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HIGHLIGHTS

oA new spatially-explicit modeling
framework to explore food production
potential on green roofs using a crop
model.

e Implementing an optimized irrigation
strategy for crop growth is important for
green roof food production estimates.

e The Aquacrop model works well to
simulate different shallow-rooted types
of crops on green roofs.

e Amsterdam has a potential green roof
area of ~400 ha that can produce up to
nearly 28 thousand tons of food.
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ABSTRACT

The increase in food demand and limited opportunities to expand agricultural land pose a threat to local and
global food security. Producing food in urban areas such as green roofs can help satisfy urban food demand and
thus alleviate pressure on agricultural land. However, a modeling framework that simulates crop growth and
production potential on green roofs at a city scale is missing. Here, we adapt the Aquacrop model to explore the
growth potential of various types of crops on green roofs and apply it to suitable roof areas in the city of
Amsterdam. Our modeling framework includes irrigation methods for water use on green roofs that are opti-
mized according to various climate-driven scenarios of water availability. We find that cabbage has the
maximum achievable crop yields ranging from 30.8 to 75.9 t ha~* yr™!, while pea has the minimum achievable
crop yields ranging from 1.7 to 6.4 t ha™! yr™!. The potential suitable green roof area (i.e., roofs with a certain
slope and bearing capacity) for Amsterdam is roughly 400 ha for crop production. This represents 16 % of the
total rooftop areas of Amsterdam and can produce up to a total of 28 kt of crops on an annual basis. Our modeling
framework can be easily applied to other cities to identify the crop growth potential of green roofs. Our results
can help policymakers and urban planners find optimal planting strategies and contribute to shorter food supply
chains.

* Corresponding author.

E-mail address: p.xie@cml.leidenuniv.nl (P. Xie).

https://doi.org/10.1016/j.scitotenv.2023.168051

Received 18 July 2023; Received in revised form 27 September 2023; Accepted 21 October 2023

Available online 28 October 2023

0048-9697/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:p.xie@cml.leidenuniv.nl
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.168051
https://doi.org/10.1016/j.scitotenv.2023.168051
https://doi.org/10.1016/j.scitotenv.2023.168051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.168051&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Xie et al.

1. Introduction

With an expected continued population growth, food demand will
keep increasing in the coming decades (Godfray et al., 2010; Foley et al.,
2011; FAO, 2018). Meanwhile, urban areas will likely expand into peri-
urban farmland, affecting up to 4 % of annual food production by 2030
(Bren d’Amour et al., 2017). More broadly, changes in diets, the
reduction in the quality of agricultural land, and increasing food waste
can also put additional pressure on food production (Tian et al., 2021).
Urban food production may contribute to solving these problems by
integrating food production systems into urban spaces while profiting
from the nutrients found in urban waste to produce a variety of crops
(Smit et al., 1996). Roofs suitable for agricultural production represent
21 %-26 % of urban areas (Getter and Rowe, 2006), and thus hold great
potential for urban food production.

Many studies have explored the crop production potential on green
roofs, including at the building, urban, and global scales. At the building
scale, crop yields are usually assessed using biogeochemical models,
statistical data, and/or experimental data. For instance, Jing et al.
(2021) simulated annual yields for seven crops (lettuce, broccoli, to-
mato, cabbage, potato, radish, and celery) on green roofs under various
growing conditions using a Denitrification-Decomposition (DNDC), and
found that lettuce had the maximum crop yields ranging from 117 to
255 t ha~! while potato had the minimum crop yields ranging from 6 to
12 tha~!. Models that combine irrigation with crop yields spatially, such
as the distributed Aquacrop model, are being increasingly used in
agricultural studies to explore the food production potential and water
use requirements (Han et al., 2020; Manivasagam and Rozenstein, 2020;
Liu and Yang, 2021). The feasibility of the Aquacrop model has been
shown for different vegetable types (e.g., lettuce, cabbage, pea, and
onion) (Wellens et al., 2013; Pérez-Ortola et al., 2014; Paredes and
Torres, 2016; Cosi¢ et al., 2017; Ket et al., 2018). Yet, combining
Aquacrop model simulations with spatial information to explore the
food production potential on green roofs has not yet been tested.

To explore their food production potential, green roof areas suitable
for crop planting need to be determined, which may depend on various
green roof criteria (Nadal et al., 2017; Zambrano-Prado et al., 2021;
Montealegre et al., 2022). For instance, Saha and Eckelman (2017)
estimated that a potential green roof area of 922 ha (corresponding to
42 % of the entire rooftop space of Boston) is available for food pro-
duction by identifying suitable roof areas through a Digital Surface
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Model (DSM). These potential green roof area estimates are then
coupled to statistical and/or experimental data to evaluate regional food
production potential on green roofs (e.g. Meng et al., 2022; Meng et al.,
2023). Following such an approach, Zambrano-Prado et al. (2021)
identified 8 % (0.2 km?) of total roofs as potential green roof areas in a
region north of Barcelona, which could provide food for over 140,000
people on average, or 210 % of the population in the study region.
Furthermore, Orsini et al. (2014) estimated 3500 flat rooftops in
Bologna, with a flat area of around 82 ha, and via experiments estimated
that Bologna’s green roofs could produce about 13 kt y~! of vegetables.
With world urban green areas totaling 7.1-11.3 million hectares, Clin-
ton et al. (2018) anticipated a possible annual global food production of
100-180 million t from statistical data, with green roofs accounting for
11.0 %-19.4 % of those urban green areas.

Here, we develop a framework to assess the crop production poten-
tial of green roofs using the Aquacrop model. We use this framework to
simulate crop yields on green roofs and apply the model at a city scale (i.
e., the urban area of Amsterdam). We selected 10 crops for our study,
including lettuce, cabbage, onion, pea, leek, strawberry, spinach,
cauliflower, bean, and broccoli, based on their shallow-rooted systems,
making them suitable for cultivation within a 20 cm deep lightweight
soil, such as the one used on green roofs. These crops not only play a
significant role in Amsterdam’s vegetable production (strawberries are
also classified as vegetable by Statistics Netherlands (CBS)) but also
contribute to 82.5 % of the Netherlands’ total vegetable output,
amounting to 2.7 Mt of open-air production in 2020 (CBS, 2022). In our
modeling framework, we (i) identify potential green roof areas suitable
for crop planting using Geographic Information Systems (GIS), (ii) es-
timate distributed crop yields on green roofs using the Aquacrop model
in combination with gridded climate information and variable man-
agement practices, and (iii) quantify the green roof production potential
by combining Aquacrop simulations with green roof potential suitable
areas estimates.

2. Methods
2.1. Study area
Amsterdam, the Netherlands, is an ideal location to examine the crop

production potential for green roofs as (i) a high-resolution Digital
Surface Model (DSM), essential for estimating the potential green roof
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Fig. 1. Location of and land use in Amsterdam.
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Table 1
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Data input used for assessing the potential food production of Amsterdam’s green roofs. Spatial resolution is reported for gridded datasets.

Name Description

Spatial Source

resolution

Climate data

Daily gridded observational dataset for precipitation, temperature, relative humidity, global radiation, and wind speed.

0.1 arc degrees (Cornes et al.,

2018)

Soil data (rural Soil properties of rural land, including wilting point, field capacity, saturation, and hydraulic conductivity, used to 1 km (FAO and IIASA,
land) simulate crop yields on rural land for comparison purpose. 2008)

Soil data (green Soil properties of a type of lightweight soil used for green roofs, used to simulate crop yields on green roofs. (Ledesma et al.,
roofs) 2022)

Building Polygons of buildings, also containing the information of roof area, building height, construction year, and building (BAG, 2022)
footprints functions.

Digital Surface Contains gridded information of elevation. 0.5m (AHN3, 2022)
Model

Aerial image RGB photo taken in 2017, also used to validate the locations of flat roofs. 25 cm (NGR, 2017)

areas is available (AHN3, 2022); (ii) it is the most populous city in the
Netherlands with close to 900,000 residents in 2022 (CBS, 2022); and
(iii) it is highly urbanized, with build-up areas accounting for 48 % of
the total land use (Fig. 1, BBG, 2015).

Amsterdam has mild winters, rarely lower than 0 °C, and while the
summer is warm, temperatures exceed 30 °C only over a handful of days
(KNMI, 2022). The average annual rainfall between 2002 and 2021 was
908 mm (Cornes et al., 2018).

For this study, several datasets were collected from various sources
(Table 1). We collected climate and soil data to model crop growth, a
map of building footprints to identify the locations of roofs, DSM data to
evaluate flat areas on rooftops, and an aerial image to visually validate

our interpretation of flat roofs.

2.2. Crop production potential on green roofs

The process to calculate green roofs’ crop growth potential consisted
of (i) calculating green roof areas, (ii) climate data preprocessing, and
(iii) calculating crop growth potential (Fig. 2).

We used daily evapotranspiration (ETO0), precipitation, and temper-
ature at 0.1 arc degrees spatial resolution to simulate spatially-
differentiated crop yields. We ran our simulations for a typical wet,
dry, and average climate year to provide a range of possible yields
depending on climate conditions. Dry year, average year, and wet year
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Fig. 3. Precipitation, maximum and minimum temperature, and ETO daily time series for a) the wet year (2004), b) the average year (2008), and c) the dry year

(2014) in Amsterdam. Initials of months are reported on the x-axis.

were determined based on the 1st, 2nd (=median), and 3rd quantiles,
respectively, following Lyu et al. (2022). The dry year is represented by
2014 with 867 mm of precipitation, the average year is represented by
2008 with 925 mm of precipitation, and the wet year is represented by
2004 with 974 mm of precipitation (see Fig. S1). Fig. 3 presents daily
precipitation, temperature, and ETO in 2004, 2008 and 2014 in
Amsterdam. The data source, description, and values/ranges of the crop
database are shown in Tables S1 and S2 in the supplementary materials.

2.3. Green roof area mapping

Rooftop areas suitable for green roofs were determined using several
criteria (Table 2). First, we used the DSM (Fig. 4a) to calculate a slope map
(Fig. 4b) with the slope tool in ArcGIS 10.7. We then used the polygon
boundaries of buildings from the dataset of Basic Registration of Addresses
and Buildings (BAG) to determine the rooftop areas (BAG, 2022; Fig. 4c).
By combining the slope map with the building polygons, we identified flat
rooftop areas (i.e., roof areas with a slope < 10°; Fig. 4d).

After identifying the flat areas on roofs, we considered several other
criteria to determine potential green roof areas, which are listed in
Table 2.

Table 2
Criteria used to select potential green roof areas.
Criterion Requirement Reason
Roof area A minimum roof area of 13 Enough roof space is required to

Available roof
area

m? (Zambrano-Prado et al.,
2021)

Roof areas should not be
occupied by other objects

install a green roof system.

Free roof areas are required to
install a green roof system

Building Above 30 m (Saha and Safety considerations due to
height Eckelman, 2017) strong wind on high-rise
buildings.
Roof slope Only flat roof areas are The installation of a green roof
suitable (Zambrano-Prado system requires a flat surface
et al., 2021)
Building Residential buildings and Roofs of industrial buildings do
function industrial buildings are not not have enough (> 2 kN/m?)
desirable (Shao et al., 2021) bearing capacity for a green roof
system. Roofs of residential
buildings are shared.
Construction After 1930 (Silvaetal., 2017)  Relatively modern buildings
year with concrete structure normally

show enough (> 2 kN/m?)
bearing capacity (Silva et al.,
2017)

We considered three additional steps to refine the suitablity of green
roof areas, after mapping flat areas on rooftops (Fig. S2). In the first step,
we validate roof types through visual interpretation of aerial imagery.
Two image samples with 318 buildings were scanned for flat roofs.
Table S3 and Fig. S5 show that a threshold of 34 % of flat areas on one
roof was sufficient to distinguish different roof types (91.2 % precision).
Therefore, if the value of the threshold is more than 34 %, the roof is
identified as a flat roof. In the second step, roof bearing capacity is
considered to further exclude additional buildings, following Zambrano-
Prado et al., 2021. We exclude industrial buildings and buildings built
before 1930 (Table 2). In the last step, we exclude residential buildings
due to building ownership (Table 2).

2.4. Crop yield simulations

We used the Aquacrop model to simulate the yield of various crops
on green roofs, taking into account the temporal and spatial climatic
heterogeneity of Amsterdam. Aquacrop is widely accepted as a valuable
tool for simulating crop yield in water-limited environments due to its
consideration of water stress, soil-plant-atmosphere interactions, and
versatility for a wide range of crops (Steduto et al., 2009). Its user-
friendly interface also allows for calculating crop yields on green roofs
under different water management strategies.

Five steps were performed for every crop type. (i) A sensitivity
analysis of crop parameters, (ii) obtaining a fixed crop database, (iii)
validating the feasibility of the Aquacrop model, (iv) determining the
irrigation amount, and (v) simulating crop yields on green roofs (Fig. 2).

A Sobol sensitivity analysis combined with the Aquacrop model in
Python was used to explore the most sensitive crop parameters with
about 320,000 samples for vegetables (taking cabbage as an example).
The initial wide ranges of crop parameters are mostly recommended by
Aquacrop reference manual book (Steduto et al., 2009). The total order
index of 0.01 was set to evaluate the most sensitive crop parameters
(Table S4).

After the first step of sensitivity analysis, the crop data were collected
to build a database in the second step (Fig. 2). Specifically, the water
productivity (WP) was normalized (WP*) for climate situations ac-
cording to transpiration, actual evapotranspiration, and ETO of each
type of crop in their driest and wettest growth periods. The normaliza-
tion process follows Egs. (1)-(3), (Nyathi et al., 2019; Steduto et al.,

2009):
BfWP*xZ( T’) M
-\ ET0
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where B is biomass, WP is water productivity, WP* is normalized water
productivity, ETa is actual evapotranspiration, and Tr is transpiration.
The goal of the normalization for climate situations is to make WP
applicable to diverse locations and seasons. The values of WP* are
shown in Table S5.

In the third step, the statistical yield data from the Food and Agri-
culture Organization of the United Nations (FAO) were used to validate
the simulated yields under full irrigation (FI) (FAO, 2022, Fig. 2). FI
means the crop will achieve a full yield potential with a certain amount
of water resources, normally represented by 80 % field capacity (Liu
et al., 2021; Li et al., 2022; Mu et al., 2022).

The fourth step was performed to quantify the FI on green roofs with
the new crop database and lightweight soil (Fig. 2). A root-blocking
layer was adopted in the green roof systems and Aquacrop model to
prevent the rapid root development of crops.

In the last step, optimized regulated deficit irrigation for limited
volumes of water (ORDIL) was considered for examining water scarcity
to simulate crop yields on green roofs (Fig. 2). The limited available
water would be allocated to four growth periods (emergence, canopy
growth, max canopy, senescence) of crops to obtain the maximum yield
level (Pardo et al., 2022). Here, we took four scenarios of optimized
irrigation methods as examples (80 % FI, 60 % FI, 40 % FI, 20 % FI) to
see the different yield levels of crops on green roofs.

Science of the Total Environment 907 (2024) 168051
3. Results
3.1. Potential green roof areas

Overall, flat roofs occupy nearly 1780 ha or 70.9 % of Amsterdam’s
roof areas, including 26.4 % for non-flat areas (areas already occupied,
e.g., solar panels) and 44.5 % for flat areas (Fig. 5b). For the flat areas on
flat roofs, 4.45 % represent commercial buildings, 17.80 % public
buildings, and 22.44 % other types that are suitable for green roof areas.
Ultimately, flat roofs represent 613 ha, with potential green roof areas
(those excluding occupied surfaces) occupying 396 ha (Fig. 5a and c).

3.2. Food production potential on green roofs

These results are shown according to the five steps described in the
Methods section.

3.2.1. Steps 1 and 2: sensitivity analysis and fixed crop database

Seven parameters out of 18 crop parameters represented the most
sensitive crop parameters as their total order index values exceed 0.01:
CCx (maximum canopy cover), CGC (canopy growth coefficient), Kcb
(crop coefficient), WP* (water productivity normalized for climate sit-
uations), HIO (harvest index), p_up3 (water stress factor) and PlantPop
(planting density) (Table S4). HIO has the highest value of the total order
index of 0.34 followed by CCx with a value of 0.28, while the other five
sensitive crop parameters have values no more than 0.1. CCx represents
the potential size of the crop canopy, which is a critical component of
crop growth and yield. HIO represents the ratio of the weight of har-
vested crop to the total above-ground biomass of the crop and de-
termines the potential yield of a crop. With this sensitivity information
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Fig. 4. Steps to identify the flat areas on roofs: a) the Digital Surface Model is used to calculate b) slope values. c) Slopes are then cropped based on building

polygons, and d) suitable roof areas are identifies based on the slope threshold.
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Fig. 5. Description of potential green roof areas and green roofs. a) Location of green roofs in Amsterdam (Zones are divided based on the gridded climate data), b)
The proportions of non-flat roofs, non-flat areas on flat roofs, and flat areas on flat roofs dividing different building functions, and c) Estimation of potential green

roof areas.

in hand, a crop database for green roof crops in Amsterdam was
developed (Table S2). Apart from the ranges of sensitivity parameters,
Table S2 also shows the duration of growth periods for different crop
varieties.

3.2.2. Step 3: feasibility of Aquacrop model to simulate crop production on
roofs

Yield variations for the ten different types of crops (including crop
parameter uncertainty) compare well with national yield data from the

FAO (Fig. S3). Strawberry yields from FAO increased significantly be-
tween 2012 and 2020 and exceeded the highest anticipated yields in
2018. This is because strawberries have a higher production potential in
greenhouses than on open-air farmland (CBS, 2022). The almost linear
shape in the simulation results between 2002 and 2021 for each type of
crop results from the FI irrigation scenario, where yield is less sensitive
to irrigation changes. The slight yield increase results from higher CO»
concentrations over the evaluated timeframe.
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3.2.3. Steps 4 and 5: irrigation amount and crop yield

Crop yields vary across different irrigation scenarios and crop types,
with some crops showing little variation in yield levels due to sufficient
rain-fed soil moisture. The optimal irrigation strategy of 80 % FI could
effectively save irrigation water compared with a non-optimized 100 %
FI scenario.

We observed a minor difference in FI for each type of crop with
different yield levels (Fig. 6a). Leeks had the highest FI (around 300 mm)
because they have a longer growth period than other types of crops. For
spinach, the FI has a value of 0, indicating a rainfed vegetable without
irrigation requirements. Although the FI for cauliflower differs from
zero, cauliflower is still a type of rainfed vegetable because there is no
yield variance across different irrigation scenarios in Fig. 6b, ¢, and d.
This is because FI merely compensates the soil moisture but is not used
for cauliflower growth.

Apart from cauliflower and spinach, similar trends for crop yields
under various irrigation strategies occur for most crop types (Fig. 6b, c,
and d). When considering the spatial and temporal variability of the
climate, the crop yield variance on green roofs for beans is 8.38-17.16 t
ha~l, for broccoli is 7.52-29.27 t ha™!, for cabbage is 30.75-75.90 t
ha !, for cauliflower is 7.17-15.74 tha *, for leek is 21.30-45.74 tha *,
for lettuce is 14.77-42.69 t ha™!, for onion is 8.11-26 t ha™?, for peais
1.74-6.44 t ha™!, for spinach is 2.33-6.57 t ha™!, and for strawberry is
13.11-34.10 t ha™! assuming 100 % FI (Fig. 6). In Fig. 6, the error bars
represent yield variance induced by different climate conditions. For
instance, spinach’s error bars are larger than the error bars for cauli-
flower, which demonstrates that climate variability across space and
time has a greater impact on spinach yields.

The yield levels for bean, broccoli, leek, and onion are quite similar
across the 80 % FI and 100 % FI scenarios. This means that and 80 % FI
strategy could effectively save irrigation water compared with a 100 %
FI strategy. Comparing Fig. 6b, ¢, and d revealed a significant influence

Science of the Total Environment 907 (2024) 168051

of yield levels on different crops. Yet, the same tendency may also be
detected when comparing the yields of different crops in the three fig-
ures. The difference in water use efficiency for each variety of crop may
be assessed by adding the full irrigation and yield levels. For instance,
lettuce has a greater water use efficiency than pea since it yields more
while using less water.

Ultimately, Green roofs could produce annually 3.32-6.79 kt for
bean, 11.59-29.78 kt for broccoli, 11.98-28.43 kt for cabbage,
2.84-6.23 kt for cauliflower, 8.43-18.11 kt for leek, 5.85-16.90 kt for
lettuce, 3.21-10.66 kt for onion, 0.69-2.55 kt for pea, 0.92-2.60 kt for
spinach, and 5.19-13.50 kt for strawberry in Amsterdam without
inducing scarcity.

Table 3 shows the crop production potential. Cabbage has the largest
crop production potential on green roofs in Amsterdam, while pea has
the minimum crop production potential under no water scarcity. Fig. S4
and Table S6 also show the crop production on green roofs with irri-
gation scenarios of 20 %, 40 %, 60 %, and 80 % FI.

4. Discussion

Our results showed a total food production potential of different
crops on green roofs in Amsterdam, quantifying this potential by
combining a crop growth model (Aquacrop) with spatially-explicit in-
formation on green roofs. We found soil type, crop selection, weather
conditions, and planting management contribute to crop yield vari-
ability on green roofs. The simulated crop yields of bean, broccoli,
cabbage, lettuce, and onion generally agree with other studies (Table 4).
On green roofs, crop yields could be affected by many factors. For
instance, a study by Jing et al. (2021) investigated the impact of tem-
perature and CO; concentration on the yields of broccoli and cabbage.
They found that these environmental factors significantly affect the
productivity of these crops. Similarly, Varela et al. (2021) examined the
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Fig. 6. Full irrigation estimation (a), minimum yield level (b), mean yield level (c), and maximum yield level (d) (Error bar presents the standard error caused by

spatial and temporal climate variance).
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Table 3
Crop production potential on green roofs without water scarcity considering
climate variance (unit: kt y’l).

Crops Min Climate Mean Climate Max Climate
yield variance yield variance yield variance
level level level

Bean 3.37 +0.05 4.89 +0.08 6.63 +0.16

Broccoli 3.03 +0.05 6.73 +0.10 11.44 +0.15

Cabbage 12.18 +0.20 19.18 +0.28 28.07 +0.36

Cauliflower 2.87 +0.03 4.30 +0.04 6.17 +0.06

Leek 8.56 +0.13 12.76 +0.18 17.87 +0.24

Lettuce 6.11 +0.26 10.63 +0.44 16.23 +0.67

Onion 4.16 +0.95 7.13 +0.56 9.68 +0.98

Pea 0.85 +0.16 1.47 +0.26 2.19 +0.36

Spinach 1.13 +0.21 1.78 +0.14 2.38 +0.22

Strawberry 5.38 +0.19 8.69 +0.30 13.06 +0.44

influence of climatic conditions and substrate types on lettuce yield,
revealing that both dry and wet climates, in combination with different
substrates, can cause significant yield variance. The effect of cultivar
selection and irrigation systems was also demonstrated in a study by
Orsini et al. (2014). The study compared the growth of different lettuce
cultivars under varied irrigation systems, providing insights into optimal
planting management strategies. However, not all studies assess the full
crop potential of green roofs. For example, the survey of Uddin (2016)
on rooftop garden crop yields underestimated the growth potential of
cauliflower and spinach. This was largely due to the low planting den-
sity, use of separate containers, and underutilization of rooftop garden
areas. Other studies, like that of Richardson et al. (2022), used different
cropping systems and cultivars to examine the yield of specific crops like
strawberry on green roofs. Similarly, Whittinghill et al. (2013) explored
the plant productivity of bean on green roofs, taking into account
cropping systems, irrigation strategies, and fertilizer inputs. In conclu-
sion, these studies highlight the myriad of factors that influence crop
yields on green roofs, underscoring the need for careful planning and
management for optimal productivity.

Compared with previous research estimating the crop yields on green
roofs with the statistical data (e.g., FAO and national data), our frame-
work can effectively quantify crop yields under changing environments,
such as climate, soil, and planting management (Haberman et al., 2014;
Sioen et al., 2017; Weidner and Yang, 2020; Montealegre et al., 2022).
Besides, this framework can save time and labor resources with by
simulating regional scales in contrast to local experimental measure-
ments (Orsini et al., 2014; Manriquez-Altamirano et al., 2020). Adapting
crop models for green roof crop growth presents an opportunity to es-
timate food production potential across larger urban areas under

Table 4
Crop yields on green roofs compared with other studies (unit: t ha ).
Current Other studies Region Source
study
Bean 8.38-17.16 10.17-15.69 America (Whittinghill
et al., 2013)
Broccoli 7.52-29.27 14.3-23.56 China (Jing et al., 2021)
Cabbage 30.75-75.90 24.31-112.97 China (Jing et al., 2021)
Cauliflower  7.17-15.74 0.57 Bangladesh (Shill et al., 2020,
Uddin, 2016)
Leek 21.30-45.74
Lettuce 14.77-42.69 17.48-28.77 Colombia (Varela et al.,
2021)
5.00-25.00 Italy (Orsini et al.,
2014)
Onion 8.11-26
Pea 1.74-6.44
Spinach 2.33-6.57 0.24 Bangladesh ~ (Shill etal., 2020,
Uddin, 2016)
Strawberry 13.11-34.10 8.8 (planter America (Richardson et al.,
box) 2022)

55.25 (pot)
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different changing environments. Our modeling framework can also be
extended to analyze the food production potential on green roofs in
other cities as well. To use this modeling framework, we require relevant
data such as crop information, soil characteristics, planting management
data, and climate data. Additionally, building footprints and slope data
are essential for estimating the available green roof areas. The accuracy
of the results is affected by the precision of the input climate data. This is
because spatial variations in climate can impact crop yields across
different climate zones.

We used the building functionality and construction year to describe
the roof bearing capacity. The assessment of green roof potential re-
quires the specification of urban characteristics such as roof slopes,
areas, types, and building functions. These characteristics can be iden-
tified using building footprints, aerial photos, and digital surface
models. However, information related to load-bearing capacity is not
always directly available in these data sources. Load-bearing capacity is
a critical factor for determining whether a roof can support a green roof
system, and recent studies have focused on exploring methods to
describe this capacity. Zambrano-Prado et al. (2021) proposed two ap-
proaches to indirectly assess load-bearing capacity. One method in-
volves using hyperspectral data from remote sensors to identify the roof
material, which can provide insight into the load-bearing capacity. The
other approach assumes that industrial roofs generally have lower load-
bearing capacity compared to buildings composed of concrete struc-
tures. Silva et al. (2017) suggested using the construction year of a
building, specifically 1930, to divide the structural capacity for different
construction materials. This approach allows for the estimation of load-
bearing capacity by assuming construction material were used in
different periods. Nonetheless, when assessing green roof potential, it is
essential to consider various urban characteristics to directly or indi-
rectly estimate the load-bearing capacity. These methods can provide
valuable insights for determining the feasibility of green roof systems
and ensuring their safe and sustainable implementation. To improve our
understanding of global green roof potential, spatial datasets should be
supplemented with a comprehensive database of building roof-bearing
capacities, including any limitations and uncertainties in the estima-
tion. Within this context, and to ensure the safety and long-term sus-
tainability of the green roof system, in cases where direct information on
bearing capacity is not available, it is essential to perform roof structure
inspections and reinforcement before installing green roof systems.

In our third step we illustrated the variations in crop yields based on
national agricultural statistics (FAO statistical data) and compared them
with the model results for a range of uncertainty in crop parameters
(Fig. S3). The primary purpose of this analysis was to assess the credi-
bility of the collected crop parameter ranges (maximum, mean, mini-
mum) when compared to national crop yield estimates. National crop
yield estimates include a large variety of information, including tradi-
tional agriculture in rural areas, greenhouse production, hydroponics,
and other agricultural techniques that could differ significantly from
green roof environments in terms of factors such as substrate composi-
tion and management practices. Therefore, our comparisons were a
simple aggregated validation with the best data available.

In our study, the modeling framework could also be used as a dy-
namic tool for forecasting future crop production on green roofs. It can
account for potential changes in urbanization rates and shifts in climate
patterns. Besides, policymakers can utilize it to pinpoint key green roof
criteria that align with specific urban features. This, in turn, aids in the
conversion of traditional roofs into productive green spaces. Further-
more, our model can contribute to the development of effective water
use strategies, an essential aspect of maximizing crop production on
green roofs. As we look to the future, we see a wealth of potential for
enhancing the interplay between crop growth and spatial analysis. This
could be achieved through the optimization of planting structures on
green roofs and considering the diverse crop rotation practices for
different crop types. By strengthening this link, we can foster a more
nuanced understanding of green roof agriculture. This would pave the
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way for more efficient and sustainable urban farming practices,
contributing to the larger goal of creating sustainable and resilient urban
ecosystems.

In an urban environment, leveraging green roofs for crop production
has immense potential, but it is crucial that we align this potential with
the city’s actual crop demand. To achieve this, we need a comprehensive
approach that takes into account several key factors. Firstly, we need to
assess the total area of green roofs available in the city and identify
which crops are most suitable for these spaces, considering factors like
local climate and roof structure. Secondly, we need to estimate the yield
of these crops per unit area. This provides an idea of the total volume of
crops that can be generated. However, this is only addressing supply-
side issues. We also need to understand the city’s demand for different
types of produce. This requires an analysis of local consumption patterns
and diets. Combining this demand-side analysis with our supply-side
estimates will help us optimize the selection and rotation of crops on
green roofs. Moreover, water availability should be taken into account
to ensure sustainable practices. Crop choices should reflect water-
efficient options suitable for rooftop farming. By following this
approach, we can create a more sustainable urban food supply chain,
enhancing a city’s self-sufficiency in food production. This will not only
provide fresh, local produce for residents but also reduce the city’s
reliance on external food sources, promoting environmental sustain-
ability. In essence, the goal is to integrate urban farming into the city’s
food system in a manner that is both productive and responsive to local
needs. This requires careful planning and an understanding of both the
production potential of green roofs and the consumption needs of the
city’s residents.

5. Conclusion

Taking Amsterdam as a case study, we assessed the crop production
potential on green roofs by combining a crop model and a spatial
analysis for ten types of shallow-rooted crops. We explored different
scenarios of optimized regulated deficit irrigation based on spatial and
temporal variance in climate. This research quantifies the crop yields
with a productive green roof system through the Aquacrop model, maps
the potential green roof areas that are suitable for food production
through spatial analysis, and presents crop production as a potential
nexus for combining them.

We highlight four main findings. First, green roofs comprise 6.24 %
of Amsterdam’s total roof count, and these rooftops have the potential to
cover 396 ha of green roof areas, equating to 15.8 % of the city’s total
rooftop space. Second, crop yields on green roofs vary across different
crops: beans (8.38-17.2 t ha’l), broccoli (7.52-29.3 t ha’l), cabbage
(30.8-75.9 t ha™1), cauliflower (7.17-15.7 t ha™'), leek (21.3-45.7 t
ha’l), lettuce (14.8-42.7 t ha’l), onion (8.11-26.0 t ha’l), pea
(1.74-6.44 t ha’l), spinach (2.33-6.57 t ha’l), and strawberry
(13.1-34.1 t ha™!). Third, the optimized regulated deficit irrigation
stands out as an effective strategy for enhancing irrigation management
on productive green roofs. Finally, climate variances exhibit diverse
effects on crop production under different irrigation scenarios, and
irrigation can mitigate the effects of climate variances on food
production.

Analyzing crop yields on green roofs aids stakeholders in under-
standing the agricultural production potential of these rooftop spaces. It
also benefits local governments to integrate productive green roofs into
urban planting. Crop production on green roofs can help urban food
systems become more sustainable and can lead to a greener city.

This framework lays the foundation for future scenario analyses
regarding crop production potential on green roofs. Moreover, opti-
mizing planting structures on green roofs should encompass factors such
as crop rotations, economic viability, and environmental sustainability.
In the future, it is conceivable to establish a comprehensive building
database tailored specifically for productive green roof systems.
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