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Global urban climatology: a meta-analysis of air temperature
trends (1960–2009)
Alvin C. G. Varquez1 and Manabu Kanda1

Air temperature trends (1960–2009) based on stations in cities, minus those based on global surface temperature datasets, are
defined herein as urban heat island (UHI) trends. Urban climate was examined globally by comparing UHI trends with indices of
geophysical factors, including background climate, latitude, and diurnal temperature range (DTR) and indices of artificial factors,
including anthropogenic heat emission (AHE) and population indices. Surprisingly, a better relationship was found between UHI
trends and DTR—an integrated geophysical index representing thermal inertia—than with the indices of artificial factors. Thus,
while an increase in sensible heat (mechanism 1) triggers UHI formation, this study infers that large thermal inertia (mechanism 2)
contributes significantly on UHI. The correlation of UHI trends with other indices can be explained by both mechanisms.

npj Climate and Atmospheric Science  (2018) 1:32 ; doi:10.1038/s41612-018-0042-8

INTRODUCTION
Local climate modifications caused by urbanisation and global
climate change can lead to unfavourable environmental condi-
tions such as poor air ventilation, urban warming, flash floods, and
health-related issues such as heat stroke and water/air-borne
diseases. Health risks due to urban climates are expected to
increase, especially in developing cities experiencing rapid
population growth. In the recent Intergovernmental Panel on
Climate Change Fifth Assessment Report, it was predicted that an
increasing percentage of the world’s population will be exposed
to the direct impacts of climate change in urban areas. A recent
study found the accumulated total costs resulting from the impact
of global and local climate change on all cities since 2000 were
about 2.6 times the costs without urban-weather-related effects.1

It is therefore necessary to separate and quantify the effects of
urbanisation and global climate change on warming in cities and
explain differences in the mechanisms underlying the two factors.
Unfortunately, there is a wide gap between urban climate and
global climate change studies.
The consensus among climate change researchers is that urban

areas have little influence on global warming.2,3 In estimating
global surface temperature (GST) anomalies and trends, tempera-
tures observed in urban areas are considered outliers and not
representative of the wider region, such as a spatial scale of
~100 km.4–8 To estimate regionally representative trends, station
observations in urban areas should be filtered out or adjusted.
The urban heat island (UHI) is a widely used concept that

quantifies warming in a city relative to its pre-urban condition,
commonly represented by its rural surroundings.9 The UHIs have
been investigated in many cities around the world.9–14 Despite
progress in UHI research in recent years, our understanding of
UHIs is still limited to the regional scale. In particular, studies that
can quantify factors that influence UHI formation across time and
space are needed. A few studies have attempted to investigate
UHIs across multiple cities simultaneously,15–18 but there is still a
need for intercontinental comparisons of UHIs and their

dependence on geographical factors such as background climate,
and artificial factors such as anthropogenic heating, on a global
scale. Example of studies which quantified factors affecting the
UHI was a recent study by Zhao et al.,19 where contribution of
physical processes or biophysical drivers to UHI intensities under
present and future heat wave events were estimated using model
results for cities in the United States. More research providing
comprehensive interpretations from observations, in addition to
models, would provide useful insights into these factors and
would advance our understanding of “Global Urban Climatology”.
The objectives of this study were two-fold: to separate UHIs

from global climate change by extracting the temperature trends
observed at urban stations from those estimated by GST, and to
examine urban climate at the global scale by comparing UHI
trends to geographical and artificial indicators. To achieve the
second objective, which was the underlying motivation for this
study, it is necessary to briefly summarise the two mechanisms
behind the formation of an UHI.

RESULTS AND DISCUSSION
Generalised mechanisms for the UHI
Based on past studies of urban climate,12,20,21 the formation of
UHIs can generally be attributed to two interrelated physical
mechanisms. The first and most common mechanism (mechanism
1) arises from increased sensible heat flux in urban areas caused
by reductions in evapotranspiration, enhancement of heat
transport by turbulence, and increases in anthropogenic heat
emissions (AHEs). Neglecting other influential mechanisms (e.g.,
horizontal wind advection), an overall increase in the sensible heat
flux correspondingly increases the air temperature throughout the
day.
Conceptually known, but less well investigated, the second

mechanism (mechanism 2) is the increased thermal inertia of
urban surfaces.22–26 Thermal inertia is the degree of delay in the
temperature of an object matching that of its surroundings.27
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Urban surfaces are three-dimensional in nature, with relatively
large heat storage capacities. Moreover, their complex geometry
enhances heat entrapment by multi-reflection of solar and infra-
red radiation from the walls of street canyons. This trapping of

heat results in higher resistance to temperature changes, i.e.,
higher thermal inertia, than that of surrounding non-urban
surfaces. During the day, incoming solar radiation is trapped
within street canyons and the reduced amounts of sensible heat

Fig. 1 Station and Berkeley Earth Surface Temperature (BEST) dataset grid trends estimated from a Tmin, b Tavg, and c Tmax for the largest
global cities in 201018. The sample size of monthly readings is indicated by the diamonds. Filled bars (unfilled bars) represent estimated trends
(1960–2009) in the monthly minimum temperatures observed at each station (grid encompassing the station estimated in BEST).
Representative city stations were selected based on the availability of monthly data. The number of asterisks beside a city’s name denotes the
p-values of the estimated trends at the stations (*, **, and *** correspond to p < 0.15, 0.10, and 0.05, respectively)
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can result in cooler daytime temperatures than those over flat
surfaces. During the night, outgoing infra-red radiation is
restricted within street canyons, and the release of surplus heat
that was stored during the day results in higher nighttime
temperatures than in surrounding areas, where temperatures drop
due to radiative cooling. In effect, the thermal inertia of urban
surfaces influences the diurnal temperature range (DTR) near
those surfaces, such that a higher thermal inertia results in a
smaller DTR. This mechanism explains the occasionally observed
daytime negative UHI, the so-called urban cool island, and the
commonly observed positive nighttime UHI, i.e., nocturnal UHI.
In an urban environment, both mechanisms are expected to

influence the UHI. The background climate of a city provides the
baseline values of sensible heat and thermal inertia in its pre-
urban (or rural) condition. This implies that the extent of an UHI
will depend on the background climate (or geophysical indicators)
in addition to the level of urbanisation (or artificial indicators). The
two mechanisms—increased sensible heat and larger thermal
inertia—will be used to explain the relationship of UHIs to
geophysical/artificial indicators in the latter discussions.

UHI trend comparisons for large cities
Temperature observations (source and intermediate Berkeley
Earth Surface Temperature dataset8 [BEST]) closest to the centres
of the largest agglomerations,28 with monthly statistics available
from January 1960 to December 2009 (covering 40 years), were
analysed. The calendar months are represented by the year and
decimal fraction of a year corresponding to the midpoint of the
time period being represented.8 Of 30 cities, only 26 were
considered due to the lack of available records for the other 4
cities (Mexico City, Karachi, Shenzhen, and Kinshasa). Figure 1
shows a comparison of the temperature trends calculated from
station observations and the corresponding grid derived from the
monthly statistics, Tmin, Tmax, and Tavg. The cities are arranged
according to the largest positive differences between trends in
Tmin. A two-sided p-value was also calculated (denoted by
asterisks), where the null hypothesis was that the slope is zero,
to evaluate the reliability of the estimated trends, in addition to
the sample count (secondary axis).
Most of these large cities exhibited positive UHI trends, with

mean UHI trends of 1.12 ± 2.08 and 0.53 ± 1.47 °C/century for
nighttime and daytime values, respectively. The values varied
substantially from one city to another, as indicated by the large

sample standard deviations compared with the means. As in
previous studies,29,30 nighttime UHI trends tended to be larger
than the daytime UHI trends; there were more samples that
displayed statistically significant trends (from p-values) in night-
time estimates than in daytime estimates. The reasons for these
differences will be discussed later. Furthermore, the statistics
changed substantially when cities with a higher statistical
significance (labelled with three asterisks in Fig. 1a) were used;
the mean UHI trends increased to 2.36 ± 0.69 and 1.60 ± 1.50 °C/
century for nighttime and daytime values, respectively. This
implies that further statistical tests and screening are required
prior to application of this approach to the full BEST dataset. The
screening process is summarised in the Supplementary Methods.
After screening, 286 city samples were acquired and were used in
the work described in the following discussions (Fig. 2).

Urban vs. rural air temperature trends
Figure 3 shows box plots and histograms of the trends derived
from the urban stations and from the BEST grid assumed to
represent adjacent rural areas. The mean daily average UHI trend
was 1.38 °C/century (Fig. 3c). A similar tendency was found to that
in the previous analysis, in which nighttime UHI trends (2.50 °C/
century) were significantly larger than daytime UHI trends (0.22 °C/
century). The spread of the urban trends far exceeded that of the
surrounding rural areas (i.e., urban trends had an interquartile
range twice that of the rural trends). The trend in rural areas
immediately surrounding urban areas was limited to within 0–4 °
C/century.
False discovery rate approach was conducted for the trends

calculated from the selected 286 stations. Kendall’s Tau was
estimated and “field significance” was assessed by controlling the
false detection rate (see SI for the result) at 5% significance. The
result shows that there is 97.9%, 97.2%, 44.8% of false positives
from the trends of Tmin, Tavg, and Tmax from the urban stations,
respectively. This suggests that the trends estimated for Tmin and
Tavg were mostly statistically significant, whereas that of Tmax

suggests statistically insignificant trends. Except for the trends of
Tmax since their lack in statistical significance in most stations can
also be interpreted physically that trends were not apparent
during daytime, the rest of the analyses for Tmin and Tavg only
focuses on significant trend estimates.

Fig. 2 Filtered stations (286) from the quality-controlled Berkeley Earth Surface Temperature dataset (BEST) (red points). Filtering was
conducted by considering statistical significance and the number of monthly data samples per station (see Supplementary Methods for
selection criteria)
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UHI trends in relation with geophysical and artificial indicators
The relations between UHI trends and several geophysical and
artificial indicators, available at a global scale, were investigated.
We focused on the indicators that we found most relevant to the
UHI trends after testing multiple datasets available at the global
scale. The geophysical indicators were climate regime, latitude,
DTR, background wind speed, vegetation cover, and distance from
the nearest coastline, while artificial indicators were AHE and
population. Artificial indicators refer to parameters directly
induced by humans. The preparation of these indicators is
summarised in the Supplementary Notes.

Geophysical indicator: climate regime
Figure 4 shows box plots of UHI trends grouped by climate zones
according to the main Köppen–Geiger climate sub-classes31 (Fig.
2). Cities with dry climates tended to have the largest nighttime
UHI trend values (Fig. 4a), followed by cities in continental and
temperate climate zones. Tropical cities had the smallest UHI
trends, with several being negative. Daily average UHI trends (Fig.
4b) were similar to nighttime UHI trends, except that the
intensities were smaller. Compared to nighttime and daily average
trends, the daytime UHI trends (Fig. 4c) were the smallest in all
climate zones, with almost half of all stations having negative

trend values. In addition, cities in continental climates had the
largest daytime UHI trends. Mechanisms 1 and 2 were apparent in
cities in continental and dry climates, respectively. Continental
climate zones tended to have more positive urban–rural sensible
heat differences that were apparent throughout the day. On the
other hand, large thermal inertia differences in urban–rural deserts
caused significantly positive nighttime UHI trends, and smaller,
sometimes negative, daytime UHI trends. Care must be taken with
the statistics in the continental climate zones because of its lack in
samples.

Geophysical indicator: latitude
In agreement with previous climate change studies,32 a tendency
for temperature trends to increase at higher latitudes was found
(grey line denoting rural areas in Fig. 5a, b, c). The UHI trends,
except in the daytime, of the urban stations also increased with
latitude, except in dry climates at mid-latitudes (red markers in Fig.
5a, b, c). Mechanism 1 may explain the general increase in UHI
trends with increasing latitude, with cities located far from the
equator generally having much lower background (rural) sensible
heat fluxes, due to the limited amount of incoming solar radiation.
As rural or background temperature trends increased with latitude
as a result of global climate change, the temperature trends in
urban areas likewise increased and were generally larger than
those of their rural counterparts due to urbanisation. On the other
hand, mechanism 2 may explain the large UHI trends at mid-
latitudes because in dry regions the background thermal inertia is
much lower in rural locations.

Geophysical indicator: DTR
DTR was found to be adequately related to the urban trends (Fig.
5d–f). Urbanisation increases the thermal inertia (i.e., DTR
decrease) in cities, as explained earlier (mechanism 2). This is
why the nighttime and daily average UHI trends increased with
increasing DTR (Figs. 5d, e, 6a), while the daytime UHI trends
decreased (Fig. 5f). The decrease in DTR was both indirectly and
directly caused by increased transport by turbulence (see earlier
discussion) and increased heat capacity (thermal inertia), respec-
tively. Heat capacity depends on the physical properties of a
surface material, among which wetness is the most influential
factor. The larger UHI trends in dry regions and smaller UHI trends
in tropical regions (Fig. 4) can be explained by differences in
wetness (e.g., precipitation), which affect the background (initial)
DTR. Despite the differences in approach, the current logic agrees
with an earlier study17 that focused on US cities, which found that
UHIs are negatively correlated with precipitation amounts in
regions with a high occurrence of precipitation, e.g., tropical
regions.

Geophysical indicator: background wind speed
The decrease in UHI trends with increasing wind speed varied
among climate regimes; dry regions experienced the largest
decrease (red lines in Fig. 6b) followed by temperate regions (blue
lines in Fig. 6b). UHI trends in tropical regions were insensitive to
wind speed (Fig. 6b). The dependency of UHI trends on wind
speed can be explained by mechanism 2 (thermal inertia).
Stronger wind speeds activate turbulent heat transport between
the surface and the atmosphere above. This decreases the amount
of heat being trapped within the surface layer, thereby reducing
background daytime temperatures. In a study by Sun et al.,33 the
same conclusion was reached that enhanced wind speeds during
heat wave conditions in four temperate cities tend to reduce the
heat storage. Strong wind speeds also tend to increase back-
ground nighttime temperatures as warm air from urban areas is
advected to its surroundings.34 This results in an indirect decrease
in the background (rural) DTR. Tropical regions generally have a

Fig. 3 Histograms of air temperature trends at urban stations and
rural areas, represented by BEST dataset grids. The horizontal axis is
bounded by the actual range of the trend estimated from a Tmin, b
Tavg, and c Tmax. The histogram bar interval is 0.25 °C; 286 stations
were used
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lower DTR than other regions; thus, in such regions, DTR reduction
by increasing wind speed is negligible. During heat wave
conditions,33 areas where wind speeds were already low would
result to no changes or even reductions to the heat storage.

Geophysical indicator: vegetation cover
Although the UHI trends decreased with increasing vegetation
cover overall (Fig. 6c), a wide scatter was found for low-vegetation
areas (i.e., vegetation cover <40%). When vegetation covers more
than 40% of the land, more of the incoming radiation is returned
to the atmosphere as latent heat via transpiration than is returned
as sensible heat. This effect of vegetation to mitigate UHIs is well
known,35 but its effect on UHI trends was confirmed in this study,
although scatter is still apparent. At low-vegetation areas, the
background climate and other land cover types become more
influential.

Artificial indicator: AHEs
AHE is a widely known25 driver of UHIs that modifies the sensible
heat flux in cities (mechanism 1). It is obvious from Fig. 6d that
compared with the geographical indicators discussed previously,
AHE is not a strong indicator of UHI trends globally. If the study
were conducted on a smaller scale, where differences in
background climate are negligible, the relationship between UHI
trends and AHE might be more obvious, because areas with large
UHI intensities are influenced by large AHE.36–39 However, this was
not the case when distant cities with different background
climates were compared (e.g., cities in tropical regions with cities
in humid regions) due in part to the more dominant influence of
mechanism 2 (differences in thermal inertia).

Artificial indicator: population and distance to the nearest
coastline
As with the other indicators investigated, but excluded in the
discussion, population and the distance between urban stations
and the nearest coastline (see Supplementary Fig. 3) were not
related to UHI trends at the global scale.

SUMMARY OF RESULTS
The numbers of studies of climate change and of urban climate
have been increasing in recent decades, but a wide gap remains
between the two fields. Climate change has been investigated at
coarse spatial and temporal resolutions, leading to a lack of
consideration of urbanisation. On the other hand, urban climate
studies have focused mainly on specific cities and have not provided
inter-comparisons of UHIs at the global scale. To overcome the gap
between these fields of study, a UHI-trend estimation method that
can be applied to all available urban stations around the world is
proposed. After evaluating the UHI trends for the largest cities in the
world, the mechanisms behind UHI formation were investigated by
comparing the estimated trends with geophysical and artificial
indices. There are two general mechanisms for UHI formation. The
first and most widely known is the increase in sensible heat in urban
areas, while the second results from the increase in thermal inertia in
urban areas. The findings of this first global evaluation of UHI trends
spanning the period of January 1960 to December 2009 can be
summarised as follows:

a. The mean UHI trends of 286 urban stations around the
world with a range of background climates were mostly
positive and found to be largest at night (2.36 ± 0.69 °C/
century) and smallest during the day (1.60 ± 1.50 °C/
century).

b. The UHI trend was found to increase with latitude, except at
mid-latitudes. The decrease in solar radiation and resulting
reduction in sensible heat at higher latitudes were more
sensitive to increased urban sensible heat flux (mechanism
1). The large scatter of UHI trend values in mid-latitude
regions was due to differences in background thermal
inertia (mechanism 2).

c. UHI trends increased with increasing DTR. DTR, an
integrated geophysical index representing thermal inertia
(mechanism 2), was found to be a comprehensive indicator
for UHIs. The UHI trend in each background climate was
strongly linked with the DTR, such that dry (tropical)
climates tended to have a higher (lower) DTR and, likewise,
a larger (smaller) UHI trend.

d. Stronger winds tended to reduce nighttime UHI trends. High
wind speeds reduce thermal inertia as a result of enhanced

Fig. 4 Urban heat island (UHI) trends from stations grouped by climate classification (Köppen–Geiger). Estimated from a Tmin, b Tavg, and c
Tmax with 286 total samples. False discovery rate approach was applied except for c (see text and Supplementary Notes)
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heat transport through turbulence. This relationship is more
significant in a dry climate, with a high DTR, than in a
tropical climate, with a low DTR (mechanism 2).

e. The UHI trend was negatively correlated with vegetation
cover. This relationship was more apparent with relatively
high levels of vegetation cover, which result in more
incoming radiation being converted to latent heat via
transpiration than is present as sensible heat. The large
scatter of UHI trends in areas with low vegetation cover was
due to the differences in background thermal inertia
(mechanism 2).

f. Indices of artificial factors such as AHE and population (more
strongly related to mechanism 1) were found to have an
insignificant correlation with the UHI trend. This means that
at the global scale, artificial indices were less indicative of
the UHI trend than were geographical indices such as DTR.

Another method to investigate the UHIs of multiple cities is the
use of land surface temperatures (LSTs) measured by remote
sensing.36 However, using LSTs for UHI studies has many
shortcomings compared with the use of trends from near-
surface air temperature stations. First, the physical representation
of satellite-estimated LSTs is uncertain for very rough and spatially
heterogeneous environments.37 Second, LSTs are more sensitive
to spatial and temporal changes in surface conditions than air
temperatures,38 which under certain atmospheric conditions LSTs
could fluctuate erratically. The use of long-term trends, such as
those used in this study, minimises the effects of this fluctuation.
Third, diurnal and long-term LST measurements are currently
limited or unavailable. Finally, the mechanisms that affect LSTs
cannot be directly applied to air temperatures due to their
physical differences.

For all comparisons between the UHI trend and the indicators,
wide scatter remains because all indicators are actually influencing
or influenced by each other in the real environment. Deeper
investigations which can consider these interactions are needed.
Due to the simplicity and uniqueness of our proposed methodol-
ogy for estimating the UHI trends, we recommend that the current
findings should be confirmed using alternative GST datasets other
than the BEST. Moreover, the use of simple linear regression, a
common approach to estimate trends in climate change studies,
needs further verification.
Finally, population was mainly used to identify urban stations in

this study. Few urban stations show large vegetation fractions (Fig.
6c), which could possibly be caused by the inherent uncertainty in
the vegetation dataset. Nevertheless, the vegetation fraction
dataset is accurate as a relative measure of how vegetated the
surroundings of the stations. A more standard definition of an
urban area and the consistency of global datasets to be used in
future similar studies is needed.

METHODS
UHI estimation by long-term temperature records (UHI trends)
UHI is generally estimated from the spatial difference between urban and
rural temperatures. However, in this study, UHIs were estimated using the
trends of long-term temperature records.15 Unlike the former approach,
the latter approach tends to minimise the issue of the spatial representa-
tiveness of temperatures observed in cities. The complex surface nature of
urban areas gives rise to spatially inhomogeneous temperature distribu-
tions, with surface temperatures varying several degrees more than air
temperatures. This means that spatial estimations of UHIs based on either
remote sensing or station observations have limitations. On the other
hand, the trade-off of using trends to estimate UHIs is that careful

Fig. 5 UHI trend dependence on latitude for a Tmin, b Tavg, and c Tmax; UHI trend dependence on the diurnal temperature range (DTR) for d
Tmin, e Tavg, and f Tmax for both urban and rural stations. Black and grey lines represent quadratic regressions (only as guide) of the urban and
rural trends, respectively; 286 stations were used. False discovery rate approach was applied except for c and f (see text and Supplementary
Notes)
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inspection of the quality of available long-term records is necessary.
Fortunately, the quality of the long-term records used in the construction
of existing GSTs has already been verified in the GST datasets.
The process of estimating UHIs based on the Berkeley Earth Surface

Temperature (BEST) dataset,8 a GST dataset, will be briefly summarised.
Temperature trends for the target period were estimated based on quality-
controlled data from stations located in urbanised areas and correspond-
ing gridded data that were assumed to represent surrounding rural areas.
The assumption that BEST grids correspond to rural areas derives from the
estimation of BEST, in which readings from urban stations were given a
lesser weighting in the averaging than those from rural stations.8 Trends (°
C/century) were estimated from the slope of the linear regression between
monthly statistical values (i.e., means of daily minimum, maximum, and
average) and their corresponding months in yearly fraction units. UHI
trends were acquired by subtracting the trend estimated for an urban
station from that estimated for its immediate rural area (grid). Specific
details are discussed in the Supplementary Methods. From the common
assumption40 that mean monthly statistics of daily Tmin and Tmax

correspond to monthly means of peak nighttime and daytime temperature
values, respectively, the nighttime, daytime, and daily average UHI trends
were calculated from the UHI trends estimated from Tmin, Tmax, and Tavg,
respectively.

DATA AVAILABILITY
The fully processed datasets containing the trends are available from the
corresponding author upon request. The source of all datasets used to estimate
the indicators are mentioned in the Supplementary Notes and are obtained from
their public websites.
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