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ABSTRACT

Given extensive and rapid urbanization globally, regional urban thermal effects (UTE) in both canopy and boundary
layers under extreme heatwave conditions are of significant interest. Rapid population and economic growth in the
Yangtze River Delta (YRD) have created one of the largest city clusters in China. Here we explore the 3-dimensional
(3D) UTE in the YRD using numerous observations ( high-resolution automatic weather stations, radiosondes, eddy
covariance sensors) during the record-setting heat wave (HW) of July-August 2013. Within this HW period, the regional
canopy layer UTE is up to 0.6-1.2 °C, with the nocturnal UTE (0.7-1.6 °C) larger than daytime UTE (0.2-0.5 °C). The
regional canopy layer UTE is enhanced and expanded northwards with some rural sites are contaminated by urban
influences, especially at night. In the boundary layer, the strengthened regional UTE extends vertically to at least 925
hPa (~750 m) during this HW. The strengthened 3D UTE in the YRD is associated with an enlarged Bowen ratio
difference between urban and non-urban areas. These findings about the 3D UTE are important in understanding the
thermal environment of urban city clusters in HW and assessing adaption and mitigation strategies.

Keywords: urban thermal effects, 3-dimension, Yangtze River Delta, heat wave

1. Introduction

Human activities alter the material properties and structures of cities worldwide, with direct impacts on the surface
energy balance and the overlying boundary layer. Urban areas are often warmer than their surroundings in response to
these modifications. With the large and ever-increasing urban population (United Nations, 2018), the urban thermal
environment is of great importance to many sectors of society (e.g. public health, traffic, power industry, water resource
management). The east coast Yangtze River Delta (YRD, Fig. 1), is now one of the largest economic zones in China
following recent decades of rapid economic development , with the densely populated cluster of cities in this region
creating a distinctive Z-shape (Fig. 1) (Xie et al., 2007).

The well-known canopy layer urban heat island (CL-UHI) effect is the difference in canopy layer (~2 m) air
temperature between the urban area and its surrounding rural area (Stewart, 2011). To be representative careful
consideration needs to be directed to the site selected (World Meteorological Organization, 2022). Although the CL-
UHI is widely reported for individual cities in the YRD, such as Shanghai (e.g. Zhang et al., 2010a; Cui and Shi, 2012),
Nanjing (e.g. Zeng et al., 2009) and Hangzhou (e.g. Chen et al., 2014), the classification of “urban” and “rural” areas
for CL-UHI is critical (e.g. Grimmond et al., 1993; Arnfield, 2003; Stewart, 2011). Many rural observations sites,
despite being away from an urban area, are impacted by urbanization to some extent (Lowry, 1977; Huang et al. 2019;
Zhang et al., 2021). These impacts may differ with synoptic conditions and mesoscale circulations (e.g. land/sea, Miao
et al., 2020). Thus the times when the ‘rural’ reference is ‘contaminated’ by urban impacts requires detailed analysis of
the source area of the observations (e.g. Oke et al., 2017; World Meteorological Organization, 2022), and can be
challenging to identify (Miao et al., 2020; Zhang et al., 2021).

Across the YRD region (219,000 km?, Fig. 1), individual city effects merge and compound each other (Shepherd et
al., 2014; Huang et al., 2019). This makes the interpretation of the CL-UHI — as a measure of difference between an
urban and rural area — very complex to interpret.. The boundary layer UHI (BL-UHI) is affected by the larger spatial
extent of the city (horizontally and vertically and is dominated by local to mesoscale processes (Oke, 1976). In this
study, unlike previous YRD CL-UHI research, we consider the urban thermal effects (UTE), not in reference to a single
rural area outside one city, rather we consider the urban region and its surroundings through both canopy layer (~2 m air
temperatures) and boundary layer influences.

While UTE may not pose stress to citizens under normal thermal conditions, these urban thermal effects can
aggravate heat stress and cause severe hazards when compounded by stressful heat wave (HW) temperatures (Wang et
al., 2021). Many studies have documented CL-UHI intensification during heatwaves, both in the daytime (e.g.
Shanghai - Jiang et al., 2019) and at night (e.g. Beijing, Guangzhou - Jiang et al., 2019; Madison - Schatz et al., 2015;
Shanghai - Ao et al., 2019). With urban expansion in the YRD, the urban influences have become evident in climate
signals (Du et al., 2007). Enhancing our understanding of the regional UTE in the YRD is important to assess and
improve mitigation and adaptation strategies of large city clusters’ thermal stress.
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In July and August 2013, a record-breaking heat event occurred in central-east China including the YRD. This was a
large spatial event of intense heat, which persisted for a long period with extensive socio-economic impacts (Zhang et
al., 2014). Previous studies of this event focus on the attribution of the HW in terms of large-scale atmosphere
circulation (Peng, 2014; Sun, 2014) and climate change (Xia et al., 2016). The influences of human activities and urban
areas in the 2013 HW are also detectable. Changes in anthropogenic forcing at both global and urban scales are found to
increase the probability of HW events (Ma et al., 2017; Wang et al., 2017). However, the urban thermal effects in both
the canopy and boundary layer across large city clusters under the extreme heat wave conditions are still not clear.

The objective of this study is to examine the 3D UTE of the extensively urbanized YRD through analysis of a dense
observational network, including both automatic weather stations (Fig. 1), radiosondes (Table 1) and surface flux
sensors (section 2). The analysis explores the influences of an extreme heat wave on the YRD UTE in both the canopy
layer and boundary layer (section 3).

2. Data and methodology

2.1 Study Area

The YRD region (219,000 km?) includes the Shanghai District, Jiangsu and Zhejiang Provinces (Fig. 1). It is home
to about 150 million registered residents (National Bureau of Statistics of China, 2018), of whom approximately 70%
are urban dwelling (Liao et al., 2015). Cities in this region include Shanghai, Nanjing, Hangzhou, Suzhou, Ningbo,
Wuxi, and Changzhou. Population data for Shanghai District, Jiangsu and Zhejiang Provinces (National Bureau of
Statistics of China, 2014) combined with impervious and pervious land-cover fraction data (Gong et al., 2019a,b)
indicates the extent urbanized (Fig. 2). There have been large population increases since the 1980s, with a “Z-shape”
city cluster becoming apparent between 1993 and 2013 (e.g. Zhang et al., 2010b; Zhong et al., 2017). Both the “Yangtze
River Economic Belt” and the “Belt and Road Initiative” (Lu et al., 2018) cross the YRD.

Fig. 1. Location of observations sites and the impervious
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We use the impervious land cover (Gong et al. 2019a, b) to identify urban stations. These are defined as having an
impervious fraction = 0.5 in 2013 in their surroundings (circle area: 10 or 100 km?2; i.e. radius of 1.785 or 5.642 km).
To obtain values for other years, we assume a linear change of =0.01 annum-1 (Jiang et al., 2020) derived from data
for the 1981-2013 period. This follows the method used by others in mainland China (Ren et al., 2011) and United
States of America (Hausfather et al., 2013).
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Fig. 2. Urban characteristics through time for Zhejiang Province, Jiangsu Province and Shanghai District: (a) population density
(Data: China Statistical Bureau 1983-2013); (b) impervious fraction >0.5 (impervious cover includes building roofs, driveways
and parking lots) by the first time period of occurrence (color) (Data: Gong et al. 2019a,b).

2.2 Meteorological Data

In 2013, air temperature (75,) was measured hourly at 2 m by automatic weather stations (AWS, Vaisala
MILOS500, Finland) with a radiation shield (Tan et al., 2015) at 22609 sites (circles, Fig. 1). To reduce topographic site
heterogeneity, those located at higher elevations (> 500 m above sea level; Dairaku et al, 2009) are excluded from our
analysis.

The AWS sites are flat open areas maintained by the China Meteorological Administration (CMA) regional offices
(CMA, 2018). The hourly data are quality-controlled (QC) following World Meteorological Organization (2004)
guidelines by the local Meteorological Bureaus of Shanghai District, Jiangsu and Zhejiang provinces. The QC includes
checks of consistency (e.g. internal, temporal, spatial) and climatic range. The QC data are used to determine the daily
mean, minimum and maximum 2 m air temperature ( Tnean,2m, Tmin,2m aNd Tyax,2m, Table 1).

Table 1. Notation used to distinguish the different aspects of the urban thermal effects (UTE)

Height (m agl) Data source Mean Tmean Minimum Twin  Maximum Tiax
~2 AWS-MSA Imea.n,ZA Imin,ZA Imax,ZA
~2 NWS Imea.n,ZN
Radiosonde Imean,R

~50-100, 750, 1500, 3000 ERAS Tmean

The urban or non-urban AWS class assignment (Fig. 1) using impervious fraction (section 2.1) differs little between
the two sizes of area (10 and 100 km?) analyzed. Overall, 584 (26%) of the sites are classified as urban. Most of these
sites occur near the major city cluster and some smaller cities scattered across northern Jiangsu and southern Zhejiang.

Quality-controlled CMA National Meteorological Information Center daily 2 m air temperature data, observed four
times per day (02:00, 08:00, 14:00, 20:00 Beijing standard time, BST), are available from 141 YRD national weather
stations (NWS) (e.g. Zhai and Pan, 2003; Ren et al., 2005). Using the same approach for classification as for the AWS
sites, 101 are urban. In this study, we analyze these data for the period 1980-2017 (Table 1).
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Within the region, there are seven CMA radiosonde stations (squares, Fig. 1, Table 1). These collect air
temperature observations twice a day (08:00 and 20:00 BST) at 11 pressure levels (Guo et al., 2008; Guo and Ding et
al., 2009). QC of these data includes assessment of allowable value range and gross errors
(http://data.cma.cn/data/cdcdetail/dataCode/B.0011.0001C.html).

As high-resolution L-band radiosonde data (e.g. Jiang et al., 2017; Han et al., 2019) are unavailable in the region, we
obtain additional vertical information from ERAS5 reanalysis data (Copernicus Climate Change Service, 2017). This
data is hourly with 30 km horizontal resolution. Although there is not an urban scheme in the Integrated Forecast
System (IFS) reanalysis model, the radiosonde and aircraft data from the region are assimilated.

For both the radiosonde and ERAS data, four levels (1000, 925, 850, 700 hPa) are analyzed (Table 1), corresponding
to about 50-100, 750, 1500 and 3000 m agl (above ground level). To classify the radiosonde data, the impervious
fraction within the 100 km? circular area around the ground station is used as a proxy for the source area for the sensor
as it rises above the surface. Three sites are classified as urban (four non-urban). The urban (non-urban) classification
for the 2269 AWS stations is assigned to the ERAS grid (0.25° x 0.25°).

Shortwave and longwave radiation, turbulent sensible and latent heat fluxes are measured at two sites in Shanghai:
(1) commercial — residential area Xujiahui (XJH, 31. 19°N, 121. 43°E), and (2) grass area within the Shanghai World
Expo Park (SWEP, 31.19°N, 121.47°E). The measurements at XJH are undertaken at 80 m agl (25 m instrument mast
on top of a 55 m building) and at SWEP 1.5 m agl. Sensor details and data processing techniques are the same for both
sites (Ao et al., 2016; 2018). The net all-wave radiation (Q*), turbulent sensible (QOg) and latent (Qf) heat fluxes are
directly measured using 10 Hz data to determine 30 min fluxes. However, neither the anthropogenic heat flux (Qr) nor
net storage heat flux (AQs) are observed. Here, QOris not estimated. Although Ormay increase under HW conditions
(Stone, 2012), the Or heat emission can be expected to be relatively small (Ichinose et al., 1999) compared to large
summertime shortwave radiation. The HW and non-HW day fluxes are compared at both sites using the median fluxes.

2.3 Statistical analysis methods

There are 584 (1685) urban (non-urban) AWS sites available. To reduce the uncertainty from the AWS instrument
sites, a regional UTE is calculated using a ‘filtering window’ that is varied to detect spatial heterogeneities at different
spatial scales (Wu and Yang, 2013). To reduce large-scale influences (e.g. of atmospheric circulation, global warming)
and urban observation environment impacts, we use very large (radii of 200, 250, 300 km) moving spatial anomaly
(MSA) windows around each AWS site relative to canopy layer air temperature source area (order 1 km).

The MSA provides mean temperature classified as urban (7,;) and non-urban (7}’). A regional urban-nonurban
difference 7,.(?) is determined for each day (t)'

av<t)—z Tuity z e, (1)

using the number of urban (n,) and non-urban (n,) sites w1th1n the area. Similarly, for each urban site relative to all
the nonurban AWS within the area:

ny

, T
L =1, -y 9. @

n
=1 7

Positive [;(t) values indicate a strong UTE. The same techniques are used for both types of canopy layer data
(AWS, NWS), but for the radiosonde (R) and ERAS5 (£) data MSA is not used (Table 1). As the soundings are sparse of
sensors, and the source area for the sensor increases as it rises above the surface, the direct urban-rural differences are
used to measure the boundary layer UTE for the R and E data without MSA.

The statistical properties of the daily 7>, are assessed using the skewness, kurtosis, interquartile range
(IQR), median, and frequency distribution (Mardia, 1970): Skewness measures the asymmetry of the distribution, with
positive (negative) skew indicating the presence of a long tail on the high (low) end of the distribution. Kurtosis
measures the width of the distribution, with negative (positive) excess kurtosis describing a distribution that is wider
(narrower) than the normal distribution. IQR gives the spread between 25™ and 75 percentiles values (the median is the
50™ percentile). Linear regression using Tyuean2m i used to assess the relation between UTE intensity and the HW.

2.4 Heat wave (HW) period

Following Lau and Nath (2012) and Li et al. (2015), HW days are identified using Ty, 2m and Tyin, 2w thresholds. The
CMA operational regulation (Huang et al., 2011) defines high temperatures as daily Tyax2n =35°C and people’s
discomfort coming from nocturnal 7n 2, >25°C (Zittis et al., 2015). HW days need to meet both criteria (i.e. Tnax,2m
>35°C and Thin.om >25°C). Using the areal average of the 2269 YRD AWS, 34 days satisfy Tprisongs during July-
August of 2013.
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3.

Regional urban thermal effects (UTE) during the heat wave

3.1 The Yangtze River Delta (YRD) 2013 Heat Wave (HW)
In summer 2013, 97.5% of the YRD AWS recorded at least one T, 2m greater than 35°C. At many YRD sites, the
summer 2013 temperature observations broke local records (Ma et al., 2017; Wang et al., 2017). Both warm days (i.e.,

Tnax,2m =35°C) and nights (i.e., Thin, 2n =25°C) were extremely persistent, occurring on more than 40 days over the
YRD Z-shaped city cluster in July-August of 2013 (Fig. 3).
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Fig. 3. Number of days in July - August 2013 in the Yangtze River Delta (YRD) when: (a) daily maximum temperature (Tmax,2m) =
35°C and (b) both daily maximum temperature (Tmax.2n) =35°C and minimum temperature Tmin2n = 25°C from automatic

weather station (AWS).

3.2 Canopy layer characteristics of UTE

Analysis of all the AWS air temperature data in the
YRD region (section 2.3) shows the city cluster has a
negative skewness (-0.63°C; Fig. 4, Table 2). The
urban (red, Fig. 4) temperature distribution is shifted
to the right of the non-urban (blue, Fig. 4), especially
for Tiin2m (Fig. 4b), indicating the urban sites are
obviously warmer at night. The urban 7,2, and
Tnean,2m distributions are narrower (i.e. higher kurtosis
or closeness to the mean) than the non-urban
observations, but differences between urban and non-
urban sites for T 2m are undetectable (Fig. 4c).
Thus, the frequency distribution (0.5°C bins) of
Twin,2m has the expected feature of a regional UTE.

Fig. 4. Frequency distribution (0.5°C bins, %) during July-
August 2013 of (a-b) mean (Tumean,2m, °C), (¢, d) minimum
(Tmin.2m, °C) and (e, f) maximum (Zonax,2m, °C) temperature
at all urban (U, red) and non-urban (nU, blue) automatic
weather station (AWS) sites (a, c, e) entire period and (b,
d, ) stratified into heat wave ( HW, 34 days) and non-HW
(nHW, 28 days) conditions. Values given within each plot
are the median (°C).
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Table 2. Analysis of the frequency curves (Fig. 6) of daily mean temperature (Zmean,2m, °C), minimum temperature (Zmin,2m, °C) and
maximum temperature (Zmax,2m, °C) from automatic weather stations (AWS) under HW and non-HW conditions for urban (U) and
non-urban (nU) sites in the Yangtze River Delta (YRD, Fig. 1) during July - August 2013. For statistical methods see section 2.3

Tmean,Zm (OC) Tmin,Zm (OC) Tmax,Zm (OC)
U nU U nU U nU
Skewness -0.59 -0.36 -0.91 -0.37 -0.43 -0.29
July- August Kurtosis 0.49 0.10 2.47 0.38 -0.10 -0.11
IQR 3.1 34 2.6 33 4.2 4.8
Median 30.9 29.2 27.2 25.2 36.0 354
Skewness -0.63 -0.35 -0.66 -0.19 -0.43 -0.37
HW Kurtosis 0.34 -0.01 0.39 -0.17 0.49 0.18
IQR 2.8 32 2.6 34 3.6 4.2
Median 31.6 29.8 27.5 25.4 36.8 36.3
Skewness -0.78 -0.50 -1.37 -0.78 -0.23 -0.10
Kurtosis 0.67 0.23 2.94 1.08 -0.59 -0.29
non-HW IQR 2.9 3.0 2.7 2.9 42 47
Median 29.2 27.5 26.0 24.5 33.3 32.5

In this region during July- August 2013, 34 days meet the HW definition (section 2.4) and 28 not. The expected
skew towards higher temperature occurs in both urban and non-urban temperature distribution on HW days (Fig. 4,
Table 2), most evident in Toin 2m. The Tiin2m IQR is larger under HW conditions for non-urban than urban sites. There
is a pronounced tail toward higher T},.in 2. The canopy layer UTE is largest for Toin2m (€qn.1, Luymin). It varies between
0.7 - 1.6 °C on average for the three radii extents (Fig. 5b). Whereas, Lay,mean 2418 slightly less (0.6 -1.2 °C, Fig. 5a) and
Laymax,24 the smallest (0.2 - 0.5 °C, Fig. 5c). The large Zuy,min 24 is consistent with previous studies within the YRD (e.g.
Nanjing, Zeng et al. 2009; Shanghai, Cui and Shi, 2012). The Tuux2» UTE is much smaller than for Tyin 2m and Tinean, 2m-
Negative UTE Tyax,2m 0ccur on some days, as observed in traditional studies of urban-rural afternoon temperature
differences (e.g. Basara et al., 2008). This is a consequence of lower urban sky view factors. Here negative UTE
Tmax,2m Occurs on a few days during the weaker part of the HW (i.e. Tax2m just greater 35 °C) with southeasterly flows
from the sea causing, the urban 7} 2. to be less than downwind of non-urban areas.

Fig. 5. Daily regional averaged canopy layer urban
24 |(a) lav,mean,24 thermal effects (UTE) (fav24, eqn. 1, °C) for (a)
mean (Twmean,2m, °C), (b) minimum (Tnin,2m, °C) and

g8 (¢) maximum (Tnax,2m, °C) temperature from
— 12 F automatic weather station (AWS), using three areal
'E 06 | extents (MSA radii (km): 200 (blue), 250 (yellow)
L and 300 (red)) during July-August 2013 in the
o 0 r Yangtze River Delta (YRD). For methods see
=-06 | Section 2.3.
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Both Iy mean24 (0.2 - 0.3 °C ) and Ly min 24 (0.5 - 0.6 °C)) are significantly enhanced under HW conditions (significance
level p<0.01), similar to the enhanced individual city’s CL-UHI intensity under the same conditions (Ao et al., 2019;
Jiang et al. 2019). However, Iq,max,24 does not have a significant change under HW conditions. There are somewhat
lower Zay,max,24 values during HW conditions than in the non-HW conditions. This feature is like other city clusters in
China (e.g. Beijing-Tianjin-Hebei metropolitan region), but the urban effects may be greater in winter than summer in
Beijing (Yang et al., 2013).

Analysis of the canopy layer UTE using NWS data Tinean,2m (Lavmean,2n) for July-August periods from 1980 to 2017,
shows that 2013 is the largest (Fig. 6), probably caused by the extensive urbanization over this period and the extreme
HW in 2013. The UTE may be enhanced by extreme HWs during midsummer as correlation between UTE and Tean, 2m
increases to 0.85 from annually averaged 0.76. Linear regression between Loy, mean 2z a0d Tean, 2m, Suggests that the
Laymean, 2w 18 strengthened by 0.2 °C when Tyean 2m increases by 1 °C.

UTE Intensity (°C)

12 31 Fig. 6. Interannual (July
0 and August, 1980-2017)
Tr 4= lav,mean,2N Tmean.2m 1 30 variations of average urban
08 29 thermal effects (UTE)
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-0.2 25 Fig. 1) in the Yangtze
-0.4 1 24 River Delta (YRD).
-0.6 L . L . 23
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Time (Year)

3.3 Regional spatial pattern of UTE at the canopy layer

To examine the canopy layer UTE across the region, MSA is computed for all YRD AWS 7; (eqn. 2, section 2.3).
Using a 200 km radius, the results show the positive (warmer) /; mean,24 and I min 24 (Fig. 7a-b) have a Z-shape pattern
similar to the YRD urbanization spatial pattern (Fig. 1). Areas with the largest canopy layer UTE (i.e. both /; yean, 24>
0.5 °C and I; min,24> 0.5 °C) cover the Z-shape city cluster and smaller economically developed city groups scattered
across Jiangsu and Zhejiang. However, the positive /; .. occurs south of the Z-shape city cluster (i.e. northern Zhejiang,
Fig. 7c) with fewer areas above 0.5 °C. This lowers Z,max,24 under HW conditions. The canopy layer UTE extends into
nearby non-urban areas under HW conditions for both 7; mean 24 (Fig. 7d) and 1 min 24 (Fig. 7e) > 0.5 °C. The latter area
increases the most. During the HW, [ 4. 24 intensity is greater than in non-HW conditions (Fig. 7f). Areas where I; yean 24
and /; min 24 are > 0.5 °C (Fig. 7d.e) indicate the canopy layer UTE extends to nearby non-urban area under HW
conditions, with 7;meqn 24 having the largest extension. The canopy layer UTE extension to the nearby non-urban area
under HW conditions may result from the combination of individual city’s CL-UHI being amplified by the HW (Ao et
al., 2019) and the predominately southerly winds (Jiang et al., 2019) advecting the air northwards. Similar canopy layer
UTE distributions are found (not shown) using MSA areas with larger radii (e.g. 250 and 300 km).
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Dominated by the East Asian summer monsoon, southerlies prevail in the YRD lower troposphere during July -
August (Tao and Chen, 1987). Wind may advect urban heat from neighboring cities to non-urban areas. For example,
high temperature anomalies expanded northwestward in Shanghai and its neighboring cities from 8 to 12 July 2013
(Jiang et al., 2019). Similarly, some non-urban areas in the YRD are influenced by urban heat during both non-HW and
HW periods in the summer of 2013 (Fig. 7). By taking the non-urban areas with UTE index larger than 0.5°C as those
influenced by urban heat, further calculations shows that about 28% (non-HW) and 35% (HW) of the non-urban areas
are affected during two periods. This suggests (1) some rural sites are contaminated by urban influences in the YRD;
(2) the UTE is a more appropriate term than the ‘UHI’ for discussing urban effects of a large city cluster (such as the
YRD); and (3) the quantitative urban influences on non-urban areas differ with synoptic conditions (a topic to be
explored in detail in future work).

Consistent with the AWS results, the NWS data shows /; oy is enhanced during the HW period (not shown). Given
that most NWS are urban (section 2.2), the canopy layer UTE amplification at NWS is greater (0.2 - 0.9 °C) than at the
AWS during the HW period. The spatial distribution of 7; oy is slightly different from /; »4. A higher canopy layer UTE in
the city cluster and a high canopy layer UTE in south of the YRD is evident. However, more (>72%) of the urban NWS
are in the south of the YRD. Therefore, the AWS data shows better both the strength and the spatial distribution of
canopy layer UTE in the YRD. However, importantly the characteristics of the canopy layer UTE are similar in both the
AWS and NWS data.

3.4 Surface energy balance differences associating with UTE

The surface energy balance (SEB) plays a key role in the spatial difference in temperature within and around cities
(Oke, 1982; Grimmond et al., 1991), which varies under HW conditions (Li et al., 2015; Sun et al. 2017). The marked
differences in energy partitioning between urban and non-urban surfaces are well-documented (e.g., Oke, 1982; Piringer
et al., 2002; Oke et al., 2017), with sensible heat flux distinctively larger than the latent heat flux over areas with little
vegetation, and increased storage heat fluxes in urban areas (Grimmond and Oke, 1999; Loridan and Grimmond, 2012).
As Shanghai is the most urbanized city in the YRD, the surface energy fluxes differences observed here are analyzed in
HW and non-HW conditions (Fig. 8).
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Daytime net all-wave radiation (Q%) is expected to be larger during the HW because of increased solar radiation
from clearer skies (Schatz and Kucharik, 2015). The observed total cloud cover is much less during the HW (3.9/10.0)
compared to the non-HW (6.6/10.0) at XJH and similarly (HW 4.0/10.0; non-HW 7.0/10.0) at SWEP. At both sites, O*
increases during the HW (Fig. 8a). However, Q* is similar between the two nearby sites (11 km separation, Fig. 1) and
consistent with urban - nonurban Q* comparisons (Oke et al., 2017).

The long-persisting HW in the YRD is associated with strong and westward west Pacific subtropical high. Days tend
to be cloudless, clear sky enhances the incoming shortwave radiation and therefore increases Q* which in turn provides
more energy for sensible and latent heat fluxes. As expected, the urban sensible heat flux (QOg) is positive throughout the
day whereas the grass site Qg is negative at night (20:00 — 06:00, not shown). Under HW conditions, the Qy increases in
the afternoon (13:00 — 16:00) at both flux sites with a larger increase at XJH (~35.0 W m) than at the grass site (~1.1
W m?, Fig. 8b).

The latent heat flux (Qg) also increases in afternoon - early evening (13:00 — 21:00) at both sites during the HW
(Fig. 8¢). The median increase at XJH is 1.3 W m™ whereas at the grass site it is 32.1W m2. The median Bowen ratio
(Ow/ Ok, Fig. 8d) at XJH increased from 6.5 (non-HW) to 8.4 on HW days; but decreased at the grass site from 0.11
(non-HW) to 0.07 (HW). The relatively lower daytime urban Qp increase allows the enhanced QO to warm the urban
atmosphere under HW conditions, consistent with HW conditions in London (Ward and Grimmond, 2017). Larger
latent heat fluxes (or mass equivalent evaporation) will dry the soil. Unfortunately, we lack soil moisture data to assess
this. Reduction in soil moisture is regarded as a principal driver to UTE amplification, but there is a tradeoff between
sensible heat and reduced nonurban latent cooling (Fischer et al. 2007), such as seen in the record-breaking 2003
European summer HW.

3.5 Vertical UTE characteristics

The differences in SEB partitioning and canopy layer air temperatures are expected to cause differences in heating
of the boundary layer (Zhang et al., 2020). The larger sensible heat flux from the urban surface enhances growth of the
urban boundary layer, causing it to develop faster and to a greater height than the non-urban counterpart. Release of
large urban storage heat fluxes helps the mixing layer to persist for longer. To explore the vertical characteristics of the
UTE both radiosonde and ERAS data are analyzed (section 2.2).

Radiosonde air temperatures between 1000 and 700 hPa above both urban and nonurban areas are warmer on HW
days than non-HW days (Fig.9a,b,d,e, black) with the differences (HW— non-HW) decreasing with height. The vertical
Inean g profiles (Fig.9c, £, black) show the vertical UTE extends to at least 925 hPa (~750 m) but is nearly undetectable at
850 hPa (~1500 m) at both 08:00 and 20:00. The HW days’ Lnean r is significantly (level p<0.05) warmer than on non-
HW days from 1000 to 925 hPa, but above 850 hPa the inverse occurs (i.e., cooler on HW days than non-HW days).
Analysis of the ERAS air temperature has similar vertical profiles to radiosonde air temperatures (Fig.9a,b,d,e, grey).
Although Iean e covers the whole YRD, it is much smaller than Z,eqn 2 on both HW and non-HW days, the HW days’
Linean,E 18 significantly (level p<0.05) strengthened on HW days from 1000 to 925 hPa at both 08:00 and 20:00 (Fig.9c,
f). And it is also undetectable at 850 hPa at both 08:00 and 20:00 as ean,z sShowed.



MAY, P LIANG, S Grimmond, X YANG, J Lii, Y DING, 2022: The three-dimensional urban thermal effect across a large city cluster during an
extreme heat wave: observational analysis. J Meteor Res 10.1007/s13351-022-1171-x

Pressure (hPa)

Pressure (hPa)

700 Y ~3000
(b) (c) \ Imean,R HW
\ \meom,R_mHW
lmean,E H
\ Imean,BE nH /g
850 \ F~1500 &
‘©
—
925 F~750
1000 50—-100
700 ~3000
(e) ()
S
850 t~1500
©
—
925 F~750
1000 : 50—-100
5 10 15 20 25 30 35 5 10 15 20 25 30 35 —1 3
Temperature (°C) Temperature (°C) lav,mean (°C) 4

Fig. 9. Vertical profiles of air temperature (°C) and urban thermal effects (UTE) in the Yangtze River Delta (YRD) during July-
August 2013 under heat wave (HW, 34 days, solid) and non-HW (nHW, 28 days, dashed) periods from radiosonde (R, black) and
ERAS (E, gray) data for (a, d) urban (U), (b, ¢) non-urban (nU) and (¢, f) U - nU difference (Zavmean, €qn. 2, °C) at (a-c) 08:00 and
(d-f) 20:00 Beijing standard time (BST). For methods see Section 2.3.

The early evening (20:00) and morning (08:00) vertical UTE decreases with height below 850 hPa under HW
conditions (i.e. decreasing urban — nonurban difference with height) as the heat transported from the underlying surface
is mixed into an increasing larger volume of air. The subsidence inversion associated with the HW’s synoptic scale high
pressure inhibits the vertical UTE expanding above 850 hPa.

4. Final Comments

During the 2013 extreme HW, the canopy layer air temperature distribution in the distinctive Z-shape YRD city-
cluster (cf. non-city-cluster) is narrower and skewed towards warmer temperatures, especially at night. The mean
canopy layer UTE in the region is up to 0.6-1.2°C, with the nocturnal UTE (0.7-1.6 °C on average) larger than daytime
(0.2-0.5°C on average). During the HW, the nocturnal canopy layer UTE is 0.5-0.6 °C larger than under non-HW
conditions. The stronger canopy layer UTE (> 0.5 °C) is mainly located in the Z-shape city cluster but extends beyond
under HW conditions. Thus, the HW strengthens the canopy layer UTE and extends horizontally.

During the HW, the difference in Bowen ratios between urban and non-urban areas is enlarged, with both a larger
Bowen ratio observed at the urban site and a smaller value over the grass site. The UTE is found to extend vertically to
at least 925 hPa (~750 m) or 850 hPa (~1500 m). Unlike canopy layer UHI (CL-UHI) in individual cities dominated by
the immediate surroundings, the 3D UTE in large city clusters is affected by the presence of urban area at its lower
boundary. In this region with a large city cluster, the effect of the urban area extends in three dimensions (3D;
horizontally and vertically) under extreme HW conditions. The regional UTE contaminates surrounding non-urban
areas, thus, making the signature of individual cities difficult to measure using the classical urban heat island
assumptions (Stewart and Oke, 2012). The methodology proposed in the paper allows the regional UTE to be assessed.

In summary, this study provides insight into the 3D UTE for a large city cluster. Insights gained from the record-
setting July-August 2013 HW in YRD and the resulting UTE are important given such conditions are projected to
increase through the mid- to late-21% century. Unlike previous studies, we consider the 3D UTE in both the canopy and
boundary layers and enhance our understanding of the effects of urban clusters, especially in the vertical dimension.
Utilizing the densest automatic weather station network, allows us to report the UTE variation at high spatial resolution.
In terms of future work, hourly and finer (minute) observations (i.e. higher temporal resolution) would be extremely
beneficial to improve understanding of the rates of change and the variability ( temporal and spatial). Similarly, a wider
range of sensors (e.g. L-band radiosondes, doppler radar, thermal profilers) would provide more vertical information.
Combined these would enable a better understanding of the 3D influence of large city clusters in a region.
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