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ABSTRACT

There is an ongoing debate as to whether the UHI intensity (UHII) is enhanced or dampened under

heat waves (HWs). Using a comprehensive dataset including continuous surface energy flux data for three

summers (2016–18) and automated weather station data for six summers (2013–18) in Shanghai, China,

we find synergies between UHIs and HWs when either a coastal or an inland suburban site is used as the

reference site. We further find that during HWs, the increase of net radiation at the urban site is larger than

that at the suburban site. More importantly, the latent heat flux is slightly reduced at the urban site but is

slightly increased at the suburban site, while the increase of the sensible heat flux is larger at the urban site.

This change of surface energy partitioning, together with the increased anthropogenic heat flux during HWs,

exacerbates the UHII. The change of surface energy partitioning is consistent with the observed decrease of

relative humidity ratio between urban and suburban areas. The UHII is stronger when the regional wind

speed is reduced and under sea breeze, both of which are found to be associated withHWs in our study region.

This study suggests that there aremultiple factors controlling the interactions betweenUHIs andHWs, which

may explain why synergies between UHIs and HWs are only found in certain metropolitan regions and/or

under certain HW events.

1. Introduction

Heat waves (HWs) have received much attention

from scientists and policy makers because of their ad-

verse effects on human health (Kalkstein et al. 2008).

For example, the 2003 European HW (Zaitchik et al.

2006), the 2010 Russian HW (Grumm 2011), the 2012

U.S. HW (Knutson et al. 2013), and the record-breaking

HW event in eastern China in 2013 (Xia et al. 2016; Ma

et al. 2017) all caused numerous deaths. HWs also have

severe impacts on air quality, energy consumption, crop

production, and ecosystem services (Hoffert et al. 2002;

Miller et al. 2008; Wreford and Neiladger 2010; Depietri

et al. 2012; Geddes et al. 2014; Cao et al. 2015). An HW

generally refers to an extremely hot period that can last

for several days or weeks (Robinson 2001) and is typi-

cally instigated by a synoptic-scale high pressure system

(Matsumura et al. 2015), which severely restrains the

formation of convective clouds (He et al. 2015). As a

result, the weather during an HW is usually character-

ized by light wind and cloudless sky. In a warming cli-

mate, the frequency, intensity, duration, and spatial

extent of HWs are expected to be exacerbated (Meehl

and Tebaldi 2004; Li et al. 2012; Lau and Nath 2012;

Loikith and Broccoli 2012; Lau and Ploshay 2013;

Peterson et al. 2013; Russo et al. 2015; Mora et al. 2017).Corresponding author: Dan Li, lidan@bu.edu
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Urban residents are arguably more vulnerable to

HWs than those in suburban or rural areas because of

the urban heat island (UHI) effect; that is, cities are

usually hotter than the surrounding suburban or rural

areas, although larger mortality rates might occur in

rural areas under HWs because of the limited access to

air conditioning and/or medical facilities (Hu et al.

2019). The UHI effect is one of the most notable and

studied climatic impacts of cities (Oke 1982; Grimmond

2007). The primary reason for the formation of an UHI

is the replacement of natural surface by urban land

characterized by increased roughness, limited green

spaces, lower albedo, and higher heat capacity, as well as

significant anthropogenic heat emissions (Oke 1982).

These alterations lead to modifications of the urban

surface energy and water balances and create the unique

urban climate features such as the UHI (Roth 2000;

Arnfield 2003; Kalnay and Cai 2003; Zhou et al. 2004;

Miao et al. 2009). Meanwhile, meteorological conditions

(e.g., cloud cover and wind field) and geographical lo-

cations (e.g., inland or coastal) also have substantial

impacts on the UHI intensity (UHII; Zhao et al. 2014;

Zhou et al. 2015). Since cloud cover and wind speed can

change significantly under HWs, it is very likely that

HWs may have an influence on the UHII (Basara et al.

2010). However, studies on howUHIs are modulated by

HWs are still limited, despite its significance for a variety

of important issues including human health (Anderson

and Bell 2009; Tan et al. 2010; Anderson and Bell 2011;

Gabriel and Endlicher 2011).

A number of recent studies examined the alteration of

UHII byHWs in the city of Baltimore,Maryland (Li and

Bou-Zeid 2013); the city of Beijing, China (Li et al. 2015,

2016); the city of Madison, Wisconsin, in the north-

central United States (Schatz and Kucharik 2015); New

York City, NewYork (Ramamurthy et al. 2017); and the

coastal city of Athens, Greece (Founda et al. 2015;

Founda and Santamouris 2017). All of these studies

discovered synergistic interactions between UHIs and

HWs; namely, the UHII was enhanced under HWs.

They indicated that such synergies are primarily attrib-

uted to the contrasting responses of urban and rural

surface energy budgets to HWs (see, e.g., Li et al. 2015)

and changes in the ambient wind speed (see, e.g., Li et al.

2016). Sun et al. (2017) also emphasized the role of

heat storage, which often experiences a significant in-

crease during daytime under HWs and is later released

during nighttime. However, other factors such as the

anthropogenic heat flux have received less attention. In

addition, how HWs affect the UHI intensity through

altering wind patterns including urban-breeze circu-

lation (Haeger-Eugensson and Holmer 1999; Hidalgo

et al. 2010) and land-breeze–sea-breeze circulation

(Founda and Santamouris 2017), the latter of which is par-

ticularly important for coastal cities, is also understudied.

While many studies reported synergistic interactions

betweenUHIs andHWs, a number of studies also found

insignificant or nonexistent synergistic effects. For ex-

ample, Zhou and Shepherd (2010) found that whether

the synergistic effect in Atlanta is significant or not de-

pends on which station is chosen as the rural reference.

Ramamurthy and Bou-Zeid (2017) conducted a com-

parative analysis of multiple cities over the northeastern

United States and found synergistic effects in New York

City; Washington, D.C.; and Baltimore but not in

Philadelphia, Pennsylvania. A recent modeling study by

Zhao et al. (2018) found significant spatial and temporal

variabilities in the interactions between UHIs and HWs

across 50 U.S. cities: clear daytime synergistic effects are

discovered in temperate regions while insignificant ef-

fects are found in dry regions in the current climate.

However, in the future climate the synergistic effects in

temperate regions diminish, but significant effects start

to emerge in dry regions. In another recent observa-

tional study, Scott et al. (2018) found that the UHII

tends to decrease with increasing temperature in most

U.S. cities (38 of 54), which also holds true for heat

extremes.

The ongoing debate about whether there are syner-

gies between UHIs and HWs, together with the pre-

viouslymentioned need to better understand the roles of

anthropogenic heat flux and the wind pattern (including

land-breeze–sea-breeze circulation) in the context of

UHI–HW synergies, motivates us to revisit the inter-

actions between UHIs and HWs using a comprehensive

dataset including continuous surface energy flux data for

three summers (2016–18) and automated weather sta-

tion data for six summers (2013–18) collected in the city

of Shanghai, China, which is themost populousmegacity

in China located on the east coast and in the subtropi-

cal monsoon climate zone (Cui and Shi 2012). This has

important local implications as extremeHWs in Shanghai

have shown an increasing trend in recent years (Xia et al.

2016; Ma et al. 2017). The objectives of this study are

twofold: 1) to quantify theUHII under HWand non-HW

(NHW) conditions using observational data, and 2) to

investigate the responses of urban and suburban surface

energy budgets, including the anthropogenic heat flux,

and the ambient meteorological conditions such as the

wind field, to HWs.

2. Data and methods

a. Data

The data used in this study include radiation and

turbulent fluxes measured at two sites (see Fig. 1), an
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urban site [Xujiahui (XJH)] and a suburban site

[Fengxian (FX)], in Shanghai for three summer sea-

sons (July–August) from 2016 to 2018. The urban site

(31.198N, 121.438E) is located in a business district with

the 25-m-high flux tower installed on the rooftop of a

55-m-high building; hence the sensor height is 80m

above ground level (agl) [see Fig. 1a and further details

in Ao et al. (2016a)]. Buildings around the urban site are

tall and dense. The suburban site (30.898N, 121.58E)
has a 28-m-high flux tower directly installed on the

ground (Fig. 1d). Buildings around the suburban site are

sparse and small. The two sites use the same instru-

ments. Incoming and outgoing shortwave and longwave

radiation fluxes are measured by a net radiometer (Kipp

andZonenmodel CNR4) sampled every 1min, and half-

hourly averages are used for analysis. Turbulence mea-

surements are collected with the Campbell Scientific,

Inc., ‘‘IRGASON’’ model open-path gas analyzer in-

tegrated with a three-dimensional sonic anemometer

mounted to the prevailing southeast wind direction.

Turbulence signals are sampled at 10Hz with a CR3000

datalogger. The raw turbulence data are carefully quality

controlled and fluxes are computed using the eddy-

covariance method at 30-min intervals. Detailed quality

control measures and flux calculations can be found in

Ao et al. (2016a,b).

Hourly meteorological data including 2-m (agl) air

temperature T2m, 10-m (agl) wind speed and direction,

relative humidity, and precipitation for six years (2013–18)

are also measured by 11 automated weather stations

(AWSs). Each of the two flux towers has a collocated

AWS. These AWS data are used for HW identification,

UHII calculation, and other analysis. In particular, the

10-m wind speed data averaged over all 11 AWSs are

used to represent the regional wind speed in Shanghai.

b. Methods

1) SOURCE AREAS OF TURBULENT FLUXES

To better understand the measured turbulent fluxes,

the cumulative turbulent flux source areas (or foot-

prints) for the study period at the two sites are estimated

using an analytical two-dimensional footprint model

(Kormann and Meixner 2001; Christen et al. 2011).

Source areas for every 30-min period are modeled and

then aggregated for the whole study period. Model in-

puts include the measurement height, roughness length,

wind speed and direction, crosswind speed standard

FIG. 1. Flux towers at the (a) urban (XJH) and (d) suburban (FX) sites, and the land-cover characteristics within 1 km2 around (b) XJH

and (e) FXoverlaid by the cumulative flux source areas (footprint). The contours represent the percentage of the source area. (c) Land-use

map of Shanghai derived from MODIS 250-m (2015) data and the locations of 11 automated weather stations. The urban (XJH) and

suburban (FX) sites have simultaneous flux observations. The coastline is shown as the red boundary. The gray dotted lines denote the

approximate sea-breeze regimes for the FX site.
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deviation, friction velocity, and the Obukhov length.

Figures 1b and 1e show the integrated source areas as

contours overlaid above land-cover aerial photographs

around the two sites. It can be seen the overall shapes of

the source areas for both sites are toward the southeast,

which is the prevailing wind direction. The sizes of the

footprint area are similar at the two sites. The 80%

footprint area at the urban site extends about 850m to

the southeast and 500m to the northwest. The 80%

footprint area for the suburban site is a bit larger, ex-

ceeding 1km to the southeast and also extending to

about 500m to the northwest. The total contribution

percentages for a 1-km2 area are 94% and 88% for the

urban and suburban sites, respectively. As such, these

1-km2 areas can roughly represent the main source

areas. Based on GIS data provided by Shanghai Sur-

veying and Mapping Institute (http://www.shsmi.cn/)

and a field survey of surface metadata, the mean build-

ing height and surface cover information are derived

within the 1-km2 areas of the two sites (Table 1). It is

clear that the mean building height around the urban site

is much larger. The surface cover at the urban site is

dominated by buildings and roads, while grasses and trees

are the dominant vegetation types at the suburban site.

2) DEFINITIONS OF UHII AND HW

Different studies often define the UHII using different

temperature metrics and in different ways. For example,

previous studies have used the urban–uburban/rural

difference of daily mean or hourly air temperature, daily

maximum air temperature, surface skin temperature

and so on to define the UHII (Tan et al. 2010; Y. Liu

et al. 2018). Because the 2-m air temperature T2m can

directly affect human thermal comfort, we define the

UHII as the difference in T2m between the urban (XJH)

site and the reference site. The temperature for the

reference site could be from a single site or averaged

over several suburban/rural sites. Here we use two ref-

erence sites to compute the UHII at hourly scales. We

first use the FX site as our reference site because it has

radiation and flux measurements (see Fig. 1) and has the

second largest vegetation cover fraction (0.63) among

the 11 AWSs in Shanghai with a relatively long distance

(34 km) from theXJHurban site. However, since the FX

site is only about 8 km from the sea and hence might be

influenced by the land-breeze–sea-breeze circulation, an

inland (50km from the sea) suburban site [Qingpu

(QP)] (31.138N, 121.128E) located 30km to the west

of the urban site is also chosen as a reference site for

comparison. The QP site has the largest vegetation

cover fraction (0.64) among the 11 AWSs. The other 8

AWSs are located at places with relatively high imper-

vious surface cover fractions so that they are not suitable

for being used as reference sites (D. Liu et al. 2018).

It should be stressed that the hourly UHII is calcu-

lated using 2-m air temperature measurements from the

AWSs (hence 2m refers to 2m agl), not measurements

from the flux towers (i.e., 2m does not mean 2m above

the rooftop).

The HW definition also remains an open question,

and existing definitions from the literature vary with

respect to the threshold value for temperature extremes,

duration of hot days, etc. Here a HW is defined as a

period that has at least three consecutive days with daily

maximum T2m$ 358C (hot day) at the urban (XJH) site.

This definition is consistent with the high temperature

alert from Chinese Meteorological Administration. Be-

cause there are no HW days in June, the study period is

chosen to be July–August. The remaining days are termed

NHW days. According to this definition, 12 HW events

(100 HW days and 272 NHW days) during 2013–18, and

6 HW events (52 HW days and 134 NHW days) during

2016–18 have been selected. The large-scale weather

pattern responsible for HW events in East Asia is mainly

the western North Pacific subtropical high (WNPSH)

(Enomoto 2004; Kim and Lee 2006; He et al. 2015). The

contour of 588 dagpm at 500-hPa level is widely used as a

benchmark to represent the location ofWNPSH (He et al.

2015). Figure 2 shows the mean geopotential height at

500-hPa level based on the National Centers for Envi-

ronmental Prediction (NCEP) Final (FNL) dataset at

0800 LST under NHW and HW conditions during 2013–18.

The geopotential height at 500 hPa under NHW condi-

tions is much lower than that under HW conditions, and

Shanghai is located to the west edge of the 576-dagpm

contour. In contrast, under HW conditions, theWNPSH

controls a large part of easternChina, including Shanghai,

which is located near the center of the WNPSH.

Since the UHII is strongly influenced by cloud cover

and type, wind speed, humidity and precipitation, we

further classify the HW and NHW days into ‘‘optimal’’

and ‘‘nonoptimal’’ categories following Eastin et al.

(2018). When the sky is clear, the daily mean regional

wind speed (defined as the average wind speed of the

11 AWSs) is less than 2.5m s21, the daily mean relative

humidity is less than 80% and there is no precipita-

tion, the day is defined as optimal because the UHII is

TABLE 1. Average building heights and land-cover fractions

within 1 km2 around the urban (XJH) site and the suburban

(FX) site.

Site

ZH

(m) Paved Building Trees Grass

Bare

soil Water

Urban 36 0.62 0.23 0.04 0.1 0 0.01

Suburban 6 0.2 0.14 0.1 0.53 0.02 0.01
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expected to be the strongest under such conditions.

Otherwise the day is defined as nonoptimal for identi-

fying the UHI effect. To determine the sky conditions,

we use the daily mean bulk atmospheric transmissivity

t calculated from the daily total incoming shortwave

radiation and the solar radiation at the top of the at-

mosphere (Ao et al. 2016b). When t$ 0.7, it is classified

as a clear day.

This classification yields a total of 35, 65, 16, and

256 days for HW optimal, HW nonoptimal, NHW

optimal, and NHW nonoptimal categories, respec-

tively, during 2013–18 and 16, 36, 11, and 123 days during

2016–18. The basic meteorological variables under these

four categories (HW optimal, HW nonoptimal, NHW

optimal, and NHW nonoptimal) for daily, daytime

(KY . 0Wm22), and nighttime (KY 5 0Wm22) mean

over 2013–18 are summarized in Table 2. One can see

that the daytime mean atmospheric transmissivity t is

equal to 0.7 under both HW and NHW conditions for

the optimal category (as expected), whereas t is larger

under HW than NHW conditions for the nonoptimal

category, suggesting overall less cloud cover under HW

conditions. The daytime mean incoming shortwave ra-

diation at the urban site has similar magnitude between

HW and NHW conditions (487.1 and 486.0Wm22, re-

spectively) for the optimal category, while much larger

duringHWthanNHWconditions (408.1 and 300.5Wm22,

respectively) for the nonoptimal category. This implies

that overall the incoming shortwave radiation is stronger

underHW conditions. For the nonoptimal category only

in which precipitation occurs, the daily total precipita-

tion is the largest at the urban site, second largest at the

coastal FX site, followed by the inland QP site. The

surface pressure is similar among sites and categories

and shows small changes between HW and NHW con-

ditions. Other meteorological conditions are discussed

later when the synergies between UHIs and HWs are

examined.

3) THE SURFACE ENERGY BALANCE

The surface energy balance equation is often writ-

ten as

Q*1Q
F
5Q

H
1Q

E
1DQ

S
, (1)

where Q* is the net all-wave radiation (Q* 5 KY 2 K[
1 LY 2 L[). The four components of Q* are incoming

(Y) and outgoing ([) shortwave (K) and longwave (L)

radiation. Term QF is the anthropogenic heat flux. The

urban QF is usually larger than that in suburban areas,

but accurate estimation of QF remains challenging

[more details can be found in section 2b(5)]. TermQH is

the sensible heat flux, which is the main source for

heating the atmosphere (whenQH . 0). TermQE is the

latent heat flux from evapotranspiration of vegetation

and soil. The DQS is the heat flux stored into the surface

and the building volume, including various facets

(ground, walls, roofs, etc.), which is difficult to measure

directly and is usually estimated as the residual of the

surface energy balance. Because this residual method

aggregates the errors in all other terms, including the

well-known surface energy balance closure problem

[see Foken (2008) for a review] and the horizontal heat

advection due to the large thermal contrast between

land and sea for coastal sites, into DQS, DQS is not

specifically analyzed in this study.

4) AN ANALYTICAL MODEL FOR UHII

An analytical model developed by Li and Bou-Zeid

(2013) is employed here to facilitate our understand-

ing of the physical mechanisms behind the interac-

tions between UHIs and HWs. The model is based on

the simplified two-dimensional heat and water vapor

advection–diffusion equations coupled with the surface

energy balance equation, and simultaneously solves the

vertical turbulent transport and horizontal advection

of heat and water vapor exchanges between a limited

FIG. 2. The mean geopotential height (dagpm; contours) and wind field at 500 hPa under (a) NHW and (b) HW

conditions during 2013–18. The red rectangle denotes the location of Shanghai. The solid 588-dagpm line in

(b) represents the location of the WNPSH.
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urban surface and the atmosphere. It assumes a given

regional wind speed profile and the upwind cooler rural

air is advected to the downwind urban area, which has a

contrasting surface energy budget because of different

thermodynamic surface properties. The advected air is

hence heated over the urban area by the larger sensible

heat flux and forms an urban thermal boundary layer.

Full details about the derivation and development of

this model can be found in Li and Bou-Zeid (2013). A

summary of the model, including the final expression for

the UHII, is presented for reference in the appendix.

5) ESTIMATION OF ANTHROPOGENIC HEAT FLUX

The estimation ofQF remains difficult and challenging

given its dependence on many factors and the lack of

detailed city-specific energy consumption data (Sailor

2011; Chow et al. 2014; Sailor et al. 2015). Here the

Large Scale Urban Consumption of Energy (LUCY)

QF model (hereinafter the LQF model) (Allen et al.

2011; Lindberg et al. 2013; Gabey et al. 2018) is em-

ployed to estimate the hourly QF during the study pe-

riod. The LQF model takes a top-down approach based

on annual energy consumption data for a relatively large

area (e.g., a country or a city) and distributes the heat

emissions across the area of interest according to high-

resolution population data. The LQF model divides

QF into three subcomponents: building, transport, and

metabolism. The daily totals vary with the daily tem-

perature and the diurnal patterns are based on pre-

scribed diurnal profiles that differ between weekdays

andweekends. The daily building energy consumption is

related to the daily air temperature via a temperature

response function including several city-specific pa-

rameters. The original temperature response function

(Lindberg et al. 2013) is modified by replacing the only

one threshold temperature with two threshold temper-

atures to determine cooling or heating. Another five

parameters include two threshold temperatures where

saturation energy use occurs (cooling and heating) and

three nondimensional coefficients related to the com-

fortable temperature range, cooling and heating rates.

These parameters are determined for Shanghai using

annual total energy consumption data obtained from the

Shanghai statistical year book and five years (2005–09)

of city-level hourly electricity consumption data (Liu

and Cao 2013). The hourly electricity consumption data

are combined with the daytime/nighttime population

density (Yu and Wen 2016; Zhong et al. 2017) to derive

the diurnal profiles of anthropogenic heat flux from

buildings. The diurnal profiles of anthropogenic heat flux

from traffic are based on hourly highway traffic count data

of the inner ring of Shanghai in 2011. The diurnal pat-

tern of anthropogenic heat flux from metabolic emission

follows Sailor and Lu (2004) with a minimum of 75W, a

maximum of 175W, and a transition value of 125W per

capita. The model results indicate that the building emis-

sions are the dominant component.More details about the

implementation and application of the LQF model in the

Shanghai region can be found in Ao et al. (2018).

We acknowledge that the input data for the LQF

model do not match the study period. However, we find

that the mean diurnal profiles of electricity consumption

for each year from 2005 to 2009 are quite similar to each

other, which gives us confidence to assume that the diurnal

profile for the study period is the same as that in 2005–09.

The mean diurnal profiles for the traffic data in the four

seasons of 2011 are also similar so we use themean diurnal

profile of 2011 as the proxy for the study period.

3. Results

a. Observed synergies between UHIs and HWs

Before we examine the synergies between UHIs and

HWs, it is important to understand the differences in the

UHII calculated based on two different reference sites

(Table 2). The order of T2m from high to low are the

urban XJH site, the inland QP site, and the coastal FX

site under every category, indicating persistent UHI and

coastal cooling effects. The daily and daytime mean

UHII for the coastal FX site is significantly stronger than

those for the inland QP site, with values 0.78–1.88C
versus 0.48–0.98C and 0.68–1.98C versus 0.0–0.38C, re-
spectively. On the other hand, the nocturnal UHII for

the FX and QP sites are close to each other with values

0.88–1.68C versus 0.88–1.28C. This is likely due to the fact

that land breeze prevails during night and hence both

FX and QP sites experience the same advective condi-

tions. The UHII for the FX site under HW conditions

is consistently larger than (or equal to) its NHW coun-

terparts, indicating synergistic interactions between

HWs andUHIs. TheUHI for theQP site is larger during

HWs for the ‘‘all’’ (optimal plus nonoptimal) and non-

optimal categories, aswell as the daytime optimal category.

The statistical significance of all UHII results in Table 2

have been assessed. All UHII results are significant at

the 95% confidence level except under HW nonoptimal

(UHII 5 0.18C) and NHW nonoptimal (UHII 5 0.048C)
during daytime with the QP reference site.

Figure 3 shows the average diurnal variations of T2m

at the urban (XJH) and suburban (FX and QP) sites and

the computed UHII under different conditions (all, HW

optimal, NHW optimal, HW nonoptimal, and NHW

nonoptimal) in the six summers (July–August) from 2013

to 2018. It can be seen that T2m at both the urban and

suburban sites are much higher under HW conditions
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than under NHWconditions.When the coastal (FX) site

is used as the reference site and all meteorological

conditions are considered, T2m is considerably higher at

the urban site throughout the day except in the early

morning from 0700 to 0800 LST, exhibiting a clear UHI

phenomenon. The UHII shows a clear increase during

HW conditions, which indicates synergistic interactions

between UHIs and HWs. The daily maximum UHII dur-

ing HWs (2.38C) occurs in the early afternoon (1300 LST),

but its counterpart during NHWs (1.18C) occurs in the

late evening (1900 LST). The afternoon peak of UHII

during HWs is consistent with a previous study in

Shanghai (Tan et al. 2010) but is different from the case

in Beijing (Li et al. 2015), where the UHII and the

synergistic interactions between UHIs and HWs are the

strongest at night. The daytimemaximum of UHII when

the coastal (FX) site is used as the reference site can be

influenced by the local land-breeze–sea-breeze circula-

tion and the steady daytime sea surface temperature.

When divided into optimal and nonoptimal categories,

the diurnal patterns of UHII remain similar but with

much larger magnitude for the optimal category. The

synergistic effects are clear for both optimal and non-

optimal categories.

The UHII computed using the inland (QP) site as

the reference site is smaller than that computed using

the coastal (FX) site as the reference site from 0700 to

2200 LST, which is consistent with the results in Table 2.

The diurnal pattern of UHII for the QP site is very

different from that for the FX site (Fig. 3), with daily

maximum of 1.68 and 0.98C for HW and NHW condi-

tions, respectively, observed at night (around 0400LST).

The synergistic interactions between HWs and UHIs

are also prominent for the QP site under nonoptimal

conditions. For the optimal category, the synergistic

effects only exist during daytime (Fig. 3g). The fact that

the synergies disappear for the optimal category at

night may be due to cloud effects. Note that the

definition of clear sky that is based on atmospheric

transmissivity is only suitable for daytime conditions.

However, overall the synergistic effects are observed

at both daytime and nighttime when the QP site is

used as the reference site.

b. The role of land–sea-breeze circulation

Previous studies show that wind direction has a sub-

stantial influence on the magnitude of UHII especially

for coastal cities because of the existence of land-

breeze–sea-breeze circulation (Chen et al. 2011; Meir

et al. 2013; Founda and Santamouris 2017). The land

breeze–sea breeze in this paper is defined at hourly scale

rather than daily scale as the land-breeze–sea-breeze

circulation has obvious diurnal variations. According to

the coastline shape of Shanghai (Fig. 1), when the hourly

wind direction measured at the coastal site (in this case

the FX site) lies between 100 and 2108 (southerly), it
corresponds to sea breeze. When the hourly wind di-

rection is in the ranges of 08–908 or 2708–3608 (northerly),
it corresponds to land breeze. Figures 4a and 4b show the

diurnal cycle of UHII using the coastal (FX) reference

site for land-breeze (08–908 or 2708–3608) and sea-breeze

(1008–2108) cases under HW and NHW conditions

during 2013–18. It can be seen synergistic interactions

between HWs and UHIs exist both for land-breeze and

sea-breeze cases. The fraction of data for HW land-

breeze cases is only 2.4%, which results in more fluctu-

ated diurnal curves. The daily maximum of UHII for

land-breeze case occurs at night, which is similar to that

FIG. 3. Mean diurnal variations of 2-m air temperature at the urban (XJH) site and the suburban (a) FX and (e)QP sites, and comparing

the UHII (between XJH and the suburban sites) under HW and NHW conditions for (b),(f) all categories, (c),(g) the optimal category,

and (d),(h) the nonoptimal category. The shaded areas denote standard deviations.
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case based on the inland (QP) reference site, while the

daily maximum of UHII for sea-breeze case occurs in

the daytime. Figure 4c presents boxplots of the UHII

grouped by land-breeze and sea-breeze cases under

HW and NHW conditions during 2013–18. In-

terestingly, we find that sea breeze prevails under HW

conditions (i.e., there are more data points associated

with sea breeze than land breeze under HW condi-

tions). According to Fig. 4c, the magnitude of UHII is

intensified by sea breeze, and further intensified by

HWs. The median values for UHII for land-breeze and

sea-breeze cases under NHW conditions are 0.68 and
0.98C, respectively, while the counterparts for land-

breeze and sea-breeze cases under HW conditions are

1.18 and 1.68C, respectively. This strongerUHII under sea

breeze is because sea breeze acts as a cooling mechanism

for the coastal site (in this case the suburban site). Our

results are consistent with findings in Athens (Founda

and Santamouris 2017).

c. Contrasting responses of the urban and suburban
surface energy budgets to HWs

To understand the observed synergies between UHIs

and HWs, the responses of the urban and suburban

surface energy budgets to HWs are analyzed. We note

that radiation and turbulent flux data are only available

during 2016–18 and only for the XJH urban site and the

FX suburban site, but we find that the synergies between

HWs and UHIs averaged over 2016–18 are very similar

to those over 2013–18 for both FX and QP sites (not

shown). As such, the available radiation and turbulent

flux data should provide important insights into the mech-

anisms responsible for the observed synergies.

We start with examining the shortwave radiation

(Figs. 5a–d), the longwave radiation (Figs. 5e–h), and

the net all-wave radiation (Figs. 6a,b). We then in-

vestigate the partition of available energy (the sum of

sensible and latent heat fluxes) into sensible heat and

latent heat fluxes (Figs. 6c–f). The anthropogenic heat

flux is further examined in Figs. 6g and 6h. In Figs. 5

and 6, we focus on the differences between HW and

NHW conditions (represented by the symbol D). As a

comparison, we further examine the urban–suburban

differences (represented by the symbol d) in Fig. 7.

1) DIURNAL VARIATIONS OF RADIATION

BUDGETS

Figures 5a–d show the results of incoming and out-

going shortwave radiation (KY andK[, respectively). It
can be seenKY at the urban and suburban sites are very

close to each other under both HW and NHW condi-

tions. The upward shortwave radiation flux at the urban

site is smaller than its suburban counterpart, indicating a

smaller urban albedo possibly due to the use of dark

materials and radiative trapping by 3D building struc-

tures. Both KY and K[ at urban and suburban sites

show obvious increases, especially at noon during HW

periods. This is consistent with the fact that HWs are

generally associated with cloudless sky. The increase of

KY at the urban site is larger than that of the suburban

site, while the increases of K[ at urban and suburban

sites are similar, and hence there is more net shortwave

radiation input during HWs at the urban sites than at

the suburban site.

Figures 5e–h show the average diurnal variations of

downward and upward longwave radiation (LY and L[,
respectively) under HW and NHW conditions. The LY
and L[ are amplified during HWs at both urban and

suburban sites, and the increases at the urban site are

stronger. The strongest increase occurs at 1300 LST, which

is consistent with the occurrence of the daily maximum

temperature. This is expected given the strong link be-

tween the longwave radiation and air temperature through

the Stefan–Boltzmann law.

Integrating the four radiation components yields the

net all-wave radiationfluxQ*,whose diurnal characteristics

FIG. 4. TheUHII based on the coastal (FX) site underHWandNHWconditions for all categories for (a) land-breeze and (b) sea-breeze

cases; the shaded areas denote standard deviations. Also shown are (c) boxplots of UHII separated by land breeze and sea breeze under

HW and NHW conditions; the percentages represent the data availability.
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are shown in Figs. 6a and 6b. The daytime Q* at both

urban and suburban sites increases under HW condi-

tions. The biggest increase is about 128Wm22 at the

urban site and is about 115Wm22 at the suburban site.

The nighttime Q* are more negative during HWs. The

Q* at the urban site is larger than its counterpart at

the suburban site throughout the day, and this contrast

becomes stronger under HW conditions (Fig. 6b). The

increase of this positive urban–suburban Q* difference

under HW conditions results in more net radiation input

in the urban area.

2) DIURNAL VARIATIONS OF SENSIBLE AND

LATENT HEAT FLUXES

Figures 6c–f further show the mean diurnal variations

of sensible heat flux QH and latent heat flux QE under

HW and NHW conditions and the HW–NHW differ-

ences. Because of the limited vegetation cover and the

large fraction of impervious surface, QH is consistently

larger thanQE at the urban site. On the other hand, the

magnitude ofQH andQE are close to each other withQE

slightly higher than QH at the suburban site. The urban

QH are positive throughout the day, with nighttime

values reaching 80–120Wm22. The positive nighttime

urban QH is possibly due to the heat storage released at

night. The nighttime QH at the suburban site is near or

slightly smaller than 0Wm22. QH at the urban site is

larger than that at the suburban site throughout the day.

However, the daytime QE at the urban site is signifi-

cantly smaller than that at suburban site, while the

nighttimeQE at these two sites are of similar magnitude,

both slightly larger than 0. These characteristics lead to

positive available energy (Q: the sum of sensible and

latent heat fluxes) differences (Qu 2 Qr), especially at

night, which will be further discussed later.

TheHW-induced changes in the sensible heat flux and

latent heat flux are different. The sensible heat flux QH

at the urban site is larger under HW conditions than

under NHW conditions all day, with the maximum dif-

ference reaching 140Wm22 in the afternoon. TheQH at

the rural site also increases under HW conditions during

daytime with the maximum increase around 100Wm22,

FIG. 5. Mean diurnal variations of the (a) downward shortwave radiation flux, (c) upward shortwave radiation

flux, (e) downward longwave radiation flux, and (g) upward longwave radiation flux at the urban (XJH) and

suburban (FX) sites. (b),(d),(f),(h) Their differences betweenHWandNHWconditions during 2016–18; the shaded

areas denote the standard deviation.
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but slightly decreases at night. This is different from the

case in Beijing where QH at the rural site decreases

throughout the day (Li et al. 2015). The increase of QH

at the urban site is larger than that at the suburban site

(Fig. 6c).

The HW-induced changes in the latent heat flux (QE)

are smaller than those inQH, which is also different from

the case in Beijing (Li et al. 2015). The diurnal variation

ofDQE at the urban site fluctuates with an overall decrease

of 22Wm22. The QE at the suburban site shows a slight

increase (2Wm22) during HW conditions. In summary,

HWs cause larger amplifications ofQH at both urban and

suburban sites, while slight decreases of urban QE but in-

creases of suburban QE. This contrasting response of the

energy partitioning is mainly attributed to the different

water availability for evaporation and vegetation coverage

between the urban and suburban sites.

3) DIURNAL VARIATIONS OF THE

ANTHROPOGENIC HEAT FLUX

Similar analysis is also conducted for the anthropo-

genic heat flux, as shown in Figs. 6g and 6h. Themodeled

anthropogenic heat fluxQF at the urban site is very large

with the peak (1100 a.m.) around 250 and 230Wm22

under HW and NHW conditions, respectively (Fig. 5g).

This is equivalent to about 48% of the net all-wave ra-

diation (Fig. 6a), suggesting that QF plays an important

role in the urban surface energy budget. The magnitude

of QF at the urban site estimated in our study is much

larger than that estimated by Sailor et al. (2015). This is

because our study focuses on the neighborhood (site)

scale while Sailor et al. (2015) focuses on the much

larger city scale. Sailor et al. (2015) estimated the QF in

Shanghai by extrapolating from that of U.S. cities

using a correction factor based on the ratio of per capita

energy consumption in the target country (China) to

that in the United States. The larger population density

around the urban site results in the much larger mag-

nitude of QF. This is consistent with findings in other

Asian city centers. For example, the winter daytime

QF on average reached 400Wm22 in central Tokyo

(Ichinose et al. 1999). The maximum annual mean QF

averaged over a 1km 3 1 km grid area was 27Wm22 in

Seoul, 198 in Gyeonggi, and 320Wm22 in Incheon,

South Korea (Lee et al. 2009). The diurnal peakQF was

up to 550Wm22 in the central activities zone of London

FIG. 6. As in Fig. 5, but for the (a) net all-wave radiation, (c) sensible heat, (e) latent heat, and (g) modeled an-

thropogenic heat fluxes.
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(Iamarino et al. 2012). The enhanced anthropogenic

heat flux under HW conditions is mainly attributed to

the increased building cooling energy consumption. The

nocturnal QF at the urban site can also reach relatively

large values around 50–100Wm22, thus contributing

significantly to the nighttime UHII. The magnitude of

QF at the suburban site is much smaller with the mean

diurnal peak around 45Wm22 because of the much

sparser population density. QF at the suburban site is

also enhanced under HW conditions compared with

NHW conditions but the enhancement is weaker than

that at the urban site. As can be seen in Fig. 6h, the

amplification of the daily maximumQF by HWs is about

20 and 3Wm22 at the urban site and the suburban site,

respectively.

4) THE MEAN URBAN–SUBURBAN DIFFERENCES

OF THE SURFACE ENERGY BUDGETS

To summarize the different responses of urban and

suburban surface energy budgets to HWs, the mean

urban–suburban differences of the four components of

radiation, the net incoming and outgoing radiation, the

net all-wave radiation, anthropogenic heat flux, sensible

heat flux, latent heat flux and the available energy, are

presented in Fig. 7. The mean urban–suburban differ-

ence of the downward shortwave radiation is very small

under bothHWandNHWconditions (dKY, 10Wm22),

with this difference further narrowed under HW condi-

tions. The urban–suburban difference of the downward

longwave radiation (dLY) shows an obvious increase

underHW conditions. The overall effect of dKY and dLY
is themore downward radiation [d(KY1LY)] underHW

conditions. The urban–suburban difference of the upward

shortwave radiation (dK[) is negative and close to each

other under HW and NHW conditions. The response of

the dL[ is similar to dLY with an obvious increase under

HW conditions. Hence the total upward radiation dif-

ference [d(K[ 1 L[)] increases during HW conditions.

As a result, the increase of dQ* is smaller than that of

the total downward radiation difference [d(KY 1 LY)].
The urban–suburban contrast of the anthropogenic heat

flux (dQF) is clearly increased under HW conditions.

FIG. 7. The mean urban–suburban differences in (a) incoming shortwave radiation (dKY), incoming longwave

radiation (dLY), and total incoming radiation [d(KY 1 LY)]; (b) outgoing shortwave radiation (dK[), outgoing
longwave radiation (dL[), and total outgoing radiation [d(K[ 1 L[)]; (c) net all-wave radiation (dQ*), anthro-

pogenic heat flux (dQF), and their sum [d(Q* 1 QF)]; and (d) sensible heat (dQH), latent heat (dQE), and the

available energy [d(QH 1 QE)] under HW and NHW conditions. The error bars denote the standard deviation.
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This increase, combined with the increase of dQ*, leads

to a stronger forcing [d(Q* 1 QF)] to the urban surface

energy budget relative to its rural counterpart.

The stronger forcing received by the urban surface

under HW conditions leads to the stronger increase of

urban sensible heat flux relative to the rural sensible

heat flux (i.e., dQH is enhanced), while the negative

urban–suburban latent heat flux difference (dQE , 0)

slightly increases (i.e., dQE becomes slightly more neg-

ative) under HW conditions. This shows the contrasting

responses of energy partitioning to HWs at the urban

and suburban sites. The combined effect is that the urban–

suburban difference of the available energy [d(QH1QE)]

is amplified under HW relative to NHW conditions.

Section 3b has demonstrated that the land breeze–sea

breeze plays an important role in controlling the syn-

ergistic interactions between HWs and UHIs. There-

fore, it is important to examine whether the responses of

surface energy budgets are similar under land-breeze

and sea-breeze conditions. However, because of the

data limitation for land-breeze/HW cases, we could only

analyze the responses of the urban and suburban surface

energy budgets to HWs under sea-breeze conditions.

We find that the energy budget differences under only

sea-breeze conditions are qualitatively similar to those

shown in Figs. 5–7 (not shown), suggesting that the

observed responses of surface energy budget to HWs

are robust.

d. Interpretation of UHI–HW synergies based on
the analytical model

1) MOISTURE AVAILABILITY

According to the analytical model (see appendix), the

ratio between urban and suburban surface moisture

availability bu/br is a major controlling factor of UHII.

Because there is no soil moisture measurement at the

study sites, the air relative humidity (RH) is used instead

since its definition is the same as b only the measure-

ment height is at 2m rather than at the surface. From

Table 2, one can see that RH at the urban site is con-

sistently lower than the suburban sites and the coastal

FX site has the largest RH values. Figure 8a shows the

mean diurnal patterns of RHu/RHr during HW and

NHW conditions. RHu/RHr is smaller than 1 under both

HW and NHW conditions, indicating that the urban

surface is always drier than its suburban counterpart.

We also examine the ratio of water vapor pressure,

which shows similar patterns (not shown). This is mainly

caused by the larger impervious surface fraction and the

limited vegetation cover at the urban site. The diurnal

variation of RHu/RHr during NHW periods is relatively

stable ranging between 0.88 and 0.95. Relative to the

RHu/RHr under NHW periods, the RHu/RHr during

HW periods is smaller throughout the day and has a

larger diurnal variation (0.75–0.93). This indicates that

the urban surface becomes even drier than the suburban

surface during HWs, which further suppresses evapo-

ration and enhances the UHII. This is consistent with

the results in Fig. 6.

2) REGIONAL WIND SPEED AND URBAN–
SUBURBAN AVAILABLE ENERGY DIFFERENCE

Another major controlling factor on UHII from the

analytical model is the combined effect of regional wind

speed and the urban–rural available energy difference

[d(Qu2Qr)]. FromFig. 7bwe can see that the d(Qu2Qr)

is always positive under both HW and NHW conditions.

Close inspection reveals that d(Qu 2 Qr) is positive all

day except a few hours around 1300 LST when the

values of d(Qu 2 Qr) are slightly negative (Fig. 6b).

However, there is little difference between HW and

NHW conditions in terms of the diurnal variation of

d(Qu 2 Qr) (Fig. 8b). Hence, to understand how the

UHII is enhanced under HWs requires us to examine

how the regional wind speed changes.

Table 2 shows that the mean wind speed at the urban

site is much weaker (,1ms21) than the suburban sites

because of the blocking effect of tall buildings, and

the coastal site has the strongest wind speed. However,

FIG. 8. Mean diurnal variations of (a) the relative humidity ratio RHu/RHr between urban and suburban sites, (b) the urban–suburban

difference of available energy Qu 2 Qr, and (c) the regional wind speed at 10m under HW and NHW conditions.
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given that the roughness length does not change with

HWs, the wind speed difference between urban and

rural areas is not considered here. Instead, the regional

wind speed at 10m u10 measured by the 11 weather

stations in Shanghai is examined. From Fig. 8c it is clear

that the regional wind speed becomes consistently smaller

during HW periods relative to NHW counterparts, which

is consistent with the results shown in Table 2. The biggest

decrease of u10 is about 0.5ms21 at 1000 LST.On the basis

of the analytical model, it is seen that the decrease of u10,

combined with the positive d(Qu 2 Qr), enhances the

UHII under HWs.

4. Conclusions and discussion

In this study, the synergistic interactions between

UHIs and HWs are studied using a comprehensive

dataset collected over the city of Shanghai. The under-

lying physical mechanisms are elucidated by investigat-

ing the contrasting responses of urban–suburban surface

energy budgets andmoisture availability toHWs, as well

as the response of regional wind field to HWs. In com-

parison with previous studies that did not quantify the

anthropogenic heat fluxQF, we estimateQF using a top-

down model and quantify how QF changes under HWs.

The influence of land-breeze–sea-breeze circulation on

theUHII and its associationwithHWsare also examined.

The results show that the UHII is consistently en-

hanced underHWconditions for both coastal and inland

reference sites under all meteorological conditions. The

diurnal patterns of UHII are quite different with stron-

ger daytime UHII for the coastal site while stronger

nighttime UHII for the inland site. We further classify

the study period into optimal days for identifying UHI

(light wind, cloudless, low humidity, and no precipita-

tion) and nonoptimal days. The synergistic effects be-

tween HWs and UHIs are clear at the coastal site. For

the inland site, the synergistic interactions remain strong

under nonoptimal days but only exist during daytime

under optimal days.

The contrasting responses of urban and suburban

surface energy budgets to HWs are examined. The

urban–suburban differences of incoming and outgoing

shortwave radiation under HWs are similar to those

under NHWs. On the other hand, the urban site receives

more incoming radiation and produces more outgoing

longwave radiation under HWs relative to the suburban

site. The combined effect is that the urban–suburban

difference of the net all-wave radiation Q* is larger under

HWconditions thanNHWconditions. The urban–suburban

contrast of the anthropogenic heat flux increases under

HW conditions primarily because of additional energy

consumption for air conditioning in urban areas. All of

these translate into a larger forcing for the urban surface

energy budget under HWs.

Because of the limited vegetation cover and soil water

availability at the urban site, the urban sensible heat flux

increases all day under HW conditions with the maxi-

mum increase in the afternoon. The suburban increase

ofQH is smaller than the urban counterpart, with a slight

decrease at night. The latent heat flux QE at the urban

site shows a small decreasing trend under HW condi-

tions, while a small increase of QE is observed at the

suburban site. This change of energy partitioning is

favorable for a stronger UHII.

An analytical model is further utilized to interpret the

results. Specifically, we investigate the two major con-

trolling factors identified by the model, that is, the ratio

of urban and suburban surface moisture availability

(approximated by the 2-m relative humidity) RHu/RHr,

and the combined effect of regional wind speed and the

urban–suburban available energy difference. It is found

that the RHu/RHr is smaller under HW conditions than

under NHW conditions throughout the day, which in-

dicates that the urban surface becomes even drier during

HWs than the suburban surfaces, suppressing evapo-

transpiration and enhancing theUHII. The regional wind

speed isweakened underHWconditions, which causes an

increase in the UHII when combined with the positive

urban–suburban available energy difference.

Our analysis reveals multiple physical mechanisms

contributing to the synergistic interactions between

HWs and UHIs. While many of these mechanisms are

expected to hold true for other regions (e.g., the stronger

increase of urban net radiation and urban anthropo-

genic heat flux under HWs compared to their suburban

counterparts), some mechanisms might depend on the

specific urban–suburban settings. For example, while

our study and Li et al. (2015) found a stronger increase

of urban sensible heat flux and a smaller increase (or

even a decrease) of urban latent heat flux under HWs

relative to the suburban/rural counterparts, it can be

expected that cities located in a desert climate might

show the opposite response because of irrigation in cities

(i.e., cities have more water availability for evapotrans-

piration than the surrounding areas). In addition, the re-

gional wind speed is shown to play an important role, but

whether the decreased regional wind speed underHWs as

observed here is universal remains to be studied. For

coastal cities, especially when the UHI is calculated using

data from sites that can be influenced by land–sea breeze,

whether the UHI is stronger under land breeze or sea

breeze and whether land breeze or sea breeze will be

favored by HWs are likely to be dependent on the spe-

cific locations of the urban and reference sites relative to

the coastal line, the local geography, and the synoptic
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conditions. The fact that manymechanisms contributing

to the synergies between HWs and UHIs vary across

cities may explain why synergies between HWs and

UHIs are only observed in certain metropolitan regions

and/or for certain HW events. However, our analysis

emphasizes the importance to study the physical mech-

anisms for the synergies between HWs and UHIs, in

addition to identifying statistical associations between

the two phenomena.

The findings of this study provide some insights into

urban heat mitigation and future urban planning. For

example, increases of urban green infrastructure, urban

irrigation, and water fountains are encouraged to en-

hance the urban water availability (Li et al. 2014; Tewari

et al. 2019). The construction of urban ventilation cor-

ridors is also an effective strategy for heat mitigation as

the enhanced regional wind speed can significantly im-

prove the cooling effect. Because the urban–suburban

anthropogenic heat flux difference is identified as a

critical contributor to the synergies between HWs and

UHIs, it is also important to improve building energy

efficiencies in highly populated urban areas. However, it

should be also stressed that the effects of these urban

heat mitigation strategies might be geographically de-

pendent (Georgescu et al. 2014), thus a careful design of

appropriate strategies is needed for each city. In addi-

tion, how the implementation of these urban heat miti-

gation strategies, together with the continuous urban

expansion and future climate change, would shape the

local urban climate, remains an important research topic

to be explored in future work.
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APPENDIX

An Analytical Model for UHII

This study employs the analytical model developed by

Li and Bou-Zeid (2013) in which UHII is given as

UHII5T
u
(x, z)2T

r
(z)5 (12b

u
/b

r
)T

rs
* f

1
(x, z)

1 g(u
10
)(Q

u
2Q

r
)f

2
(x, z),

(A1)

where Tu(x, z) and Tr(z) are the air temperature over

urban and rural areas, respectively, and x and z are the

streamwise and vertical coordinates, respectively. For

the range 0 , x , xu, the surface represents urban,

where xu indicates the size of the urban patch.When x.
xu or x , 0, the surface becomes rural. Height z 5 0

represents the surface. Because the rural surface is as-

sumed to be infinitely long, Tr(z) is only a function of z,

which indicates that the incoming flow is in equilibrium

with the upwind rural surface conditions. Variables bu

and br denote the urban and rural surface moisture

availability, respectively, and are the ratio of the actual

specific humidity to the saturated specific humidity. The

value of b ranges from 0 to 1; the larger the value is, the

wetter is the surface. Hence, bu/br represents the con-

trast between urban and rural surface wetness, which is

primarily determined by the contrast of urban–rural soil

moisture content. Trs* 5 qrs/(cp/Ly 1abu) is a character-

istic temperature scale denoting the sensitivity of UHII

to urban–rural surface moisture availability difference,

where qrs (kg kg21) is the actual rural surface specific

humidity, cp (J kg21K21) is the atmospheric specific

heat capacity at constant pressure, Ly (J kg
21) is the la-

tent heat of water vaporization, and a is approximately a

constant (51.87 3 1023K21). The g(u10) is a positive

function that decreases with increasing regional wind

speed u10. Difference Qu 2 Qr is the available energy

(which is the sum of sensible and latent heat fluxes) dif-

ference between urban and rural surfaces; f1(x, z) and

f2(x, z) are functions of positions only x and z, which are

generated by solving the advection–diffusion equations,

and both are positive.

FromEq. (A1), it can be seen that there are twomajor

factors that impact the UHII. The first [the first term of

the rhs of Eq. (A1)] is the ratio between urban and rural

surface moisture availability (bu/br), and the second [the

second term of the rhs of Eq. (A1)] is a combination of

regional wind speed effect (u10) and the urban–rural

difference of available energy (Qu 2 Qr). The sign of

Qu 2 Qr determines whether the second term has a

positive or negative effect on the UHII (Li et al. 2016).

During HWs, the urban and rural surface moisture

condition, available energy, and wind speed will all show

different characteristics than during non-HW condi-

tions. Therefore, this analytical model can be an effec-

tive tool to elucidate the physical mechanisms that are

responsible for the synergistic interactions betweenUHIs

and HWs.
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