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1 About this Report
This report outlines the integration of authoritative Copernicus Climate Data from the Climate
Data Store (CDS) into a Sustainable Asset Valuation (SAVi) of nature-based infrastructure. It
describes how several climate indicators obtained from the Copernicus CDS were integrated into
the SAVi Nature-Based Infrastructure model and how the analysis performed by SAVi has
improved as a result. In light of this integration, IISD is able to generate sophisticated SAVi-derived
analyses on the costs of climate-related risks and climate-related externalities.
The integration of Copernicus Climate Data into other SAVi models for energy, irrigation,
wastewater treatment infrastructure, buildings, and roads can be found here.
This document presents
- A summary of the literature review on the climate impact on nature-based infrastructure,
including equations that link climate variables to the performance of nature-based
infrastructure.
- How the above information was used to select relevant indicators from the Copernicus
database.
- How outputs of the CDS datasets are integrated into the SAVi System Dynamics (SD) NatureBased Infrastructure model.
- How simulation results can be affected by the use of this new and improved set of indicators.
This report is organized as follows.
Literature Review
The literature review contains the following subsections for each of the climate variables
discussed for nature-based infrastructure:
•
•
•
•

Subsection 1: An overview of climate impacts on the asset (e.g., temperature affects
natural infrastructure).
Subsection 2: A presentation of papers/reports that provide case studies that summarize
the range of impacts estimated or observed (e.g., across countries).
Subsection 3: A description of the methodology found in the literature for the calculation
of climate impacts on the infrastructure asset.
Subsection 4: A selection of CDS datasets required by the equations.

Integration of the Literature Review With the CDS Dataset
This section summarizes information on what datasets are being used from the Copernicus
database and what additional processing was applied before integration into the SAVi Nature2019/C3S_428h_IISD-EU/SC1- Integration of climate data in the SAVi model Page 5 of 42
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Based Infrastructure model. We first review equations to determine their usefulness for SAVi
models. We then assess what data requirements for each of the equations are available in the
Copernicus database and create indicators for climate variables that are relevant for the
equations selected. Finally, in certain cases, we create indicators in the CDS Toolbox for first-order
impacts on infrastructure. Second- and third-order impacts will be estimated with SAVi, making
use of additional equations included in the SD model.
Integration of Climate Indicators Into the SAVi Nature-Based Infrastructure Model
This section explains how the CDS indicators are used in the SAVi SD model for nature-based
infrastructure. it includes an identification of specific performance indicators for each asset
impacted by climate indicators (e.g., efficiency and cost).
Behavioural Impacts Resulting From the Integration of Climate Variables
This sections discusses how the climate variables affect asset performance in the SD model,
providing early insights as to how the results of the SAVi analysis may change when equipping the
model with more and better refined climate indicators (e.g. cost of infrastructure being higher
due to increased maintenance, the economic viability of the infrastructure asset, expressed as
the Internal Rate of Return (IRR), will be lower than expected).
Simulation Results
The final section of this paper presents equations used and quantitative results emerging from
the inclusion of climate indicators in the SAVi Nature-Based Infrastructure model under various
climate scenarios. This is the end product of the enhanced SAVi model, which is used to inform
policy and investment decisions for infrastructure. Table 1 provides an overview of climate
drivers, impacts, and relevant SAVi output indicators.
The CDS datasets are accessed via the CDS application programming interface (API), and
additional processing and packaging for use in SAVi is done offline. Technical information about
the offline code is found in Annex I. We also selected a subset of the most-used indicators and
created an app in the CDS Toolbox with interactive visualization for demonstration purposes.
Table 1. Overview of variables and impacts implemented in the SAVi Nature-based Infrastructure model

SAVi module
Nature-based
infrastructure

Implemented
Main climate drivers
impact
Labour productivity • Temperature
impact indicator
Air temperature
considering
vegetation cover

•

Temperature

Affected output indicators
•

•
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SAVi module

Implemented
impact

Main climate drivers

Affected output indicators
•
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2 Nature-based Infrastructure
2.1 Literature review
2.1.1 Definitions
2.1.1.1 Natural Infrastructure
Natural infrastructure is defined as ecosystems that provide infrastructure through services that
are inherent to such ecosystems, while also perpetuating active conservation efforts and the
enhancement of the environments they are embedded in. (Bassi, Pallaske, Wuennenberg, Graces,
& Silber, 2019)
2.1.1.2 Green-Grey infrastructure
Green-grey infrastructure is an urbanized natural infrastructure; it tends to hybridize natural and
grey infrastructure into easily implementable structures to urban environments (e.g., permeable
pavements, green spaces). (Bassi, Pallaske, Wuennenberg, Graces, & Silber, 2019)

2.1.2 Precipitation: rainfall harvesting, runoff
•

Climate impact

Precipitation is one of the main climate variables that impacts natural and green-grey
infrastructure. It affects rainwater harvesting, water management and water absorption through
vegetation or soils. Natural and green-gray infrastructures can reduce extreme events impacts on
buildings (reducing flood impact), curb demand for water (rainwater harvesting) and improve the
performance of wastewater plants. They also are good to treat and absorb high precipitation as
well as wastewater through constructed or natural wetlands and mangroves, among others.
● Summary of results
Green roofs have a capacity of retaining 75% of a 24.5mm storm and 85% from a 50.8mm storm
(depending on location, results are for Chicago and Milwaukee respectively). In comparison with
asphalt, we also found that for recorded precipitation of 323mm on average for green roofs and
587mm for asphalt roofs, they respectively retained 52.6% and 14.1%. For pavements, we found
that the efficiency of retaining a 1-hour storm is 3mm.
For a Combined Sewer Overflow, there would be a reduction in discharge of 2.8391 liters (0.75
US gallon) per increase of 3.7854 liters (1 US gallon) of stormwater when we install a green
infrastructure near the water inflow.
In a study in Spain, comparing constructed wetlands in Barcelona and Leon regarding their
respective seasonal efficiency removal, it was found that for [TSS; COD; ammonium], their
efficiency in summer is [97.4%-97.8%; 97.1%-96.2%; 99.9%-88.9%] and winter [83.5%-74.4%;
73.2%-60.6%; 19%-NA] respectively for Barcelona and Leon. Influent average TSS mass loading
rate was 2.84 g m−2 d−1 and for average influent BOD, it was of 4.72 g m−2 d−1.
2019/C3S_428h_IISD-EU/SC1- Integration of climate data in the SAVi model Page 8 of 42
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•

Results

In Chicago, green roofs helped retain over 75 percent of the volume from a one-inch storm,
preventing the water from reaching the combined sewer system. In Milwaukee, green roofs will
be able to retain 85 percent of a two-inch downpour. The remaining 15 percent of the water is
directed to rain gardens and a retention basin for on-site irrigation. (Dunn, 2007)
In the US, a report published under the NRDC by Kloss and Calarusse (2011),established that
permeable pavement in a typical alley can infiltrate 3 inches of rainwater from a 1-hour storm
with an infrastructure life expectancy of 30 to 35 years. It is typically designed with the capacity
to manage a 10-year rain event within a 24-hour period.
Under the EPA, Berghage et al. (2009) reported in an analysis across the US that for 683 mm of
recorded precipitation, there was a corresponding mean value of 323 mm with a standard
deviation of 71 mm of green roof runoff compared to a mean of 587 mm with a calculated
standard deviation of 43 mm for the flat asphalt roofs. The green roofs retained 52.6% while flat
asphalt roofs retained 14.1% of the precipitation.
In Lancaster, Pennsylvania, a project managed by the Green Infrastructure Technical Assistance
Program and the EPA, estimated that for every 1 gallon of stormwater captured by green
infrastructure, (Combined Sewer Overflow) CSO discharges will be reduced by 0.75 gallons. Based
on these assumptions, the green infrastructure installed within the CSS area will capture an
average of 706 million gallons of stormwater runoff annually, and reduce CSO discharges by an
average of 529 million gallons/year. (EPA, 2014)
In Spain, Garfi et al. (2012) estimated the removal efficiency of two experimental constructed
wetlands in Leon and Barcelona. The two constructed wetland systems had the same
experimental set-up. Each wetland had a surface area of 2.95 m2, a water depth of 25 cm and a
granular medium of D60=7.3 mm, and was planted with Phragmites australis. Both systems were
designed in order to operate with a maximum organic loading rate of 6 gDBO m−2 d−1.
Experimental systems operated with a hydraulic loading rate of 28.5 and 98 mm d−1 in Barcelona
and León, respectively. Total suspended solids, biochemical oxygen demand and ammonium mass
removal efficiencies followed seasonal trends, with higher values in the summer (97.4% vs. 97.8%;
97.1% vs. 96.2%; 99.9% vs. 88.9%, in Barcelona and León systems, respectively) than in the winter
(83.5% vs. 74.4%; 73.2% vs. 60.6%; 19% vs. no net removal for ammonium in Barcelona and León
systems, respectively).
Influent average TSS mass loading rate was 2.84 g m−2 d−1 (7.58 g m−2 d−1, ranging from 0.41 to
7.95 g m−2 d−1 in Leon). Average influent BOD was 4.72 g m−2 d−1 (6.11 g m−2 d−1 in Leon), ranging
from 3.5 to 5.1 g m−2 d−1 in winter and summer respectively, which fits quite well in the range of
4–6gm−2 d−1.
● Methodology
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Many papers are based on the same methodology, the SWMM (StormWaterManagement
Method) (Nazahiyah, Yusop, & Abustan, 2007). See the article of Zoppou (2001) for all the listed
urban stormwater models. One of the first examples is the article of Tsihrintzis and Hamid (1998).
This approach allows to know how much pollutants were absorbed through runoff and probably
not treated. Pollutant loadings were calculated as the product of event mean concentration
(EMC):

where M is total mass of pollutant over the entire event duration (g), V is total volume of flow
over the entire event duration (m3), t is time (min), Qi(t) is the time-variable flow (m3 /min), Ci is
the time-variable concentration (mg/l) and Dt is the discrete time interval (min) measured during
the runoff event.
Considerations for integration in the CDS toolbox
ERA5-Land monthly averaged data from 1981 to present
CMIP5 monthly data on single levels
Method 2 (Gajbhiye, Mishra, & Pandey, 2013) (Cronshey, et al., 1986)
This method is based on the Soil Conservation Service curve number (CN) Method, a wellestablished technique for estimating event runoff depths from various urban and agricultural land
uses. The CN method uses an infiltration loss model to estimate direct runoff from storm rainfall
based on soil type, land use/land cover, surface conditions, and antecedent moisture conditions:

Initial abstraction (Ia) is all losses before runoff begins. It includes water retained in surface
depressions, water intercepted by vegetation, evaporation, and infiltration. Ia is highly variable
but generally is correlated with soil and cover parameters. Through studies of many small
agricultural watersheds, Ia was found to be approximated by the following empirical equation:
Ia = 0,2S
2019/C3S_428h_IISD-EU/SC1- Integration of climate data in the SAVi model Page 10 of 42
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The major factors that determine CN are the hydrologic soil group (HSG), cover type, treatment,
hydrologic condition, and antecedent runoff condition (ARC)
Considerations for integration in the CDS toolbox
ERA5-Land monthly averaged data from 1981 to present
CMIP5 monthly data on single levels

2.1.3 Vegetation: rainfall absorption, temperature, soil erosion and climate mitigation
•

Climate impact

Vegetation has an impact on natural and green-grey infrastructure depending on the type of
vegetation, country, latitude, and canopy coverage. Vegetation helps mitigating climate risks on
infrastructure and provides an efficient way of increasing air quality, reducing flood risks,
absorbing high precipitation levels, and reducing the demand for cooling.
● Summary of results
Our references mainly come from studies in the US, China and England.
Trees are important in mitigating flood and wastewater treatment costs by their rainfall
absorption capacity. We found that trees can absorb as much as 6.6 m3/tree and reduce costs by
3.6$/tree (Santa Monica). Trees also act as air cleaner by reducing air pollutants. In some studies
they found that for PM2.5 removal, trees could reduce it by ~64.5 tons (Atlanta) and for nitrogen,
sulfur dioxide and total suspended particulates altogether, around 312.03 tons (Guangzhou)
depending on location. For example, a 10 x 10 km grid in London with 25% tree cover could
remove 90.4 tons of PM10 per year
For vegetated areas, we learned that they are 3% cooler than non-vegetated areas (Kumamoto,
Japan). For example, a 30% vegetated area can be cooler by 6˚C, retain warmth at night by 2˚C
and reduce wind speed by 2-6.7 m/s (Davies, California). Vegetation also prevents soil erosion.
We found that for a 1% annual increase in vegetation cover, soil erosion could be reduced by 456
t/km2/a-1 (China).
We also found that on average, vegetation can absorb carbon particles by 18 to 31.6 t ˚C/ha
depending on location for urban areas and as much as 1.66-7.6 t ˚C/ha for domestic gardens
(Leicester). For removal efficiency, depending on location the removal of PM10/year ranges from
852 to 2121 tons (Seattle and Hangzhou).
● Results
In Santa Monica, California, Xiao and McPherson (2002) assessed the rainfall absorption capacity
of urban trees to mitigate wastewater treatment costs and flood costs. Results show that the
annual rainfall interception by the 29,299 street and park trees was 193,168 m3 (6.6 m3/tree), or
1.6% of total precipitation. Longtime average annual precipitation is 569.5 mm and the dominant
2019/C3S_428h_IISD-EU/SC1- Integration of climate data in the SAVi model Page 11 of 42
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land use over the 21.8 km2 study area is residential (66.0%). Commercial, industrial, and park land
uses account for 15.9%, 7.0%, and 2.6%, respectively. The remaining 8.5% of land has other uses.
Inventory data was limited to 29,229 public trees, of which 87% were street trees and 13% were
park trees. The majority of trees were broadleaf evergreens (59.9%), 11.1% were conifers, and
22.6% were palms
The annual value of avoided stormwater treatment and flood control costs associated with
reduced runoff was $110,890 ($3.60/tree). Interception rate varied with tree species and sizes.
In Kumamoto, Japan, Saito et al. (1990) estimated the impact of vegetation coverage on air
temperature. Temperature difference is on average 3% lower compared to non-vegetated areas.
Three areas were analyzed. The Kengun Shinto Shrine area has a scale of about 150m × 150m and
it is covered with coniferous trees and bamboos. The Izumigaoka Park has a scale of about 60m ×
40 m and it is covered with broad-leaved trees. The total area of tree crowns is ~25 900 m2 in
Kengun Shinto Shrine and ~2300 m2 in Izumigaoka Park.
In Davis, California, Taha et al. (1991) estimated that a vegetative cover of 30% could produce a
noontime oasis of up to 6°C in favorable conditions, and a nighttime heat island of 2°C. Wind
speed was reduced by ~ 2 m/s in mild conditions and by as much as 6.7 m/s. The measurements
were taken from 12 to 25 October 1986. These meteorological variables were measured 1.5 m
above ground along a transect of 7 weather stations set up across the canopy and the
upwind/downwind open fields. These variables were averaged every 15 minutes for a period of
two weeks so we could analyze their diurnal cycles as well as their spatial variability. In the
canopy, the cumulative leaf-area index (LAI), integrated over the foliage depth, was about 3. This
LAI was uniform across the entire canopy except near the middle of the tree stand where a slight
discontinuity in cover brought the LAI down to about 2. The tall trees at the south end of the
stand, on the other hand, had a cumulative LAI between 4.5 and 5.
In China, Zhou et al. (2006) assessed the evolution of vegetation and soil erosion at the watershed
of Zhifanggou from 1987 to 1996. Vegetation coverage increased linearly with a speed of 1.84%
per year and soil erosion decreased by 757 t km−2 per year. The amount of soil erosion was closely
negative correlated with the degree of vegetation coverage (r = −0.99***). Regression of soil
erosion with vegetation coverage indicated that a 1% increase in vegetation coverage in a year
could decrease soil erosion by 456 t km−2 a−1.
Demuzere et al. (2014) also reported existing evidence on the role of green infrastructures in
mitigating climate change.
For Co2 reduction Davies et al (2011) reported the total average carbon stored within the aboveground vegetation across the city to be 31.6 t C/ha of urban area and 7.6 t C/ha alone for domestic
gardens.
This is similar to the results of Zhao et al. (2010)in the Hangzhou downtown area, where they
reported 30.25 t C/ha and 1.66 t C/ha/year as the average carbon storage and sequestration rate,
and a little higher than along three sample transects radiating from the Seattle (the USA) central
urban core (18 ± 13.7 t C/ha) (Hutyra, Yoon, & Alberti, 2011).
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Concerning air quality, the evidence based on modeling studies is much broader compared to the
results from empirical studies. In London, green areas are estimated to remove 852-2121 tons of
PM10 annually, which equates to 0.7-1.4% PM10 reduction (Tiwary, et al., 2009).
Tallis et al. (2011) have found that a 10 x 10 km grid in London with 25% tree cover could remove
90.4 tons of PM10 per year.
A recent analysis in 10 US cities showed that the mass of fine particles (PM2.5) removed by trees
annually could be up to 64.5 tons in Atlanta (Nowak, Greenfield, Hoehn, & Lapoint, 2013).
In Guangzhou, China, the annual removal of nitrogen, and sulfur dioxide and total suspended
particulates could be 312.03 tons. (Jim & Chen, 2008)
● Methodology
Considerations for integration in the CDS toolbox
ERA5-Land monthly averaged data from 1981 to present
ERA5 monthly averaged data on single levels from 1979 to present
Land cover classification gridded maps from 1992 to present derived from satellite observations
ERA5-Land monthly averaged data from 1981 to present
Leaf area index and fraction absorbed of photosynthetically active radiation 10-daily gridded data
from 1981 to present

2.1.4 Air temperature and solar radiation
•

Climate impact

Green roofs and green gardens, among other options, can provide a good alternative for cities to
face higher temperatures and decrease the demand for cooling. They can also act as greenhouse
gas emissions regulators and contribute to the improvement of air quality.
As for air temperatures, green-gray infrastructures allow to reduce solar radiation impact on
buildings. They help in reducing demand for cooling systems and can even transform solar
radiation energy into electricity through solar panels.
Constructed and natural wetlands are also sensitive to changes in temperatures regarding their
nutrient absorption efficiency and their capacity in treating wastewater.
● Summary of results
An increase in Albedo of 0.13 would lead to a decrease of temperature by 2-4 ˚C and hence,
reduce air conditioning need by 10% and reduce smog by 20% during summer.
Trees help mitigating high temperatures. By doing a simple average from all our references, areas
with trees are cooler by 2.15˚C (0.7 – 3.6 ˚C range of our studies) depending on location, method.
Green areas also help reducing ambient air temperature by an average of 1.635˚C (0.47-2.8˚C
range) to a most of 3.3-5.6˚C for +25% of trees.
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Green roofs have the same function as trees. We found that it could reduce ambient air
temperature by 0.3-3˚C and facades temperature by 1-15˚C. Its surface temperature can be lower
by 21˚C and it can reduce air temperature by 15˚C for another more extreme study.
Regarding green infrastructure and constructed wetlands, their efficiency of water treatment also
changes with temperature variation. COD removal is relatively high at 16˚C (92%) and at 24˚C in
(88%), but ranged between 58% and 69% during all other batches at 4, 8, and 16˚C. Removal rate
without plants was significantly less at 4˚C than 24˚C. At 4 and 8˚C, when differences were
statistically significant, planted microcosms removed 25–30% more COD on average than
unplanted controls; at 16˚C, significant differences between planted and unplanted microcosms
were <20%. For absorption in another study, the average Nitrogen uptake rate was calculated in
the order of C. indica L. > A. donax > A. calamus L., for 22.88 mgN/m3 /d, 18.21 mgN/m3 /d and
16.68 mgN/m3 /d, respectively. NO3-N removal rates of 95.2%, 97.2%, 96.8% and 96.2% occurred
in summer (Aug. and Sep.), while 83.3%, 84.4%, 77.56% and 73.45% in autumn (Oct. to Dec.).
For wetland without specific plant, removal efficiency was for SS (71.8 ± 8.4%), BOD5 (70.4 ±
9.6%), COD (62.2 ± 10.1%), total coliform (99.7%), fecal coliform (99.6%), ammonia nitrogen was
relatively low (40.6 ± 15.3%).
For inflow and removal efficiency per year the wetland received 24 g P m−2 year−1 and 130 g NO3–
N m−2 year−1 and it retained 3.1 g m−2 year−1 of P and 18 g m−2 year−1 of NO3–N. Annual TP
reduction was 13% and NO3–N reduction 14%. The monthly relative NO3–N reduction was 25–
82% in growing season (June–September), 7–10% in January–March and 4–6% in November–
December. The highest absolute monthly reduction of NO3–N occurred in December.
For specific regional climate, look at figure 39 below.
● Results
Two studies led by Taha in (1996) and in (1997) in the Los Angeles basin performed simulations
of the effects of large scale albedo increases and found that an average decrease of 2°C and up
to 4°C may be possible by increasing the albedo by 0.13 in urbanized areas of the basin.
Temperature decreases of this magnitude could reduce the electricity load from air conditioning
by 10% and smog (ozone concentrations) by up to 20% during a hot summer day.
A paper assessing the vegetation role in mitigating urban heat island in Athens, elaborated by
Zoulia et al. (2009) shows that air temperature in the shade of trees was reported to be lower by
0.7–1.3°C (Souch & Souch, 1993)), 1.7–3.3°C (Taha, Akbari, & Rosenfeld, 1988),up to 3.6°C
(Parker, 1989)than areas with no trees. The cooling effect of parks was also investigated by
several other researchers: the average air temperature in green areas was recorded to be lower
by 0.47°C (Dhakal & Hanaki, 2002), 0.6°C (Watkins, Littlefair, Kolokotroni, & Palmer, 2002), 1.5–
2.8°C (Nichol, 1996) than surrounding areas.
In another study, this temperature difference reached up to 3.3– 5.6°C during summer with a 25%
increase in the number of trees. (Akbari, Davis, Dorsano, Huang, & Winnett, 1992)
Koc et al. (2018) did a literature review on the effects of green infrastructures for cooling urban
areas:
It is said that green roofs, when applied at the city level, may decrease average ambient
temperatures between 0.3 and 3 K (Santamouris, 2014) and also that the application of green
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walls/facades showed a reduction of surface temperatures of building facades between 1 and 15
°C for studies in warm temperate climates (Pérez, Coma, Martorell, & Cabeza, 2014). This is just
two examples among many others.
In a report published by the EPA in 2003, in the US, it is estimated that urban air temperatures
can be up to 5.6 C warmer than the surrounding countryside and for every 0.6˚C increase in air
temperature, peak utility load may increase by 2%. (U.S. Environmental Protection Agency, 2003)
In Chicago, since its completion in 2001, green roofs have saved the city USD 5,000 a year in
energy costs (City of Chicago Department of Environment, 2006). Monitoring of local
temperatures found that the “cooling effects during the garden’s first summer showed a roof
surface temperature reduction of 21°C and an air temperature reduction of 15°C (American
Society of Landscape Architects, 2003) .
Taylor et al. (2011) conducted a study on the efficiency of 19 different plants in absorbing and
removing COD and SO4 from wastewater under different air temperatures. They compared
treatment and control (unplanted) by varying temperatures after 20 days during 1 year.
In unplanted microcosms COD removal was relatively high at 16◦C in 2006 (92%) and at 24 ◦C in
2007 (88%), but ranged between 58% and 69% during all other batches at 4, 8, and 16 ◦C. Removal
in controls was significantly less at 4◦C than 24 ◦C. In contrast to the controls, planted microcosms
showed no significant differences between the coldest and warmest temperatures with 15
species. Microcosms planted with L.cinereus and P. virgatum had significantly lower COD removal
at 4 than 24 ◦C, while C. utriculata and P. arundinacea had significantly higher removal at 4 ◦C.
At 4 and 8 ◦C, when differences were statistically significant, planted microcosms removed 25–
30% more COD on average than unplanted controls; at 16 ◦C, significant differences between
planted and unplanted microcosms were <20%. We can clearly see it in a table available in the
article:
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Figure 1 – COD removal regarding influent wastwater

In another study, Du et al. (2018) analyzed the performance of an Integrated Vertical-Flow
Constructed Wetlands (IVCWs) in removing nitrogen for treating water.
Four sets of lab-scale IVCWs were built with a 25 L working volume. Natural sands (in the same
diameter 1–2 mm) were filled into each tank as the substrate layers (35 cm). Arundo donax (A.
donax), Canna indica L. (C. indica L.) and Acorus calamus L. (A. calamus L.) were selected as
wetland vegetation, and which with the nearby biomass were planted in 3 sets of wetland system
sequentially.
Results showed that IVCWs planted with vegetation generally achieved a higher Total Nitrogen
removal rate than unplanted treatment, especially for Canna indica L. with 10.35% enhancement.
The average N uptake rate was calculated in the order of C. indica L. > A. donax > A. calamus L.,
for 22.88 mgN/m3 /d, 18.21 mgN/m3 /d and 16.68 mgN/m3 /d, respectively.
Moreover, the microbial process proportion (83.87–87.94%) is the main Nitrogen removal
pathway in IVCW, and vegetation planting could increase 8.16% of it in average. The average NO3N removal rates of 95.2%, 97.2%, 96.8% and 96.2% occurred in summer (Aug. and Sep.), while
83.3%, 84.4%, 77.56% and 73.45% in autumn (Oct. to Dec.).
In China, Song et al. (2006) observed the seasonal efficiency of a constructed wetland for sewage
treatment. The wetland has a total area of 80 ha and treatment capability of 2.0 × 104 m3 d−1.
Average seasonal temperatures for the region are winter (from December to February) −0.1 ◦C,
spring (from March to May) 11.1 ◦C, summer (from June to August) 22.9 ◦C and fall (from
September to November) 14.6 ◦C (2003 data).
Results (Removal): SS (71.8 ± 8.4%), BOD5 (70.4 ± 9.6%), COD (62.2 ± 10.1%), total coliform
(99.7%), fecal coliform (99.6%), ammonia nitrogen was relatively low (40.6 ± 15.3%), and total
phosphorus showed the least efficient reduction (29.6 ± 12.8%). Mean percent reduction was
higher during spring (72.8%) and summer (74.1%) and lower during autumn (66.6%) and winter
(67.8%)
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Kadlec and Reddy (2001) did a literature review of the impact of change in temperature on
treatment efficiency of wetlands. The temperature coefficient (Θ) varied from 1.05 to 1.37 for
carbon and nitrogen cycling processes during isolated conditions. Phosphorus sorption reactions
are least affected by temperature, with Θ values of 1.03 to 1.12. Temperature seems to have
minimal effect on biochemical oxygen demand (0.900 < Θ < 1.015) and phosphorus (0.995 < Θ <
1.020) removal, and more significant effect on nitrogen removal (0.988 < Θ < 1.16). See all results
tables for more precise details on each result for each reference and also look beneath in the
methodology for some insight on an equation description.
Land et al. (2016) focused on the efficiency of recreated wetlands in nitrogen and phosphorous
removal. They did an analysis based on many other studies results, mainly studies across Europe
and the US. Median removal rates of nitrogen and phosphorous were 93 and 1.2 g m−2 year−1,
respectively. Removal efficiency for Total Nitrogen was significantly correlated with hydrologic
loading rate (HLR) and Temperature, and the median was 37 %, with a 95 % confidence interval
of 29–44 %. Removal efficiency for Total Phosphorous was significantly correlated with inlet Total
Phosphorous concentration, HLR, Temperatures, and Average Median Total Phosphorous
removal efficiency was 46 % with a 95 % confidence interval of 37–55 %. Maximum in removal
efficiency appeared at intermediate annual average temperatures (approximately 14–19 °C). For
nitrogen we have a table per climate region (Aw, Cfa, Cfb, Csa, Dfa, Dfb):
Figure 2 – Removal efficiency depending on regional climate characteristics

In Sweden Valkama et al. (2017) indicate that the mean temperature in 2014 was 6.2◦C and
precipitation 320 mm. Normal annual mean temperatures in this boreal region is 5.0 ◦C and
annual precipitation is 660 mm. The coldest month was January (mean temperature −7.5 ◦C) and
warmest July (mean temperature 19.1 ◦C).
The incoming and outgoing TP and NO3–N loads were calculated and the relative and absolute
reduction rates were determined.
The wetland received 24 g P m−2 year−1 and 130 g NO3–N m−2 year−1 and it retained 3.1 g m−2
year−1 of P and 18 g m−2 year−1 of NO3–N. Annual TP reduction was 13% and NO3–N reduction
14%. The monthly relative NO3–N reduction was 25–82% in growing season (June–September),
7–10% in January–March and 4–6% in November–December. The highest absolute monthly
reduction of NO3–N occurred in December
● Methodology
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o Method 1 Georgi and Zafiriadis (2006)
In a study in Greece, the authors used Thom’s discomfort index for population based on air
temperature and relative humidity in order to justify the use of vegetation in mitigating solar
radiation and air temperatures (equations for temperature and radiation relative impact on
vegetation also available):

<21 degrees = no discomfort / 21-24 = under 50% population feels discomfort / 24-27 = most 50%
population feels discomfort / 27-29 = Most population suffers discomfort / 29-32 = everyone feels
severe stress / >32 = state of medical emergency.
o Method 2 (Kadlec & Reddy, 2001)
Areal removal rate:

Where k20 = areal removal rate constant at 20 °C (m/a); kV20 = volumetric removal rate constant
at 20 °C (1/d); T = temperature (°C); Θ = temperature
Another descriptor in the literature is Q10, which measures the effect of a 10 °C change in
temperature and is defined as the ratio of removal rates:

If Θ = 1.072, then a 10 °C temperature increase will double the value of the rate constant (Q10 =
2). If the value of u is less than unity, then the removal process slows with increasing temperature
Manoli et al. (2019)Urban Heat Island explained (methodology) by air temperature, albedo among
others.

2.2 Integration of literature review with the CDS datasets
See section 1.2 for a general instruction
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Datasets:
• ERA5 monthly data on single level
• CMIP5 monthly data on single level
Indicators created:
• Air temperature
o Units: degrees Celsius
o Frequency: monthly
o ERA5 variable: “2 m temperature”
o CMIP5 variable: “2 m temperature“
o Note: original units in Kelvin
• Monthly precipitation:
o Units: mm per month
o ERA5 variable: “Mean total precipitation rate”
o CMIP5 variable: “Mean precipitation flux“
o Note: original units in mm/s

2.3 Integration of climate indicators into the SAVi natural infrastructure model

Natural infrastructure related indicators developed for and extracted from the CDS toolbox
include impacts on rainwater harvesting and flood risk, climate impacts on nutrient absorption
in NI assets and vegetation impacts on temperature. The CLD representing the dynamics of the
SAVi Natural Infrastructure model is presented in is presented in Figure 55.
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Figure 3 Causal Loop Diagram for natural infrastructure - CDS variables included
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Flood risk is estimated as a function of temperature area and permeability, peak surface water
runoff. The CDS indicator “effect of temperature on water retention” refers to the ability of
natural landscapes to retain water given a specific outside temperature. The “effect of green
infrastructure on stormwater” refers to potential reductions in stormwater runoff through the
implementation of NBI assets (i.e. vegetation). The implementation of green roofs, vegetation
strips and riparian buffers increases water retention on built assets and hence reduces flood risk
by reducing peak stormwater flows during precipitation events.
The impact of temperature on nutrient absorption of natural infrastructure developed for the
CDS toolbox refers to changes in the rate at which NI removes nutrients such as nitrogen and
phosphorus. Nutrient absorption in NI assets such as wetlands highly depends on the type of
vegetation and climatic conditions.

2.4 Behavioral impacts resulting from the integration of climate variables
Using the CDS toolbox to forecast the flood mitigation capacity of NI allows to capture the
seasonality of ecosystem service provisioning for simulating seasonal severity of flood damages
in the SAVi simulations. The use of this indicator improves the forecasting of future flood risk and
damages, and increases the accuracy of NI’s contribution to flood mitigation given a range of
climate scenarios. This will affect the return on investment of NI assets by changing flood damages
incurred, depending on whether the NI asset is located in favorable or unfavorable climatic
conditions.
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The impacts of green infrastructure on stormwater runoff developed for and extracted from the
CDS toolbox affects total peak stormwater runoff and stormwater related management costs as
well as flood risk during stormwater events. An increase in the capacity of urban areas to store
rainwater and delay runoff hence leads to a reduction in total stormwater loads, which translates
into reduced costs of stormwater management. As water is retained and released over time, NI
and NBI contribute to reducing flood risk and reduce flood damages incurred in areas with
improved absorption and infiltration capacity.
Nutrient absorption is an essential service provided by NI, especially wetlands and riparian
buffers. The use of the CDS indicator forecasting climate change impacts on nutrient absorption
of NI in the SAVi model has far reaching impacts on various aspects of the model and simulation
results. Changes in nutrient absorption affects the asset’s capacity to remove nutrients from
water stored with impacts on ecosystem service delivery, the value of ecosystem services
provided and water quality. By impacting water quality, nutrient concentration further affects
indicators such as chlorophyll-a concentration, water clarity, and the valuation of economic
activities such as fisheries, tourism and real estate.

2.5 Simulation results
With regard to SAVi Natural Infrastructure, different variables were developed using the CDS
database. Natural infrastructure both is impacted by its surrounding climatic conditions as well
as impacts its surrounding environment in various ways. An example of the former is the impact
of temperature on phosphorus (P) removal efficiency in wetlands. An example of the latter is the
use of trees and urban green infrastructure to reduce the heat island effect. The following three
variables were developed to incorporate data from the CDS toolbox: (1) Effect of temperature on
P removal efficiency in wetlands, (2) effect of vegetation cover on surrounding temperature, and
(3) the number of months during which heat impacts on health can occur.

2.5.1 Effect of temperature on P removal efficiency in wetlands
El-Rafaie (2010) describes the impact of temperature on the removal efficiency of the Manzala
Engineerede Wetland in Egypt. The results of the study indicate that the P removal efficiency of
wetland increases with temperature. The following equation is used to forecast the P removal
efficiency of wetlands using CDS data:
P removal efficiency of wetlands = (1.4035 * seasonal temperature - 10.888) / 100
Forecasting P removal efficiency in wetlands allows to estimate the value of nutrient removal in
relation to local climatic conditions. Figure 56 presents the results for the BAU (red line) and the
CDS climate impact scenario (blue line) respectively.
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Figure 4: P removal efficiency in wetlands

The graph above illustrates that the overall removal efficiency of wetlands is projected to increase
in the area around Johannesburg, due to the projected increase in temperature in the IPSL RCP8.5
scenario. The seasonal fluctuation of P removal efficiency directly affects water quality of
waterbodies that receive the effluent of the wetland. Figure 57 illustrates the P loadings in
wetland effluent (water leaving the wetland) and how the constant formulation in the BAU
scenario significantly underestimates P loadings from wetland effluent.
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Figure 5: Wetland effluent phosphorus loads

Cumulatively, the amount of P removed by the wetland is 60.06 ton P and 67.29 ton P in the no
impact and CDS climate impact scenario respectively. This is equivalent to an annual reduction of
750.58 kg P (no impact scenario) and 841.13 kg P (CDS climate impact scenario) per year
respectively. Assuming an average cost of P removal in wastewater treatment plants of USD 68.38
per kg P removed, the cumulative avoided cost of wastewater treatment between 2020 and 2100
total USD 4.11 million in the no impact scenario and USD 4.60 million in the CDS impact scenario.
Both the amount of P removed and related cost in the CDS impact scenario are 12% higher
compared to the no impact scenario.

2.5.2 Effect of temperature on labor productivity and impacts of vegetation cover
We have assumed that working in temperatures above 25 degree Celsius exposes individuals to
a higher risk of suffering adverse health impacts, leading to higher health cost and the need for
replacement workers. The CDS climate data is used to forecast the number of months during
which adverse health impacts may occur. The following equation is used to calculate the labor
productivity impact indicator:
Labor productivity impact indicator = IF THEN ELSE (Tair>25, Tair / 25, 0)
The IF THEN ELSE function assesses whether the threshold temperature (25) is exceeded and
hence whether impacts may occur. Dividing air temperature by the threshold value indicates the
potential strength of impacts relative to the threshold temperature. Figure 58 presents the
forecasted labor productivity impact indicator for Johannesburg
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Figure 6: Labor productivity impact indicator

The forecast indicates that temperature related labor productivity impacts start occurring around
the year 2050/2060 and become frequent after 2065.

2.5.3 Impacts of vegetation cover on surrounding air temperature
The literature review above has highlighted the role of trees and green spaces for temperature
regulation in urban environments. Vegetation cover mitigates sun radiation and provides shade
and hence contributes to counteracting the urban heat island effect. The average reduction for a
25% increase in vegetation cover is 1.635 °C.
In light of the temperature-related labor productivity impacts described above, three indicators
were developed for assessing potential benefits of increasing vegetation cover in Johannesburg.
Table 21 provides an overview of the three indicators and their equations
Indicator
Air temperature 25% vegetation
cover
Air temperature 50% vegetation
cover
Air temperature 75% vegetation
cover

Equation
= Tair – 1.635
= Tair – 3.27
= Tair – 4.905

Table 2: Air temperature indicators considering vegetation cover

Assuming the same temperature threshold for the occurrence of temperature related impacts on
labor productivity (25 degree Celsius), the labor productivity impact indicator is simulated using
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the three different air temperature values. This simulation assumes that the vegetation cover in
Johannesburg is close to 0%, for illustration purposes.
The results for the simulations using different CDS based air temperature values are presented in
Figure 59. The figure in the top left represents the simulation without vegetation cover, as already
presented in Figure 58. The subsequent figures represent the months with potential labor
productivity impacts considering 25% (top right), 50% (bottom left) and 75% (bottom right)
vegetation cover.
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Figure 7: Labor productivity impact indicator and the impacts of vegetation cover

The results illustrate that increasing vegetation cover in the form of trees and green roofs could
postpone the onset of temperature related impacts on labor productivity, or even mitigate it
entirely (75% vegetation cover).
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Annex I: Code for establishing the CDS Toolbox-SAVi link
Code related to offline processing of CDS Toolbox and CDS API data for the C3S_428h_IISD-EU
project.

How does this code relate to the CDS API ?
This code builds on the powerful CDS API but focuses on local impact analysis specific for the
C3S_428h_IISD-EU project. It makes it easier to retrieve a time series for a specific location or
region, and save the result to a CSV file (a simpler format than netCDF for most climate
adaptation practitioners). Additionally, the code combines variables across multiple datasets,
aggregate them into asset classes (such as all energy-related variables) and perform actions
such as bias correction (use of ERA5 and CMIP5).

Code available for download
The easy way is to download the zipped archive: - latest (development):
https://github.com/perrette/iisd-cdstoolbox/archive/master.zip - or check stable releases with
description of changes: https://github.com/perrette/iisd-cdstoolbox/releases (see assets at the
bottom of each release to download a zip version)
The hacky way is to use git (only useful during development, for frequent updates, to avoid
having to download and extract the archive every time):
- First time: git clone https://github.com/perrette/iisd-cdstoolbox.git
- Subsequent updates: git pull from inside the repository

Installation steps
-

Download the code (see above) and inside the folder.

-

Install Python 3, ideally Anaconda Python which comes with pre-installed packages

-

Install the CDS API key: https://cds.climate.copernicus.eu/api-how-to

-

Install the CDS API client: pip install cdsapi

-

Install other dependencies: conda install --file requirements.txt or pip install -r
requirements.txt

-

Optional dependency for coastlines on plots: conda install -c conda-forge cartopy or see
docs

-

Optional dependency: CDO (might be needed later, experimental): conda install -c condaforge python-cdo

Troubleshooting: - If install fails, you may need to go through the dependencies in
requirements.txt one by one and try either pip install or conda install or other methods specific
to that dependency. - In the examples that follow, if you have both python2 and python3
installed, you might need to replace python with python3.
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CDS API
Download indicators associated with one asset class.
Examples of use:
python download.py --asset energy --location Welkenraedt

The corresponding csv time series will be stored in indicators/welkenraedt/energy. Note
that raw downloaded data from the CDS API (regional tiles in netcdf format, and csv for the
required lon/lat, without any correction) are stored under download/ and can be re-used across
multiple indicators.
The indicators folder is organized by location, asset class, simulation set and indicator name.
The aim is to provide multiple sets for SAVi simulation. For instance, era5 for past simulations,
and various cmip5 versions for future simulations, that may vary with model and experiment.
For instance the above command creates the folder structure (here a subset of all variables is
shown):
indicators/
welkenraedt/
energy/
era5/
2m_temperature.csv
precipitation.csv
...
cmip5-ipsl_cm5a_mr-rcp_8_5/
2m_temperature.csv
precipitation.csv
...
...

with two simulation sets era5 and cmip5-ipsl_cm5a_mr-rcp_8_5. It is possible to specify
other models and experiment via --model and --experiment parameters, to add further
simulation sets and thus test how the choice of climate models and experiment affect the result
of SAVi simulations.
Compared to raw CDS API, some variables are renamed and scaled so that units match and are
the same across simulation sets. For instance, temperature was adjusted from Kelvin to degree
Celsius, and precipitation was renamed and units-adjusted into mm per month from original
(mean_total_precipitation_rate (mm/s) in ERA5, and mean_precipitation_flux (mm/s) in
CMIP5). Additionally, CMIP5 data is corrected so that climatological mean matches with ERA5
data (climatology computed over 1979-2019 by default).
Additionally to the files shown in the example folder listing above, figures can also be created
for rapid control of the data, either for interactive viewing (--view-timeseries and --viewregion) or or saved as PNG files (--png-timeseries and --png-region), e.g.
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python download.py --asset energy --location Welkenraedt --png-timeseries -png-region

Single indicators can be downloaded via:
python download.py --indicator 2m_temperature --location Welkenraedt

The choices available for --indicator , --asset and --location area defined in the following
configuration files, respectively:
•

controls which indicators are available, how they are renamed and unit-adjusted:
indicators.yml (see sub-section below)

•

controls the indicator list in each asset class: assets.yml

•

controls the list of locations available: locations.yml

Full documentation, including fine-grained controls, is provided in the command-line help:
python download.py --help

Visit the CDS Datasets download pages, for more information about available variables, models
and scenarios:
- ERA5: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levelsmonthly-means?tab=form
- CMIP5: https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip5monthly-single-levels?tab=form

In particular, clicking on “Show API request” provides information about spelling of the
parameters, e.g. that “2m temperature” is spelled 2m_temperature and “RCP 8.5” is spelled
rcp_8_5.

Indicator definition
This section is intended for users who wish to extend the list of indicators currently defined in
indicators.yml. It can be safely ignored for users who are only interested in using the existing
indicators.
Let’s see how 10m_wind_speed is defined:

- name: 10m_wind_speed
units: m / s
description: Wind speed magnitude at 10 m

The fields name and units define the indicator. Description is optional, just to provide some
context. It is possible to provide scale and offset fields to correct the data as (data +
offset) * scale. Here for 2m temperature:
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- name: 2m_temperature
units: degrees Celsius
description: 2-m air temperature
offset: -273.15 # Kelvin to degrees C
# denotes a comment to provide some context. Some indicators have different names in ERA5
and CMIP5, and possibly different units. That can be dealt with by providing era5 and cmip5
fields, which have precedence over the top-level fields. Here the evaporation definition:
- name: evaporation
units: mm per month
era5:
name: mean_evaporation_rate # different name in ERA5
scale: -2592000 # change sign and convert from mm/s to mm / month
cmip5:
scale: 2592000 # mm/s to mm / month

In that case both scaling and name depend on the dataset. In CMIP5 which variable name is
identical to our indicator name, the name field can be omitted. In ERA5, evaporation is negative
(downwards fluxes are counted positively), whereas it is counted positively in ERA5.
Indicators composed of several CDS variables can be defined via compose and expression
fields. Let’s look at 100m_wind_speed:
- name: 100m_wind_speed
units: m / s
description: Wind speed magnitude at 100 m
era5:
compose:
- 100m_u_component_of_wind
- 100m_v_component_of_wind
expression: (_100m_u_component_of_wind**2 + _100m_v_component_of_wind**2)
**0.5
cmip5:
name: 10m_wind_speed
scale: 1.6 # average scaling from 10m to 100m, based on one test locatio
n (approximate!)

In ERA5, vector components of 100m wind speed are provided. Our indicator is therefore a
composition of these two variables, defined by the expression field, which is evaluated as a
python expression. Note that variables that start with a digit are not licit in python and must be
prefixed with an underscore _ in the expression field (only there).
For complex expressions, it is possible to provide a mapping field to store intermediate
variables, for readability. This is used for the relative_humidity indicator:
- name: relative_humidity
units: '%'
era5:
compose:
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- 2m_temperature
- 2m_dewpoint_temperature
expression: 100*(exp((17.625*TD)/(243.04+TD))/exp((17.625*T)/(243.04+T)))
mapping: {T: _2m_temperature - 273.15, TD: _2m_dewpoint_temperature - 273
.15}
cmip5:
name: near_surface_relative_humidity

where T and TD are provided as intermediary variables, to be used in expression.
ERA5-hourly dataset can be retrieved via frequency: hourly field, and subsequently
aggregated to monthly indicators thanks to pre-defined functions daily_max, daily_min,
daily_mean, monthly_mean, yearly_mean. For instance:
- name: maximum_daily_temperature
units: degrees Celsius
offset: -273.15
cmip5:
name: maximum_2m_temperature_in_the_last_24_hours
era5:
name: 2m_temperature
frequency: hourly
transform:
- daily_max
- monthly_mean

This variable is available directly for CMIP5, but not in ERA5. It is calculated from
2m_temperature from ERA5 hourly dataset, and subsequently aggregated. Note the ERA5hourly dataset takes significantly longer to retrieve than ERA5 monthly. Consider using in
combination with --year 2000 to retrieve a single year of the ERA5 dataset.
Currently CMIP5 daily is not supported.

Netcdf to csv conversion
Convert netcdf time series files downloaded from the CDS Toolbox pages into csv files (note:
this does not work for netcdf files downloaded via the cds api):
python netcdf_to_csv.py data/*nc

Help:

python netcdf_to_csv.py --help
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