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Abstract Heat stroke is a serious heat-related health outcome that can eventually lead to death. Due to

the poor accessibility of heat stroke data, the large-scale relationship between heat stroke and meteorological
factors is still unclear. This work aims to clarify the potential relationship between meteorological variables and
heat stroke, and quantify the meteorological threshold that affected the severity of heat stroke. We collected
daily heat stroke search index (HSSI) and meteorological data for the period 2013-2020 in 333 Chinese cities
to analyze the relationship between meteorological variables and HSSI using correlation analysis and Random
forest (RF) model. Temperature and relative humidity (RH) accounted for 62% and 9% of the changes of HSSI,
respectively. In China, cases of heat stroke may start to occur when temperature exceeds 36°C and RH exceeds
58%. This threshold was 34.5°C and 79% in the north of China, and 36°C and 48% in the south of China.
Compared to RH, the threshold of temperature showed a more evident difference affected by altitude and
distance from the ocean, which was 35.5°C in inland cities and 36.5°C in coastal cities; 35.5°C in high-altitude
cities and 36°C in low-altitude cities. Our findings provide a possible way to analyze the interaction effect of
meteorological variables on heat-related illnesses, and emphasizes the effects of geographical environment.
The meteorological threshold quantified in this research can also support policymaker to establish a better
meteorological warning system for public health.

Plain Language Summary The impact of extreme heat events on population has become of urgent
public health concern. In China, the real mortality and morbidity data are not publicly available and data of
some diseases are not enough recorded. Thus, it is difficult to build a solid relationship between heat strokes
and meteorological variables in large spatial scale. Internet search data, highly correlated with real heat stoke
cases, was adopted as a new data set in our research instead of the heat-related morbidity data to investigate the
relationship between heat strokes and multiple meteorological variables. According to Random forest model,
temperature and relative humidity (RH) were identified as the most important factor, which mainly affected the
severity of heat strokes. We quantified the meteorological threshold that affected the severity of heat strokes

as well. Heat strokes may start to occur when temperature exceeds 36°C and RH exceeds 58% in China. The
temperature of this threshold is higher in the south or low-latitude region or coastal region of China. This work
provides new insights for health research and help to timely alert the public in adverse weather conditions.

1. Introduction

Global warming has become a severe problem worldwide. The frequency of extremely hot summers has increased
dramatically since the 2003 European heatwave, and events that would occur twice a century up to the early 2000s
are now expected to occur twice a decade (Christidis et al., 2015). Extreme heat events are predicted to be more
intense, more frequent and last longer over most land areas in the 21st century (Christidis et al., 2015; Gerald &
Claudia, 2004).

Exposure to heatwaves is associated with increased mortality. For instance, the European heat wave of 2003
was responsible for an excess of 70,000 deaths in France, Germany, Italy, Spain and other countries (Robine
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et al., 2008). In Russia, the death toll of the 2010 summer heatwave totaled 55,000 people (Barriopedro
et al., 2011).

There are abundant literature on heat-related morbidity and mortality (Alzeer & Wissler, 2018; Gasparrini
et al., 2015, 2017; Kouis et al., 2021; Vicedo-Cabrera et al., 2021; Wu et al., 2020). Since heat-related mortality/
morbidity data are not enough, it is difficult to conduct detailed studies of the relationship between heat-related
diseases and extreme heat events. Each study tends to use a different set of heat-related diseases and most of them
are based on indirectly heat-related mortality/morbidity, such as cardiovascular, cerebrovascular, and respiratory
system mortality (Achebak et al., 2018; Basu, 2009; Pan et al., 1995; Salimi et al., 2018; Yang et al., 2018; B.
Zhang et al., 2018), the number of emergency department visits, ambulance calls (Dolney & Sheridan, 2006;
Schaffer et al., 2012) or hospitalizations (Gronlund et al., 2016). Although these researches used a wide range
of health data to examine non-specific health outcomes and clarify a proportion of the total variance, most of
the inferred correlations are consistent and practically significant. Heat stroke is a serious heat-related health
outcome that can eventually lead to multiple organ tissue injuries, neurologic morbidity, and even death (Alzeer
& Wissler, 2018; Dhainaut et al., 2004; Guo et al., 2017). Due to the paucity of heat stroke mortality or morbidity
data (Chen et al., 2015; Harlan et al., 2013), it is difficult to perform robust statistical analyses.

Currently, a great deal of attention is being paid to web search query volume data, which could provide a new
solution to this problem. Internet search data are widely used for health-related research (Bragazzi et al., 2016;
Fazeli Dehkordy et al., 2014; Jung et al., 2019; Lampos et al., 2015). People increasingly use search engines like
Google to look for health-related information. Search keywords have become good indicators for understanding
activities taking place in the world (e.g., Flu Trends: http://www.google.org/flutrends/). A retrospective obser-
vational study carried out in England has found that daily increases in frequency in Google search terms during
heatwave events were highly correlated with validated syndromic indicators (Green et al., 2018). Similar to
Google, Baidu has become the most popular web search engine service in China in recent years. The Baidu Index,
which is similar to Google Trends, allows users to look up the search volume and trends of certain keywords and
phrases and can serve as a Baidu keyword research tool. The potential utility of Internet search data to monitor
heat-related morbidity was demonstrated in Shanghai (T. Li et al., 2016), where a strong correlation was found
between Internet searches for heat stroke and heat stroke deaths and hospitalized cases. Internet search data also
have been found to help better predict heat stroke cases in several cities of China (Y. Wang, Song, et al., 2019).

Compared with the wide discussion on temperature and heat-related mortality and morbidity of several kinds of
heat-related diseases, studies on the relationship between heat strokes and RH, wind speed and other meteoro-
logical variables and their spatial distributions are limited and outdated. Some conclusions from previous studies
indicate that heat-related diseases are not only affected by temperature but also by other meteorological factors.
For example, the effects of temperature are greater when heat is accompanied by high RH and weak winds (Kunst
et al., 1993; Rohat et al., 2019). Based on this understanding of heatwaves and weather, indicators such as appar-
ent temperature and the Heat Index are widely used (Brooke Anderson et al., 2013; Grundstein & Dowd, 2011;
Rohat et al., 2019).

Due to the limited availability of large-scale heat stroke morbidity data, no previous studies have quantified
the contribution of multiple meteorological variables to heat stroke variations at a large spatial scale. Existing
studies mainly focus on one or few cities (T. Li et al., 2016; Y. Wang, Song, et al., 2019). In this article, we used
web-based data in place of patient hospitalization caused by heat stroke to analyze the relationships and spatial
patterns of the effects of heat with several different meteorological factors in China. Finally, we quantified the
relative importance of individual meteorological factors to heat stroke variations and identified the meteorologi-
cal threshold that affected the severity of heat strokes.

2. Materials and Methods
2.1. Data Sources

This study used two types of data: Baidu Index data and meteorological data. All data were extracted on a daily
timescale for the summer periods (May 1 to August 31) from 2013 to 2020, totaling 984 days. The study covered
the 333 prefecture-level administrative regions present in China in 2019, which hereinafter are referred to as
“cities” (Figure S1 in Supporting Information S1).
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daily timescale and reflect the different keyword's “user awareness” and “media attention” (Huang et al., 2016).
The Baidu Index provides only normalized data and, as there are no actual scales used in the indices, it is not clear
what the exact or absolute numbers are (e.g., if the search index is 120, the real search volume may be 1,000 or
10,000). If the search index is lower than 120, the Baidu Index can be discretized into three ranges (i.e., 0, 0-60
and 60-120). As such, when the search index is lower than 120, it may imprecisely reflect the real search volume.

In this study, we only analyzed the search index when it exceeded 120.

Daily Baidu Index data for 333 cities, using the Chinese characters “zhongshu” (which is “#%2” in Chinese)
as the keyword, were downloaded from the Baidu website (http://index.baidu.com/). In Chinese, zhongshu has
multiple meanings, including heat syncope, heat exhaustion, heat cramps and heat strokes. This keyword has been
shown to be highly correlated with heat stroke patients in China (T. Li et al., 2016; Y. Wang, Song, et al., 2019).
We have also performed a correlation analysis in this study using real cases of heat strokes from the Chinese
Center for Disease Control and Prevention. We collected the daily case numbers of heat strokes in Shanghai,
Jinan, Guangzhou and Shenzhen for the study periods of 2015 to 2017, which were used to verify the correlation
between HSSI and the number of real cases.

Daily meteorological data for 659 stations, including maximum temperature, RH, evaporation, wind speed, and
sunshine duration, were obtained from the China Meteorological Administration. Since there are only 333 cities
in this study, it is necessary to find at least one meteorological station for each city. The corresponding principles
are as follows: (a) if there is a station in a city jurisdiction, we select this station. (b) if there are more than one
station in one city, we calculate the daily mean value of all stations for this city.

2.2. Model Establishment and Validation

First, because the data were not normally distributed, we calculated the Spearman correlation coefficients to
quantify the correlations between the HSSI and five daily meteorological variables (maximum temperature, RH,
evaporation, wind speed, and sunshine duration) for 333 cities (Figure S1 in Supporting Information S1). Since
there are strong correlations between different meteorological factors (Table S1 in Supporting Information S1),
we calculated the partial Spearman correlation coefficients between one meteorological variable and HSSI while
adjusting the effects of the other controlling variables.

The RF model is an ensemble machine learning method with higher prediction accuracy among currently availa-
ble algorithms. RF integrates multiple decision trees by averaging the results of each decision tree, which reduces
the possibility of over-fitting and increases the robustness of the prediction (Hutengs & Vohland, 2016; Zhao
etal., 2021; Zhu et al., 2019). Since the data sets in this research are relatively large and the relationships between
meteorological variables are complex, the RF is a good prediction model for our analysis.

Because there are large uncertainties when the search index is lower than 120, we only selected search indices
exceeding 120 for further analysis. To ensure enough samples to train the RF model, cities where search data with
HSSI >120 exceeded 90% of all the search data in those cities (including HSSI <120) were selected to establish
the RF model. Only 28 cities met this requirement. We also divided the 28 cities into northern and southern cities
according to their location with respect to the Qinling Mountains-Huaihe River Line, which is regarded as the
geographical divide between northern and southern regions of China (Figure 1). Cities were used as a categorical
variable in the model analysis. We randomly chose 95% of the data of each city as training data, and the remaining
5% of the data were treated as testing data. The RF model was established with the scikit-learn Python library,
and the optimal hyper-parameters of RF were selected through a grid search optimization method. Root mean
square error (RMSE) and determination coefficients (R?) were used to evaluate the predicted performance (Ali
et al., 2020; An et al., 2020; Ng et al., 2020; Zhao et al., 2021; Zhu et al., 2019), calculated as:

2
N exp pred
i (Yf -y ) )
N

RMSE =
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Figure 1. Spatial distribution of northern and southern cities.
2
zﬁl (Yexp _ Ypred)
R=1- - @)
XL (7T - Y)
where Y, and Y,.pmd are the experimental and predicted values, N is the number of samples, Yo is the average
of the experimental values.
Partial dependence plots (PDPs) are often used to visualize the relationship between input features and predicted
values to explain the machine learning model with the best prediction performance and provide valuable insights
of the established model (Zhao et al., 2021; Zhu et al., 2019). In this study, we used PDPs to visualize the
marginal effect of one or two meteorological factors on HSSI by varying a single factor and averaging over the
values of all other variables.
3. Results
3.1. Correlation Between Heat Stroke Cases and HSSI
Table 1

Correlation Coefficients Between Heat Stroke Search Index (HSSI) and

Heat Stroke Cases

We collected real heat stroke cases in Shanghai, Jinan, Guangzhou and Shen-
zhen for the study period of 2015 to 2017 from National Health Commis-

sion of the People's Republic of China. The Pearson correlation coefficients

City Cases number Correlation coefficient between heat stroke cases and HSSI were computed and shown in Table 1.
Guangzhou 160 0.407%#* The coefficients in Jinan and Shanghai exceeded 0.6 which have passed the
Jinan 339 0.67%% significance test at 99.9% level. Among these four cities, the larger cases
Shanghai 220 0.66% %+ number the higher correlation is.

Shenzhen 168 0.427%%*

Note. *** indicates that the coefficients passed the 0.001 significance test.
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3.2. Importance Analysis of Meteorological Variables to HSSI

For 333 cities studied in this paper, the correlation coefficients between five meteorological variables and HSSI
vary greatly across cities. Most cities that have passed the significance test are located in the east and center of
China. Daily maximum temperature, evaporation, wind speed and RH was predominantly positively correlated
with HSSI. Sunshine duration was predominantly negatively correlated with HSSI. The higher correlation coef-
ficients were mainly concentrated in the eastern and coastal areas of China (Figure 2).

Undoubtedly, temperature is the most important factor. The correlation coefficients for temperature were predom-
inantly positive at 95% significance level in 203 cities distributed in the eastern coastal areas of China (Figure 2a).
Cities distributed between 30° and 50°N showed a strong correlation with HSSI. In addition to daily maximum
temperature, RH also showed a positive correlation with HSSI in 87 cities, which were mainly distributed in
central China (Figure 2b). As seen in Figure 2c, 73 cities had a significant partial correlation between evapora-
tion and HSSI, 77% of which showed a positive correlation. For sunshine duration (Figure 2d), 32 cities mainly
located in the south of China were positively correlated with HSSI while 39 cities located in the north of China
were negatively correlated with HSSI. For wind speed (Figure 2e), 65 cities passed the 95% confidence test. Only
12 cities showed a negative correlation between wind speed and HSSI, while 53 cities distributed in eastern China
were positively correlated with HSSI. To further explore the relationships between heat strokes and meteorolog-
ical variables, the RF model was applied to analyze the relative importance of each meteorological variable and
their interactions in determining heat stroke variations. The R? and RMSE of the 28 cities included in the RF
analysis are listed in Table S2 in Supporting Information S1. In the training set, the median RMSE and R? of 28
cities were 521.41 and 0.94, respectively. In the testing set, the median RMSE and R? of 28 cities were 1184.41
and 0.88, respectively. Smaller RMSE and larger R? indicate that the model fits better.

The relative importance of temperature, RH, evaporation, wind speed and sunshine duration were assessed in
the RF model and are shown in Figure 3. Temperature clearly showed the most significant effect on HSSI, with
a median relative importance of 62% among 28 cities. Overall, the importance of RH, wind speed, evaporation
and sunshine duration were basically the same, accounting for 9%, 8%, 7% and 9% of the changes of HSSI,
respectively.

The importance of daily maximum temperature was approximately the same in the two groups of cities, with
median values of 64% and 62% in northern and southern cities, respectively. The importance of RH was evidently
higher in northern cities, with a median value of 12%. RH varies greatly in China, gradually decreasing from
southeast to northwest (Figure S2 in Supporting Information S1). The RH in northern China is relatively low. This
result may indicate people in northern China are more sensitive to RH. It is also observed that wind speed, evap-
oration and sunshine duration play a slightly more important role in southern China than in the north (Figure 3).
Evaporation accounts for 9% and 8% of HSSI changes in southern and northern cities, respectively. Wind speed
accounts for 9% and 7% of HSSI changes in southern and northern cities, respectively, and sunshine duration
contributes to 11% and 9% HSSI changes in southern and northern cities, respectively.

3.3. Relationship Between Meteorological Variables and HSSI

The partial dependence plots (PDPs) in Figures 4 and 5 show the marginal effect of one or two input variables on
the predicted HSSI from the RF model. To isolate the influence of daily maximum temperature on HSSI, only
temperature was changed while the constant averages of the other input variables were used in the RF model.
In the PDPs with one input variable (Figure 4), the HSSI increased with the increase of temperature, particularly
above 20°C. A sharp increase of HSSI appears at temperatures between 30 and 40°C. At temperatures above 40°C,
the HSSI remains unchanged, which may be attributable to the fact that the maximum temperature of all samples
input in the RF model is 42°C and RF is not efficient at predicting when the input values exceed the range of the
training samples. The HSSI started to increase slightly with the increase of RH when this was greater than 60%
(Figure 4b). After 80% RH, the HSSI increased rapidly, which indicates that the optimal RH of people may be
below 80%. Previous studies have shown that humidity plays an important role in human heat-related discomfort
together with temperature (Coffel et al., 2018; Davis et al., 2016; Matthews et al., 2017; Rohat et al., 2019). The
skin surface transfers heat to its surroundings through evaporative cooling. This process is more efficient when
the temperature and humidity gradients are strong. However, in extremely hot and humid conditions the body
may become unable to cool via direct heat exchange. When the body core temperature rises, many adverse health
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outcomes may occur. In our study, the HSSI increased slightly with the increase of evaporation and wind speed
(Figures 4c and 4e). On the contrary, the HSSI decreased slightly when sunshine duration increased (Figure 4d).
With increased evaporation, sunshine duration and wind speed, the changes in HSSI were not significant (in the
range of 180-200), which was consistent with the results of the feature importance analysis.

Our analysis indicates that temperature and RH have significant effects on HSSI changes, which were chosen
for further study. The partial dependence plot of two variables is effective for showing the synergy between
temperature and RH on HSSI variations (Figure 5). There is a positive interaction between temperature and
RH, since increasing temperature and RH lead to increased HSSI when temperature is lower than 40°C, but the
dependence of HSSI on the increase of daily maximum temperature is higher. At temperatures between 30 and
40°C, the dependence of HSSI on the increase of RH increased. The HSSI increased markedly at RH greater
than 60%, particularly at temperatures greater than 35°C (Figure 5). This method could be used to help different
cities formulate risk warning levels of extreme heat events based on multi-meteorological variables and reduce
the adverse effects.

After the comparison of real heat stroke cases and HSSI (Table S3 in Supporting Information S1), we selected the
75th and 90th percentile values of HSSI to indicate different levels of heat stroke risk, where the 75th percentile
means that heat stroke cases may appear (case number > 2) and the 90th percentile means that a large number
of heat stroke cases (case number > median of all records) may appear. Then, we computed the meteorologi-
cal thresholds under different HSSI percentile values of each city in sequence. For northern and southern cities,
the mean value of the predicted HSSI for all cities in each group was computed first, and then the thresholds of
temperature and RH under different HSSI percentile values were quantified. The thresholds here are the mini-
mum values at which heat strokes may appear or get worse. According to the comprehensive results of 28 cities,
cases of heat stroke may start to occur when temperature exceeds 36°C and RH exceeds 58%, and a larger number
of heat stroke cases may occur when temperature exceeds 39.5°C and RH exceeds 74% (Table 2). For cities in
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Figure 5. Partial dependence of heat stroke search index (HSSI) on maximum temperature and relative humidity (RH). The
color bar refers to values of predicted HSSI.

the north of China, the minimum temperature and RH at which heat stroke cases start to occur are lower than
all cities. If temperature exceeds 34.5°C and RH exceeds 79%, there may be some heat stroke cases. Severe heat
stroke conditions will occur when temperature is higher than 38°C and RH is higher than 71%. In the south of
China, the severity of heat stroke mostly depends on the increase of temperature: 36°C is the minimum temper-
ature at which heat stroke cases start occurring, and 40°C is the minimum temperature at which numerous heat
stroke cases start occurring.

Geographical factors such as distance from the ocean and altitude may also affect the threshold of temperature
and RH. We computed the mean value of predicted HSSI of coastal and inland cities and quantified the threshold
of temperature and RH, respectively. The coastal cities are Fuzhou, Guangzhou, Hangzhou, Jinhua, Ningbo,
Qingdao, Shanghai, Shenzhen, Suzhou, Tianjin, Wenzhou, Xiamen, Quanzhou. The others are inland cities. For
coastal cities, when temperature exceeds 36.5°C and RH exceeds 1%, cases of heat stroke start to occur, and
a larger number of cases of heat stroke may occur when temperature exceeds 40°C and RH exceeds 49%. For
inland cities, when temperature exceeds 35.5°C and RH exceeds 68% some cases of heat stroke may occur, and
a larger number of cases of heat stroke may occur when temperature exceeds 39°C and RH exceeds 73%. While
the temperature threshold in coastal cities is higher than in inland cities, which indicates that people living near
the ocean are more adaptable to hot environments. We divided the 28 cities into high-altitude (altitude >200 m)
and low-altitude cities according to their mean altitude. High-altitude cities include Chengdu, Chongqing, Jinhua,
Taiyuan, Xian and Zhengzhou. We computed the threshold of temperature and RH under different percentile
values of HSSI. For high-altitude cities, the minimum temperature and minimum RH at which heat stroke start to
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Table 2

Statistics of Meteorological Conditions Affecting the Severity of Heat Stroke

Heat stroke cases occurring (75th percentile

Large number of heat stroke cases

of HSSI) occurring (90th percentile of HSST)
City Temperature (°C) RH (%) Temperature (°C) RH (%)
All cities 36 58 39.5 74
Northern cities All 34.5 79 38 71
Beijing 34.5 75 36.5 71
Jinan 33 78 37 57
Qingdao 335 69 335 79
Shijiazhuang 33 75 39 73
Taiyuan 35 68 38 52
Tianjin 355 69 37 62
Xian 35 55 37.5 71
Zhengzhou 345 73 38 52
Southern cities All 36 48 40 1
Changsha 35.5 72 39 1
Chengdu 36.5 1 36.5 1
Chongqing 355 1 39 1
Fuzhou 335 77 36 1
Guangzhou 35.5 76 36 1
Hangzhou 355 75 39.5 59
Hefei 36 1 39.5 67
Jinhua 34.5 1 39 50
Kunming 30.5 1 32 1
Nanchang 35 65 38.5 60
Nanjing 36 1 39.5 1
Nanning 36 1 37.5 71
Ningbo 35.5 1 38.5 1
Quanzhou 29.5 74 29.5 74
Shanghai 36 1 39 57
Shenzhen 35.5 78 35.5 78
Suzhou 35.5 1 40 1
‘Wenzhou 345 82 345 83
Wauhan 36 1 39 65
Xiamen 36.5 1 38.5 87

occur are 35.5°C and 58%, and minimum temperature and minimum RH of several heat stroke cases appearing
are 38°C and 73%. However, the values of low-altitude cities are slightly higher. When temperature exceeds 36°C
and RH exceeds 58% the cases of heat stroke may occur, and a larger number of cases of heat stroke may occur

when temperature exceeds 39.5°C and RH exceeds 79%. The lower values of meteorological conditions which

affect the severity of heat stroke in high-altitude cities also indicate that people living at high-altitudes are more

vulnerable to heatwaves.
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4. Discussion and Conclusions

This work highlights the potential relationship between meteorological variables and heat stroke using web-based
data, providing new insights for countries that lack established public health surveillance systems to monitor
heat-related morbidity and help to timely alert the public in adverse weather conditions.

We quantified the partial correlation between meteorological variables and HSSI, and the correlation showed
evidently spatial difference especially for temperature, RH and sunshine duration. Daily maximum tempera-
ture, evaporation, wind speed and RH are predominantly positively correlated with HSSI. Sunshine duration
is predominantly negatively correlated with HSSI. We also analyzed the relative importance of meteorological
factors to heat stroke variations. Combined with partial Spearman correlation and machine learning method, our
results provide solid evidence of the significant influence of temperature and RH on heat stroke variation, with
temperature being the most influential factor. This conclusion is consistent with many existed researches, which
suggest that temperature explains the most health outcome variability and select temperature as main influencing
factor to study the heat-related health outcomes (Ferrari et al., 2012; Y. Li et al., 2018; Sato et al., 2020; D. Wang,
Lau, et al., 2019). The threshold values of temperature and RH were also quantified through the RF model, which
were higher in the southern or coastal or low-latitude region of China.

There are still several limitations to our research. Firstly, our results only demonstrate that meteorological vari-
ables are significantly correlated with heat stroke and partly contribute to heat stroke variation. However, the
mechanism of interaction effects of meteorological factors on the variation of heat stroke is still unclear and needs
to be further studied. Humidity plays an important role in heat-related discomfort together with temperature in
impact on human health (Coffel et al., 2018; Davis et al., 2016; Matthews et al., 2017; Rohat et al., 2019).The
skin surface transfers heat to its surroundings through evaporation of moisture from the skin surface. Even in
hot but not humid conditions, human body is still efficient to lose heat through evaporative cooling. However, in
extremely hot and humid conditions, body may become unable to cool via direct heat exchange with the surround-
ings to maintain a stable core temperature. Considering the import influence of humidity, how to choose a proper
variable is vital to the research on humidity to health. We selected relative humidity as indicator in our research,
which usually refers to the percentage of the vapor pressure in the air and the saturated vapor pressure at the same
temperature. However relative humidity can be highly correlated with other atmospheric variables, particularly
temperature, making it difficult to identify its accurate contribution to heat stroke in our study. Although relative
humidity is the most commonly used moisture variable in epidemiological and environmental health research, in
many cases it is inappropriate and it should always be used with caution (Davis et al., 2016). These complexities
associated with relative humidity may account for some of the contradictions in the epidemiological literature
regarding how humidity influences health outcomes (Gao et al., 2014; K. Zhang et al., 2014). Furthermore, the
evaporation data used in this study refer to potential rather than actual water evaporation. As the temperature
increases, evaporation increases resulting in atmospheric moisture increases. The effect of evaporation on heat
strokes may be indirectly related to increased atmospheric moisture. Studies have shown that wind speed can help
reduce skin temperature and reduce the adverse effects of temperature (Alzeer & Wissler, 2018; Lockwood, 1993;
Sato et al., 2020). However, the HSSI increased with the increase of wind speed in our analysis, the influence
of wind speed need to be further studied. Secondly, our research only quantified the meteorological conditions
affecting the severity of heat stroke without considering the demographic, socioeconomic and urban planning
factors that may also have critical effects on heat-related health outcomes (Gong et al., 2012; Nayak et al., 2018;
Watts et al., 2015).

The search index is highly correlated with the real morbidity of heat stroke in high-income and high internet-usage
cities (T. Li et al., 2016). High income means people in these cities may have better access to health care, air
conditioning and other house benefits, which can make people less sensitive to heat. The cities included in
Random forest model were more developed in China, so that the meteorological threshold quantified by data of
these cities may be higher compared with that in relatively undeveloped cities. Exploiting data sources such as the
Baidu Index comes at a minimal cost and may therefore be useful in countries with sufficient internet coverage
but without an established public health surveillance infrastructure. However, there are notable limitations with
these data sources: (a) the data can only describe the phenomenon found but, because demographic information
on users is not available, the precise reason for users searching for the terms is unknown (T. Li et al., 2016; Miller
& Goodchild, 2014). Moreover, mortality and morbidity data are not publicly available in China. This is why it is
difficult to build a solid relationship between the Baidu Index and the total number of patients suffering from heat
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stroke. (b) Internet coverage varies greatly among cities. The Internet penetration rate in low and middle-income
cities and rural areas is low due to the lower economic and education levels, which results in unreliable data from
small and medium-sized cities in China. This explains why the partial correlation coefficients in small cities
distributed in the north and center of China are relatively low and insignificant. (c) Many people who are more
vulnerable to heat waves, like outdoor workers, older people, young children and homeless people, may not have
access to the Internet and therefore may not be captured by Baidu search queries. This may be another limitation
of Baidu index data.

As a result of all the mentioned limitations, we have only been able to analyze the correlation and contribution
of single meteorological factor to heat strokes. However, in spite of the uncertainties in our analysis, web search
data still provide a good alternative way of performing certain kinds of geographic and human-related research.
With the rapid development of the Internet, the categories and volumes of big data will continue to grow. When
using web-based data, it is vital to choose the appropriate analysis method. Our analysis provides a possible way
to analyze the interaction effect of meteorological variables on heat-related illnesses, and emphasizes the effects
of geographical environment on heat strokes. The meteorological threshold quantified in this research can support
policymakers in timely alerting the public to avoid serious heat-related effects.
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