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Abstract

Two prototype moss-based green roof systems were developed and evaluated using a newly
cultivated strain of Racomitrium japonicum (Dozy & Molk.) to investigate their feasibility in
mitigating rooftop heat and enhancing carbon sequestration under actual urban conditions.
Flat and sloped-type green roof systems (2 m x 2 m each) were developed and installed
on a rooftop to investigate their performance in summer (from June to August 2025). The
moss-based systems reduced rooftop surface temperature by an average of 6-10 °C during
daytime and retained approximately 1.5-2.5 °C of heat at night, thereby contributing to
cooling and thermal buffering. The moss layer effectively reduced solar radiation heating
of the underlying soil. Despite exposure to intense sunlight and high summer tempera-
tures, the moss maintained a consistent growth rate of 3-5 mm per month. The annual
carbon sequestration capacity of the prototype system was estimated at approximately
0.3 kg C/m?.year, which is comparable to values reported for other vegetation types. These
findings indicate that moss-based green roofs incorporating the newly cultivated moss
strain have practical potential for urban heat island mitigation and carbon capture.

Keywords: carbon capture; green roof; heat island; moss; urbanization

1. Introduction

Urbanization has generally altered local climate systems through the urban heat island
effect, raising surface and air temperatures in cities relative to surrounding rural areas.
Localized warming intensifies the energy demand for cooling, elevates greenhouse gas
emissions, and exacerbates heat-related health risks during extreme weather events [1-3].
Because global warming is worsening and cities are growing denser, leading to higher
temperatures in urban areas, low-energy cooling solutions that can be integrated into
buildings to reduce the heat island effect are required.

Green roofs have been widely adopted as nature-based solutions to mitigate the heat
island effect and deliver additional benefits, including stormwater retention, runoff delay,
improved water quality, noise reduction, and habitat creation [4]. However, the vegetation
of green roofs determines their performance and maintenance costs. Broadleaf plants are
seasonal, whereas conifers are difficult to maintain. Sedum-based green roofs are a potential
solution that is drought-tolerant but has limitations in terms of biodiversity support and
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aesthetic variability. Moreover, sedum-based roofs experience heat stress, seasonal dieback,
and limited cooling performance during peak summer conditions [5].

Mosses are a promising alternative vegetation type for green roofs. As non-vascular
bryophytes, mosses have unique physiological traits that enable them to withstand repeated
desiccation and rehydration cycles, making them highly resilient to drought and temper-
ature extremes [5,6]. Table 1 summarizes the studies of the feasibility and advantages of
moss-based green roofs.

Table 1. Studies of moss-based green roofs.

Moss Species (Focus) Study Conditions Objectives Results (Key Findings) Location
Racomitrium japonicum Identify suitable moss R. japonicum and P. commune showed
(Sunagoke), Polytrichum Rooftop trials with thin species and high survival and cover rates; Japan [7]
commune, Entodon hians, substrates (2-8 cm) substrates for low- recommended as primary species for p
Didymodon constrictus maintenance roofs thin, drought-prone roofs
Roof surface temperature reduced by
R, iaponicum Full-scale rooftop monitoring Quantify thermal more than 10 °C; canopy further South
-Jap at a school mitigation enhanced cooling, which supports use Korea [8]
for urban heat mitigation
Tortella tortuosa, Field survey, laboratory Identify Cladosporium spp. confirmed as

Polytrichum
juniperinum (dominant)

pathogen isolation

moss pathogens

pathogenic; crucial information for roof
maintenance planning

Finland [9]

Sedum-moss cover

Roof system (3 cm),
hydrology monitoring

Quantify stormwater
peak flow reduction

Vegetated roofs delayed runoff; peak
flows significantly attenuated despite
thin substrate

Sweden [10]

Mixed mosses:
Brachythecium salebrosum,
Bryum argenteum,
Ceratodon purpureus,
Pohlia nutans,

P. juniperinum

Survey of 50 roofs, Helsinki

Identify key factors
differentiating
sedum-moss and
meadow communities

Shallow substrates (<5 cm) favored
moss-type roofs; age increases
species richness

Finland [11]

Sedum-moss roofs

Gut-content metabarcoding
of larval samples

Test larval
habitat function

Ten moth species were confirmed to feed
on sedum; sedum-moss roofs contribute
to biodiversity

Belgium [12]

Sedum-moss
assemblages

Chronosequence study of
31 roofs

Link abiotic variables
to plant traits

Deeper substrates favored taller plants
with higher SLA, leading to better water
retention and cooling potential

Sweden &
Finland [13]

P. commune, P. piliferum,
Atrichum undulatum

Green roof modules (n = 88)
in Halifax, Nova Scotia,
under drought
year conditions

Evaluate moss effects
on neighboring
vascular plants and
roof processes

Mosses reduced substrate temperature,
had neutral effect on net water loss, and
selectively facilitated Festuca rubra
growth. All mosses survived the
drought, highlighting their suitability for
green roofs.

Canada [5]

Dicranoweisia cirrata,
Racomitrium canescens,
and Antitrichia californica

Laboratory and outdoor
rooftop tests at Oregon State
University (Corvallis, OR,
USA) under a Mediterranean
climate, using simulated and
natural rainfall events

Evaluate stormwater
retention capacity,
survival under rooftop
exposure, and thermal
buffering effects of
moss-covered roofs

R. canescens showed the highest
water-holding capacity and greatest
stormwater retention (~45% in the lab);
moss roofs cooled and warmed more
rapidly, reducing temperature
fluctuations, and survived rooftop
exposure with minimal irrigation,
making them suitable for lightweight,
low-maintenance green roofs

USA [14]

As shown in Table 1, mosses are a viable and effective vegetation type for exten-
sive green roofs, particularly where the substrate depth and structural load are limiting
factors. Species such as R. japonicum and P. commune have shown strong survival and
coverage under rooftop stressors, including drought, thus confirming their suitability for
low-maintenance systems [7]. They can thrive on extremely thin substrates, significantly
reducing the structural load and allowing deployment on lightweight roofs where conven-
tional vegetation may be infeasible [11]. Moss layers can reduce the substrate temperature,
providing passive cooling comparable to that of vascular plant systems [5,8]. In addition
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to thermal regulation, moss-based green roofs provide ecosystem services. Their mat
structure can absorb and retain precipitation, improving stormwater management even
on roofs with minimal substrate depths [10]. Mosses also contribute to biodiversity sup-
port; sedum-moss roofs host various invertebrate species, including moth larval stages,
thereby expanding the ecological value of green infrastructure [12]. Moreover, mosses play
a key role in the global carbon cycle by collectively storing an estimated 6.43 Gt of carbon
worldwide and by contributing significantly to CO, sequestration [15]. Newly developed
moss species for potential green roof applications were investigated and found that they
maintained high CO, capture rates, even under elevated temperatures and strong light
intensity. This finding addresses a key limitation of most mosses, which are generally
shade-adapted and, therefore, less commonly used as the sole vegetation type on roofs
exposed to intense sunlight [16].

In addition, mosses provide unique air quality benefits. Their high surface areas and
leaf micromorphologies make them efficient at capturing fine and ultrafine particles. Recent
field tests of the MosSkin moss panel system in traffic-impacted areas have reported capture
rates of up to 45,000 particles per mm?, with nearly half of the collected fraction below
0.5 um [17]. Moss systems can also remove volatile organic compounds such as toluene
and significantly reduce formaldehyde concentrations when sufficient biomass is used [18].
Furthermore, mosses play a biogeochemical role in methane mitigation. Sphagnum species
provide a habitat for methane-oxidizing bacteria within their hyaline cells, enabling in
situ CHy oxidation before it escapes into the atmosphere [19]. Laboratory mesocosm
studies showed that submerged Sphagnum layers could reduce methane emissions from
peat systems by up to 93%, acting as a natural biofilter and simultaneously benefiting
from methane-oxidizing bacteria-generated CO; for photosynthesis [20]. This microbial
association highlights the potential for integrating moss roofs into climate mitigation
strategies beyond CO, sequestration.

The harvested moss biomass has potential applications beyond environmental ser-
vices [6,21]. Mosses such as Physcomitrella patens have been successfully engineered to
produce recombinant proteins (e.g., human complement factor H and erythropoietin),
vaccine antigens, and secondary metabolites. These include taxadiene (a paclitaxel precur-
sor), artemisinin (an antimalarial drug), and fragrance terpenoids such as patchoulol and
sclareol [21]. Compared with conventional plant or microbial systems, moss-based produc-
tion allows for human-like glycosylation patterns, improved batch-to-batch consistency,
and a reduced risk of contamination. Photobioreactor technologies support bench-to-pilot-
scale cultivation and provide a path toward industrial-scale biomass production. Mosses
show potential in pharmaceuticals, cosmetics, agriculture, and bioremediation applica-
tions (e.g., heavy metal uptake), suggesting their promise for moss-derived products in
sustainable bio-based industries [21].

In particular, moss-based green roofs support fewer arthropods than systems planted
with other vascular species [22]. This relatively simple community structure could be ad-
vantageous in minimizing allergen sources, pest colonization, and ecosystem maintenance
requirements in urban environments.

In addition to their resilience and low-maintenance requirements, mosses have unique
industrial advantages in green roof applications. As they can be precultivated off-site
in modular mats or panels, moss systems enable rapid on-site installation and minimize
long-term maintenance requirements. This prefabrication approach, such as the MosSkin
system [23], also facilitates quality control, scalability, and easier retrofitting of existing
buildings, supporting the widespread commercialization and urban integration of moss-
based green roofs.
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Despite these advantages, research on moss-only roof systems remains limited,
with most studies focusing on community ecology or thermal and hydrological perfor-
mances under experimental conditions. However, there is little evidence on how moss
systems perform across different roof geometries or how they can be engineered for
large-scale deployment.

In our previous study, a new moss (a selectively bred strain of R. japonicum (Dozy
& Molk.), designated Parkortanso No. 1) demonstrated strong potential for green roof
applications as it maintained healthy growth and physiological activity under high light
intensity and elevated temperature conditions in controlled laboratory tests [16]. Based
on previous findings and the water retention and evaporative characteristics of mosses,
we hypothesized that the moss layer would substantially reduce the rooftop surface tem-
peratures through evaporative cooling during the day and provide thermal insulation at
night. Furthermore, the flat and sloped moss-based systems were expected to show compa-
rable cooling efficiencies, with only minor differences attributable to structural exposure.
The newly developed moss was also expected to exhibit measurable carbon sequestration
comparable to that of other low-biomass vegetated systems. These hypotheses collectively
addressed the potential of moss-based green roofs as an effective, lightweight, and sus-
tainable strategy for mitigating the effects of urban heat islands and contributing to urban
carbon management. Accordingly, this study aimed to investigate the practical feasibility
and environmental performance of the new moss when applied to green roof systems
under actual rooftop conditions. Two moss-based green roof prototypes were developed: a
flat system optimized for conventional flat roofs and a sloped system designed for pitched
roofs coupled with a new moss. The investigation focused on three key aspects: the ef-
fectiveness of moss-based roofs in mitigating rooftop temperatures under high summer
heat, the influence of roof geometry (flat vs. sloped systems) on thermal regulation, and the
potential annual carbon sequestration of the moss when applied to real field installations.

2. Materials and Methods
2.1. Climate Conditions of the Study Location

Seoul, South Korea, is located in a mid-latitude temperate climate zone with four
distinct seasons. Spring (March-May) and fall (September-November) are typically clear
and dry under the influence of migratory anticyclones, whereas summer (June-August) is
characterized by hot and humid conditions dominated by the North Pacific high-pressure
system. In contrast, winter (December—February) is cold and dry due to the prevailing
continental anticyclone. The average annual temperature is 13.2 °C. The highest average
temperature is 27.3 °C in July, and the lowest average temperature is —2.8 °C in December.
The annual average precipitation is 1775.3 mm. The least and most rainfall are recorded in
February and August, respectively. The relative humidity varies from 55% to 75% [24,25].

2.2. Experimental Materials

Parkortanso No. 1, a newly cultivated strain of Racomitrium japonicum (Dozy & Molk.),
was used in this study. The moss was developed by Parkor Bio & Green Co., Ltd. (Seoul,
Republic of Korea). Wild individuals of R. japonicum (Dozy & Molk.) were collected from
multiple natural habitats across different regions to identify those most suitable for rooftop
applications when exposed to strong sunlight and high temperatures. The collected speci-
mens were cultivated outdoors under natural environmental conditions in South Korea
for five years to evaluate their growth rate, morphological stability, and environmental
adaptability. Individuals exhibiting the highest growth rate and the strongest tolerance
to heat and light stress were selectively propagated through vegetative multiplication
to ensure genetic uniformity. This superior strain was characterized based on its mor-
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phological features and subsequently registered as intellectual property under the name
Parkortanso No. 1. This process demonstrates a selective breeding and domestication
approach for developing a cultivated strain of R. japonicum (Dozy & Molk.) optimized
for green roofs and urban temperature mitigation applications. The cultivated strain of R.
japonicum (Dozy & Molk.) was inspected and certified by the Korea National Forest Seed
Variety Center. A quantitative statistical comparison between the Parkortanso No. 1 moss
and the original wild R. japonicum obtained from the inspection process is presented in
Table S1 (Supplementary Materials).

2.3. Experimental Procedure

The experiment was conducted in two phases: an initial phase using bare mosses
without irrigation and maintenance, and a second phase with a developed prototype
moss-based green roof that included an irrigation system for practical application.

2.3.1. Initial Phase: Investigation of Rooftop Application Feasibility of the Bared Moss

The newly cultivated moss survived well under high temperatures (35 °C) and strong
light intensity (1500 pmol/m?.s) in the laboratory chamber experiments [16]. However,
rooftop environments differ significantly from laboratory conditions and can be particu-
larly harsh for shade-loving species such as mosses. Therefore, a preliminary study was
conducted to examine the effects of rooftop weather conditions on the new moss.

Several factory moss trays were placed on the rooftop of a five-story university build-
ing in Seoul. The rooftop was uncovered, without shading vegetation, and was fully
exposed to direct sunlight throughout the day. Because mosses lack true roots and devel-
oped vascular systems, they have limited access to water and soil nutrients through their
roots [26]. Instead, they absorb water and nutrients from atmospheric deposition, such
as rainwater, dust, and humidity, through their leaves and surfaces [26]. Therefore, moss
trays were left to grow naturally without supplemental support (e.g., water or nutrient)
to evaluate their inherent survival capacity. The experiment was conducted over one
year to assess seasonal effects. All observations were recorded and considered during the
development of a prototype system for moss-based green roofs.

2.3.2. Second Phase: Investigation of Rooftop Application Feasibility of the Prototype
Moss-Based Green Roof

(a) Development of prototype moss-based green roofs

Two prototype moss-based green roof systems were developed to evaluate the practical
feasibility of the newly cultivated moss. One prototype was designed for a flat roof
(hereafter referred to as the flat-type system) and the other was designed for a pitched roof
(the sloped-type system; Figure 1). Each system measured 2 m x 2 m. The slope angle is 15°.
Most Korean low-rise residential buildings use roof angles between 10° and 20°, whereas
steeper angles (30—45°) are mainly used for aesthetic purposes or to accommodate snow
loads [27]. Moreover, an extensive green roof achieves maximum stormwater retention
(~85%) at a slope of 1°, which decreased to 76.4% at 14° [28]. Considering the balance among
the typical Korean roof architecture, stormwater retention performance, and substrate shear
stability, a slope angle of 15° was selected for the sloped prototype.

Both systems were installed on the same rooftop of the five-story university building
used in the preliminary experiment. The experiment was conducted between May 2025 and
September 2025. Because moss is vulnerable to direct and intense sunlight, the experiment
was conducted during summer to assess the performance of moss-based green roofs under
the most challenging conditions.
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Figure 1. Experimental set-up for moss-based green roof.

The system comprised four main layers arranged from bottom to top: a 10 mm plastic
panel, a 30 mm sand layer for drainage, a 50 mm composite soil layer for moss growth,
and a moss layer. The boundaries of the system were constructed using wooden frames to
provide an aesthetic appearance. All the components were supplied and assembled by a
professional moss company. Parkortanso No. 1 was used for the experiments.

The sand layer was designed to ensure efficient drainage and minimize damage from
heated water during midday. A waterproof sheet was applied to protect the structure. Sev-
eral herbaceous flowers were added for decoration. Based on the results of the preliminary
experiment, a 20 x 20 mm mesh net was placed over the moss surface to protect it from
wind damage and disturbance by wild animals (Figure 2).

Figure 2. Mosses covered by a protection net.

Although mosses can survive by tolerating desiccation and quickly rehydrating when
water becomes available [5], a lack of water can reduce their carbon sequestration [29].
Based on the results of the initial phase, although mosses could survive without an irrigation
system, they remained under persistently dry conditions with a dark green color. This
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resulted in low rates of carbon sequestration [16]. Accordingly, a semi-automatic irrigation
system was installed to provide water to the green roof. The system comprised a 250 L
water tank, a water pump, spray nozzles, and an automatic control unit. The spray nozzle
is a micro-sprinkler (Vibronet, Oriba, Giv’atayim, Israel) with a flow rate of 40 L/h and a
maximum effective coverage area of 2-3 m. Five nozzles were evenly distributed across
each type of green roof system. Based on preliminary experimental results, the moss was
irrigated twice daily for 15 min at 05:00 and 18:00 to maintain adequate moisture and reduce
the risk of thermal damage from heated water during sunlight exposure. The total amount
of water for each green roof prototype was approximately 50 L/event. Although mosses
have high water content, they lose surface water rapidly through exponential decay within
the first few hours of exposure, particularly under warm, dry, or windy conditions [30].
Photosynthetic activity in mosses follows a hump-shaped response to hydration, with
optimal photosynthesis occurring at intermediate water content (typically 200-1000% dry
weight) [29]. Accordingly, early-morning irrigation may effectively rehydrate moss tissues
before sunrise, enabling them to store sufficient water for evaporative cooling at midday as
temperatures rise, whereas evening irrigation restores hydration after daytime desiccation
and sustains metabolic recovery overnight. However, the irrigation volume was controlled
to supply only the necessary amount of water to avoid excessive water, which could
enhance physical cooling through the direct evaporation of water.

As described earlier, because supplemental fertilizers are unnecessary for moss
growth [26], only water was used in this study. This study also provided an opportunity to
evaluate the necessity of fertilizer supplementation in moss-based green roof systems.

During the first month, the prototype system was covered with black nets to provide
shade. As with other vegetation, mosses require an acclimation period after transportation
and construction processes. This shading, producing a familiar habitat for mosses, helped
the mosses adapt more quickly to the new environment and recover from damage incurred
during installation. Such acclimation was also recommended in other studies [14,31].

(b) Investigation of the performance of a prototype moss-based green roof

To assess the performance of the prototype moss-based green roof, temperature varia-
tions, moss growth rates, and carbon sequestration rates were measured.

To evaluate the effect of the moss-based green roof on the rooftop temperature, temper-
ature variations were monitored using sensors (88598, Daihan Scientific Co., Ltd., Wonju,
South Korea) installed at various points (Figure 1 and Table 2). The sensor accuracy was
£0.3% for reading +1 °C. The logging interval for the sensors was 5 min. Before installa-
tion, the sensors were calibrated to ensure consistent measurement results under identical
conditions. The sensors were calibrated using standard temperatures by the manufacturer
based on the Korea Laboratory Accreditation Scheme. To clarify the difference between
sensors’ measurement data and reduce measurement uncertainty, they were placed in the
same controlled laboratory environment for 24 h at 25 °C £ 3 °C. Sensor 1 was used as a
reference sensor. The measurement data obtained from the other sensors were compared
with those obtained from sensor 1. Pairwise correlations were calculated between each
sensor and the reference. Linear regression models were derived to correct the systematic
offsets or gain differences among sensors to ensure consistent measurements across all
sensors. The relative calibration results are listed in Table 3.

Because May was designated as the adaptation period for the moss, temperature
monitoring was not conducted during that month. From June to September, the tempera-
tures of the bare roof surface and moss-based green roof were measured to evaluate the
performance of the moss-based systems.

In addition, to specifically assess the contribution of the moss layer, the temperatures
of the moss layer and the underlying soil were monitored in July, which was selected
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because it is typically the hottest month of summer (Figure 3). However, the temperature
data from June 23 to July 06 and August 10 to August 19 were lost because of electrical

supply issues affecting the sensors. Therefore, data from these days were excluded from
the analysis.

Table 2. Temperature monitoring points for the prototype moss-based green roof.

No. Symbol

Measurement Point

Purpose
1 RT Bare roof surface without shadow To evalgate roof temperature directly
influenced by weather
” FT-1 Beneath the flat-type system To assess the overall temperature mitigation effect of
the whole flat system
3 FT-2 Within the flat system: inside the soil under the To investigate the cooling effect of the moss layer on
moss layer, 1 cm below the soil surface soil temperature
4 FT-3 Within the flat system: inside the moss layer, 5 mm To investigate the effect of sunlight
above the soil surface on moss temperature
5 ST-1 Beneath sloped system To assess the overall temperature mitigation effect of
the whole sloped system
6 ST-2 Within the sloped system: inside the soil under the = To evaluate the cooling effect of the moss layer on soil
moss layer, 1 cm below the soil surface temperature
- ST-3 Within the sloped system: inside the moss layer, To investigate the effect of sunlight
5 mm above the soil surface on moss temperature
Table 3. Correlation equations for temperature sensors used in this study.
Subiect Sensor 1 vs. Sensor 1 vs. Sensor 1 vs. Sensor 1 vs. Sensor 1 vs. Sensor 1 vs.
) Sensor 2 Sensor 3 Sensor 4 Sensor 5 Sensor 6 Sensor 7
. . y = 1.0037x y=09%99x+ y=099x — y=10072x — y=09991x+ y=1.0007x —
Correlation equation — 0.2074 0.0664 007 02616 0.0903 00122
Coefficient of determination 12 = 0.9882 r? = 0.9884 r? = 0.9874 r? = 0.9889 r? = 0.9886 r? =0.988
The growth rate of the moss was evaluated by measuring its length once a month.
Three identical sampling points were designated for each system, and the measurements
at each point were repeated five times. The average of three sampling points was used to
represent the growth rate of the system.
35 8
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g : | 48
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1
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Figure 3. Atmospheric temperature and precipitation from May to September 2025 in Seoul, South
Korea (data taken from [32] at Seoul Meteorological Observatory distanced approximately 10 km
from the experimental site). The red rectangle indicates the highest temperature month.
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The carbon sequestration capacity of the system was also determined. After measuring
length, moss samples were dried at 65 °C for 48 h to remove all moisture [33,34]. The
dry mass of individual moss bodies was determined using a precision scale (Adventure
Pro; Ohaus, Parsippany, NJ, USA). Random mosses with sizes similar to the average
measured size were selected for dry mass determination, and the experiment was repeated
three times.

To estimate the moss density, the number of moss individuals within an area of
2 x 2 cm? was counted, and five random points were examined for each system. These
values were extrapolated to estimate the total number of mosses per 1 m2. Annual carbon
sequestration C (g/m?.year) was calculated using Equation (1).

Cs=NxMAXxCA 1)

where N is the total estimated number of mosses per 1 m?, MA is the average growth mass
of dry moss from May to September (g/month), and CA is the carbon content ratio of the
moss adapted from elsewhere (%) [16].

The root mean square error (RMSE) was calculated to statistically evaluate the tem-
perature differences, whereas the mean normalized bias (MNB) was used to determine
whether the temperatures were systematically overestimated or underestimated. RMSE
and MNB were calculated using Equations (2) and (3), respectively:

1
RMSE = \/ﬁ Yo (T — Ta)? )
where T1; and Ty; are the temperatures (°C), and n is the number of values.
1 n Ti—Tg
==y 3
MNB = — Y T 3)

where T; is the temperature of subject i, T; is the temperature of the standard subject i, and
n is the number of values.

All charts were generated in Microsoft Office Excel (Version 2307, Microsoft Corpo-
ration, Redmond, WA, USA). T-tests were performed using MATLAB software (Version
9.10.0.1684407, MathWorks, Inc., Natick, MA, USA).

3. Results and Discussion
3.1. Effect of Weather Conditions on Unconstructed Moss in the Initial-Phase Experiment

The seasonal appearance of the moss during winter and summer is shown in Figure 4.

@ (b)

Figure 4. Moss conditions during winter (a) and summer (b).
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As shown in Figure 4, without an artificial water supply, the moss could survive both
winter and summer. However, during summer, high temperatures and strong sunlight
cause the partial scorching of mosses owing to insufficient water.

In addition, wild animals (e.g., birds) were observed to damage moss (Figure 5a), a
problem that was also reported in another study using moss trays [8]. Under dry weather
conditions with little rainfall, the bond between moss and soil weakened, allowing the moss
and soil to be displaced by strong winds (Figure 5b). Conversely, during heavy rainfall,
water accumulated in the trays, and when exposed to intense midday sunlight, the heated

water damaged the moss tissues (Figure 5c).

Figure 5. Moss damage caused by (a) wild animals, (b) dry weather and strong winds, and (c) heavy
rain combined with strong sunlight.

Consequently, the bare moss trays supplied by the manufacturer cannot be directly
applied as green roofs in high-rise buildings. A properly constructed system is required to
ensure structural and environmental suitability for moss-based applications. A protective
net should be installed over the moss surface to mitigate the damage from wild animals
and strong winds. The net should be sufficiently thin to minimize interference with moss
growth. In addition, to maintain moss moisture while avoiding thermal stress, an automatic
irrigation system should be implemented to supply the necessary amount of water.

3.2. Effect of Moss-Based Green Roof on Rooftop Temperature in the Second-Phase Experiment

The temperature mitigation effect of the moss-based green roof was investigated by
comparing the bare roof surface temperature (RT) with the surface temperatures beneath the
flat (FT-1) and sloped (ST-1) systems. Because daytime and nighttime temperatures differ
substantially due to solar radiation, the comparisons are presented separately: daytime
(07:00-18:00) in Figure 6 and nighttime (19:00-06:00) in Figure 7.

As shown in Figure 6, the bare roof temperatures (RTs) are significantly higher than
those of the roofs coupled with both moss-based systems during summer (June-August),
with the exception of several rainy days. When the weather transitioned to fall in Septem-
ber, the temperature difference between the bare and moss-covered roofs decreased. To
statistically verify these differences, paired t-tests were performed (Tables S2 and S3,
Supplementary Materials). As shown in Tables S2 and S3, the moss-based green roof sig-
nificantly mitigated the rooftop surface temperatures during the daytime in all months
(p < 0.001). The average temperature reduction ranged from approximately 3-8 °C, cor-
responding to large effect sizes (Cohen’s d = 0.80-1.31). These high t-values and small
p-values provide strong statistical evidence that the temperature differences between the
bare and moss-covered roofs were not due to random variations. Both the flat (FT-1)
and sloped (ST-1) systems effectively lowered the roof temperatures, although the flat
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design showed a slightly stronger performance. The flat system achieved larger mean
temperature differences (3.4-7.7 °C) and slightly higher effect sizes (mean d ~ 0.9) than the
sloped system (mean d ~ 0.7). This can be attributed to the greater water retention and
reduced convective heat loss in the flat configuration, because the sloped prototype had an
open underside exposed to ambient air circulation. Nevertheless, in practical pitched-roof
installations, this air gap would be minimized, making both systems comparably effective.

The RMSE and MNB results (Tables S3 and 5S4, Supplementary Materials) further
supported these patterns. Daytime RMSE values (5.51-10.9 °C) and negative MNB values
(—16.1% to —7.54%) confirmed consistent temperature reductions under both type systems.

This trend was consistent with the findings of previous studies. The effect of Sunagoke
moss green roofs on temperature mitigation was investigated in an environmental cham-
ber [35]. Under a light intensity of 1000 W/m? with no wind, dry and wet moss reduced
chamber temperatures by up to 10 °C and approximately 16 °C, respectively. When the
wind speed was 3 m/s, the temperature reductions achieved by dry and wet moss were
approximately 7 °C and 8 °C, respectively [35]. In another study, R. japonicum was used
for a green roof installation composed of moss trays, measuring 10 m x 12 m on a school
building. The results showed that the moss-based green roof reduced rooftop surface
temperatures by up to 30 °C [8].

It is worth noting that because the system was shaded during May to facilitate acclima-
tion, the strong cooling observed in summer, particularly in July, likely reflects stabilized
physiological activity and optimized evaporative capacity rather than immediate post-
installation performance. Hence, the July results indicate the steady-state thermal behavior
of mature moss canopies, rather than the transient response of newly transplanted mats.
Similar acclimation periods have been reported for moss-based green roofs, during which
moss tissues recover their photosynthetic capacity, re-establish capillary continuity, and
stabilize water-retention dynamics before achieving full thermal functionality [14,31]. This
suggests that incorporating a short acclimation or establishment phase is essential for
optimizing the thermal performance of moss-based green roofs.

As shown in Figure 7, the average temperature on the bare roof is lower than that on
the moss-covered roof. The statistical results (Tables S2 and S3) and the RMSE and MNB
(Tables S4 and S5) strongly support this pattern. Consequently, temperatures under the
moss-based systems were generally higher than those under the bare roof, confirming the
heat retention and insulation functions of the moss layer. Most nighttime comparisons
showed significant differences (p < 0.001), except in July and August (p > 0.05). These
non-significant results suggest that, during warm and humid summer nights, the thermal
contrast between the bare and moss-covered roofs could be reduced. Under such conditions,
the radiative heat loss was naturally reduced, and both roof types remained at similar
temperatures because of the elevated ambient air temperature and high humidity. The
RMSE and MNB results in Tables S4 and S5 confirm these trends. Nighttime RMSE values
(1.24-2.66 °C) and slightly positive MNB values demonstrated heat retention under the
moss layer. Similar patterns were reported in other studies [5,13]. This is a key advantage
of green roofs over cool roofs, which reflect more sunlight through specialized surface
coatings. It was reported that, although both systems reduced the cooling energy demand
of a building, only green roofs were effective in reducing the heating energy demand [36,37].
The mean annual cooling energy demand of buildings could decrease by approximately
70% and 85% in Cairo (a hot region) and Seoul (a cold region), respectively, when using
green or cool roofs [36]. In contrast, green roofs could reduce annual heating energy
consumption by approximately 30% in Seoul, whereas cool roofs could actually increase it
by approximately 5% [36]. Therefore, green roofs are recommended to reduce the overall
building energy demand, particularly in cold regions such as South Korea. However,
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green roofs are generally more sensitive to environmental conditions than cool roofs (e.g.,
broadleaf plants shed their leaves in winter) [36]. A moss-based green roof can overcome
this limitation owing to the evergreen and resilient nature of moss. Overall, moss-based
green roofs mitigated daytime heat and retained nighttime temperatures, contributing to
reduced building energy consumption and alleviation of the urban heat island effect.

The prototype moss-based green roof could effectively reduce the rooftop temperature.
However, this effect reflected the combined influence of the moss layer, soil, sand, and
plastic panels. To evaluate the specific contribution of the moss layer, the temperatures at
the moss surface and within the soil layer were compared (Figure 8).

As shown in Figure 8, the soil layer beneath the moss has significantly lower tem-
peratures than the moss layer in both flat and sloped systems. A t-test confirmed a sig-
nificant temperature difference between moss and soil at the 95% confidence level (all
p-values < 0.05, Table 4). Effect sizes (0.5-0.58) indicate moderate practical cooling effect.
This suggests that the moss layer reduced the impact of solar heating on the underlying soil.

Table 4. Statistical values comparing the temperature of the moss layer and underlying soil layer in
the moss-based green roof systems.

Time Parameter Flat System Sloped System
Day RMSE (°C) 3.24 2.01
MNB (%) —4.25 —2.64
t-value 9.92 8.63
p-value 3.36 x 10720 3.94 x 10716
Effect size 0.58 0.50
. RMSE (°C) 2.47 1.46
Night MNB (%) 8.64 443
t-value —40.9 —28.8
p-value 456 x 10712 3.90 x 107%7
Effect size —2.39 —1.68

During daytime, the soil layer was cooler than the moss layer (i.e., negative MNB
values in Table 4), with average differences of approximately 3 °C and 2 °C in the flat
and sloped systems, respectively (Table 4). In contrast, at nighttime, the soil layer was
warmer than the moss layer (i.e., positive MNB values in Table 4), with average differences
of approximately 2.5 °C and 1.5 °C for the flat and sloped systems, respectively (Table 4).
Thus, the moss layer helped buffer the soil temperature by reducing daytime heating and
minimizing nighttime heat loss.

In addition, as shown in Table S6 (Supplementary Materials), the moss layer lowered
roof temperatures during daytime by an average of 6-7 °C, with peak reductions reaching
approximately 20 °C. RMSE values of 8-9 °C and negative MNB values confirm a consistent
cooling bias relative to the bare surface. At nighttime, the temperature difference decreased
to 2-3 °C. RMSE values of 3-4 °C and smaller MNB magnitudes indicate weaker but stable
moderation. Flat and sloped configurations exhibited similar thermal performances, sug-
gesting that roof geometry had minimal impact on the inherent temperature regulation of
the moss layer. A previous study reported similar findings [5], where moss alone reduced
soil temperature by approximately 2.5 °C, and when combined with graminoids, by ap-
proximately 5 °C. Although mosses are thin and small, they have a high-water content and
possess a strong evaporative capacity, which enables efficient evaporative cooling. Mosses
possess an exceptionally high water-holding capacity. They can store 60-90% of their total
water externally. Maximum water content can be over 5000% of dry weight, depending
on species, largely due to external capillary storage and specialized hyaline cells [29,30].
However, they rapidly lose surface water through exponential decay within the first few
hours of exposure, particularly under warm, dry, or windy conditions [30]. As water evap-
orates from the moss tissues, latent heat is removed from the surface, thereby lowering the
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roof temperature [35]. Moreover, the moss layer functions as a porous moisture-retaining
medium that increases roof surface roughness. This enhances the airflow interaction at the
roof surface, promotes convective heat transfer, and dissipates accumulated heat [35].

However, the fixed 05:00/18:00 irrigation schedule likely enhanced daytime cooling
by maximizing stored water prior to peak irradiance, which was consistent with the largest
observed RT-FT-3 and RT-ST-3 temperature deltas near midday (Figure S1). Because the
morning irrigation event preceded the daily peak by over 6 h, it did not artificially suppress
ambient maxima but instead supplied water for latent heat removal as temperatures
rose. The significant daytime reductions, indicated by large effect size (Tables 52 and S3)
and negative MNB across months (Tables S4 and S5), indicated a consistent cooling bias
independent of the fixed schedule.

The heat mitigation ability of the newly developed moss-based green roof was com-
pared with that of conventional vegetated roof systems (Table 5). As shown in Table 5, the
heat mitigation efficiency of green roofs varied widely depending on the vegetation type,
local climate, and roof configuration. Sedum-based roofs, widely adopted in Mediterranean
and subtropical regions such as Lisbon, Florianépolis, Cuernavaca, and Catania, typically
reduced roof-surface temperature by 20-33 °C, with maximum cooling up to 30 °C un-
der intense solar radiation. In temperate climates such as Liege and Melbourne, mixed
grasses or sedum systems achieved more modest reductions of 1-11 °C, reflecting the
milder ambient conditions and higher background humidity. In contrast, the moss-based
green roof system developed in this study achieved roof-surface cooling of up to 20 °C at
peak summer conditions in Seoul. Despite the thinner substrate and lower moss biomass
compared with vascular plants, this performance was comparable to that of conventional
systems. This strong performance arose from the high water-holding capacity of the moss,
which allowed rapid surface evaporation once solar radiation increased.

Table 5. Comparison of heat mitigation efficiency among green roofs.

Study Location

Vegetation Climate Condition Heat Mitigation Efficiency

Current study (Seoul,

Roof-surface cooling 6-10 °C
Moss Humid-hot summer (daytime); maximum roof-surface

South Korea) cooling: 20 °C
.\ . . . L Maximum roof-surface cooling
Liege, Belgium [38] Generic grass-type vegetation Temperate oceanic climate during heat events: 11-35 °C
Melbourne, Australia [39] Mixed grasses and Temperate oceanic climate, Surface reduction: 1-3.8 °C
sedum-type vegetation heatwave event
Lisbon & Florianépolis, Sedum Mediterranean & Roof surface cooling;:
Brazil & Portugal [40] humid-subtropical 24-33 °C (max)
Cuernavaca, Mexico [41] Sedum Semi-warm, sub-humid Roof-surface cooling: 20.5 °C
Herbaceous/subshrub plants: Roof-surface cooling (max):
Heuchera ‘Obsidian,” Salvia -Sedum ~26 °C
Catania, Italy [42] officinalis ‘Berggarten,’ Mediterranean climate -Sempervivum ‘Reinhard” ~25 °C
Stachys byzantine, -Heuchera ‘Obsidian” ~30 °C
Sempervivum ‘Reinhard,” Sedum -Stachys byzantine ~30 °C

In general, moss-based green roofs demonstrated effective daytime temperature mitiga-
tion and nighttime temperature retention. Despite their relatively small biomass compared
to that of larger vegetation, the new moss exhibited a strong capacity for temperature regu-
lation. Furthermore, the flat system exhibited better performance than the sloped system.
This difference could be attributed to the empty space beneath the sloped prototype, which
was influenced by the ambient air temperature and wind because the experiment was
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conducted on a flat roof. In actual pitched-roof applications, this empty space does not
exist, and the performance difference between the systems is expected to be negligible.
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Figure 6. Temperature variations on the bare roof surface and under flat and sloped moss-based

systems during daytime in June (a), July (b), August (c) and September (d).
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Time (day)
Figure 7. Temperature variations on the bare roof surface and under flat and sloped moss-based

systems at night in June (a), July (b), August (c) and September (d).
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Figure 8. Temperature variations in the moss and soil layers in July for (a) flat system, daytime;
(b) flat system, nighttime; (c) sloped system, daytime; and (d) sloped system, nighttime.

3.3. Growth Characteristics of Moss Under Rooftop Conditions in the Second-Phase Experiment

Despite high summer temperatures, the new moss survived after 5 months (Figure 9).
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Initial (May 4™) After summer (September 30t )

Figure 9. Conditions of the moss-based green roof at different periods during the study.

As shown in Figure 9, the moss maintained a healthy green color after summer, even
without shading. This finding is important for the CO, capture capacity of moss, because
green moss has the highest CO, capture [16].

To further evaluate moss growth, shoot length was measured once a month. The length
variations and corresponding values are illustrated in Figures 10 and 11, respectively.

Flat system Sloped system

1t AV E!

September

Figure 10. Morphology of the moss at the initial stage and after 5 months of rooftop exposure.
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Figure 11. Growth rates of mosses from May to September (error bars indicate standard deviation,
number of samples = 3, replication = 5).

As shown in Figure 10, the mosses exhibit a significant increase in length, indicating
healthy growth. The moss length increased steadily from May to July in both roof con-
figurations, indicating successful establishment and active growth following installation.
During this early period, the average moss growth rate reached approximately 5 mm per
month. Growth then slowed from July to August (approximately 3 mm), likely because
of high temperatures and strong sunlight in midsummer. This suggests that thermal and
photic stress suppress photosynthetic activity and tissue elongation.

As shown in Figure 11, the flat-type system has a slightly higher moss length and
growth rate than the sloped system during most months. This difference likely resulted
from higher moisture retention on the flat surface, which maintained more stable hydration
for photosynthesis and cell expansion. In contrast, a sloped-type system allows for faster
surface drainage and more direct solar exposure, leading to greater desiccation stress
during dry or hot days. However, the sloped-type system still supported continuous
growth, confirming that the newly cultivated moss maintained its physiological resilience
under both roof types. Consequently, these findings reinforce the suitability of this moss
species for rooftop environments, where it can sustain measurable biomass production
even under direct sunlight and high-temperature fluctuations.

With respect to carbon sequestration, monthly carbon mass was evaluated to determine
growth patterns under varying environmental conditions (Figure 12).

The carbon mass increased proportionally with moss length over time, indicating that
carbon sequestration in moss biomass also increased during the study period (Figure 12).
However, the relationship between carbon mass and moss length was better explained
by a quadratic correlation than by a linear correlation. This could be attributed to the
morphological changes observed in the moss (Figure 10); as time progressed, the moss
length increased; however, the shoots became thinner than at the initial stage. This suggests
that the rate of increase in length was lower than that of mass accumulation.
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Figure 12. Variations in carbon mass with respect to moss length obtained from (a) flat-type system

and (b) sloped-type system (error bars indicate standard deviation).

The carbon sequestration rate of the prototype system was estimated using the mea-

sured carbon mass and moss growth rates based on Equation (1). The estimation procedure

is presented in Table S7. The results are summarized in Table 6.

Table 6. Estimated carbon sequestration rate of the new moss used in the prototype systems.

Carbon Sequestration Rate Flat System Sloped System
Monthly (gC/m?.month) 25.3 27.7
Annual (gC/m?.year) 303 332

As shown in Table 6, the carbon sequestration rate of the moss-based green roof

in this study is approximately 0.3 kg C/m?.year. The sloped-type system exhibited a

slightly higher rate than the flat-type system because it contained a greater number of moss

individuals. This carbon sequestration rate was lower than that reported in a previous

laboratory study (~0.52 kg C/m?.year) using newly cultivated strain of R. japonicum,

Dozy and Molk, mosses [16]. This difference could be attributed to the experimental

conditions. In a previous study, carbon sequestration was estimated from the CO, capture

rate measured in an environmental chamber over a short period, which was ideal for

mosses to maximize their capture capacity. In contrast, under real rooftop conditions,

multiple environmental factors, such as fluctuations in light intensity, daytime heating, and

wind, might affect photosynthetic activity.

Nevertheless, the observed carbon sequestration of 0.3 kg C/m?.year was still signifi-

cant and comparable to that of the other vegetation types, despite the relatively small moss

biomass. A comparison with other studies is presented in Table 7.

Table 7. Reported carbon sequestration rates of different plant species from various studies.

Species

Type

Country

Carbon Sequestration

(kgC/m?2.year)
Newly cultivated strain of R. japonicum

1 Dozy & Molk (this study) Moss South Korea 0.3-0.33

2 P. juniperinum [43] Moss Alaska 0.39

3 Scorpidium scorpioides and Drepanocladus trifarius [44] Moss Greenland 0.001

4 Hylocomium splendens [45] Moss Italia 0.07-0.17

. . Hyytiéla forest,

5 Scots pine tree [46] Pine tree Finland 0.2

6 Fagus sylvatica [46] Beech trees Soro forest, Denmark 0.2

7 Canadian forests [47] Pine trees Canada 0.1-0.63
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Consequently, moss-based green roofs using newly cultivated R. japonicum, Dozy,
and Molk can be practically applied to building rooftops in urban areas to mitigate the
urban heat island effect. The moss demonstrated strong adaptability and maintained its
growth under high temperatures and intense sunlight without shading protection. In
addition, moss-based green roofs can be classified as an extensive green roof type, which
has a thinner substrate layer (2-20 cm) than intensive green roofs, resembling conventional
ground-level gardens with substrate thicknesses exceeding 20 cm [48-50]. Therefore, more
extensive systems require less maintenance and irrigation. Furthermore, their lightweight
structure, which ranges from 60-150 kg/m? compared to 180-500 kg/m? for intensive
green roofs, helps reduce the structural load on buildings [50,51]. Moss-based green roofs
generally host fewer arthropods than roofs planted with vascular species [22], which can
be advantageous for applications requiring low maintenance and reduced pest or allergen
concerns (e.g., hospitals or school buildings) while still maintaining key environmental
benefits such as cooling and stormwater retention. These characteristics highlight the key
advantages of moss-based green roofs.

In general, a significant degree of surface cooling achieved by the moss-based green
roofs of newly cultivated R. japonicum (Dozy and Molk) can substantially influence urban
boundary-layer thermodynamics from an atmospheric perspective. Other studies reported
neighborhood-scale air-temperature decreases of 0.5-2 °C, particularly during heatwaves,
within a 30-150 m radius [38,52]. Similar results would be expected if moss-based systems
were deployed across multiple buildings, given their comparable roof-surface cooling
intensities. In parallel with thermal benefits, the moss-based system demonstrated a
significant carbon sequestration rate. Although modest per unit area, this rate is comparable
to that of low-biomass herbaceous systems. When scaled across large roof areas, it may
represent a meaningful contribution to urban carbon budgets. In particular, the reduction
in cooling-energy demand, which is associated with CO, emissions from air-conditioning,
provides an indirect carbon-mitigation pathway. Consequently, the combined thermal and
carbon benefits of moss-based green roofs may extend beyond individual buildings to
broader atmospheric and climate co-benefits, thereby supporting their role as integrated
nature-based solutions for sustainable urban design.

This study has several limitations. First, the experimental green roof area was relatively
small owing to funding constraints; thus, its impact on the indoor building temperature
could not be evaluated. Second, seasonal effects were not fully assessed, although the
influence of winter on moss growth was expected to be less critical than that of summer.
Moreover, long-term investigation may help determine the risk of moss infections, such
as those caused by fungal pathogens [53]. Third, the irrigation system was only partially
automated and operated on a fixed schedule rather than through a fully controlled feedback
system based on soil moisture. Hence, there is a lack of volumetric water content data for
assessing the influence of irrigation on the cooling effect. Future work will incorporate
volumetric water-content-triggered irrigation and test alternative irrigation methods (e.g.,
short, low-volume pulses) to quantify marginal cooling gains relative to water use. Fourth,
although the moss showed stable growth during the five-month observation period, its
long-term persistence without supplemental nutrients remains uncertain. Future studies
should determine suitable fertilizer regimes to sustain the new moss over multiple years
under rooftop environments. Finally, most studies on moss-based green roofs have been
conducted in the Northern Hemisphere, particularly in Europe, North America, and East
Asia (Table 1). This trend may be attributed to the fact that green roof technology originated
and was industrialized in Germany and Northern Europe during the 1960s-1980s. These
technological advancements have facilitated widespread adoption across Europe and
North America, followed by expansion into East Asia [54]. Moreover, these regions have
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temperate or cool climates with moderate solar radiation and frequent rainfall, which
are favorable conditions for moss survival. In contrast, the Southern Hemisphere, which
includes Australia, New Zealand, and Chile, experiences higher solar irradiance, stronger
UV exposure, and extended dry periods [55], which can limit moss establishment and
persistence. Consequently, research in the Southern Hemisphere has focused on succulents
or native xerophytes for green roofs [56,57], leaving the feasibility of moss-based systems
in warmer and drier climates unknown. Addressing this knowledge gap is essential for
evaluating the global adaptability and resilience of moss-based green roofs in the context
of future climate variability.

4. Conclusions

A prototype moss-based green roof using a newly cultivated strain of R. japonicum,
Dozy and Molk, was developed to investigate rooftop performance and the feasibility
of mitigating the urban heat island effect. Flat and sloped systems were constructed to
represent flat and pitched roofs, and the experiment was conducted during the summer of
2025 under heatwave conditions.

The flat and sloped moss-based green roof prototypes effectively mitigated the rooftop
surface temperature compared with the bare roof throughout summer. During daytime,
the average roof temperature beneath the moss systems was approximately 6-10 °C lower
than that of the bare roof, with maximum instantaneous reductions reaching 20 °C under
peak solar radiation. At night, the moss-covered roofs retained up to approximately 2.5 °C
higher average temperatures than the bare roof, indicating their additional role in reducing
heat loss. Statistical analysis confirmed that these differences were significant with negative
MNB values, further verifying the consistent cooling trends across all summer months.
Consequently, moss-based green roofs using the new moss can provide substantial passive
thermal regulation by reducing daytime heat accumulation and moderating nighttime heat
release, thereby contributing to urban heat island mitigation and building energy savings.

When the configurations were compared, the flat system exhibited a slightly higher
cooling efficiency than the sloped system. The sloped module exhibited slightly weaker
cooling but maintained comparable thermal buffering, suggesting that both types are
suitable for rooftop applications depending on the building design.

Despite direct exposure to high temperatures and intense sunlight, the moss grew
steadily at approximately 3-5 mm per month. The annual carbon sequestration was
estimated at approximately 0.3 kg C/m?.year, a value comparable to other vegetation
under real-field conditions.

Future studies should evaluate the influence of moss-based green roofs on the indoor
thermal regulation and building energy performance. Long-term monitoring across all sea-
sons is also required to assess potential biotic stresses such as fungal infections and to better
quantify annual carbon sequestration. Incorporating volumetric water-content sensors
and moisture-controlled irrigation will allow a more precise analysis of the relationship
between hydration dynamics and cooling performance. Fertilizer supplementation cycles
should also be considered to prolong the lifetime of mosses. Furthermore, comparative
studies in different climatic regions are recommended to evaluate the global applicability
and resilience of moss-based green roofs under future climate scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos16111277/s1, Table S1. Comparison of characteristics of
Parkortanso No. 1 and wild Racomitrium japonicum (Dozy & Molk.). Table S2. Statistical comparison
of temperatures between the bare roof (RT) and the roof coupled with a flat-type moss-based green
roof (FT-1). Table S3. Statistical comparison of temperatures between the bare roof (RT) and the roof
coupled with a sloped type moss-based green roof (ST-1). Table S4. RMSE and MNB for temperature
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comparison between the bare roof and the roof equipped with a flat-type moss-based green roof.
Table S5. RMSE and MNB for temperature comparison between the bare roof and the roof equipped
with a sloped-type moss-based green roof. Table Sé6. Statistical comparison of temperatures between
the bare roof (RT) and temperature of the moss layer. Table S7. Carbon sequestration estimation
procedure. Figure S1. Temperature differences between bare roof and moss-covered roof at daytime
from July 8th to 12th.
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