
     

LETTER • OPEN ACCESS

Structural change to the persistence of the urban
heat island
To cite this article: Debbie J Dupuis and Luca Trapin 2020 Environ. Res. Lett. 15 104076

 

View the article online for updates and enhancements.

You may also like
Interactions between urban heat islands
and heat waves
Lei Zhao, Michael Oppenheimer, Qing Zhu
et al.

-

Predicting future UK nighttime urban heat
islands using observed short-term
variability and regional climate projections
Charlotte Doger de Speville, William J M
Seviour and Y T Eunice Lo

-

Shifting the urban heat island clock in a
megacity: a case study of Hong Kong
Xuan Chen and Su-Jong Jeong

-

This content was downloaded from IP address 137.204.109.64 on 28/03/2024 at 11:14

https://doi.org/10.1088/1748-9326/abb158
/article/10.1088/1748-9326/aa9f73
/article/10.1088/1748-9326/aa9f73
/article/10.1088/1748-9326/acf94c
/article/10.1088/1748-9326/acf94c
/article/10.1088/1748-9326/acf94c
/article/10.1088/1748-9326/aa95fb
/article/10.1088/1748-9326/aa95fb
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsulmnkYyvWS_93w1kDDXGdwLl7xoohgvZK4pDOALK3hqM1VnFSmdaJPgyAYldyEh7PXphyk4qCGMGYsd2RRWin-rRP_uKPTw7Cbi77y8-l1C2A7azZfvIqUw3vGy8J4BF0c-MDRpzJbxlKVq6Q0L8_Xa4mshB9Uc1uxAEZlowzq5ubatKbrWShPBV32zwMXwQTAQ947C4x7Zwvwg_PFXkizanMaeiuyh36beF0XzS6ppvfqFk1GP_L7wzHgCTIOo0YuaHsjjIEhDP4rd_TD8LmOsWALxaxOfz5vj8m71KUdEA6xR_TFZ8ZCw12BwiALCWQV_gbdULGd2RLeongH7mI&sig=Cg0ArKJSzKrptNywBkKI&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/breath-biopsy-complete-guide/%3Futm_source%3Djbr%26utm_medium%3Dad-b%26utm_campaign%3Dbb-guide-bb-guide%26utm_term%3Djbr


Environ. Res. Lett. 15 (2020) 104076 https://doi.org/10.1088/1748-9326/abb158

Environmental Research Letters

Structural change to the persistence of the urban heat island

OPEN ACCESS

RECEIVED

29 May 2020

REVISED

1 August 2020

ACCEPTED FOR PUBLICATION

21 August 2020

PUBLISHED

6 October 2020

Original Content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

Debbie J Dupuis1 and Luca Trapin2
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Abstract
The term urban heat island (UHI) is used to describe the effect of urban temperatures rising several
degrees above concurrent temperatures in surrounding suburban or rural areas. This is typically
assessed through records of daily extreme temperatures. However, on a hot day the temperature
can exceed an extreme threshold for several consecutive hours, forming a cluster of extremes. We
use the statistical theory of extreme values combined with a model that allows structural breaks to
show that there has been a significant upward shift in the length of clusters in New York City. No
such shift is found at a Connecticut location where the usual UHI assessment indicates that the two
sites are comparable. Our study is the first to highlight this danger of the UHI. Prolonged exposure
to extreme temperatures has deleterious effects on both health and the environment.

In 2018, 55% of the world’s population resided in
urban areas and North America was the most urb-
anized region with 82% of its population living in
towns and cities [1]. While the urbanization of the
United Stated has progressed throughout its entire
history, concerns for the effects of urban development
on inner-city temperatures are more recent [2]. The
term ‘urban heat island’ (UHI) is used to describe
the effect of urban temperatures rising several degrees
above concurrent temperatures in surrounding sub-
urban or rural areas. Temperature differentials are
mostly related to the size, building density andmater-
ials, and land-use distribution of the city, as well as
the climate and weather to which it is subjected [3].
In the recent literature, there are numerous quantific-
ations of UHI in the United States’ largest metropol-
itan area, New York City [4–7]. There are two distinct
phenomena: the urban canopy layer UHI, and the
urban boundary layerUHI [3].We study the former, a
principally nocturnal phenomenon, and simply refer
to it as the UHI. Two characteristics of UHI for New
York City are well established: (i) there is considerable
intra-city variability, and (ii) while nocturnal UHI
can be quite strong, there are only small differences
in urban and non-urban temperatures at mid-day
peaks during the summer months [4]. For example,
in the summer months, maximum daily temperat-
ures at LaGuardia International Airport (LGA) in
Queens, NY, are often more comparable to those in
relatively non-urban Windsor Locks, CT (200 km

northeast) than to those at JFK International Air-
port (16 km southeast). Differences in daily max-
imum temperatures in July (figure 1(A)) and August
(figure S1) for the period 1973-2018 show no UHI
for LGA w.r.t. Bradley International Airport (BDL)
in Windsor Locks, and show BDL warmer than JFK.
The differences between BDL and JFK, and the lack
of such between BDL and LGA, show the complexity
of the UHI phenomenon as the level of urbanization
at LGA and JFK is much higher than at BDL. There
has been an almost 100% increase in Settlements area
(defined as developed land, including transportation
infrastructure and human settlements of any size not
qualified under forest, cropland, grassland or wet-
lands) from 1986 to 2009 in New York City [8], and
population densities for 2016 are 21,284 inhabitants
per square mile in Queens and 1,389 inhabitants per
square mile in Windsor Locks, respectively [9]. Can
this disparity really have no effect on extreme tem-
peratures, or has the situation so far been incom-
pletely assessed? We look beyond maximum temper-
ature levels and examine the extreme temperature
temporal dynamics at LGA, JFK, and BDL. Hourly
temperatures during heat waves in 1977, 2006, and
2013, respectively, show changing dynamics at LGA
(figure S2).While themaximum temperature reached
can be quite similar during the three heat waves, the
paths of hourly temperatures are quite different, with
an increasing number of hours spent over 30.6

◦
C, the

90th quantile of hourly temperatures for LGA in July
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Figure 1. Hourly temperature characteristics. (A) Pairwise difference in daily maximum temperatures in July for the period
1973-2018. (B) Number of clusters per year at LGA. Line is smoothed annual mean based on 5-yr moving window. (C) Length (in
hours) of clusters of temperatures exceeding 30.6◦C at LGA in the month of July. Lines are smoothed annual percentiles. (D)
Length (in hours) of clusters of temperatures exceeding 30.6◦C at BDL in the month of July. Lines are smoothed annual
percentiles.

Figure 2. Test statistics for July at LGA. Value of the test statisticWn(π) for each π∈ [0.15, 0.85] for length of clusters of

exceedances over 30.6
◦
C for the month of July at LGA. D-GPD threshold is c= 2. π∈ [0.15, 0.85] means that dates from 1980 to

2012 are tested. Dotted lines show the bootstrap (B= 500) critical values for α= 0.01, 0.05, and 0.10, respectively. The statistic
Wn attains its maximum value on 1988-07-10, showing the presence of a structural break in the length of the clusters on that date.
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during the 1973-2018 period, at LGA in more recent
years. Has extreme temperature persistence changed?
Consecutive exceedances of the time series of temper-
atures over 30.6

◦
C form clusters, and we are inter-

ested in the length of such clusters over such high tem-
perature thresholds. The distribution of the length
of clusters of hourly temperature exceedances over
30.6

◦
C in July at LGA seems to have shifted over 1973-

2018 (figure 1(C)). In contrast, the analogous distri-
bution at BDL shows its median smoothly doubling,
but very little change in the upper-tail (figure 1(D)).
The number of clusters at LGA does not appear to
have increased over time (figure 1(B)). The possible
shift in the length of clusters could lead to serious
public health and sustainability issues, and we invest-
igate further.

The length of the clusters is modeled using a dis-
crete Generalized Pareto distribution (D-GPD). Test-
ing the parameter stability verifies the presence of
a structural break (SB). The test statistic for a SB
in the scale parameter σ of the D-GPD fitted to
clusters longer than c= 2 hours exceeds the bootstrap
(B= 500) critical value (α= 0.10) on three occasions
and reaches its maximum value of 1.28 on 1988/07/10
(figure 2). The p-value for the bootstrap test is 0.096.
The partial-sample estimates of the D-GPD struc-
tural break model parameters on 1988/07/10 are
ξ̂ =−0.46, σ̂1 = 7.9, and σ̂2 = 10, indicating longer
clusters of exceedances since 1988.More precisely, the
estimated mean length of clusters over 30.6

◦
C has

increased by 20%, from 6.9 hours before 1988/07/10
to 8.3 hours after 1988/07/10. Similarly, the estim-
ated probability of a cluster longer than 12 hours
has doubled from 10.5% to 21.5% before and after
the SB, respectively. The D-GPD model is a good fit
before and after the SB (figure S3). Testing for clusters
longer than c= 3 and c= 4 hours yields similar res-
ults. We also test the length of clusters over the more
extreme 92nd, 94th, and 95th quantiles of hourly
temperatures for July at LGA during the 1973-2018
period as a robustness check. All the tests coherently
identify the 1988-1991 period as the estimated time
of structural change. Values of the test statistic in fig-
ure 2 are typical of those for all our tests for July at
LGA except that the 1988-1991 peak period does not
exceed the bootstrap critical values in all tests (table
1). A simulation study in the SupplementaryMaterial
(stacks.iop.org/ERL/15/104076/mmedia) shows that
the test has good power when n= 150, but detecting
breaks in smaller samples is more challenging.

Similar analyses are performed for August at LGA
(table 1) and show the good fit of the D-GPD SB
in scale model before and after the SB (figure S4).
The estimated dates of the SB are 1991/08/01 and
2001/08/01, based on tests for 30.6

◦
C and 30.77

◦
C,

respectively, indicating that the SB in the length
of clusters was later for August than for July at
LGA. There are fewer significant test statistics for
August than July at LGA. Temperatures are also not

as extreme in August as they are in July at LGA.
Warmer temperatures could have an amplified effect
on tail dynamics just like they augment UHI intens-
ity during heat waves in New York City [10]. The
relative increases from pre- to post-structural break
are, however, more important for August than for
July, although clusters are shorter. For u= 30.6

◦
C

and c= 1, the partial sample estimates are ξ̂ =−0.30,
σ̂1 = 5.05, and σ̂2 = 6.91, indicating longer clusters
of exceedances since 1991. More precisely, the estim-
atedmean length of clusters over 30.6

◦
Chas increased

by 32%, from 4.4 hours before 1991/08/01 to 5.8
hours after 1991/08/01. Similarly, the estimated prob-
ability of a cluster longer than 12 hours has increased
fivefold from 1.6% to 8.7% before and after the SB,
respectively.

A model with SB in scale only is inadequate for
July at JFK. Both the scale and the shape are chan-
ging through time, and a model with common shape
gives a very poor fit at several values of potential
structural break π. The model with a SB in scale and
shape provides a good fit to the length of clusters
of the exceedances over 28.9

◦
C, the 90th quantile

of hourly temperatures in July at JFK, for all c= 1
to 4 and a significant break is found in each case
(table 1). The test statistic reaches its maximum on
1995/07/14 (c= 1, 2, 3) and 1993/07/03 (c= 4), and
exceeds the bootstrap critical value (α= 0.10) on
many dates over the 1988 to 2001 period. With c= 1,
the partial-sample estimates on 1995/07/14 are σ̂1 =
7.9, ξ̂1 =−0.40, σ̂2 = 12.4, and ξ̂2 =−0.61, indic-
ating longer clusters after 1995. More precisely, the
estimated mean length of clusters over 28.9

◦
C has

increased over 30%, from6.2 hours before 1995/07/14
to 8.2 hours after 1995/07/14. Similarly, the estim-
ated probability of a cluster longer than 12 hours
has more than doubled from 10% to 23.2% before
and after the break, respectively. The latter increases
are similar to those suffered at LGA in July over
its 90th quantile of 30.6

◦
C. At JFK, 30.6

◦
C rep-

resents the 95th quantile in July. Estimated mean
length of clusters over 30.6

◦
Chas increased over 40%,

from 4.9 hours before 1998/07/20 to 7 hours after
1998/07/20. Similarly, the estimated probability of
a cluster longer than 12 hours has increased more
than twofold from 5.2% to 13.6% before and after
the break, respectively. Relative increases for length
of clusters over 30.6

◦
C are thus slightly greater at JFK

than LGA, but lengths remain shorter. Similar ana-
lyses are also performed for August at JFK. The D-
GPD model with structural break in scale is a good
fit in all partial samples, but estimated scale para-
meters differ very little. We find no evidence of a SB
(table 1). Finding a break for July at JFK, but not
for August at JFK which is somewhat cooler, is again
consistent with warmer temperatures amplifying the
UHI intensity during heat waves in New York City,
and also consistent with the July vs August results
at LGA.

3
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Figure 3. Structural break vs trend. (A) Quantile-quantile plot for the SB model fitted to lengths of clusters of exceedances over

30.6
◦
C for the month of July at LGA using GMM. (B) Quantile-quantile plot for the trend model fitted to lengths of clusters of

exceedances over 30.6
◦
C for the month of July at LGA using GMM. The value of the test statistic Tn is 5.15, heavily favoring the

SB model. Fit of the points in A is also better than in B. Q-Q plots are on exponential scale.

Finally, tests are carried out for July and August
at BDL. The D-GPD model with structural break in
scale only is a good fit in all partial samples. Estim-
ates of σ1 and σ2 are always quite close, in some cases
we even find σ̂1 > σ̂2, and the test statistic for a SB
is always small. There is no evidence of a significant
change in the length of clusters over high temperat-
ures at BDL over the 1973-2018 period (table 1). So
while temperatures at BDL can peak at values similar
to those at LGA and JFK (figure 1(A) and figure S1),
there is no evidence that BDL has suffered a SB in the
distribution of the length of clusters of exceedances
over high temperatures over the last 45 years. Long
exposure times to extreme temperatures were, and
remain, unlikely at BDL. The estimated probability of
a cluster longer than 12 hours is≈ 1% for over 30.5

◦
C

in July at BDL and less than 10−10% for over 30.5
◦
C

in August at BDL.
Tests for comparing the suitability of a D-GPD

model with a linear trend in the scale parameter
(model M1) to a structural break in the scale para-
meter (model M2) reveal strong evidence that M2

is better thanM1 in almost all cases and never favors
M1 (table S4). The heavily favoredmodelM2 fits the
data very well (figure 3).

Many researchers have looked atUHI inNewYork
City, but all studies focus on marginal behavior and
are empirical in nature, e.g. comparing all,maximum,
or average temperatures at different locations over
different periods with no formal statistical testing
[4–7]. We look beyond marginal maximum temper-
ature levels, and study the extreme hourly temperat-
ure temporal dynamics at LGA, JFK, andBDL, finding
a significant upward shift in the length of clusters of

exceedances in July and August at LGA, in July only at
JFK, and no similar shift at BDL over the last 45 years.

Finding different structural breaks at LGA and
JFK is consistent with related results in the literature.
For example, when analyzing the spatial variability in
the thermal structure of the boundary layer over New
YorkCity in 2016, it is found thatwhile the coastal JFK
site is influenced by the sea breeze during the summer
afternoon periods, the sea breeze is unable to penet-
rate the inland LGA site which is influenced by the
northerly land breezes [12]. Our different structural
breaks are also consistent with the complex thermal
structure and high intra-city variability found dur-
ing heat waves [5]. An estimated structural break
in 1988 at the inland LGA site suggests an immedi-
ate impact of the 100% increase in Settlements area
from 1986 to 2009 in New York City [8]. Sudden
changes in other temperature characteristics at LGA
have been detected during our estimated time period,
e.g. tails of daily maximum summer temperatures at
LGAwere found to have a structural break in the early
nineties [11].

While we find no increases to the persistence of
extreme temperatures at BDL in the summer, we find
that the average time with temperatures above 30.6

◦
C

has increased from 6.9 hours (to 1988/07) to 8.3
hours (after 1988/07) at LGA in July; increased from
4.4 hours (to 1991/08) to 5.8 hours (after 1991/08)
at LGA in August; and increased from 4.9 hours
(to 1998/07) to 7.0 hours (after 1998/07) at JFK in
July. It is common to investigate the effects of high
temperatures on mortality [13] and morbidity [14]
using exposure measured by mean temperature cal-
culated as the average of the highest and lowest hourly
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Table 1. Bootstrap tests for structural break. D-GPD fitted to
length of clusters of exceedances over u set to the 90th, 92nd, 94th,
and 95th quantile of hourly temperatures for the given month and
location during the 1973-2018 period. Sample size n and p-value
(p-val) for tests at D-GPD threshold c are reported. The August
2006 North American heat wave [20] yields extraordinary
observations at LGA, e.g. a 60-hour cluster over 29.4◦C, and these
observations are removed so that any inference does not rest solely
on them.

u 30.6◦C 31.1◦C 31.7◦C 32.13◦C

c n p-val n p-val n p-val n p-val

1 158 0.138 142 0.106 131 0.114 129 0.262
LGA 2 144 0.096 132 0.066 122 0.098 117 0.136
July 3 134 0.062 119 0.132 107 0.078 105 0.118

4 122 0.042 108 0.048 94 0.220 89 0.302
u 29.4◦C 30◦C 30.6◦C 30.77◦C
c n p-val n p-val n p-val n p-val
1 163 0.204 149 0.106 135 0.072 133 0.074

LGA 2 146 0.314 129 0.128 109 0.290 107 0.266
August 3 140 0.206 110 0.178 97 0.228 95 0.178

4 120 0.346 98 0.194 88 0.230 84 0.106

u 28.9◦C 29.4◦C 30◦C 30.6◦C
c n p-val n p-val n p-val n p-val
1 175 0.066 157 0.032 136 0.032 131 0.032

JFK 2 154 0.016 138 0.064 124 0.112 114 0.118
July 3 138 0.040 122 0.126 115 0.192 93 0.234

4 127 0.070 112 0.168 97 0.190 83 0.218

u 28.3◦C 28.8◦C 29.33◦C 29.4◦C
c n p-val n p-val n p-val n p-val
1 175 0.590 169 0.728 165 0.626 147 0.964

JFK 2 157 0.556 147 0.746 140 0.746 130 0.962
August 3 141 0.744 132 0.846 126 0.910 117 0.970

u 29.8◦C 30.5◦C 31.1◦C 31.6◦C
c n p-val n p-val n p-val n p-val
1 179 0.886 176 0.746 146 0.486 133 0.470

BDL 2 167 0.788 158 0.940 123 0.140 112 0.674
July 3 150 0.876 143 0.856 107 0.270 104 0.578

u 28.7◦C 29.4◦C 30.0◦C 30.5◦C
c n p-val n p-val n p-val n p-val
1 179 0.744 167 0.686 139 0.776 138 0.480

BDL 2 168 0.766 153 0.692 124 0.794 122 0.842
August 3 154 0.874 130 0.772 113 0.602 107 0.890

measurements recorded within each day. Our results
suggest that actual exposure may not be tied to such
a mean temperature, may be location dependent and
may have shifted significantly over time in a loca-
tion dependent manner. Any sudden increase in the
continuous exposure to very high temperatures neg-
atively affects other public health issues like phys-
ical inactivity [15], worker safety [16], and mental
health [17], with subsequent economic impacts [16].
Finally, air conditioning was responsible for 9 per-
cent of large buildings’ source energy use in New York
City in 2015, and that number was expected to grow
[18]. Given the demonstrated longer hourly expos-
ure to very high temperatures, recent legislation to
improve energy efficiency for certain buildings [19]
could be even more beneficial in New York City than
other cities with similar maximum daily temperature

statistics. Increased energy efficiency will be essential
as anthropogenic heat release due to larger cooling
loads could otherwise further contribute to UHI.
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[7] González J et al 2019 Ann. N.Y. Acad. Sci. 1439 30
[8] Bagan H and Yamagata Y 2014 Environ. Res. Lett. 9 064015
[9] (https://www.opendatanetwork.com/entity/

0500000US36081/Queens_County_NY/geographic.population.
density?year=2016)

[10] Tewari M et al 2019 Environ. Res. Lett. 14 034002
[11] Dupuis D 2012 J. Am. Stat. Assoc. 107 24
[12] Melecio-Vázquez D, Ramamurthy P, Arend M and
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