
Vegetation, as a fundamental element of urban green infrastructure, plays a vital role in 1 

mitigating urban flooding. Green infrastructure performance in mitigating floods depends on 2 

plant responses to meteorological forcing. This puts urban green infrastructure in risk under a 3 

changing climate. In this study, the resilience and efficiency of London’s green infrastructure 4 

under climate change is evaluated. The coupled water and carbon dynamics were evaluated 5 

using a mechanistic ecohydrological model forced with the new generation of 2018 UK 6 

Climate Projections (UKCP18).  7 

It was found that despite overall reductions of runoff production in London under climate 8 

change in winter/autumn, current urban green infrastructure in London can lose its efficiency 9 

due to the elevated levels of plant water stress unless it operates in an integrated manner with 10 

the traditional grey infrastructure drainage system. Plant water stress induced mostly by 11 

changes in climate is expected to limit vegetation performance during the end of growing 12 

seasons. The negative effects of varying climatic factors on vegetation dynamics can only be 13 

partially alleviated by the positive effects of the elevated CO2 concentration level, and are 14 

highly uncertain due to the large uncertainty of climate projections. 15 
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 Runoff reductions mainly in winter/autumn due to increased ground evaporation  

 London’s current GI may lose resilience if not operating with drainage system 

 Resilience also depends on vegetation practices leading less transpiration loss 

 Climatic forcing changes dominate the overall signal compared to eCO2 effect 

 Variability of the responses is highly uncertain due to climate model variability 
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1. Introduction  1 

Pluvial flooding in urban areas has been recognised as one of the greatest practical challenges 2 

in cities across the world, causing economic loss of up to 10-billion US dollars each year (Jha, 3 

Bloch & Lamond, 2012; Jenkins et al., 2018; Kaźmierczak & Cavan, 2011). Such flooding is 4 

mainly caused by a lack of drainage capacity and can be further exacerbated by the growing 5 

urbanisation due to the need for urban development (Douglas et al., 2010).  6 

In countries with dense urbanisation such as the United Kingdom, surface water flooding risk 7 

is identified as the most likely cause of damage to properties (Ochoa-Rodríguez et al., 2018). 8 

Especially in London, the capital and largest city of the UK, large population density and 9 

proportion of impervious area result in a higher potential risk of surface water. More than 10 

80,000 residential and commercial properties in London are at high risk of surface water 11 

flooding for a 30-year return period rainfall event (Greater London Authority, 2018). Greater 12 

concerns are made more pressing by the impact of climate change, expected to increase annual 13 

damage from the flooding in mid-21st century by up to 128% than in the period of 1960-1990 14 

in London (Jenkins et al., 2018). 15 

To improve traditional stormwater management and enhance urban resilience, different 16 

alternative urban water management strategies have been introduced worldwide during recent 17 

decades to operate in conjunction with traditional grey infrastructure (Fletcher et al., 2015; 18 

Ahiablame, Engel & Chaubey, 2012; Larsen et al., 2016; Bowen & Lynch, 2017). By 19 

emulating a natural hydrological cycle within urban environments, those management practices, 20 

commonly referred to as the green infrastructure, can significantly reduce both flood depths 21 

and velocities in urban areas during moderate to extreme intensity rainfall events (O’Donnell 22 
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et al., 2020; Webber et al., 2019; Stovin, 2010; Haghighatafshar et al., 2018; Schubert et al., 23 

2017; Paschalis et al., 2015).  24 

While the key mechanism for reduction of surface runoff is infiltration through the green 25 

infrastructure’s substrate (Bozovic et al., 2017; Lennon, Scott & O’Neill, 2014), vegetation 26 

plays a significant role in further enhancing the retention capacity. The canopy can positively 27 

contribute to reduce runoff by intercepting rainfall and improving infiltration (Kuehler, 28 

Hathaway & Tirpak, 2017). Plants, and trees in particular can restore the storage capacity and 29 

improve runoff reduction via evapotranspiration to transfer the holding water back to the 30 

atmosphere (Thom et al., 2020).  31 

Even though previous studies have provided evidence for vegetation as a major and effective 32 

element of green infrastructure in flood retention, its sustainability in stormwater control is not 33 

sufficiently recognised especially under a changing climate. The growth and physiological 34 

changes of vegetation, which is closely associated with urban green’s effectiveness, can vary 35 

according to climate change in terms of elevated CO2 concentration (eCO2), warming 36 

temperature and varying rainfall patterns (Allen, Breshears & McDowell, 2015; Forkel et al., 37 

2015; Wang et al., 2019). 38 

The current predictions indicate that global warming will continue to enhance vapor pressure 39 

deficit and thus evaporative demand (Novick et al., 2016; Ukkola et al., 2020). This demand, 40 

on the one hand, may lead to greater evapotranspiration from vegetation and ground; on the 41 

other hand, isohydric plants are likely to close their stomata and reduce transpiration in order 42 

to conserve water potential and avoid drought-induced mortality (Massmann, Gentine & Lin, 43 

2018; McAdam & Brodribb, 2015; Berland et al., 2017). Warmer temperature has also been 44 

reported to improve plant productivity in temperature limited regions, and is likely to lead to 45 
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an earlier spring leaf onset and a longer growing season (Keenan et al., 2014). However, plants 46 

can be vulnerable to hotter droughts in the context of climate change because of an increased 47 

climatic water deficit in a drier summer (McIntyre et al., 2015; Zscheischler et al., 2018). 48 

Another key factor controlling vegetation physiological changes is atmospheric CO2 49 

concentration. The rising CO2 level can reduce vegetation stomata conductance and thus reduce 50 

transpiration, promoting water use efficiency especially during drought period (Fatichi et al., 51 

2016b; Paschalis et al., 2017; Keenan et al., 2013; Manzoni et al., 2011). Conversely, eCO2 52 

may result in an increased leaf area index (LAI) which potentially leads to a higher transpiration 53 

rate because of greater foliage area. This can be of particular importance in the urban 54 

environment, as cities are known to have CO2 domes with enhanced atmospheric CO2 55 

concentrations (Velasco & Roth, 2010; Mitchell et al., 2018). 56 

Thus, an understanding of plant physiological responses to climate change is key to 57 

investigating the sustainability of urban green infrastructure in surface flood retention. Debate 58 

continues about whether an increasing atmospheric CO2 concentration is the main driver of 59 

surface runoff. Piao et al. (2007) have suggested that eCO2 may account for a reduction in 60 

global mean annual runoff in the 20th century because of the net positive effects of increased 61 

vegetation LAI on plant transpiration. However, several studies have reported that further 62 

growth in LAI due to eCO2 may reach limit and the effects of plant physiological responses to 63 

eCO2 is likely to become more dominant on transpiration in the future (Lemordant et al., 2018; 64 

Kooperman et al., 2018; Fowler et al., 2019). The physiological CO2‐ effect on runoff has been 65 

widely identified to be positive because of a reduction in plant transpiration and an increase in 66 

soil moisture due to partial stomatal closure under eCO2 leading to higher runoff production. 67 

Though, some studies have argued that plant physiological CO2‐ effect on runoff was relatively 68 
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small compared to local climate variation particularly in terms of rainfall distribution 69 

(Leuzinger & Körner, 2010; Murray, Foster & Prentice, 2012). 70 

Nevertheless, climate variability itself also plays a major role in flood risk estimations 71 

(Paschalis et al., 2014; Coulthard & Skinner, 2016; Zischg et al., 2018). Climate projections 72 

contains multiple uncertainty sources, the largest of which is weather’s natural variability when 73 

rainfall extremes are concerned (Fatichi et al., 2016a). Considering probabilistic projections in 74 

future climate outcomes under different scenarios can provide a more detailed description of 75 

uncertainty in vegetation dynamics and thus in designing green infrastructure as well as in its 76 

sustainability as stormwater control measures within cities. Especially in densely populated 77 

cities, less space due to high-density developments is available to accommodate future changes. 78 

This indicates a need to examine potential uncertainties in green infrastructure’s performance 79 

further ahead the construction specifically within urban context. 80 

Most previous studies on modelling the long-term efficiency of urban green stormwater 81 

infrastructure (Stovin, Poë & Berretta, 2013; Thakali, Kalra & Ahmad, 2016) have not dealt 82 

with simulating vegetation physiological responses to variable climate and would thus provide 83 

incomplete results. Many ecohydrological models, which consider hydrological processes and 84 

vegetation dynamics simultaneously, have been developed in recent years (such as, T&C 85 

(Fatichi, Ivanov & Caporali, 2012), CLM-GBHM (Jiao et al., 2017), TRIBS-VEGGIE (Ivanov, 86 

Bras & Vivoni, 2008) and so on). Those models, even though they have the skill to be used in 87 

urban flood management, have been very rarely used within an urban set-up, with some recent 88 

exceptions (Meili et al., 2019; Marchionni et al., 2020). 89 

In this study we use a state-of-the-art ecohydrological model, with the latest 2018 UK climate 90 

change projections (UKCP18) to investigate the potential and the resilience of urban parks and 91 
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grassed swales as nature-based solutions for natural flood management in London, under an 92 

uncertain and changing climate. The aim of this paper was to investigate the interactions 93 

between urban vegetation and future climate in different drainage managements and thus those 94 

impacts on urban stormwater. 95 

2. Data and Methods 96 

2.1 Study area  97 

London, facing very great challenge in utilizing green infrastructure as a sustainable measure 98 

in stormwater control, was selected for this analysis. Being the second most populous European 99 

city, London currently has around 9 million population which is expected to further increase 100 

(ONS, 2020). At the same time, as one of the oldest megacities in the world, London’s drainage 101 

pipe system is now undergoing deterioration and operating at 80% or more of its design 102 

capacity (Ana & Bauwens, 2010; DEFRA, 2015), posing a major threat for flooding. Despite 103 

being the most populated European capital, London is also amongst the greenest European 104 

cities, with around 48%-51% green spaces (Greater London Authority, 2019), providing a 105 

unique opportunity for natural flood management. Such an opportunity would only be efficient, 106 

if urban vegetation is performing well under a changing climate. Climate in London is 107 

classified as a temperate oceanic climate with mild summers and cool winters. The average 108 

daily temperature and annual rainfall are 11.0°C and 637.97 mm·yr-1 over the period of 1980-109 

2018. As climate projections (Gohar et al., 2018) show a substantial increase in temperature, 110 

reduction in humidity and a change in rainfall seasonality, in an already dry place, it is crucial 111 

to understand their impact on urban vegetation. 112 

2.2 Numerical Experiments 113 
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Within London, parks and vegetated swales are the most common natural flood management 114 

adaptation (CIRIA, 2015). For this study we constructed two representative scenarios to 115 

estimate runoff production for those adaptations. Specifically, the study area was assumed to 116 

be a one-dimensional area within London, including the surface water from an impervious area 117 

drained as runon into either a grassed swale or an urban park, as illustrated in Figure 1. Two 118 

urban drainage design scenarios were therefore considered in this study: a reference scenario 119 

with no impervious fraction corresponds to green infrastructure that is “uncoupled” (i.e. non-120 

integrated) with the drainage system; the other scenario with 40% impervious area, 121 

representative of the average London land cover, corresponds to an integrated case where green 122 

infrastructure is operating as part of the drainage system. In other words, the excess surface 123 

water from impervious area was conveyed as runon to green spaces first before reaching the 124 

sewers in the integrated designs, whereas there was no runon considered in the non-integrated 125 

designs (Figure 1). We assumed that the impervious area has a runoff coefficient of 0.8, and 126 

that the time necessary to drain water from this area to the green infrastructure is less than 1 127 

hour (i.e. sub-hourly routing was not considered). Green infrastructure as either grassed swales 128 

or urban parks was then included in each scenario.  129 

In this study, we focused on two vegetation species representative for the existing green 130 

infrastructure in London. The whole swale and 60% of the park are covered by perennial 131 

ryegrass (Lolium perenne), commonly found in London’s parks and garden lawns. The 132 

remaining 40% of the park, which is an average tree cover ratio for London parks, is covered 133 

by English Oak (Quercus robur), as a common native tree species. Oak trees, that currently 134 

account for 7.3% of the total tree population across London, can be found in most of Royal 135 

Parks (i-Tree, 2015). Even though Sycamore maples are the largest fraction (7.8%) of all trees 136 

in London, they are most frequently found as street trees which were not considered in this 137 
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study. To represent a typical soil type in London, we assumed that both sites are underlain by 138 

substrate of 1500mm with the texture of silty clay loam containing 35% of clay, 10% of sand, 139 

50% silt and 5% of organic matter (Farewell et al., 2011). The bedrock underlaying filter media 140 

in our study was assumed to be an almost impermeable London Clay (Royse et al., 2012) with 141 

no leakage to the groundwater. Groundwater contributions to flooding were also not taken into 142 

account in this study.  143 

 144 

Figure 1: Illustrations for set-ups of (a) grassed swale and (b) urban park 145 

2.3 Model description 146 

The simulations were carried out using the Tethys-Chloris (T&C) ecohydrological model 147 

(Fatichi, Ivanov & Caporali, 2012; Paschalis et al., 2018, 2020). The T&C version used in this 148 

study is a 1-D physics-based model that solves simultaneously the energy, water and carbon 149 

budget at the land surface. Soil water transport is solved using a finite volume discretization of 150 

the 1-D formulation of the Richards equation for the vertical flow. The meteorological inputs 151 

required are downwelling shortwave radiation, precipitation, temperature, cloud cover, vapor 152 

pressure, wind speed, atmospheric pressure and atmospheric CO2 concentration, at the hourly 153 

time scale. 154 

The energy budget is solved assuming a balance between net radiation and latent, sensible and 155 

ground heat fluxes. Radiation distribution and energy fluxes are calculated using a two big leaf 156 
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approximation for two vegetation canopies. Net radiation is estimated using the two-stream 157 

approximation (Dickinson, 1983; Sellers, 1985; Dai, Dickinson & Wang, 2004), taking into 158 

account vegetation structure and differential reflectivity’s of vegetation and the ground. 159 

Ground heat flux is solved using the ‘force-restore’ method (Deardorff, 1978; Hu & Islam, 160 

1995). Latent and sensible heat fluxes are both solved using the common resistor analogue, 161 

taking into account free atmosphere aerodynamic, undercanopy, leaf boundary, stomatal and 162 

soil resistances. Most important for this study, stomatal conductance is solved using the 163 

Leuning model (Leuning, 1995; Paschalis et al., 2017), linking stomatal conductance to vapor 164 

pressure deficit (VPD), leaf intercellular CO2 concentration and leaf photosynthetic rates.  Soil 165 

resistance is modelled based on the physically based representation of Shahraeeni, Lehmann & 166 

Or (2012). Soil hydraulic parameters were estimated based on the soil’s texture according to 167 

the Saxton and Rawls pedotransfer function for the Brooks-Corey water retention curve 168 

(Saxton & Rawls, 2006). In particular, the soil moisture profile is affected by the local energy 169 

and water interactions by considering surface and subsurface water dynamics via 170 

evapotranspiration, leakage at the bottom, saturation-excess and infiltration-excess runoff. 171 

Further to account for vegetation processes, T&C simulates photosynthesis, plant transpiration, 172 

and plant carbon dynamics, ultimately simulating leaf area index as a prognostic variable.  173 

Leaf area index specifically depends on the simulated carbon balance at the land surface, and 174 

land use practices, such as grass cutting. In this study, grasses on site were cut ten time each 175 

from March to October, resembling common gardening practices. After each cutting, the LAI 176 

of grasses was reduced to 1.2 m2m-2 in the model. Importantly, this model does not rely on 177 

prescribed representative plant functional types (PFTs) per ecosystem type, but it adopts a trait-178 

based approach, allowing for a species-specific set-up. In other words, vegetation parameters 179 

can be tuned by the modeller, which is ideal for the urban application where species 180 
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composition is essential. Plant traits, including the maximum carboxylation rate (Vcmax), the 181 

maximum electron transport rate (Jmax) and specific leaf area, for both ryegrass and English 182 

oaks were estimated in current study using the reported values of the TRY database (Kattge et 183 

al., 2011) (Section S1.0). Those traits are reported as to be the most important based on the 184 

sensitivity analysis in the previous study (Pappas et al., 2013). Parameters affecting plant 185 

phenology were obtained by minimizing the differences between the simulated LAI seasonal 186 

pattern and the observed pattern from remote sensing (Moderate Resolution Imaging 187 

Spectroradiometer, or MODIS). Ultimately, our numerical simulations use a ‘tunned-PFT’ of 188 

broadleaf deciduous forest and grassland, tailored to the existing vegetation within London. 189 

2.4 Simulation scenarios 190 

In this work, two sets of simulations were carried for all designs described before (Table 1). 191 

Simulation scenarios follow a similar modelling protocol to the TRENDY model 192 

intercomparison project (Sitch et al., 2008, 2015).  193 

The first is a control run, using observed hourly meteorological data from the MIDAS Database 194 

for the period from January 1980 to December 2018 (Met Office, 2012). The meteorological 195 

station considered here is located in St James Park, in central London (Latitude: 51.5042, 196 

Longitude: -0.12948). 197 

The second is a climate change run, including three cases (Table 1). In the first sub-set (SL1), 198 

varying CO2 and climate were considered simultaneously. Simulations were performed for all 199 

Representative Concentration Pathway (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) based on 200 

Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor, Stouffer & Meehl, 2012) 201 

in two future time periods (2020-2040 and 2060-2080) respectively, using the UKCP18 202 

projections (Lowe et al., 2018). To separate the effect of eCO2 and climate in climate change 203 
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run, we performed two additional sub-sets of simulations (SL2 and SL3) (Table 1). In SL2, 204 

only climate is changing, whereas CO2 concentration is set to in the range of 338ppm-369ppm 205 

as same as in the period of 1980-2000. In SL3, only varying CO2 is considered, following the 206 

trajectories presented in the work of Meinshausen et al. (2011). We used meteorological inputs 207 

which were sampled from historic years for a 20-year period time, using a random sampling 208 

with replacement. An additional urban CO2 contribution was not considered here, as the CO2 209 

dome of London has been previously found not to be strong (Rigby et al., 2008). 210 

Drainage Designs Simulation Sets 

Non-integrated approach 

(0% impervious area) 

Baseline Control Run 1980-2018 - 

Climate Change 

Run 

Varying both climate and CO2 

(SL1) 

2040s 

 

2080s 

RCP2.6 

RCP 4.5 

RCP 6.0 

RCP 8.5 

Integrated approach 

(40% impervious area) 

Varying climate only 

(SL2) 

Varying CO2 only 

(SL3) 

Table 1: Summary for the implemented simulations of control run and climate change run  for two urban drainage 211 

designs 212 

The UKCP18 product we used was its probabilistic projections (Lowe et al., 2018) that provide 213 

seasonal joint probabilities of meteorological anomalies for precipitation, air temperature and 214 

specific humidity under four representative concentration pathways (RCP2.6, RCP4.5, RCP6.0 215 

and RCP8.5) for two future eras (2040s and 2080s). Changes in the remaining meteorological 216 

variables (cloud cover, wind speed and atmospheric pressure) were not considered in this study 217 

and were set equal to the baseline. Based on the provided seasonal bivariate distributions, a 218 
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multivariate gaussian distribution between changes in the three selected variables of 219 

precipitation, temperature and specific humidity was derived for each month. Then, we 220 

randomly sampled 50 combinations of those three anomalies (i.e. 50 ensembles) from the 221 

derived probability distribution to quantity the uncertainties of future climate. Those monthly 222 

anomalies were the same every year in the respective simulation era, and additive to baseline 223 

values (Figure 2). 224 

A limitation of the probabilistic projections is that they only provide anomalies for the mean 225 

values but do not provide changes in higher order statistics. To test whether this affects our 226 

results, the hourly projections from the convection permitting (2.2km) set-up of the Met 227 

Office’s Unified Model (UKCP18 local projections, or UKCP18-CPM) available only for the 228 

RCP8.5 scenario and for 12 ensemble members were compared to the probabilistic projections. 229 

Among those 12 ensembles, only 9 of them which provide complete and usable data without 230 

partly missing information were used to forcing T&C model (Figure 2). 231 

Plant responses to different scenarios were determined through the change in the magnitude 232 

and seasonality of the leaf area index (LAI) and gross primary production (GPP). We used 233 

different methods to define the start of growing season (SOS) and the end of growing season 234 

(EOS) for deciduous oak trees and evergreen grasses. For deciduous trees, a threshold of 235 

0.1m2m-2 for LAI was chose to determine SOS and EOS. For evergreen grasses, we used the 236 

slope of LAI to find the day when the slope started to be gradually and continuously positive 237 

for SOS and negative for EOS. The number of days between SOS and EOS was defined as 238 

growing season length (GSL) for both species. 239 

The impacts of climate and eCO2 on hydrological dynamics were also considered, via the 240 

changes in annual and seasonal values of evapotranspiration (ET), transpiration (T), surface 241 
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runoff and soil water content. All the changes in this study refer to quantities per green space, 242 

not including the impermeable areas. Moreover, to understand the tendencies of results in 243 

different simulations over time, the linear trend of variables (ET, T and runoff) were analysed 244 

and estimated by calculating the mean percentage changes per year between eras (baseline, 245 

2040s and 2080s). As we used 50 randomly sampled ensembles for both 2040s era and 2080s 246 

era, possible trend values between those two eras had 2500 combinations in total. Trend 247 

analysis was based on era’s and not continuous simulations, as the UKCP18 probabilistic 248 

projections provide the factors of change for the mean values of meteorological variables for 249 

those eras.  250 

 251 

Figure 2: Mean anomalies (±1 standard deviation) of (a) precipitation [mm year-1], (b) temperature [°C] and (c) 252 

vapor pressure deficit [Pa] as model meteorological inputs under RCP2.6, RCP4.5, RCP6.0 and RCP8.5 from 253 

UKCP18 probabilistic projections (bars with errorbars) and under RCP8.5 from UKCP18-CPM (blue errorbars) 254 

in 2040s (left panels) and 2080s (right panels) compared to the baseline of 1980-2018. 255 
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3. Results 256 

The response sign and overall pattern for all analysed variables was almost identical between 257 

the simulated set-ups. In what follows, for the sake of clarity we present graphically the annual 258 

mean responses under all RCPs for both set-ups (Figure 3) and the seasonal patterns under the 259 

highest emission scenario (RCP8.5) for the urban park site (Figure 4). Both figures illustrate 260 

the comparison between non-integrated and integrated designs in 2080s era. To quantify 261 

whether changes from each scenario were significantly different from the control case, we 262 

performed a hypothesis testing using the two sample (i.e. Welch) test. The significance of 263 

results is summarized in the Supplementary (Table S2-S5). Detailed figures concerning all the 264 

remaining scenarios can be found in the Supplementary information. 265 

Overall, simulated results showed a consistent change in average annual anomalies that had a 266 

clear dependence on the emission scenario (Table 2, Figure 3, Figure S1). Responses for both 267 

Simulations SL1 and SL2 were highly variable, especially for the RCP8.5 emission scenario 268 

for the 2080s. The system responses had also clear seasonal patterns (Figure 4, Section S3.2, 269 

S4.2). 270 

3.1 Probabilistic projections 271 

Using the probabilistic climate change projections of UKCP18 we constructed the numerical 272 

experiments SL1, SL2 and SL3, to investigate the overall changes in the runoff response of 273 

urban park (P) and grassed swale (G), and attribute the changes to either the fertilization effect 274 

of CO2 (SL3), or the changes in meteorology (SL2).    275 

3.1.1 Combined responses (SL1) 276 
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The simulated annual runoff, under the combined effects of changes in climate and elevated 277 

atmospheric CO2 concentration (SL1), was lower for all cases except for the RCP8.5 scenario 278 

(2080s) in a non-integrated park site (NI-P) (Table 2, Figure 3c, Figure S1). It is worth noticing 279 

that, on average, in both baseline and the climate change scenario (SL1) summer runoff 280 

production on green spaces was almost negligible because of the reduced summer rainfall, and 281 

most of the observed changes relate to winter and autumn events (Section S3.1, S4.1).  282 

As runoff production depends both on rainfall changes and changes in ET, we then looked at 283 

how ET changes under a changing climate and eCO2. Under the same future climate conditions, 284 

ET generated from sites with different drainage designs showed markedly different patterns 285 

(Figure 3a, Figure S1). In the integrated designs, runoff reduction, apart from an overall 286 

reduction in rainfall amount, was also driven by an increase in ET; while for the non-integrated 287 

solutions, ET was overall reduced (Table 2, Figure 3a, Figure S1). The greatest decline and 288 

increase both occurred for the most extreme climate change scenario (i.e. RCP8.5) referring to 289 

the end of century simulations at the urban park, with the increase occurring in the integrated 290 

solution and the decrease in the non-integrated one (Table 2). An increase in ET for the 291 

integrated solutions were due to both an increase in VPD (Figure 2), and enhanced LAI, that 292 

ultimately overcame the transpiration reductions due to stomatal closure under eCO2 (Figure 293 

4a, Figure 4c, Section S3.2, Section S4.2). In the non-integrated solutions, no excess runon 294 

from the impervious area was conveyed into the green infrastructure, and thus plant water 295 

availability limited plant transpiration, leading to reductions in total ET (Table 2, Figure 3a).  296 

Such problem was most pronounced for high stature unmanaged vegetation (i.e. oak trees) in 297 

NI-P, resulting in reduced transpiration under all climate scenarios. In grassed swales, where 298 

LAI was regularly reduced (Section S4.4) due to grass cutting implementation (reduction to 299 
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1.2m2m-2 for 10 times every year from March to October), the plant water demand was lower 300 

and led to smaller water stress, despite the shallower roots. Additionally, those transpiration 301 

patterns in both sites were mostly consistent with both GPP the LAI responses (Figure 4, 302 

Section S3.2, S4.2), further highlighting the effect of water availability to plant water stress 303 

and thus photosynthetic rates, transpiration and ultimately loss of leaf area. Changes in 304 

phenology included an advance in the start of growing season (SOS) (Section S3.4, S4.4), 305 

increasing plant water demand in early spring. This early demand further increases water 306 

deficits in later in summer and thus an earlier end of growing season (EOS) was found in 307 

extreme climate scenarios (Section S3.4, S4.4).     308 

3.1.2 Effects of climate (SL2) 309 

To a large extent, the changes of simulated runoff and evapotranspiration in SL2 were similar 310 

to SL1. Driven by climate change alone (SL2), without counting for the effect of eCO2, annual 311 

runoff declined for all cases and generally had greater reduction than that for same cases in 312 

SL1 (Figure 3c, Figure S1, Table 2). Despite an average increase in winter rainfall, most runoff 313 

reduction and its changes still occurred during winter and was mainly driven by higher ground 314 

evaporation under a high VPD climate (Figure 2, Section S3.1, S4.1). During cold periods, 315 

transpiration and evaporation from intercepted water on canopies especially deciduous oak 316 

trees was small (Section S3.2). 317 

Changes in simulated annual evapotranspiration (ET) associated with varying climate (SL2) 318 

had same signs to the results in SL1 for different drainage designs but a different magnitude. 319 

Different from the results in SL1, when only climate was considered (SL2), simulated annual 320 

plant transpiration had a substantial increase for all cases and RCPs especially in the integrated 321 

solutions (Figure 3b, Table 2, Figure S1). Such an increase in mean annual values was mainly 322 
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generated from transpiration during spring and early summer in both sites because of higher 323 

VPD and enhanced spring LAI in a warmer environment (Figure 2, Section S3.2, S3.4, S4.2, 324 

S4.4). As a consequence, in the park site, during summer with the highest VPD and soil water 325 

deficit, plants started to experience water stress, finally leading to lower transpiration at the 326 

end of summer or in early autumn (Figure 5, Section S3.2, S3.3). Those stress-induced 327 

transpiration reductions in SL2 were worse than it in SL1 in extreme climate (i.e. RCP8.5) and 328 

only for NI-P (Figure 4a, Section S3.2). In contrast, when the integrated urban park (I-P) was 329 

in operation, plant water stress was alleviated (Figure 5, Section S3.3) and thus reductions in 330 

T during dry seasons were lower and less uncertain (Figure 4a, Section S3.2). Compared to 331 

urban park, the grassed swale site was much less severely affected by varying climate with 332 

barely transpiration reductions in early autumn (Section S4.2). A substantial increase or the 333 

worst possible case of almost levelling-off was observed for non-integrated (NI-G) and 334 

integrated (I-G) grassed swale. 335 

Similar seasonal patterns as plant transpiration were also observed for GPP and LAI in both 336 

sites (Figure 4b, 4c, Section S3.2, S4.2). In general, grassed swales had relatively smaller 337 

changes in leaf area and thus less productivity changes during the growing seasons compared 338 

to urban park, mostly due to the implementation of grass cutting management. Though the 339 

changes in GPP and LAI in SL2 during the growing seasons were not exact same as in SL1, 340 

the phenology remined unchanged in both sites, as it was driven primarily by changes in 341 

temperature, and not water stress during growing seasons (Figure 2, Figure 5). 342 

3.1.3 Effects of eCO2  343 

The effect of eCO2 overall (SL3) had a different sign of changes in simulated annual runoff, 344 

annual evapotranspiration and annual transpiration from that in SL1 and SL2 simulations for 345 
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higher emission scenarios (Figure 3, Figure S1). As the interannual stochastic nature of weather 346 

was smaller than the uncertainty in climate change projections, all simulated results in SL3 had 347 

much less variability compared to climate variability in SL2 as well as in SL1. Under effects 348 

of eCO2 only, simulated annual runoff had a consistent but ultimately very small increase for 349 

all cases and RCPs except the case of RCP2.6 for NI-G (Table 2, Figure 3c, Figure S1). Higher 350 

emission scenarios leaded to a greater rise in simulated runoff which reached its peak under 351 

the highest emission scenario in 2080s (Table 2).  352 

An overall increase in simulated runoff, under the same climate as the control case, was driven 353 

by a noticeable reduction in simulated annual ET for all cases and RCPs (Figure 3a, Figure S1). 354 

Even when both GPP and LAI increased during the whole period of growing seasons in SL3 355 

for all cases (Figure 4a, 4b, Section S3.2, S4.2), simulated ET as well as plant transpiration 356 

significantly reduced under effects of stomatal closure, which was greater than the increased 357 

demand due to an enhanced LAI (Figure 3, Figure S1). As a result, soil on site correspondingly 358 

became wetter in SL3 throughout year for all set-ups (Figure 5, Section S3.3, S4.3).   359 
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 360 

Figure 3: Annual changes in (a) evapotranspiration [mm year-1], (b) transpiration [mm year-1], (c) runoff [mm 361 

year-1] and (d) gross primary production [gC m-2 year-1] of Simulations SL1 (Total), SL2 (Climate Only) and SL3 362 

(CO2 Only) under all RCPs in 2080s from UKCP18 probabilistic projections compared to the baseline of 1980-363 

2018 for urban park and grassed swale site with non-integrated (left half violins) and integrated designs (right 364 

half violins). The violin plots are in the range of quantiles between 25% and 75%. The right and left-pointing 365 

triangles represent mean values for non-integrated and integrated designs respectively.  366 

  367 
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Table 2: Summarized annual changes in values (±1 standard deviation) of (a) evapotranspiration [mm year-1], 368 

(b) transpiration [mm year-1], (c) runoff [mm year-1] and (d) gross primary production [gC m-2 year-1] of 369 

Simulations SL1 (Total), SL2 (Climate Only) and SL3 (CO2 Only) under RCP2.6 and RCP8.5 from UKCP18 370 

Probabilistic Projections in 2040s and 2080s in urban park and grassed swale site with different drainage designs. 371 

Site Urban Park Grassed Swale 

Period 2021-2040 2060-2080 2021-2040 2060-2080 

Design NI-P I-P NI-P I-P NI-G I-G NI-G I-G 

RCPs 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 
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 372 

Figure 4: Seasonal changes in (a-1,2,3) transpiration, (b-1,2,3) gross primary production and (c-1,2,3) leaf area 373 

index of Simulations SL1 (left panels), SL2 (middle panels) and SL3 (right panels) under RCP8.5 in 2080s 374 

compared to the baseline of 1980-2018 in the non-integrated (orange lines) and integrated (blue volin plots) 375 

urban park site. The violin plots are in the range of quantiles between 25% and 75%. The circles represent mean 376 

values of volin plots for the integrated park. The lines represent the monthly mean values for the non-integrated 377 

park. 378 
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 379 

Figure 5: Average root zone soil moisture [m3m-3] over the year in 2080s in (a) the non-integrated and (b) 380 

integrated urban park site in SL1, SL2 and SL2 under the lowest (RCP2.6) and highest (RCP8.5) emission 381 

scenario.  382 

3.2 Analysis of the UKCP18 Probabilistic Projection simplifications 383 

Anomalies in mean values of climatic factors from UKCP18 Probabilistic Projections are not 384 

able to provide precise information regarding higher order statistics and particularly extremes. 385 

Hence, we used hourly meteorological inputs from the UKCP18 Convection permitting 386 

simulations (UKCP18-CPM) to forcing the model to examine whether simulated results based 387 

on probabilistic projections are in proper ranges of magnitude. 388 

UKCP18-CPM projections sample a limited range of future potential climate, only for the 389 

RCP8.5 driven by a 12km Regional Climate Model ensemble. With detailed information on 390 

hourly climate, UKCP18-CPM projections have a different behaviour regarding vapor pressure 391 

deficit. Especially during summer, VPD from UKCP18-CPM projections is much larger than 392 
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that from probabilistic projections (Figure 2). Simulated results under SL1 except transpiration 393 

from hourly local projections were all within the estimated variabilities modelled from 394 

probabilistic projections, while size effects of transpiration simulated from local projections 395 

exceeded the predicted range of probabilistic outcomes (Figure 6, Section S3.5 and S4.5). 396 

Similar to results from probabilistic projections under RCP8.5, simulations based on UKCP18-397 

CPM showed that the trend of simulated runoff was negative in 2040s and positive in 2080s 398 

but with relatively less uncertainty, due to the limited number of UKCP18-CPM ensembles. 399 

Specifically, the magnitude of trends from UKCP18-CPM projections were generally smaller 400 

than that from probabilistic projections under RCP8.5 except for some cases in 2040s. Compare 401 

with the results from probabilistic projections in the park site, simulated runoff from UKCP18-402 

CPM projections declined by 0.37% yr-1 and increased by 0.17% yr-1 in 40s for non-integrated 403 

and integrated solution respectively. In the period of 2080s, simulated runoff was significantly 404 

smaller by 8.10% yr-1 for non-integrated solution and slightly less by 0.27% yr-1 for integrated 405 

solutions. The grassed swale site showed similar trends of runoff in 40s and 80s. Simulated 406 

runoff from UKCP18-CPM projections in grassland was greater by 0.12% yr-1 and 0.30% yr-1 407 

in 40s, while smaller by 3.0% yr-1 and 0.01% yr-1 in 80s for non-integrated and integrated 408 

solutions respectively than that from probabilistic projections. 409 
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 410 

Figure 6: Size effects of simulated evapotranspiration (ET), transpiration (T), runoff and gross primary 411 

production (GPP) from UKCP18 probabilistic projections fitted with Gaussian distribution (lines) and UKCP18 412 

Local (2.2km) Projections under RCP8.5 in Simulation SL1 in the integrated urban park site. The bar plots 413 

represent the distribution of size of effects from 50 randomly sampled ensembles from UKCP18 probabilistic 414 

projections. The dots represent the results from 9 ensembles from UKCP18-CMP (i.e. UKCP local projections). 415 

The colours indicate different timespans (2040s and 2080s). 416 

4. Discussion 417 

4.1 Plant responses to climate change 418 

The simulation results in our study showed that solely changes in climate could harmful for 419 

existing green infrastructure in London, especially for the higher end climate change 420 

projections. Higher atmospheric drought (i.e. increased VPD), reductions of rainfall during the 421 

growing season (i.e. hydrological drought), and increased temperatures led to plant water stress 422 

primarily in later summer and early fall, and ultimately reductions in photosynthetic rates, and 423 

LAI. Changes in phenology further worsened vegetation stress, as an earlier leaf onset due to 424 
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higher temperatures increased the plant water demand during spring and then depleted soil 425 

water resources, which is consistent with the observations from the previous study on spring 426 

phenology in the northern Europe (Jin et al., 2019). However, despite the negative climate 427 

change effects on vegetation stress, runoff production in the future was mostly reduced as it 428 

occurred in the autumn and winter season, when vegetation activity is low, even for evergreen 429 

species (e.g. grassed swales). 430 

The CO2 fertilization was found to alleviate partially the negative effects of climate change 431 

regarding plant water stress, because of the stomatal closure induced and thus an increase in 432 

soil water savings. However, the gains from CO2 were ultimately less than the adverse effects 433 

from climate change (Buermann et al., 2018; Wolf et al., 2016). Such compensation effect was 434 

progressively smaller as it moves toward less optimistic climate change scenarios (e.g. RCP8.5). 435 

At the same time, the elevated CO2 by itself had a negative impact on the effectiveness of 436 

existing green infrastructure, as it leads to a reduction of transpiration, enhancements of soil 437 

moisture and ultimately an increase in runoff generated from the site. In the agreement with 438 

the results from the previous studies (Fatichi et al., 2016c; Murray, Foster & Prentice, 2012; 439 

Swann et al., 2016), our results indicate that the indirect effects of elevated CO2 in enhancing 440 

LAI  and thus increasing transpiration, did not overcome the transpiration reductions due to 441 

stomatal conductance, but partially compensated them ultimately leading to small increases in 442 

runoff. 443 

It is also worth mentioning that the sums of simulated anomalies in SL2 and SL3 simulations 444 

are not equal to the simulated results in SL1 (Section S5.0), indicating the nonlinearities 445 

between the individual effects of varying climate and eCO2. In other words, climatic factor and 446 

CO2 fertilization can cause non-additive effects. 447 
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Overall, results from this study suggest that, the three most important factors leading to 448 

reductions of plant water stress and thus more resilient green infrastructure are (a) operating 449 

green infrastructure in an integrated manner with urban drainage, (b) implementing grass 450 

cutting practice and (c) adopting alternative vegetation species with better drought tolerance. 451 

When excess runoff from impermeable surfaces is not drained using traditional grey 452 

infrastructure, but routed to the green infrastructure, it as runon is capable to alleviate partially 453 

the negative effects of climate change and enhance resilience and efficiency of existing 454 

infrastructure. Reductions of LAI via grass cutting can also alleviate stress, as plant water 455 

demand drops significantly. However, such artificial reductions of LAI can also reduce plant 456 

transpiration to some extent, limiting the potential of green infrastructure to perform at its 457 

higher potential performance. Plant tolerance to drought was also found to play a vital role in 458 

shaping green infrastructure climate change adaptation. It can be a piece of valuable 459 

information for decision makers to select plant species or consider species alterations. In 460 

realistic case, species planted on site may be various, showing distinct vulnerability to climate 461 

(Esperon‐Rodriguez et al., 2019). Though in this study only one set of typical tree and grass 462 

species was considered to represent general vegetation cover in London urban area, our 463 

approach can be easily replicated for other multiple species (trees, grasses, scrubs and/or 464 

flowers etc) depending on more specific locations in future studies.  465 

However, designing for resilient green infrastructure by implementing the aforementioned 466 

practices would be incomplete for areas with a climate similar to London. As the rainfall events 467 

that produce most runoff in our case occur during vegetation inactive periods (winter, autumn), 468 

when soil moisture is typically very high, optimal flood management practices must also focus 469 
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on the abiotic components of the hydrological cycle. Using artificial high drainage soil 470 

substrates would reduce further the flood potential.  471 

4.2 Uncertainties in vegetation responses 472 

The results of our projections related to the performance of green infrastructure to climate 473 

change were highly uncertain. The largest fraction of the uncertainty was found to originate 474 

from the climate projections UKCP18, with interannual (stochastic) variability being smaller. 475 

UKCP18 probabilistic projections provided a very wide range of change in all climatic 476 

variables for all scenarios. For most cases (i.e. RCPs, drainage designs, eras), over 50% of all 477 

50 randomly sampled ensembles in SL1 and SL2 provided annual values of ET, runoff, T and 478 

GPP that were found to be statistically significant from the control case (Section S2.2). 479 

However, when considering the average responses for those 50 ensembles, our results showed 480 

that most distributions were not significantly different (Section S2.1) due to the very wide range 481 

of changes in the climate factors. To evaluate whether this is a robust behaviour or an artifact 482 

of the UKCP18 probabilistic projections, future analysis using climate change alternatives, 483 

such as the outputs of the Coupled Model Intercomparison Project Phase 6 (CMPI6) is 484 

necessary. Additionally, UKCP18 projections that provide exclusively information regarding 485 

changes in the mean value of weather variables might provide an incomplete picture of the 486 

effects of climate change on urban vegetation dynamics, and the efficiency of green 487 

infrastructure. Comparing with UKCP18-CPM projections, the results using UKCP18 488 

probabilistic projections deviated. In agreement with the works of Paschalis et al. (2017) and 489 

Wu et al. (2018), higher order statistics and small temporal scale weather variability play an 490 

important role in detailed physical-based ecohydrological models. However, climate change 491 

simulations using convection permitting models are rarely available, and when available the 492 

number of ensembles is not adequate for hydrological impact studies, where the weather’s 493 
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stochastic variability is essentially. Such results highlighted the need for further advancing our 494 

climate modelling capabilities. In the present, as computational resources are limited, using 495 

“high-quality” climate change projections in conjunction with weather generators can offer a 496 

reliable alternative (Fatichi et al., 2016a). 497 

4.3 Outlook for future improvements 498 

In this study we provided a proof of concept that using novel ecohydrological modelling tools 499 

can provide essential information when designing for urban green infrastructure. In this study 500 

we focused only on runoff production, neglecting the 3D urban drainage network. However, 501 

our model can be easily coupled with urban drainage network models to properly quantify not 502 

just runoff production, but also the resilience of the drainage system, and the potential extent 503 

of surface inundation. That will lead to an improve holistic design of both green and grey 504 

infrastructure. Our modelling framework can also be coupled with integrated tools of urban 505 

water management such as CityWat (Dobson & Mijic, 2020) which aims for ‘whole system’ 506 

analysis. Coupling ecohydrological models to both detailed drainage and water management 507 

models will lead to optimal green infrastructure design practices. When coupled with a 508 

drainage model, we could get further information regarding water availability from runon in 509 

different parts of the city, leading to the optimal choice of size and species selection within a 510 

green infrastructure. Further coupling with an integrated water management model, we could 511 

optimize the water management practices leading to a holistic city-scale green infrastructure 512 

design under a changing climate. 513 

Focusing on London, we identified that runoff generation under a changing climate is mostly 514 

reduced, but this reduction is driven by the increase in atmospheric water demand through 515 

increases of atmospheric drought (i.e. increased VPD). Existing green infrastructure, as 516 
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parametrized in the model with two representative plant functional types, can become stressed 517 

under a changing climate, but integrated drainage and vegetation (e.g. grass cutting) and water 518 

(e.g. irrigation) management can alleviate such problems. The ecohydrological model can 519 

provide critical information regarding the performance of multiple plant species and their 520 

responses to climate change. Our study addresses the potential impacts of future extreme 521 

climate on plant growth, and the importance of adopting drought tolerant plants in London 522 

urban area. It is worth to examine the vulnerability of other types of vegetation to extreme 523 

climate in the model as a part of a decision-making tool for selection of plant species for green 524 

infrastructure in future urban planning. Decision makers could associate such runoff reduction 525 

performance under climate change with other cost effectiveness analysis (i.e. maintenance fee) 526 

for different species and nature-based solutions and ultimately find an optimal solution for local 527 

resilience and sustainability.  528 

A major caveat of such an approach, also impacting our study is data limitation. Physically 529 

based modelling approaches, such as the T&C model used in our study, require large amount 530 

of data for their parametrization and validation, commonly either not available, or not easily 531 

accessible due to data ownership (e.g. water companies). The most important missing 532 

information are detailed urban scale soil maps including green infrastructure substrates (Garg 533 

et al., 2017), soil moisture, water and carbon fluxes and urban plant phenology. There are only 534 

a very small number of cities (Melbourne, Phoenix AZ, Helsinki, Shanghai, etc) where water 535 

and carbon fluxes are monitored (Zhang & Zhang, 2015; Wood et al., 2013; Kotthaus & 536 

Grimmond, 2012; Templeton et al., 2018; Chow et al., 2014) and monitoring stress in urban 537 

plants rarely exists, with some exceptions (Gotsch, Draguljić & Williams, 2018; Pataki et al., 538 

2011; Lindén, Fonti & Esper, 2016). As for plant phenology, the potential measurements in 539 

cities use phenocams (Seyednasrollah et al., 2019) and also remote sensing. Satellite remote 540 
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sensing using vegetation indices such as Normalized Difference Vegetation Index (NDVI), 541 

Enhanced Vegetation Index (EVI) and even Solar-Induced Chlorophyll Fluorescence (SIF) can 542 

also be used to map in detail urban phenology and plant water stress (Liu et al., 2018; Wang et 543 

al., 2019). However, those measurements must be treated with caution due to their noisy nature 544 

(Vanonckelen, Lhermitte & Van Rompaey, 2013). 545 

5. Conclusions 546 

An ecohydrological model, with the latest climate change projection for the UK (UKCP18), 547 

was used to examine the sustainability of green infrastructure for flood retention under a 548 

changing climate.  549 

Our results showed urban runoff production is mostly reduced under all climate change 550 

scenarios. Despite the reductions, it is not necessary that London’s current green infrastructure 551 

remains sustainable and efficient in stormwater control, as reductions in runoff occur during 552 

periods when vegetation is inactive.  553 

Regarding the performance of green infrastructure, the changes in climatic forcing dominate 554 

the overall signal, whereas the CO2 fertilization effect has a smaller role. However, due to the 555 

large uncertainty in climate change projections, the uncertainty regarding green infrastructure 556 

performance is large. 557 

Warming temperature effects in terms of higher atmospheric water demand and advanced 558 

spring leaf onset promote transpiration in the start of growing season. However, a continuous 559 

plant water loss through transpiration leads to drought-induced plant water stress during late 560 

summer and autumn especially in unmanaged vegetation leading to plant water stress and loss 561 
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of green infrastructure sustainability. Horticultural management practices, such as grass cutting, 562 

can reduce soil water consumption from plants relieving water stress. 563 

Nevertheless, the resilience is also markedly improved if green infrastructure operates in an 564 

online fashion with drainage system. By adopting an integrated approach, plant water stress 565 

can be largely alleviated, and green spaces continue to be sustainable in the future as a measure 566 

of flood control. Therefore, urban green in London, regarding to the target of increasing 567 

greening area to 50% by 2050, should be planned in conjunction with the drainage system and 568 

consider also management practices, such adopting drought-resistance plants and improving 569 

the soil substrates. 570 

 571 

List of Abbreviation 572 

CMIP5: Coupled Model Intercomparison Project Phase 5 573 

CMIP6: Coupled Model Intercomparison Project Phase 6 574 

eCO2: the elevated atmospheric carbon dioxide concentration 575 

EOS: the end of growing seasons 576 

ET: evapotranspiration 577 

EVI: Enhanced Vegetation Index 578 

G: the grassed swale site 579 

GPP: gross primary production 580 
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GSL: the growing season length 581 

I-G: the integrated grassed swale site 582 

I-P: the integrated urban park site 583 

IWRM: integrated water resource management 584 

Jmax: the maximum electron transport rate 585 

LAI: leaf area index 586 

MODIS: Moderate Resolution Imaging Spectroradiometer 587 

NDVI: Normalized Difference Vegetation Index 588 

NI-G: the non-integrated grassed swale site 589 

NI-P: the non-integrated urban park site 590 

P: the urban park site 591 

PFT: plant function type 592 

RCP(s): representative concentration pathway(s) 593 

SIF: Solar-Induced Chlorophyll Fluorescence 594 

SOS: the start of growing seasons 595 

T: transpiration 596 

T&C: Tethys-Chloris ecohydrology model 597 
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UKCP18: Climate Change Projection 2018 for UK 598 

UKCP18-CMP: hourly projections from the convection permitting (2.2km) set-up of the Met 599 

Office’s Unified Model in UKCP18 600 

Vcmax: the maximum rate of carboxylation 601 

VPD: vapor pressure deficit 602 
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1. Introduction  1 

Pluvial flooding in urban areas is becoming more severe, and has been recognised as one of 2 

the greatest practical challenges to human health, environment and economy in cities across 3 

the world, causing economic loss of up to 10-billion US dollars each year (Jha, Bloch & 4 

Lamond, 2012; Jenkins et al., 2018; Kaźmierczak & Cavan, 2011). Globally, pluvial flood risk 5 

each year can affect thousands of people and cause economic loss of up to tens of billions of 6 

US dollars (Jenkins et al., 2018; Kaźmierczak & Cavan, 2011). Urban pluvial flooding, also 7 

known as surface water flooding,Such flooding is mainly caused by a lack of drainage capacity 8 

and can be further exacerbated by the growing urbanisation due to the need for urban 9 

development short intense rainfall that overwhelms the drainage system capacity or is too quick 10 

to be evacuated by the system (Douglas et al., 2010). Apart from a lack of drainage capacity, 11 

such flooding risk can be further exacerbated by the growing urbanisation due to the need for 12 

urban development, which transforms the high proportion of land cover to impervious surface 13 

(Güneralp, Güneralp & Liu, 2015; Eigenbrod et al., 2011).  14 

In countries with dense urbanisation such as the United Kingdom, surface water flooding risk 15 

is identified as the most likely cause of damage to properties (Ochoa-Rodríguez et al., 2018). 16 

In some of the UK’s major urban centres, the recent winter flooding of 2015/2016 alone 17 

affected around 16,000 properties and caused the associated damages of up to £5 billion (Marsh 18 

et al., 2016; Miller & Hutchins, 2017). 19 

Especially in London, the capital and largest city of the UK, large population density and 20 

proportion of impervious area result in a higher potential risk of surface water. More than 21 

80,000 residential and commercial properties in London are at high risk (i.e. 1 in 30 year event) 22 

of surface water flooding for a 30-year return period rainfall event (Greater London Authority, 23 
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2018), mainly resulted from drainage failure. Greater concerns are made more pressing by the 24 

impact of climate change, expected to increase annual damage from the flooding in mid-21st 25 

century by up to 128% than in the period of 1960-1990 in London (Jenkins et al., 2018). 26 

To improve traditional stormwater management and enhance urban resilience, different 27 

alternative urban water management strategies have been introduced worldwide during recent 28 

decades to operate in conjunction with traditional grey infrastructure (Fletcher et al., 2015; 29 

Ahiablame, Engel & Chaubey, 2012; Larsen et al., 2016; Bowen & Lynch, 2017). By 30 

emulating a natural hydrological cycle within urban environments, tThose management 31 

practices,  commonly referred to as the green infrastructure, can significantly reduce both flood 32 

depths and velocities in urban areas during moderate to extreme intensity rainfall events have 33 

one common objective - to emulate a natural hydrological cycle within urban environments, in 34 

order to increase the flood retention capacity of cities and relief the drainage network 35 

(O’Donnell et al., 2020; Webber et al., 2019; Stovin, 2010; Haghighatafshar et al., 2018; 36 

Schubert et al., 2017; Paschalis et al., 2015). Green infrastructure typically consists of natural 37 

and semi-natural areas, features and green spaces such as raingardens, green roofs and urban 38 

trees (Ellis, 2013; Hansen & Pauleit, 2014). Many studies reported the positive effectiveness 39 

of this approach in significantly reducing both flood depths and velocities in urban areas during 40 

moderate to extreme intensity rainfall events (Webber et al., 2019; Stovin, 2010; 41 

Haghighatafshar et al., 2018; Schubert et al., 2017). 42 

While the key mechanism for reduction of surface runoff is infiltration through the green 43 

infrastructure’s substrate (Bozovic et al., 2017; Lennon, Scott & O’Neill, 2014), vegetation 44 

plays a significant role in further enhancing the retention capacity. The canopy can positively 45 

contribute to reduce runoff by intercepting rainfall and improving infiltration (Kuehler, 46 
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Hathaway & Tirpak, 2017). Plants, and trees in particular can restore the storage capacity and 47 

improve runoff reduction via evapotranspiration to transfer the holding water back to the 48 

atmosphere (Thom et al., 2020).  49 

Even though previous studies have provided evidence for vegetation as a major and effective 50 

element of green infrastructure in flood retention, its sustainability in stormwater control is not 51 

sufficiently recognised especially under a changing climate. The growth and physiological 52 

changes of vegetation, which is closely associated with urban green’s effectiveness, can vary 53 

according to climate change in terms of elevated CO2 concentration (eCO2), warming 54 

temperature and varying rainfall patterns (Allen, Breshears & McDowell, 2015; Forkel et al., 55 

2015; Wang et al., 2019). 56 

The current predictions indicate that global warming will continue to enhance vapour pressure 57 

deficit and thus evaporative demand (Novick et al., 2016; Ukkola et al., 2020). This demand, 58 

on the one hand, may lead to greater evapotranspiration from vegetation and ground; on the 59 

other hand, isohydric plants are likely to close their stomata and reduce transpiration in order 60 

to conserve water potential and avoid drought-induced mortality (Massmann, Gentine & Lin, 61 

2018; McAdam & Brodribb, 2015; Berland et al., 2017). Warmer temperature has also been 62 

reported to improve plant productivity in temperature limited regions, and is likely to lead to 63 

an earlier spring leaf onset and a longer growing season (Keenan et al., 2014). However, plants 64 

can be vulnerable to hotter droughts in the context of climate change because of an increased 65 

climatic water deficit in a drier summer (McIntyre et al., 2015; Zscheischler et al., 2018). 66 

Another key factor controlling vegetation physiological changes is atmospheric CO2 67 

concentration. The rising CO2 level can reduce vegetation stomata conductance and thus reduce 68 

transpiration, promoting water use efficiency especially during drought period, which always 69 
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has positive on enhancing productivities in terms of net primary production and gross primary 70 

production (Fatichi et al., 2016b; Paschalis et al., 2017; Keenan et al., 2013; Manzoni et al., 71 

2011). A partial closure of stomata is a trade-off for reducing transpiration and promoting water 72 

use efficiency especially during drought period (Keenan et al., 2013; Manzoni et al., 2011). 73 

Conversely, eCO2 may result in an increased leaf area index (LAI) which potentially leads to 74 

a higher transpiration rate because of greater foliage area. This can be of particular importance 75 

in the urban environment, as cities are known to have CO2 domes with enhanced atmospheric 76 

CO2 concentrations (Velasco & Roth, 2010; Mitchell et al., 2018). 77 

Thus, an understanding of plant physiological responses to climate change is key to 78 

investigating the sustainability of urban green infrastructure in surface flood retention. Debate 79 

continues about whether an increasing atmospheric CO2 concentration is the main driver of 80 

surface runoff. Piao et al. (2007) have suggested that eCO2 may account for a reduction in 81 

global mean annual runoff in the period from 1900 to 2000the 20th century because of the net 82 

positive effects of increased vegetation LAI on plant transpiration. However, several studies 83 

have reported that further growth in LAI due to eCO2 may reach limit and the effects of plant 84 

physiological responses to eCO2 is likely to become more dominant on transpiration in the 85 

future (Lemordant et al., 2018; Kooperman et al., 2018; Fowler et al., 2019). The physiological 86 

CO2‐ effect on runoff has been widely identified to be positive because of a reduction in plant 87 

transpiration and an increase in soil moisture due to partial stomatal closure under eCO2 leading 88 

to higher runoff production. Though, some studies have argued that plant physiological CO2‐89 

effect on runoff was relatively small compared to local climate variation particularly in terms 90 

of rainfall distribution (Leuzinger & Körner, 2010; Murray, Foster & Prentice, 2012). 91 
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Nevertheless, climate variability itself also plays a major role in flood risk estimations 92 

(Paschalis et al., 2014; Coulthard & Skinner, 2016; Zischg et al., 2018). Future cClimate 93 

projections contains multiple uncertainty sources, the largest of which is weather’s natural 94 

variability when rainfall extremes are concerned (Fatichi et al., 2016a). Considering 95 

probabilistic projections in future climate outcomes under different scenarios can provide a 96 

more detailed description of uncertainty in vegetation dynamics and thus in designing green 97 

infrastructure as well as in its sustainability as stormwater control measures within cities. 98 

Especially in densely populated cities, less space due to high-density developments is available 99 

to accommodate future changes. This indicates a need to examine potential uncertainties in 100 

green infrastructure’s performance further ahead the construction specifically within urban 101 

context. 102 

Most previous studies on modelling the long-term efficiency of urban green stormwater 103 

infrastructure (Stovin, Poë & Berretta, 2013; Thakali, Kalra & Ahmad, 2016) have not dealt 104 

with simulating vegetation physiological responses to variable climate and would thus provide 105 

incomplete results. To achieve this Many ecohydrological models, which consider hydrological 106 

processes and vegetation dynamics simultaneously, have been developed in recent years, 107 

considering simultaneously hydrological processes and vegetation dynamics exist (such as, 108 

TeCT&C: (Fatichi, Ivanov & Caporali, 2012),; CLM-GBHM: (Jiao et al., 2017),; JULES-SOX: 109 

(Clark et al., 2011; Eller et al., 2020) TRIBS-VEGGIE (Ivanov, Bras & Vivoni, 2008) and so 110 

on). Those models, even though they have the skill to be used in urban flood management, have 111 

been very rarely used within an urban set-up, with some recent exceptions (Meili et al., 2019; 112 

Marchionni et al., 2020). 113 
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In this study we use a state- of- the- art ecohydrological model, with the latest 2018 UK climate 114 

change projections for the UK (UKCP18) to investigate the potential and the resilience of urban 115 

parks and grassed swales as nature-based solutions for natural flood management in London, 116 

under an uncertain and changing climate. The aim of this paper was to investigate the 117 

interactions between urban vegetation and future climate in different drainage managements 118 

and thus those impacts on urban stormwater. 119 

2. Data and Methods 120 

2.1 Study area  121 

London, facing very great challenge in utilizing green infrastructure as a sustainable measure 122 

in stormwater control, was selected for this analysis. Being one of the second most populous 123 

European city, London currently has around 9 million population which is expected to further 124 

increase (ONS, 2020). At the same time, as one of the oldest megacities in the world, London’s 125 

drainage pipe system is now undergoing deterioration and operating at 80% or more of its 126 

design capacity (Ana & Bauwens, 2010; DEFRA, 2015), posing a major threat for flooding. 127 

Despite being the most populated European capital, London is also amongst the greenest 128 

European cities, with around 48%-51% green spaces (Greater London Authority, 2019), 129 

providing a unique opportunity for natural flood management. Such an opportunity would only 130 

be efficient, if urban vegetation is performing well under a changing climate. Climate in 131 

London is classified as a temperate oceanic climate with mild summers and cool winters. The 132 

average daily temperature and annual rainfall are 11.0°C and 637.97 mm·yr-1 over the period 133 

of 1980-2018. As climate projections (Gohar et al., 2018) show a substantial increases in 134 

temperature, reduction in humidity and a change in rainfall seasonality, in an already dry place 135 

(~600 mm/y), it is crucial to understand their impact on urban vegetation. 136 
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2.2 Numerical Experiments 137 

Within London, parks and vegetated raingardenswales are the most common natural flood 138 

management adaptation (CIRIA, 2015). For this study we constructed two representative 139 

scenarios to estimate runoff production for those adaptations. Specifically, the study area was 140 

assumed to be a one-dimensional area within London, including the surface water from an 141 

impermeable impervious fraction area drainingdrained as runon into either a raingardengrassed 142 

swale or an urban park, as illustrated in Figure 1. We assumed that the impermeable area has a 143 

runoff coefficient of 0.8, and that the time necessary to drain the impermeable area to the green 144 

space is less than 1 hour.Two urban drainage design scenarios were therefore considered in this 145 

study: aA reference scenario with no impermeable impervious (urban) fraction was considered, 146 

correspondsing to green infrastructure that is “uncoupled” (i.e. non-integrated) with the 147 

drainage system;. The the other scenario with 40% impermeable impervious area, 148 

representative of the average London land cover, corresponds to an integrated case where green 149 

infrastructure is operating as part of the drainage system. In other words, the excess surface 150 

water from impervious area was conveyed as runon to green spaces first before reaching the 151 

sewers in the integrated designs, whereas there was no runon considered in the non-integrated 152 

designs (Figure 1). We assumed that the impervious area has a runoff coefficient of 0.8, and 153 

that the time necessary to drain water from this area to the green infrastructure is less than 1 154 

hour (i.e. sub-hourly routing was not considered). Green infrastructure as either rain 155 

gardensgrassed swales or urban parks was then included in each scenario.  156 

In this study, we focused on two vegetation species representative for the existing green 157 

infrastructure in London. The whole raingardenswale and 60% of the park are covered by 158 

perennial ryegrass (Lolium perenne), commonly found in London’s parks and garden lawns. 159 

The remaining 40% of the park, which is an average tree cover ratio for London parks, is 160 
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covered by English Oak (Quercus robur), as a common native tree species. Oak trees, that 161 

currently account for 7.3% of the total tree population across London, can be found in most of 162 

Royal Parks (i-Tree, 2015). Even though Sycamore maples are the largest fraction (7.8%) of 163 

all trees in London, they are most frequently found as street trees which were not considered 164 

in this study.  To represent a typical soil type in London, we assumed that bBoth sites are 165 

underlain by substrate of 1500mm with the texture of silty clay loam containing 35% of clay, 166 

10% of sand, 50% silt and 5% of organic matter (Farewell et al., 2011). The bedrock 167 

underlaying filter media in our study is was assumed to be an almost impermeable London 168 

Clay (Royse et al., 2012) with no leakage to the groundwater. , according to Groundwater 169 

contributions to flooding were also not taken into account in this study.   170 

 171 

Figure 1: Illustrations for set-ups of (a) raingardengrassed swale and (b) urban park 172 

2.3 Model description 173 

The simulations were carried out using the Tethys-Chloris (T&eC) ecohydrological model 174 

(Fatichi, Ivanov & Caporali, 2012; Paschalis et al., 2018, 2020). The TeCT&C version used in 175 

this study is a 1-D physics-based model that solves simultaneously the energy, water and 176 

carbon budget at the land surface. Soil water transport is solved using a finite volume 177 

discretization of the 1-D formulation of the Richards equation for the vertical flow. The 178 

meteorological inputs required are downwelling shortwave radiation, precipitation, 179 
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temperature, cloud cover, vapor pressure, wind speed, atmospheric pressure and atmospheric 180 

CO2 concentration, at the hourly time scale. 181 

The energy budget is solved assuming a balance between net radiation and latent, sensible and 182 

ground heat fluxes. Radiation distribution and energy fluxes are calculated, using a two big leaf 183 

approximation for two vegetation canopies. Net radiation is estimated using the two-stream 184 

approximation (Dickinson, 1983; Sellers, 1985; Dai, Dickinson & Wang, 2004), taking into 185 

account vegetation structure and differential reflectivity’s of vegetation and the ground. 186 

Ground heat flux is solved using the ‘force-restore’ method (Deardorff, 1978; Hu & Islam, 187 

1995). Latent and sensible heat fluxes are both solved using the common resistor analogue, 188 

taking into account free atmosphere aerodynamic, undercanopy, leaf boundary, stomatal and 189 

soil resistances. Most important for this study, stomatal conductance is solved using the 190 

Leuning model (Leuning, 1995; Paschalis et al., 2017), linking stomatal conductance to vapor 191 

pressure deficit (VPD), leaf intercellular CO2 concentration and leaf photosynthetic rates.  Soil 192 

resistance is modelled based on the physically based representation of (Shahraeeni, Lehmann 193 

& Or, (2012). Soil hydraulic parameters were estimated based on the soil’s texture according 194 

to the Saxton and Rawls pedotransfer function for the Brooks-Corey water retention curve 195 

(Saxton & Rawls, 2006). In particular, the soil moisture profile is affected by the local energy 196 

and water interactions by considering surface and subsurface water dynamics via 197 

evapotranspiration, leakage at the bottom, saturation-excess and infiltration-excess runoff. 198 

Further to account for vegetation processes, T&C simulates photosynthesis, plant transpiration, 199 

and vegetationplant carbon dynamics, ultimately simulating leaf area index as a prognostic 200 

variable.  201 
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Leaf area index is a prognostic variablespecifically is based on the vegetation dynamic module 202 

of the modeldepends on the simulated carbon balance at the land surface, and land use practices, 203 

such as grass cutting. In this study, grasses on site were cut ten time each from March to 204 

October, resembling common gardening practices. After each cutting, the LAI of grasses was 205 

reduced to 1.2 m2m-2 in the model. Importantly, this model does not rely on prescribed 206 

representative plant functional types (PFTs) per ecosystem type, but it adopts a trait-based 207 

approach, allowing for a species-specific set-up. In other words, (i.e. vegetation parameters can 208 

be tuned by the modeller),, which is ideal for the urban application where species composition 209 

is essential. Vegetation species within same PFT are represented by same plant traits under 210 

assumptions of sharing same life form, vegetation physiology and structural attribution. Plant 211 

traits, such asincluding the maximum rate of carboxylation rate (Vcmax), the maximum electron 212 

transport rate (Jmax) and, specific leaf area and leaf water potential, for both ryegrass and 213 

English oaks were estimated in current study using the reported values of the TRY database 214 

(Kattge et al., 2011) (Section S1.0). Those traits are reported as to be the most important based 215 

on the sensitivity analysis in the previous study (Pappas et al., 2013).  Parameters affecting 216 

plant phenology were obtained by minimizing the differences between the simulated LAI 217 

seasonal pattern and the observed pattern from remote sensing (Moderate Resolution Imaging 218 

Spectroradiometer, or MODIS). Ultimately, our numerical simulations use a ‘tunned-PFT’ of 219 

a broadleaf deciduous forest and a PFT for a grassland, tailored to the existing vegetation within 220 

London. 221 

2.4 Simulation scenarios 222 

In this work, two sets of simulations were carried for all designs described before (Table 1). 223 

Simulation scenarios follow a similar modelling protocol to the TRENDY model 224 

intercomparison project (Sitch et al., 2008, 2015).  225 



   

 

11 

 

The first is a control run, using observed hourly meteorological data from the MIDAS Database 226 

for the period from January 1980 to December 2018 (Met Office, 2012). The meteorological 227 

station considered here is located in St James Park, in central London (Latitude: 51.5042, 228 

Longitude: -0.12948).  229 

The second is a climate change run, including three cases (Table 1). In the first sub-set (SL1), 230 

varying CO2 and climate were considered simultaneously. Climate change runsSimulations 231 

were performed for two future time periods (2020-2040 and 2060-2080) and for all four 232 

Representative Concentration Pathway (RCP2.6, RCP4.5, RCP6.0 and RCP8.5)RCPs of 233 

thebased on  Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor, Stouffer & 234 

Meehl, 2012) in two future time periods (2020-2040 and 2060-2080) respectively, using the 235 

UKCP18 projections (Lowe et al., 2018). In order toTo separate the effect of eCO2 and climate 236 

for eachin climate change run, we performed three two additional sub-sets  of simulations (SL2 237 

and SL3) (Table 1). In the first (S1) CO2 and climate change were considered simultaneously. 238 

In the second (SL2,) only climate is changing, whereas CO2 concentration is set to in the range 239 

of 338ppm-369ppm as same as in the period of 1980-2000. In the third (SL3,) only varying 240 

CO2 is considered, following the trajectories presented in the work of Meinshausen et al. (2011). 241 

As for simulations inW S3, we used meteorological inputs which were sampled from historic 242 

years for a 20-year period time, using a random sampling with replacement. An additional 243 

urban CO2 contribution was not considered here, as the CO2 dome of London has been 244 

previously found not to be strong (Rigby et al., 2008). 245 

Baseline Urban Area Ratio Simulations Timespans RCPs 

1980-2018 0% Varying both climate and CO2 2040s 2.6 
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(Non-integrated approach) (S1) 

Varying climate only 

(S2) 

4.5 

40% 

(Integrated approach) 

2080s 

6.0 

Varying CO2 only 

(S3) 

8.5 

Drainage Designs Simulation Sets 

Non-integrated approach 

(0% impervious area) 

Baseline Control Run 1980-2018 - 

Climate Change 

Run 

Varying both climate and CO2 

(SL1) 

2040s 

 

2080s 

RCP2.6 

RCP 4.5 

RCP 6.0 

RCP 8.5 

Integrated approach 

(40% impervious area) 

Varying climate only 

(SL2) 

Varying CO2 only 

(SL3) 

Table 1: Summary for the implemented simulations of control run and climate change run Varying Both Climate 246 

and CO2 (S1), Varying Climate Only (S2) and Varying CO2 Only (S3) under different RCPs in 2040s and 2080s 247 

with for two urban area ratiosdrainage designs 248 

TFor future climatic variables, the UKCP18 product we used was its pProbabilistic 249 

pProjections (Lowe et al., 2018) that provide seasonal joint probabilities of meteorological 250 

anomalies for precipitation, air temperature and specific humidity under four representative 251 

concentration pathways emission scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) for two 252 

future eras (2040s and 2080s). For this study, we focused on the projected changes in 253 

precipitation, temperature and humidity. Changes in the remaining meteorological variables 254 

(cloud cover, wind speed and atmospheric pressure) were not considered in this study and were 255 
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set equal to the baseline. Based on the provided seasonal bivariate distributions, a multivariate 256 

gaussian distribution between changes in the three selected variables of precipitation, 257 

temperature and specific humidity was derived for each month. Then, we randomly sampled 258 

50 combinations of those three anomalies (i.e. 50 ensembles) were randomly generated from 259 

the derived probability distribution to quantity the uncertainties of future climate. Those 260 

monthly anomalies were the same every year in the respective simulation era, and additive to 261 

baseline values in corresponding month to forcing TeC for climate change  scenario (Figure 2). 262 

A limitation of the probabilistic projections is that they only provide anomalies for the mean 263 

values but do not provide changes in higher order statistics. To test whether this affects our 264 

results, the hourly projections from the convection permitting (2.2km) set-up of the Met 265 

Office’s Unified Model (UKCP18 local projections, or UKCP18-CPM) available only for the 266 

RCP8.5 scenario and for 12 ensemble members were compared to the probabilistic projections. 267 

Among those 12 ensembles, only 9 of them which provide complete and usable data without 268 

partly missing information were used to forcing TeCT&C model (Figure 2). 269 

Plant responses to different scenarios were determined through the change in the magnitude 270 

and seasonality of the leaf area index (LAI) and gross primary production (GPP). We used 271 

different methods to define the start of growing season (SOS) and the end of growing season 272 

(EOS) for deciduous oak trees and evergreen grasses. For deciduous trees which are covered 273 

by leaves only during growing period, a threshold of 0.1m2m-2 for LAI was chose to determine 274 

the day that average LAI reached the threshold value for SOS and EOS respectively. For 275 

evergreen grasses which always have leaf onset, we used the slope of LAI to find the day when 276 

the slope started to be gradually and continuously positive for SOS and negative for EOS. The 277 
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number of days between SOS and EOS was defined as growing season length (GSL) for both 278 

species. 279 

The impacts of climate and eCO2 on hydrological dynamics were also considered, via the 280 

changes in annual and seasonal values of evapotranspiration (ET), transpiration (T), surface 281 

runoff and soil water content. All the changes in this study refer to quantities per green space, 282 

not including the impermeable areas. Moreover, to understand the tendencies of results in 283 

different simulations over time, the linear trend values of  variables (ET, T and runoff)  were 284 

analysed and estimated by calculating the division ofthe mean percentage changes per year 285 

between eras (baseline, 2040s and 2080s) by number of years. As we used 50 randomly 286 

sampled cases ensembles for both 2040s era and 2080s era, possible trend values between those 287 

two eras had 2500 combinations in total. Trend analysis was based on era’s and not continuous 288 

simulations, as the UKCP18 probabilistic projections provide the factors of change for the 289 

mean values of meteorological variables for those eras.  290 
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 291 

Figure 2: Mean anomalies (±1 standard deviation) of (a) precipitation [mm year-1], (b) temperature [°C] and (c) 292 

vapor pressure deficit [Pa] as model meteorological inputs under RCP2.6, RCP4.5, RCP6.0 and RCP8.5 from 293 

UKCP18 probabilistic projections (bars with errorbars) and under RCP8.5 from -UKCP18-CPM (blue errorbars) 294 

in 2040s (left panels) and 2080s (right panels) compared to the baseline of 1980-2018. 295 

3. Results 296 

The response sign and overall pattern for all analysed variables was almost identical between 297 

the simulated set-ups. In what follows, for the sake of clarity we present graphically the annual 298 

mean responses under all RCPs for both set-ups (Figure 3) and the seasonal patterns under the 299 

highest emission scenario (RCP8.5) for the urban park site (Figure 4). Both figures illustrate 300 

the comparison between non-integrated and integrated designs in 2080s era. In what follows, 301 

for the sake of clarity we present graphically the responses for simulations considering an 302 

integrated solution (i.e. with a 40% urban cover) for all RCPs for both sites (Figure 3) and the 303 

seasonal patterns for simulations considering an integrated solution for the 2040s era for the 304 
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highest emission scenario (RCP8.5) for the urban park site (Figure 4). To quantify whether 305 

changes from each scenario were significantly different from the control case, we performed a 306 

hypothesis testing using the two sample (i.e. Welch) test. The significance of results is 307 

summarized in the Supplementary (Table S2-S5). Detailed figures concerning all the remaining 308 

scenarios can be found in the Supplementary information.  309 

Overall, simulated results showed a consistent change in average annual anomalies that had a 310 

clear dependence on the emission scenario (Table 2, Figure 3, Figure S1). Responses for both 311 

Simulations SL1 and SL2 were highly variable, especially for the RCP8.5 emission scenario 312 

for the 2080s. The system responses had also clear seasonal patterns (Table 2, Figure 3: Annual 313 

changes in (a) evapotranspiration [mm year-1], (b) transpiration [mm year-1], (c) runoff [mm 314 

year-1] and (d) gross primary production [gC m-2 year-1] of Simulations S1 (Total), S2 (Climate 315 

Only) and S3 (CO2 Only) under all RCPs from UKCP18 probabilistic projections in 2040s (left 316 

half violins) and 2080s (right half violins) compared to the baseline of 1980-2018 for 40% 317 

urban cover in urban park and raingarden siteFigure 3, Figure 4, Section S3.2, S4.2). 318 

3.1 Probabilistic projections 319 

Using the probabilistic climate change projections of UKCP18 we constructed the numerical 320 

experiments SL1, SL2 and SL3, to investigate the overall changes in the runoff response of 321 

urban park (P) and raingardengrassed swale (G), and attribute the changes to either the 322 

fertilization effect of CO2 (SL3), or the changes in meteorology (SL2).    323 

3.1.1 Combined responses (SL1) 324 

In S1 The simulated annual runoff, under the combined effects of changes in climatic 325 

factorsclimate and elevated atmospheric CO2 concentration (SL1), reduced was lower for all 326 

cases  except for the RCP8.5 scenario (in the 2080s) infor a non-integrated design in park site 327 



   

 

17 

 

(NI-P) (+4.74±75.4 mm·yr-1) (Table 2, , Figure 3c, Section S2.0Figure S1). It is worth noticing 328 

that,  The largest reductions in mean annual runoff were simulated for RCP8.5 in 2080s for 329 

both sites with an integrated design (P: -73.2±178.64 mm·yr-1, G: -67.3±162.30 mm·yr-1). We 330 

predicted that the trend of annual runoff is generally negative in 2040s and positive in 80s for 331 

all set-ups. The most pronounced negative trend (-0.83%±1.9% yr-1) was found for RCP8.5 in 332 

a non-integrated raingarden (NI-G), whereas the greatest positive trend (+12.3%±36.1% yr-1) 333 

was occurred under RCP6.0 in a non-integrated park (NI-P). oOn average, in both baseline 334 

scenarios and the climate change scenario (SL1) summer runoff production on green spaces 335 

was almost negligible because of the reduced summer rainfall, and most of the observed 336 

changes relate to winter and autumn events (Section S3.1, S4.1). while average runoff in winter 337 

and autumn had pronounced reduction with largest uncertainty especially for an integrated 338 

planning (Section S3.1 and S4.1).  339 

As runoff production depends both on rainfall changes and changes in ET, we then looked at 340 

how ET changes under a changing climate and eCO2. To understand better the dynamics 341 

leading to the simulated changes in runoff we further analysed the changes in ET and its 342 

constituent fluxes, soil moisture, and how those affect vegetation dynamics. Under the same 343 

future climate conditions, ET generated from sites with different drainage designs showed 344 

markedly different patterns (Figure 3a, Figure S1). In the integrated designs, runoff reduction, 345 

apart from an overall reduction in rainfall amount, was also driven by an increase in ET; while 346 

for the non-integrated solutions, ET was overall reduced (Table 2, Figure 3a, Figure S1). 347 

Reduction in annual ET was observed for all RCPs for non-integrated designs in both sites, 348 

while simulated ET increased when green areas were parts of integrated water management. 349 

The greatest decline (-45.3±80.33 mm·yr-1) and increase (+18.2±104.45 mm·yr-1) both 350 

occurred for the most extreme climate change scenario (i.e. RCP8.5) referring to the end of 351 
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century simulations RCP8.5 in 2080s at the urban park, with the increase occurring in the 352 

integrated solution and the decrease in the non-integrated onebut for the integrated and non-353 

integrated solutions respectively (Table 2). Temporal trends between eras were not significant, 354 

and highly uncertain (-0.071%±0.4%yr-1 and +0.032%±0.46%yr-1 respectively).An increase in 355 

ET for the integrated solutions were due to both an increase in VPD (Figure 2), and enhanced 356 

LAI, that ultimately overcame the transpiration reductions due to stomatal closure under eCO2 357 

(Figure 4a, Figure 4c, Section S3.2, Section S4.2). In the non-integrated solutions, no excess 358 

runon from the impervious area was conveyed into the green infrastructure, and thus plant 359 

water availability limited plant transpiration, leading to reductions in total ET (Table 2, Figure 360 

3a).  361 

Such problem was most pronounced for high stature unmanaged vegetation (i.e. oak trees) in 362 

NI-P, resulting in reduced transpirations under all climate scenarios. In grassed swales, where 363 

LAI was regularly reduced (Section S4.4) due to grass cutting implementation (reduction to 364 

1.2m2m-2 for 10 times every year from March to October), the plant water demand was lower 365 

and lead to smaller water stress, despite the shallower roots.  366 

In the park site, where high stature trees have access to deeper soil water, changes in simulated 367 

annual plant transpiration had similar patterns as ET for integrated and non-integrated designs. 368 

Moreover, simulated T for different designs at urban park showed similar positive changes in 369 

spring and early summer whereas they had opposite signs to changes during late summer and 370 

autumn. Raingardens, where plants have access to surface soil water, showed a general and 371 

slight increase in transpiration for all cases except the case of RCP8.5 in 2080s for non-372 

integrated design (-13.1±29.2 mm·yr-1) with a negative but highly variable temporal trend of -373 

0.062%±0.31% yr-1. Changes in simulated T for integrated and non-integrated designs had 374 
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partly similar seasonal patterns, with an initial increase in March followed by a decline in April 375 

and May and then a sharp increase in summer. Early autumn transpiration in raingarden site 376 

either slightly decreased for non-integrated design or remained stable for integrated design. In 377 

general, an increase in T during spring and early summer at park was much larger than at 378 

raingarden.. Runon excess in integrated solutions postponed plant water stress in integrated 379 

solutions.Additionally, Tthose transpiration patterns in both sites were alsomostly consistent 380 

with both GPP the LAI responses (Figure 4, Section S3.2, S4.2), further illustrating 381 

highlighting the effect of water availability to plant water stress and thus photosynthetic rates, 382 

transpiration and ultimately loss of leaf area. Changes in phenology included an advance in the 383 

start of growing season (SOS) (Section S3.4, S4.4), increasing plant water demand in early 384 

spring. This early demand further increases resulted in water deficits in later in summer and 385 

thus an earlier end of growing season (EOS) was found in extreme climate scenarios (Section 386 

S3.4, S4.4).     387 

Under the combined effects of climate and CO2 fertilization, there were pronounced changes 388 

in vegetation phenology. For oak trees, the start of growing season (SOS) in spring revealed an 389 

earlier leaf onset for all cases by up to 13.6±1.12 days for RCP8.5 in 2080s in an integrated 390 

park (I-P), whereas the end of growing season (EOS) was slightly delayed only for lower 391 

emission scenarios in 2040s and advanced for all other cases. The greatest extension 392 

(+1.02±2.12 days) and advance (-4.84±5.36 days) in end of season was found for RCP6.0 in 393 

2040s and RCP8.5 in 2080s respectively for I-P. Nevertheless, the overall active growing 394 

season length (GSL) in park was still extended for all cases with the most pronounced 395 

(+11.0±2.84 days) for RCP8.5 in 2040s for an integrated approach. For grasses, the SOS 396 

showed an average advancement for all cases with similar values around 10 days, while an 397 
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advanced EOS was observed only for the case for extreme climate scenarios and for non-398 

integrated design by up to 6.5±22.5 days for RCP8.5 in 2080s.  399 

Correspondingly, simulated LAI at urban park increased sharply at the beginning of growing 400 

season and then was slowly reduced in the end, with the most significant rise (+1.71±0.49 m2m-401 

2) in April for I-P and decline (-1.17±1.19 m2m-2) in September for NI-P respectively for 402 

RCP8.5 in 2080s (Figure 4, Section S3.4). In park site, the total LAI was determined by trees 403 

with dense crown cover, and grass cutting had little impact on it; while in raingarden site, grass 404 

LAI was largely impacted by cutting, which only showed the speed of “recovery” after cutting 405 

rather than equilibrium LAI of grasses. In the raingarden site, simulated LAI had a substantial 406 

increase in March, and then reduced in April due to cutting followed by a levelling-off in May 407 

and June. During late summer and autumn, a slight decline was observed. 408 

The changes in LAI were linked with similar changes in seasonal GPP in both sites, whereas 409 

simulated annual GPP substantially increased for all cases especially for higher emission 410 

scenarios and for integrated design. The highest emission scenario in 2080s with integrated 411 

designs caused the greatest increase in GPP for both sites (P: +699.4±188.04 gC m-2 yr-1; G: 412 

+311.9±62.11 gC m-2 yr-1).  413 

3.1.2 Effects of climate (SL2) 414 

To a large extent, the changes of simulated runoff and evapotranspiration in SL2 were similar 415 

to SL1. Driven by climatic factorsclimate change alone (SL2), without counting for the effect 416 

of eCO2, (S2), annual runoff declined for all cases and generally had greater reduction than that 417 

for same cases in SL1, with the most pronounced under RCP8.5 in 2080s for I-P (-418 

116.5±159.78 mm·yr-1) and I-G (-98.1±152.85 mm·yr-1) (Figure 3c, Figure S1, Table 2). 419 

Despite an average increase in winter rainfall, most runoff reduction and its changes still 420 
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occurred during winter and was mainly driven by higher ground evaporation under a high VPD 421 

climate  (Figure 2, Section S3.1, S4.1). During cold periods, transpiration and evaporation from 422 

intercepted water on canopies especially deciduous oak trees was small (Section S3.2).The 423 

trends of runoff in S2 had same signs as results in S1, whereas the trend values in S2 were 424 

relatively smaller, but still highly uncertain. Simulated runoff reveals the greatest negative 425 

trend (-1.23%±2.12% yr-1) for RCP6.0 in the 40s for NI-G, and the most pronounced positive 426 

trend (+10.2%±32.0% yr-1) for RCP6.0 in the 80s for NI-P.  427 

Changes in simulated annual evapotranspiration (ET) associated with varying climate (SL2) 428 

had same signs to the results in SL1 for different impervious ratiosdrainage designs but were 429 

larger in valuesa different magnitude for all set-ups. Different from the results in SL1, when 430 

only climate was considered (SL2), simulated annual plant transpiration had a substantial 431 

increase for all cases and RCPs especially in the integrated solutions , rising with emission 432 

scenario and reaching the peak for RCP8.5 in 2080 (Figure 3b, Table 2, Figure S1). Such an 433 

increase in mean annual values was mainly generated from transpiration during spring and 434 

early summer in both sites because of higher VPD and enhanced spring LAI in a warmer 435 

environment (Figure 2, Section S3.2, S3.4, S4.2, S4.4). As a consequence, in the park site, 436 

during summer with the highest VPD and soil water deficit, plants started to experience water 437 

stress, finally leading to lower transpiration at the end of summer or in early autumn (Figure 5, 438 

Section S3.2, S3.3). Those stress-induced transpiration reductions in SL2 waswere worse than 439 

it in SL1 in extreme climate (i.e. RCP8.5?) and only for NI-P (Figure 4a, Section S3.2).  440 

WhenIn contrast, when the integrated urban park (I-P) was in operationin an integrated fashion, 441 

plant water stress was alleviated (Figure 5, Section S3.3) and thus reductions in T during dry 442 

seasons were lower and less uncertain (Figure 4a, Section S3.2).  Similar to SL1, grass cutting 443 
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implementation to grassed swales led to smaller amounts of water stress (), as the indirect 444 

effects related to enhanced LAI could not manifest, and water savings due to stomatal closure 445 

mostly alleviated water stress. However, adopting an integrated approach or not had greater 446 

impacts on urban park than grassed swale. Compared to urban park, the grassed swale site was 447 

much less severely affected by varying climate with barely transpiration reductions in early 448 

autumn (Section S4.2). A substantial increase or the worst possible case of almost levelling-449 

off was observed for non-integrated (NI-G) and integrated (I-G) grassed swale. In addition, 450 

plant transpiration from integrated green infrastructure was much higher than that from non-451 

integrated one, with the most pronounced in the urban park site. In general, under same climate 452 

scenarios plants in the urban park site generated more transpiration than that in raingarden. For 453 

the highest emission scenario in 2080s for I-P, transpiration increased significantly by 454 

69.3±43.19 mm·yr-1. During summer with relatively high temperature and VPD, an increase in 455 

seasonal transpiration reached the peak in June (Figure 4, Section S3.2 and S4.2). As a result, 456 

effects of varying climatic factors resulted in a drier soil condition particularly during summer 457 

on both sites throughout year (Figure 5, Section S3.3 and S4.3).  458 

Similar seasonal patterns as plant transpiration were also observed for GPP and LAI in both 459 

sites (Figure 4b, 4c, Section S3.2, S4.2). In general, grassed swales had relatively smaller 460 

changes in leaf area and thus less productivity changes during the growing seasons compared 461 

to urban park, mostly due to the implementation of grass cutting management. Apart from 462 

evaporative demand, plant structural change (i.e. foliage area) associated with productivity is 463 

another key factor in transpiration change particularly in park site. Raingarden, fully covered 464 

by grasses, had relatively smaller changes in leaf area and thus less productivity changes during 465 

the growing season compared to urban park. Opposite to the positive combined impacts on 466 

GPP in S1, future changes of climate alone leaded to an overall reduction in simulated annual 467 
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GPP in S2 for all set-ups for non-integrated design. While it had the same sign in S2 to that in 468 

S1 for the integrated park site with the exception for RCP8.5 in 2080s (-47.3±226.53 gC m-2 469 

yr-1).  470 

Seasonally, simulated GPP at urban park started to increase from spring (i.e. March). However, 471 

during summer the increase of temperature could not counteract the negatives from VPD and 472 

soil water stress, which resulted in reductions in GPP from mid-summer until autumn (Figure 473 

4, Section S3.2 and S4.2). Those reductions during the end of season in S2 were much greater 474 

than that in S1 for all cases. In corresponding, soil became much drier in S2 and reduction in 475 

simulated GPP occurred in the period when soil moisture started to largely decline.  476 

A similar pattern was also observed regarding seasonal changes in leaf area index (LAI) for all 477 

conditions in S2 for trees in park site (Section S3.4), but not for the raingarden site because of 478 

grass cutting implementation (Section S4.4). At raingarden simulated GPP and LAI in S2 had 479 

the same pattern as in S1 during spring but had opposite signs in summer and autumn. 480 

When green infrastructure was operating with drainage system in both sites, the reduction of 481 

GPP and LAI during summer and early autumn were lower and less uncertain. As a result, 482 

simulated transpiration in this period for integrated green infrastructure was much greater than 483 

non-integrated one. However, adopting an integrated approach or not had greater impacts on 484 

urban park than raingarden. Simulated autumn transpiration in park site massively reduced for 485 

non-integrated approach despite the average annual amount increased, whereas a substantial 486 

increase or the worst possible case of levelling-off was observed for non-integrated raingarden 487 

(Figure 4, Section S3.2 and S4.2).  488 
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Though the changes in GPP and LAI in SL2 during the growing seasons were not exact same 489 

as in SL1, the start and end of seasonphenology remined unchanged in both sites, as it was 490 

driven primarily by changes in temperature, and not water stress during growing seasons 491 

(Figure 2, Figure 5). The most pronounced changes in spring and autumn phenology were both 492 

found for RCP8.5 in 2080s. The SOS for integrated and non-integrated solutions were 493 

relatively same in both sites, whereas the EOS for non-integrated approach revealed an earlier 494 

leaf offset phenology by up to 7.04±5.69 days in urban park and 5.5±19.1 days in raingarden 495 

than that for the integrated one. 496 

3.1.3 Effects of eCO2  497 

The effect of eCO2 overall (SL3) had a different sign of changes in simulated annual runoff, 498 

annual evapotranspiration and annual transpiration from that in SL1 and SL2 simulations for 499 

higher emission scenarios (Figure 3, Figure S1). As ofthe interannual stochastic nature of 500 

weather was much smaller thant the uncertainty in climate change projections, all simulated 501 

results in SL3 had much less variability compared to climate variability in SL2 as well as in 502 

SL1. Under effects of effects of risingeelevated CO2 level only, simulated annual runoff had a 503 

corresponding consistent but ultimately very small increase for all cases and RCPs except the 504 

case of RCP2.6 for NI-G (Table 2, Figure 3c, Section S2.0Figure S1). Simulated runoff was 505 

slightly reduced by 0.60±2.56 mm yr-1 in 2040s and 0.69±2.65 mm yr-1 in 2080s. Higher 506 

emission scenarios leaded to a significantly greater rise in simulated runoff which reached its 507 

peak under the highest emission scenario in 2080s  (Table 2)for I-P (+65.5±0.56 mm yr-1) and 508 

I-G (+46.2±0.13 mm yr-1). In S3, increase in winter and autumn runoff was relatively greater 509 

than it in summer and spring runoff especially for RCP8.5 in 2080s (Section S3.1 and S4.1). 510 

Different from results in S1 and S2, continuous rising in atmospheric CO2 concentration over 511 
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time caused positive trends in runoff especially for RCP8.5 in 2080s for NI-P (+2.47%±3.99% 512 

yr-1) and NI-G (+1.41%±2.39% yr-1).  513 

An overall increase in simulated runoff, under the same climate as the control case, was driven 514 

by a noticeable reduction in simulated annual ET for all cases and RCPs (Figure 3a, Figure S1). 515 

Even when both GPP and LAI increased during the whole period of growing seasons in SL3 516 

for all cases (Figure 4a, 4b, Section S3.2, S4.2), simulated ET as well as plant transpiration 517 

significantly reduced under effects of stomatal closure, due to stomatal closure, which was 518 

greater than the increased demand due to an higherenhanced LAI (Figure 3, Figure S1)Despite 519 

the indirect effect of LAI (i.e. greater leaf area) due to the CO2 fertilization effect on 520 

photosynthesis, stomatal closure had a stronger effect on plant transpiration when in higher 521 

emission scenarios. Both simulated ET and T were reduced steadily in SL3 with emission 522 

scenario in 2040s but more pronounced in 2080s (Figure 3, Section S2.0). Overall, the net 523 

effect of eCO2 alone, considering both stomatal closure and indirect LAI effects, was small but 524 

negative on runoff. When the effects of eCO2 only were considered, simulated annual ET was 525 

noticeably reduced, due to stomatal closure, for all cases and RCPs, with the most significant 526 

decline for RCP8.5 in 2080s for integrated green infrastructure (P: -66.2±0.37 mm yr-1; G: -527 

47.3±0.12 mm yr-1). As a result, soil on site correspondingly became wetter in SL3 throughout 528 

year for all set-ups (Figure 5, Section S3.3 and , S4.3).  The most pronounced increase in 529 

average soil moisture (+0.046m3/m3) occurred for RCP8.5 in 2080s for NI-P during end of 530 

summer. Simulated annual transpiration significantly reduced under effects of eCO2 even when 531 

plant leaf area increased. Different from the positive changes in S1 and S2, both simulated ET 532 

and T were reduced steadily in S3 with emission scenario in 2040s but more pronounced in 533 

2080s (Figure 3, Section S2.0).  Seasonal transpiration had a generally decrease from March to 534 
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September with the maximum reduction in June for all cases in S3 (Figure 4, Section S3.2 and 535 

S4.2). 536 

Like the positive changes in S1, simulated annual GPP had a significant increase for all cases 537 

and RCPs because of the CO2 fertilization effect on photosynthesis in S3. The increase in S3 538 

was larger than that in S1 for non-integrated solutions, whereas when the integrated solutions 539 

were considered the combine effects on GPP was greater than the effects of eCO2 alone (Table 540 

2). The greatest changes occurred for RCP8.5 in 2080s for NI-P (+419.6±5.41 gC m-2 yr-1) and 541 

I-P (+400.2±5.27gC m-2 yr-1) urban cover in S3.  542 

There was a sharp contrast in simulated seasonal LAI between S3 and former two simulations. 543 

A rising plant productivity due to higher atmospheric CO2 concentration leaded to a marked 544 

increase in leaf area index in both sites throughout the entire growing season (Figure 4, Section 545 

S3.2 and S4.2). In S3, the positive changes of LAI in site started from April to October with 546 

the same phenology period as baseline (Section S3.4 and S4.4). Simulated LAI reached the 547 

peak in July for all cases and RCPs, with the most significant increase of (+17.4%) above the 548 

average in baseline for RCP8.5 in 2080s. 549 
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 550 

 551 

Figure 3: Annual changes in (a) evapotranspiration [mm year-1], (b) transpiration [mm year-1], (c) runoff [mm 552 

year-1] and (d) gross primary production [gC m-2 year-1] of Simulations SL1 (Total), SL2 (Climate Only) and SL3 553 

(CO2 Only) under all RCPs in 2080s from UKCP18 probabilistic projections compared to the baseline of 1980-554 

2018 for urban park and grassed swale site with non-integrated (left half violins) and integrated designs (right 555 
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half violins). The violin plots are in the range of quantiles between 25% and 75%. The right and left -pointing 556 

triangles represent mean values for non-integrated and integrated designs respectively.  Annual changes in (a) 557 

evapotranspiration [mm year-1], (b) transpiration [mm year-1], (c) runoff [mm year-1] and (d) gross primary 558 

production [gC m-2 year-1] of Simulations S1 (Total), S2 (Climate Only) and S3 (CO2 Only) under all RCPs from 559 

UKCP18 probabilistic projections in 2040s (left half violins) and 2080s (right half violins) compared to the 560 

baseline of 1980-2018 for 40% urban cover in urban park and raingarden site. The violin plots are in the range 561 

of quantiles between 25% and 75%. 562 

  563 
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 564 
Table 2: Summarized annual changes in values (±1 standard deviation) of (a) evapotranspiration [mm year-1], 565 

(b) transpiration [mm year-1], (c) runoff [mm year-1] and (d) gross primary production [gC m-2 year-1] of 566 

Simulations SL1 (Total), SL2 (Climate Only) and SL3 (CO2 Only) under RCP2.6 and RCP8.5 from UKCP18 567 

Pprobabilistic Pprojections in 2040s and 2080s for 0% and 40% urban cover in urban park and 568 

raingardengrassed swale site with different drainage designs. 569 

Site Urban Park RaingardenGrassed Swale 

Period 2021-2040 2060-2080 2021-2040 2060-2080 

Urban CoverDesign 0%NI-P 40%I-P 0%NI-P 40%I-P 0%NI-G 40%I-G 0%NI-G 40%I-G 

RCPs 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 2.6 8.5 
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570 

 571 

Figure 4: Seasonal changes in (a-1,2,3) transpiration, (b-1,2,3) gross primary production and (c-1,2,3) leaf area 572 

index of Simulations SL1 (left panels), SL2 (middle panels) and SL3 (right panels) under RCP8.5 in 2080s 573 

compared to the baseline of 1980-2018 in the non-integrated (orange lines) and integrated (blue volin plots) 574 

urban park site. The violin plots are in the range of quantiles between 25% and 75%. The circles represent mean 575 

values of volin plots for the integrated park. The lines represent the monthly mean values for the non-integrated 576 

park.Seasonal changes in (a-1,2,3) transpiration, (b-1,2,3) gross primary production and (c-1,2,3) leaf area index 577 
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of Simulations S1 (left panels), S2 (middle panels) and S3 (right panels) under RCP8.5 in 2040s compared to t he 578 

baseline of 1980-2018 when urban area ratio is 40% in urban park site. The violin plots are in the range of 579 

quantiles between 25% and 75%. 580 

 581 
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 582 

Figure 5: Average root zone sSoil moisture changes [m3/m-33] over the year in 20840s compared to the baseline 583 

of 1980-2018 when urban area ratio is 40% in (a) the non-integrated and (b) integrated urban park site in SL1, 584 

SL2 and SL2 under the lowest (RCP2.6) and highest (RCP8.5) emission scenario.  585 

3.2 Analysis of the UKCP18 Pprobabilistic Pprojection simplifications 586 

Anomalies in mean values of climatic factors from UKCP18 Probabilistic Projections are not 587 

able to provide precise information regarding higher order statistics and particularly extremes. 588 

Hence, we used hourly meteorological inputs from the UKCP18 Convection permitting 589 

simulations (UKCP18-CPM) to forcing the model in order to examine whether simulated 590 

results based on probabilistic projections are in proper ranges of magnitude. 591 

UKCP18-CPM UKCP18 Local projections sample a limited range of future potential climate, 592 

only for the RCP8.5 driven by a 12km Regional Climate Model ensemble. With detailed 593 

information on hourly climate, UKCP18-CPMCPM projections hashave a different behaviour 594 

regarding vapor pressure deficit (VPD). Especially during summer, VPD from UKCP18-595 
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CPMCPM projections is much larger than that from probabilistic projections (Figure 2). 596 

Simulated results under SL1 except transpiration from hourly local projections were all within 597 

the estimated variabilities modelled from probabilistic projections, while size effects of 598 

transpiration simulated from local projections exceeded the predicted range of probabilistic 599 

outcomes (Figure 6, Section S3.5 and S4.5). 600 

Similar to results from probabilistic projections under RCP8.5, simulations based on hourly 601 

projections from UKCP18-CPM showed that the trend of simulated runoff was negative in 602 

2040s and positive in 2080s but with relatively less uncertainty, due to the limited number of 603 

UKCP18-CPM CPM ensembles. Specifically, the magnitude of trends from UKCP18-CPM 604 

CPM projections were generally smaller than that from probabilistic projections under RCP8.5 605 

except for some cases in 2040s. Compare withto the results from probabilistic projections in 606 

the park site, simulated runoff from UKCP18-CPM CPM projections declined by 0.37% yr-1 607 

and increased by 0.17% yr-1 in 40s for non-integrated and integrated solution respectively. In 608 

the period of 2080s, simulated runoff was significantly smaller by 8.10% yr-1 for non-integrated 609 

solution and slightly less by 0.27% yr-1 for integrated solutions. The Raingardengrassed swale 610 

site showed similar trends of runoff in 40s and 80s. Simulated runoff from UKCP18-CPM 611 

CPM projections in grassland was greater by 0.12% yr-1 and 0.30% yr-1 in 40s, while smaller 612 

by 3.0% yr-1 and 0.01% yr-1 in 80s for non-integrated and integrated solutions respectively than 613 

that from probabilistic projections. 614 
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 615 

Figure 6: Size effects of sSimulated  results of size effects in evapotranspiration (ET), transpiration (T), runoff 616 

and gross primary production (GPP) from UKCP18 pProbabilistic pProjections fitted with Gaussian distribution 617 

(lines) and UKCP18 Local (2.2km) Projections under RCP8.5 in Simulation SL1 in the integrated urban park site. 618 

The bar plots represent the distribution of size of effects from 50 randomly sampled ensembles from UKCP18 619 

probabilistic projections. The dots represent the results from 9 ensembles from UKCP18-CMP (i.e. UKCP local 620 

projections). The colours indicate different timespans (2040s and 2080s). 621 

  fitted with Gaussian distribution (lines) and simulated results from UKCP18 Local Projections (dots) for 40% 622 

urban area in Simulation S1 in urban park site 623 

4. Discussion 624 

Overall, a reduction in annual average runoff under the combined effects of climatic factors 625 

and eCO2 (S1) implies that London’s current green infrastructure is likely to still be efficient 626 

in stormwater control when within a certain range of plausible climate changes. We found that 627 

the resilience is markedly higher when the green infrastructure is integrated with the overall 628 

drainage system as an integrated water resource management (IWRM). Soil moisture and plant 629 
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water stress state became more important for higher emission scenarios especially for the case 630 

of non-integrated park covering with tress and grasses. Under the climate effects, the peak 631 

reduction in soil water content occurred during late summer and early autumn, potentially 632 

limiting vegetation growth in the end of growing season; whereas, soil moisture savings due to 633 

CO2 fertilization were relatively smaller. As a result, during autumn plant growth and 634 

productivity were limited by droughts especially for extreme emission scenarios and non-635 

integrated solutions, leading to a substantial reduction in leaf area. Moreover, in park site with 636 

an earlier spring leaf onset due to warming temperature, the non-integrated solution leads to a 637 

decline in total plant transpiration whereas the integrated solution can promote more. 638 

Correspondingly, reductions in runoff with non-integrated solution were relatively less than 639 

that with integrated green infrastructure. 640 

4.1 Plant responses to climate change 641 

The simulation results in our study showed that solely changes in climate could harmful for 642 

existing green infrastructure in London, especially for the higher end climate change 643 

projections. Higher atmospheric drought (i.e. increased VPD), reductions of rainfall during the 644 

growing season (i.e. hydrological drought), and increased temperatures led to plant water stress 645 

primarily in later summer and early fall, and ultimately reductions in photosynthetic rates, and 646 

LAI. Changes in phenology further worsened vegetation stress, as an earlier leaf onset due to 647 

higher temperatures increased the plant water demand during spring and then depleted soil 648 

water resources, which is consistent with the observations from the previous study on spring 649 

phenology in the northern Europe (Jin et al., 2019). However, despite the negative climate 650 

change effects on vegetation stress, runoff production in the future was mostly reduced as it 651 

occurred in the autumn and winter season, when vegetation activity is low, even for evergreen 652 

species (e.g. grassed swales). 653 



   

 

36 

 

The CO2 fertilization was found to alleviate partially the negative effects of climate change 654 

regarding plant water stress, because of the stomatal closure induced and thus an increase in 655 

soil water savings. However, the gains from CO2 were ultimately less than the adverse effects 656 

from climate change (Buermann et al., 2018; Wolf et al., 2016). Such compensation effect was 657 

progressively smaller as it moves toward less optimistic climate change scenarios (e.g. RCP8.5). 658 

At the same time, the elevated CO2 by itself had a negative impact on the effectiveness of 659 

existing green infrastructure, as it leads to a reduction of transpiration, enhancements of soil 660 

moisture and ultimately an increase in runoff generated from the site. In the agreement with 661 

the results from the previous studies (Fatichi et al., 2016c; Murray, Foster & Prentice, 2012; 662 

Swann et al., 2016), our results indicate that the indirect effects of elevated CO2 in enhancing 663 

LAI  and thus increasing transpiration, did not overcome the transpiration reductions due to 664 

stomatal conductance, but partially compensated them ultimately leading to small increases in 665 

runoff. 666 

It is also worth mentioning that the sums of simulated anomalies in SL2 and SL3 simulations 667 

are not equal to the simulated results in SL1 (Section S5.0), indicating the nonlinearities 668 

between the individual effects of varying climate and eCO2. In other words, climatic factor and 669 

CO2 fertilization can cause non-additive effects. 670 

Overall, results from this study suggest that, the three most important factors leading to 671 

reductions of plant water stress and thus more resilient green infrastructure are (a) operating 672 

green infrastructure in an integrated manner with urban drainage, (b) implementing grass 673 

cutting practice and (c) adopting alternative vegetation species with better drought tolerance. 674 

When excess runoff from impermeable surfaces is not drained using traditional grey 675 

infrastructure, but routed to the green infrastructure, it as runon is capable to alleviate partially 676 
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the negative effects of climate change and enhance resilience and efficiency of existing 677 

infrastructure. Reductions of LAI via grass cutting can also alleviate stress, as plant water 678 

demand drops significantly. However, such artificial reductions of LAI can also reduce plant 679 

transpiration to some extent, limiting the potential of green infrastructure to perform at its 680 

higher potential performance. Plant tolerance to drought was also found to play a vital role in 681 

shaping green infrastructure climate change adaptation. It can be a piece of valuable 682 

information for decision makers to select plant species or consider species alterations. In 683 

realistic case, species planted on site may be various, showing distinct vulnerability to climate 684 

(Esperon‐Rodriguez et al., 2019). Though in this study only one set of typical tree and grass 685 

species was considered to represent general vegetation cover in London urban area, our 686 

approach can be easily replicated for other multiple species (trees, grasses, scrubs and/or 687 

flowers etc) depending on more specific locations in future studies.  688 

However, designing for resilient green infrastructure by implementing the aforementioned 689 

practices would be incomplete for areas with a climate similar to London. As the rainfall events 690 

that produce most runoff in our case occur during vegetation inactive periods (winter, autumn), 691 

when soil moisture is typically very high, optimal flood management practices must also focus 692 

on the abiotic components of the hydrological cycle. Using artificial high drainage soil 693 

substrates would reduce further the flood potential.  694 

In London, current green infrastructure remains highly effective if it is integrated with drainage 695 

system, whereas the non-integrated are potentially in risk. Under the combined effects of 696 

varying climate and eCO2, climate change causes a substantial increase in leaf area and plant 697 

productivity during growing season until late summer or early autumn. Moreover, an advance 698 

of leaf onset was predicted during early spring in response to warming temperature. Autumn 699 
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senescence in trees showed a delayed trend only for lower emission scenarios (RCP2.6, RCP4.5, 700 

RCP6.0) in 2040s while an advanced trend for other cases with large uncertainty. However, no 701 

matter whether the end of season was slightly lengthened or not, leaf area index during late 702 

stage of growing season was generally reduced. As a result of enhanced evaporative demand 703 

due to warming climate and reduced leaf area, simulated transpiration increased in spring and 704 

summer and then declined in autumn. 705 

Similar advancement of the start of spring phenology to climate warming by 2.47 day·°C-1 was 706 

observed by Jin et al. (2019) in northern Europe (in the region between 50°N-70°N, 5°E-30°E). 707 

Contrary, a disagreement in an early autumn senescence was found from the work of Gill et al. 708 

(2015) and Wang et al. (2019) who observed a delay in leaf senescence in response to 709 

temperature across the northern hemisphere. The reason for such disagreement is possibly due 710 

to future warmer temperatures under extreme climate case scenarios, leading to plant water 711 

stress during the late stage of growing season. In fact, observations in Europe have indicated 712 

that daytime warming can lead to an early senescence because of drought stress induced during 713 

warm autumn (Chen et al., 2020). Such a behaviour can intensify in the future. 714 

Overall, we found that CO2 fertilization in combination with higher temperatures favouring 715 

higher photosynthetic rates, are larger than the negative effects of the sharp increase in 716 

atmospheric drought, reduction in summer rainfall and increased autotrophic respiration due to 717 

warming. However, the initial gains in spring and early summer are lost in late summer and 718 

autumn particularly for the non-integrated designs, when higher ET leads to progressive 719 

increase in plant water stress during late growing season. This finding is in agreement with 720 

previous studies (Buermann et al., 2018; Wolf et al., 2016). With an advanced start of growing 721 

season due to a warming environment, enhanced vegetation growth associated with reduction 722 
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in soil water viability in spring and early summer is likely to adversely affect plant productivity 723 

later in the growing season by the accumulation of seasonal water deficits across the northern 724 

ecosystems. 725 

4.2 Separate effects of climate and CO2 726 

The rising CO2 alone has net negative impacts on runoff generated from site, mainly resulting 727 

from a decline in plant transpiration due to stomatal closure. The positive effect of reduced 728 

stomatal conductance due to eCO2 on runoff is much larger than negative effect of CO2-induced 729 

plant fertilization in terms of an increased LAI when only the effect of eCO2 was considered, 730 

which is in agreement with views from previous ecohydrological studies (Murray, Foster & 731 

Prentice, 2012; Swann et al., 2016). However, the works of Ukkola et al. (2016), Trancoso et 732 

al. (2017) and Piao et al. (2007) on relative changes in runoff during 20th century suggested 733 

that the CO2-induced greening effect (i.e. an increased canopy cover) dominated over the effect 734 

of physiological changes (i.e. reduced stomatal conductance) due to a rising CO2, and the net 735 

effects of eCO2 on runoff was negative. This conclusion contrasts with our findings that eCO2 736 

overall increased runoff for extreme climate case in the future. The disagreement turns out that 737 

an increase in LAI tend to saturate and the effect of reduced stomatal conductance on 738 

transpiration will become more dominant at higher emission scenario. 739 

When interactive effects of varying climate and eCO2 were considered, the net negative effect 740 

of eCO2 on annual transpiration, in London, tends to be less important than the warming 741 

temperature effect which can enhance transpiration rate due to enhanced atmospheric demand, 742 

an earlier spring onset and the indirect effect of LAI increase (Fatichi et al., 2016c). The sums 743 

of simulated anomalies in S2 and S3 simulations are not equal to the simulated results in S1 744 
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(Section S5.0), indicating the nonlinearities between the individual effects of varying climate 745 

and eCO2. In other words, climatic factor and CO2 fertilization can cause non-additive effects. 746 

This compensation becomes weaker when plant water stress becomes important especially in 747 

urban park site. Transpiration from oak trees in the park site significantly increases in a 748 

warming environment. A continuous loss via transpiration in early growing season results in 749 

severe soil dryness later. In a stressed condition drought has severely adverse impacts on plant 750 

productivity and thus transpiration (Yuan et al., 2019; Grossiord et al., 2020). Oak trees 751 

experienced substantial reduction in leaf area index as well as productivity, resulting in an 752 

earlier senescence during late summer. Though warming temperature and lengthening growing 753 

season (i.e. an earlier leaf onset) increased annual average transpiration, daily amount in late 754 

summer reduced when non-integrated solution was considered in park site. As for the 755 

raingarden site, covered only by grasses, grass cutting implementation leads to less 756 

consumption of soil water through transpiration loss. In other words, raingarden consumes less 757 

soil water leading to less intense water stress compared to urban parks. 758 

In our simulations this occurred only for the most extreme climate case scenario and only in 759 

the case when green unfractured was uncoupled with drainage system. Even in water stressed 760 

conditions, we found that plant physiological responses to eCO2 can slightly but significantly 761 

alleviate the adverse effect of water stress during end of growing season by improving plant 762 

water use efficiency (WUE), supporting the view of Swann et al. (2016b) and Lemordant et al. 763 

(2016). Reductions in transpiration rates due to plant physiological changes under eCO2 during 764 

the start of growing season also delay the time when plant growth and productivity were limited 765 

in response to water stress in a warming environment. However, soil moisture saving effect 766 

due to CO2 fertilization are relatively ultimately smaller. For the non-integrated urban park, 767 
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the net opposing effects of eCO2 and warming temperature were still overall negative on plant 768 

transpiration for different emission scenarios. 769 

Those results imply the effective and resilience of integrated solutions in surface water 770 

management. By developing an integrated approach for green infrastructure in IWRM, summer 771 

dryness can be directly mitigated on site and thus vegetation growth as well as transpiration is 772 

still enhanced in early autumn. We found a delayed onset of leaf senescence in the integrated 773 

solution than in the non-integrated one. The integrated solution thus can alleviate progressive 774 

plant stress and improve resilience. Despite reduced stomatal opening, a slight increase in 775 

annual average transpiration was predicted. This increase mainly arises from the further 776 

enhanced transpiration in response to warming temperature when plant water stress was partly 777 

alleviated because of integrated green infrastructure. With more soil moisture availability, 778 

plants showed a smaller reduction in LAI and productivity during late summer. These findings 779 

are in line with the works of Marchionni et al. (2020) and Ryan et al. (2017) who found the 780 

positive effect of water availability (i.e. groundwater or irrigation) on plant productivity and 781 

thus transpiration. 782 

4.34.2 Uncertainties in vegetation responsesImpact of climate uncertainty 783 

The results of our projections related to the performance of green infrastructure to climate 784 

change were highly uncertain. The largest fraction of the uncertainty was found to originate 785 

from the climate projections UKCP18, with interannual (stochastic) variability being smaller. 786 

UKCP18 probabilistic projections provided a very wide range of change in all climatic 787 

variables for all scenarios. For most cases (i.e. RCPs, drainage designs, eras), over 50% of all 788 

50 randomly sampled ensembles in SL1 and SL2 provided annual values of ET, runoff, T and 789 

GPP that were found to be statistically significant from the control case (Section S2.2). 790 
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However, when considering the average responses for those 50 ensembles, our results showed 791 

that most distributions were not significantly different (Section S2.1) due to the very wide range 792 

of changes in the climate factors. To evaluate whether this is a robust behaviour or an artifact 793 

of the UKCP18 probabilistic projections, future analysis using climate change alternatives, 794 

such as the outputs of the Coupled Model Intercomparison Project Phase 6 (CMPI6) is 795 

necessary. Additionally, UKCP18 projections that provide exclusively information regarding 796 

changes in the mean value of weather variables might provide an incomplete picture of the 797 

effects of climate change on urban vegetation dynamics, and the efficiency of green 798 

infrastructure. Comparing with UKCP18-CPM projections, the results using UKCP18 799 

probabilistic projections deviated. In agreement with the works of Paschalis et al. (2017) and 800 

Wu et al. (2018), higher order statistics and small temporal scale weather variability play an 801 

important role in detailed physical-based ecohydrological models. However, climate change 802 

simulations using convection permitting models are rarely available, and when available the 803 

number of ensembles is not adequate for hydrological impact studies, where the weather’s 804 

stochastic variability is essentially. Such results highlighted the need for further advancing our 805 

climate modelling capabilities. In the present, as computational resources are limited, using 806 

“high-quality” climate change projections in conjunction with weather generators can offer a 807 

reliable alternative (Fatichi et al., 2016a). 808 

Based on our model input from UKCP18 probabilistic projections, London is expected to 809 

experience an average increase in daily temperature, reduction in annual precipitation and rise 810 

in daily VPD with large variabilities (Figure 2). Those variabilities in model inputs lead to 811 

significant uncertainty associated with varying climate in S2 and thus in S1. Nevertheless, the 812 

uncertainty in the magnitude of change can be up to around 180 times higher than the 813 

“stochastic” variability of weather that was taken into account in the S3 simulation via 814 



   

 

43 

 

resampling. This result is different from the findings in the work of Fatichi et al. (2016a), who 815 

found a large the stochastic variability possibly due to the use of a stochastic weather generator. 816 

In our simulations, the use of resampling might be underestimating the importance of stochastic 817 

variability. Overall, the changes are dictated by climate, and the model uncertainty dominates 818 

the response uncertainties as the variance in UKCP18 comes from the imperfections in climate 819 

model. Uncertainty in runoff generated on site therefore mainly arise from climate variability. 820 

UKCP18 probabilistic projections provide the broadest range of future outcomes for the UK, 821 

but provide limited information regarding higher order statistics of meteorological variables, 822 

and how they change with temporal scale. UKCP18 projections based on a convection 823 

permitting model (CPM) provide such information. However, CPM projections can lead to 824 

different results (Figure 6) significantly from probabilistic projections. The outliers in 825 

simulated transpiration likely result from the sampled warmer outcomes especially hot summer 826 

days from CPM projections. Thus, in agreement with the works of Paschalis et al. (2017) and 827 

Wu et al. (2018), higher order statistics and small temporal scale weather variability play an 828 

important role in detailed physical-based ecohydrological models. Because of the 829 

underestimation of atmospheric drought in probabilistic projections, water stress modelled 830 

might be underestimated as well, which has an essential implication to green infrastructure 831 

sustainability in the future. 832 

As CPMs current are only available for a limited number of cases, and with a very limited 833 

number of ensembles, they cannot help for quantifying uncertainties. In order to develop large 834 

ensembles with virtually no computational cost, the potential of combining CPM results with 835 

stochastic weather generators remains to be examined. In other words, the use of key statistical 836 

information from CPMs could be a means of tuning stochastic weather generators (Peleg et al., 837 
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2017; Fatichi et al., 2016a). With an increase in computational power, further improvements 838 

in climate prediction, such as providing more detailed projections such as CPMs, are needed 839 

for hydrological/ecohydrological modelling to ultimately capture the wider picture of risk 840 

assessment and inform infrastructure development strategies in mitigating extreme events. 841 

4.4 Sustainability of nature-based solutions in London 842 

Simulations here show that both climate and CO2 in the context of climate change can generally 843 

contribute to enhance future effectiveness of green infrastructure in different ways when their 844 

impacts are composed together. In other word, when accounting for system level performance 845 

of green infrastructure in flood control, we need to assess effects of climate and CO2 together. 846 

Our findings imply a dominant role of plant water use efficiency and opposing impacts of 847 

climate and CO2 on it. The performance would be relatively overestimated if only climate was 848 

taken into account, while considering only CO2 would underestimate the effectiveness.  849 

Many studies have shown the sustainability, resilience and multi-functional benefits of nature-850 

based solutions from different regions throughout world (Lafortezza et al., 2018). However, 851 

we found that the effectiveness of nature-based solutions under climate change can vary among 852 

ecosystems. Heat wave impacts and summer dryness during growing season, as suggested in 853 

S1, has important implication for selection of plant species for urban green in London even 854 

around the world (Anderegg, Kane & Anderegg, 2013; Allen, Breshears & McDowell, 2015). 855 

Plant tolerance to drought could be a piece of valuable information about climate change 856 

adaptation in a long term to select plant species or consider species alterations for decision 857 

makers. 858 

London will likely experience extreme temperatures particularly in summer. We predicted that 859 

water stress especially in late summer would become most likely important in the 2080s. Oak 860 
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trees planted in urban park site can benefit from warming temperature to have an earlier leaf 861 

onset, but hotter and drier condition can have detrimental impacts later in summer and autumn 862 

as suggested in our simulations. Non-integrated urban park in London could become ineffective 863 

for the most extreme climate changes scenario, expected to generate more runoff under water 864 

stressed condition. While, when planning in an integrated approach, park experiences a 865 

profound improvement in flood mitigation. Those results imply the importance of green spaces 866 

to operate in an integrated fashion. Plant water stress can be largely improved when green 867 

spaces are integrated into surface water management and operates in conjunction with drainage 868 

system. 869 

Compared to oak tree performance, grasses planted in raingarden site showed less negative 870 

response to warming temperature. They could not grow up to their equilibrium LAI and thus 871 

not use all water via transpiration because of land management practices (i.e. grass cutting). 872 

Therefore, under same extreme climate scenario in the future there were smaller differences in 873 

transpiration changes between the stressed and unstressed condition in raingarden site 874 

compared to that in urban park. Based on our findings, vegetation management, such as grass 875 

cutting, can reduce transpiration loss in early growing season and therefore prevent detrimental 876 

impact of summer dryness on vegetation growth later under climate change. Even in extreme 877 

climate scenarios, the non-integrated raingarden is still capable of efficiently mitigating 878 

stormwater in dry and drought climate.  879 

Though raingarden might experience less water stress due to vegetation management inside 880 

cities, grasses have much lower total annual transpiration and thus have less overall effective 881 

in flood reduction than trees in park site under same conditions. If urban park is used in an 882 

integrated approach with drainage system, it can remain resilient as drought stress is relieved. 883 



   

 

46 

 

We can take full advantage of their enhanced ecosystem services that are much larger that 884 

grasses, including air pollution reduction, avian species mobility and enhanced biodiversity, 885 

while simultaneously preserving the flood retention capabilities. Regarding possible future 886 

adaptations, we suggest that integrating green spaces (i.e. urban park, street trees) with well 887 

vegetation management into surface water management will lead to optimal resilience in urban 888 

flood control under climate change. 889 

4.54.3 Outlook for future improvements 890 

In this study we provided a proof of concept that using novel ecohydrological modelling tools 891 

can provide essential information when designing for urban green infrastructure. In this study 892 

we focused only on runoff production, neglecting the 3D urban drainage network. However, 893 

our model can be easily coupled with urban drainage network models to properly quantify not 894 

just runoff production, but also the resilience of the drainage system, and the potential extent 895 

of surface inundation. That will lead to an improve holistic design of both green and grey 896 

infrastructure. Our modelling framework can also be coupled with integrated tools of urban 897 

water management such as CityWat (Dobson & Mijic, 2020) which aims for ‘whole system’ 898 

analysis. Coupling ecohydrological models to both detailed drainage and water management 899 

models will lead to optimal green infrastructure design practices. When coupled with a 900 

drainage model, we could get further information regarding water availability from runon in 901 

different parts of the city, leading to the optimal choice of size and species selection within a 902 

green infrastructure. Further coupling with an integrated water management model, we could 903 

optimize the water management practices leading to a holistic city-scale green infrastructure 904 

design under a changing climate. 905 
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Focusing on London, we identified that runoff generation under a changing climate is mostly 906 

reduced, but this reduction is driven by the increase in atmospheric water demand through 907 

increases of atmospheric drought (i.e. increased VPD). Existing green infrastructure, as 908 

parametrized in the model with two representative plant functional types, can become stressed 909 

under a changing climate, but integrated drainage and vegetation (e.g. grass cutting) and water 910 

(e.g. irrigation) management can alleviate such problems. The ecohydrological model can 911 

provide critical information regarding the performance of multiple plant species and their 912 

responses to climate change. Our study addresses the potential impacts of future extreme 913 

climate on plant growth, and the importance of adopting drought tolerant plants in London 914 

urban area. It is worth to examine the vulnerability of other types of vegetation to extreme 915 

climate in the model as a part of a decision-making tool for selection of plant species for green 916 

infrastructure in future urban planning. Decision makers could associate such runoff reduction 917 

performance under climate change with other cost effectiveness analysis (i.e. maintenance fee) 918 

for different species and nature-based solutions and ultimately find an optimal solution for local 919 

resilience and sustainability. The most important limitation lies in the fact that the present study 920 

focused on hydrological changes under climate change by using a simplified lumped 1D model 921 

without a detailed real-time 3D drainage network. However, our model can be easily used in 922 

conjunction with urban drainage network models to properly quantify not just runoff 923 

production, but also the resilience of the drainage system, and the potential extent of surface 924 

inundation. None of the current urban models in practice takes the role of plants into account 925 

for hydrological analysis. 926 

 927 
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A major caveat of such an approach, also impacting our study is data limitation. Physically 928 

based modelling approaches, such as the T&C model used in our study, require large amount 929 

of data for their parametrization and validation, commonly either not available, or not easily 930 

accessible due to data ownership (e.g. water companies). The most important missing 931 

information are detailed urban scale soil maps including green infrastructure substrates (Garg 932 

et al., 2017), soil moisture, water and carbon fluxes and urban plant phenology. There are only 933 

a very small number of cities (Melbourne, Phoenix AZ, Helsinki, Shanghai, etc) where water 934 

and carbon fluxes are monitored (Zhang & Zhang, 2015; Wood et al., 2013; Kotthaus & 935 

Grimmond, 2012; Templeton et al., 2018; Chow et al., 2014) and monitoring stress in urban 936 

plants rarely exists, with some exceptions (Gotsch, Draguljić & Williams, 2018; Pataki et al., 937 

2011; Lindén, Fonti & Esper, 2016). As for plant phenology, the potential measurements in 938 

cities use phenocams (Seyednasrollah et al., 2019) and also remote sensing. Satellite remote 939 

sensing using vegetation indices such as Normalized Difference Vegetation Index (NDVI), 940 

Enhanced Vegetation Index (EVI) and even Solar-Induced Chlorophyll Fluorescence (SIF) can 941 

also be used to map in detail urban phenology and plant water stress (Liu et al., 2018; Wang et 942 

al., 2019). However, those measurements must be treated with caution due to their noisy nature 943 

(Vanonckelen, Lhermitte & Van Rompaey, 2013).An important question for future studies is 944 

how to use new model developments at an operational level for engineering purpose. Insights 945 

from our work could inform more accurate assessment in surface runoff processes in integrated 946 

tools such as CityWat (Dobson & Mijic, 2020) which aims for ‘whole system’ analysis. 947 

According to our results, operational measures for green infrastructure such as irrigation can 948 

alleviate plant water stress on site and further contribute to the reduction of surface water 949 

flooding. Thus, future studies with more focus on integrated water management are 950 
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recommended to investigate other options such as rainwater harvesting for vegetation irrigation 951 

and their links to land runoff. 952 

 953 

Lack of data for model parameters and validation is another limitation of the current study. We 954 

chose two common plant species, which were represented by plant functional types (PFTs) 955 

with specific plant traits, for case studies in London. In realistic case, species planted on site 956 

may be various, showing vulnerability to climate at different levels (Esperon‐Rodriguez et al., 957 

2019). The performance would therefore have significant difference. Soil used for filter media 958 

of green infrastructure may have distinct properties in different regions in London which would 959 

induce slight but significant difference in retention capacity (Garg et al., 2017). Our study also 960 

lacks data to validate plant physiological and phenological changes on site in London where 961 

has not enough measurements and observations in urban area. 962 

Specifically, what we lack knowledge about is urban soil moisture, urban ET fluxes and urban 963 

plant phenology. There are only a very small number of cities (Melbourne, Phoenix AZ, 964 

Helsinki, Shanghai, etc) where they measure ET with eddy covariance systems but a large-965 

scale analysis does not exist (Zhang & Zhang, 2015; Wood et al., 2013; Kotthaus & Grimmond, 966 

2012; Templeton et al., 2018; Chow et al., 2014). Moreover, monitoring stress in urban plants 967 

rarely exists. There are a few studies that have installed instruments such as sap flow sensors 968 

on stressed trees to quantify plant water stress (Gotsch, Draguljić & Williams, 2018; Pataki et 969 

al., 2011; Lindén, Fonti & Esper, 2016), but our findings highlight the need for more detailed 970 

information on plant stress. As for plant phenology, the potential measurements in cities use 971 

phenocams (Seyednasrollah et al., 2019) and also remote sensing. Satellite remote sensing 972 
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using vegetation indices such as Normalized Difference Vegetation Index (NDVI), Enhanced 973 

Vegetation Index (EVI) and even Solar-Induced Chlorophyll Fluorescence (SIF) can also be 974 

used to map in detail urban phenology urban phenology (Liu et al., 2018; Wang et al., 2019). 975 

However, those measurements must be treated with caution as cloud cover has a pronounced 976 

impact on their retrievals (Vanonckelen, Lhermitte & Van Rompaey, 2013). 977 

In the current study, we only consider one tree species and one grass species for two set-ups. It 978 

is worth to examine the vulnerability of other types of vegetation to extreme climate in the 979 

model as a part of a decision-making tool for selection of plant species for green infrastructure 980 

in future urban planning. Decision makers could associate such runoff reduction performance 981 

under climate change with other cost effectiveness analysis (i.e. maintenance fee) for different 982 

species and nature-based solutions and ultimately find an optimal solution for local resilience 983 

and sustainability.  984 

5. Conclusions 985 

An existing ecohydrological model, with the latest climate change projection for the UK 986 

(UKCP18), was used to examine the sustainability of green infrastructure for flood retention 987 

under a changing climateurban park and raingarden to in London under different emission 988 

scenarios for green infrastructure operating in an online and offline fashion with the drainage 989 

system.  990 

Our rResults showedconfirmed urban runoff production is mostly reduced under all climate 991 

change scenarios. Despite the reductions, it is not necessary that London’s current green 992 

infrastructure remains highly sustainable and efficient in stormwater control, as reductions in 993 
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runoff occur during periods when vegetation is inactive in a long term if coupled with drainage 994 

system.  995 

Regarding the performance of green infrastructure, Overall, the changes in climatic forcing 996 

dominate the overall signal, whereas the CO2 fertilization effect has a smaller role in 997 

performance. However, due to the large uncertainty in climate change projections, the 998 

uncertainty regarding green infrastructure performance is large. 999 

Warming temperature effects in terms of higher atmospheric water demand and advanced 1000 

spring leaf onset promote transpiration in the start of growing season. However, a continuous 1001 

plant water loss through transpiration leads to drought-induced plant water stress during late 1002 

summer and autumn especially in unmanaged vegetation leading to plant water stress and loss 1003 

of green infrastructure sustainabilityurban park. Horticultural management practices, such as 1004 

grass cutting, can reduce soil water consumption from plants relieving water stress. 1005 

Nevertheless, the resilience is also markedly improved if green infrastructure operates in an 1006 

online fashion with drainage system. By adopting an integrated approach, plant water stress 1007 

can be largely alleviated, and green spaces continue to be sustainable in the future as a measure 1008 

of flood control. Otherwise, vegetation can become ineffective in stressed condition for the 1009 

most extreme climate scenarios, generating greater surface runoff on site. Therefore, urban 1010 

green in London, regarding to the target of increasing greening area to 50% by 2050, should 1011 

be planned in conjunction with the drainage system  and consider alsofor mitigating more 1012 

surface water flooding. management practices, such adopting drought-resistance plants and 1013 

improving the soil substrates. 1014 
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The variability of the modelled responses is highly uncertain due to climate model variability 1015 

which originates from epistemic climate model uncertainties. Moreover, simulated results from 1016 

projections based on different model and method can be largely different. The results from 1017 

UKCP18 CPM projections showed generally greater transpiration than from probabilistic 1018 

projections because of a different prediction behaviour regarding vapor pressure deficit. Thus, 1019 

any climate change assessment must consider this variability in detail. 1020 

 1021 

List of Abbreviation 1022 

CMIP5: Coupled Model Intercomparison Project Phase 5 1023 

CMIP6: Coupled Model Intercomparison Project Phase 6 1024 

eCO2: the elevated atmospheric carbon dioxide concentration 1025 

EOS: the end of growing seasons 1026 

ET: evapotranspiration 1027 

EVI: Enhanced Vegetation Index 1028 

G: the grassed swale site 1029 

GPP: gross primary production 1030 

GSL: the growing season length 1031 

I-G: the integrated grassed swale site 1032 
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I-P: the integrated urban park site 1033 

IWRM: integrated water resource management 1034 

Jmax: the maximum electron transport rate 1035 

LAI: leaf area index 1036 

MODIS: Moderate Resolution Imaging Spectroradiometer 1037 

NDVI: Normalized Difference Vegetation Index 1038 

NI-G: the non-integrated grassed swale site 1039 

NI-P: the non-integrated urban park site 1040 

P: the urban park site 1041 

PFT: plant function type 1042 

RCP(s): representative concentration pathway(s) 1043 

SIF: Solar-Induced Chlorophyll Fluorescence 1044 

SOS: the start of growing seasons 1045 

T: transpiration 1046 

T&C: Tethys-Chloris ecohydrology model 1047 

UKCP18: Climate Change Projection 2018 for UK 1048 
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UKCP18-CMP: hourly projections from the convection permitting (2.2km) set-up of the Met 1049 

Office’s Unified Model in UKCP18 1050 

Vcmax: the maximum rate of carboxylation 1051 

VPD: vapor pressure deficit 1052 
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