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ABSTRACT
The focus of this study is an intense heat episode that occurred on 9–13 July 2017 in Beijing, China, that
resulted in severe impacts on natural and human variables, including record-setting daily electricity consumption levels. This event was observed and analyzed with a suite of local and mesoscale instruments,
including a high-density automated weather station network, soil moisture sensors, and ground-based vertical
instruments (e.g., a wind profiler, a ceilometer, and three radiometers) situated in and around the city, as well
as electric power consumption data and analysis data from the U.S. National Centers for Environmental
Prediction. The results show that the heat wave originated from dry adiabatic warming induced by the dynamic downslope and synoptic subsidence. The conditions were aggravated by the increased air humidity
during subsequent days, which resulted in historically high records of the heat index (i.e., an index representing the apparent temperature that incorporates both air temperature and moisture). The increased
thermal energy and decreased boundary layer height resulted in a highly energized urban boundary layer. The
differences between urban and rural thermal conditions throughout almost the entire boundary layer were
enhanced during the heat wave, and the canopy-layer urban heat island intensity (UHII) reached up to 88C
at a central urban station at 2300 local standard time 10 July. A double-peak pattern in the diurnal cycle of
UHIIs occurred during the heat wave and differed from the single-peak pattern of the decadal average UHII
cycles. Different spatial distributions of UHII values occurred during the day and night.

1. Introduction
A heat wave is an excessively hot period over consecutive days. Prolonged exposure to high temperatures
can lead to heat-related illness, which results in increased morbidity and mortality (Braga et al. 2002; Patz
et al. 2005). These heat-wave episodes can have severe
social, environmental, and economic impacts and can
cause a reduction in primary productivity (Ciais et al.
2005), a high risk of forest fires (Parente et al. 2018), and
excessive consumption of electricity and water (Valor
et al. 2001; Daniel et al. 2018). Studies have shown that
heat waves are becoming more intense, lasting longer,
and occurring more often globally against the background of global warming (Meehl and Tebaldi 2004; Sun
et al. 2014; González et al. 2019).
Corresponding author: Shiguang Miao, sgmiao@ium.cn

The health impacts of heat waves are directly connected to high near-surface air temperatures and humidity (Davis et al. 2016; Chen 2017). Urban areas are
particularly vulnerable under heat waves due to the
urban heat island (UHI) effect, a phenomenon in which
urban built-up areas experience warmer temperatures
than the surrounding rural areas (Oke 1982). The UHI
effect mainly results from the alteration of land surfaces
with built materials such as asphalt and concrete, which
have significantly different thermal bulk properties and
surface radiative properties than natural land cover. In
addition, anthropogenic heat emissions generated by
human activities from buildings, transportation, and
human metabolism play an important role in contributing to the UHI effect (Oke 1982; Stewart and Oke
2012; Iamarino et al. 2012).
In addition to high temperatures, high humidity
can exacerbate the effects of heat waves on humans
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(Karl and Knight 1997; Fischer et al. 2012). High humidity decreases the human body’s efficiency in discharging heat through evaporative cooling (perspiration),
which leads to increases in the body’s internal temperature (Sherwood and Huber 2010). Therefore, when
studying extreme heat days, the ‘‘heat index’’ is often
used (Cristo et al. 2007; Ding and Qian 2011), which
normally considers both air temperature and humidity
(Steadman 1979a, 1984). However, urban areas are
generally expected to have a lower air humidity than
rural areas because of reduced evaporation from asphalt
and concrete surfaces (Clark et al. 1985).
Over the past 30 years, the speed and scale of urbanization in Beijing have been unprecedentedly high
(United Nations 2014; Jacobson et al. 2015). Surface
land-use changes and anthropogenic emissions induced
by the process of urbanization are changing meteorological conditions (e.g., temperature, wind, humidity,
and precipitation), boundary layer structures, and surface energy budgets in Beijing (Miao et al. 2009; Yu et al.
2013; Dou et al. 2015).
The rapid pace of urbanization and the increasing risk
of severe summer heat against the background of global
warming highlight the importance of studying the interaction between heat waves and UHIs. The synergy
between heat waves and the UHI effect has been
addressed in numerous studies based on both observational analysis and model simulations. Amplified UHIs
during heat waves have been documented in many cities
across the world (Basara et al. 2010; Li and Bou-Zeid
2013; Founda and Santamouris 2017; Ramamurthy et al.
2017; Ortiz et al. 2018b; S. Jiang et al. 2019; Rizvi et al.
2019). Such synergistic effects between UHIs and heat
waves have been attributed to the contrasting responses
of urban and rural surface energy budgets to heat waves.
For example, the incoming shortwave radiation and
longwave radiation received in urban areas amplifies the
energy storage in the built surfaces with the additional
effects of increased sensible heat fluxes from the surfaces and from anthropogenic emissions (Li et al. 2015;
Ao et al. 2019).
However, some studies investigating large collections of cities have found that there is not significant
amplification of the UHIs (Ramamurthy and Bou-Zeid
2017; Zhao et al. 2018) or even reduced UHIs (Scott
et al. 2018) during heat waves under some circumstances, which are linked to factors such as the physical
sizes of cities, climate backgrounds, and weather conditions. Exacerbated UHIs during heat waves are more
obvious in big cities and are not obvious in small cities
(Ramamurthy and Bou-Zeid 2017). Cities in temperate
climates have significant synergy effects, while those in
arid regions have shown no discernible synergistic effects
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(Zhao et al. 2018). Meteorological conditions (e.g.,
cloud and wind speeds) also have an impact on UHIs
(Morris et al. 2001). Clear skies and low vapor pressure
generally result in stronger UHI than cloudy skies and
moist weather conditions because urban areas receive
more solar radiation under clear skies, and rural areas
can cool faster through emitted longwave radiation in
low vapor conditions (Hardin et al. 2018; Eastin et al.
2018). The most reduced UHI was found under moist
weather conditions (Scott et al. 2018). Wind speed is
usually lower during heat waves because of accompanying surface high pressure (Ackerman and Knox
2012); lower wind speed leads to reduced advective
cooling effect, and thus is expected to amplify the UHIs
(Oke 1982; Li and Bou-Zeid 2013). Li et al. (2016)
further found out that during the daytime period of
heat waves, the urban wind speed is generally enhanced
compared to the rural wind speed and leads to greater
sensible heat flux in an urban zone, which can amplify
the UHIs.
Despite these apparent large body of work on
UHIs under heat waves, these studies are generally
based on a few representative stations for single
cities or model simulations, and most do not focus on
the spatial features of interactions between urbanization and heat waves. In addition, few studies have
addressed the differences in thermal conditions between urban and rural areas in the entire boundary
layer during heat waves.
High-density automated weather stations (AWSs)
have been established in both urban and rural areas in
Beijing in the last few decades. On the basis of observations from these stations, the variations and distributions of UHIs have been elaborated (Miao et al.
2009; Yang et al. 2013; Zhang et al. 2015; K. Wang et al.
2017). However, such works did not explain how heat
waves impact the spatial distributions of UHIs or how
UHIs may affect temperature patterns during heatwave events in Beijing.
The Study of Urban Impacts on Rainfall and Fog/Haze
(SURF) field campaign has been ongoing in Beijing,
China, and the surrounding area since 2015. SURF
employs various sensors, including radiometers, lidar,
radar, towers, and aircraft sensors, at multiple urban and
rural stations (Liang et al. 2018). These observations
provide us with the opportunity to study the evolution of
the thermal and dynamic vertical structures of heat
waves and extend the study of the thermal conditions
between rural and urban areas from the canopy layer to
the boundary layer.
From 9 to 13 July 2017, an intense heat-wave event
occurred in Beijing. According to the Beijing Emergency
Medical Center, the number of emergency services for
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FIG. 1. (a) The topography of Beijing (m; color bar), city districts (dash–dotted lines), the study area (black-outlined rectangle),
and ring roads (red lines). The locations of several stations are marked. Pink dots refer to the eight selected rural stations. Blue
pentagrams refer to the seven soil moisture observation stations around the study area. The yellow inverted triangle indicates
Guanxiangtai (GXT) station, and the two yellow triangles refer to Haidian (HD) and Huairou (HR) stations. (b) Distribution of the
67 automated weather stations (red and black dots) over different land-use types (the image is from Landsat-TM on 22 Sep 2009),
including built-up areas (purple), green spaces (green), and water bodies (blue) in the study area. The red dots are the 51 selected
urban stations.

heat stroke was unusually high during 10–13 July. This
heat wave had a maximum electric power load demand
that reached a historical new record of 22.54 million kW
on 13 July (J. Wang et al. 2017), and the heat index,
which was calculated by an algorithm from the U.S.
National Weather Service (NWS; NWS 2011), reached
45.88C, which was the highest level in 10 years. This
article reports the use of observations to study the interactions between this heat wave and the UHI.
Observations from the AWS network; soil moisture
sensors; ground-based remote sensing instruments such
as a wind profiler, a ceilometer, and three radiometers in
the SURF field campaign; and Global Forecast System
final (FNL) gridded analysis data from the U.S. National
Oceanic and Atmospheric Administration (NOAA)
National Centers for Environmental Prediction (NCEP)
are applied to provide a four-dimensional anatomy of
the heat-wave event and to study the interactions between the UHI and the heat wave.

2. Data and study area
a. Study area
Beijing, the capital of China, is one of the largest
cities in the world. It is a directly controlled municipality that governs 16 urban, suburban, and rural districts. The city is located in the northern portion of
the North China Plain, with the Yanshan and Taihang

Mountains bordering its north, northwest, and west.
Most of the urban area is located on the plains in the
south-central part of the city (Fig. 1a). The city has a
typical monsoon-influenced (East Asian monsoon),
semihumid and warm-temperate continental climate
(Kottek et al. 2006) and hot and rainy summers.
Beijing was constructed on the concept of a ringroad (RR) system (shown by the red lines in Fig. 1a).
The second–sixth RRs represent city expansion by
urbanization. The second RR (innermost) traces the
historic city core, which mostly consists of cultural
relics and relatively low, old constructions. The second
and fourth RRs constrain the central built-up area with
denser and taller buildings. Between the fourth and sixth
RRs are newly developed, less-dense urban areas as well
as suburban areas. In this study, a rectangular study area
was framed just outside the sixth RR (Fig. 1b).

b. Data collection
1) THE BEIJING AWS NETWORK
Approximately 300 AWSs exist in the Beijing metropolitan region. These AWSs were installed and implemented using the operational standards issued by the
China Meteorological Administration (CMA 2003, 124–
125) under the guidance of the World Meteorological
Organization. All AWS data are under strict quality
control by the methods described in Dou et al. (2008).
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In this study, the hourly air temperature at 2 m, the
relative humidity at 2 m, the pressure at 2 m, and the
wind speed at 10 m from the AWSs were obtained
from the Meteorological Information Center of the
Beijing Meteorological Bureau.
Stations are selected if the percentage of missing
reports of these four meteorological elements is less
than 5% during the period of 8–15 July and if missing
reports of temperature and wind are less than 35%
during June–August (JJA) in the past decade from
2008 to 2017. The distribution of the 67 selected
AWSs in the study area is shown in Fig. 1b. Because
our study focuses on the urban area within the sixth
RR, 51 stations inside the sixth RR were considered
to be urban stations (red dots in Fig. 1b) (eight stations inside the sixth RR were excluded because they
are located in large city parks, rural croplands or
mountainous forests). In total, eight stations that are
located outside of the urban zone were selected as
rural reference stations (Fig. 1a) according to Yang
et al. (2013) and Dou et al. (2015); all of the reference
stations are situated on open ground in a countryside
setting. The average elevation of the reference stations is 40.1 m, which is similar to the average elevation
of the selected urban stations (45.6 m). Therefore, temperature corrections are not required for the elevation
differences.

2) GROUND-BASED REMOTE SENSORS
Ground-based remote sensors—namely, three radiometers (Radiometrics Corporation MP-2000A) at
Guanxiangtai (GXT), Haidian (HD), and Huairou (HR)
stations; a wind profiler (China Aerospace Science and
Industry Corp. CFL-03) at the HD station; and a ceilometer (Vaisala, Inc., CL51) at the HD station during the month of July 2017 from the SURF field
campaign—were used to study the thermal profiles and
vertical air movement during the heat-wave event. All of
these sensors performed monitoring at high temporal
resolutions, with values of 2 and 6 min and 16 s for the
radiometers, wind profiler, and ceilometer, respectively.
The GXT, HD, and HR stations have different surface
conditions; specifically, GXT is a typical urban station
surrounded by midrise buildings, HD is in a city park,
and HR is a typical rural station surrounded by cropland. The locations of the three stations are shown in
Fig. 1a. The differences in thermal conditions (virtual
potential temperatures) in the boundary layer between
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these three stations during heat-wave days and nonheat-wave days are analyzed. Non-heat-wave days refer
to days outside the heat-wave period (9–13 July) in
July 2017.

3) NCEP FNL ANALYSIS DATA
The NCEP FNL is a global spectral data assimilation and forecast model system giving 6-hourly (0000,
0600, 1200, and 1800 UTC) atmospheric variables at
18 3 18 resolution and 26 levels (NOAA/NCEP 2000).
The system collects observations from the Global
Telecommunication System (GTS) and other sources.
The 500-hPa geopotential heights field, 850-hPa specific humidity and wind field, and vertical wind field
from NCEP FNL analysis data closest to the heatwave event were applied to help investigate the synoptic causes of the heat-wave event.

4) SOIL MOISTURE AND EVAPORATION
Approximately 22 soil moisture stations exist within
the Beijing metropolitan region, most of which are located outside the urban area. Hourly soil moisture observations in seven stations around the study area during
July 2017 were obtained in this study (Fig. 1a). In addition, daily pan evaporation observations from GXT
station were used to show the possible moisture source
of this heat wave.

c. Methods
1) CALCULATION OF SPECIFIC HUMIDITY AND
THE HEAT INDEX

Because this heat wave was accompanied by a relatively high near-surface atmospheric humidity content,
the specific humidity and heat index are both considered in this study. Hourly values for air temperature,
relative humidity, and pressure are used to calculate
the specific humidity values following methods presented
in Dai (2006).
The U.S. NWS algorithm (NWS 2011) performs well
(Anderson et al. 2013) in reproducing the concept of
apparent temperature (i.e., the heat index) proposed by
Steadman (Steadman 1979a,b). The NWS algorithm
contains a basic formula carried out by Rothfusz (1990)
and allows several adjustments. In this study, we calculated the heat index following the NWS algorithm for
each AWS per hour. The basic formula we used is
shown below:

Hi 5 242:379 1 2:049 015 23T 1 10:143 331 27 3 RH 2 0:224 755 41T 3 RH 2 0:006 837 83T 2
2 0:054 817 17 3 RH2 1 0:001 228 74T 2 3 RH 1 0:000 852 82T 3 RH2 2 0:000 001 99T 2 3 RH2 ,
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TABLE 1. Heatwave events over the past 10 years (2008–17) and rankings of the heat-wave events by different indices.
Duration

Max temperatures

Max heat indices

Heatwave periods

Rankings

Values

Rankings

Values

Rankings

Values

23–25 Jun 2009
11–13 Aug 2009
2–6 Jul 2010
1–4 Jul 2012
2–5 Jul 2013
19–21 Jul 2014
9–11 Jul 2016
9–13 Jul 2017

3
3
1
2
2
3
3
1

3 days
3 days
5 days
4 days
4 days
3 days
3 days
5 days

2
5
1
4
3
8
7
6

39.58C
36.48C
40.68C
36.58C
36.78C
35.28C
35.88C
36.38C

8
5
7
2
4
3
6
1

37.08C
39.38C
38.18C
40.88C
39.68C
40.68C
39.18C
45.88C

where Hi, T, and RH refer to heat index, temperature,
and relative humidity, respectively.

2) HEAT-WAVE IDENTIFICATION
The methodological approach to define a heat wave is
generally based on exceedance of a certain temperature
threshold, either a relative threshold or an absolute
threshold, for consecutive days (Meehl and Tebaldi
2004; Ding and Qian 2011). In this study, a heat wave is
defined as a hot period lasting for at least three consecutive days with a maximum temperature exceeding
358C (Liu et al. 2008). This definition is selected because
it corresponds to the CMA heat warning and is consistent with many other studies focusing on heat-wave days
in Beijing (Xie et al. 1999; Chen and Lu 2014; S. Jiang
et al. 2019). Observations from the GXT station (39.88N,
116.478E) were selected to determine periods of heat
wave because this station is the World Meteorological
Organization station of Beijing and contains long-term,
continuous, and representative observations. The absolute
threshold of 358C is at approximately the 91st percentile of
the daily maximum temperature distribution with respect
to the climatic period of 1988–2017 in JJA at GXT.
Heatwave event periods over the past 10 years (2008–17)
were thus determined on the basis of observations from the
GXT station and are listed in Table 1. Over the past
10 years, a total of eight heat-wave events occurred in
Beijing. The duration, maximum temperature, and maximum heat index of each heat wave and the rankings of each
heat wave among the total of eight heat waves by these
three indices are shown in Table 1. The heat wave in 2017
is among the longest heat waves over the past 10 years.
Although the temperature was not the highest among all
heat-wave events, the calculated maximum heat index for
this 2017 event ranked first with a value of 45.88C (114.48F),
which was much higher than those of other heat waves.

3) CALCULATION OF UHI INTENSITY
UHI intensity (UHII) is generally expressed as the
temperature difference between urban and rural areas.

UHII is estimated at every AWS to obtain the spatial
pattern (P. Jiang et al. 2019). In this study, the UHII at a
certain AWS is calculated as
UHIIi 5 Ti 2 Trural ,
where I 5 1, 2, 3, . . . denotes the ith station of the selected AWSs in the study area, Ti is the 2-m air temperature for the ith station, and Trural is the average 2-m
air temperature for the reference stations, which is defined as
Trural 5

1 n
åT ,
n j51 j

where j 5 1, 2, 3, . . . , n, and n is the number of reference
stations.
The 67 selected AWSs in the study area are used to
generate the UHII spatial patterns. This research focuses on the features of the canopy-layer UHI (2 m
above ground) from in situ weather station observations;
satellite-derived surface UHI data are beyond the scope
of this paper. According to the CMA, the definition of
one day is from 0800 local standard time (LST) on a
given calendar day to 0800 LST on the next calendar
day. In this research, daytime refers to 0800–2000 LST,
and nighttime refers to 2000–0800 LST the next calendar
day. Daytime and nighttime UHIs are thus calculated.
The UHII during the heat wave was compared with the
background, which is calculated by the mean UHII
during 2008–17 in JJA.

3. Results
a. Synoptic mechanisms of the heat-wave event
The circulation patterns and physical fields before
(8 July), during (10 and 12 July) and after (14 July) the
heat-wave event at 0800 LST are shown in Fig. 2. Before
the heat wave, a precipitation event occurred during
6–8 July, with total of 41.7 mm of rainfall at GXT.
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FIG. 2. Composites of the atmospheric field at 0800 LST (top) 8, (top middle) 10, (bottom middle) 12, and (bottom) 14 Jul for (a1)–(a4)
the 500-hPa geopotential height (gpm; solid lines), (b1)–(b4) the 850-hPa specific humidity (k kg21; colors) and wind field (vectors), and
(c1)–(c4) a cross section of the vertical wind field along 408N from the NCEP FNL. The magenta points in (a1)–(a4) and (b1)–(b4)
represent the study area. The dark-gray shading in (c1)–4(c4) represents the longitudinal scope of the study area.

Figure 2a(1) shows that on 8 July an extratropical cyclone developed in the north of Beijing. The 850-hPa
specific humidity of the Beijing area was approximately
8–10 g kg21 [Fig. 2b(1)]. Westerly downslope winds

appeared along the 408N cross section over Beijing
[Fig. 2c(1)]. On 10 July, most of the East Asian continent
was controlled by high pressure systems, and Beijing was
located in the east of a high pressure ridge and in the
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FIG. 3. Variabilities in the hourly mean volumetric water content (m3 m23) at 10 cm below ground level for seven soil moisture observation stations and the daily pan evaporation (mm) at the GXT station for July 2017. The period of the heat wave is denoted by the
vertical black solid lines.

southwest of the cyclone [Fig. 2a(2)]. The 850-hPa
specific humidity and wind field data revealed that
Beijing was under relatively dry conditions (smaller
than 4 g kg21) and northwest winds [Fig. 2b(2)]. At the
408N cross section, Beijing was influenced by westward
winds descending from the mountains [Fig. 2c(2)]. The
circulation pattern on 10 July was a typical pattern for
foehn-favorable heat waves on the North China Plain
(Chen and Lu 2016). On 12 July, Beijing was under
the control of the high pressure system [Fig. 2a(3)].
Southwest winds with relatively high specific humidity
(8–10 g kg21) occurred at the 850-hPa level [Fig. 2b(3)],
which are not foehn favorable given that the mountains
are located in the west/northwest/north side of the Beijing
area. However, synoptic subsidence also induced descent
over the Beijing area [Fig. 2c(3)]. Therefore, the high
temperatures in Beijing were generally the result of dry
adiabatic warming induced by the dynamic downslope
and synoptic subsidence.
Precipitation events occurred at night on 13 and
14 July, which finally cooled the high temperatures. As
shown in Fig. 2a(4), Beijing was located in a trough at
0800 LST 14 July. At the 850-hPa level, the specific
humidity rose to above 12 g kg21, and northeast winds
controlled the Beijing area [Fig. 2b(4)]. Easterly ascent
appeared over Beijing [Fig. 2c(4)].
This heat wave has the highest heat index value among
the eight heat waves in the past 10 years. The moisture
sources of this heat waves were likely from both local
evaporation and moisture advection. Figure 2b(3) shows
that enhanced moisture (8–10 g kg21) from the southwest
was transported to Beijing area via southwesterly winds
on 12 July. The time variations of soil moisture (indicated
by the volumetric water content) and pan evaporation

during July 2017 are shown in Fig. 3. The pan evaporation
can be used as a good indicator of evaporation when the
land surface moisture supply is abundant (Brutsaert and
Parlange 1998). The soil volumetric water content values
were generally high (over 0.3 m3 m23) before the heat
wave because precipitation occurred in Beijing on 6–
8 July prior to the heat wave. Thus, the actual evaporation
was likely not much less than the pan evaporation. The
daily pan evaporation values were 4–7 mm during the
heat wave, with the highest value occurring on 10 July
(Fig. 3), when water vapor in the air was low. During the
heat wave, soil moisture continued drying until the next
precipitation event occurred on the night of 13 July.
Therefore, local evaporation of the initial abundant soil
moisture is another source of moisture for this heat wave.
An additional possible source of moisture is anthropogenic latent heat due to the increased use of air conditioning systems in commercial buildings to mitigate the
excessive heat and moisture.

b. Vertical thermal structure and air movement
Figure 4 shows the vertical thermal structures, air
movements, and boundary layer heights observed by
ground-based remote sensors during the month of July
2017. All of the variables shown in Fig. 4 are based on a
3-h moving average of the raw data to reduce extreme
values. Vertical air movements were observed by a wind
profiler at HD station. As shown in Fig. 4, descending
winds were dominant from 8 to 10 July, which is
consistent with the synoptic background discussed in
section 3a and showed that the dry adiabatic warming by
the dynamic downslope and synoptic subsidence were
the main causes of the heat-wave event. The strong ascent at night on 13 and 14 July corresponded to the
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FIG. 4. The contours of the virtual potential temperature monitored by the radiometer (color-filled contour plot) at the GXT station, the
contours of vertical wind speed (upward: red lines; downward: blue lines) determined by the wind profiler, and the PBL (black curve)
determined by the ceilometer at the HD station. The period of the heat wave is denoted by the vertical black solid lines. The white bar
indicates a period of missing data in the radiometer observations on 19 Jul.

precipitation events that occurred after the heat-wave
event. Although subsidence also appeared on other nonheat-wave days, the scales and durations of these winds
were not comparable with those of the winds on 8–
10 July. The scale of the descent is nearly one order of
magnitude smaller than that of the upward winds during
precipitation (Fig. 4). Further, convective precipitation
is common during the summer in Beijing and induces
large, localized ascent.
The time series of the planetary boundary layer (PBL)
height observed by the ceilometer at the HD station is
also shown in Fig. 4. The mean PBL height during the
heat-wave event was 1045 m, which was 291 m lower
than that during non-heat-wave days (1336 m). The
heat-wave PBL was lower than the PBL of non-heatwave days, which may be related to this heat-wave event
occurring in the middle of two precipitation events, with
one occurring before the heat wave on 6–8 July and the
other occurring after the heat wave starting on the night
of 13–14 July. High air humidity and cloudy weather
occurred during the last three days of the heat-wave
event. This heat wave resembles the July 1999 heat
wave in Chicago, Illinois, which also had a high apparent temperature, relatively higher soil moisture,
and a shallow boundary layer (Kunkel et al. 1996).
The thermal structures of the atmosphere were continually monitored by the radiometer at GXT station
(with only a short period of missing observations on
19 July). Figure 4 shows the contours of the virtual potential temperature from the ground to 5 km from 1 to
31 July. During the heat-wave event (9–13 July), the air
near the surface was warmer (4.5 K higher within surface to 100 m) than that during non-heat-wave days in

July 2017. A superadiabatic layer near the surface could
be observed in the daytime, which is similar to the
findings of a recently reported study for the city of
New York, New York (Ramamurthy et al. 2017). In general, the high pressure system created a thermal block and
restrained the heat transfer between the PBL and the
upper atmosphere. The heat and moisture released in
the subsequent heat-wave days remained close to the
surface and thereby worsened the conditions inside the
boundary layer.
Figures 5a and 5b compare the profiles of the mean
virtual potential temperature in stations with different
surface conditions. This comparison shows that temperatures were highly elevated during the heat-wave
period (9–13 July) compared to those during non-heatwave days (1–8 and 14–18 July) at all three stations.
Only data from 1 to 18 July were calculated because the
radiometers stopped collecting observations on 19 July
at the HR station. During the daytime, a superadiabatic
layer occurred under 500 m and an elevated stable layer
occurred above the GXT station, regardless of the heatwave conditions (Fig. 4a). However, at the HD (urban
park) station, the near-surface layers were stable during
the daytime and nighttime while HR (rural) was neutral
in the daytime and stable at nighttime. The difference
between GXT and the other two stations may be due to
different underlying surfaces as well as mountain breezes
because the HR and HD stations are closer than GXT
to the foot of the mountains. These results suggest that
the thermal profiles within the boundary layer have a
complex structure even within city areas, which is
consistent with the findings of studies in other cities (Liu
et al. 2006; Ramamurthy et al. 2017).
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FIG. 5. (a),(b) The mean virtual potential temperature profiles at GXT (urban), HD (urban park), and HR (rural)
and (c),(d) biases of the virtual potential temperature profiles between urban and rural stations during the heatwave event (label ‘‘HEAT’’; 9–13 Jul) and on non-heat-wave days (label ‘‘non-HEAT’’; 1–8 and 14–18 Jul) in the
(left) daytime (0800–1900 LST) and (right) at night (2000–0700 LST).

The results of subtracting the virtual potential temperature profiles at HR (rural) from those in GXT and
HD (urban) are shown in Figs. 5c and 5d. The two urban
stations generally had higher virtual potential temperatures than the HR station, illustrating that the impact of
the canopy heat island extended to the overlying atmosphere. The virtual potential temperatures at GXT
station were smaller than those at HR station during nonheat-wave days in the 300–1500-m layer in the daytime,
which may be related to the decline in the virtual potential temperature with height caused by the superadiabatic layer at GXT station and the less energized
urban boundary layer during non-heat-wave days as
compared with heat-wave days. The differences in the
thermal conditions within boundary layers between
GXT and HR were much greater during heat-wave days
than those during non-heat-wave days (on average, 2.4 K
greater during the daytime and 2.9 K greater during the

nighttime from the surface to 3000 m). The difference between the HD and HR thermal conditions on heat-wave
days and non-heat-wave days increased slightly (on average, 0.4 K larger during the daytime and 0.3 K larger during
the nighttime from the surface to 3000 m) and was smaller
than that of non-heat-wave days during the nighttime
above 1100 m. Li et al. (2016) showed that the positive
interaction between UHIs and heat waves not only exists
at the surface but also in higher levels (up to 70 m). Results
of our study suggest that the positive interaction between
UHIs and HWs persist to nearly the entire boundary layer.

c. Processes and features of the heat-wave event
The time series of temperatures, heat index values,
and daily maximum power loads from 9 to 15 July are
shown in Fig. 6a. The mean daytime maximum temperatures of the 51 urban stations in 6 RRs and the rural
stations showed the highest values during the early
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FIG. 6. (a) Time series of the mean rural and urban temperatures (solid lines) and heat indices (dash–dotted lines) at stations from 9 to 15
Jul. The daily maximum electric power loads from 9 to 15 Jul are shown by blue lines, with blue dots representing the values. (b) Time
series of the mean UHIIs (gray shading designate the standard deviation of the value for the 51 urban stations) and the mean rural and
urban specific humidity from 9 to 15 Jul. Variables for urban areas were calculated from the 51 stations within the six RRs, and variables
for rural areas were calculated from the eight selected reference stations.

afternoon of 10 July. However, the nighttime minimum
temperatures of the rural stations and urban stations
both continued increasing after 9 July and reached the
highest values on the early morning of 13 July. From 11
to 13 July, urban nighttime temperatures remained
constant above 258C. The daytime and nighttime heat
index values during the heat-wave event both increased
from 10 to 13 July. The temperature and heat index
values during the night of 12 July in urban areas were
generally higher than 288 and 348C, respectively. Such
high temperature and high heat index during nighttime
could lead to insufficient recovery from the thermal
stress experienced during daytime.
Time series of the UHIIs from 9 to 15 July are shown in
Fig. 6b. The UHII was much higher during the nighttime

on 10 July (from 2000 LST 10 July to 0800 LST 11 July)
than that during nighttime on other days. The highest
UHIIs were 8.058C at an urban station inside the second
RR at 2300 LST and 3.358C for the average of the
51 urban stations in the sixth RR at 2100 LST 10 July. On
10 July, few clouds were observed, and specific humidity
near the surface (Fig. 6b) and at the 850-hPa level
(Fig. 2) were the lowest during the period of the heatwave event. According to previous studies (Hardin et al.
2018; Eastin et al. 2018), UHII is generally higher under
clear-sky and low vapor conditions. Figure 6b shows that
the specific humidity in rural and urban areas continued
rising from 10 to 13 July. In the days after 10 July, as
the air humidity rose and clouds formed, the differences
in temperature between urban and rural areas shrank.

Unauthenticated | Downloaded 01/09/23 05:20 AM UTC

APRIL 2020

615

AN ET AL.

FIG. 7. (a) Diurnal cycles of the mean UHIIs within the six RRs during the heat wave in 2017 (red lines) and the
mean UHII for the background during 2008–17 in JJA (black line). Diurnal cycles of 10 (dashed line) and 12 (dotted
line) Jul in the heat wave are separately plotted. (b) Diurnal cycles of the mean rural and urban wind speeds during
the heat wave (solid lines) and for the background during 2008–17 in JJA (dash–dotted lines).

The standard deviations of the UHIIs for the 51 urban
stations are shown as the gray shading area in Fig. 6b,
which were highest on 10 July (1.458C) and lowest on
12 July (0.878C). The standard deviations of the temperatures for the rural stations show variations that are
similar to those of the UHIIs for the urban stations, but
they have generally smaller values (not shown).
Except on 10 July, the heat index values in rural areas
during the daytime were higher than those in urban
areas (Fig. 6a). On 13 July, the heat index was extraordinarily high, with a mean value of 47.88C for the 8 rural
stations at 1600 LST 13 July, which was slightly higher
than the mean heat index in urban areas (46.38C) at the
same time. Figure 6b shows that the specific humidity
was generally higher in rural areas than urban areas
throughout the heat-wave events, suggesting that under
high-temperature and high-humidity conditions, the heat
index values in rural areas can be higher than those in
urban areas due to the reduced urban humidity. However,
at nighttime when the UHI effect was strong, the heat
index was higher in urban zones than that in rural areas.
The daily maximum electric power load in Beijing
increased from 9 July (Sunday) to 13 July (Thursday)
and then decreased distinctly (Fig. 6a). This pattern
differs from the average summertime weekly cycle of
daily maximum electric power load in Beijing, which
presents small variations with the values slightly higher
in weekdays (about 1 GW) than in weekends. The
changes in the daily maximum electric power load were
more consistent with the time variations in the heat index than with temperatures (except on 9 July, just after
the precipitation event on 6–8 July). This indicates that
the heat index influences more than the temperature on

human activities during heat waves for the case of
Beijing. The maximum electric power demand reached a
peak of 22.54 GW on 13 July, which coincided with the
maximum heat index. A high heat index represents high
temperatures and humidity, which trigger building energy demands for cooling and dehumidification (Ortiz
et al. 2018a). This event also demonstrates the vulnerability of the electrical infrastructure in large cities to
intense heat events.

d. Characteristics of enhanced UHII
Figure 7a shows that two peaks occurred in the diurnal
cycles of UHIIs during the heat wave, with one weak
peak occurring at approximately 1400 LST in the early
afternoon and one strong peak occurring at night, which
is similar to the diurnal cycles of UHII during heat waves
in Beijing in a recent study by S. Jiang et al. (2019). Both
daytime and nighttime UHII were enhanced during the
heat wave relative to the background decadal mean.
The mean UHII diurnal cycle during JJA over the past
10 years was similar to the results of analyses of diurnal
cycles of typical summers in Beijing (K. Wang et al.
2017, their Fig. 8), with only one noticeable peak during
the nighttime. During the heat-wave event, the diurnal
cycles of UHII demonstrate a second peak during the
day (Fig. 7a), which corresponds to the obvious double
peak of diurnal cycles caused by cooling loads from
buildings in Beijing during heat waves as recently reported by Xu et al. (2018, their Fig. 5). This result indicates that anthropogenic heat plays an important role in
the UHI during the heat-wave event in Beijing.
Wind speed is a factor that may influence the temperatures and UHIs. Diurnal cycles of wind speed in
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FIG. 8. The mean UHII in the study area for (a) daytime 0800–1900 LST 10 Jul 2017, (b) daytime 0800–1900 LST 12 Jul 2017, (c) daytime
background of the decadal average during JJA, (d) nighttime from 2000 LST 10 Jul to 0700 LST 11 Jul 2017, (e) nighttime from 2000 LST 12
to 0700 LST 13 Jul 2017, and (f) nighttime background of the decadal average during JJA. The symbols in (a), (b), (d), and (e) indicate the
areas in which the UHII was larger during the heat wave than it was over the background period, with different symbols indicating different
degrees of enhanced UHII during the heat wave. Black lines show the second, third, fourth, fifth, and sixth RR from inner to outer.

urban and rural areas during the heat wave and against
the background of decadal mean are shown in Fig. 7b.
Wind speed during the heat wave was generally lower
than the background except around 2300 LST in the
nighttime. After verifying the wind speed day by day, we
found that the enhanced wind speed occurred in the
night of 9–10 July; a possible reason may be that the sky
was clear and nighttime radiative cooling was stronger at
the beginning of this heat wave, thus inducing higher
mountain breezes at night. According to Li et al. (2016),
increased wind speed during the nighttime strengthens
the advective cooling and thus weakens the UHII.
Figure 7a shows that the UHII dropped after 2200 during the heat wave and then increased at 0100, which may
be related to the enhanced wind speed in the period of
2200–0100 (Fig. 7b). Contrary to nighttime wind speed,

increases of daytime urban wind speed amplify the UHII
because of a stronger sensible effect (Li et al. 2016).
During the heat wave, enhanced daytime urban wind
speed compared to rural wind speed was not obvious on
9 July but was obvious on 10–13 July (not shown), suggesting that the heat island transitioned into a heat
plume in the daytime of 10–13 July.
Water vapor is also a synergistic factor between UHIs
and heat waves. As shown in Fig. 2 and Fig. 6b, 10 July
was under the driest condition and 12 July was under the
most humid condition (13 July is not considered because
the nighttime specific humidity dropped when precipitation occurred). Therefore, the diurnal cycles and
spatial distributions of UHIIs for 10 and 12 July were
separately plotted in Fig. 7a and Fig. 8. Figure 7a shows
that both 10 and 12 July have shown amplified UHII
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relative to the background. However, the UHIIs were
much higher on 10 July than on 12 July. Lower water
vapor in the atmosphere and less cloudy conditions allow for the urban areas to receive more solar radiation
while the rural areas tend to cool faster through nighttime radiative cooling, therefore UHIIs were much
higher on 10 July. The reason that the UHIIs on 12 July
were still enhanced relative to the background may be
the strong anthropogenic heating, indicated by the daily
maximum electric power load (Fig. 6a), and the positive
effect of wind speed on the interaction between the
UHII and the heat wave. Figures 8a and 8d show that
both the daytime and nighttime UHIIs were enhanced
(areas with symbols) in most of the urban areas relative
to the backgrounds on 10 July. On 12 July, there are
some urban areas in which UHIIs were not enhanced,
which are mainly located in the west areas close to the
mountains between the fifth and sixth RRs. These results indicate that cloud and water vapor conditions play
an important role in influencing the interaction between
UHIs and heat waves. Some less-dense urban areas can
experience reduced UHII during heat waves compared
to the background when the water vapor is high.
The spatial pattern of daytime UHIIs during this
heat-wave event (Figs. 8a,b) was similar to the decadal
average pattern (Fig. 8c), and the same result was observed at night (Figs. 8d–f). However, the spatial patterns of daytime UHIIs differ from the spatial patterns
of nighttime UHIIs. The daytime UHIIs on 10 and
12 July were generally higher in the city center, in the
northwest area between the fifth and sixth RRs, and
around the sixth RRs in the east. The UHII patterns
during the nighttime had a different multicenter distribution than those during the daytime. At night, the
UHIIs were highest around the city center. They were
also high in the northwest, northeast, and southeast
between the fifth and sixth RRs and around the sixth
RRs in the east (Figs. 8d–f). The differences between the
daytime and nighttime spatial patterns of UHIIs may be
due to the different factors affecting the UHI. During
daytime, anthropogenic heat emissions and contrast
water availability between urban and rural areas control
the UHIIs. During nighttime, release of stored heat
controls the UHIIs so that the spatial pattern of nighttime UHII shows dependence on the morphological
aspects of the city (Oke 1982; Ramamurthy et al. 2014).

4. Discussion and conclusions
The focus of this study is an analysis of an intense heat
episode interacting with a strong UHI during 9–13 July
2017 that took place in Beijing that had high impacts on
natural and human variables, including record-setting
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daily electricity consumption and historically high heat
index records. A suite of local and mesoscale instruments situated in and around the city were used to analyze the causation of the heat wave and the role that
Beijing urbanization played in this heat-wave event.
This heat-wave event has both high-temperature and
high-humidity characteristics. At the beginning of the
heat wave, dynamic downslope and synoptic subsidence
induced dry adiabatic warming, which increased the
surface temperatures. In the following days, the surface
moisture increased from both local evaporation and
moisture advection. The high pressure system over the
Beijing area suppressed the surface heat and moisture
inside the boundary layer. As the atmospheric circulation changed, with the high moisture in the air and the
induction of convective heat, precipitation occurred,
which finally reduced the high temperatures. This heat
wave has many similar characteristics with the July 1999
heat wave in Chicago (Kunkel et al. 1996), including
initial abundant soil moisture, decreased boundary
layer, and high apparent temperature, which contrast
from some other studies and events with soil desiccation and deeper convective boundary layer in the heat
waves (Miralles et al. 2014; Ramamurthy and BouZeid 2017).
This heat-wave event reflected the evolution of the
impacts of urbanization on the local climate. The interactions between the UHI and the heat wave can be
summarized via the following six points.
1) Not only were the mean canopy-layer UHIIs enhanced during the heat wave, but also the differences in thermal conditions between urban and
rural throughout the entire boundary layer were
enhanced during the heat wave.
2) Complex thermal structures exist even within the
scope of the city according to the different underlying surfaces. The urban station (GXT) observed a
lifted stable layer above a superadiabatic layer during the day, whereas the urban park station (HD)
observed stable layers in the near-surface air during
the day.
3) A special pattern of diurnal UHII cycle was observed
in the heat wave. The diurnal cycle of the decadal
average UHII in summer presents one peak in the
early nighttime. During the heat-wave event, the diurnal cycle generally has two peaks, with one weak peak
in the daytime and one stronger peak in the nighttime.
This pattern of diurnal UHII cycle during heat waves in
Beijing was also observed in S. Jiang et al. (2019).
4) The UHII is generally higher inside the city center, consistent with the spatial pattern of UHII presented in Yang et al. (2013). Because different factors
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(i.e., anthropogenic heat release, water availability,
and modification of the land surface) control the
diurnal cycle of UHIIs, the UHII spatial patterns
showed different multicenter distributions for daytime and nighttime.
5) Water vapor and wind speed conditions influenced
the interaction between the UHII and the heat wave.
Even within the same heat-wave event, UHIIs presented large variabilities with respect to the changes
of water vapor and wind speed. Some less-dense urban areas near the mountain have shown reduced
UHII relative to background when the air humidity
was high during the heat wave.
6) The urban area was more impacted by heat waves at
nighttime. Because urban areas are generally drier
than surrounding rural areas, heat index values tend
to be higher in rural areas than those in urban areas
during the day. However, due to the strong UHI
effect, the heat index values were sustained at higher
levels in urban areas at night compared with those in
rural areas. This result is consistent with Fischer
et al.’s (2012) finding that urban humidity deficit only
weakly counteracts the enhanced heat stress due to
the large nighttime UHII.
Although this research used multiple sources of observations and analyzed the three-dimensional UHI
characteristics under a heat-wave event, this investigation had shortcomings that were mainly associated
with the focus on only one case study. Our results
suggest that the heat index may be a better predictor
variable for the daily maximum electric power load in
summer than the temperature, but a more accurate
relationship should be established. Moreover, the effect
of anthropogenic heat release on the diurnal cycle of
UHIIs also needs to be investigated. These shortcomings
necessitate further research on the genesis and impacts of
heat waves using observations and numerical studies.
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