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Increasing high temperatures due to climate change are exacerbated by urban heat island effects, resulting in a
range of human health and economic impacts. The green and blue infrastructure (GBI) in cities that underpins
nature-based solutions (NBS) can help alleviate hot-day temperatures. In this study we bring together multiple
data sources to evaluate the cooling benefit provided by urban GBI in terms of avoided losses in labour pro-
ductivity, for eleven City Regions in Great Britain, over a ten-year period. We defined the urban extent to include
the green (woodland, grassland and parks, gardens) and blue (rivers and canals, lakes and ponds) features within
cities, and derived aggregate cooling factors for urban areas in each City Region, applying additional cooling
factors to buffer zones around larger GBI features. We collated gridded meteorology data to assess the number of
hot-days exceeding 28 °C Wet Bulb Globe Temperature in each City Region over the period 2008-2017, and
applied response functions to evaluate loss of worker productivity for ten economic sectors. For the GBI features
(aggregated adjacent features >200 m?), gardens make up the biggest component (26% of urban extent) closely
followed by grassland and parks (24%), with woodland at 6%. The aggregate cooling factor of GBI ranged from
0.64 — 0.89 °C across the eleven City Regions. The economic benefit of cooling was greatest for London, due to its
greater exposure to hot days, and its greater contribution to the economy than other City Regions. In the hottest
year of 2015, the cooling benefit in London was £ 13.97 m. The cooling benefit varied considerably from one year
to the next, depending on meteorology, and will increase under climate change.

1. Introduction

In the context of rising global temperature extremes, how we manage
cities is critical to addressing a range of potential impacts on ecosystems
and people. Global temperatures are forecast to rise substantially by the
end of the century (Tebaldi et al., 2021), and cities in many parts of the
world are projected to experience greater warming than the regional
averages (Zhao et al., 2021). These average projections also mask
considerable variation in temperature extremes, and heatwaves are
already becoming more prevalent worldwide, increasing in intensity,
duration and frequency (Perkins-Kirkpatrick and Lewis, 2020). Heat-
waves cause a wide range of impacts on people, particularly for those
living in cities where temperatures are already higher than rural sur-
roundings due to the Urban Heat Island (UHI) effect (Kim and Brown,
2021). For example, the 2003 heatwave in Europe caused an estimated
14,600 deaths in France (Pirard et al., 2005) and 9600 deaths in Ger-
many (An Der Heiden et al., (2020)), and heat is an increasing issue for
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health and human comfort worldwide (Ren et al., 2022, Yang et al.,
2019). Less frequently reported are other impacts such as a decline in
worker productivity or increase in energy use for cooling (Hatvani-Ko-
vacs et al., 2016, Costa et al., 2016). The effects of climate change can be
non-linear where they hinge on exceedance of particular temperature
thresholds. For example, response functions for worker productivity
typically use a Wet Bulb Globe Temperature threshold of 28 °C (Costa
et al., 2016), and the frequency at which hot day temperatures exceed
this threshold in temperate climates will greatly increase under climate
change. Labour losses are likely to become an increasingly important
impact of climate change (Hsiang et al., 2017).

Green and blue infrastructure (termed GBI in this paper) in urban
settings underpins the ability of nature-based solutions (NBS) to provide
benefits to people (Jones et al., 2022). The many benefits of GBI are
widely described, and increasingly quantified. GBI types such as parks,
green roofs, lakes and rivers provide benefits such as removal of air
pollution to reduce harmful exposure to pollutants (Jones et al., 2019,
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Tiwari et al., 2019, Nowak et al., 2014), reduction in noise pollution
(Fletcher et al., 2022, Van Renterghem et al., 2012), reduction of flood
risk (Berland et al., 2017), improvement of urban water quality (Livesley
et al., 2016), cooling of cities (Aram et al., 2019, Bowler et al., 2010), in
addition to a range of benefits for physical and mental wellbeing,
relaxation and social interaction (Jones et al., 2022).

GBI influences temperature through a number of mechanisms (Chen
et al., 2014). Vegetation provides cooling through evapotranspiration
from the vegetation and the underlying soil system, while taller vege-
tation such as trees and shrubs provide additional cooling through
shading (Gunawardena et al., 2017). Water has a large specific heat
capacity and blue features provide cooling through evaporation, with
moving waters being particularly efficient at cooling because inflowing
water brings colder water from rural areas upstream and moving water
transfers heat away from the hotter urban areas as it flows downstream.
For static water bodies, the capacity to provide cooling is largely
dependent on water volume and depth, as well as surface mixing
(Manteghi et al., 2015). Wind direction can also influence cooling po-
tential and reach. The cooling effect of both water bodies and green
space is greater on their downwind side as cooled air is transferred by
the wind (Santamouris et al., 2017).

Many studies have focused on quantifying UHI, and spatial mapping
of hot areas using remote sensed data, primarily from satellites, such as
Land Surface Temperature (LST) (Guo et al., 2021, Chen et al., 2014).
This has the advantage of producing spatially explicit outputs and
mapped products, allowing investigation of hot and cool spots in the
city, the latter often referred to as Urban Cool Islands (Ren et al., 2018).
However, LST is dominated by incident radiation interacting with the
thermal properties of the urban fabric (Palme et al., 2018). Air tem-
peratures are influenced to a greater extent by other properties such as
wind speed and origin, and the cooling benefits reported in the literature
from studies based on LST are typically over-estimates when compared
with measured air temperatures (Aram et al., 2019).

Relatively few studies have quantified the cooling effects of a range
of GBI types on air temperature, at city scale (Aram et al., 2019, Mar-
ando et al., 2019), and fewer yet have conducted health or economic
assessments of the cooling benefits (lungman et al., 2023, Barboza et al.,
2021). There is a need to develop calculation methods that can be used
to evaluate the economic benefit of hot-day cooling in a
spatially-contextual manner, which is scalable or is applicable to mul-
tiple cities and time points.

Therefore, in this paper we develop an economic assessment of the
cooling benefit provided by GBI, with a focus on lost economic pro-
ductivity on hot days exceeding a 28 °C wet bulb globe temperature
(WBGT) threshold. This study combines information from a range of
data sources, including urban morphology derived from satellite data
and mapping data, mapping of green and blue infrastructure types in
urban areas combined with satellite data, meteorological data on hot
days, and economic data. Using new approaches, we 1) calculate
aggregate cooling by urban green and blue infrastructure over a defined
city area, 2) estimate the economic benefit of that cooling, in terms of
avoided productivity losses during hot days above a 28 °C WBGT
threshold, and 3) show how that cooling benefit varies over a sequence
of 10 years (2008-2017), using UK cities as an example.

2. Methods
2.1. Datasets

2.1.1. Land cover of green and blue space urban features

The approach to derive urban green and blue space land cover cat-
egories combines remote sensing data, survey mapping data and a
morphology layer of urban settlements. Together, these datasets allowed
us to develop a comprehensive assessment of the area of green and blue
space within urban areas of Great Britain.

Firstly, we defined the urban footprint boundary (urban extent),
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within which all GBI features could be considered part of the urban
fabric. The approach we used modified an existing urban morphology
GIS layer, which represented built land-use but not natural areas. Data
were obtained from the Office of National Statistics Built Up Area layer
2011 (BUA2011), which is a vector map of polygons representing urban
built up area, but which exclude larger areas of woodland, parks,
grassland and waterbodies within cities which should be considered a
relevant part of the urban landscape. Our approach applied a variable
sized buffer to each urban morphology polygon using Eq. 1, with the
dimensions of the buffer being proportional to the size of the urban area.
We then dissolved overlapping boundaries for each polygon and as a last
step reduced the new boundary by the same buffer width to return to the
dimensions of the outer boundary of the original extent. A fuller
explanation of the method is provided in Jones et al. (2019). The coef-
ficient was derived through multiple iterations of the approach to arrive
at a buffer size which captured most urban green and blue infrastructure
features without merging adjacent settlements.

Buffer width = 0-012 * \/Polygon area (@9)]

The effect of this procedure is to encapsulate any areas enclosed by
the buffer (i.e. if the outer edges of buffered zones meet then it captures
the entire area) — see Fig. 1. For example, this incorporates patches of
land that are mostly surrounded by urban built-up-areas, such as larger
rivers, reservoirs and parks in cities that are otherwise excluded from
existing morphology layers.

In order to calculate locations and area of GBI features within the
urban extent, we used a combination of satellite data and national
mapping products. Land cover was derived from the 25 m CEH Land-
cover Data product (Morton et al., 2011). Mapping land use and land
cover of finer-scale urban features made use of cadastral data and na-
tional survey mapping products, the UK Ordnance Survey MasterMap.
OS MasterMap records boundaries and land use, but only records land
cover in a highly simplified scheme. For example, areas are defined as
either ‘natural surface’ or ‘mixed’ where they include natural features,
but additional recording fields completed by surveyors can be used to
further differentiate types of natural area. From these data sources we
defined green GBI features for woodland, grassland and gardens, as well
as blue GBI features including rivers, canals, lakes, ponds and reservoirs.

Woodland was defined as ‘natural surface’ features where trees or
woodland were mentioned in the recording fields of OS MasterMap.
Woodland polygons < 200 m? were excluded and remaining woodland
was separated into two size classes (< and > 30,000 m?). Grassland was
defined as all ‘natural surface’ features described as grassland in sur-
veyor notes of OS MasterMap, which includes areas of open parkland,
grassland, playing fields, extensive grass verges, some of which may
contain trees. As with woodland, areas < 200 m? were excluded, due to
their low importance in providing a cooling service. Gardens in OS
MasterMap are recorded as a ‘Mixed Surface’. All areas of Mixed Surface
adjacent to buildings were selected, and polygons of contiguous gardens
were amalgamated, in order to include composite areas large enough to
provide a service. Therefore, only contiguous garden > 200 m? was
included for analysis. In several studies 0.1 ha is used as a lower limit of
greenspace size, e.g. (Xiao et al., 2023), but here we use a slightly
smaller size in order to assess aggregate effects at city level.

For blue GBI features, ‘Natural surface’ features in OS MasterMap
identified as ‘water’ were selected. Since cooling effects differ for linear
features like rivers and canals compared with larger water bodies, these
needed to be differentiated in GIS. Automation of this process was based
on the Polsby-Popper test to determine whether a water body was likely
to be a lake or a river. The Polsby-Popper test uses the following equa-
tion for the relationship between area and perimeter to define mathe-
matical compactness (Eq. 2). Lakes, ponds and reservoirs were features
with PP > 0.25, while rivers and canals were features where PP < 0.25.

PP = 4*PI*area/perimeter"2 @2
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Fig. 1. Illustration of the effect of using a variable buffer to encapsulate areas of GBI within an urban footprint, showing a) before and b) after applying the variable
buffer method. The new urban footprint ‘captures’ a reservoir, area of woodland, sports-ground and a green corridor along a road artery into the city, thus

incorporating these into the full urban footprint.

We used a threshold width for rivers and canals of 25 m for inclusion
in the analysis. This threshold reflects a balance between evidence that a
river of this size can provide a cooling effect, e.g. the River Don in
Sheffield, UK which is 22 m wide (Hathway and Sharples, 2012), and
challenges in defining linear blue space features in GIS. The threshold
was applied as follows — linear blue space features had a negative buffer
of 12.5 m applied. If the resulting geometry had an area of zero then the
river must be narrower than 25 m. If greater than zero at least some part
was > 25 m, and these features were retained for analysis. Lakes, ponds
and reservoirs < 700 m? were also excluded from analysis due to their
low contribution to cooling. For all green and blue GBI features,
contiguous areas of the same type were amalgamated prior to analysis to
avoid problems when calculating and applying buffer zones.

2.2. Meteorological data on hot-days

The meteorological data used to calculate the number of hot-days,
each year over the period 2008-2017, was taken from the UK Met Of-
fice Hadley Centre HadUK-Grid, daily maximum temperature ‘tasmax’
at 1 km resolution. Air temperature was converted to wet bulb globe
temperature using the conversion functions in Vecellio et al. (2022) and
Stull (2011). For the conversion function, we calculated average relative
humidity of 65.9% from daily relative humidity at three urban moni-
toring locations (London, Birmingham, Manchester) during 3 heatwave
events of minimum 10 days duration each in the years 2013, 2018 and
2019. Using this function for example 28 °C WBGT equates to an air
temperature of 33.3 °C. For each 1 km grid cell, we calculated the
number of days where daily maximum WBGT fell within incremental
temperature bands above 28 °C, i.e. number of days in a given year
where a grid cell recorded a temperature of 28-29 °C, 29-30 °C etc.,
truncated above 34 °C, i.e. the highest band included any recorded
temperature greater than or equal to 34 °C. This was repeated for each
year from 2008 — 2017. Subsequently, the average of number of days
within each temperature band was calculated across all grid cells within
the urban extent for each of the city regions.

2.3. Cooling factors

Cooling factors for each urban green or blue space type were derived
from the literature. Despite the seemingly large literature on this topic,
the number of modelling studies or studies based on interpretation of
land surface temperature data vastly outweigh primary studies
measuring air temperature differentials (Aram et al., 2019), and there
remain substantial knowledge gaps around cooling of air temperature
provided by many green or blue space types (Jones et al., 2022).

The literature on cooling potential from blue GBI is less compre-
hensive than for green space, and cooling factors vary. Kleerekoper
et al., (2012) report a range of air temperature cooling from 1 — 3 °C. A
meta-analysis comprising 27 studies suggested an average of 2.5 °C
cooling for blue space relative to the surrounding urban fabric (Volker

et al., 2013). For ponds and static water bodies, reported air temperature
cooling for small ponds varies from e.g. 1 °C (4x4m) (Robitu et al.,
2004), 1.2 °C in Japan (Ishii et al., 1991), and 1.6 °C for a 4 ha pond in
Israel (Saaroni and Ziv, 2003) to values up to 3.5 °C for large urban lakes
(Volker et al., 2013). A larger number of theoretical or modelling studies
suggest cooling factors ranging from 0.4 to > 7 °C (O’'malley et al.,
(2015), Santamouris et al., 2017). For moving water, size matters. Rivers
greater than 30 m in width provide a greater cooling of the surrounding
LST (Jiang et al., 2021). Cooling of air temperature up to 3-5 °C was
measured for the fairly large Ota River in Japan (270 m wide) (Mur-
akawa et al., 1991). In the River Don, Sheffield, UK, Hathway (2012)
showed an average cooling of 1 °C when air temperatures were greater
than 20 °C, with greater cooling differential observed on hot days in late
spring when the temperature differential rose to 2 °C at the river, and
1.5 °C over the river bank. Since cooling factors will vary by climate
(Volker et al., 2013), we preferentially focus on UK or similar temperate
zone studies. The selected cooling factors for urban blue GBI, and the
buffers over which they operate are shown in Table 1. For rivers and
canals, we took the summarised cooling value of 1.4 °C from Hathway
(2012) and for static water bodies we selected the value of 2.5 °C from
Volker (2013) to cover the reported range across surface water features
from ponds 1.6 °C up to urban lakes 3.5 °C.

For urban green GBI, there is more literature than for blue GBI
(Bowler et al., 2010). Reported cooling effects on day time air temper-
atures range from < 1 to 6.9 °C (Aram et al., 2019). Studies focusing
specifically on trees are fewer than on parks or mixed green space.
Modelling studies of shading effects of trees across the US suggests an
aggregate cooling effect of 3.06 °C in cities in summer (Wang et al.,
2018). In Europe, Larondelle (2013) showed a 3.5 °C cooling in areas
with extensive urban tree cover, based on measurements in Leipzig.
Urban parks are treated separately from urban trees in this analysis as

Table 1
Width of buffer applied to different green / blue space types, and temperature
differential applied for green / blue space and buffers. n/a — not applicable.

Width of buffer
to apply (m)

Temperature differential (°C)

Applied to green / Applied to
blue feature buffer
Urban blue space
Rivers/canals (>25 m 30 -1.4 -0.8
wide)
Lakes, ponds, reservoirs 30 -2.5 -1.425
(>700 m2)
Urban green space
Woodland (200 < 0 -3.5 n/a
x < 30,000 m2)
Woodland 100 -3.5 -0.52
(>30,000 m2)
Open parks & grassland 0 -0.945 n/a
(>200 m2)
Contiguous gardens 0 -0.945 n/a
(>200 m2)
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UK parks typically have greater grass cover than tree cover. Air tem-
perature cooling effects for parks reported in the literature range from
3.8 °C for a medium size park in Tel Aviv (Cohen et al., 2012) to 1-2 °C
for a small park in Seoul (Park et al., 2017). Although some individual
studies show quite large magnitude of cooling effect, since values re-
ported in the literature vary so widely, for this study we use the robustly
established value from a meta-analysis of 0.945 °C for both large and
small parks (Bowler et al., 2010). We note this is a conservative estimate.
For gardens there is some mixed use of terminology in the literature
where the term ‘garden’ is used to describe both private greenspace as
part of a dwelling, which would be described as a domestic garden in a
UK context, and small areas of greenspace which are otherwise publicly
accessible but not part of or associated with residential buildings. Do-
mestic gardens in the UK have a median size of 96 - 213 m? (Loram et al.,
2007), with lawns covering around 60% of garden area (Gaston et al.,
2005) and tree cover varying between 0.3 — 11% (Whitford et al., 2001).
There are few studies in the literature looking at green space of this size.
A small green space of 0.24 ha (2400 m?) in Lisbon showed temperature
differentials of 1.6 °C for median air temperature, and up to 6.9 °C for
daily maximum temperature (Oliveira et al., 2011). A lush garden in
Gabarone, Botswana showed a cooling effect of up to 2 °C (Jonsson,
2004). For gardens we assumed that contiguous garden area was more
likely to show a cooling effect. The structure of contiguous garden space
fits the urban form of many UK residential areas, where gardens are
adjacent to each other for terraced properties and back-back for parallel
roads in many housing developments. For this green GBI component, we
assumed the same cooling factor as applied to large parks, of 0.945 °C
(Bowler et al., 2010) for contiguous gardens of collective area > 200 m2.

The cooling effects for larger green and blue GBI types extend beyond
the immediate boundary of the feature. Despite this, assessment of
buffer zones is relatively sparsely in the literature, particularly for blue
space features. Hathway (2012) studying a UK river, the Don in Shef-
field, report a greater cooling effect at 20 m than at 30 m, but still
measurable at the latter distance. While for the Ota River in Japan, the
cooling effect extended to 100 m from the banks (Murakawa et al.,
1991). Taking a conservative approach for UK rivers, which tend to be
relatively narrow compared with others studied in the literature, we use
a buffer of 30 m in this analysis, following Hathway (2012), applying the
same buffer both for rivers and for static water bodies. Buffer zones for
green GBI are frequently calculated in the literature from Land Surface
Temperature data, but are also calculated from direct measurements of
air temperature. The calculated distance of buffer zones ranges from
40 m to > 1000 m, depending on the size of the green space, the climate
and the calculation approach (Lin et al., 2021, Yan et al., 2018, Vaz
Monteiro et al., 2016). Studies which have derived air temperature from
LST data, suggest a buffer of 200 m is applicable (Bird et al., 2022).
Spronken-Smith and Oke (1998) report that the buffer zone of a park is
equivalent to the park width (Spronken-Smith and Oke, 1998). Here we
apply a cooling factor of 0.52 °C for the buffer area of woodland, large
parks and adjacent gardens > 200 m?, with the buffer area assuming to
extend to 100 m (Larondelle and Haase, 2013). This effectively applies
the same cooling factor across the entire buffer, although in reality it will
be greatest at the boundary of the greenspace and decrease to the outer
edge of the buffer. The choice of buffer width and its application only to
large parks are both deliberately conservative.

The cooling factors for each green and blue GBI type were applied as
follows. We created an alternative scenario of the WBGT temperature
dataset where the cooling factor associated with existing GBI did not
apply (i.e. temperatures were higher), and re-calculated the number of
days above the WBGT threshold of 28 °C, as described in the previous
section.

2.4. City Regions and economic data

We selected eleven of the main City Regions in Great Britain
(Table 2), purposely defined to include the major cities in England in
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Table 2

Major City Regions in Great Britain, showing population (2015) and relative
contribution to Gross Value Added (GVA). Data from UK Office of National
Statistics.

City Region Codeonmap, Population Relative contribution to
Fig. 1 (2015) GB GVA
West of England 20 1119,000 1.93%
Cardiff 11 1505,000 1.48%
Greater 14 2756,000 3.67%
Manchester
Liverpool 15 1525,000 1.72%
North East 17 1957,000 2.11%
Sheffield 18 1375,000 1.25%
West Midlands 19 2834,000 3.72%
West Yorkshire 21 2282,000 2.77%
Glasgow 13 1804,000 2.37%
Edinburgh 12 1350,000 1.62%
London 16 8674,000 26.07%

terms of economic productivity, and at least one city each in Scotland
and Wales. Boundaries of City Regions were obtained from UK Office of
National Statistics. Remaining rural areas were geographically defined
on the basis of the European Nomenclature of territorial units for sta-
tistics NUTS1 units (major socio-economic regions). Fig. 2 shows the
combined geometry of City Regions, and the remaining NUTS1 areas not
including selected city regions. Note some City Regions encompass large
urban conglomerations e.g. Greater Manchester City Region, while
others include considerable rural area as well e.g. North East City Re-
gion. The City Regions are used as the basis of the economic calculations,
but note that the cooling effects are calculated only for the urban foot-
print within those. This is an ongoing challenge when combining socio-
economic data only reported at the level of administrative unit with
biophysical impact calculations assessed for specific geographies.

Data on economic productivity for each City Region was collated
from the UK Office of National Statistics, for the following ten sectors,
summarised in Table 3: Mining and Utilities, Manufacturing, Construc-
tion, Wholesale and Retail trade/ repair of motor vehicles, Trans-
portation and storage, Accommodation and food service activities,
Information and Communication, Real Estate Activities, Professional,
scientific and technical activities, Administrative and Support Service
activities.

Productivity losses were calculated from response functions in Costa
et al. (2016), which in turn were based on ISO standard 7243:1989 for
an average acclimatised worker wearing light clothing, following
methods in Kjellstrom et al. (2009). These assume a proportional
reduction in productivity with temperature above a WBGT threshold of
28 °C. Different sectors have different response functions, depending on
the intensity of the work typically undertaken (Fig. 3). Non-attributable
sectors were combined into a category ‘Other Services’ where produc-
tivity losses were applied for wet bulb temperatures greater than or
equal to 34 °C.

3. Results
3.1. Urban GBI extent

The total urban area defined by the urban footprint in Great Britain,
as calculated in this study was 17,598 km?, of which the urban area
included within the 11 City Regions was 6627 km? (Table 4). Overall,
woodland greater than 200 m? makes up 6% of the City Regions’ urban
area, grassland/parks greater than 200 m? make up 24% and contiguous
gardens greater than 200 m? make up the largest single category at 26%
of urban area. The blue features comprising rivers/canals more than
25 m wide, and lakes/ponds greater than 700 m?, make up less than 1%
of urban area between them. The full area by category and City Region,
including buffer areas applied, is shown in Supplementary Material
Table S1.
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Fig. 2. Boundaries of City Regions and remaining NUTS1 areas (European
Nomenclature of territorial units for statistics — major socio-economic regions).
Table 2 gives names of City Regions. Remaining codes for NUTS 1 areas are for
England: 1 North East, 2 North West, 3 Yorkshire and The Humber, 4 East
Midlands, 5 West Midlands, 6 East of England, 7 South East, 8 South West; for
Wales: 9 Wales excluding Cardiff; for Scotland: 10 Scotland excluding Edin-
burgh and Glasgow.

3.2. Calculated cooling factors for each City Region

Calculated cooling factors are shown in Table 5. Domestic gardens
provided the greatest cooling in many of the City Regions, but was
surpassed by woodland in Edinburgh, Glasgow, London and West
Yorkshire. Parks provided the greatest cooling in only one City Region,
Greater Manchester. Blue GBI features provided minimal cooling, due to
their low overall area. The aggregate cooling at City Region scale from
all green and blue GBI varied from 0.64 to 0.89 °C.

The number of hot days exceeding 28 °C WBGT in each City Region is
summarised by year in Table S2 in Supplementary Material. 2015 was
the hottest year, followed by 2017 and 2019, while in the years
2008-2012, the 28 °C WBGT threshold was not exceeded in any City
Region. Fig. 4 illustrates the spatial pattern of WBGT for the hottest year
2015, with highest temperatures concentrated in central and south east
England.
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Table 3
Economic sectors, and associated work intensity category which defines po-
tential productivity losses.

UK Sector Most relevant Average

sector in Costa work

Work intensity
category (Costa

et al. (2016) intensity in etal, 2016)
Watts (
Costa et al.,
2016)
Mining and utilities ~ Other industry 295 Moderate (3)
Manufacturing Manufacturing 240 Light / moderate (2)
Construction Construction 355 Moderate / high (4)
Wholesale and Wholesale and 240 Light / moderate (2)
retail trade, & retail trade
Repair of motor
vehicles
Transportation and ~ Manufacturing 240 Light / moderate (2)
storage
Accommodation Manufacturing 240 Light / moderate (2)
and food service
activities
Information and Information and 180 Light (1)
communication communication
Real estate Financial and 180 Light (1)
activities insurance
activities
Professional, Financial and 180 Light (1)
scientific and insurance
technical activities
activities
Administrative and Public 240 Light / moderate (2)
support service administration

activities and defence

=
N

-

o
00

o
>

Proportion of normal productivity
<) <)
N (=)}

o

25 27 29 31 33 35 37
Temperature (Celsius)

—Light (1) —— Light / moderate (2) —— Moderate (3)

Moderate / high (4) —— Non-attributed services

Fig. 3. Loss in productivity with wet bulb globe temperature (°C), by intensity
of work (see categories in Table 3). Data from Costa et al. (2016).

The economic value of cooling provided by urban green and blue
infrastructure, calculated as avoided loss in productivity totalled £ 24.5
million across the ten years, with an average of £ 2.45 m per year across
the 11 City Regions (Fig. 5; Raw data in Table S3 in Supplementary
Material). In the hottest year, 2015, the total cooling value was
£13.97 m. London dominated the cooling benefit, as a result of having
the highest temperatures and because it provides the largest contribu-
tion to GVA (26%) in Great Britain of any City Region (Table 2). The
value of cooling in London was £ 13.74 m in 2015. The value of the
cooling service differs considerably from year to year, with the differ-
ences driven both by the number of hot days and, to a lesser extent, their
spatial distribution across Great Britain. Data by sector (Fig. 6, Table S4
in Supplementary Material) show that overall cooling benefits from
urban GBI are greatest for Construction (£5.4 m in 2015), followed by
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Table 4
Urban green space and blue space coverage (km?) in the 11 City Regions, and for
full urban area in Great Britain (GB), for comparison.

Urban green or blue space 11 City % of urban extent in Great
type Regions City Region Britain
All woodland > 200 m? 416.8 6.3% 984
Small woodland 200 - 295.3 4.5% 756
30,000 m?
Large woodland 121.5 1.8% 227.5
> 30,000 m?
Grass/parks > 200 m? 1612 24.3% 4024
Gardens > 200 m? 1746 26.3% 5395
Rivers/Canals > 25 m 34.7 0.5% 68.1
Lakes/Ponds > 700 m? 25.5 0.4% 56.5
Total urban footprint 6627 17,598

Mining and Utilities (2.23 m in 2015) and Wholesale and Retail trade/
repair of motor vehicles (£2.24 m in 2015).

4. Discussion

This is the first study conducted at national scale which values the
cooling benefits of urban green and blue infrastructure on worker pro-
ductivity. We show that the cooling benefit varies substantially from
year to year, depending on the meteorology, with an average total
benefit of £ 2.45 m per year across eleven City Regions in Great Britain.

To put this figure into a wider context of economic benefit from
green and blue space, this economic value for cooling is currently much
lower than the value of £ 136 m for removal of air pollution by urban
vegetation in all UK cities (Jones et al., 2019). However, as climate
changes and the frequency and intensity of heatwaves increases (Tebaldi
et al., 2021), this service is likely to become increasingly important.

For the contribution of different types of GBI to this benefit, the
importance of domestic gardens is of interest, exceeding that of wood-
land in many of the City Regions. Because they are mostly privately
owned green space, they are often overlooked in urban assessments, yet
gardens made up 26% in our study, typically occupying between 22%
and 36% of the total urban area in the UK (Gaston et al., 2005), and more
than 50% in Dunedin, New Zealand (Mathieu et al., 2007).

Woodland at 6% is lower than some other UK assessments, e.g. tree
cover of 16% in Birmingham, UK (Fletcher et al., 2022). This is partly
because green GBI features < 200 m? were excluded from this analysis,
therefore street trees were not included, and partly because parks were
included with grasslands for the purposes of this cooling assessment,
since the tree cover in parks is typically low in Great Britain.

A number of improvements are possible which could further develop
this approach. The cooling factors used were static for our broad classes
of GBIL. A number of studies demonstrate size-specific cooling effects of
greenspace and the corresponding size of buffers (Aram et al., 2019, Yu
et al., 2020). The shape of greenspace features at landscape scale also
has an influence on cooling, in addition to size and connectivity (Chen
et al., 2014). Cooling efficiency is also reported to vary by temperature
(He et al., 2021), both background temperature during the study (Yu
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etal., 2020) but also the climatic zone in which the park or greenspace is
situated (Geng et al., 2022, Wang et al., 2022). Additional climatic
factors influence cooling, for example the possible limitations to cooling
benefit as a result of reduced evapotranspiration in drought periods.
Evapotranspiration also varies with tree size and age (Cornish and
Vertessy, 2001). This could be adjusted for urban settings if there are
robust cooling factors available for trees of different sizes. Therefore,
further consideration of cooling factors according to these properties
could be incorporated into further studies. At the same time, economic
activity is also variable depending on the weather (Rose and Dolega,
2022). However, this is much harder to factor into an economic analysis
at sub-annual timescales. We base the response function for the tem-
perature - productivity relationship on a single study (Costa et al. 2016)
which used ISO standards for an average acclimatised worker wearing
light clothing. Those relationships are based on underlying physiological
studies (e.g. Ramsey, 1995), many of which were conducted some time
ago. Therefore, newer studies may be available which reflect updated
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Fig. 4. Spatial distribution of wet bulb globe temperature (°C), showing data
from year 2015.

Table 5
Calculated cooling factors by City Region, by green/blue GBI type, and combined (°C).
Cardiff Edinburgh  Glasgow  Greater Liverpool London North Sheffield  West West of West
Manchester East Midlands England Yorkshire
Combined -0.72 -0.89 -0.81 -0.77 -0.64 -0.75 -0.65 -0.73 -0.73 -0.70 -0.84
Woodland -0.23 -0.39 -0.32 -0.24 -0.15 -0.25 -0.17 -0.23 -0.21 -0.19 -0.28
Parks / -0.20 -0.24 -0.22 -0.27 -0.19 -0.21 -0.22 -0.20 -0.21 -0.19 -0.32
grass
Gardens -0.26 -0.24 -0.24 -0.22 -0.27 -0.24 -0.24 -0.29 -0.28 -0.29 -0.22
Rivers / -0.01 -0.01 -0.02 -0.01 -0.01 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01
canal
Lakes / -0.02 -0.01 -0.01 -0.02 -0.02 -0.03 -0.01 -0.01 -0.02 -0.01 -0.01

ponds
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Fig. 5. Value of cooling provided by green and blue infrastructure, calculated as avoided loss of worker productivity, by City Region, by year for the ten year period
2008-2017 (£m). Note London and All Regions total are shown on a different scale on secondary y axis.
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Fig. 6. The economic value of cooling benefit, by sector, showing 2013-2017 only. There were no temperature impacts for the period 2008-2012.

understanding of response functions of worker productivity to high
temperatures, and the literature shows that individuals can exhibit a
wide variation in their tolerance to high temperatures (Nicol & Roaf,
2017). Since the calculations here are based on threshold temperature
values, using a slightly different threshold may result in very different
outcomes. For example, in the US the National Institute for Occupational
Safety and Health (NIOSH) standards for acclimatised workers define
slightly different lower and upper thresholds, which in the most case are
around one degree Celsius (WBGT) lower than the ones used here.

The buffer sizes used in this study, particularly for green space, are
highly conservative. For example, some estimates for large parks in
other parts of the world suggest cooling effects are detectable to at least
1 km away from the boundary (Yan et al., 2018). Different ways of

calculating buffer size are used in the literature, and the range of ap-
proaches includes using a fixed buffer of 500 m, a function of the square
root of park area, and statistical approaches designed to estimate the
cooling distance derived from LST data, all discussed in Yu et al. (2020).
Notwithstanding differences in climate and scale of parks in these
studies compared with Great Britain, which influence cooling capacity
(Volker et al., 2013), our conservative approach here means that, with
respect to both park size effects and buffer sizes, the cooling benefits
presented are likely to be an under-estimate.

We assessed GBI cooling effects for hot days in summer. However,
GBI can have differential impacts in winter, potentially leading to some
adverse effects where trees block summer sunlight to buildings (Hamada
and Ohta, 2010), or contribute to higher night time temperatures in
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summer. Future assessments could take these effects into account to
generate a full-year assessment of positive and negative impacts on
urban temperature. Such estimates can be improved with the use of
city-scale urban meteorology models, although the representation of
vegetation exchanges with the atmosphere in some models may be
limited (Garuma, 2018). There is a degree of acclimation in human
physiological responses to high temperatures in different climates (Guo
etal., 2014). This means that in hot countries, the temperature threshold
at which worker productivity starts to decline is likely to be higher.
Conversely, it may be lower in high latitude countries. Application of
this approach in other countries should consider altering the tempera-
ture threshold where there is sufficient information to do so. In addition,
there are a range of technological adaptation responses such as
improving thermal insulation in buildings, or installing air conditioning
(Hatvani-Kovacs et al., 2016) that can reduce these impacts for indoor
workers, although they will not apply for outdoor sectors.

The cooling factors we report here of 0.64 — 0.89 °C for all urban
green and blue space types, depending on the City Region characteris-
tics, are broadly in line with an estimated cooling of 0.4 C with increase
in urban tree cover to 30% reported by lungman (2023), and are similar
to ranges reported for cities in different continents (Fletcher et al.,
2021).

Overall, the conservative choice of buffer size and cooling factors
applied by GBI type for hot days used in this study may lead to an under-
estimate of benefit. Our assessments of economic impact do not take into
account infrastructure such as air conditioning which in many of the
sectors assessed will reduce the effect of hot days. There are many
complex interacting factors contributing to this analysis, and the extent
to which these factors together affect the estimate of benefit requires
further exploration through a more detailed sensitivity analysis.

5. Conclusions

The calculated economic benefit from cooling provided by GBI il-
lustrates a so-far overlooked aspect of urban green and blue infrastruc-
ture, that it has direct economic benefits through improved worker
productivity on hot days. The economic value estimated for this service
in terms of worker productivity is lower than estimates calculated for
other services such as air pollution removal, but is likely to increase
substantially under climate change. When combined with valuation of
multiple ecosystem services, each additional non-market benefit that
can be valued adds to our understanding of the multi-functional nature
of such green and blue infrastructure types, and their importance in
making our cities more liveable spaces.

The findings of this study highlight the importance of maintaining or
enhancing the existing greenspace in cities to provide cooling on hot
days. This is particularly important in the context of increasing fre-
quency and intensity of such events under a changing climate. This study
also shows that these benefits are not just a function provided by certain
types of greenspace such as parks, which are a common focus of urban
greening studies. It highlights the important role of domestic gardens in
cooling cities, with the implication that policies on green space should
consider measures to encourage private land owners to maintain and
enhance greenery on their properties, as well as measures for land
managed by public and municipal bodies.

Under the ongoing threat of climate change, societies will increase
the use of technical solutions to adapt to climate, such as air condi-
tioning and improved thermal insulation or building materials. These
adaptation measures take time to implement, and can be costly.
Implementation of technical measures often leaves poorer or disad-
vantaged communities behind. Natural solutions therefore represent
both an efficient and an equitable option for adaptation to heat-related
climate pressures, as well as providing a wide array of co-benefits which
help make our cities more liveable.
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