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Supplementary Text

S1. Land-use maps

In the REF scenario, the land-use map was derived by combining the
Corine Land Cover 2018 map for rural areas[1] and the LCZ map of the AMB
[2] for urban areas. This combined map was reclassified to the United States
Geological Survey (USGS) land classification following the rules of Pineda et
al., (2004)[3]. For the remaining scenarios, we applied a masking technique
to the reference map, isolating areas where land-use changes occurred and
assigning them the new land-use class. In the case of urban fraction, a
reference map was generated utilizing the annually maximum NDVI at a 30
m resolution, to differentiate the areas with vegetation from urbanization, as
it is described in Segura et al., 2021[4]. In subsequent scenarios, adjustments
were made to the REF urban fraction map, specifically in regions where land-
use changes deviated from the REF scenario. If the new land-use pertained
to rural or urban park class, it was masked as 0. Conversely, if the new
land-use was urban, the urban fraction was calculated based on the mean for
the corresponding LCZ and applied to the urban fraction mask.

S2. Agriculture and urban parks irrigation water use estimation

Monthly irrigation water use estimates for 2015 considered in this study,
are calculated which different methodologies for agriculture and urban parks.

In agriculture, a water metabolism approach is used to determine monthly
water requirements at the parcel level. Every crop is given a monthly co-
efficient using the land-use map, which is determined by the local farmer’s
calendar and literature. An adaption of the FAO approach is used to obtains
the crop water requirement in mm per month[5]. The crop’s coefficients,
observed evapotranspiration and precipitation interpolated maps, and irri-
gation efficiencies provided in Agència Catalana de l’aigua (2010)[6] are used
to create monthly raster maps of irrigation water use. For urban parks and
gardens, the AMB reports that the maximum application rate to irrigated
areas in summer is 2.5 l m−2day−1, equivalent to 13% of park expansion[7].
In other months, irrigation is reduced according to a schedule reported by
the Ajuntament de Barcelona (2013)[8]. Vegetation areas in built-up areas
and urban park areas define irrigation areas. The two irrigation data sets
were merged and resampled at a resolution of 100 m.
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S3. Model validation
The simulation of the reference scenario was evaluated with observational

data from the Catalan Meteorological Service (SMC) and the Spanish Me-
teorological Agency (AEMET) of the AMB (see Supplementary Table S2).
The variables assessed included temperature, relative humidity, wind speed,
and wind direction. The details of the 19 meteorological stations used here
are provided in Segura et al., (2021)[4]. The model’s hourly data was com-
pared with the corresponding observational hourly data, and the average
value for each statistic was computed for each station. Overall, the model
shows strong agreement with the observed temperatures and relative humidi-
ties, with correlation coefficients ranging from 0.85 to 0.98 for temperature
and 0.51 to 0.91 for relative humidity. The root-mean-square errors (RMSE)
for temperature are 1.4 ºC for urban and rural stations, both of which are
lower than those reported in previous studies for the AMB during the same
period (RMSE = 1.6 ºC in Segura et al., (2021)[4]), indicating a good model
performance. For wind speed, the model also demonstrates a strong correla-
tion with observations, with coefficients between 0.65 and 0.91. However, a
specific bias was observed in urban areas (NMB = -0.34). This bias may stem
from the challenges of comparing local wind conditions, which are influenced
by complex urban topography—such as meteorological stations located on
building rooftops—with a mesoscale model that has a relatively coarse res-
olution of 1 km. In terms of wind direction, the WRF-Chem model shows
the lowest correlations with observations among the four variables exam-
ined, with correlation coefficients ranging from 0.16 to 0.88. Additionally,
the root-mean-square errors are high (RMSE = 55.3º for urban stations and
43.0º for rural stations), highlighting the limitations of the mesoscale model
in accurately capturing local-scale wind directions. Even though, there is no
specific bias in the wind direction.

In addition, the reference scenario was evaluated with air quality obser-
vation data publicly available from the Xarxa de Vigilància i Previsió de la
Contaminació Atmosfèrica (XVPCA) of the AMB for NO2, O3 and PM10
(see Figure 1 in the main text and Supplementary Table S3). The modelled
concentrations were converted to units of µg m−3 using the temperatures and
pressures from the model output. Overall, the model shows good agreement
with the observations during the period of July 2015 (correlations between
0.1-0.68, 0.54-0.77 and 0.1-0.3, for NO2, O3 and PM10, respectively), al-
though there are specific biases (NMB=0.14, 0.13 and 0.6, for NO2, O3 and,
PM10 respectively) over the urban stations representing high traffic (urban
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traffic). However, the model exhibits low biases (NMB=0.001 and 0.06, for
NO2 and O3, respectively) at stations located in low traffic areas (urban
background stations). The surface NO2, O3 and PM10 concentrations in
high traffic areas are very sensitive to traffic emissions. Therefore, these
model biases are mostly due to limitations in the emission inventory, includ-
ing the nonconsideration of congestion effects, as shown by Rodŕıguez-Rey
et al. (2021)[9] and the resolution of our model (1km), which is not able to
capture traffic hotspots. Furthermore, the PM10 underestimation could also
be attributed to dust episodes occurred in July 2015 that the model is not
able to capture[10].

Validating the model for NH3 concentration is essential when assessing
the impact of agriculture on air quality. Unfortunately, NH3 observational
data are not available for our domain and the period of analysis. However,
NH3 concentrations in our model, ranging from 1 to 11 µg m−3, are in agree-
ment with other studies, such as Reche et al. (2022)[11], which measure the
2011–2020 trends of urban and regional ammonia in and around Barcelona.
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Supplementary Figures

Figure S1: Morning (6-8 UTC) air quality average changes (in µg m−3) due to the increase
of urbanization (URB-REF), agriculture (AGR-REF) and urban parks (PARK-REF) for
a period before the heatwave.
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Figure S2: Evening (19-21 UTC) air quality average changes (in µg m−3) due to the
increase of urbanization (URB-REF), agriculture (AGR-REF) and urban parks (PARK-
REF) for a period before the heatwave.
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Figure S3: Air quality in the reference scenario (REF).
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Figure S4: PM2.5 changes due to the increase on urbanization (URB-REF).
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Figure S5: Temperature, PBLH and wind speed changes due to the increase on urbaniza-
tion (URB-REF).
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Figure S6: Anthropogenic NO and NH3 changes due to the increase of agricultural areas
(AGR-REF).

Figure S7: PM2.5 changes es due to the increase of agricultural areas (AGR-REF).
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Figure S8: Temperature, PBLH and wind speed changes es due to the increase of agricul-
tural areas (AGR-REF).
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Figure S9: Temperature, PBLH and wind speed changes due to the increase of urban
parks (PARK-REF).
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Figure S10: Biogenic SOA changes due to the increase of urban parks (PARK-REF).

Figure S11: PM2.5 changes due to the increase of urban parks (PARK-REF).
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Figure S12: Temperature, PBLH and wind speed changes due to irrigation
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Figure S13: Air quality changes due to irrigation for each scenario.
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Figure S14: Urban, agriculture, and vegetation fraction for REF, URB-REF and AGR-
REF and PARK-REF. Note that urban parks are included in the vegetation percentage.
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Figure S15: Land-use change between the Urban (URB), agriculture (AGR), and urban
parks (PARK) scenarios compared to the reference scenario (REF). Only grids with a
change in their land-use are highlighted.
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Figure S16: Irrigation for REF and its comparison with the other scenarios: URB, AGR
and PARKS scenario for the month of July 2015.
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Supplementary Tables

Table S1: Model details and experiment configuration

Chemistry

Chemical mechanism RADM2[12]
Aerosol scheme MADE/SORGAM aerosol scheme[13, 14]
Photolysis scheme Fast-J[15]
Dry deposition Wesely scheme[16]
Anthropogenic emissions HERMES[17]
Biogenic emissions MEGAN[18]

Physics

Urban canopy scheme BEP-BEM [19]
PBL scheme BouLac [20]
Microphysics WRF Single-Moment 6-class scheme[21]
Shortwave and longwave radiation RRTMG scheme[22]
Cumulus (outermost domain) Kain-Fritsch scheme[23]

Resolution and Initial conditions

Horizontal resolution D1: 9 km×9 km, D2: 3km x 3km , D3: 1km x 1km
Vertical layers 45
Top of the atmosphere 100 hPa
Chemical initial condition WACCM [24]
Meteorological initial condition ERA5 [25]
Chemistry spin-up 1 month (D1), 10 days (D2, D3)

Time steps

Physics 18 minutes
Chemistry 18 minutes
Biogenic and Photolysis 30 minutes
Parent ratio 3
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Table S2: Statistical evaluation of the modelled meteorology, over the Metropolitan Area
of Barcelona (AMB) for July 2015 in hourly basis for the reference scenario (REF). The
number of stations are shown in parenthesis on the second column for AMB. The obser-
vation mean (OM), model mean (MM), mean bias (MB), normalized mean bias (NMB),
root-mean-square error (RMSE) and correlation (R) are calculated between simulated and
observed values. Stations are classified into urban and rural. In this evaluation we consider
temperature (T), relative humidity (RH), Wind speed (WS) and, Wind direction (WD).

Specie Type OM MM NMB [0,1] RMSE R [0,1]
T (ºC) Urban (10) 27.1 26.9 -0.01 1.4 0.85 – 0.98

rural (7) 26.2 26.1 -0.01 1.4 0.91 – 0.98
RH (%) urban (11) 59.5 60.9 0.03 11.7 0.51 – 0.91

rural (7) 58.8 60.7 0.03 11.5 0.70 – 0.86
WS (m s−1) urban (9) 2.2 1.6 -0.34 1.3 0.66 – 0.91

rural (7) 2.6 2.9 -0.01 1.3 0.65 – 0.88
WD (º) urban (9) 199.5 191.7 0.00 55.3 0.16 – 0.85

rural (7) 196.4 201.5 0.01 43.0 0.20 – 0.88
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Table S3: Statistical evaluation of the modelled chemistry, over the Metropolitan Area
of Barcelona (AMB) for July 2015 in hourly basis for the reference scenario (REF). The
number of stations are shown in parenthesis on the second column for AMB. The obser-
vation mean (OM), model mean (MM), mean bias (MB), normalised mean bias (NMB),
root-mean-square error (RMSE) and correlation (R) are calculated between simulated and
observed concentrations. Stations are classified into urban background (urban b.), urban
traffic (urban t.), peri-urban background (peri-urban b.), and peri-urban traffic (peri-urban
t.).

Specie Type OM MM NMB [0,1] RMSE R [0,1]
NO2 (µg m−3) urban b. (9) 31.17 30.92 0.001 28.97 0.23 - 0.56

urban t. (3) 47.36 49.57 0.14 46.43 0.10 - 0.52
peri-urban. b. (5) 20.17 18.02 -0.11 17.33 0.36 - 0.68
peri-urban t. (2) 34.30 21.16 -0.37 23.74 0.18 - 0.64

O3 (µg m−3) urban b. (6) 69.48 72.76 0.06 25.08 0.58-0.77
urban t. (2) 54.33 61.27 0.13 30.81 0.54-0.62

peri-urban. b. (4) 74.03 78.18 0.06 25.19 0.58-0.77
peri-urban t. (1) 71.49 74.06 0.04 25.07 0.70

PM10 (µg m−3) urban b. (2) 27.11 7.33 -0.60 21.01 0.01-0.10
urban t. (2) 36.33 11.89 -0.66 29.30 <0.10

peri-urban. b. (5) 31.34 9.28 -0.65 26.73 0.2-0.3
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Hermesv3, a stand-alone multi-scale atmospheric emission modelling
framework – part 2: The bottom–up module, Geoscientific Model De-
velopment 13 (3) (2020) 873–903. doi:10.5194/gmd-13-873-2020.
URL https://gmd.copernicus.org/articles/13/873/2020/

[18] A. B. Guenther, X. Jiang, C. L. Heald, T. Sakulyanontvittaya, T. Duhl,
L. K. Emmons, X. Wang, The model of emissions of gases and aerosols
from nature version 2.1 (megan2.1): an extended and updated frame-
work for modeling biogenic emissions, Geoscientific Model Development
5 (6) (2012) 1471–1492. doi:10.5194/gmd-5-1471-2012.
URL https://gmd.copernicus.org/articles/5/1471/2012/

[19] F. Salamanca, A. Martilli, M. Tewari, F. Chen, A study of
the urban boundary layer using different urban parameterizations
and high-resolution urban canopy parameters with WRF, Journal
of Applied Meteorology and Climatology 50 (5) (2011) 1107–1128.
doi:10.1175/2010jamc2538.1.
URL https://doi.org/10.1175/2010jamc2538.1

[20] P. Bougeault, P. Lacarrere, Parameterization of orography-
induced turbulence in a mesobeta–scale model, Monthly
Weather Review 117 (8) (1989) 1872 – 1890. doi:10.1175/1520-
0493(1989)117¡1872:POOITI¿2.0.CO;2.

24



[21] S.-Y. Hong, J.-h. Kim, J.-o. Lim, J. Dudhia, The wrf single moment mi-
crophysics scheme (wsm), Journal of the Korean Meteorological Society
42 (2006) 129–151.

[22] M. J. Iacono, J. S. Delamere, E. J. Mlawer, M. W. Shephard,
S. A. Clough, W. D. Collins, Radiative forcing by long-lived green-
house gases: Calculations with the aer radiative transfer models,
Journal of Geophysical Research: Atmospheres 113 (D13) (2008).
doi:https://doi.org/10.1029/2008JD009944.
URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2008JD009944

[23] J. S. Kain, The kain–fritsch convective parameterization: An
update, Journal of Applied Meteorology 43 (1) (2004) 170–181.
doi:10.1175/1520-0450(2004)043¡0170:tkcpau¿2.0.co;2.
URL http://dx.doi.org/10.1175/1520-0450(2004)043<0170:TKCPAU>2.0.CO;2

[24] A. Gettelman, M. J. Mills, D. E. Kinnison, R. R. Garcia, A. K. Smith,
D. R. Marsh, S. Tilmes, F. Vitt, C. G. Bardeen, J. McInerny, H.-L. Liu,
S. C. Solomon, L. M. Polvani, L. K. Emmons, J.-F. Lamarque, J. H.
Richter, A. S. Glanville, J. T. Bacmeister, A. S. Phillips, R. B. Neale,
I. R. Simpson, A. K. DuVivier, A. Hodzic, W. J. Randel, The whole
atmosphere community climate model version 6 (waccm6), Journal
of Geophysical Research: Atmospheres 124 (23) (2019) 12380–12403.
doi:https://doi.org/10.1029/2019JD030943.
URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019JD030943

[25] H. Hersbach, B. Bell, P. Berrisford, S. Hirahara, A. Horányi, J. Muñoz-
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