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A composite Air Health Index (AHI) is helpful for separately emphasizing the health risks of multiple
stimuli and communicating the overall risks of an adverse atmospheric environment to the public. We
aimed to establish a new AHI by integrating daily mortality risks due to air pollution with those due
to non-optimum temperature in China. Based on the exposure-response (E-R) coefficients obtained from
time-series models, the new AHI was constructed as the sum of excess mortality risk associated with air
pollutants and non-optimum temperature in 272 Chinese cities from 2013 to 2015. We examined the
association between the ‘‘total AHI” (based on total mortality) and total mortality, and further compared
the ability of the ‘‘total AHI” to predict specific cardiopulmonary mortality with that of ‘‘specific AHIs”
(based on specific mortalities). On average, air pollution and non-optimum temperature were associated
with 28.23% of daily excess mortality, of which 23.47% was associated with non-optimum temperature
while the remainder was associated with fine particulate matter (PM2.5) (1.12%), NO2 (2.29%,), and O3

(2.29%). The new AHI uses a 10-point scale and shows an average across all 272 cities of 6 points. The
E-R curve for AHI and mortality is approximately linear, without any thresholds. Each one unit increase
in ‘‘total AHI” is associated with a 0.84% increase in all-cause mortality and 1.01%, 0.98%, 1.02%, 1.66%, and
1.71% increases in cardiovascular disease, coronary heart disease, stroke, respiratory diseases, and
chronic obstructive pulmonary disease mortality, respectively. Cause-specific mortality risk estimates
using the ‘‘total AHI” are similar to those predicted by ‘‘specific AHIs.” In conclusion, the ‘‘total AHI” pro-
posed herein could be a promising tool for communicating health risks related to exposure to the ambient
environment to the public.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Both ambient air pollution and non-optimum temperature have
been found to be associated with increased mortality risk due to
cardiovascular disease (CVD) and respiratory diseases [1,2]. It
was estimated that air pollution caused 1.85 million deaths and
42.51 million disability-adjusted life years in China in 2019 [3].
In an effort to reduce the disease burden associated with air pollu-
tion, the Air Quality Index (AQI) was developed to inform the pub-
lic about air pollution levels and the health risks of exposure.
However, the current AQI is solely determined by the air pollutant
with the highest pollutant-specific AQI score, while the combined
health effects of simultaneous exposure to multiple air pollutants
are not considered.

In the context of global climate change, non-optimum ambient
temperature has been recognized as a global health challenge,
especially in developing regions. It has been estimated that
14.33% of non-accidental mortality is attributable to
non-optimum ambient temperature in China [2]. Indices that are
currently used to indicate health risks due to the ambient
temperature, such as the heat-/cold-wave index, only consider
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extreme temperature [4,5], while the much greater health risk
attributed to moderate non-optimum temperature is not
addressed. Thus, the heat-/cold-wave index may substantially
underestimate the disease burden attributed to non-optimum
temperature. In addition, the heat-/cold-wave index is defined
based on daily temperature changes and does not consider the
relationship between ambient temperature and population health.

In reality, exposure to ambient air pollution and temperature
occurs simultaneously. Moreover, these environmental factors
share similar biological pathways in inducing acute adverse health
effects, such as changes in inflammation, oxidative stress, thermo-
genesis, and autonomic nervous function [6,7]. Therefore, commu-
nicating the health risks from both air pollution and temperature is
crucial in protecting the susceptible population. However, to the
best of our knowledge, no indices have considered the combined
health risk from non-optimum temperature and air pollution. It
is therefore necessary to establish a new Air Health Index (AHI)
integrating the health risks of ambient air pollution and non-
optimum temperature, both individually and overall, in order to
better inform the public of the overall health risk of exposure to
these ambient environmental factors and to help effectively reduce
exposure and mitigate potential harm.

Using a nationwide database, we aimed to establish a new AHI
by integrating the mortality risks due to ambient air pollution and
non-optimum temperature and to evaluate the association
between AHI and daily mortality in China. The new AHI would also
provide the daily excess deaths due to each risk factor. Further-
more, we would compare the predictive ability of the ‘‘total AHI”
based on total mortality with that of the ‘‘specific AHI” based on
specific mortality in order to evaluate the necessity of developing
separate AHIs for specific diseases.
2. Materials and methods

2.1. Data sources

The nationwide analysis was based on daily mortality, air pollu-
tants levels, and weather conditions in 272 Chinese cities from 1
January 2013 to 31 December 2015. Details of this dataset have
been described previously [8–10]. In brief, these cities are located
in all 31 provincial administrative regions and cover more than
20% (almost 290 million) of the total population in the mainland
of China. Daily mortality counts in these cities, including all-
cause and cause-specific mortality, were obtained from the China
Disease Surveillance Points system, which has been shown to have
good representativeness at the national and provincial levels
[11,12].

We selected fine particulate matter (PM2.5), NO2, and O3 as rep-
resentative air pollutants for this study, as they were shown to
have significant and stable associations with mortality in our pre-
vious studies in the same database [8,10,13]. Daily average concen-
trations of PM2.5, NO2, and the maximum 8 h mean concentration
of O3 were collected from the National Urban Air Quality Real-Time
Publishing Platformy. This platform had a total of 1265 monitors,
with a median of four monitors (range 1–7) in each city by 2015.
Daily air pollution levels in each city were then calculated as the
mean across all valid monitors in these cities. The daily mean tem-
perature and mean relative humidity in each city were derived from
the China Meteorological Data-Sharing Service System�. The study
protocol was approved by the Institutional Review Board at School
of Public Health, Fudan University (No. 2014-07-0523).
y http://106.37.208.233:20035/.
� http://data.cma.cn/.
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2.2. Data analysis

We started by obtaining the associations of daily air pollution
and temperature with all-cause and cause-specific mortality using
time-series analyses. Then, we calculated the daily excess mortal-
ity risk for these ambient risk factors. Finally, we obtained the
national AHIs by dividing the daily excess mortality risk by the
maximum weighted-average excess mortality risk and multiplying
by 10.

2.2.1. Time-series analysis
First, we excluded days when the ambient air pollution or tem-

perature was below the 2.5th percentile or above the 97.5th per-
centile in order to reduce the influence of extreme values. We
then used standard time-series analyses to obtain regression coef-
ficients for the daily mortality per unit (1 lg�m�3) change in daily
PM2.5, NO2, and O3. Details of the analytic protocols have been
described in our previous studies [2,10,13]. As air pollutant con-
centrations differ in warm and cold seasons, we obtained relative
risk (RR) estimates for air pollutants in the warm (May–October)
and cold (November–April) seasons for use in subsequent steps.
Covariates included a natural cubic spline smooth function of the
calendar day with 7 degrees of freedom (DoF) per year, an indicator
variable for ‘‘day of the week,” and natural smooth functions for
mean temperature and relative humanity on the concurrent day
with 6 and 3 DoF, respectively [14].

For temperature, we used the 21-day moving average tempera-
ture, as considered in our previous work, and adopted the temper-
ature that was estimated to have the lowest all-cause mortality
risk (i.e., 22.8 �C) as the optimum temperature [2]. In our previous
study, the exposure-response (E-R) curve for temperature and
mortality exhibited an inverted-J shape with an approximately lin-
ear increase in mortality risk with non-optimum temperature [2].
Therefore, we assumed a piecewise linear function divided by the
optimum temperature for the association between temperature
and mortality. According to the RRs for extreme low (RR = 1.68)
and extreme high (RR = 1.16) temperature estimated in the previ-
ous study, we calculated the coefficients for the increase in daily
mortality per unit (1 �C) change in temperature as follows:

Coefficient for cold ¼ ln 1:68ð Þ=ð22:8� �1:4ð ÞÞ ð1Þ

Coefficient for warm ¼ ln 1:16ð Þ=ð29:0� 22:8Þ ð2Þ
where 1.68 and 1.16 are the RRs of daily total mortality associated
with extreme low and extreme high temperature, respectively; 22.8
is the optimum temperature for total mortality; and –1.4 and 29.0
are the averages of the extreme low and extreme high tempera-
tures, respectively.

2.2.2. Constructing the national AHI
We used the RRs estimated for PM2.5 and NO2 on the concurrent

day (lag 0 day) and that for O3 on lag 2 day in this step because
these lag days were shown to have the largest effect estimates
[14]. First, we calculated the daily excess mortality risk for air pol-
lution (with 0 as the reference) and temperature (with 22.8 �C as
the reference) in each city using Eq. (3):

ERit ¼ 100 � exp bi � Dxitð Þ � 1ð Þ ð3Þ
where ERit is the percentage of excess mortality associated with the
risk factor i (air pollutants or temperature) on day t; bi is the regres-
sion coefficient indicating the increase in daily mortality per unit
change (1 lg�m�3 for air pollutants; 1 �C for temperature) of risk
factor i; Dxit is the difference between risk factor i on day t and
the reference level (0 for air pollutants and 22.8 �C for temperature).
The daily excess mortality risk is the sum of the excess mortality
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risks of all risk factors. Calculations were conducted only for days
when data were available for all risk factors.

Next, we introduced the weighted-average excess mortality risk
to reduce the influence of overweighting small cities with high pol-
lution levels or extreme temperatures. To be specific, we extracted
the maximum value of the daily percentage of excess mortality in
each city for warm and cold temperature, separately. Then, we
averaged the maximum value across all cities for each day and
weighted it by the average counts of daily deaths in each city dur-
ing the warm and cold periods, separately. The weighted-average
excess mortality risk was calculated separately for cold and warm
temperature, as follows:

c ¼
X

j¼1;:::;n

mj=
X

j¼1;:::;n

mj

 !
maxt¼1;:::;q

X
i¼1;:::;p

ERijt

 !" #
ð4Þ

where c is the maximum weighted-average excess mortality as a
percentage in the 272 cities during the study period for cold or
for warm temperature; mj denotes the daily average death count
in the jth city; and ERijt is the percentage of excess mortality for
the ith risk factor on the tth day in the jth city.

Finally, the national AHIs in cold and warm temperature were
obtained by dividing the daily percentage of excess mortality by
the maximum weighted-average percentage of excess mortality
and multiplying by 10. The formula is provided in Eq. (5):

AHI ¼ 10=cð Þ � ðERPM2:5 þ ERNO2 þ ERO3 þ ERtempÞ ð5Þ
This procedure produced a series of daily AHI values during the

study period scaling from 0 to 10+. A value greater than 10 indi-
cates that the excess mortality risk related to air pollution and
temperature on this particular day is greater than the maximum
weighted-average excess mortality (i.e., c) as observed in the cur-
rent database. For simplicity of communication, AHI values were
rounded to the nearest integer.
2.2.3. Performance evaluation
We evaluated the performance of the AHI in predicting mortal-

ity by estimating the associations of the AHI with the daily total
and cause-specific mortality on lag 0 day in 272 Chinese cities from
2013 to 2015. In addition, we plotted the E-R curves for AHI and
mortality at the national level using an approach described else-
where [15]. For possible nonlinear relationships, we used a B-
spline function for the AHI with two knots at the 25th and 75th
percentiles.

In this evaluation, we built an AHI based on total mortality
(‘‘total AHI”) and on cause-specific mortality, including CVD, coro-
nary heart disease (CHD), stroke, respiratory disease, and chronic
obstructive pulmonary disease (COPD) (‘‘specific AHI”). We further
evaluated the performance of the ‘‘total AHI” in predicting cause-
specific mortality risks by comparing coefficient estimates and
model fit statistics (R2 and Akaike Information Criterion (AIC)) with
cause-specific mortality for ‘‘total AHI” with the models for
‘‘specific AHI.” In addition, we rescaled this AHI to between
0–500 (AHI0–500) by replacing 10 with 500 in Eq. (5) so that this
index matches the current AQI. We also compared the predicting
performance of AHI0–500 with the ‘‘total AHI.”

Furthermore, we considered the sensitivity analyses by using a
natural cubic spline smooth function of the calendar day with 8 or
10 DoF per year instead of 7 DoF in the time-series analyses and by
additionally including other air pollutants (PM10, SO2, and CO) as
representative pollutants in the construction of the AHI. All statis-
tical analyses were conducted using R software with the ‘‘mgcv”
and ‘‘tlnise” packages. Two-sided p values less than 0.05 were con-
sidered to be statistically significant.
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3. Results

3.1. Establishing the AHI

A total of 272 Chinese cities were included in this study. Table 1
summarizes daily deaths, weather conditions, and air pollutants in
272 Chinese cities from 2013 to 2015. On average, there were 16
daily deaths per city and the annual means of PM2.5, NO2, and O3

were 56, 31, and 77 lg�m�3, respectively. Weather conditions var-
ied across the 272 cities, and the average temperature (annual
mean) was 15 �C (range from �0.5 to 25 �C).

The c values and regression coefficients for daily PM2.5, NO2, O3,
and temperature are provided in Table 2. The c values were 18.00
and 66.10 in the warm and cold periods, respectively. The coeffi-
cients for the all-cause mortality increase per unit change in risk
factors were 0.000171, 0.000498, 0.000090, and 0.0239 for PM2.5,
NO2, O3, and temperature, respectively, in the warm period; and
0.000212, 0.000724, 0.000214, and 0.0214, respectively, in the cold
period. Therefore, the ‘‘total AHI” on any given day and at any loca-
tion (e.g. Beijing, Shanghai, Wuhan) during the warm and cold
periods can be calculated by Eqs. (6) and (7):

AHI for warm period¼ 10=18:00ð Þ � 100 �
½exp ð0:0239 � temperature�22:8ð ÞþÞ�1þ
exp ð0:000171 � PM2:5Þ�1þ
exp 0:000498 � NO2ð Þ�1þ
exp 0:000090 � O3ð Þ�1�

ð6Þ

AHI for cold period¼ 10=66:10ð Þ � 100 �
½exp ð0:0214 � ð22:8� temperatureÞþÞ�1þ
exp 0:000212 � PM2:5ð Þ�1þ
exp 0:000724 � NO2ð Þ�1þ
exp 0:000214 � O3ð Þ�1�

ð7Þ

Table3provides thedescriptivedataof theAHI, aswell as thedaily
excess mortality risk from air pollutants and non-optimum temper-
ature. The average AHI was 6 during the study period across all 272
cities. During the study period, 36% of days nationwide had an AHI
no greater than 3, 21% had an AHI between 4 and 5, 24% had an AHI
between6and8, and20%hadanAHIgreater than8. Theaveragedaily
percentage of excess mortality related to air pollution and non-
optimum temperature was 28.23%, among which PM2.5, NO2, O3,
and non-optimum temperature accounted for 1.12%, 2.29%, 1.35%,
and 23.47%, respectively (as calculated by Eq. (3)).

The c value is the scaling factor that denotes the maximum
weighted average of excess deaths per 100 people in the 272 cities.
‘‘Warm” is defined as a temperature above the minimummortality
temperature; ‘‘cold” is defined as a temperature below the mini-
mum mortality temperature; and ‘‘coefficient” refers to the total
and specific mortality change associated with a unit change in
temperature and air pollutants. All AHIs were calculated based
on the temperature at lag 0–21 day, PM2.5 at lag 0 day, NO2 at
lag 0 day, and O3 at lag 2 day.

3.2. Predicting the performance of the AHI

As shown in Table 4, the AHI is significantly associated with
total and cause-specific mortality on the concurrent day. A unit
increase in the ‘‘total AHI” is associated with increments of 0.84%
(95% confidence interval (CI): 0.62%, 1.07%) in daily mortality from
all causes, 1.01% (95% CI: 0.72%, 1.30%) from overall CVD, 0.98%
(95% CI: 0.57%, 1.40%) from CHD, 1.02% (95% CI: 0.65%, 1.39%) from
stroke, 1.66% (95% CI: 1.18%, 2.15%) from overall respiratory dis-
eases, and 1.71% (95% CI: 1.15%, 2.27%) from COPD. As shown in
Fig. 1, the E-R curves of the ‘‘total AHI” at the national level with
total and specific mortality are almost linear, without any



Table 2
Coefficients for each component in the AHI formulas for specific diseases in 272 Chinese cities from 2013 to 2015.

Diseases c value Coefficients for each pollutant and temperature

PM2.5 NO2 O3 Temperature

Warm period
CVD 24.30 0.000175 0.000511 0.000206 0.0321
CHD 21.60 0.000138 0.000705 0.000205 0.0295
Stroke 25.60 0.000258 0.000362 0.000172 0.0336
Respiratory disease 38.80 0.000264 0.000834 0.000110 0.0416
COPD 32.00 0.000397 0.001110 0.000140 0.0317
Total 18.00 0.000171 0.000498 0.000090 0.0239

Cold period
CVD 91.10 0.000248 0.000858 0.000240 0.0270
CHD 100.00 0.000277 0.000779 0.000217 0.0275
Stroke 82.10 0.000178 0.000743 0.000194 0.0256
Respiratory disease 53.50 0.000368 0.000953 0.000440 0.0185
COPD 57.30 0.000480 0.001170 0.000539 0.0187
Total 66.10 0.000212 0.000724 0.000214 0.0214

Table 1
Summary statistics of environmental and health data in 272 Chinese cities from 2013 to 2015.

Variables Mean SD Minimum P25 Median P75 Maximum

Number of daily non-accidental deaths
Total 16 16 3 7 12 20 165
CVD 8 7 1 3 6 10 65
CHD 3 3 0 1 2 3 28
Stroke 4 4 0 2 3 5 33
Respiratory disease 2 3 0 1 1 3 34
COPD 2 2 0 0 1 2 29

Air pollutants
PM2.5 (lg�m�3) 56 20 18 41 54 67 127
NO2 (lg�m�3) 31 11 10 22 30 38 66
O3 (lg�m�3) 77 14 36 68 77 87 113

Weather
Mean temperature (�C) 15 5 �0.5 12 16 18 25
Relative humidity (%) 68 10 35 61 71 77 91

SD: standard deviation; P25: the 25th percentile; P75: the 75th percentile.

Table 3
Descriptive statistics of AHI and daily excess mortality risk from air pollutants and non-optimum temperature.

Parameters Mean SD Minimum P25 Median P75 Maximum

AHI 6 4 0 3 5 8 26
ER
Total (%) 28.23 24.81 1.03 10.48 18.57 39.87 172.80
PM2.5 (%) 1.12 0.79 0.09 0.56 0.90 1.43 9.01
O3 (%) 1.35 0.75 0.08 0.79 1.19 1.77 5.36
NO2 (%) 2.29 1.33 0.15 1.30 1.99 3.01 10.47
Temperature (%) 23.47 24.15 0 6.25 14.46 34.41 167.59
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thresholds. In comparison, the coefficient estimates and model fit
statistics (R2 and AIC) are quite similar between ‘‘total AHI” and
‘‘specific AHI” for cause-specific mortality (Table 4). After rescaling
the AHI to 0–500, we found that the per-50-unit increases in
AHI0–500 were associated with 0.91%, 1.13%, 1.18%, 1.07%, 1.79%,
and 1.84% increases in total, CVD, CHD, stroke, respiratory diseases,
and COPD mortality, respectively (Table S1 in Appendix A). These
estimates are comparable to the estimates per one unit increase
in the ‘‘total AHI” (0–10 scale).

The results obtained from the sensitivity analysis after changing
the DoF in the natural cubic spline smooth function for the calendar
day were comparable to our main models (data not shown). Tables
S2 and S3 in Appendix A show the regression coefficients and daily
excess mortality risks for PM10, SO2, and CO. The distribution of
the AHI was similar with the main results after adding PM10, SO2,
and CO to the construction of the AHI (Tables S2–S4 in Appendix A).

Estimates are presented as percentage changes and 95% CI asso-
ciated per unit increase in indices.
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4. Discussion

In this large, multi-city study, we constructed a new AHI for
ambient air pollution and non-optimum temperature based on
data collected from 272 Chinese cities. Our new index is the first
to combine air pollution and temperature in the construction of a
health-based exposure index. Our results show that this AHI exhi-
bits good performance in predicting total and cause-specific mor-
tality. Overall, this national AHI has the potential to be a useful
tool in communicating short-term health risks from air pollution
and temperature exposure to the public in China.

4.1. Formulation of the AHI

Unlike the current AQI, which is solely determined by the air
pollutant with the highest AQI score, this new AHI considers the
combined health effects of major air pollutants and temperature.
In another study, Hu et al. [16] constructed a health-risk-based
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AQI (HAQI) using the estimated E-R relationships of PM2.5, PM10,
SO2, NO2, and O3 with daily mortality based on a systematic review
of Chinese studies [17]. They found that the HAQI values were
higher than the current AQI when multiple air pollutants were
simultaneously high, suggesting that the AQI may not capture
the combined effects of multiple pollutants in high-exposure sce-
narios. In addition to air pollution, we introduced non-optimum
temperature into our AHI in order to comprehensively evaluate
the overall health risk of these major ambient environmental risk
factors and to better communicate risk to the public.

Selecting the appropriate risk factors is an important step in
establishing the AHI. Similar to that of the HAQI, the AHI formula
is determined by the specific air pollutant types included. In its
methodology, the AHI formula has a flexibility that allows
researchers to include any air pollutant of interest. From an empir-
ical standpoint, it is not ideal to combine the excess health risks
from all air pollutants, as doing so may lead to multi-collinearity
and overfitting [18]. In this study, we did not include PM10, CO,
and SO2 for the following reasons: ① A large proportion of the
effects of PM10 might be attributed to PM2.5; ② the effects of SO2

were greatly attenuated after adjustments were made to other
air pollutants in our previous publications using the same dataset
[19]; and ③ the annual average daily concentrations of CO
(1.2 mg�m�3) were found to be well below the air quality standard
in China (4 mg�m�3). We finally selected PM2.5, NO2, and O3 as the
indicators of air quality in the construction of the AHI because they
are representative of certain sources and because their associations
with daily mortality were independent of other air pollutants
[8,10,13].
Fig. 1. Combined E-R curves for the associations of the present-day AHI with daily (a) tota
Chinese cities from 2013 to 2015. The y-axis can be interpreted as the relative change fro
the dashed lines represent their 95%CI.

Table 4
Comparisons of the associations of ‘‘specific AHI” and ‘‘total AHI” with daily specific mort

Diseases Total AHI (%)

Estimates (95% CI) R2

CVD 1.01 (0.72, 1.30) 0.1405
CHD 0.98 (0.57, 1.40) 0.0847
Stroke 1.02 (0.65, 1.39) 0.0867
Respiratory disease 1.66 (1.18, 2.15) 0.0960
COPD 1.71 (1.15, 2.27) 0.0833
Total 0.84 (0.62, 1.07) 0.1646

CI: confidence interval.
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4.2. AHI validity

We evaluated the performance of our new AHI in predicting the
all-cause and cause-specific mortality. Our results showed an
almost linear association between ‘‘total AHI” and all-cause mor-
tality, without notable thresholds. These findings confirmed that
the AHI exhibits a good performance in predicting the daily total
mortality risk. In addition, our ‘‘total AHI” yielded similar estimates
for its associations with cause-specific mortality compared with
those estimated using the ‘‘specific AHI.” Furthermore, the model
fit statistics were comparable between these AHIs. These findings
confirm that the ‘‘total AHI” may be sufficient for predicting
cause-specific mortality related to air pollution and temperature.
Although estimating separate AHIs for different causes of mortality
can be more accurate when the health outcome of interest is not
all-cause mortality, using a single ‘‘total AHI” to indicate all-
cause and cause-specific mortality may be more convenient and
practical for communicating health risks to the public.

4.3. Communication issues

The AHI proposed herein is a comprehensive health-risk com-
munication tool that can be used to inform the public and prompt
them to seek mitigations to reduce the harmful health impacts of
short-term exposure to ambient air pollution and non-optimal
temperature. Moreover, this index not only characterizes the
overall risk of simultaneous exposure to all environmental risk
factors, but also provides the excess health risk from each
exposure. Therefore, it can help to identify the dominant risk factor
l, (b) CVD, (c) CHD, (d) stroke, (e) respiratory diseases, and (f) COPD mortality in 272
m the effect of the AHIs on mortality. The solid lines represent mean estimates, and

ality in 272 Chinese cities from 2013 to 2015.

Specific AHI (%)

AIC Estimates (95% CI) R2 AIC

1.4019 0.96 (0.67, 1.25) 0.1405 1.4019
1.2665 0.86 (0.44, 1.28) 0.0849 1.2661
1.2978 0.92 (0.57, 1.28) 0.0865 1.2980
1.2135 1.66 (1.19, 2.13) 0.0959 1.2136
1.1508 1.75 (1.19, 2.31) 0.0832 1.1511
1.5648
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and guide the public in adopting the most efficient protections. For
example, people can reduce the duration and intensity of their out-
door activities, stay indoors, and use an air purifier with the win-
dows closed when PM2.5 is the key risk factor. When extreme
temperature is the dominant risk factor, people may consider stay-
ing indoors with air conditioning and/or appropriate ventilation.
To better summarize and interpret this index in terms of health
protection, Table 5 lists the health risk levels, potential harmful
health effects, and suggested mitigation measures corresponding
to different levels of the AHI. The AHI may also have potential to
serve as a supplement to the existing AQI and to act as a tool for
risk communication to susceptible groups in order to achieve pub-
lic health benefits. Following our proposed methods, policymakers
may develop AHIs based on local environmental conditions and for
subgroups of their population.

4.4. Strengths and limitations

The study has several strengths. First, we established a national
AHI using a large, multi-city dataset in the mainland of China.
Therefore, our results have nationwide representativeness. Second,
compared with other indices, we integrated non-optimum
Table 5
Values, levels, implications, and cautionary statements in the AHI for public communicati

AHI Colors Levels Health implications

0–1 Green Good Air quality and temperature are satisfactory,
and air pollution and temperature pose little o
no risk

2–3 Yellow Moderate Air quality and temperature are acceptable;
however, for some pollutants or temperature,
there may be a moderate health concern for a
very small number of people who are
unusually sensitive to air pollution or
temperature

4–5 Orange Unhealthy for
sensitive
groups

Members of sensitive groups may experience
health effects. The general public is not likely
to be affected

6–7 Red Unhealthy Some members of the general public may
experience health effects; members of
sensitive groups may experience more serious
health effects

8–9 Purple Very
unhealthy

Health warnings of emergency conditions. The
entire population is likely to be affected

10+ Maroon Hazardous Health alert: Everyone may experience more
serious health effects

Note: Air pollutants are defined as the dominant risk factors if their excess health risks
defined as the dominant risk factor if its excess health risk is higher than the excess ris
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temperature and air pollution together in this AHI, which can
better reflect the actual exposure scenario in reality and lead to a
more comprehensive risk assessment. Third, our AHI can provide
not only the overall health risk due to simultaneous exposure to
these factors, but also the excess mortality risk from each individ-
ual factor, so as to better inform the public and prompt them to
seek targeted protection.

This work has some limitations. First, as we obtained exposure
data (air pollutants and temperature) from fixed-site monitors in
each city, exposure misclassification was inevitable. Second, we
only included the most severe health event—that is, mortality—
as the health outcome due to limited data availability, so morbid-
ity was not considered. As a result, the current AHI may have a
limited ability to capture more acute and relatively weaker health
effects. Third, the index uses an E-R function derived from local
contexts, so the predictability of the AHI is related to the local
characteristics. In a large area such as the whole country, the pre-
dictability is less stable than in a small area where the atmo-
spheric and population characteristics are more homogeneous.
In addition, given the limited availability of data, we could not
include more recent data to examine the predictive ability of
the AHI in this study.
on.

Cautionary statements

r
None

People with severe diseases should limit prolonged outdoor exertion

Active children and adults, and people with respiratory or CVDs, should limit
prolonged outdoor exertion

Common protective measures: Active children and adults, and people with
respiratory or CVDs, should avoid prolonged outdoor exertion and stay
indoors with the doors and windows closed; everyone else, especially
children, should limit prolonged outdoor exertion
Specific adaptive measures: If air pollutants are the dominant risk factors,
the above sensitive groups may take personalized protective measures (e.g.,
wearing a mask or respirator, using a home air purifier, and taking fish oil); if
temperature is the dominant risk factor, the above sensitive groups may take
precautions to maintain suitable temperature conditions (e.g., using an air
conditioner and dressing appropriately according to the weather conditions)

Common protective measures: Active children and adults, and people with
respiratory or CVDs, should avoid all outdoor exertion and stay indoors with
the doors and windows closed; everyone else, especially children, should
limit outdoor exertion
Specific adaptive measures: If air pollutants are the dominant risk factors,
everyone may take personalized protective measures (e.g., wearing a mask or
respirator, using a home air purifier, and taking fish oil); if temperature is the
dominant risk factor, everyone may take precautions to maintain suitable
temperature conditions (e.g., using an air conditioner and dressing
appropriately according to the weather conditions)

Common protective measures: Everyone should avoid all outdoor exertion
and stay indoors with the doors and windows closed
Specific adaptive measures: If air pollutants are the dominant risk factors,
everyone should take personalized protective measures (e.g., wearing a mask
or respirator, using a home air purifier, and taking fish oil); if temperature is
the dominant risk factor, everyone should take precautions to maintain
suitable temperature conditions (e.g., using an air conditioner and dressing
appropriately according to the weather conditions)

on a particular day are higher than the excess risks of temperature. Temperature is
ks of air pollutants.
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5. Conclusion

In this work, we established a new AHI based on the associa-
tions of PM2.5, NO2, O3, and temperature with daily total mortality
using 272 cities in the mainland of China from 2013 to 2015. The
‘‘total AHI” was found to be significantly associated with total
and cause-specific mortality. The E-R curves for the associations
between the AHI and mortality were approximately linear, without
any thresholds. This index provides a flexible and promising tool
for communicating health risks related to exposure to different
ambient environmental risk factors to the public.
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