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Abstract. Vegetated roofs (i.e. green roofs, GRs) have been
emerging as a promising nature-based solution in urban en-
vironments to mitigate climate change impacts, such as heat
waves, urban flooding, and increased greenhouse gas emis-
sions. Green roofs were shown to provide various ecosystem
services, such as carbon sequestration from the urban atmo-
sphere.

The present study leverages a 9-year, long-term time se-
ries of continuous, integrated flux measurements on a large,
extensive GR in Berlin, Germany, using the eddy-covariance
technique. We investigate, (1) whether the GR is a net annual
sink for carbon, (2) if the sink intensity remains stable over
the whole study period, and (3) the coupling between carbon,
water, and energy fluxes at different temporal scales to deter-
mine their role in shaping the net ecosystem exchange (NEE)
of the GR ecosystem.

The extensive GR was a moderate carbon sink with an av-
erage annual NEE of —92, ranging from —154 to +8 g Cm™>
in the study period from 2015-2023. In the final two years,
2022 and 2023, the annual NEE shifted toward net carbon
release, coinciding with an abrupt increase in substrate or-
ganic carbon, which has been linked to external input of car-
bon to the GR system. During the study period, the roof re-
tained 51 % of precipitation, with a strong coupling between
soil moisture, evapotranspiration, sensible heat flux, and car-
bon flux. Low substrate water content (< &~ 0.05 m?> m~3) re-
duced evaporative cooling and suppressed carbon uptake dur-
ing the summer. The findings demonstrate the importance of
integrated flux monitoring and emphasise the multifaceted
environmental benefits of extensive GRs while also pointing
to their structural constraints.

1 Introduction

Urban environments are increasingly challenged by the com-
bined pressures of climate change and population growth. As
the global urban population continues to rise (United Na-
tions, Department of Economic and Social Affairs, Popu-
lation Division, 2019), expanding settlement areas and im-
pervious surfaces exacerbate flooding risks, elevate green-
house gas emissions, and modify the surface energy bal-
ance, leading to the urban heat island effect (Oke, 1982).
To address these challenges, sustainable and multifunctional
solutions are required. Nature-based solutions (NBS) have
proven effective in mitigating such negative impacts by
restoring ecosystem functions within cities (Pereira et al.,
2023; Ferreira et al., 2022; Soltanifard and Amani-Beni,
2025). However, the limited availability of open space in
densely built environments makes their widespread imple-
mentation at ground level challenging.

Green roofs (GRs) — vegetated surfaces installed on
rooftops — offer a promising form of NBS that can be in-
tegrated into both, new and retrofitted buildings. Roof areas
account for approximately 20 %—25 % of total urban surfaces
(Akbari and Rose, 2008), representing significant potential
for urban greening. On a global scale, it is predicted that
the available area for green roofs will increase by around
80 % between 2022 and 2060 (Urge—Vorsatz et al., 2025),
underscoring their future relevance as an urban nature-based
solution. GRs deliver multiple ecosystem services, includ-
ing stormwater retention (Stovin et al., 2012; Schultz et al.,
2018; VanWoert et al., 2005; Stovin, 2010; Liu et al., 2019),
local air temperature regulation through evapotranspiration
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cooling (Heusinger et al., 2018; Francis and Jensen, 2017),
and carbon sequestration (Heusinger and Weber, 2017b;
Konopka et al., 2021; Starry et al., 2014; Teemusk et al.,
2019). Their performance, however, depends on design and
maintenance factors, particularly substrate depth and vege-
tation type. While intensive GRs support diverse vegetation
due to larger substrate depths, extensive GRs, characterised
by shallow substrates and drought-resistant plants such as Se-
dum, are lighter, require less maintenance, and can be applied
more widely. In Germany, 86 % of newly constructed GRs in
2023 were extensive systems (Mann and Landwehr, 2024)
with a similar value of 84 % reported for Austria for 2022
(Formanek et al., 2024).

Recent observations of green roof surface—atmosphere ex-
change reported that GRs are net carbon sinks by seques-
tering more atmospheric carbon through photosynthesis than
they release through ecosystem respiration. Konopka et al.
(2021) measured the carbon exchange of an extensive GR lo-
cated in Berlin, Germany (same GR as in the present study)
via eddy covariance (EC) over the course of 5 years (Septem-
ber 2014 until August 2019) and found a consistent an-
nual net uptake of carbon with an average of —141 gCm™2.
For the same GR, Hansen et al. (2025) reported a net up-
take of —14gCm~2 over the study period of 24 June to
10 November 2022 as observed by EC, and a net uptake
of —51gCm™2 as observed by soil chambers. Getter et al.
(2009) found that an extensive green roof system in Michi-
gan, USA, sequestered —187 gCm~2 yr~! in above- and be-
lowground biomass and substrate organic matter, whereas
a subtropical intensive green roof in Nanjing, China se-
questered —61 g C m~2 over a 12-month period (Yang et al.,
2023). For a recent overview on sequestration rates of urban
green roofs as estimated by different methods the reader is
referred to Shafique et al. (2020).

Although existing studies demonstrated extensive green
roofs to be a moderate carbon sink, long-term studies exam-
ining the variability of the GR carbon exchange over multiple
years are scarce. Hence, there is a lack of knowledge on how
the boundary conditions, i.e. temporal dynamics of surface
energy balance, water fluxes, and the substrate carbon con-
tent, play a role in shaping the carbon exchange of GRs. Ad-
ditionally, the long-term stability of the carbon sink intensity
of extensive GR remains understudied. Atmospheric uptake
of carbon via photosynthesis and decomposition of plant lit-
ter will increase the amount of carbon in the GR system. This
may be complemented by additional carbon from external in-
puts such as maintenance or management practises (e.g. fer-
tiliser application, mowing, weeding), which subsequently
influence substrate respiration and surface-atmosphere car-
bon exchange of the GR. Consequently, this determines vari-
ation of the sink intensity with time. Better insight into these
interactions, however, is essential for evaluating GR carbon
sequestration potential, resilience, and contribution to urban
climate adaptation and mitigation.
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The present study reports on a nine-year eddy covariance
dataset of carbon, water, and energy fluxes from a large, ex-
tensive green roof in Berlin, Germany. We hypothesise that
the extensive green roof is a sink for carbon and investigate
how the carbon sink intensity evolves with green roof age.
We also investigate to what extent water and energy fluxes
jointly shape the net ecosystem exchange and ecosystem ser-
vice provision. By integrating these components, this study
provides a comprehensive empirical assessment of extensive
GR functioning, supporting modelling of urban ecosystem
services.

2 Material and Methods
2.1 Study site

Data has been collected on an extensive GR in north-
east Germany located on a multi-storey car park at Berlin-
Brandenburg Airport (BER; lat: 52.37°; lon: 13.51°, Fig.
Al). The GR is located southeast of the city centre of Berlin
on plain level terrain at a height of 61 ma.s.l. The roof has
a slope of about 2 %, a size of 8600 m? and was built in
2012. The substrate composition is mainly expanded shale,
expanded clay, lava, pumice and compost with a depth of
9 cm (Table 1). Initial substrate organic matter content, which
was determined by loss-on-ignition, was 3.1 %, according to
the manufacturer’s specification. The roof is non-irrigated
and has been initially planted mainly with Sedum and Phed-
imus species. Vegetation height varies between 0.1 and 0.3 m
throughout the year. Plant surface coverage, as estimated
from photographs taken at regular intervals (usually every
1-2 months) from up to 11 fixed spots distributed evenly
throughout the GR (Heusinger and Weber, 2017a), increased
from about 41 % in the summer of 2015 to ~ 62 % in 2023
(Fig. A2a). Additional information about the site and sub-
strate properties can be found in Table 1.

2.2 Instrumentation and data processing

The study period lasted for 9 years from 1 January 2015 to 31
December 2023. In 2024, photovoltaic panels were installed
across the entire BER roof, which prevents further analysis of
the green roof—atmosphere exchange under the same condi-
tions after the end of 2023. Carbon, water and sensible heat
fluxes were measured using the eddy covariance technique
with a temporal resolution of 10 Hz (Table 2). A Campbell
Scientific CSAT3A sonic anemometer and an EC150 open-
path infrared gas analyser were installed at a height of 1.15m
above roof level. Meteorological variables included air tem-
perature, relative humidity and all four components of the
radiation balance. The volumetric water content (VWC) of
the substrate was measured at a substrate depth of 5 cm using
Campbell Scientific VWC probes, applying the time-domain
reflectometry method. The ground heat flux was measured
with a Hukseflux heat flux plate located 5 cm deep in the sub-
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Table 1. Location and properties of the studied green roof.

BER green roof site

Coordinates lat: 52.37°; lon: 13.51°
Construction finished May 2012

Size [m?] 8600

Slope [%] 2

Plant coverage [%]

~ 62 (summer 2023)

Dominant plant species

Sedum album and -acre,

Phedimus spurius and

-kamtschaticus

Substrate Optigriin M-leicht

— composition lava, pumice, expanded shale,
expanded clay, compost

— depth [cm] 9

— maximum volumetric 42.3

water content [%]

— porosity [%] 71

— organic matter [%] 3.1

— dry bulk density [gem™3]  0.78

— bulk density at water 1.22
saturation [g cm3 ]

strate and corrected for heat storage above the heat flux plate
using a soil temperature sensor and the calorimetric method
(Liebethal et al., 2005; Weber, 2006). All data were stored
with a 30 min time resolution.

The EC data were post-processed using the EddyPro soft-
ware Version 7.0.9 (Fratini and Mauder, 2014; LI-COR Bio-
sciences, 2022) according to established procedures in the
EC community (Aubinet et al., 2012). The data processing
workflow is based on procedures as documented in Konopka
et al. (2021) but will be briefly summarised in the follow-
ing: Spectral correction was applied according to Moncrieff
et al. (1997), and despiking of the data was performed. Qual-
ity flags were calculated according to Foken et al. (2005),
and flags > 7 were rejected. Furthermore, data were rejected
when CO; and H,O signal strengths were <0.7 and data dur-
ing and 30 min after precipitation were rejected. Data from
the wind sector (36-54°), which is the sector where the mea-
surement tripod affects data, was also excluded. The final
data availability was 66 % for CO; and latent heat fluxes and
75 % for sensible heat fluxes. Missing data were gap-filled
using the Look-Up-Tables (LUT) and Mean Diurnal Varia-
tion (MDV) approaches (Falge et al., 2001a, 2001b; Reich-
stein et al., 2005). The LUT algorithm uses data from similar
meteorological conditions to replace missing values. If sim-
ilar meteorological conditions are not found, the MDV ap-
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proach is used, which is based on temporal-autocorrelation
of the fluxes. We follow the standard micrometeorological
sign convention: a negative flux is a flux directed towards the
surface, whereas a positive flux is a flux directed away from
the surface. Furthermore, daytime is defined for gap-filled
data with a global radiation value of >10 W m™2.

2.3 Data quality control

Heusinger and Weber (2017a) documented that the condi-
tions found at BER, e.g. turbulence development, complied
with the principles of EC. Measurement setup was the same
during the 9-year study period; nonetheless, the data qual-
ity and turbulence development were checked for the present
data set to investigate potential differences over time. As
indicators, turbulence spectra as well as integral turbulence
characteristics were calculated.

The integral turbulence characteristic, given by the ratio of
the standard deviation of the vertical wind velocity (ow) to
friction velocity (#*) under neutral stratification, was calcu-
lated for different wind directions to assess turbulence devel-
opment above the GR. The influence of roughness elements
on EC measurements was analysed using the aerodynamic
roughness length (zg), calculated from the logarithmic wind
profile.

Cospectra were calculated for each flux-averaging period
using EddyPro. The program outputs “binned” cospectra by
dividing the frequency range into 50 exponentially spaced
frequency bins and averaging individual cospectral values
that fall within each bin. This reduces noise that typically
affects medium and high-frequency ranges. Subsequently,
the program calculates ensemble-averaged cospectra for the
whole study period that are quality controlled and sorted ac-
cording to the atmospheric stability regime, defined by the
value of the Obukhov length (L; unstable: —650 m <L <O m;
stable: 0 m <L <1000 m).

To check for potential contributions to the measured flux
from areas outside the GR, we calculated the aggregated flux
source area (FSA) using the FFP model (Kljun et al., 2015).
The input parameter of the boundary layer height (k) was as-
sumed as a fixed value of 1500 m. Kljun et al. (2015) reported
minor influence on FSA dimensions when changing the value
of h by 220 % (up to £3.7 % change in FSA peak location
under stable conditions), indicating a low model sensitivity
for h.

2.4 Analysis of substrate carbon content

Multiple bulk substrate samples for laboratory carbon con-
tent analysis were taken every May or June at randomly
selected locations on the GR starting in 2020. In the lab-
oratory, the plant material (roots, leaves, etc.) was first re-
moved from the substrate samples. A mortar and pestle
were used for crushing, grinding, and mixing each sam-
ple. Subsequently, total carbon (C), nitrogen (N) and sul-

Biogeosciences, 23, 5035-5053, 2026



5038

N. Markolf and S. Weber: Net ecosystem exchange of extensive green roofs

Table 2. Overview of measurement setup at BER. Abbreviations: #, v, w = wind vectors, Tg = sonic temperature, S = shortwave radiation,
L =longwave radiation, | = downward, + =upward, VWC = volumetric water content.

Quantity Device Measurement height ~ Sampling

above (+) / below (—)  frequency
roof level [m]

u,v,w,Tg CSAT3A 1.15 10Hz

CO,, HyO mass densities EC 150 1.15 10Hz

SMNSI, LA LY Huskeflux NRO1 2 Ss

Air temperature and air humidity =~ Vaisala HMP155 2 5s

Soil temperature CS 107 —0.025 5s

VWC CS TDR probe —0.05 5s

Substrate heat flux Hukseflux HFPO1SC —0.05 5s

fur (S) in all solid samples were measured by means of
an elemental analyser (EuroEA 3000, HEKAtech GmbH,
Germany) that combusted 10-20 mg aliquots of each sam-
ple in a tin capsule calibrated with a sulfanilamide standard
(CD41 :750: 17 %; ND16:260:22%; SD18:640: 18 %)
and BBOT (2.5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene;
CD72.52 %; ND6.51 %; SD7.44 %). The quality of the mea-
surements was controlled by three certified reference materi-
als — NIST 1515 apple leaves (ND2 : 250 : 19 %), NCG DC
73030 Chinese soil (CDO: 6170 : 044 %; SDO : 20 : 03 %),
MOC soil standard (CD3:190:07 %; NDO : 270 : 02 %;
SDO : 0430 : 005 %) — and sulfanilamide (1 for every 10 anal-
yses).

Samples were not acidified prior to elemental analysis,
so the measurements represent total carbon (TC). However,
because the substrate consists exclusively of non-carbonate
mineral aggregates and contains no carbonate-bearing com-
ponents, inorganic carbon was assumed to be negligible, and
the TC values will therefore be interpreted as total organic
carbon (TC &~ TOC).

In contrast to the laboratory measurements, the manufac-
turer’s value of 3.1 % represents organic matter determined
by loss-on-ignition, a method that quantifies total mass loss
upon combustion and therefore includes true organic material
as well as volatilised structural water and thermally unstable
mineral fractions. Hence, the two metrics cannot be directly
compared. However, the initial TOC range of 1.5 %-2.5 %
was considered plausible based on the substrate composition
(Table 1).

A mass-balance comparison between substrate TOC and
measured EC carbon fluxes was conducted (Sect. 3.4.3, Fig.
11) with the following procedure: Substrate TOC for both the
measured values (2020-2023) and the initial value (2012)
were converted to g Cm™2. The values for the other years
(2013-2019) have been linearly interpolated. In order to
analyse the potential range of substrate TOC, two assump-
tions were made: (1) the initial TOC was set at 1.5 %, and
bulk density was fixed at 0.78 gcm™> (lower bound), and
(2) the initial TOC was set at 2.5 %, and bulk density in-
creased to 1.18 gcm™3 in 2020 (upper bound). For the mass-
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balance comparison, we added the annual carbon seques-
tration (2015-2023) from EC flux observations to the ini-
tial TOC value. For the years 2012-2014, where flux mea-
surements were not yet operational, we assumed a value of
121 gCm~2a"!, i.e. the average for the period 2015-2021.

2.5 Water balance

The water balance is written as:
P=Q+ET+AS (1)

with P =Precipitation, Q =Runoff, ET = Evapotranspi-
ration and AS = Change in storage.

It is a common practice to neglect changes in the wa-
ter storage (AS) over annual/multi-annual periods in natural
ecosystems, because it is minor when compared to the fluxes
of the other components (Xue et al., 2013; Greve et al., 2016).
Some studies, however, found that AS cannot be neglected
in the annual water balance (Han et al., 2020; Bruno et al.,
2022). The water storage capacity of the BER green roof was
found to be 35.8 mm, i.e. maximum possible AS (Markolf
et al., 2024), indicating its minor contribution to the water
balance. The water storage experiences fast fluctuations of
storage levels due to the shallow substrate, indicating that
water has a short residence time before it leaves the GR via
evapotranspiration (ET) or runoff, i.e. extensive GRs are not
comparable to natural ecosystems with groundwater access.
Hence, we decided to neglect AS in the annual water bal-
ance. Due to the fact that P and ET are measured variables
in this study, we attribute the residual to Q (Q = P —ET).
Not measuring Q, but calculating it as a residual of the water
balance, raises uncertainties in this term. However, by cal-
culating the ratio of ET to P for annual and multi-annual
periods, we are able to retrieve an indicator of the volumetric
water retention by the GR.

2.6 Statistical analysis

To evaluate whether there is a statistically significant mono-
tonic trend of a parameter over the study period, two non-
parametric rank-based tests were applied. Spearman’s rank
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Figure 1. Wind rose showing the frequency of individual wind di-
rections and wind speeds at BER during the study period.

correlation assesses the strength and direction of a mono-
tonic relationship between a variable and time by converting
the data values to ranks and calculating a correlation coef-
ficient (p) between the ranked data and the ranked time se-
quence. In addition, the Mann-Kendall trend test was used,
which evaluates all pairwise comparisons among data points
and determines whether later values tend to be systematically
larger or smaller, expressed by the Kendall’s t statistic. The
p-value determines whether the observed trends are unlikely
to have occurred by chance, and statistical significance was
evaluated at a threshold of p = 0.05. Both methods are ro-
bust to non-normality and outliers (Croux and Dehon, 2010),
making them suitable for time-series data with limited sam-
ple sizes.

3 Results
3.1 Meteorological conditions during the study period

Dominating wind directions at BER are from the sectors W
to SSW and E to ENE (Fig. 1). Wind directions 36-54° were
excluded in the quality control process (cf. Sect. 2.2). Wind
speed is 2.7541.5ms~! on average, but peaks in wind speed
are distinctly higher (maximum of 30.3 ms™!) due to the ex-
posed location in the North German plain.

Mean air temperature was 11.1 °C over the study period,
and mean annual precipitation sum was 494 mm (Fig. 2b).
Mean air temperature was highest in 2019 (11.6 °C), and
lowest in 2021 (10.3 °C), and precipitation was highest in
2023 (736 mm), 2.5 times as much as in the driest year,
2018 (295 mm). Precipitation was evenly distributed over the
year, i.e. no rainy seasons (Fig. 2a), but more dry days oc-
curred in summer due to convective rainfall, i.e. less frequent,
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but heavier events. Air temperature showed clear seasonal-
ity: highest temperatures were reached during the summer
months (June, July, August), where daily maxima of > 25 °C
occurred (53 d yr~! on average). The coldest months are De-
cember, January and February, where temperatures often fell
below the freezing point (56dyr~—! on average). Tempera-
tures ranged between —13.4 and 37.9 °C during the study
period.

Compared to data from the 30 years reference period
(1991-2020) at the German Weather Service (DWD) sta-
tion located near the GR (BER: Berlin Brandenburg, DWD-
ID 427, 46 ma.s.l., distance 1.9km) all the years during
the study period were warmer than the average (Fig. 2b),
with 4 years (2015-2017, 2021) showing lower deviations
from the reference period (< 40.7°C) and 5 years show-
ing higher deviations (> +1.4 °C). Only 2017 and 2023 had
higher precipitation sums than the average of the reference
period (117 % and 141 %, respectively), but many years were
close (86 %—99 %). The year 2022 and especially 2018 ex-
perienced precipitation sums well below the average of the
reference period (77 % and 57 %, respectively). Yearly ET
varies between 194 in 2018 and 315 mm in 2017 (Fig. 2c).
The ratio of yearly ET to yearly precipitation, which is in-
dicative of retention (cf. Sect. 2.5), is between 0.49 and 0.58,
except for the drought year 2018 (0.66) and the wettest year
2023 (0.38). Considering the whole study period, the ratio
was 0.51.

3.2 Data quality

The integral turbulence characteristic ow/u* under neutral
stratification is 1.33 on average with low variation across
wind directions (Fig. A3a). This is very close to the value
of 1.25 as proposed for well-developed homogeneous turbu-
lence under neutral stratification (Foken and Mauder, 2024).
Aerodynamic roughness length (z¢) is consistent throughout
wind directions (Fig. A3b), indicating homogeneous vegeta-
tion heights across the GR and minor influence of roughness
elements on EC measurements (mean = 0.04 m).

The normalised cospectra for unstable stratification
(—650m <L<0m; Fig. A4) exhibit the expected turbu-
lent structure with clear peaks at the expected normalised
frequencies, consistent scalar behaviour, and an inertial-
subrange decay close to the theoretical f~*/3 slope. CO,
and H;O cospectra show an enhanced contribution to gas
flux from lower frequencies, i.e. larger eddies, and typical
high-frequency dampening when compared to the sensible
heat cospectrum. The cospectra indicate that the data exhibit
good quality, as the expected patterns of turbulence and flux
are present with minimal noise or distortion.

The 80 % flux source area extends at a maximum of 39
and 36 m towards the dominating wind direction and over
an area of 2550 and 1860 m? for night- and daytime respec-
tively (Fig. 3). The peak contribution is situated in the sector
200 to 300° at a distance of approx. 2.5 m to the EC station.

Biogeosciences, 23, 5035-5053, 2026
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Figure 2. (a) Monthly mean air temperature and precipitation sum for the whole study period. (b) Mean air temperature and precipitation
sum for every year of the study period. Grey, dashed lines indicate the mean from the study period and red, dashed lines indicate the mean
from the reference period (1991-2020, from DWD station 427). (¢) Annual evapotranspiration (ET) sums and ratio of ET sum to precipitation
sum (P) for every year (circles) and the whole study period (dashed, horizontal line).

The 70 % FSA is located entirely within the GR, whereas the
80 % FSA extends beyond the GR, but only at the northern
edge (277-13°), where fetch is the smallest. The nocturnal
80 % FSA exceeds the GR by a maximum of 4.8 m. The area
exceeding the GR accounts for 4.7 % of the total FSA; how-
ever, it contributes <1 % to the total flux since wind from
North is rare at BER (Fig. 1).

3.3 Surface energy balance and water exchange

Peak flux density is reached around noon for the shortwave
components of the radiation balance and in the early after-
noon for the longwave components, corresponding to the
time when substrate and atmosphere temperatures reach their
daily maxima (Fig. 4a). The ratio of reflected to incoming
shortwave radiation (albedo) is 19 % for the study period (Ta-
ble 3). Available energy for turbulent heat fluxes is obtained
as net radiation (Q*) minus ground heat flux (Qg). Energy
balance closure, derived from the regression between avail-
able energy and turbulent heat, is 79 %, indicating a 21 %
closure gap (Fig. AS).

In the median diurnal cycle of the energy balance com-
ponents, sensible heat flux (Qy) is negative during night-
time (Fig. 4b), indicating that heat is transported from the
warmer atmosphere towards the colder GR surface. Also,
heat is transported in the substrate towards the cooler surface.
During daytime, the flux changes direction, and Qy and Qg
become positive, warming the air above the GR and heat is
transported into the substrate. Latent heat flux (Qg) is posi-
tive throughout the diurnal cycle. However, there are individ-
ual events during the study period where Q g becomes nega-
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Figure 3. (a) Site overview. Flux source area calculated by the
FFP model (Kljun et al., 2015), aggregated for the whole study pe-
riod (b), daytime (c¢) and night-time (d). The scale refers to (b),
(c) and (d) only. Basemap: Imagery © 2026 Airbus, CNES/Air-
bus, GeoBasis-DE/BKG, Maxar Technologies, Map data © 2026
Google.
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Figure 4. Median diurnal cycle of (a) radiation balance and (b) en-
ergy balance components for the entire study period. S = shortwave
radiation, L =longwave radiation, | = downward, 1 = upward.

Table 3. Bowen-ratio (8) for the seasons, the whole study period
(SP) and day- and night-time. The median (daytime) albedo as well
as the mean evapotranspiration (ET) sum is given for the individual
seasons and the whole study period. DJF = winter, MAM = spring,
JJA = summer, SON = autumn.

DJF MAM JJIA SON Sp
B —1.09 1.23 1.70 0.25 0.94
B (day) 0.05 1.81 2.05 1.08 1.62
B (night) =275 =299 264 —-476 -3.15
Albedo [%] 17 19 19 19 19
ET [mm] 31 74 101 47 2278

tive during night and water vapour is transported towards the
surface, i.e. dew formation. Qg is larger than Qg and Qf
during the day, and the fluxes peak at noon, when the resid-
ual (i.e. the difference between Q* and the sum of the three
other components) is largest.

The Bowen ratio (), representing the ratio of sensible to
latent heat fluxes, is a diagnostic metric that characterises
the distribution of available energy between turbulent heat
transfer to the atmosphere and the energy consumed by phase
change through evapotranspiration. During winter (DJF) and
during the night, 8 often becomes negative (Table 3) due to
a negative Qp, when heat is transported from the warmer
atmosphere towards the cooler GR. During spring (MAM)
and summer (JJA), there is more energy available, leading
to larger substrate heat storage and stronger positive fluxes.
During the day, g is at least 1 during all seasons except for
winter and is highest during the summer months. Consider-
ing all data, 8 is >1 for spring and summer and 0.25 during
autumn (SON). For the whole 9-year study period, 8 was
close to 1.

https://doi.org/10.5194/bg-23-5035-2026

There is a strong dependence of g on VWC (Fig. 5a), i.e.
water availability for ET. If water availability is not limited,
energy is primarily partitioned into latent heat flux (8<1), re-
sulting in reduced sensible heat exchange and a lower ambi-
ent temperature (Fig. 5b). This effect diminishes once mois-
ture levels are below VWC A 0.05m> m~3. At that thresh-
old, B increases strongly, and energy partitioning into Q g is
larger, thus reducing the cooling effect of the GR.

3.4 Carbon exchange
3.4.1 Median diurnal cycles of the carbon flux

During night-time the carbon exchange between the GR and
atmosphere showed net positive fluxes, representing net car-
bon release (Fig. 6) with the magnitude between 40.85 and
+1.63 umol m—2s~!. Net carbon release was larger during
the first hours of the night (compared to the last) and larger
during the last 4 years of the study period (2020-2023) than
during the first period (2015-2019). During daytime, the me-
dian diurnal cycle showed net negative fluxes, i.e. net up-
take of carbon due to photosynthesis. Peak magnitude was
reached around noon and ranged between —3.61 (2020) and
—1.81 umolm~2 s~! (2023). Hence, the range of annual day-
time variation of carbon fluxes is considerably larger than the
nocturnal variation.

Towards summer, the magnitude of the fluxes increased
(Fig. 7), especially during daytime (higher uptake via photo-
synthesis), but also at night (higher respiration). Highest day-
time net uptake rates were observed during April and May,
and lowest during December and January. The highest noc-
turnal net carbon release rates were observed during June and
July, and the lowest during winter. Length of the net uptake
and net release phases during the day varies according to the
timing of sunrise and sunset and ambient weather conditions.
The standard deviation shows that for each month, the flux
can vary significantly at a certain time of the day. The stan-
dard deviation is largest between 9—12 h and during summer,
and lowest during the night and winter.

3.4.2 Net ecosystem exchange

The BER green roof was a carbon sink, i.e. net carbon uptake,
in the first 7 study years (Fig. 8), ranging from —154 (2017)
to-75gC m~2 (2018). In 2022 and 2023, however, the roof
proved to be a slight source of carbon. On average, the site
annually sequestered —92 ¢ C m~2 in the period from 2015
2023. The cumulative sum of carbon flux displays a clear
seasonality, increasing from the start of the year until Febru-
ary or March (or until April in 2023; representing the source
season), then decreasing during the vegetation period until
September or October (the sink season), after which it be-
gins to rise again. During the sink season, phases of net car-
bon release occur during several years (i.e. 2021). Such in-
termittent net release phases last up to 2 weeks and are often

Biogeosciences, 23, 5035-5053, 2026
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Figure 6. Median diurnal cycle of the carbon flux over the whole
study period and for each year.

induced by rewetting of the substrate, following dry phases.
The Birch effect (Birch, 1958) describes that soil drying and
rewetting causes a burst of microbial activity and rapid de-
composition (Stage 1) followed by a slower rate (Stage 2),
leading to significant carbon release.

During spring and summer, there is a net uptake of carbon,
while during winter and usually also during fall, a net release
of carbon is observed (Fig. 9). On average, the highest net
uptake occurs during May, and the highest net release dur-
ing December. The magnitude of net uptake during summer
shows a positive linear relationship with the plant coverage
for the years 2015-2020, which diminished after 2020 (Fig.
A2b).

The timings of the sink season are similar between all
study years except for 2023, where the sink season is short

Biogeosciences, 23, 5035-5053, 2026

(Fig. 10). For the sink seasons, the net uptake rate and the
NEE do not show a significant trend over the years of the
study period (Table A1). For the source seasons, NEE shows
a significant increase, while an increase in the net release rate
is only significant at a threshold of p>0.1 for the Spearman
test.

3.4.3 Sensitivity of NEE to additional carbon in the GR
substrate

The shift of the annual NEE to a net source of carbon in
2022 and 2023 (Figs. 8, 9) was predominantly driven by in-
creased respiration rather than decreased photosynthetic up-
take (Figs. 6, 10). Hence, we examined substrate TOC mea-
surements, which were sampled at the site from 2020 to 2023
(cf. Sect. 2.4), for possible changes such as additional exter-
nal inputs of carbon between the years 2021 and 2022. We
found an abrupt increase in substrate TOC from 2021 to 2022
(Fig. 11a), which coincides with the observed changes in car-
bon flux measured via EC.

We used the initial substrate TOC and added the annually
observed NEE value (red area in Fig. 11b). In contrast, the
substrate TOC as quantified from substrate samples was lin-
early interpolated for the period from 2012 to 2020 and dis-
played for different assumptions of the dry bulk density and
initial TOC (cf. Sect. 2.4). It is evident that the increase in
substrate TOC is not entirely due to atmospheric carbon se-
questration but due to an additional source of carbon, as indi-
cated by the two estimates separating after 2021 (Fig. 11b).

https://doi.org/10.5194/bg-23-5035-2026
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3.4.4 Role of water, and energy fluxes in shaping the
NEE

Carbon flux is also influenced by the environmental condi-
tions on the GR. During winter, higher temperatures lead
to increased respiration due to enhanced activity of soil mi-
crobes (Fig. 12a). During autumn, daily NEE is positive
when the daily mean temperature is <10 °C and in spring, net
uptake is evident even at colder temperatures. Differences in
light availability between the seasons lead to higher net up-
take rates during spring compared to autumn and winter at
the same temperature range. In summer, the temperature op-
timum, at which the highest net carbon uptake is observed, is

https://doi.org/10.5194/bg-23-5035-2026

between 15 and 20 °C daily mean temperature. At tempera-
tures higher than this range, net uptake is reduced.

Substrate water availability influences carbon flux (Fig.
12b). During spring and summer, droughts (i.e. VWC < =
0.05m3m™3), lead to a reduction in net carbon uptake by
the GR. Higher values result in lower net uptake during
spring. For autumn and winter, this is valid for the whole
range of VWC values, due to increased microbial activity in
the substrate at higher substrate water contents. The carbon
flux has a negative correlation with shortwave-downward ra-
diation (S |). When the mean daytime S | reaches values
> 200 W m™2 during winter and autumn, net uptake of car-

Biogeosciences, 23, 5035-5053, 2026
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Figure 11. (a) Boxplot showing the substrate total organic carbon
(TOC) at BER for individual years (2020-2023) together with the
number of samples (n) collected during that year. The boxplots
show the median (red line) as well as the interquartile range (box)
and the range within which values are not considered outliers (ver-
tical dashed lines). Outliers are depicted by a red “+”. (b) Devel-
opment of the substrate TOC since the beginning of operation of
the green roof in 2012 (grey area). The red area represents the ini-
tial TOC value plus the annual carbon sequestration of every year
(2015-2023) from flux observations.

bon is evident (Fig. 12d). Carbon uptake in spring and sum-
mer is more negative at the same S | values. Highest net car-
bon uptake is observed when B is between 1 and 3 during
spring and summer.

4 Discussion
4.1 Net ecosystem exchange and carbon flux dynamics

The annual NEE of the Berlin green roof based on direct tur-
bulent flux measurements using eddy-covariance ranged be-
tween —154 and 8 with an average of —92 + 62 g Cm™2 for
the period 2015-2023. For the same GR and measurement
setup as in the present study, Konopka et al. (2021) docu-
mented a consistent annual net uptake of carbon with an av-
erage of —141 gCm™2 over the course of 5 years (Septem-
ber 2014 until August 2019). The lower average annual NEE
in the present study stems from the slight net carbon release
during the last two years after consistent annual net uptake in
the first 7 years of the study period. Kuronuma and Watan-
abe (2017) measured the plant and substrate carbon con-

https://doi.org/10.5194/bg-23-5035-2026

centrations for Sedum mexicanum on a green roof in Chiba
(Japan) over a one-year period. They reported annual car-
bon sequestration values of —276 under non-irrigated condi-
tions and —336 g C m~2 under regular irrigation. Yang et al.
(2023) measured the carbon exchange of an intensive green
roof in Nanjing (China) over 1 year using eddy covariance
and found the annual NEE to be —61 gCm™2. Getter et al.
(2009) found that an extensive green roof system sequestered
—375gCm™? in above- and belowground biomass and sub-
strate organic matter over two years. This results in an av-
erage of —187 gCm~2 yr~!. Hence, our estimates are at the
lower end of the range reported for carbon sequestration in
other green roof studies that employed different measure-
ment approaches.

The same applies for the comparison to other types of
urban green infrastructures (which are discussed as urban
NBS) or natural ecosystems. Tholix et al. (2025) used dif-
ferent ecosystem models (JSBACH, LPJ-GUESS, SUEWS)
combined with eddy-covariance measurements in Helsinki,
Finland, to estimate the annual NEE of different urban veg-
etation types. The mean NEE for forested sites was approxi-
mately —92 and —143 for the period 2006-2021, and —76
and —123gCm~2 for an urban park, whereas the mean
NEE for lawns was approximately —30 and —7 g Cm™~2, for
JSBACH and LPJ-GUESS, respectively. The entire vegeta-
tion sector, comprising different urban vegetation types, se-
questered —40 (£34), —44 (£19), and —52 (j:55)ng_2
as quantified from the JSBACH, LPJ-GUESS, and SUEWS
model output, respectively. Nowak et al. (2013) quantified
carbon sequestration by urban trees in the United States us-
ing urban tree field data from 28 cities and 6 states and ap-
plying biomass and growth equations. The annual net carbon
sequestration varied between —81 and —401 gC m~2 of tree
cover and averaged to —205 g C m~2 of tree cover.

In comparison with natural ecosystems, the GR shows a
lower magnitude of annual carbon sequestration, given the
structural constraints of extensive systems such as shallow
substrates, limited rooting volume, and low water and nutri-
ent availability, restricting vegetation development. Kloster-
halfen et al. (2023), for instance, found the annual NEE of
an unmanaged mixed beech forest in central Germany to
range between —393 and —670 g C m~2 over the period from
2000 to 2022. They reported a decline of carbon uptake by
up to 54 % during the drought years 2018, 2019 and 2022.
The annual NEE of 19 grassland sites throughout Europe
was found to vary between —653 and 4171, with an aver-
age of —150 g C m~?2 (Gilmanov et al., 2007). This indicates
that natural ecosystems may exhibit large drought-induced
variation in carbon uptake, whereas the GR’s NEE fluctuates
within a relatively narrow range, reflecting the stress toler-
ance and drought-adapted physiology of its vegetation. Ad-
ditionally, the GR enables the sequestration of carbon in ar-
eas that would otherwise have no capacity for this, effectively
converting impervious urban surfaces into carbon sinks.

Biogeosciences, 23, 5035-5053, 2026
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Figure 12. Net Ecosystem Exchange (NEE) in dependence on air temperature (7yj;, a), volumetric water content (VWC, b), Bowen-ratio (8,
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The carbon flux measurements provide valuable insights
into the temporal dynamics of the GR’s carbon exchange.
The GR shows seasonality in the carbon flux, with the length
of the daily net uptake phase associated with sunrise and sun-
set timings. Peak net uptake is reached, on average, during
May, followed by April, July, June and August. This suggests
that during late spring, conditions are optimal for high carbon
uptake due to high light availability accompanied by less ex-
treme temperatures and higher water availability compared to
the summer months. Higher incoming radiation and thus en-
ergy availability led to increased net uptake rates, while mean
daily temperatures exceeding values of & 20 °C during sum-
mer decreased net carbon uptake, potentially due to stom-
atal closure to reduce transpiration (Grossiord et al., 2020;
McAdam and Brodribb, 2015). There is a clear trend towards
lower carbon uptake by the GR when water availability drops
below 22 0.05m> m™—> during spring and summer. At higher
VWC values, there was no effect on carbon fluxes observed
during summer, but reduced net uptake during spring, which
might be due to the spring season incorporating colder phases
(e.g. March) where VWC is usually high but light availability
and therefore photosynthesis are low.

These results illustrate how carbon flux is affected by var-
ious environmental and biotic factors. During the first five
summers, higher plant coverage corresponded to increased
net carbon uptake. In subsequent years, net uptake was lower
at comparable coverage, suggesting that other factors have
exerted a stronger influence on carbon fluxes.

The carbon exchange of the GR—atmosphere system was
strongly shaped by diurnal patterns, with respiration inten-

Biogeosciences, 23, 5035-5053, 2026

sifying in the later years of the study (cf. Figs. 6, 10). Cor-
respondingly, annual NEE became slightly positive in 2022
and 2023, after 7 years of consistent net uptake. Our find-
ings indicate that increased respiration, rather than decreased
photosynthetic uptake, caused the observed change in annual
NEE. While sink season NEE showed no long-term trend,
source season NEE increased distinctly. During the last two
source seasons, temperatures did not exceed those of previ-
ous years, but they showed the highest mean VWC value.
Studies show that microbial activity and soil respiration in-
crease with soil temperature and peak at moderate levels of
VWC, where they are not constrained by low water avail-
ability or by oxygen limitation under excessive soil moisture
(Lloyd and Taylor, 1994; Yan et al., 2016). High soil mois-
ture might have contributed to the observed higher net re-
lease rates, but cannot be seen as the sole explanatory factor.
With a value of 2.5 % in 2021, substrate TOC remained close
to its initial value of 1.5 %-2.5 %, possibly showing some
substrate ageing (accumulation of organic matter from de-
composing plants and animals), but then increased abruptly
to 7.9 % in 2022 and remained elevated thereafter. Higher
respiration during 2022-2023 is consistent with the increase
in substrate TOC. Other studies indicate that respiration is
substantially higher in high-organic GR substrates than low-
organic substrates (Halim et al., 2022). Hence, carbon fluxes
are sensitive to additional input of carbon into the system,
pointing to the potential impact of management practices
(e.g. fertiliser application) on carbon sequestration potentials
of GR ecosystems.

https://doi.org/10.5194/bg-23-5035-2026
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A mass-balance comparison underpins that atmospheric
carbon sequestration, as estimated from NEE observation,
which is cumulatively added to the initial substrate TOC,
agrees well with measured substrate TOC until 2021 (Fig.
11b). Besides the substrate, carbon from atmospheric se-
questration is stored in above- and belowground biomass. In
Fig. 11b, we show that even if we allocate the entire annual
NEE to the substrate and do not consider export of carbon via
runoff, the abrupt rise of TOC after 2022 cannot be explained
by atmospheric sequestration alone.

This suggests external carbon inputs — such as unremoved
plant litter after maintenance by gardeners (1-2 times per
year, cf. Heusinger and Weber, 2017b) or application of
carbon-rich material (e.g. organic fertilisers) — as the most
plausible cause, although no specific maintenance events
were reported by the operator of the GR. Hence, we ar-
gue that the observed shift from a robust carbon sink to
carbon-neutral conditions was primarily driven by the sudden
increase in substrate TOC, which originated from sources
other than atmospheric CO, sequestration. Assuming that the
threshold at which the GR is not a sink for carbon anymore
(i.e. NEE~0gCm™2) is defined by the substrate TOC of
7.9 % in 2022, it would take at least 32 years to reach that
value when extrapolating the time series from 2022 onwards
at an average rate of sequestration of —121 gCm~2a~! (the
average rate of sequestration for the years 2015-2021). Fur-
ther assessment is not possible after 2023 due to the instal-
lation of photovoltaics and the resulting alteration of the GR
system.

4.2 Water exchange and energy partitioning

During the 9-year study period, we found that 49 % of the
precipitation resulted in GR runoff, meaning that 51 % was
retained. Except for the years 2018 and 2023, annual reten-
tion ranged between 49 %—58 %. The retention capacity of
the BER GR is within the range of values found in other stud-
ies for extensive GRs: Schultz et al. (2018) studied runoff
patterns from two extensive GRs with substrate depths of
7.5 and 12.5 cm in Portland, Oregon, USA, for a full annual
cycle. From a total of 808 mm precipitation, 23.2 (7.5cm
GR) and 32.9% (12.5cm GR) was retained. In 2023, pre-
cipitation sum for BER (9 cm substrate depth) was similar
(736 mm), and retention was 38 % of the annual precipita-
tion sum. Stovin et al. (2012) reported a value of 50 % re-
tention from a UK extensive GR test bed and VanWoert et al.
(2005) 61 % on a roof platform with full vegetation coverage.
Our data suggests that high annual precipitation sums lead
to lower annual retention. Studies report that meteorological
conditions, e.g. precipitation sum, and other factors such as
GR design may have a considerable influence on the reten-
tion capacity of GRs (Liu et al., 2019; Stovin, 2010; Schultz
et al., 2018). Our results suggest that the water storage of the
GR provides sufficient capacity to enhance ET and reduce
runoff, which in turn has the potential to reduce the burden

https://doi.org/10.5194/bg-23-5035-2026
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on wastewater structures as well as the risk of flooding in
urban areas.

Since substrate water availability not only determines the
hydrological performance but also directly affects the energy
and carbon fluxes of the system, the interaction between wa-
ter content, Bowen ratio, and carbon flux was further ex-
amined. When B reaches values > 2 during summer and
> 3 during spring, net carbon uptake by the GR is reduced.
This is the case when VWC is below a critical threshold of
~ 0.05m> m~3. The three variables are coupled: Low VWC
reduce ET, resulting in increased partitioning of available en-
ergy into sensible heat flux, i.e. higher 8, as well as lower net
carbon uptake. With regard to the ecosystem services of ex-
tensive GR, it would therefore be advisable to keep VWC
values above that threshold to preserve the cooling effect and
to increase carbon uptake by the GR. This could be achieved
through a sustainable automated irrigation, e.g. using on-site
harvested rainwater, which activates during dry conditions
(e.g. Heusinger et al., 2018).

5 Summary and conclusions

Over a 9-year period from 2015 to 2023, the exchange of
carbon, water, and energy between an extensive green roof
and the atmosphere was analysed using the eddy-covariance
technique. The long-term data provide detailed insights into
the coupled exchange dynamics of the green roof ecosystem.
Over the study period, the site was a moderate carbon sink
with an annual average uptake of —92, and an annual range
of —154 to +8gCm™2. The shift from net carbon uptake
to a slight net release in the final two years of the study pe-
riod is primarily due to higher respiration rates in 2022 and
2023. Our data suggests that higher respiration rates are re-
lated to an abrupt increase in the substrate organic carbon
content, caused by external carbon input. Given the moderate
net ecosystem exchange of extensive green roofs in compar-
ison to other vegetated ecosystems, this highlights the sen-
sitivity of the carbon sink intensity to additional carbon in
the system, e.g. by management practises such as fertiliser
application.

The GR retained 51 % of the precipitation over the study
period, suggesting that extensive green roofs effectively re-
duce urban runoff volume and enhance evapotranspiration.
The analysis proved that water, carbon, and energy fluxes
in green roof ecosystems are tightly coupled: low substrate
moisture contents limit evapotranspiration rates, increase
sensible heat fluxes (higher Bowen ratio), and suppress car-
bon uptake. A substrate water availability of approximately
0.05m3m™3 is critical for maintaining evaporative cooling
and (high) carbon uptake during summer. From a practical
perspective and with a view to climate adaptation and miti-
gation, maintaining the volumetric water content above this
level — potentially through automated, rainwater-based irri-
gation — can optimise ecosystem services. These findings

Biogeosciences, 23, 5035-5053, 2026
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emphasise the multifaceted environmental benefits of green
roofs while also pointing to structural constraints such as
shallow substrate and (limited) water availability, especially
in warm and dry periods.

The present study closes a knowledge gap by providing
multi-year continuous datasets of carbon, water and energy
fluxes from an extensive green roof, highlighting both its
potential and limitations as a component of sustainable ur-
ban green infrastructure. The findings also demonstrate the
importance of integrated flux monitoring for the evaluation
of green roof performance. Future research could focus on
quantifying the long-term evolution of substrate carbon and
its implications for roof carbon budgets. Moreover, improv-
ing the attribution of flux variability to meteorological and
substrate conditions remains an important research need.

Appendix A

Heat flux plate, -
Soil temperature sensor
oil moisture senso

Figure Al. Photo of the green roof and measurement setup taken on 18 July 2024.
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at regular intervals (usually every 1-2 months) from up to 11 fixed spots distributed evenly throughout the GR. A mean value for a season
was only calculated when there were at least two data points within a season, and on those days, at least 8 spots were captured. DJF = winter,
MAM = spring, JJA = summer, SON = autumn. (b) Relationship between plant coverage and net ecosystem exchange (NEE) for summer. A
linear fit is shown for the data 2015-2020.
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Figure A3. (a) Integral turbulence characteristic, given by the ratio of the standard deviation of the vertical wind velocity (o) to friction
velocity (#*) under neutral stratification. The grey line indicates a value of 1.25 proposed for well-developed homogeneous turbulence
(Foken and Mauder, 2024), while the dashed, blue line shows the mean value from observations. (b) Roughness length (z¢) with mean value
indicated by dashed, blue line. (¢) Mean quality flag values, calculated according to Foken et al. (2005), of sensible- (H) and latent- (LE) heat
flux as well as CO; flux for 10° wind direction classes after rejection of quality flags > 7. Boxplots are given for 10° wind direction classes
with the median (red line) as well as the interquartile range (box) and the range within which values are not considered outliers (vertical
dashed lines). Outliers are depicted by a red “+”.
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Figure AS5. Half-hourly values of available energy (Q* — Q) plotted against the sum of turbulent heat fluxes (Q i + Q ). A linear regression
has been fit (red line) and the 1 : 1 line (dashed) plotted.

Table A1l. Results from the Spearman Rank Correlation test and the Mann-Kendall test.

Spearman | Mann-Kendall

p  p-value ‘ T p-value
Net uptake rate 0.183 0.644 | 0.111 0.761
Net release rate 0.667 0.083 | 0.500 0.109
Sink season NEE 0.317 0.410 | 0.167 0.612
Source season NEE  0.786 0.028 | 0.643 0.031
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