which has low values of NDVI, did not meaningfully impact the LUR model (S2
Table in S1 File).

The daytime noise level predicted by the LUR model in each of 41,135 census blocks in Chi-
cago that did not require prediction outside the range is shown in Fig 1. The areas with higher
daytime noise levels are noticeably close to interstate highways and major arterials (along the
lakeshore on the north side), and downtown Chicago. Predicted noise levels had mean 58.2
dBA, median 58.5 dBA, and range 41.5-82.5 dBA. Three-fourths (32,078 of 41,135) of the cen-
sus blocks had daytime noise levels greater than 55 dBA, the WHO guideline for preventing
annoyance [31].

Association between noise and socioeconomic conditions

Daytime predicted noise levels for each census block were averaged to estimate the daytime
average noise level in the 77 Chicago communities (Fig 1), and are shown in Table 3 with com-
munity socioeconomic characteristics. Of the ten socioeconomic variables, only community
income per capita was statistically significantly associated with noise (Fig 2, Table 4). In partic-
ular, the second quartile of per capita income ($15,800-$21,300) was associated with increased
community daytime noise. In previous work, other investigators had adjusted for population

Table 3. Predicted daytime noise level and selected socioeconomic variables among 77 Chicago community areas.

Variables Mean Q1 Median Q3 Range
Noise level (dBA) 59.5 57.1 60.1 62.4 47.2-68.7
Population density (1000 person/mile?) 17.9 6.0 11.3 18.1 0.9-139.4
% Commuter 41.7 34.4 41.7 48.5 20.9-66.3
% White 27.9 3.4 15.0 47.2 0.4-88.7
% Hispanic 26.1 3.6 12.5 48.1 0.0-92.6
% Black 38.3 2.8 13.7 87.8 0.5-99.1
% Asian 6.0 0.4 1.9 8.3 0.0-75.2
% no high school diploma 20.3 11.8 18.5 26.6 2.5-54.8
% unemployed 15.4 9.2 13.9 20 4.7-35.9
Income per capita (1,000 USD) 25.6 15.8 21.3 28.9 8.2-88.7
Hardship Index 50 25 50 74 1-98

https://doi.org/10.1371/journal.pone.0254762.t003
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Fig 2. Association between quartiles of community per capita income and mean community daytime noise.

https://doi.org/10.1371/journal.pone.0254762.g002

and/or population density [17], but the addition of community population density quartiles
did not affect the association between per capita income and community daytime noise, nor
improve the model (Likelihood ratio 1.73, p = 0.63). The spatial distribution of community
areas in the second quartile per capita income overlaps with the location of interstate high-
ways, particularly among those communities on the south and west sides of Chicago (Fig 1).
Community area racial and ethnic demographics were not associated with community day-
time noise in univariate models (S3 Table in S1 File).

Table 4. Spatial auto-regression model for the relationship between community noise level and per capita income

quartiles.

Variables B SE p-value Rho p-value
Intercept 8.51 3.59 0.018 0.8491 < 0.001
Income Q2 2.03 0.91 0.024

Income Q3 0.93 0.87 0.287

Income Q4 0.20 0.94 0.832

https://doi.org/10.1371/journal.pone.0254762.t1004
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Discussion

The noise sampling strategy was able to select sites that were representative of potential deter-
minants of noise in Chicago (Table 1), leaving few census blocks outside the range of the
observed data. The LUR model performed well with respect to the training and validation data
sets, as indicated by the adjusted R* and RMSE (Table 2); similar to the performance of other
LUR models of noise in urban areas [32-34].

Independent variables included in the final LUR model-length of primary roads, proxim-
ity to public transportation, and vegetation-are all plausible determinants of environmental
noise in urban environments (Table 2). Monitoring studies, for example, have found noise
levels to be higher near freeways [35] and train tracks [36, 37] than at more distant locations.
The highest single measurement in this study, 82 dBA, was collected near a busy elevated
CTA train station, in an area of high commercial and traffic activity. Phan and Jones [38]
found that noise levels were higher on elevated CTA trains and platforms than on ground-
level trains and platforms, and high commercial and traffic activity have been associated
with elevated noise levels [39, 40]. Areas with more vegetation in Chicago, as in many urban
areas, are less densely built, and have been associated with lower levels of environmental
noise [41-43].

The daytime Leq_smin noise levels measured in this study (mean 60.6 dBA, range 48.1-82
dBA, Table 1) are similar to those measured at other sites in Chicago in 2006 and 2007, which
had mean of 59.3 dBA (range: 48.1-72.1 dBA) and 60.4 dBA (range: 51.3-73.4 dBA), respec-
tively [20]. Further, Leq.5min noise levels measured at the same sites in 2006 and 2007 were
highly correlated (r = 0.84) [20]. While noise sampling sites in this study differed from those in
Allen et al., the data suggest daytime noise levels have not changed substantially in the past
decade [20]. Daytime noise levels in Chicago are similar to those in other American cities,
including Boston, MA [44] and New York City, NY [45].

The predicted daytime noise levels at 75% of the census blocks and 83% of communities in
Chicago are higher than 55 dBA, a guideline value from the WHO set to prevent serious
annoyance [31]. This means that the majority of Chicago residents experience average daytime
outdoor noise levels associated with annoyance and able to activate a physiological response to
stress associated with diverse adverse health outcomes. Owing to the sampling strategy used in
this study, it is likely that Chicago residents experience higher transient noise levels, such as
from an overhead airplane, passing trucks or construction activities.

Of the ten socioeconomic variables explored, community daytime noise level was only sta-
tistically significantly associated with community per capita income, with higher daytime
noise levels associated with the second income quartile relative to the first quartile (Fig 2,
Table 4). Community per capita income is strongly associated with race and ethnicity in Chi-
cago, and the spatial distribution of communities with low per capita income (Fig 1) reflects
well known patterns of residential segregation [16]. Inspection of Fig 1 suggests that the ele-
vated noise levels in communities in the second income quartile is likely the result of interstate
highways that pass through these communities, and the mean total highway length is highest
in this quartile, with 8714 m, compared to 5947 m, 4629 m and 5841 m in the first, third and
fourth quartiles, respectively (S4 Table and S4 Fig in S1 File). Although we found not associa-
tion between community daytime noise and racial and ethnic demographics in this study, his-
torically, the placement and construction of highways were racially and economically
motivated [46] and contributed to “white flight” to the suburbs [47]. This effectively weakened
the local tax base in major cities like Chicago, furthering residential segregation and economic
disinvestment. As a result, lower income communities are primarily located near highways
and traffic-related exposures [48] but the communities with lowest income are physically
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isolated from infrastructure that facilitates transportation and commercial activity, increasing
disparity and deprivation. Thus, communities in the first quartile of per capita income in Chi-
cago are less likely to include interstate highways than communities in the second quartile of
per capital income. In contrast, communities in the highest quartile of per capita income in
Chicago have increased CTA service (54 Table in S1 File).

The socioeconomic variables explored in this study were from the American Community
Survey, which is known to be affected by uncertainty that is not uniformly distributed across
census blocks. For example, Folch et al. [49] identified imprecision in median household
income to be higher in lower-income areas and in urban areas. This issue introduces uncer-
tainty and error into the analysis of the relationship between noise and socioeconomic vari-
ables, but the impact is minimized by use of quartiles for socioeconomic variables.

Application of the LUR model to epidemiologic and socioeconomic disparities may be lim-
ited by the noise metric used in sampling, daytime Leq.5min. While short-term daytime noise
levels have been found to be highly correlated with other metrics of noise levels and times of
days [20, 45], other noise metrics, such as L,, (night-average sound level) or Ly, (day-night
average sound level) that capture nighttime noise, may be more biologically relevant to adverse
health outcomes or disparities. For instance, Casey et al. [17] found statistically significant dif-
ferences in nighttime noise levels among urban block groups with more black residents and
residents living in poverty experiencing greater nighttime noise.

In this study, all noise measurements were collected in the spring on weekdays, though
other work suggests environmental noise levels may vary seasonally and by day of week [44],
such as may arise because of changes in traffic levels. With respect to human exposure, sea-
sonal variation may be driven by human behavior (time indoors and outdoors) and effects of
socioeconomic conditions (access to air conditioners rather than open windows), both of
which impact time spent outdoors and indoor noise exposure. When people spend more time
indoors with closed windows, exposure to outdoor noise may decrease while exposure to
indoor noise increases. Future research should address these sources of variation, and capture
human exposure directly through personal noise dosimetry over 24-hour periods. This will
allow for more robust assessment of noise exposure and exposure disparities that could con-
tribute to adverse health impacts.

Conclusions

Both the noise measurements and LUR modeling demonstrate that Chicago has high levels of
environmental noise, sufficient to cause annoyance and likely contributing to the total burden
of environmental stressors. Noise is not uniformly distributed across the city; it is associated
with proximity to roads and public transportation, and is higher among communities with
mid-to-low incomes per capita, which highlights how socially and economically disadvantaged
communities may be disproportionately impacted by this environmental exposure.
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