JOURNAL OF MEDICAL INTERNET RESEARCH Wang et a

Original Paper

Social Media as a Sensor of Air Quality and Public Response in
China

Shiliang Wang', BS; Michael J Paul®, MS Eng; Mark Dredze?, PhD

L3ohns Hopkins University, Department of Computer Science, Baltimore, MD, United States
23ohns Hopkins University, Human Language Technology Center of Excellence, Batimore, MD, United States

Corresponding Author:

Michael J Paul, MS Eng

Johns Hopkins University
Department of Computer Science
3400 N Charles St

Baltimore, MD, 21218

United States

Phone: 1 410 516 4237

Fax: 1410 516 5050

Email: mpaul @cs.jhu.edu

Abstract

Background: Recent studies have demonstrated the utility of social media data sources for awide range of public health goals,
including disease surveillance, mental health trends, and health perceptions and sentiment. Most such research has focused on
English-language social mediafor the task of disease surveillance.

Objective: We investigated the value of Chinese social media for monitoring air quality trends and related public perceptions
and response. The goal was to determine if this data is suitable for learning actionable information about pollution levels and
public response.

Methods: We mined a collection of 93 million messages from Sina Weibo, China's largest microblogging service. We
experimented with different filters to identify messages relevant to air quality, based on keyword matching and topic modeling.
We evaluated the reliability of the datafilters by comparing message volume per city to air particle pollution rates obtained from
the Chinese government for 74 cities. Additionally, we performed a qualitative study of the content of pollution-rel ated messages
by coding a sample of 170 messages for relevance to air quality, and whether the message included details such as a reactive
behavior or a health concern.

Results:  The volume of pollution-related messagesis highly correlated with particle pollution levels, with Pearson correlation
values up to .718 (n=74, P<.001). Our qualitative results found that 67.1% (114/170) of messages were relevant to air quality
and of those, 78.9% (90/114) were a firsthand report. Of firsthand reports, 28% (32/90) indicated a reactive behavior and 19%
(17/90) expressed a health concern. Additionally, 3 messages of 170 requested that action be taken to improve quality.

Conclusions. We have found quantitatively that message volume in Sina Weibo is indicative of true particle pollution levels,
and we have found qualitatively that messages contain rich details including perceptions, behaviors, and self-reported health
effects. Social media data can augment existing air pollution surveillance data, especially perception and health-related data that
traditionally requires expensive surveys or interviews.

(J Med I nternet Res 2015;17(3):€22) doi: 10.2196/jmir.3875
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: influenza[1,2] and alergies[3], tracking health behaviors such
Introduction as smoking [4-6] and exercise [7], identifying mental health

Recent studies have demonstrated the utility of social media  trénds [8,9], and measuring health perceptions and sentiment
data sources for a wide range of public health goals. Studies  [10.11]. Thesearejust someof the many hedlth topics discussed
have focused on epidemiological surveillance systems for  ON the social media service Twitter [12], demonstrating the
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ability of social mediato complement traditional public health
methods, often providing trends faster than traditional
surveillance and insights that are difficult to detect through
traditional mechanisms.

However, most work to date has focused on Twitter,
emphasizing health topics of major concernin the United States,
with little work concerning health issues important in other
countries. Only recently has attention been given to studying
health in Chinese social media, primarily for the purpose of
influenza surveillance [13-16]. Our recent study [17] analyzed
the diversity of health content in messages from Sina Weibo
(abbreviated as Weibo), a microblogging site popular in China.
While many of the health topicswere similar to thoseidentified
on Twitter (eg, influenza, common cold, exercise, and vision
health), some topics were unique to China. Most notably,
Chinese social media users often discussed pollution and air
quality in China, amajor Chinese public health issue[18], which
receives less attention on Twitter [19].

Air pollution can have tremendous health consequences, such
asincreased respiratory and cardiovascular disease[20,21]. Air
pollution is a major concern in China, where pollution levels
are rising alongside rapid urbanization and industrialization
[22,23]. Addressing air pollution requireslocalized surveillance
of pollutant levels. Additionally, it is important to understand
public awareness, concern, attitudes, health effects, and
behavioral response to air pollution [24]. Researchers have
investigated public perceptions of risk regarding pollutants[25],
emotional and affective responses to air pollution [26], and
behavioral responses to pollution, for example, to understand
whether people are taking averting action such as staying indoors
[27]. This knowledge is important for guiding public policy
efforts to reduce pollution, for informing researchers building
accurate models of pollution health effects, and for directing
the public on how to best respond and protect themselves. So
far, these studies have relied on traditional public health
methods, such as surveys, for obtaining necessary data.

In this paper, we investigate whether social media data can be
used to identify air quality trends and public responsein China.
Mining social media offers the potential for these trends to be
identified in real time and on amassive scale. We mined Weibo
messages for statements about air quality and pollution. We
demonstrated two epidemiological uses of these data. First, we
compared the volume of air quality messages with fine particle
pollution in 74 Chinese cities to evaluate the effectiveness of
social media for complementing air quality sensors. Second,
we conducted amanual coding analysis of asample of messages
to evaluate the ability for measuring public perception,
awareness, and response to pollution, a first step toward
quantifying the impact of environmental factors on health.

Methods

Data

We collected 93 million messages from Weibo using Weibo's
public API. Starting with asmall set of randomly selected seed
users, we downloaded the 100 most recent messages from each
user, then proceeded recursively to download datafor the user’'s
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followers. All messages were collected in December 2013 but
the messages were written as far back as 2009. Since we
obtained the most recent messages for each user, the bulk are
from 2013 (68.42%, 63,789,097/93,225,579). To focus on the
health aspect of air quality and pollution, we selected a set of
917,708 messages obtained by filtering using a list of 1282
health-related termsfrom a Chinese medical dictionary [28], as
well as terms added manually, such as terms related to air
pollution: pollution (55), lungs (AHER), and smog (MRE).
These data were originally collected as part of a broad study
into health topics in Chinese social media [17]. The text was
preprocessed by removing punctuation, common “stop words”’,
and infrequent words, and performing Chinese word
segmentation (see [17] for details).

Weibo requires that users provide city and province upon
registration, which is included in the downloaded data
Additionally, each user account has a verified attribute that
designates whether it is an individual user (as well as
celebrities), a government account, a company account, the
media, or others.

To aid additional work on this topic, we are making publicly
available the health keywords used to filter Weibo messages,
the statistics computed from Weibo for each city and filter, and
alist of the Weibo message IDs used in this study along with
the filters they matched (see Multimedia Appendix 1). While
we are unableto provide the raw Weibo messages per theterms
of service, the Weibo public APl can be used to directly
download messages given the IDs.

Identifying Air Quality M essages

We experimented with two methods for identifying messages
related to air quality or pollution. First, we used a simple
keyword-based filter in which we selected messagesthat contain
oneof four relevant terms: pollution (i), air (Z25), breathe
(MFIR), and cough (FZ ).

Second, we used Latent Dirichlet Allocation (LDA) [29], a
probabilistic topic model, to filter messages that belonged to
topics relevant to air quality or pollution. A topic model is a
probabilistic model of text data, which has two sets of
parameters. each document has a discrete distribution over
“topics’ and each topic has a discrete distribution over words.
When estimating the parameters of thismodel, the topic-specific
word distributions typically give high probability to words that
tend to occur together in documents. Each topic can therefore
be interpreted as atopically or semantically coherent group of
words. These parameters are wholly inferred from a raw text
corpus, alowing the model to learn topics specific to data of
interest.

The LDA model parameterswere estimated after 1000 iterations
of Gibbs sampling, using 100 topics on our health Weibo
dataset. We found two topics whose high-probability words
were potentially relevant to air quality, shown in Figure 1 as
word clouds. The words in the figure represent the 25
highest-probability wordsin each topic. Larger words are more
probable. The words have been translated from the original
Chinesetext. Thefirst topic (*“AQ") includes many wordsrelated
to air quality, while the second topic (“PO”) is more generally
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about pollution. Since these words are derived from a fully
automated method, they contain many words readily
recognizable as relevant to the topic, whereas a few are not as
clear.

We used these two topicsto filter Weibo messages by selecting
messages where at least one token was assigned to the given
topic by the sampler.

Wang et al

We experimented with combining our two filtering
mechani sms—keyword-based and topic model -based filters—by
taking their intersection, selecting messages that both contain
aparticular topic and a particular keyword.

Finaly, we experimented with filtering out messages that
contained URL s, under the assumption that these messages are
likely to be sharing news mediarather than personal experiences
[30].

Figure 1. Two pollution-related topics|learned from a probabilistic topic model. The left topic isabout air quality, and the right topic is about pollution

in general.
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Comparison to Air Quality M easurements

We compared the volume of air quality messages with fine
particle pollution (PM2.5) measurements for 74 Chinese cities
from 2013. We compared to the average daily value across 2013
aswell asthe maximum of all daily values. The datacamefrom
the State Environmental Protection Department, which began
air quality monitoring in 2012 for these 74 cities [31,32]. Fine
particles are those less than 2.5 micrometers in diameter,
detected with automated monitoring systems that run
continuously with at least 85% uptime, beginning August 2013.
The sensing methods are described in [33] (Chinese only). We
focus on fine particle pollution because it posesagreater health
risk than coarse particle pollution [34].

For each of the cities, we computed the volume of social media
activity as the number of messages from the city after filtering
for relevance, divided by the total number of messages from
the city across the entire dataset. This normalization technique
has been previously used for obtaining rates from Twitter data
[2]. We measured the Pearson correlation (n=74) between the
Weibo volumes and the city PM2.5 values.

Analysis of M essage Content

We coded 170 randomly sel ected messages. We |abel ed whether
the message discussed air quality or air pollution, and if so
whether it described a firsthand experience by the user (rather
than a general awareness), and if so whether the user reported
achangein behavior (eg, wearing amask), and whether the user
expressed concern for his or her health. If amessage discussed
air quality, we also labeled whether the user requested that action
(eg, by the government or community) be taken to improve air
quality.
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Of messages expressing a health concern, we noted any specific
symptoms or health conditions explicitly identified in the
message that were perceived to be aresult of poor air quality.

Messages were coded independently by two annotators and
disagreements were resolved after discussion with a third
annotator. We measured the agreement between the two primary
annotators using Cohen’s kappa score.

M essage Classification

Finaly, we experimented with a supervised machine learning
approach for identifying relevant messages, using the 170 coded
messages as training data. While the messages were not coded
for the purpose of training amodel, thisisanatural experiment
to try because messages were labeled with details about
relevance.

We used a cascade approach similar to that of Lamb et al for
influenza in social media [30], first classifying messages for
relevanceto air quality, and then classifying messagesindicating
afirsthand experience (rather than a more general awareness).
Thefirst classifier (relevance) wastrained on all 170 messages,
while the second classifier (firsthand experience) was trained
on the subset of messages|abeled asrelevant. Thetwo classifiers
were constructed aslogistic regression modelsusing 1-, 2-, and
3-gram word features.

We applied the classifiers to the full set of messages and, as
with the other filters, we measured the correlation between the
volume of messages identified by the classifiers with the
government data.
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Results Comparison to Air Quality M easurements

Table 1 shows the correlations between the volume of filtered
Data Statistics messages in each of the 74 cities and the PM 2.5 values. None

Of the 917,708 messagesthat werefiltered for all health-related
keywords, 405,467 messages came from the 74 cities with
PM 2.5 data, with an average of 5479 messages per city (median
3079).

Almost al user accounts, 99.31% (432,862/435,873), were
considered “individua” users (not government, business, or
media). Government accounts were 0.14% (613/435,873) of
users, 0.49% (2147/435,873) were companies, and 0.06%
(251/435,873) were media accounts. Thus our data represents
individual users as opposed to organizations or governments.

In total, regardless of location, the four keywords matched
75,912 messages, the AQ topic matched 15,763 messages, and
the PO topic matched 45,172. For the air quality comparison,
we filtered these messages based on the 74 available cities,
while the analysis of message content drew from the total
dataset.

of the differences between correlations when using the
maximum daily value (MDV) versus the average daily value
(ADV) are statistically significant, but the highest correlations
arewith ADV. Figure 2 shows a scatter plot of these values for
our best filter.

Of the individual keyword filters, “ar” has the highest
correlations, while of the topic modd filters, the AQ topic
correlates best. Additionally, we discovered that the correl ations
can be improved further by combining the best topic model
(AQ) with the best keywords (“air” and “ pollution”). Combining
the AQ topic with “pollution” yields the highest correlation.

If we exclude messages that contain URLS, the correlations
improve in all cases except with the PO topic filter.

The highest correlation achieved is with the AQ+" pollution”
filter on messages without URLSs, at .703 (P<.001).

Table 1. Correlation of messages matching each filter in 74 cities to the average (ADV) and maximum (MDV) daily PM2.5 valuesin 2013.

Filter Including URLs Without URLSs
Number of messages  Corr. (ADV)? Corr. (M DV)b Number of messages Corr. (ADV) Corr. (MDV)

AQ® topic 7665 .546 545 5866 .583 .565

po¢ topic 21,902 .361 421 17,696 .286 .387

“ar” 6321 .552 .593 4949 .610 .637
“pollution” 15,809 458 474 12,044 .606 .633
“breathe’ 4807 351 .257 4454 .361 .290
“cough” 12,437 -.005 -.151 11,921 .027 -.023
AQ+"air” 4133 .564 557 3103 .623 .579
AQ+“pollution” 4866 .630 .619 3766 .703 .657

8Corr. (ADV): Correlation, average daily value
bcorr. (MDV): Correlation, maximum daily value
CAQ: air quality

dpo: pollution
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Figure 2. Scatter plot showing average daily PM2.5 values (y-axis) and the Weibo rate for 74 cities using our most correlated filter, AQ+" pollution”

(r=.703).

Analysis of M essage Content

We analyzed 170 messages from the AQ topic, which had the
highest correlation of the two topics. We did not filter for
specific keywords so that we could get a broader set of
messages. To target messages that were more strongly relevant
to the topic, we sel ected messages such that the message’ stopic
distribution assigned more than a 0.1 probability of the
document being about this topic, which yields messages with
at least two tokens of thistopic on average.

These results are summarized in Figure 3. We found that 114
(67.1%) messages sampled through this filter were actually
relevant to air quality or air pollution. Of those 114 messages,
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90 indicated a firsthand experience (79.0%). Of those 90
messages, 32 (36%) mentioned a reactive behavior, and 17
(19%) expressed a concern for the user’s health.

Three (2.6%) out of 114 rel evant messages requested that action
by taken to improve the air quality. One message declared a
need to reduce carbon emissions, while the other two more
generaly caled for cleaner air (one was directed at the
government).

The most common reactive behavior was wearing a face mask,
while other behaviors include washing clothes and staying
indoors.
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Of the 17 messages expressing a health concern, five reported
a cough, three reported a sore throat, and two reported dry or
peeling skin. Various health conditions were also reported:
rhinitis (four messages), allergic rhinitis (one), pharyngitis (one),
and asthma (one).

A common pattern that we noticed in firsthand messages that
did not belong to the more specific categories (reactive behavior
or health concern) is the expression of emotions such as anger
or sadness; however, we chose not to quantify this characteristic
because it is difficult to define concretely.

Table 2 shows annotator agreement scores from the initial
annotations, before disagreements were resolved. Annotator
agreement percentages ranged from 78% to 97%. There was

Wang et al

very high agreement on whether messages were relevant to air
quality, whether the user regquested action to improve quality,
and whether the user expressed a reactive behavior.

There was less high agreement about whether messages were
a firsthand experience, which was sometimes ambiguous and
difficult to determine. The lowest agreement was on whether
the user expressed a health concern. Annotator divergence
primarily stemmed from disagreement over whether a general
discomfort should be classified asahealth concern. For example,
many users expressed discomfort breathing and thus wore a
mask. After discussion, we did not count such messages as
health concerns, unless health concerns were explicitly stated.
Table 3 shows examples of messages that illustrate the various
annotations.

Table 2. Percentage of annotated messages matching the criteria, along with annotator agreement statistics for each question.

Code Agreement, n (%) Agreement (kappa)
Relevant to air quality, n=170 160 (94.1) .869
Request for action, n=107 104 (97.2) 557
Firsthand experience, n=107 87 (81.3) .363
Reactive behavior, =78 73(93.6) 864
Health concern, n=78 61 (78.2) 429

Table 3. Examples of messages with various labels (the original Chinese Weibo is shown, followed by an English trandation).

Label Message

Not about pollution

BERT. EE—RONZE L, ERPIREATUEEIN, =5

BHRBERUARRERIRX.

To 10 WRER SR B T WINNE ST 2 WANE o

| was tired and fainting. The high price, the urine-scented air, and the heavy, gray day made the airport
bus feel like a cage. Plus, every meal on the airport bus was curry.

About pollution, not afirsthand experience

NI RIBEIFEH RIS RIZEHILR,

PMIER .

A foreigner said that this picture shows the serious pollution of Beijing. The PM value istoo high.

Request for action

BEAEE S REEE RN A RRREITE

Don't wait until the air has already been heavily polluted to start reducing carbon.

SHBHEHEE,—

Firsthand, reactive behavior

EESERTLRRE SR ERESE.

| want to go running this evening. However, it islightly polluted based on the air pollution index, so |

have to stay at home.
=RBIFF IR o

Firsthand, health concern —E=]
(+ reactive behavior)

go outside [sick].

ERIERAORSEX, UEEMNEOS[ER].
| start coughing three days ago. It must be caused by the pollution in Beijing! | will wear amask when |
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Figure3. Summary of annotation results on sample of 170 messages. Tree structureindicates which codes are dependent on their parent codes. Different

branches are not mutually exclusive.

M essage Classification

We evaluated the classifiers with 10-fold cross validation. The
first classifier, trained on 170 messages with 114 positive for
relevance, achieved a cross-validation accuracy of .794
(precision .794, recall .947). The second classifier, trained on
114 messageswith 90 positivefor firsthand experience, achieved
across-validation accuracy of .718 (precision .689, recall .867).

Because these classifiers were trained on messages that were
already filtered by the AQ topic, we then applied the classifiers
to the subset of messages containing the AQ topic, similar to
the AQ+“pollution” filter. Using thisfilter, the correlationswith
pollution dataare.718 (ADV) and .664 (MDV). These are both
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higher than the best correlation reported in Table 1, though not
by significant margins.

Discussion

Principal Findings

It is encouraging that even simple content filtering produced
moderately high correlations with existing surveillance data.
This suggests that lightweight methods can be used for social
media-based air quality monitoring. We also showed that better
text modeling, through topic modeling and supervised
classification, can further improve the correlations. It is perhaps
surprising that the supervised classifier did not greatly improve
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the correlation over simply combining the“ pollution” keyword
filter with the AQ topic. This may be because the training set
of 170 messages was small. In arecent study concurrent with
our own, Mei et al found machine learning to help identify air
pollution trendsin social media[35].

Some of the keyword filters did quite poorly. While “cough”
and “breathe” arerelated to air quality, they arerelated to much
more popular topicsaswell, yielding filterswith low specificity.
This demonstrates the benefit of basic natural language
processing via topic models. Topic models, which make
probabilistic inferences about the topic composition of a
message, led to improved correlations when combined with the
keyword filters. These models make use of the entire context
of amessage, which can provide a better relevance model than
individual words or phrases. Topic models can aso introduce
noise, since the models are unsupervised, which we believe is
why combining the topic model with ahighly relevant keyword
like “pollution” correlates better than either filter alone.

Another point to consider is that our filters identify whether a
message is about air quality, but not what the quality is. A
promising research direction is to infer a scalar value of air
quality based on message content. Natural language processing
techniques used for sentiment analysis—the task of quantifying
the degree to which text expresses a positive or negative
sentiment [ 36]—coul d perhaps apply here. For example, certain
wordslike“terrible” or “worst” might indicate worse air quality
than simply “bad”.

Additionally, we hypothesize that there is a potentially much
larger number of messages that could be mined. Extrapolating
from a 67% relevance rate of 170 out of 15,763 messages, we
estimate there are at least 10,000 messages about air quality in
our crawled dataset. Additionally, our entire dataset contains
only 93 million messages, a much smaller dataset than those
typically used in Twitter research today; for example, Paul and
Dredze [3] used a general collection of 2 billion messages to
study health topics on Twitter. Since Weibo has more registered
users than Twitter, we expect data collection targeted at
obtaining air quality messages would obtain a much larger
collection.

Our coding results suggest apromising direction in using Weibo
messages to understand health concerns, behavioral responses,
and health impacts of environmental factors. We found users
reporting on all three. While previous work suggests that users
will report on well-being during an air pollution crisis[37], we
arethefirst to show that Chinese users make rel evant statements
on socia mediaservices. By building systemsthat automatically
identify these threeissues and aggregate them over many users,
we could greatly expand traditional surveillance capabilities
and inform health interventions.

We believe social media-derived information will be especially
advantageous for measuring public perception and response.
This is information that cannot be captured with physical
sensors, and instead relies traditionally on surveys, panels, and
interviews. However, measuring the perceived level of pollution
can be just asimportant as the objective level, asthe perceived
level is a stronger predictor of willingness to reduce pollution
[26]. In this sense, social mediareports are more akin to citizen

http://www.jmir.org/2015/3/e22/
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complaintsthan physical sensors. Although not objective, citizen
complaints can complement physica surveillance, and
complaints often result in follow-up investigations by regulators
in China [38]. Forma complaints likely have different
characteristics than the informal complaints found in social
media. Socia media complaints tend to be general, and the
threshold of perceived pollution before writing a complaint is
quite likely lower in social media. As social media becomes a
more common outlet for citizen complaints, the relationship
between these systems of complaint will be important to
understand [39].

As with perception, behavioral response to pollution is hard to
measure, and often is not measured at al, but rather inferred or
assumed [27]. There is therefore a clear knowledge gap that
social media data can help fill. A type of behavioral response
of particular interest isresponse to public awareness campaigns
or health advisoriesregarding pollution [40]. Because awareness
campaigns and advisories may take place over a short period
of time—in some cases, just asingle day—it can be difficult to
measure their outcome. This has motivated researchers to use
Web-derived data to measure the effectiveness of such
campaigns, for example using Web search activity to understand
World Tobacco Day [41] and Breast Cancer Awareness Month
[42]. Having shown that social media users report their
perceptions and behaviorsregarding air quality, we believe that
thisdatacould similarly be used to understand the effectiveness
of pollution advisories. Thisfallsinto a broader trend of using
digital datato support research in behavioral medicine [43].

Finally, wefound that many usersreport perceived health effects
of pollution, including specific conditions such as asthma and
symptoms such as cough. Previous research has shown that
self-reports of health status can be combined with reports of air
pollution exposure to understand the associated health effects
[44,45]. Social media data, including our Weibo collection,
offer passive self-reporting at amuch larger scale than what can
be collected through traditional, active methods, such as
interviews. Such data can augment our understanding of
environmental health effects, especially because social media
reports include people who experience symptoms but do not
seek care, and thus fall outside of what is captured in medical
records. Furthermore, research on the health effects of pollution
often focuses on more serious outcomes such as disease, while
social media reports contain evidence of milder but still
important effects, such as discomfort and irritability [24].
Indeed, reports of discomfort were so common in our dataset
that we decided to exclude them from consideration asa* health
concern” in our coding analysis, yet there is clearly potential
for the data to help quantify these effects.

An important limitation to consider is the effect of government
censorship on using socia media for informatics in China.
Studies have shown that collective action and mentions of
certain politically sensitive topics are subject to censorship
[46-48], but it is not clear whether this would affect
pollution-related media. More research isrequired on thistopic,
but it is clear from our analysis that many messages describing
experiences with air quality can be found in this data source.
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Conclusions air quality-related messages, through a qualitative coding of a
sample of messages, and to validate the relevance of the
messages, by correlating the social media data with existing
surveillance data. Our results validate both the quality of these
messages and suggest that mining their content can deliver
important epidemiological insightsinto environment health.

To conclude, our findings show that social media messagesin
China contain a variety of relevant firsthand user reports of air
quality, and the volume of these messages correlates with air
particle pollution levelsin 74 Chinese cities. This was a proof
of concept study. Our goals were to understand the content of
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