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Abstract:
This research documents changes in likely misreporting in official air quality data from
Beijing for the years 2008 to 2013. It is shown that, consistent with prior research, the official
Chinese data report suspiciously few observations that exceed the politically important Blue Sky
Day threshold and an excess of observations just below that threshold. Similar data, measured by
the US Embassy in Beijing, do not show this irregularity. To document likely misreporting, this
analysis compares the air quality measurements to Benford's Law, a statistical regularity known
to fit air pollution data. I find that the Chinese data fit Benford's Law poorly until a change in air
quality measurements at the end of 2012. From 2013 onwards, the Chinese data fit Benford's
Law closely. The US Embassy data, by contrast, exhibit no variation over time in the fit with
Benford's Law, implying that the underlying pollution processes remain unchanged. These
findings suggest that misreporting of air quality data for Beijing has likely ended in 2012.
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Introduction:
Ambient air pollution is the cause of a major health crisis in current-day China, with
pollution from ambient particulate matter alone being the fourth most important health burden in
terms of age-standardized disability-adjusted life year rates [1]. At the same time, political stakes
are high: to fix air pollution or to "bring his head" was the unequivocal message that Beijing's
mayor received from the central government earlier this year [2]. To address public pressure, the
Beijing Municipal Environmental Protection Bureau (BMEPB) regularly publishes statistics on
the city's air quality. These data, however, have not gained public trust as they often stand in
stark contrast to measurements reported by the US Embassy in Beijing [3-5].
And the public might have a point: the 'leaders make numbers' phenomenon has a
tradition in China [6]. Air quality data in China have been found to be suspicious in several cities
until 2010 based on both a discontinuity test [7-8], and on a detailed analysis of histograms and
location of measurement stations for Beijing until 2007 [9]. These studies suggest that
misreporting is prevalent around the politically important Blue Sky Day threshold, possibly due
to the strict enforcement of promotion criteria [10-11]. This label designates days with an air
quality index (AQI) of 100 or less, and the number of Blue Sky Days enters the performance
assessment of local officials.
The present research adds to this literature by employing a systematic approach to
identifying misreporting that goes beyond the analysis of a discontinuity. Moreover, the analysis
uses more recent data. This improves on the literature in two aspects: Firstly, this research is the
first to track the anomaly over time, and uncover new regularities. Secondly, my method allows
to compare the similar, but slightly different US Embassy data to the BMEPB data and thus
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distinguish misreporting from temporary measures such as factory closures on borderline Blue
Sky Days.

Methods (Data):
This research uses a new database of Beijing ambient air quality data that was collected
and merged from two different sources (see SI 1 for the data sources). The first source is the
BMEPB. The BMEPB has been reporting daily air quality measurements from 31st December
2007 until 18th March 2013. The second source comes from the measurements that the Embassy
of the United States in Beijing provides via their Twitter account. These data report hourly and
run from 8th April 2008 3pm to 31st December 2013 11pm, with a missing period from 6th
November 2008 to 7th February 2009.
While following the same calculation procedure, the AQIs of the BMEPB and the US
Embassy aggregate different pollutants and use slightly different break points to convert
pollutant concentrations into AQI values (see SI 2 for the full definitions). The following
paragraphs explain the exact composition of both datasets and provide evidence to show that
both data sources are comparable because they reflect the same underlying pollution processes.
The BMPEB measures three pollutants until 30th December 2012 (PM10, NO2, SO2)
and, following a change in its AQI, six pollutants from 31st December 2012 onwards (PM2.5,
PM10, NO2, SO2, O3, CO). The US Embassy, by contrast, measures only PM2.5 throughout.
While the differing definitions might suggest that the datasets might not be sufficiently
comparable due to the possibility of the BMEPB measurements being based on pollutants other
than particulate matter, in practice this concern is muted by the clear prevalence of particulate
matter-driven observations in the BMEPB data. The BMEPB data report the main pollutant for
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all observations with an AQI exceeding 50, and, as shown in SI 2, the AQI of a given
observation is only determined by the concentration of the main pollutant on that day, that is by
the pollutant concentration defined as most harmful to human health compared to the other
pollutant concentrations measured on the same day.
Using the information on the main pollutant, I extract the share of particulate matterdriven observations as 96.93% for the full BMEPB sample, as 98.03% until 30th December 2012
and as 78.72% thereafter (see SI3: Fig. 7). Note that the true share of particulate matter-driven
observations after 30th December 2012 is likely higher than 78.72% as 10.85% of the
observations fail to specify a main pollutant and it is reasonable to suppose that the main
pollutant would have been PM2.5 or PM10 for part of the observations. The clear majority of the
BMEPB observations are thus based on AQIs set by particulate mattera.
A remaining concern is that the BMEPB measures only PM10 until 30th December 2012,
whereas the US Embassy measures PM2.5. The analysis until 30th December 2012 therefore
presupposes a high correlation between PM10 and PM2.5 in Beijing. A sharp discontinuity in the
pollution processes, for instance, would appear in both the BMEPB and the US Embassy data
only if this correlation were high.
Several pieces of evidence exist to show that this correlation is, in fact, very high. Firstly,
I use the information on the main pollutant for observations with an AQI beyond 50 to convert
the BMEPB data into concentrations of PM10 and PM2.5. Then, I correlate these concentrations to
the US Embassy's PM2.5 concentrations for those US Embassy observations that would have
yielded an AQI beyond 50 using the BMEPB's AQI definition to ensure comparability. This
exercise shows a high correlation between both the inferred BMEPB PM10 concentrations and the
a

As a robustness check, SI3 shows that the findings drawn from the BMEPB data are unaffected when dropping all
observations that report a main pollutant other than PM 2.5 or PM10.
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US Embassy PM2.5 concentrations (correlation coefficient: 0.71) and the inferred BMEPB PM2.5
concentrations and the US Embassy PM2.5 concentrations (correlation coefficient: 0.91).
Secondly, recent research [12] on ambient air quality in Beijing finds similarly high
correlations between 0.69 and 0.85 between the BMEPB PM10 concentrations and the US
Embassy PM2.5 concentrations for a 423 day period between 10 May 2010 and 6 December 2011,
which is part of my earlier subsample. Such a high correlation is not specific to Beijing and
borne out by research from other parts of the world (for Mumbai, India, see [13]; for Milan,
Italy, see [14]).
Overall, this evidence suggests that both data sources move very closely together, and
thus reflect the same underlying pollution processes. In terms of data quality, the US Embassy
data is less likely to be influenced by the Blue Sky Day threshold than the BMEPB data because
the number of Blue Sky Days in Beijing does not enter the evaluation of US officials.

Methods (Analysis):
An anomaly in the official air pollution data. First, I investigate whether the raw data
contain suggestive evidence for manipulation of the official air quality data due to incentives.
The histograms of the Beijing air quality data from the BMEPB show a striking anomaly: there
are disproportionally many observations just at and below the politically important Blue Sky Day
threshold of 100, and surprisingly few values just above 100 (Fig. 1, a). Next, the sample period
is split on 31st December 2012, the date on which the BMEPB started to include measurements
of PM2.5. Strikingly, the missing values above 100 come entirely from the earlier subsample (Fig.
1, b). The later subsample does not show this pattern (Fig. 1, c).
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Fig. 1: Histogram of air pollution levels (BMEPB data). Histograms of the BMEPB data. (a)
full sample, (b) earlier subsample, (c) later subsample. AQI values of 100 and less constitute
Blue Sky Days.
Evidence for likely misreporting. While misreporting seems to be a likely explanation,
and was so interpreted by [9] who found the same anomaly until 2007, it is not the only one.
Instead, the anomaly might be due to emergency measures such as temporary driving bans that
Beijing's local authorities might have implemented on borderline Blue Sky Days. If emergency
measures rather than misreporting explained the missing values in the BMEBP data, the US
Embassy data should exhibit the same anomaly. The histograms for the US Embassy data show
that this not the case, neither for the full sample (Fig. 2, a) nor for the different subsamples (Fig
2, b and c). This evidence suggests that misreporting by the BMEPB was prevalent until 2012
and then stopped.

Fig. 2: Histogram of air pollution levels (US Embassy data). Histograms of the US Embassy
data. (a) full sample, (b) earlier subsample, (c) later subsample.
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Yet, an important caveat is that the two data sources are not comparable in levels due to
the late inclusion of PM2.5 measurements in the BMEBP data and to the use of slightly different
breakpoints (see SI2)b. To make both data sources comparable and find a direct indication for
misreporting, this research compares the goodness-of-fit of both the BMEPB and the US
Embassy data to statistical regularity called Benford's Law.
Benford's Law is a distribution that closely characterizes the distribution of the first
significant digit in many naturally occurring large data sets [15]. According to Benford's Law,
the frequency for the first non-zero digit is approximately governed by the following
distribution:
1
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝑖) = log10 (1 + ) 𝑤ℎ𝑒𝑟𝑒 𝑖 = 1,2, … 9.
i
The goodness-of-fit with Benford's Law as an indication for fraudulent data has been
used in economics in general [16-18] and for ambient air pollution data in particular [19-21].
This analysis uses Benford's Law in two ways. First, graphical evidence on the fit between
Benford's Law and relevant subsamples of the datasets is shown to give an indication of whether
misreporting occurs in the BMEPB's data and whether it has changed over time. Second, the
analysis computes a goodness-of-fit measure between the predicted frequency and the empirical
frequency for both data sources and plots this measure over time.
The goodness-of-fit measure is the χ² statistic, which is an appropriate statistical measure
for comparing data with discrete categories to a predicted distributionc [22]. In the case of
b

The different breakpoints in the AQI used by the US Embassy also explain the hump-shaped distribution of the US
Embassy's histogram (Fig. 2, a-c). SI4 provides further illustration of this point and shows the close comparability of
Fig. 1c and Fig. 2c when using the same breakpoints.
c
Other measures commonly used to test goodness-of-fit with Benford's Law include the Kolmogorov-Smirnov
statistic, the Kuiper statistic, the d (distance) statistic and the statistic m (max) [23]. The conclusions drawn from
Figures 5 and 6 are robust to using any of these goodness-of-fit measure because of their high correlation with the χ²
statistic in both samples: Kolmogorov-Smirnov: 0.94 (BMEPB data), 0.90 (US Embassy data); Kuiper: 0.96
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Benford's Law, there are 9 discrete categories corresponding to the digits 1 to 9. The χ² statistic is
defined as:
9

χ² = ∑

(Frequency Observedi − Frequency Benfordi )²
Frequency Benfordi

𝑖=1

Results:
As can be seen, the BMEPB data match Benford's Law poorly for the full sample (Fig. 3:
a), suggesting misreporting. This misreporting seems to happen exclusively in the earlier
subsample (Fig. 3: b). In the later subsample (Fig. 3: c), by contrast, the BMEPB data match
Benford's Law closely. Misreporting is therefore the likely margin of action. To verify that this
improvement in goodness-of-fit is not due to a change in the underlying processes that generate
the air pollution, Figure 4 shows that the fit of the US Embassy data is good and unchanged
throughout all periods.

Fig. 3: Observed frequencies and Benford's Law (BMEPB data). Observed frequencies for
the first significant digits (blue bars) against the frequencies predicted by Benford's Law (red
connected dots) for the BMEPB data. (a) full sample, (b) earlier subsample, (c) later subsample.

(BMEPB), 0.90 (US Embassy); d (distance): 0.93 (BMEPB), 0.90 (US Embassy); m (max): 0.73 (BMEPB), 0.89
(US Embassy).
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Fig. 4: Observed frequencies and Benford's Law (US Embassy data). Observed frequencies
for the first significant digits (blue bars) against the frequencies predicted by Benford's Law (red
connected dots) for the US Embassy data. (a) full sample, (b) earlier subsample, (c) later
subsample.
Likely misreporting over time. To ensure that the improvements in the goodness-of-fit
with Benford's Law for the BMEPB data reflect a general trend rather than being an artifact of
the date at which I split the sample, the analysis computes the goodness-of-fit over time. Figure 5
shows that the goodness-of-fit between the BMEPB data and Benford's Law markedly improved
after the BMEPB started measuring PM2.5 on 31st December 2012. To check that the underlying
pollution processes remain the same, Figure 6 shows that the goodness-of-fit for the US Embassy
data has not changed. The reason for the improved goodness-of-fit for the BMEPB data must
therefore lie in the Chinese measurements.

10

Fig. 5: Goodness-of-fit with Benford's Law over time (BMEPB data). χ² statistic comparing
the BMEPB data to Benford's Law. Computed over moving 60 day windows. The red, solid line
marks earliest time window during which the BMEPB started measuring PM2.5 (from 31st
December 2012 onwards).
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Fig. 6: Goodness-of-fit with Benford's Law over time (US Embassy data). χ² statistic
comparing the US Embassy data to Benford's Law. Computed over moving 60 day windows. The
red, solid line marks earliest time window during which the BMEPB started measuring PM2.5
(from 31st December 2012 onwards). The US Embassy did not report data between 6th
November 2008 and 7th February 2009.

Discussion and Concluding Remarks:
One important caveat regarding these results is in order. The analysis relies on two pieces
of evidence: a sharp discontinuity in the histograms of the raw data, and the goodness-of-fit with
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Benford's Law. Both pieces of evidence can detect a relabeling of AQI values from just beyond
the Blue Sky Day cutoff to just below it. More sophisticated methods of misreporting, however,
such as shifts in the entire distribution of AQI values, would go undetected. While this limitation
is important in theory, in practice this is less so: previous studies that detected misreporting of air
quality data in Beijing until 2007 [9] and other cities in China until 2010 [7-8] found
misreporting to consist of the relabeling practice that the analysis can track. The methodology
used in this study is thus accurate in closely following known misreporting over time. To
establish that all possible kinds of misreporting have stopped, however, would require further
analysis.
Political pressure to fix air pollution can result in "statistical corruption": government
authorities respond by misreporting the desired data. Using air quality data from Beijing, this
research shows that the official data exhibit such misreporting, thus confirming that the
misreporting analyzed in [9] extended well beyond 2007. Furthermore, this research makes use
of the unique setting in Beijing, where air quality is independently measured by both the Chinese
authorities and the US Embassy. Employing a statistical misreporting measure that makes both
data sources comparable, this analysis suggests that the authorities in Beijing likely manipulated
air quality from 2008 to 2012. From 2013 onwards, this has changed: despite ongoing suspicion
regarding the quality of Chinese air pollution data [8 ], the 'leaders make numbers' phenomenon
seems to have been overcome.
Environmental governance in China is currently at a crossroads. Proposals have called for
policies to decouple economic activity from pollution [24], to improve health outcomes by
reducing pollution [25], and to realize the co-benefits of reducing air pollution for climate
change mitigation [26]. At the same time, research has shown the significant impact of public
13

policy on ambient air pollution in China [27], thus highlighting the role for policy. Whichever
strategies China may decide to implement, reliable air quality data are needed for successful
implementation and evaluation. The findings of the present research are thus a reason for
optimism: unlike only a few years ago, statistics on atmospheric pollutants now seem to allow
for evidence-based environmental policy making in China.
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SI 1: Data sources

The original, public data sources are:

BMEPB web interface: http://www.bjepb.gov.cn/air2008/Air1.aspx. The historical dataset could
not be downloaded directly; instead, a webscraping algorithm was used. This web interface
stopped reporting in March 2013.

US Embassy web interface: http://www.stateair.net/web/historical/1/1.html. In conformity with
the US Department of State's data use statement, I note that the US Embassy data used in this
study are not fully verified or validated and are released with the sole purpose of providing
health information to US citizens who are travelling abroad. I furthermore give attribution to the
US Department of State for providing the data.
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SI 2: Definition of the Air Quality Indices (AQIs) used by the Beijing
Municipal Environmental Protection Bureau and the US Embassy

The AQI is an index that is used to inform the population about the health effects of different air
pollutants. The AQIs used by the BMEPB and the US Embassy are calculated according to the
same two-step procedure:

In the first step, the concentration of each pollutant is converted into an individual air quality
index value (IAQI) via the following formula:

𝐼𝐴𝑄𝐼𝑝 =

𝐼𝐴𝑄𝐼𝐻𝑖𝑔ℎ −𝐼𝐴𝑄𝐼𝐿𝑜𝑤
𝐵𝑃𝐻𝑖𝑔ℎ −𝐵𝑃𝐿𝑜𝑤

(𝐶𝑃 − 𝐵𝑃𝐿𝑜𝑤 ) + 𝐼𝐴𝑄𝐼𝐿𝑜𝑤

where Cp is the measured concentration of pollutant p, BPHigh is the breakpoint that is higher
than or equal to Cp while BPLow is the breakpoint that is lower than or equal to Cp. IAQIHigh and
IAQILow are the AQI scores that correspond to the BPHigh and BPLow according to the following
tables:
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Breakpoints for Different Pollutants Before 31st December 2012
BMEPBi
US Embassyii
AQIiii

SO2

NO2

PM10

PM2.5

0
50
100
150

0
50
150

0
80
120

0
50
150

iv

iv

iv

0
15.5
40.5
65.5

200
300
400
500

800
1600
2100
2620

280
565
750
940

350
420
500
600

150.5
250.5
350.5
500

All breakpoints are for concentrations over a 24 hour period (in µg/m3).
Notes:
i
GB 3095-1996, SEPA Announcement [2000] No. 1 (Amendment to GB
3095-1996).
ii
EPA-454/B-12-001.
iii
The official name for the air quality index used by the BMEPB was "Air
Pollution Index" until the 31st of December 2012. To avoid confusion, the
name "Air Quality Index" is used throughout this article.
iv
The BMEPB does not employ a separate breakpoint for an AQI of 150
before 31st December 2012.
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Breakpoints for Different Pollutants from 31st December 2012 Onwards
BMEPBi

US Embassyii

AQI

SO2

NO2

CO

O3

PM10

PM2.5

PM2.5

0
50
100
150
200
300
400

0
50
150
475
800
1600
2100

0
40
80
180
280
565
750

0
2
4
14
24
36
48

0
100
160
215
265
800

0
50
150
250
350
420
500

0
35
75
115
150
250
350

0
15.5
40.5
65.5
150.5
250.5
350.5

500

2620

940

60

iii

500

500

iii

600
3

All breakpoints are for concentrations over a 24 hour period (in µg/m ); excepting CO
(measured in mg/m3) and O3 (measured over an 8 hour period).
Notes:
i
HJ 633-2012.
ii
EPA-454/B-12-001.
iii
O3 concentrations beyond 800 µg/m3 per 8 hour period do not have a corresponding air
quality index.

In the second step, the individual air quality index scores are aggregated by picking the highest
amongst the IAQI values. The AQI therefore reflects the pollutant with the highest IAQI.

𝐴𝑄𝐼 =

max

{𝐼𝐴𝑄𝐼𝑝 }

𝑝 ∈{𝑆𝑂2,𝑁𝑂2,𝐶𝑂,𝑂3,𝑃𝑀10,𝑃𝑀2.5}

An example to illustrate the above definition. Assume hypothetically that the US Embassy
measured a concentration of PM2.5 of 34µg/m3 over a 24 hour period. Then, the corresponding
AQI would be
100−50

𝐼𝐴𝑄𝐼𝑃𝑀2.5 = 40.5−15.5 (34 − 15.5) + 50 = 87
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SI3: Robustness check by dropping BMEPB observations from non-particulate matter AQIs

To guard against concerns that the reported findings might be influenced by the minority of
BMEPB observations from days for which particulate matter was not the main pollutant, Figures
1 and 3 are redrawn after excluding observations that are identified as based on neither PM10 nor
PM2.5 as the main pollutant on a given day.

Fig. 7: Pollutant composition of the BMEPB dataset. Share of main pollutants for all
observations with an AQI beyond 50. (a) full sample, (b) earlier subsample, (c) later subsample.

Fig. 7 shows the share of each pollutant in the BMEPB data based on the main pollutant reported
for observations with an AQI exceeding 50 for the full sample and the two subsamples. PM10
and PM2.5 drive 96.96% of observations for the full sample, 98.03% of the observations for the
earlier subsample, and 78.72% of the observations in the later subsample.
Excluding these observations is a conservative approach because it is likely that some of the AQI
observations that fail to specify a pollutant are in fact based on PM2.5 or PM10. Furthermore,
dropping the observations identified as based on neither PM10 nor PM2.5 rather than replacing
them with their nearest neighbouring observation based on PM2.5 or PM10 is likely to decrease the
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chance of finding a close goodness-of-fit with Benford's Law as the greater part of these
observations come from the lower end of the AQI distribution rather than the distribution as a
whole.
As can be seen from Figures 1' and 3', the conclusions from analysis are not driven by the
minority of observations identified as not from particulate matter. As in the main analysis, the
anomaly of missing values at the Blue Sky Day threshold is present in the full sample (Fig. 1', a),
comes entirely from the earlier subsample (Fig. 1', b) and vanishes in the later subsample (Fig. 1',
c).

Fig. 1': Histogram of air pollution levels (Restricted BMEPB data). Histograms of the
BMEPB data after dropping observations identified as neither from PM10 nor PM2.5.
(a) full sample, (b) earlier subsample, (c) later subsample. AQI values of 100 and less constitute
Blue Sky Days.

The same pattern emerges from the analysis based on Benford's Law: the data fit Benford's Law
poorly for the full sample and the earlier subsample (Fig. 3', a and b) and the fit markedly
improves for the later subsample (Fig. 3', c).
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Fig. 3': Observed frequencies and Benford's Law (Restricted BMEPB data). Observed
frequencies for the first significant digits (blue bars) against the frequencies predicted by
Benford's Law (red connected dots) for the BMEPB data after dropping observations identified
as neither from PM10 nor from PM2.5. (a) full sample, (b) earlier subsample, (c) later subsample.
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SI4: Robustness check: Figure 2c using BMEPB AQI breakpoints

This section explains why the histograms of the AQIs measurements by the BMEPB and the US
Embassy appear different when comparing Fig. 1c and Fig. 2c and shows their close
comparability through converting the US Embassy data from the US AQI to the BMEPB
AQI.

From SI2, recall that the US Embassy and the BMEPB use different breakpoints when
converting PM2.5 concentrations into AQI values. As illustrated in Fig. 8 below, the US
Embassy maps PM2.5 concentrations from 65.5 to 150.5 µg/m3 to an AQI of 150 to 200,
whereas the BMEPB only maps PM2.5 concentrations from 115 to 150 µg/m3 to an AQI ranged
150 to 200. This explains why the US Embassy AQI observations look bunched between AQI
values of 150 and 200 compared to the BMEPB data.

Fig. 8: Illustration of the different PM2.5 breakpoints. This graph illustrates the different
breakpoints used by the US Embassy and the BMEPB in the later subsample for AQI values up
to 200. The figure is based on the AQI definitions reported in SI2.
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To illustrate this point, the left panel in the composite figure below reproduces the original
BMEPB histogram for the later subsample (Fig.1, c) and compares it to the US Embassy data
mapped into the Chinese AQI in the right panel (Fig. 2', c). The similarity between both
histograms provides further evidence that the underlying raw data of both the BMEPB and the
US Embassy reflect the same pollution processes and thus offer a good degree of comparability.

Figs. 1c and 2c': Histograms of air pollution levels (BMEPB data and US Embassy data).
Histograms of the BMEPB data (left panel) and the US Embassy data converted into the AQI
used by the BMEPB (right panel).
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