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Abstract
By enhancing evapotranspiration (ET), green roofs provide cooling benefits for the urban
environment and are recognized as a promising heat mitigation strategy. The evaporative cooling
effects of green roofs strongly depend on the soil moisture conditions and thus irrigation may be
needed to sustain the cooling benefits. It has been shown that the magnitude of cooling benefits
offered by green roof irrigation varies spatially, but its controlling factors remain elusive. In this
study, we combine a surface energy balance (SEB) model with global simulations generated by an
improved Earth System Model to illustrate the key factors controlling the cooling benefits of green
roof irrigation. We employ a simple irrigation scheme, which is only active when there is no ice in
soil layers and when the soil moisture is below field capacity. As a result, most of the irrigation
water leaves the green roof system via ET. We find that the magnitude and also the spatial
variability of the cooling benefits of green roof irrigation are controlled by the irrigation amount,
and a surface energy redistribution factor that encodes the efficiencies of different SEB components
in transferring heat. Further analysis indicates that the enhancement of latent heat flux due to
irrigation is largely balanced by the reduction of sensible heat flux on green roofs. Therefore, the
amount of irrigation needed per unit decrease of green roof surface temperature is mainly
controlled by the convective heat transfer efficiency. A lower convective heat transfer efficiency (e.g.
under a lower wind speed) helps reduce the amount of irrigation needed per unit decrease of green
roof surface temperature. This study highlights the importance of SEB in constraining the cooling
benefits of green roof irrigation and provides valuable guidance for urban planners and policy
makers in terms of heat mitigation and sustainable water management.

1. Introduction

The conversion of vegetated to impervious surfaces
in urban environments leads to reductions in evapo-
transpiration (ET) and contributes to many environ-
mental issues such as urban heat islands and urban
flooding (Oke et al 2017). Given the compact nature
of urban areas and limited available space for plants
and trees, green roofs are recognized as a promising
strategy for reducing urbanheat andmitigating urban

flooding, especially in high-density cities (Tsang and
Jim 2011, Ng et al 2012, Georgescu et al 2014, San-
tamouris 2014, Georgescu 2015, Estrada et al 2017).
Green roofs can also modulate the urban boundary
layer conditions via land-atmosphere interactions,
which might affect the local and regional air quality
(Sharma et al 2016, Song et al 2018). Over the last
two decades green roofs have been studied and imple-
mented inmany cities and countries (Wong et al 2003,
Gaffin et al 2009, Smith and Roebber 2011, Zinzi and
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Agnoli 2012, Gagliano et al 2016, Shafique et al 2018,
WGIN 2021).

Green roofs, also known as eco-roofs or living
roofs, are typically composed of vegetation, soil sub-
strate, filter, drainage, root barrier, and waterproof-
ing membrane (Scholz-Barth and Tanner 2004, Besir
and Cuce 2018, Shafique et al 2018). As an import-
ant heat mitigation strategy, the effectiveness of green
roofs is largely controlled by soil water availability.
At point scales, observational and modelling stud-
ies have shown that ET and the evaporative cooling
effects of green roofs are strongly dependent on soil
moisture conditions (DiGiovanni et al 2013, Sun et al
2014, William et al 2016, Heusinger et al 2018). That
is, green roofs can reduce the surface and near-surface
air temperatures when they are wet; however, their
cooling benefits greatly diminish when they are dry.
These findings are corroborated by numerical studies
at city scales (Li et al 2014, Sun et al 2016). There-
fore, irrigation might be needed to sustain the cool-
ing effects of green roofs, especially in dry regions
(VanMechelen et al 2015, Chagolla-Aranda et al 2017,
He et al 2017, Yang and Wang 2017). The availability
of water is also important for the healthy growth of
vegetation on green roofs (Qin et al 2016, Tsang and
Jim 2016).

To explicitly quantify the relation between the
cooling benefit and the irrigation amount for urban
green infrastructure that includes but is not lim-
ited to green roofs, previous studies have predomin-
ately relied on numerical weather prediction models
such as theWeather Research and Forecasting (WRF)
model (e.g. Vahmani and Hogue 2015; Wang et al
2019) coupled with improved irrigation and other
hydrological parameterizations (Wang et al 2013,
Vahmani and Hogue 2014, Yang and Wang 2015,
Yang et al 2015), as well as building energy mod-
els (Sailor 2008, Heusinger et al 2018). For example,
a recent study by Wang et al (2019) quantified the
cooling effects of irrigating urban vegetation on the
ground (not on the roof) over the Contiguous United
States (CONUS) using a metric called urban water
capacity, which is calculated as the daily average
irrigation depth per degree of urban temperature
reduction. Their results showed that the values of
urban water capacity are 4.52 ± 0.77 mm d−1 ◦C−1

and 7.27 ± 1.27 mm d−1 ◦C−1 (mean ± stand-
ard deviation) for surface and near-surface (com-
monly defined as 2 m above the displacement
height) air cooling, respectively, over the CONUS.
The values of urban water capacity for surface cool-
ing range from 3.01 ± 0.39 mm d−1 ◦C−1 to
5.01 ± 0.37 mm d−1 ◦C−1 across the eight climate
regions defined in Wang et al (2019). The cooling
benefits of urban irrigation have also been examined
from the perspective of tradeoff between heat mit-
igation and water conservation (Epstein et al 2017,
He et al 2017, Vahmani and Jones 2017, Yang and
Wang 2017). For example, also using theWRFmodel,

Vahmani and Jones (2017) showed that the imple-
mentation of cool roofs in California leads to reduc-
tions in both the urban temperature and the water
use for irrigating urban vegetation on the ground. In
other words, the irrigation needed at a given urban
temperature could be partly saved if the urban tem-
perature was reduced through other heat mitigation
strategies (e.g. cool roofs).

An important question that remains to be
answered is that what fundamentally controls the
magnitude of cooling benefits of green infrastruc-
ture irrigation, which motivates this study. Here we
focus on green roof irrigation, which is less studied
compared to irrigation for urban vegetation on the
ground. Unlike previous modelling studies that focus
on developing detailed parameterizations for green
roofs including irrigation schemes, we use a global
Earth System Model with a customized green roof
parameterization that allows irrigation, aided by a
simple surface energy balance (SEB) model, to illus-
trate the key drivers of the cooling benefits of green
roof irrigation. Our aim is not to predict the water use
of green roofs globally, but rather to demonstrate the
impact of green roof irrigation on surface temperat-
ure from the perspective of how the SEB is altered as
a result of watering.

2. Methods

2.1. Earth systemmodelling
2.1.1. Green roof parameterization in CESM
We perform numerical experiments with the Com-
munity Land Model version 5 (Lawrence et al 2019),
which is the land component of the Community
Earth System Model version 2 (CESM2) (Danabaso-
glu et al 2020) and includes an urban model called
the Community Land Model Urban (CLMU). The
CLMU has a roof module that handles the energy
and water balances over roof surfaces. It also con-
siders other facets such as walls, and impervious/per-
vious ground in the urban canyon. Details about
the CLMU model can be found elsewhere (Oleson
et al 2008a, 2008b, 2011, Oleson 2012, Oleson and
Feddema 2020). The default CLMU does not have
a parameterization scheme for green roofs and thus
we add a green roof module to CLMU. We first sep-
arate the roof component within CLMU into three
types: the regular roof, the white roof, and the green
roof. The momentum, energy, as well as water fluxes
between the roof and the air are weighted averages of
those from the regular roof, the white roof, and the
green roof. The model always calculates the temper-
atures and fluxes for each roof type even if the fraction
of a certain roof type (e.g. white roof) is zero, but the
atmosphere does not receive the fluxes from this par-
ticular roof type under such conditions. In this study,
we only consider regular and green roofs, with the
white roof fraction set to zero.
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In the green roof module, the green roofs are
treated as a three-part system: vegetation, soil and
roof deck. The treatment of the roof deck is identical
to that in the original CLMU model, or that of the
regular roof, and the treatment of soil follows the
treatment of pervious ground in the urban canyon
(Oleson et al 2008a). The soil substrate of the green
roof is represented by 20 layers, and the associated
hydrology includes processes like infiltration, runoff
generation, as well as the soil water dynamics. Com-
pared to the regular roof and the pervious ground, the
uniqueness of the green roof system is that it considers
the heat transfer between the soil and the roof deck.
In order to archive this, the heat conduction equation
is solved simultaneously for the soil and the roof deck.
In addition, we parameterize the impact of vegeta-
tion on ET through the stomatal resistance concept
(see text S1 (available online at stacks.iop.org/ERL/
16/084062/mmedia)), with the stomatal resistance of
vegetation parameterized using the so-called Jarvis
scheme (Jarvis et al 1976).

Our parameterization also includes an irrigation
option for green roofs. When irrigation is turned on,
the green roof is irrigated when any of the soil layers
has a soil moisture value (θ) below the field capacity
(θfc). When there exists ice in the green roof soil lay-
ers, no irrigation is applied. The amount of irrigation
water applied to green roofs is calculated as the sum
of soil water deficits (i.e. θfc− θ) in all soil layers.

Compared to regular roofs whose input paramet-
ers such as albedo come froma global dataset (Jackson
et al 2010), the extra input parameters for the green
roof system (and their data sources) are listed in table
S1, including green roof albedo, green roof emissiv-
ity, soil depth, soil texture, hydrological parameters,
and plant physiological parameters needed by the sto-
matal resistance parameterization. These properties
are determined either using typical values from the
literature (Sun et al 2013, Wang et al 2013, Van Heer-
waarden and Teuling 2014, Tian et al 2017) or based
on practical ranges reported in literatures. Also note
that the Jarvis scheme is empirical and the parameters
do not change temporally. The values of these para-
meters can be adjusted by users and spatially varying
values can be also used. We have performed extens-
ive sensitivity studies to these green roof parameters
and found that changes in the SEB as well as the evap-
orative cooling benefits of green roof irrigation vary
with these parameters (not shown), which is consist-
ent with previous studies (Sailor 2008). However, the
main finding of this study, i.e. the strong influence of
the convective heat transfer efficiency on the cooling
benefits of green roof irrigation, is not affected by the
exact values of these parameters (within reasonable
ranges).

2.1.2. Model evaluation
In this section, we evaluate the green roof module
implemented into CESM using observations from an

experimental site at the campus of Tsinghua Univer-
sity, Beijing, China (116.35◦ E, 40.05◦ N) in July 2011
(Sun et al 2013). The green roof at the Tsinghua Uni-
versity site is located on a 11 m tall, multi-functional
office building and is composed of a vegetation-
soil layer (0.05 m) and a medium layer (0.15 m)
on top of the concrete roof deck. The vegetation
is Sedum lineare (or S. lineare), which is an ever-
green succulent plant and very common on green
roofs (Scholz-Barth and Tanner 2004). The meteoro-
logical variables, including precipitation, air temper-
ature, relative humidity, atmospheric pressure, wind
speed and direction, and incoming shortwave and
longwave radiation are recorded by a CR1000 data
logger (Campbell Scientific) and then averaged at
hourly intervals. The green roof surface temperat-
ure and soil water content are also measured, which
are used to evaluate the model performance. Spe-
cifically, the green roof surface temperature is meas-
ured by an infrared sensor above the vegetation-soil
layer and the soil water content is measured by a time
domain reflectometer sensor located in the medium
layer. More details about the site and instruments can
be found in Sun et al (2013).

We run the CESM model at a single-point over
the grid cell (116.3◦ E, 40◦ N) at a horizontal resolu-
tion of 0.1◦. The model is uncoupled from the atmo-
spheric model and is forced by the hourly-averaged
meteorological observations, which is applied at 2 m
above the urban canopy. The input surface data-
set specified for this site is created using the CLM
tool (https://escomp.github.io/ctsm-docs/versions/
release-clm5.0/html/users_guide/using-clm-tools/
creating-surface-datasets.html). The initial states of
green roof soil temperature andmoisture are assumed
to be uniform across the entire depth of the green
roof, with values taken from the in situ measure-
ments. The green roof thermal and hydraulic para-
meters are principally adopted from the study by Sun
et al (2013) (see table S2). Here we emphasize that
some parameters are unique for this site and are dif-
ferent from those used in global runs (to be discussed
in the following section), especially the soil-related
parameters. In global runs, the hydraulic properties
of the soil are determined by the soil hydrological
parameterization in CESM once the fractions of clay
and sand are given. However, since the soil hydrolo-
gical parameterization in CESM might not capture
the soil characteristics at this particular site, we use
the values in table S2 for the soil hydraulic parameters
at this site. The same applies to the thermal properties
of the vegetation-soil andmedium layers and the roof
deck.

The validation period is chosen to be 2–20 July
2011, during which the site experienced both drying-
down and rainfall periods, and no irrigation was
applied. Comparisons between the CESM-simulated
and measured green roof surface temperature (Ts)
and soil water content (θ) are shown in figure 1.
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Figure 1. Comparison of observed and CESM simulated (a) green roof surface temperature (Ts), with R2 of 0.95 and RMSE of
1.38 ◦C, (b) volumetric soil water content (θ), with R2 of 0.995 and a RMSE of 0.0028 m3 m−3, during 2–20 July 2011. In (b), the
red line is the multi-layer mean soil moisture and the shadow is the range of soil moisture across different layers. The in situ
observations (OBS) are measured at the experimental site on the campus of Tsinghua University, Beijing, China.

The CESM-simulated Ts agrees well with the obser-
vation, with a R2 of 0.95 and a RMSE of 1.38 ◦C.
We also compare the simulated multi-layer mean soil
water content as well as its range (i.e. maximum and
minimum values) with the measurements, and find
that the model can also capture the dynamics of soil
water content, with a R2 of 0.995 and a RMSE of
0.0028 m3 m−3. In summary, the green roof module
implemented into the CESMmodel is capable of cap-
turing the observed hydrothermal dynamics of green
roofs at this site. We thus use the improved CESM
model with the green roof module to further invest-
igate the impacts of green roof irrigation at global
scales.

2.1.3. Global experiments
Based on an initial condition provided by the default
CESM codes (which has been spun up), we run
the model at a horizontal resolution of 0.9◦ latit-
ude× 1.25◦ longitude with 0% green roof for another
84 years by recycling the 1990–2010 Global Soil Wet-
ness Project Phase 3 atmospheric forcing (Lawrence
et al 2019) four times until the land state variables
reach a new equilibrium. The default CESM codes

do not include the green roof parameterization and
hence there is no information for the green roof in
the provided initial condition. As a result, we use
the information for the pervious ground as the ini-
tial state for the green roof in this spin up run. Dur-
ing the spin up run, the green roof develops its own
dynamics encoded by the green roof parameteriza-
tion. All simulations conducted in this study (table
S3) use the same initial condition resulting from this
84 year spin up run. In the land-only (uncoupled to
an active atmospheric model) simulations, we per-
form three 21 year numerical experiments using the
same atmospheric forcing from1990 to 2010 and ana-
lyse the last 20 years of simulation results. In the con-
trol (CTL) case, there is 0% green roof (see table
S3). We also conduct another two sensitivity exper-
iments with 100% green roofs (Case_Noirrigation
and Case_Irrigation, table S3). In Case_Noirrigation,
the green roof is not irrigated while it is irrigated
in Case_Irrigation. It should be noted that land-only
simulations do not imply that the near-surface air
temperature (air temperature at 2 m above the dis-
placement height, hereinafter 2 m air temperature) is
the same, since the atmospheric forcing is applied at
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Figure 2. The cooling effects of non-irrigated and well-irrigated green roofs simulated by CESM. (a) The differences in terms of
2 m air temperature between Case_Noirrigation and CTL, (b) the surface temperature differences between green and regular
roofs in Case_Noirrigation, (d) the differences in terms of 2 m air temperature between Case_Irrigation and CTL, (e) the surface
temperature differences between green and regular roofs in Case_Irrigation. Also shown are the probability density functions
(c) and (f). All units for temperature are K. The results are the annual daily mean over 20 years (1991–2010) from land-only
simulations. Only grid cells with more than 0.1% of urban land are shown.

30 m above the urban canopy. The 2 m air temper-
ature in these land-only simulations still respond to
the adoption of green roofs (figure 2). However, these
land-only simulations preclude any feedbacks in the
boundary layer and above as well as ocean and sea-ice
feedbacks.

In addition to land-only simulations, two
land-atmosphere coupled simulations (with and
without irrigation) are conducted (hereafter
Case_Noirrigation_LA and Case_Irrigation_LA, see
table S3). The atmospheric model used in these land-
atmosphere coupled simulations is the Community
Atmosphere Model version 6, which is the atmo-
sphere component of CESM2. The land-atmosphere
coupled simulation follows the Atmospheric Model
Intercomparison Project protocol for the historical
period (Gates et al 1999) and uses prescribed sea
surface temperatures, solar variations and aerosol
chemistry from 1990 to 2010. We treat the first year
as further spin up for the atmospheric model, and the
analysis focuses on the period 1991–2010 (identical
to land-only simulations).

For all simulations, we output the dailymean roof
surface temperatures and all fluxes, including incom-
ing and outgoing shortwave and longwave radiation,
sensible heat flux, latent heat flux, and ground heat
flux associated with green roofs. We also output the
dailymean aerodynamic resistance, heat capacity, and
thermal conductivity for green roofs, as well as the
pressure, air density, and 2 m air temperature for the
urban land. These dailymean outputs are used for our
analysis throughout the paper.We note that the urban
extent in CLMU is represented by three urban dens-
ity classes: tall building district (TBD), high density

(HD), and medium density (MD). For each grid cell,
the urban model output is a weighted average of the
output for individual classes. In this paper, we only
show results for grid cells in which urban land ismore
than 0.1% (i.e. the sum of TBD, HD, and MD needs
to be larger than 0.1%).

2.2. A simple SEBmodel
To understand how the green roof surface temper-
ature responds to irrigation, we develop a simple
SEB model building on earlier work (Bateni and
Entekhabi 2012). This SEBmodel is not used as a pre-
dictive model, but rather used as a diagnostic tool to
illustrate how green roof irrigation alters the surface
temperature through changing the SEB. In a previous
study (Wang et al 2020), we presented the details of
the SEB model and applied it to studying the cooling
effectiveness of white roofs. Our new derivation and
the key changes made in this study are presented in
the supplementary materials (see text S2).

Based on the SEB model, the reduction in roof
surface temperature due to green roof irrigation can
be expressed as:

(∆Ts)SEB =∆Q ′f=−∆LEf=−LvQirrigationf (1)

where ∆LE (W m−2) is the difference in latent heat
flux between an irrigated and a non-irrigated green
roof, Lv (J kg−1) is the latent heat of vaporization,
Qirrigation (kg m−2 s−1 or mm s−1) is the irrigation
water amount, and f (K W−1 m2) is a surface energy
redistribution factor f= 1

1
ra ′ +

1
rg ′

+ 1
ro ′

that encodes the

efficiencies of different SEB components in transfer-
ring heat. The 1/r ′a, 1/r

′
g, and 1/r ′o in f represent
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the linearized heat transfer efficiencies (Wm−2 K−1)
for convection, conduction (in this case conduction
means heat transfer into the soil and the roof deck),
and radiation, respectively. In our study, the daily
mean CESM outputs are used as the input for the
SEB model. For example, the Qirrigation term is taken
from the well-irrigated scenario (Case_Irrigation),
the ∆LE term is the change in the simulated latent
flux between Case_Irrigation and Case_Noirrigation,
and the f term is calculated based on equations S15–
S18 in the supplementary materials using the CESM
outputs from Case_Noirrigation.

A simple physical interpretation of equation (1)
is that the latent heat flux boosted by irrigation is bal-
anced by the reductions in sensible heat flux, ground
heat flux, and outgoing longwave radiation, namely,

∆LE= (−∆H)+ (−∆G)+ (−∆Lout) . (2)

Since sensible heat flux, ground heat flux, and out-
going longwave radiation are all functions of surface
temperature, it is the sum of their linearized efficien-
cies (i.e. 1/r ′a, 1/r

′
g, and 1/r ′o), or f, that determ-

ines the exact reduction of surface temperature in
response to a change in latent heat flux caused by
irrigation.

3. Results

3.1. Evaporative cooling benefits of green roof
irrigation
We first focus on the land-only simulations and
will discuss the land-atmosphere coupled simulations
later. Figures in themain text show the annual (ANN)
mean results, and the June, July, August (JJA) mean
and December, January, February (DJF) mean res-
ults are presented in the supplementary materials.
When the green roof is not irrigated, the cooling
effect is weak due to the limited soil water availability
(figures 2(a)–(c), S1(a)–(c), and S2(a)–(c)). In some
regions, the green roof surface temperature and the
2 m air temperature even increase by 0 K–2 K. This
is likely caused by the reduction in roof albedo. The
green roof albedo value is a global constant (which is
0.3 in our simulations but can be adjusted by users),
while the regular roof albedo values are from a global
dataset (Jackson et al 2010) and are larger than 0.3
in many regions around the world. The reduction
in roof albedo leads to the increased absorption of
incoming shortwave radiation, and thus counteracts
the evaporative cooling effects of green roofs under
water stress conditions. On the other hand, when the
green roof is well irrigated, the cooling effect is much
stronger (figures 2(d)–(f), S1(d)–(f) and S2(d)–(f)):
the surface temperature of green roofs is much lower
than that of regular roofs with the majority of sur-
face temperature difference ranging from −4 K to
0 K; and compared to the CTL case, the majority of

2 m air temperature reduction ranges from −1 K to
0 K. One can also see that the magnitude of cooling
effects of green roof in summer (JJA for the Northern
Hemisphere, and DJF for the Southern Hemisphere)
is stronger than that in winter due to the stronger
latent heat fluxes boosted by the higher solar irradi-
ance. The underling physical mechanism will be fur-
ther discussed in section 3.2.

To better understand the cooling benefits of
green roof irrigation, we evaluate the difference
of surface temperature of green roofs between the
well-irrigated (Case_Irrigation) and non-irrigated
(Case_Noirrigation) scenarios. We denote the reduc-
tion in green roof surface temperature simulated by
the CESM model as (∆Ts)CESM, which shows strong
spatial variability. The magnitude of (∆Ts)CESM is
large in regions like India, the Middle East and the
North Africa at ANN and JJA mean scales (figures 3
and S3). In DJF, the Southern Hemisphere has lar-
ger (∆Ts)CESM than theNorthernHemisphere (figure
S4) but the magnitude of (∆Ts)CESM in DJF is smaller
than that in JJA.

The spatial pattern of the cooling benefits of green
roof irrigation predicted by the SEB model (equation
(1)) shows high correlations with the CESM results
(figure 3). The R2 values are 0.99 in ANN, JJA, and
DJF (table 1). According to the SEB model (equation
(1)), the two controlling factors are the irrigation
amount multiplied by the latent heat of vaporiza-
tion (Lv ×Qirrigation), and the surface energy redistri-
bution factor (f) that encodes the efficiencies of dif-
ferent SEB components in transferring heat. We find
that the spatial pattern of (∆Ts)CESM is well correl-
ated to Lv ×Qirrigation with R2 values of 0.93, 0.95 and
0.96 for ANN, JJA, and DJF, respectively. The spa-
tial variation of f is much less important than that
of Lv ×Qirrigation in controlling the spatial variation
of (∆Ts)CESM, at least based on the CESM results.
The global mean value of f simulated by CESM is
0.035 ± 0.005 K W−1 m2 for ANN, and it shows
weak seasonal variations. The differences between the
JJA/DJF results and theANNresults are less than 1.5%
(figures S3 and S4).

3.2. Changes in the surface energy budget
In this section, we examine changes in the surface
energy budget at the ANN mean scale. Results for
JJA and DJF are again shown in the supplement-
ary materials (figures S5–S8). In land-only simula-
tions, the incoming shortwave and longwave radi-
ation are not affected by the green roof irrigation;
hence we only examine changes in sensible heat flux,
latent heat flux, ground heat flux, and outgoing long-
wave radiation. We find that the increases in latent
heat flux (∆LE) are similar, in terms of magnitude
and spatial pattern, to the decreases in sensible heat
flux (∆H) with R2 values of 0.94, 0.98 and 0.96 for
ANN, JJA, and DJF, respectively (cf figures 4(a) and
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Figure 3. Surface temperature reduction due to green roof irrigation (unit: K) simulated by (a) CESM and predicted by (b) SEB.
Also shown are (c) the irrigation water amount multiplied by the latent heat of vaporization (unit: W m−2) and (d) the surface
energy redistribution factor f (unit: K W−1 m2). The irrigation water amount is from the Case_Irrigation output and the surface
energy redistribution factor f is calculated based on equations S15–S18 in the supplementary materials using the
Case_Noirrigation outputs. The results are the annual daily mean over 20 years (1991–2010) from land-only simulations. Only
grid cells with more than 0.1% of urban land are shown.

(b)). We also find some reductions in ground heat
flux (∆G) and outgoing longwave radiation (∆Lout),
but they are much smaller than reductions in sensible
heat flux (figures 4(c), (d) and 5(c), (d)). As a res-
ult, the increases in latent heat flux (∆LE) are largely,
although not entirely, balanced by the decreases in
sensible heat flux (∆H) (figure 5(b)). This result is
also consistent with the findings of Sun et al (2016).
Here we note that changes in the latent heat flux
(∆LE) and changes in other heat fluxes (e.g. ∆H,
∆G, and∆Lout) tend to be linearly correlated because
of the energy balance constraint, namely, ∆LE=
(−∆H)+ (−∆G)+ (−∆Lout). However, the exact
relations between each other are quite complex
and strongly depend on the green roof proper-
ties. The scattered and seemingly bifurcated rela-
tions between ∆LE and ∆G (figure 5(c)) are mani-
festation of the spatial variability of green roof
properties.

We further find that the spatial pattern of ∆LE
agrees well with that of Lv ×Qirrigation with R2 val-
ues of 0.999, 0.997 and 0.994 for ANN, JJA, and
DJF, respectively (cf figures 3(c) and 4(a) and see
figure 5(a)). This indicates that most of irrigation
water leaves the green roof system primarily through
ET (see also figures S9–S11), which supports the

Table 1. The R2 between the cooling benefits of green roof
irrigation and their drivers for annual mean (ANN), JJA mean,
and DJF mean over 20 years (1991–2010) from land-only
simulations.

R2 ANN JJA DJF

(∆Ts)CESM and (∆Ts)SEB 0.99 0.99 0.99
(∆Ts)CESM and (Lv ×Qirrigation) 0.93 0.95 0.96
(∆Ts)CESM and f 0.04 0.12 0.01

assumption made in the SEB model. To further
understand the main controlling factors of ∆LE, we
find that the spatial pattern of ∆LE is more con-
trolled by the insolation (Sin), with R2 values of 0.54,
0.64 and 0.60 for ANN, JJA, and DJF, respectively,
than the rainfall amount multiplied by the latent heat
of vaporization (Lv ×Qrain), implying that changes
in ET under well irrigated conditions are more con-
trolled by energy availability. This is consistent with
the general understanding of ET dynamics (Brutsaert
1982).

In summary, green roof irrigation boosts the lat-
ent heat flux largely at the expense of sensible heat
flux, and is mainly controlled by energy availability,
not moisture availability from natural pathways (i.e.
rainfall).
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Figure 4. The changes in (a) latent heat flux, (b) sensible heat flux, (c) ground heat flux, and (d) outgoing longwave radiation due
to green roof irrigation simulated by CESM. Also shown are the (e) insolation, and (f) precipitation multiplied by the latent heat
of vaporization. All units are W m−2. The results are the annual daily mean over 20 years (1991–2010) from land-only
simulations. Only grid cells with more than 0.1% of urban land are shown.

3.3. Surface energy redistribution factor
It is not too surprising that the more irrigation is
applied to the green roof, the more evaporative cool-
ing benefits the green roof yields (namely, ∆Ts is
highly correlated with Qirrigation). However, a ques-
tion that remains to be answered is what controls the
ratio of Qirrigation to∆Ts, which can be interpreted as
the amount of irrigation water required to produce a
unit decrease in green roof surface temperature. From
equation (1) it can be shown that

(
Qirrigation

∆Ts

)
SEB

=− 1

Lvf
=

(
− 1

Lvr ′a

)
+

(
− 1

Lvr ′g

)

+

(
− 1

Lvr ′o

)
. (3)

One can see that this newmetric only depends on heat
transfer efficiencies for convection, conduction, and
radiation over green roofs.

Figure 6 shows the irrigation water amount
per unit decrease of surface temperature as well as
the contributions from each heat transfer mech-
anism. Compared to the other two heat trans-
fer mechanisms, convection is the main driver
of

(
Qirrigation/∆Ts

)
SEB

. The annual mean of
−1/(Lv × r ′a) is −0.56 ± 0.07 mm d−1 K−1 and
contributes 55.3% to

(
Qirrigation/∆Ts

)
SEB

. The contri-
butions from conduction and radiation only account
for 26.5% and 18.2%, respectively. Note that there
exist some regions like India and West Africa where

−1/
(
Lv × r ′g

)
is large and becomes comparable

to −1/(Lv × r ′a). This is due to the large thermal
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Figure 5. The relationship between the increase in latent heat flux and the (a) irrigation water amount multiplied by the latent
heat of vaporization, (b) decrease in sensible heat flux, (c) decrease in ground heat flux, and (d) decrease in outgoing longwave
radiation simulated by CESM. All units are W m−2. The results are the annual daily mean over 20 years (1991–2010) from
land-only simulations. Only grid cells with more than 0.1% of urban land are shown.

admittance of the roof deck prescribed by the input
dataset (Jackson et al 2010, Oleson et al 2010), as
discussed elsewhere (Wang et al 2020).

The
(
Qirrigation/∆Ts

)
SEB

and contributions from
the different heat transfer mechanisms do not show
large variations between JJA and DJF (figures S12 and
S13). This can be explained by how the heat trans-
fer efficiencies (i.e. 1/r ′a, 1/r

′
g, and 1/r ′o) are para-

meterized in CESM. The convective heat transfer effi-
ciency (1/r ′a) is primarily determined by the wind
speed in the urban canopy layer (Oleson et al 2008a),
which is slightly (1.5%) higher in DJF than in JJA
due to the stable stratification that reduces the drag.
The conductive heat transfer efficiency (1/r ′g) is fully
determined by the thermal admittance of the green
roof system, including the soil layers and the roof
deck. Since the roof deck properties do not change
with time, the conductive heat transfer efficiency

(1/r ′g) only shows small seasonal variations as a
result of variations in soil moisture. The efficiency
for outgoing longwave radiation (1/r ′o) is a func-
tion of the near-surface air temperature and hence
exhibits the largest seasonal variations (decreases by
11.2% from JJA to DJF) among the three heat trans-
fer efficiencies. However, since its contribution to(
Qirrigation/∆Ts

)
SEB

is the smallest, its seasonal vari-
ations do not lead to large seasonal variations of(
Qirrigation/∆Ts

)
SEB

.
The importance of convective heat transfer effi-

ciency, which represents the effect of atmospheric
turbulence in transporting sensible heat, in con-
trolling the irrigation amount is consistent with pre-
vious studies showing that wind is an important
factor for ET in humid conditions (Santamouris
2014, Gunawardena et al 2017). The finding that the
convective heat transfer efficiency is much stronger

9
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Figure 6. The SEB predicted (a) irrigation water demand per unit decrease of surface temperature for green roofs, and the
individual contributions from the (b) convection, (c) conduction, and (d) radiation efficiencies. All units are mm d−1 K−1. The
results are the annual daily mean over 20 years (1991–2010) from land-only simulations. Only grid cells with more than 0.1% of
urban land are shown.

than the other two efficiencies is consistent with a pre-
vious theoretical study (Bateni and Entekhabi 2012)
and is also consistent with the results in figures 4
and 5 that the increases of latent heat fluxes are
largely balanced by the decreases in sensible heat
fluxes. The larger efficiency for convection implies
that the sensible heat flux responds to perturbations
(caused by irrigation) more strongly than the other
two heat transfer mechanisms, as shown in figures 4
and 5. In the meantime, the decreases in sensible heat
fluxes are related to the decreases in surface temper-
ature through the convective heat transfer efficiency.
Therefore, the convective heat transfer efficiency pre-
dominately controls the amount of irrigation water
per unit decrease of green roof surface temperature,
as shown in figure 6.

We point out that the values of Qirrigation/∆Ts

reported here are different from those in Wang et al
(2019). This is because we use different definitions of
surface temperature and surface area. In our study,
we are only concerned with the green roof system and
hence the area is defined as the green roof area and the
surface temperature is the green roof surface temper-
ature. However, in Wang et al (2019), the study area
is the grid cell size and the surface temperature is the
surface temperature of the whole grid cell. Moreover,
the study byWang et al (2019) focuses on the effects of
irrigation for ground vegetation with a much deeper
soil layer. In their study, irrigation is applied to the top

two soil layers with a total depth of 0.4 m. Therefore,
not all irrigated water is used for ET since some water
further infiltrates into deeper soils and/or generates
runoff.

3.4. Land-atmosphere coupling
The above results are based on the land-only sim-
ulations. To examine whether the SEB model can
be applied to the situation where the atmosphere
responds to green roof irrigation at the same spa-
tial resolution, we conduct land-atmosphere coupled
simulations. The coupled simulations show that the
cooling effects of green roof irrigation as well as the
irrigation water demand per unit decrease of green
roof surface temperature and their controlling factors
change little compared to the land-only simulations
(figures S14, S15 and table S4). Therefore, at the spa-
tial resolutions used in our study, land-atmosphere
coupling does not seem to alter our results. How-
ever, we recognize that this finding might not hold
at other spatial resolutions (Li and Wang 2019). Fur-
ther investigations with higher spatial resolutions are
recommended to fully address the importance of
land-atmosphere coupling.

4. Conclusion and discussion

In this study, we address the question of what con-
trols the cooling benefits of green roof irrigation. We
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find that green roof irrigation enhances ET or latent
heat flux, which is largely balanced by the decrease of
sensible heat flux. As a result, the amount of irrigation
water required to produce a unit decrease of green
roof surface temperature is strongly controlled by the
convective heat transfer efficiency, which represents
the capability of atmospheric turbulence in transfer-
ring sensible heat.

Our study highlights the importance of SEB in
constraining the cooling benefits of green roof irrig-
ation and is broadly consistent with previous theor-
etical and modelling studies (Bateni and Entekhabi
2012, Sun et al 2016). The findings of this study imply
that to accurately predict the cooling benefits of green
roof irrigation, we need better parameterizations for
convective heat transfer within and over urban can-
opies. This is consistent with a recent review study
(Krayenhoff et al 2021) reporting that uncertainties
in key physical processes such as heat convection and
conduction contribute to the large range of rooftop
heat mitigation effectiveness. Currently the convect-
ive heat transfer efficiency for roofs in CLMU is para-
meterized as a function of thewind speed in the urban
canopy layer, which can be traced to earlier work
in the 1930s (Rowley et al 1930, Rowley and Eckley
1932). The uncertainties (maybe even flaws) in this
parameterization, which further relies on the para-
meterization of wind profile in the canopy layer, will
be reflected in the convective heat transfer efficiency.
The parameterization of convective heat transfer effi-
ciency for urban surfaces continues to be a grand
challenge (Hagishima et al 2005), but high-fidelity
large-eddy simulations might shed some insights into
this issue (Li et al 2016).

Our work not only improves the understanding
of energy and water balances of green roofs, but also
provides valuable guidance for urban planners and
policy makers in terms of heat mitigation and sus-
tainable water management. In water-scare regions,
estimating the amount of irrigation water needed for
green infrastructures is an important step for assess-
ing their viability and effectiveness (Van Mechelen
et al 2015, Wang et al 2019). Due to the complex
interactions of many factors (e.g. climatic conditions,
vegetation characteristics, green roof structure and
materials, and irrigation strategies), previous studies
often relied on numerical modelling to quantify the
trade-off between heat mitigation and water conser-
vation for green infrastructures. Using simple water
and energy balance arguments aided by a global
Earth SystemModel, our work demonstrates that the
amount of irrigation water needed by green roofs
to achieve a reduction of one degree in the green
roof surface temperature, i.e.

(
Qirrigation/∆Ts

)
SEB

, is
reasonably constrained. The key to minimize the
irrigation amount per unit decrease of green roof
surface temperature is to reduce the heat transfer

efficiencies for convection, conduction, and radi-
ation. This further implies that we should try to put
green roofs in places with lower wind speed (i.e. smal-
ler convective heat transfer efficiency) and use green
roof materials that have smaller heat capacity and
thermal conductivity (i.e. smaller conductive heat
transfer efficiency). The heat transfer efficiency for
radiation is dependent on the near-surface air tem-
perature and its contribution to

(
Qirrigation/∆Ts

)
SEB

is
limited; hence its policy implication is not highlighted
here.

As alluded to earlier, the aim of this study is
not to predict the water use of green roofs glob-
ally, but rather to demonstrate how irrigation changes
the energy balance over green roofs thereby alter-
ing the surface temperature of green roofs. Hence
our approach is different from many previous stud-
ies that focused on developing detailed parameteriz-
ations for green roofs including sophisticated irriga-
tion schemes. Our approach is intended to comple-
ment and not replace city-specific case studies that
are needed to assess the local-scale benefits of green
roof irrigation and to avoid the negative impacts
on the potentially scarce water resources. The green
roof parameterization implemented into CLMU is a
compromise between including enough ingredients
for studying green roofs but also maintaining max-
imum consistency with the original CLMU in terms
of model structure and calculation. Other factors
like vegetation types and spectral characteristics, sub-
strate types, as well as other material composition
(Kolokotsa et al 2013, Santamouris 2014, Starry et al
2014) have not been fully considered by the paramet-
erization used in this study. The irrigation scheme
is also simplified. From the perspective of water and
energy balances, our key assumption is that the irrig-
ated water does not produce too much runoff, which
seems to be supported by the CESM results (figures
S9–S11). This does not mean that the green roof does
not produce any runoff. Rather, it means that most of
the added water through irrigation does not leave the
green roof system through runoff, but through ET.
In reality, this may or may not be true but could be
achieved with proper design and scheduling of irrig-
ation. Future studies using realistic irrigation sched-
ules (e.g. investigating the actual water requirements
by the vegetation) are highly recommended.We note,
however, that even if our assumption was not valid,
our results allow one to estimate the upper limit of
cooling benefits provided by green roof irrigation (i.e.
when all irrigated water leaves the green roof system
through ET).We also point out that we primarily deal
with the green roof surface temperature in this study.
Although the effects on the 2 m air temperature are
presented (figure 2), more detailed investigations on
the near-surface air temperature and other boundary
layer quantities are left for future studies.
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