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Abstract. Green roofs offer the possibility to mitigate multiple environmental issues

in an urban environment. A common benefit attributed to green roofs is the

temperature reduction through evaporation. This study focuses on evaluating the effect

that evaporative cooling has on outdoor air temperatures in an urban environment. An

established urban energy balance model was modified to quantify the cooling potential

of green roofs and study the scalability of this mitigation strategy. Simulations were

performed for different climates and urban geometries, with varying soil moisture

content, green roof fraction and urban surface layer thickness. All simulations show

a linear relationship between surface layer temperature reduction ∆Ts and domain

averaged evaporation rates from vegetation mmW , i.e. ∆Ts = eW · mmW , where

eW is the evaporative cooling potential with a value of ∼ −0.35Kdaymm−1. This

relationship is independent of the method by which water is supplied. We also derive

a simple algebraic relation for eW using a Taylor series expansion.
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1. Introduction

The fast growth of global population, mainly in urban areas [UNFPA, 2012] and the

concurrent increase in likelihood of extreme weather events [IPCC, 2014] forces cities

to prepare for water scarcity and heat spells. The fact that cities are several degrees

warmer than the surrounding rural environment, known as the urban heat island ef-

fect, amplifies this risk [Rosenzweig et al., 2015]. Simultaneously, heavy precipitation

and flooding are expected to become more likely in many European cities [Rojas et al.,

2012]. As a consequence, the integrated management of water becomes an increasingly

important part of urban planning both in terms of flood and urban heat island risk

mitigation [Niemczynowicz, 1999].

Green roofs are often discussed as a possible remedy for these problems. The

vegetation and soil of green roofs can retain water and delay discharge after rainfall

events, thereby reducing the flood risk. Evaporation of the stored water over time leads

to lower roof temperatures by converting sensible into latent heat [Getter and Rowe,

2006]. This also lowers indoor temperatures and reduces the energy demand for cooling

[Castleton et al., 2010]. The water availability depends on the local climate as well as

green roof design. Tools to assess the benefits of such installations are thus needed for

better planning urban development. Central questions an urban planner may have are

thus 1) how much cooling can be achieved by green roofs given the available amount of

water in a city and 2) how much water is required to achieve a certain amount of cooling.

Quantifying the cooling effect of green roofs on outdoor air temperatures is difficult

and various studies suggest only a small temperature reduction on street level [Li et al.,

2014, Gromke et al., 2015], [Yang et al., 2016]. Roofs with a high albedo, so-called “cool

roofs”, reflect a larger proportion of solar radiation than conventional roofs and may

excel in reducing outdoor temperatures [Mackey et al., 2012, Georgescu et al., 2014,

Santamouris, 2014], but they lack the additional benefits for ecology and water manage-

ment that green roofs provide [Oberndorfer et al., 2007]. Yet, to significantly improve

thermal comfort both cool and green roof strategies need to be implemented on a large

scale. This also brings up the question how efficiently the implementation of green roofs

can be scaled up. Li et al. [2014] and Sun et al. [2016] describe a linear decrease of air

temperature with green roof fraction, Mackey et al. [2012] compare temperature reduc-

tion to the normalised difference vegetation index (NDVI) from satellite measurements

and also find a linear relationship. However, this dependency is not well understood. If

this relation holds in general, a fast way of determining the slope coefficient depending

on urban characteristics will be of great support for decision makers and urban planners.

This paper establishes a simple relation to estimate the cooling potential of green
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Figure 1. a) Schematic of TEB. b) Schematic of the modified TEB scheme, including

the surface layer above the canyon and green roofs. The symbol T denotes temperature,

q specific humidity, W water, and r aerodynamic resistance. The subscript R stands

for conventional roof, G for green roof, r for road, w for wall, c for canyon, s for surface

layer and atm for the atmosphere. The geometry is given by building height h, building

width b and canyon width l. The middle of the surface layer is at an elevation zs and

the atmospheric forcing height is zatm. fG is the fraction of green roof to total roof

area.

roofs for known urban properties and climate. Specifically we 1) quantify the cooling

of green roofs on an urban scale taking the urban energy balance (UEB) model

approach [Oke, 1988, Grimmond et al., 2010]; 2) examine how the cooling relates to the

evaporation rates; and 3) derive a relatively simple equation for the cooling potential for

a given amount of water to evaporate. The paper is organised as follows. In section 2

the original UEB model and the changes we made for simulating green roofs in an urban

environment are discussed. In section 3 we will present steady and unsteady diurnal

cases simulated with the new model and study the effect of surface layer thickness, urban

geometry, method of water supply and evaporation from green roofs on the surface layer

temperature. In section 4 we derive an algebraic equation to predict the cooling from

green roofs and compare it to the findings in section 3. Finally in section 5 we discuss

our findings and set them into context of application in real cities.

2. Model description

2.1. Town Energy Budget

The coupling of numerical weather prediction models with the (urban) surface is usually

achieved by using land surface modules such as the Town Energy Budget [Masson, 2000,

TEB] used by the French national weather service (Météo-France) or the Joint UK Land

Environment Simulator [Best et al., 2011, Clark et al., 2011, JULES] by the UK Met
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Office. These models are based on a surface energy balance. Urban areas exchange

energy in various forms, such as incoming and outgoing longwave (L↓, L↑) and shortwave

radiative fluxes (S↓, S↑), the turbulent sensible heat flux (H), the turbulent latent heat

flux (E), ground heat flux (G) and the net heat storage per unit time (∆Q ≡ dQ/dt).

These fluxes have to balance and the surface energy balance equation is expressed as

∆Q = (L↓ − L↑) + (S↓ − S↑)− (H + E +G), (1)

where all the terms have unit Wm−2. Additional heat sources could be added if

necessary, e.g. anthropogenic heating. UEB models solve a set of ordinary differential

equations describing the evolution of heat and water on urban surfaces such as roads,

walls and roofs. Air movement is not modelled explicitly; instead aerodynamic

resistances are used to describe the turbulent heat and moisture transport in the

atmosphere.

We used the open source TEB as starting point for our UEB model. Here we

summarise the principles underlying TEB, for a detailed description see Masson [2000].

The urban geometry in TEB is represented as a generic street canyon, including a single

conventional roof (R), wall (w) and road (r) surface (figure 1a). The scheme assumes

isotropy for the street and house distribution on a large horizontal scale. Equations

describing directional process such as radiation are thus integrated horizontally over

360◦. TEB therefore does not represent single buildings, but rather the average over

a large domain. The canyons are represented by mean building height (h), building

width (b) and road width (l). Grimmond et al. [2010] have previously shown that more

complex UEB models do not necessarily yield more accurate results. Three distinct

energy budgets are considered for the roof, wall and road. The TEB scheme thus takes

the form of five coupled differential equations, three for the temperatures and two for

the water reservoirs on the roof and the road. The evolution of temperature with time

is described as

c?d?
dT?
dt

= S? + L? −H? − E? −G?, (2)

where T? [K] represents the roof, wall or road temperature, respectively. The

corresponding heat capacity is c [Jm−3K−1] and the layer thickness d [m]. The water

(W ) budget on the roof and road is

dW?

dt
= P − E?

Lv

−R, (3)

where P [kgm−2s−1] is the precipitation rate, Lv [Jkg−1] is the latent heat of vaporization

and R is the runoff. The air inside the canyon is assumed not to have any significant

heat capacity and therefore its temperature adjusts instantly to the flux balance between

road, walls and canyon top. The sensible, latent and ground heat fluxes are defined as,

respectively,

H? =
cpρa(T? − Tatm)

r?
, (4)
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E? =
Lvρaδ?(q? − qatm)

r?
, (5)

G? = λ?
T? − Tbld

d?
. (6)

Here cp [Jkg−1K−1] is the heat capacity of dry air at constant pressure and ρa [kgm−3]

is the density of air. The latent heat flux (5) is similar to Eq. (4), where δ? [-] is

the fraction of water on the respective surface and q [kgkg−1] is the absolute humidity.

Sensible (4) and latent heat fluxes (5) between wall, canyon and atmosphere depend on

the aerodynamic resistances r? [sm−1]. These resistances describe the transport in the

atmosphere and depend on the atmospheric stability, i.e. on the local temperature and

wind profile. Ground heat flux (6) is based on one-dimensional thermal conductivity,

where λ? [Wm−1K−1] is the effective thermal conductivity, d? [m] is the layer thickness

and Tbld [K] is the constant internal building temperature. The walls are described

as a single layer with one effective resistance throughout this study. For a complete

account of the TEB, especially the treatment of radiation and details on the aerodynamic

resistances, see the original model description by Masson [2000].

2.2. Inclusion of green roofs

Since TEB is used as a surface parameterisation for numerical weather prediction

models, the fluxes from roof and canyon are directly linked to the atmosphere and

they are completely independent of each other (see figure 1a). As a consequence it is

not possible to study the effect of roofs on canyon temperature. In order to allow the

roof to interact with the other surfaces, it is necessary to introduce an additional air

layer between the roof and the atmosphere (figure 1b). The introduction of this surface

layer splits the original resistances into two parts. The surface layer air has a moisture

content (qs) and a heat capacity, i.e. temperature (Ts). The evolution of the surface

layer’s air temperature and absolute humidity are given by

csds
dTs

dt
= (aRHR + acHc + aGHG −Hs) , (7)

ρaLvds
dqs

dt
= (aRER + acEc + aGEG − Es) . (8)

The fluxes from the canyon, conventional roof, green roof and surface layer are denoted

with subscripts c, R, G and s, respectively. The flux from the canyon is the sum of the

fluxes from the road and the walls. The surface layer stretches the entire area of the

urban unit, while the conventional roof, green roof and canyon only cover a part of the

area each. The fraction covered by the canyon, green roof and conventional roof are

ac = l/(b + l), aG = fGb/(b + l), aR = (1 − fG)b/(b + l), respectively. Note that by

definition ac +aG +aR = 1. The terms in (7) and (8) are thus scaled accordingly. In the

context of this study, i.e. during very hot weather, open water surfaces are irrelevant

and will not be considered in the remainder of the paper. The green roof temperature
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TG is governed by equation (2), whilst the green roof water WG, i.e. soil moisture, is

given evolving according to

Lv
dWG

dt
= LvP + fW − EG −R, (9)

where fW/Lv is the additional supply through watering of the plants in kgm−2s−1.

To represent the evaporation from vegetation and soil the Penman-Monteith approach

[Jarvis, 1976, Noilhan and Planton, 1989, ECMWF, 2014] was utilised:

EG =

dqsat
dT

(Rn −G) + ρcp
ra

(qsat(T )− qs)
dqsat
dT

+ cp
Lv

(1 + rs
ra

)
(10)

where dqsat
dT

is the slope of the saturation specific humidity, Rn is the net radiation. The

aerodynamic resistance ra is obtained in the same way as all the other aerodynamic

resistances as described in Masson [2000]. The resistance of the vegetation rs is

parameterised as:

rs =
rs,min

LAI
f1(SG)f2(WG)f3(Ts), (11)

f1(SG) = min

(
1,

0.004SG + 0.05

0.81(0.004SG + 1)

)−1

, (12)

f2(WG) =
Wfc −Wwilt

WG −Wwilt

, (13)

f3(Ts) =
1

1− 0.0016(Ts − 298)2
. (14)

where LAI is the Leaf Area Index, Wwilt is the volumetric soil moisture at wilting point

and Wfc is the volumetric soil moisture at field capacity.

3. Results

3.1. Steady state

In this section the modified TEB (MTEB) is used to study the effect of green roofs on

the local microclimate. Of particular interest is the relationship between air temperature

(T ) and latent heat flux (E), since the latter can be directly influenced by increasing the

area of green roofs or by additional watering of the plants. We study four steady state

base scenarios with different geometries and climates described in Table 1. All base

scenarios represent summer conditions, with no open water available for evaporation.

Hot scenarios (H) are in an environment with high atmospheric temperature (32◦C)

and solar radiation (520Wm−2), cool (C) scenarios have lower temperature (22◦C) and

radiation (480Wm−2). The narrow (N) canyon geometry has a street width of 12m and

building width of 26m. The wide (W) geometry features 20m wide roads and buildings.

For all cases external forcings, i.e. the incoming solar radiation and atmospheric

temperature, were held constant during the simulation, thus given enough time the
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Table 1. Scenario parameters.

Case S [Wm−2] Tatm [◦C] h [m] b [m] l [m]

CN 480 22 20 26 12

CW 480 22 20 20 20

HN 520 32 20 26 12

HW 520 32 20 20 20

system attains a steady state. Therefore, the values for S and Tatm in Table 1 must be

interpreted as daytime means. In reality, urban climate never reaches a steady state

and the diurnal cycle plays an important role. Nevertheless, the steady state results

will prove to be representative also for cities with a diurnal cycle as will be shown in

Section 3.2.

The wind velocity at 48m was 3ms−1 and the longwave forcing was modelled as in

Swinbank [1963] and is a function of atmospheric temperature. The albedo of the

green roof was kept identical to the conventional roof to isolate the effect of evaporative

cooling. For each base scenario a series of simulations with combinations of different

surface air layer thickness, green roof fraction and varying soil moisture content was

carried out and analysed. To define the surface layer thickness the forcing height

of the atmosphere was set to 48m, 150m or 300m resulting in a thickness ds of

28m, 130m and 280m, respectively. The fraction of roof covered by vegetation (fG)

was varied between 0% and 100% of b in 25% intervals. Soil moisture content WG

took one of the following values between wilting point and field capacity in [kgm−2]:

[56, 58, 60, 62, 65, 65.5, 66, 69, 74, 80, 88, 99, 103]. By varying the soil moisture content

the latent heat flux can be influenced while not directly affecting any of the other fluxes.

For a soil moisture content at the wilting point or below no evaporation takes place,

while the maximum evaporation is reached at field capacity. In all the simulations

no runoff was assumed and WG was held constant by supplying water (fW) equal to

the evaporation rate (EG). The additional water supply essentially is a forcing on the

system, which allows for a steady state to be attained. Thus, (9) simplifies to

0 = fW − EG, (15)

Figure 2a shows the influence of the surface layer thickness on the surface layer

temperature ∆Ts for the four base scenarios for a green roof fraction of 50% and soil

moisture content of 65kgm−2. We find that in general the effect on ∆Ts is very weak

and the curves flatten for increasing layer thickness. A thicker surface layer leads to

slightly higher temperatures. This is the result of the resistances depending on the

surface layer thickness. The resistance between the surface layer and the atmosphere rs
depends more strongly on the thickness than the resistance between the surface layer

and the roof rR. Thus a thicker layer reduces the flux between the surface layer and the

atmosphere more than the flux between the roof and the surface layer.
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Figure 2. (a) Change of surface layer temperature (∆Ts) depending on surface layer

thickness ds, (b) soil moisture content WG and (c) green roof fraction fG.

Figure 2b shows the change in surface layer temperature depending on the soil moisture

content. The surface layer thickness is 130m and the green roof fraction is 50%. We

can see that the temperature reduction at the wilting point is 0 since no evaporation

occurs. Increasing soil moisture leads to more cooling, but with a decreasing rate. The

geometry with narrow roads also has wider buildings as can be seen in Table 1; the

same green roof fraction therefore corresponds to a larger vegetated area. The cases CN

and HN thus show a stronger temperature reduction for a given soil moisture content.

Temperature reduction is also larger in a hotter climate.

Figure 2c shows the change in surface layer temperature depending on the fraction of
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Figure 3. (a) Change of the surface layer air temperature and (b) canyon temperature

depending on latent heat flux from vegetated green roofs. Daily evaporated water

column corresponding to the latent heat flux on top x-axis.

roofs covered with vegetation. The surface layer thickness is 130m and the soil moisture

content was 65kgm−2. We observe a linear relationship between temperature reduction

and green roof fraction. Again, hotter conditions lead to a stronger temperature reduc-

tion for a given green roof fraction and the geometries with narrower streets offer more

roof area, leading to more cooling. These two effects coincidentally lead to an almost

identical graph for the HW and CN case.

By plotting surface layer air temperature reduction against the average latent heat

flux it is possible to capture all effects shown in Figure 2 in a single plot. Here the latent

heat flux is averaged over the entire horizontal area to remove the effect of the different
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green roof fractions and roof sizes, i.e.

E = aGEG. (16)

Figure 3a shows a collapse of all the data on a single line of the form

∆Ts = eE ·∆E, (17)

where the gradient eE is the evaporative cooling potential with

eE = −0.014Km2W−1 (18)

for all scenarios. Alternatively, the the relationship can be expressed as

∆Ts = eW ·mmW (19)

where mmW is the daily evaporated water column,

mmW =
E

Lvρw

86400s

day
, (20)

with the density of water ρw = 1kgdm−3, which results in a gradient

eW = −0.35Kday mm−1. (21)

In this form the cooling potential can be better related to the available precipitation.

For the remainder of this paper e will always be expressed as eE in SI units. A previous

study by Li et al. [2014] found a comparable relationship between daily mean near surface

temperatures and domain average daily mean latent heat flux of -0.018Km2W−1 and

for daily maximum near surface temperatures -0.022Km2W−1 by using the mesoscale

atmospheric model WRF-PUCM to study the impact of green roofs on the Baltimore-

Washington metropolitan area. Equation (17) allows us to assess the maximal cooling

we can achieve with the available precipitation for the given climate or we can estimate

the effect additional watering would have on green roof performance, with an upper

limit given by green roof area and climate.

Figure 3b shows the temperature reduction inside the canyon. The slope is

somewhat smaller at -0.01Km2W−1. This is expected since green roofs only interact

with the canyon via the surface layer and not directly. Since the resistance between

canyon and surface layer depends on the surface layer thickness, the corresponding

three cases can clearly be distinguished. We can also observe a deviation from the

linear behaviour for very small latent heat fluxes. Due to the indirect interaction of the

canyon and the green roof we will continue to focus on surface layer temperature.

3.2. Diurnal cycle

We compare the steady state results to an unsteady case with an idealised diurnal

atmospheric temperature and radiation cycles. The forcing corresponds to the HW case

with a surface layer thickness of 300m and a green roof fraction of 50%. Daily shortwave

radiation is prescribed as S = S0 ·max(sin(2π(t−4h)
32h

), 0), truncated and repeated after 24h

leading to 16h daylight per day. Radiation was set to zero during night time resulting
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Figure 4. (a) Diurnal cycle of surface layer temperature for the HW case for

three different soil moisture contents and (b) reduction of daily mean and maximum

temperature due to latent heat flux from green roofs (bottom).

in a daily mean of 520Wm−2. The atmospheric temperature followed the same profile,

with constant 293K during the night and a daytime mean of 305K. The resulting surface

layer temperatures are shown in the figure 4a.

By changing the soil moisture content we can reproduce figure 3 for daily mean

temperatures and maximum temperatures. The daily mean temperatures are the

average over the entire day and the maximum temperatures are the peak surface layer

temperatures that occur around 16:00 in the afternoon. Figure 4b reveals a linear

behaviour for both mean and maximum temperatures even under unsteady conditions
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and confirms the assumption that the effect on mean temperature -0.014Km2W−1 is

lower than on maximum temperatures -0.021Km2W−1. Note that the effect on mean

temperature in the unsteady case is very close to the findings for a steady state

(shown as dashed line), thereby confirming representativeness of simplified steady state

assumption. While the choice of daily mean latent heat flux or evaporated water column

is convenient for comparison with available precipitation it is not ideal to examine

temperature extremes. The temperature maximum is a daytime phenomenon (under hot

summer conditions) and in this idealised case the day is 16h (td) and night 8h long. Since

evapotranspiration at night is minimal, mean daytime evaporation is approximately

24h/16h·E and we indeed find

∆Ts,max ≈ eE ·
24h

td
·∆E. (22)

3.3. Methods of water supply

In sections 3.1 and 3.2 the soil moisture WG was held constant by supplying water

at a rate fW equal to the evaporation rate EG during all the simulations, which is a

necessary condition to reach a steady state. In this section, we will show that our results

do not depend sensitively on the method of water supply. In particular, we carry out

additional simulations without constant soil moisture, but various methods of water

supply, namely:

(i) No water supply, soil moisture slowly depleting

(ii) Using a time series of actual rainfall as forcing

(iii) Watering for 30min in the morning

(iv) Constant watering throughout the day, drip irrigation.

The time series of the water supply can be seen in figure 5a. The rainfall data has

been collected during three summer days of the CAPITOUL experiment in Toulouse,

France [Masson et al., 2008] and amounts to 10.4mm over the three days. The total

water supplied by constant irrigation is 6.5mm and by morning irrigation 4.9mm over

three days, respectively. The geometry and diurnal forcing used were identical to the

unsteady case in section 3.2 and different evaporation rates were achieved by varying

initial soil moisture.

From the results shown in figure 5b it is clear that the slope eE is robust and does not

significantly depend on the chosen supply method. The “mean” quantities are averaged

over the third day. E and ∆Ts,mean are thus the 1-day averages of the differences between

a scenario with evaporation and one without. The temperature reduction ∆Ts,max is

the difference between the daily maximum temperature of scenarios with and without

evaporation during the third day. It is important to consider that when plotting ∆T

vs E, excess water does not show up in the graph, since it runs off and does not

evaporate. The water supply to green roofs in reality would thus need to be larger

than the evaporated water column in the paper suggests, since runoff can usually not
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on latent heat flux from vegetated green roofs for each method. Daily evaporated water

column corresponding to the latent heat flux on top x-axis.
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be completely avoided. It is thus recommended to chose drip irrigation to avoid runoff

of excess water and achieve a larger cooling.

4. A simple estimate of the evaporative cooling potential

To better understand what processes influence the evaporative cooling potential e and to

estimate the value without having to solve the set of differential equations numerically,

we derive an algebraic expression for e. The MTEB model is a set of ODEs describing

the evolution of heat and water reservoirs over time. Every differential equation is

based on a flux balance. The exchange processes between the reservoirs and between

the reservoirs and the atmosphere are described by various functions depending on the

current state of the system, x = [TR, Tw, Tr, qs, Ts, TG,WG]T . A very general way to

express the MTEB model is then

C
dx

dt
= g(x) + f (23)

where C is a diagonal matrix containing the heat capacities. The external forcing on

the system, notably the solar short-wave radiation and water supply (fW ) is given by

f = [SR, Sw, Sr, 0, 0, SG, fW ]T . (24)

The 7× 1 column vector g = (g1(x), g2(x), ...) contains the energy and water balances

(equations (2), (3), (7), (8), (9)) and defines the evolution of xi with time. To analyse

the reaction of this system to a perturbation from a reference state x0 we perform a

multivariate Taylor series expansion with result

C
dx

dt
= g(x) + Jε+ f + O

(
ε2
)
, (25)

where ε = x − x is the deviation from the reference state and Jij = ∂gi
∂xj
|x0 is the

Jacobian given by

J =



J11 0 0 0 J15 0 0

0 J22 J23 0 J25 0 0

0 J32 J33 0 J35 0 0

0 0 0 J44 J45 J46 J47

J51 J52 J53 0 J55 J56 0

0 0 0 J64 J65 J66 J67

0 0 0 J74 J75 J76 J77


, (26)

with e.g. J11 = ∂g1
∂TR

and g1(TR) = LR(TR) − HR(TR) − GR(TR) (from (2)). Thus the

change of the roof temperature with time depends on the roof temperature itself via

functions describing the longwave radiation, sensible heat flux and ground heat flux. To

keep the Taylor series tractable we ignore the dependence of resistances upon x.

We are interested in a change in forcing f = f + fδ, where fδ =

[0, 0, 0, 0, 0, 0,∆fW ]T contains a change in water supply (in Wm−2). Here, f = f
corresponds to the steady state forcing in the reference state for which dx

dt
= 0 and
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ε = 0; hence g(x) = −f, implying that the fluxes in the system balance the external

forcing in the steady state. Thus, it follows from (25) that the modified steady state of

the system is governed by

ε = −J−1fδ. (27)

Written out and making use of the fact that fδ contains zeros except for the last entry,

this relation reads

∆TR
∆Tw
∆Tr
∆qs
∆Ts
∆TG
∆WG


= −



J−1
17

J−1
27

J−1
37

J−1
47

J−1
57

J−1
67

J−1
77


∆fW . (28)

The evaporative cooling potential, e, which links ∆Ts to the domain-averaged latent

heat flux E = aGEG is given by

eE = −J−1
57 a

−1
G , (29)

making use of (15).

The Jacobian J can be obtained readily by making use of symbolic mathematics software

such as MAPLE, after which J can be evaluated numerically and then inverted for any

reference state. This works for any UEB, as long as the functions g and their derivatives

are known. For the HW scenario with 50% green roof fraction and 28m surface layer

thickness the result is

J =



−27.34 0 0 0 17.76 0 0

0 −14.1 5.45 0 4.47 0 0

0 12.9 −19.3 0 4.47 0 0

0 0 0 −96450 1.13 −0.69 2.07

4.44 4.47 2.23 0 −58.0 4.44 0

0 0 0 3122 13.22 −24.3 −8.30

0 0 0 3122 −4.54 2.74 −8.30


(30)

and

J−1 =



−38.7 −7.7 −3.7 0.0 −13 −2.2 2.2

−1.8 −102 −30 0.0 −11 −1.9 1.9

−2.5 −71 −73.3 0.0 −12.4 −2 2

0.0 0.0 0.0 −0.01 0.0 0.0 −0.0

−3.4 −12 −5.7 0.0 −20 −3.4 3.4

−2.2 −7.8 −3.8 0.0 −13.6 −3.9 3.9

1 3.9 1.9 −4 6.8 −11 −11


×10−3.(31)

In this case −J−1
57 = −0.0034Km2W−1. With the given green roof fraction and

geometry the green roof makes up 25% of the entire area, and thus eE = −J−1
57 /0.25 =
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−0.0136Km2W−1, which is very close to the value of −0.0135 we obtain by solving the

ODE numerically.

The approach above, although correct, is neither amenable to hand calculations, nor does

it provide insight into physical processes. We thus simplify (26) further by assuming

that feedback processes can be neglected for small ε. Without feedback mechanism it

is possible to reduce the number of equations required to determine eE. A forcing on

the soil moisture content WG will initially only affect EG, whose derivatives appear in

J47, J67 and J77. We can thus disregard the conventional roof temperature TR =⇒ J1,?,

Tw =⇒ J2,? and Tr =⇒ J3,? entirely. Since we are interested in surface layer temperature

and Ts does not directly depend on qs we can also ignore J4,?. Furthermore, without

feedback processes only the upper triangular part of this reduced matrix is important.

The simplified Jacobian is then given by

Js =

 J55 J56 0

0 J66 J67

0 0 J77

 (32)

and the simplified system is

εs = −

 ∆Ts
∆TG
∆WG

 = J−1
s

 0

0

∆fW

 . (33)

Specific to the current problem is that J67 and J77 are identical by definition, as

they both describe the same physical process, namely the evaporation from the green

roof which shows up both in the water and in the energy balance. Making use of of this

inverting Js yields an estimate for eE given by

eEs = −a−1
G

J56

J55J66

= −a−1
G

∂g5
∂TG

∂g5
∂Ts

∂g6
∂TG

. (34)

We can verify that (34) corresponds to eEs by using that under the simplified conditions

eEs = a−1
G
−J56
J55

1
J66

= a−1
G

∆Ts
∆TG

∆TG
a−1
G ∆E

, which is indeed the definition of eE given by (17). In

(34) g5 describes the evolution of surface layer temperature with time and g6 describes

the evolution of the green roof temperature. The only term in g5 depending on the green

roof temperature is the sensible heat flux from the green roof and thus the numerator of

(34) consists of a single term. The denominator describes how the temperatures depend

on themselves and contains all the terms from the energy budgets Eq. (7) and (2),

without the shortwave radiation. Thus,

eEs =
−a−1

G
∂HG

∂TG(
−∂Hs

∂Ts
+ ∂HR

∂Ts
+ ∂Hc

∂Ts
+ ∂HG

∂Ts

)(
∂LG

∂TG
− ∂HG

∂TG
− ∂GG

∂TG
− ∂EG

∂TG

) . (35)

Most terms in (35) are simple to evaluate using (4) for sensible and (6) for ground heat

flux. Longwave radiation follows the Stefan-Boltzman law. Only the term ∂EG

∂TG
depends
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on the model choice and is a lengthy algebraic expression. Specifically, eEs takes the

form

eEs =
−1

aG(−4εσT 3
G0 −

ρacp
rR
− λR

dR
− ∂EG

∂TG
)

R

rR
, (36)

where R can be interpreted as a net parallel resistance associated with the surface layer

and is given by

1

R
=

(
− 1

rs
+
aR
rR

+
ac
rR

(
1

3rR
rc

+ 1
− 1

)
+
aG
rR

)
. (37)

The dominant term in (36) was found to be r−1
s in our scenarios. This implies that

a vastly different stability between the surface layer and the atmosphere could lead to

significant changes in e. Yet, the surface layer is usually convective and resistances

are low during daytime urban heat island conditions, limiting the actual effect of rs.

Evaluating eEs for the given reference values for the HW case results in

eEs = −0.0126
Km2

W
. (38)

This simplified expression (35) produces a reasonably good estimate for e compared to

the full MTEB model and can be used for any other chosen formulations of energy fluxes

in other UEB models or other tools to assess the urban climate. The evaporative cooling

potential can thus be derived without having to resort to complicated modelling.

5. Concluding remarks

We performed a study to quantify to what extent green roofs can help to mitigate

the urban heat island effect. By exploring the properties of a modified urban energy

balance model, we found a robust linear relationship between average latent heat flux

E and mean surface layer temperature reduction ∆Ts. The gradient of this curve,

which we refer to as the evaporative cooling potential eE is approximately -0.014

Km2W−1 for steady state conditions, which is a reasonable representation for daily

average temperature reduction (17) and is in good agreement with more sophisticated

modeling approaches [Li et al., 2014]. We also observe that eE is independent of the

method by which water is supplied to the green roofs. In terms of the average daily

water evaporation, e can be expressed as eW ≈ −0.35 Kdaymm−1. More relevant for the

urban heat island effect is the temperature reduction for daily maximum temperatures,

which could be approximated by simply dividing by the fraction of daytime hours per

day (22). We explored the underlying physical reason behind this linear trend using

Taylor series approximations, and derived a relatively simple algebraic relation (35)

that estimates e within a 10% margin of error. We find that e does depend on the

surface layer resistance rs, since the dominant term in (36) is r−1
s . Emphasis should

thus be placed on the parameterisation of rs.

The evaporative cooling potential is a useful tool for city planners to get a rough

first order estimate of how much cooling green roofs can provide. Indeed, we can use
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eW to estimate the possible cooling from green roofs in a city by comparing the daily

evaporated water column to the mean daily precipitation in that city. For example

London, with a mean summer precipitation of about 1.5mmday−1, can achieve an

average surface layer temperature reduction of 0.4K if all the water above urban areas

could be retained and evaporated. Without additional watering the outdoor cooling

effect of green roofs in London will thus be rather small. However, the effect on daily

maximum temperatures is larger and during very hot days small temperature reductions

can have a significant influence on health [Kovats and Hajat, 2008, Luber and McGeehin,

2008].

The small amount of precipitation generally available during hot periods in mid-

latitudes indicates that neither the precise climate nor urban geometry are expected to

be the limiting factors in the cooling potential of green roofs and e is therefore expected

to be quite universal. Indeed, water availability is the main limiting factor. Increasing

the area of green roofs to retain more water is a possible way to achieve more cooling.

Yet, when capturing precipitation by other means (e.g. rain gutters) and using it to

water green roofs, relatively small green roof fractions can achieve the same amount of

cooling.

Most of human activities take place inside the urban canyon and it can thus be

argued that the effect of green roofs on canyon air temperatures is of greater significance

than on surface air layer. Green roofs appear to be an inefficient tool to reduce canyon air

temperature directly. Other blue-green infrastructure like green walls may have a larger

temperature impact. However, anthropogenic heat sources have not been considered in

this paper. Indeed, HVAC (heating, ventilation and air conditioning) units are often

installed on walls and produce large amounts of heat inside the canyons. Green roofs lead

to cooler roof temperatures, and thus reduce the heat flux into the indoor environment

and could therefore indirectly influence the canyon air temperatures significantly. There

are further limitations to this study that deserve detailed investigation, notably the effect

of heterogeneous geometry and plant albedo. Further research is also needed to assess

other green infrastructure strategies like e.g. green walls, swales and parks.
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