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Nighttime lights are more strongly related to urban building volume

than to urban area

A strong relationship between nighttime light (NTL) data and the areal extent of
urbanised regions has been observed frequently. As urban regions have an
important vertical dimension, it is hypothesised that the strength of the relationship
with NTL can be increased by consideration of the volume rather than simply the
area of urbanised land. Relationships between NTL and the area and volume of
urbanised land were determined for a set of towns and cities in the UK, the
conterminous states of the USA and countries of the European Union. Strong
relationships between NTL and the area urbanised were observed, with correlation
coefficients ranging from 0.9282-0.9446. Higher correlation coefficients were
observed for the relationship between NTL and urban building volume, ranging
from 0.9548-0.9604; The difference in the correlations obtained with volume and
with area was statistically significant at the 95% level of confidence. Studies using
NTL data may be strengthened by consideration of the volume rather than just area

of urbanised land.
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1 Introduction

Nighttime light (NTL) sensors record visible light emerging from the Earth at night and
their imagery are often used as a proxy for a number of variables, including urban density,
population size and economic status (Mellander et al. 2015; Wu et al. 2014). The use of
NTL data as a proxy variable is based upon there being a direct or an indirect link between
the sources of NTL and the variable of interest. Considerable attention has focused on
artificial lights and the human population associated with them, especially in relation to
urban environments. Generally, there is a strong positive relationship between urban
population size and NTL as artificial lighting is commonly used to illuminate homes,
workplaces and other urban features such as advertising boards, sporting venues, and
streetlights (Sutton et al. 1997; Zhang et al. 2018). Growth of the urban population is

typically associated with an increase in the number of dwelling units which in turn is



associated with an increase in the size of the urbanised region. In many instances, the
growth involves an increase in the areal extent of the urbanised land and such lateral
expansion has been commonly monitored via remote sensing (Weng 2012), including use

of NTL sensors (Zhou et al. 2015; Li and Zhou 2017).

Urban growth often involves more than simply an increase in the spatial extent of
settlements by lateral expansion (Handayani et al. 2018). Settlements may, for example,
become more intensively built-up, with vegetated terrain converted to built-up land cover.
This intensification may be studied by, for example, monitoring changes in the
impervious cover (Shi et al. 2017). Urban growth may also occur in the vertical domain,
often associated with the increasing construction of high-rise buildings (Giridharan,
Ganesan, and Lau 2004). The latter may be expected to increase the total source of NTL
as, for example, there would be more dwelling units providing light through their
windows (Li et al. 2019). Growth in the vertical domain could be studied by monitoring
changes in elevation. Increases in the height of urban areas, especially in residential areas,
suggest that urban building volume rather than area may more appropriately reflect
properties of the settlement, its population and the total source of NTL. By including
information on height in studies it may be possible to strengthen the relationships between
urban properties and NTL in order to facilitate the enhanced study of urban features and

their populations remotely.

Recent developments in remote sensing, notably lidar and radar systems, offer the
potential for height estimation over large areas which would allow the estimation of urban
building volume. Airborne lidar systems, for example, offer the ability for highly accurate
local scale estimates of height (Kada and McKinley 2009). For large areas, height may
be estimated, albeit at a relatively coarse scale, as the difference between a digital surface

model (DSM) and a digital elevation model (DEM) (Zhang et al. 2018). Critically, it is



now possible to estimate the height of urbanised land as well as its areal extent and hence
estimate urban building volume. Here, the aim is to test the hypothesis that a stronger

relationship exists between NTL and the volume of urbanised land than with its area.

2 Study areas and data

This article is focused on studies undertaken at two scales using data for three regions
(Figure 1). First, a local scale for sites for which highly accurate building height and
footprint data were available. This allowed accurate estimation of building areal extent
and volume but this does not include other key sources of urban NTL such as streetlights.
Consequently, the second set of studies were undertaken at a coarser scale in which the
total area of urbanised land cover and its height, estimated from regional scale DSM and

DEM data, were used.
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Figure 1. Three study areas with NTL images.



2.1 Local scale

An open building height data for the United Kingdom (UK) provided by Emu Analytics
was used to test the relationships between NTL and building area and volume

(http://www.emu-analytics.com/products/datapacks.php). This data has detailed

information on building footprints and heights for a set of towns and cities in the UK. The
height information was generated with lidar data that were acquired by the UK’s
Environment Agency with an absolute height error of less than = 15cm in the period 1998-
2014. These data combined with building footprint data obtained from Ordnance Survey
(OS) Open Map allowed estimation of both building area and volume in each settlement
as defined in the national Major Towns and Cities (December 2015) Boundaries data set.
Data were available for a total of 25 settlements but those for 6 were excluded from the
analyses. The excluded settlements were those for which preliminary assessments
highlighted potential problems (e.g. for 5 cities there were buildings that had negative
heights) and London which, as so much larger than the others, could be an outlier. The
19 towns and cities included in the analysis were: Birmingham, Bournemouth, Bristol,
Coventry, Hull, Leicester, Manchester, Middlesbrough, Newcastle, Nottingham,
Plymouth, Portsmouth, Reading, Sheffield, Southampton, Stoke, Wakefield, Wigan, and

Wolverhampton.

Visible Infrared Imaging Radiometer Suite Day/Night Band (VIIRS/DNB) data
were obtained for the 19 towns and cities in the UK. The VIIRS/DNB data were provided
by the National Oceanic and Atmospheric Administration (NOAA). These data are
available from 2012 in two forms: monthly and annual composites. Attention here was
focused on annual composite data since their pre-processing involves removal of transient
lights arising from features such as fires and ships. The annual composite data set closest

to the dates of the lidar data, acquired in 2015, was used.


http://www.emu-analytics.com/products/datapacks.php

2.2 Regional scale

Additional studies at a coarser, regional, scale that included the full set of urban NTL
sources were undertaken. These studies focused on the States of the conterminous United

States of America (USA) and countries of the European Union (EU).

For studies focused on the USA, the relationship between NTL and urbanised area
and volume was determined at the State level. The impervious surface class depicted in
the 2006 National Land Cover Database (NLCD) (Xian, Homer, and Fry 2009) was taken
to represent urbanised land cover. These data have a 30 m spatial resolution and allowed
estimation of the areal extent of urbanised land cover in each State. The latter was used
to estimate the volume of urbanised land together with height information obtained as the
difference between a DSM and DEM. The DSM was the Advanced Land Observing
Satellite (ALOS) World 3D-30 m (AW3D30) data set (Tadono et al. 2016). This data set
has a 30 m spatial resolution and was co-registered to the NLCD data. The DSM was
generated from data acquired by the PRISM panchromatic stereo mapping sensor carried
on the ALOS that operated between 2006 and 2011. The DEM used was the Shuttle Radar
Topography Mission (SRTM) data set generated in 2000. These data also have a 30 m
spatial resolution and were co-registered to the NLCD data. Finally, the Defence
Meteorological Satellite Program/Operational Linescan System (DMSP/OLS) stable
light data was used as the source of NTL data. This data source was selected because the
ephemeral events, such as fires and background noise were identified and removed. To
reduce temporal differences in the data sets, the F152006 data set of DMSP/OLS stable
light data for the year 2006 was used. The total NTL observed over the urban land cover

was calculated for each of the 48 contiguous states of the USA.

As with the research focused on the USA, the AW3D30 DSM, SRTM DEM and



DMSP/OLS data were used in the study focused on EU countries. The extent of urbanised
land cover was extracted from the GHS BUILT-UP GRID data produced by the EU’s
Joint Research Centre (Pesaresi et al. 2015). This data set contains a multi-temporal
information layer on built-up presence as derived from Landsat image data that was used
to represent the urban class. These data have a 38 m spatial resolution and were resampled
to 30 m resolution with the nearest neighbour method for integration with the other data
sets. The data for the year 2000 was used. To fit with this, the F152000 data set of
DMSP/OLS stable light data was used as the source of NTL data for the year 2000. Initial
assessments of the data indicated problems with the AW3D30 data set for Finland and
Sweden, notably missing data, and hence the data for these countries were excluded from

further study. The remaining 25 countries of the EU were included in the analysis.

3 Methods

For each study, the area and volume of the urbanised land cover were calculated. For the
19 towns and cities in the UK, the height of each building in the lidar data set was used
to determine its volume and the total volume of all buildings was calculated. At the
regional scale, the urban area estimates were the total impervious cover in each State of
the USA and the total urban cover in each country in the GHS BUILT-UP GRID for the
EU. Volume estimates for USA states and EU countries were obtained by multiplying the

urban area by the height information generated by subtraction of the DEM from the DSM.

The NTL data acquired for each study were used to determine the total light
intensity measured for urbanised region. The strength of the relationship between NTL
and the area urbanised and between NTL and the volume of the urban cover was assessed
using Pearson’s correlation coefficient (r) (Lee Rodgers and Nicewander 1988). The

statistical significance of the difference in the correlation obtained using area and volume



was assessed using Hotelling’s (1940) t statistic (Hotelling 1940) which was specifically
designed for the comparison of two correlation coefficients calculated from overlapping

dependent samples (May and Hittner 1997). The Hotelling’s (1940) t statistic is based on:

t = (r12—713) (N—3)(1+7723) (1)
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where N is the sample size. ry, is the correlation coefficient between NTL and volume,
113 1S the correlation coefficient between NTL and area. r,5 is the correlation coefficient
between area and volume. Recognising the directional nature of the hypothesis being

tested, a one-sided significance test was performed at the 95% level of confidence.

4 Result and discussion

Strong and statistically significant relationships for NTL with both the area and the
volume of the urbanised land cover were observed (Figure 2). The correlation coefficients
observed for the relationship between NTL and urban area in the UK, USA and EU based
studies were 0.9350, 0.9282 and 0.9446 respectively, confirming results of other studies
that the relationship between NTL and urban area is strong. In contrast, stronger
relationships were evident between NTL and urbanised volume. The correlation
coefficients observed for the relationship between NTL and urbanised volume in the UK,
USA and EU based studies were 0.9548, 0.9563 and 0.9604 respectively. Furthermore,
the differences in the magnitude of the correlation coefficients obtained with urbanised
area and those with volume were all statistically significant at the 95% level of confidence

(Table 1).

The results show that the strength of the relationship between NTL and urban area
can be increased by including information on the height of the urbanised region. As NTL

may be used as a proxy for a number of variables, including urbanization, population



density, and economic growth, the increase in correlation coefficient is mainly because
that urban building volume rather than area more appropriately reflects properties of the
settlement, its population and the total source of NTL. Although there are some
limitations to this study, notably in the time gap between some data sets used, the trend
throughout suggests that greater attention should be given to the volume rather than area
of urbanised environments. With height data becoming easier to acquire and increasingly
available this may allow studies using NTL to relate more closely to key variables of

urbanised areas and their populations.
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Figure 2. Relationships between NTL and urban extent defined as urban area and urban

building volume. (a) UK, (b) USA and (c) EU.



Table 1. The results of the significance test

Study area UK USA EU

N 19 48 25

t 2.1847 3.4964 2.3813

t-critical value 1.7459 1.6794 1.7171

pvalue 0.0221 0.0005 0.0132

Significant? Yes Yes Yes
5 Conclusion

The results confirmed the previously observed strong relationship between NTL and the
extent of urbanised land and, critically, demonstrated that this relationship could be
strengthened by including information on height. The stronger relationships between
NTL and the volume rather than area of urbanised land may help enhance studies based

on NTL data.
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