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Urban Heat Island in MontréalTemperature in cities



Changnon 1980, BAMS

First evidences:
Horton (1921) - Albany

La Porte anomaly (Changnon 1968)

Redid the whole analysis 
Updated with radar datasets and improved dynamical/ aerosol 

considerations…..“Final Word”: 
Yes, the anomaly exists. 

Ten year radar climatology (2005-2014) shows significant summertime rainfall 
anomaly, downwind of Chicago, peaking south of Valparaiso. 

Revisited by Nigoyi (2010)
10-y average



Mote et al. 2007 – GRL. Atlanta

Han et al. 2017; Shepherd and Burian 2003. Houston

Bentley et al. 2010 
Manola et al. 2020 – IJC. Amsterdam/

Yang et al. 2017 – JCLIM. Beijing

5 | AMSTERDAM PRECIPITATION

5.1 | Annual cycle

The annual precipitation cycle of the city of Amsterdam
averaged over the years 2008–2017 is shown in Figure 4.
Precipitation is relatively constant during autumn, December
and January. In February it drops gradually, until April
which is the driest month (40 mm). Then in May it gradually
increases, until August which is the wettest month
(125 mm). The observed annual cycle is influenced by

synoptic scale and local land-sea interactions. In autumn and
winter, the frequent passage of synoptic systems from the
North Sea induces frequent large-scale precipitation of rela-
tively low intensities and long durations. October has the
longest-lasting precipitation events, about 3.8 hr on average
per event (Figure 5a). In summer, most (heavy) rain is
induced by local convection. The warm sea then renders
adequate moisture to the air that is advected towards the rel-
atively warm land, where it converges and produces convec-
tive precipitation of shorter duration and relatively higher
intensities. Therefore, the shortest duration and the highest

FIGURE 4 Monthly precipitation averaged over the years 2008–2017. The data in red is for Amsterdam, and the averages of the two rural
areas are in blue. Chart (a) presents the monthly cumulative precipitation in mm. The bars indicate the bootstrapped 95% confidence intervals. Chart
(b) presents the average number of precipitation events per month

FIGURE 5 (a) Monthly averages of hourly precipitation intensities in mm/hr for rainy hours for the years 2008–2017. The Amsterdam data is
in black and the averages of the two rural areas are in red. The shaded areas indicate the standard error of the mean for the monthly values in the
10 years of data. The blue dashed line shows the duration of the average monthly precipitation event in Amsterdam. In graph (b), the 99th percentile
of the observed hourly precipitation intensities is represented as solid lines, and the 95th percentile is represented as dashed lines
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It is interesting that observational studies show an increase in rainfall both at the center as well as downwind 
(19% and 22%), while model based climatological analysis tend to show a dominant increase over the center 
(by about 20%) and no significant increase downwind. The model results show a relatively smaller change due 
to urban feedback as compared to the observations. A recent multicity analysis of radar-derived precipitation 
changes over several U.S. cities36 shows that larger cities may have as much as a 25–50% increase in downwind 
thunderstorms (and hence rainfall potential). Results from meta-analysis also show that observational studies 
generally indicate a higher impact from urban areas as compared to the modeling studies. Whether this relatively 
muted response in the model is due to missing processes (e.g. aerosol and land - atmosphere feedback) or the way 
the results are analyzed (e.g., station data in observations versus grid-averaged results in models) or the resolution 
(grid spacing) in the models which does not discretize the city-center and the downwind effect for an urban grid 
is not clear37.

Day versus Night. Tables 8 and 9 show the meta-analysis results for rainfall changes for storms occurring 
during the day versus night. Note that for the analysis, in consideration of the sample size, only the studies involv-
ing climatology are considered and the effects related to rainfall changes for downwind and over the city are 
discussed. In the analysis presented in Niyogi et al.21 for instance, it was shown that a larger fraction of day-
time storms were impacted due to the urban heat island feedback. The heat island effect and the boundary layer 
dynamics appear to impact storm rainfall as an urban rural heterogeneity-based feedback. During the night, the 

Figure 2. Precipitation changes over urban areas and for surrounding landscape. The bars indicate the sample 
standard deviation for the precipitation change, and circles correspond to the mean change in precipitation 
location. On average, urban areas and the surrounding region experienced precipitation increases. The largest 
signal noted in a number of studies, was prominently in the downwind region of the city and experienced 
the highest rainfall change: 18% increase on average, (a range of 14 to 22% with one standard deviation). The 
distance over which these changes occurred (mostly increases in rainfall) is approximately 52 km downwind, 
and about 31 to 41 km upwind.

Rainfall change percentage Rainfall change location (km)
Mean Effect 
Size (ESV)

Mean Effect size ± Standard 
Deviation ±ES SE( )V ESV

Number 
of studies

Mean Effect 
Size (ESV)

Mean Effect size ± Standard 
Deviation ±ES SE( )V ESV

Number 
of studies

Urban Center 16 [11, 21] 54 NA NA NA
Upwind 1 [−1, 3] 28 36 [31, 41] 11
Downwind 18 [14, 22] 64 52 [47, 57] 47
Left Side 2 [−3, 7] 24 30 [25, 35] 11
Right Side 4 [0, 8] 23 26 [22, 30] 13

Table 3. Meta-analysis summary results.

Liu and Niyogi 2019 Sci Rep.



Proposed mechanisms:

1) Urban Heat Island → Near-surface convergence → updrafts that 
can initiate moist convection

2) Modification of microphysical processes: urban aerosols 
concentrations alter precipitation

3) Cities are physical obstacles that can alter systems (splitting, 
deviating, etc).

4) Large surface roughness → increased near-surface convergence

5) Interplay with local circulations: sea-breeze, mountain-valley 
breezes



Cities in regional climate models
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Figure 2. A schematic of the SLUCM (on the left-hand side) and the multi-layer BEP models (on the right-hand side).

and road layers (calculated from the thermal conduction
equation). Surface-sensible heat fluxes from each facet
are calculated using Monin–Obukhov similarity theory
and the Jurges formula (Figure 2). The total sensible
heat flux from roof, wall, roads, and the urban canyon is
passed to the WRF–Noah model as QHurb (Section 2.1).
The total momentum flux is passed back in a similar
way. SLUCM calculates canyon drag coefficient and
friction velocity using a similarity stability function for
momentum. The total friction velocity is then aggregated
from urban and non-urban surfaces and passed to WRF
boundary-layer schemes. AH and its diurnal variation are
considered by adding them to the sensible heat flux from
the urban canopy layer. SLUCM has about 20 parameters,
as listed in Table I.

2.4. Multi-layer urban canopy (BEP) and
indoor–outdoor exchange (BEM) models
Unlike the SLUCM (embedded within the first model
layer), the multi-layer UCM developed by Martilli et al.
(2002), called BEP for building effect parameterization,
represents the most sophisticated urban modelling in
WRF, and it allows a direct interaction with the PBL
(Figure 2). BEP recognizes the three-dimensional nature
of urban surfaces and the fact that buildings vertically dis-
tribute sources and sinks of heat, moisture, and momen-
tum through the whole urban canopy layer, which sub-
stantially impacts the thermodynamic structure of the
urban roughness sub-layer and hence the lower part of
the urban boundary layer. It takes into account effects of
vertical (walls) and horizontal (streets and roofs) surfaces
on momentum (drag force approach), turbulent kinetic
energy (TKE), and potential temperature (Figure 2). The
radiation at walls and roads considers shadowing, reflec-
tions, and trapping of shortwave and longwave radi-
ation in street canyons. The Noah–BEP model has
been coupled with two turbulence schemes: Bougeault
and Lacarrère (1989) and Mellor–Yamada–Janjic (Jan-
jic, 1994) in WRF by introducing a source term in the
TKE equation within the urban canopy and by modify-
ing turbulent length scales to account for the presence
of buildings. As illustrated in Figure 3, BEP is able to
simulate some of the most observed features of the urban
atmosphere, such as the nocturnal urban heat island (UHI)
and the elevated inversion layer above the city.

To take full advantage of BEP, it is necessary to
have high vertical resolution close to the ground (to
have more than one model level within the urban
canopy). Consequently, this approach is more appropriate
for research (when computational demands are not a
constraint) than for real-time weather forecasts.

In the standard version of BEP (Martilli et al., 2002),
the internal temperature of the buildings is kept con-
stant. To improve the estimation of exchanges of energy
between the interior of buildings and the outdoor atmo-
sphere, which can be an important component of the
urban energy budget, a simple building energy model
(BEM; Salamanca and Martilli, 2010) has been developed
and linked to BEP. BEM accounts for the (1) diffusion
of heat through the walls, roofs, and floors; (2) radiation
exchanged through windows; (3) longwave radiation
exchanged between indoor surfaces; (4) generation of
heat due to occupants and equipment; and (5) air con-
ditioning, ventilation, and heating. Buildings of several
floors can be considered, and the evolution of indoor
air temperature and moisture can be estimated for each
floor. This allows the impact of energy consumption due
to air conditioning to be estimated. The coupled BEP
+ BEM has been tested offline using the Basel UrBan
Boundary-Layer Experiment (Rotach et al., 2005) data.
Incorporating building energy in BEP + BEM signifi-
cantly improves sensible heat-flux calculations over using
BEP alone (Figure 4). The combined BEP + BEM has
been recently implemented in WRF and is currently being
tested before its public release in WRF V3.2 in Spring
2010.

2.5. Coupling to fine-scale T&D models

Because WRF can parameterize only aggregated effects
of urban processes, it is necessary to couple it with
finer-scale models for applications down to building-scale
problems. One key requirement for fine-scale T&D mod-
elling is to obtain accurate, high-resolution meteorolog-
ical conditions to drive T&D models. These are often
incomplete and inconsistent due to limited and irreg-
ular coverage of meteorological stations within urban
areas. To address this limitation, fine-scale building-
resolving models, e.g. Eulerian/semi-Lagrangian fluid
solver (EULAG) and CFD–urban, are coupled to WRF

Copyright © 2010 Royal Meteorological Society Int. J. Climatol. 31: 273–288 (2011)

Chen et al. 2011 IJC
Kusaka et al. 2001 BLM
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(b)(a)

(d)(c)

F I G U R E 7 Seventieth (2D70p, a,b) and 90th (2D90p, c,d) percentiles of precipitation accumulated between 1500 and 1800 LT in the
non-urban (NOURB, a,c) and urban (URB, b,d) scenarios for five November months (2010–2014). See inset map in Figure 1 for outline of
urban areas [Colour figure can be viewed at wileyonlinelibrary.com]

The first term on the right-hand side represents the hori-
zontal moisture flux or moisture convergence (qf ). Scatter
plots of the four terms in Equation (3) averaged between
1500 and 1800 LT are shown in Figure 11, and the respec-
tive statistics are included in Table 1. Given that qf is
higher in URB than NOURB during 93.7% of the days
and the relatively high RMD of 25.6%, we infer that
enhanced moisture convergence is the main source for pre-
cipitable water and hence increased rainfall in the urban
case.

Here, qf portrays the transport of humidity from the
ocean and is a result of wind convergence. This is shown
in Figure 12 and Table 1, where wind convergence at
50 m above ground averaged between 1500 and 1800 LT is
indeed clearly enhanced in the urban scenario. URB values
are larger during 82.9% of the days and the RMD relative
to NOURB is 23.7%.

The wind field is further investigated by plotting urban
wind anomalies at 50 m above the surface. To avoid the
impact on the flow caused by thunderstorms themselves,
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3.3.2 2019 event. As opposed to the 2018 event, the July 2019 event is characterized by
high instability. The front edge of the squall line is typically very unstable, with strong updrafts
of moist air and the system travels over the city in the afternoon, when instability is at its maxi-
mum. Our results show a displacement of heavy rainfall towards the city in the NOURB simu-
lation (Fig 9B) compared to the CTL experiment. Analysis of the composite reflectivity
calculated by the model for the NOURB and CTL experiment shows no visible differences in
timing and propagation of the squall line (Fig 11; the results at 1-km resolution are shown in
order to see a larger portion of the squall line). In both cases, the system arrives at the city at
1900 local time with strong intensity. Accumulated rainfall differences between the NOURB
and the CTL experiment show a signal at approximately the same location as the dissipation
(over the city). There is a translation of accumulated rainfall of 10 mm more towards the island
of Montreal in the NOURB experiment. In both cases, the squall line loses a lot on intensity
downwind of the city, but it continues with the same propagation direction. This indicates that
the presence of the city seems to affect the system on the upwind side of the island only.

The atmosphere is quite stable right before the passage of the squall line (Fig 10C and 10D).
As the system passes over the island of Montreal, a large area of CAPE is present in the vertical
sounding (Fig 10E and 10F). The CTL experiment (Fig 10E) shows a significantly larger CAPE
area than the NOURB experiment (Fig 10F) which indicates that the presence of the city has
more potential of enhancing convection. In our case, the squall line splits over the island of
Montreal in both the CTL and NOURB experiments, which might explain why there is no sig-
nificant effect on precipitation.

4 Discussion

Using a 250-m grid spacing for this type of study is interesting for many reasons. First, the sur-
face heterogeneity is represented with very high accuracy and precision, therefore local pro-
cesses of the urban heat island can be parametrized and resolved. A study from Leroyer et al.

Fig 9. Changes in precipitation. Difference in accumulated precipitation between NOURB and CTL experiments for the 2018 event (a) and the 2019 event (b).
Brown signifies more precipitation when the city is present. Made with Natural Earth (naturalearthdata.com), under the public domain license (https://
creativecommons.org/publicdomain/).

https://doi.org/10.1371/journal.pclm.0000196.g009

PLOS CLIMATE Urban heat island mitigation strategies and climate in Montreal

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000196 June 26, 2023 17 / 25
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mostly cropland and the AHE is set to 0. As urbanization 
is expected to continue to increase (WUP 2018), sensitiv-
ity simulations with a larger and warmer city called ‘exur-
ban’ is run over the last 10 years for the future conditions 
(2091–2100). During the last 30 years up to present, Paris 
and Shanghai have grown at different speeds (WUP 2018) 
and continued urbanization is projected to be less for Europe 
than China. Assumptions made in the ‘exurban’ simulations 
about increase in urban land use and AHE for the two cit-
ies are therefore different (see exurban extent in Fig. S1 vs. 
urban extent in Fig. 1). For Paris, the urban grid cells are 
expanded by ~ 60% around the city, and mean AHE over all 
the urban grid cells is increased with 50%. For Shanghai, the 
outer city is extended over Yangtze estuary, with AHE in this 
extended part set at the same values as in the original outer 
grid cells of the city, as well as an increase in AHE with 50% 
for the original urban grid cells. These changes are similar 
to the observed urban changes over the last 30 years for both 
cities (WUP 2018). A secondary use of the exurban simula-
tions is to check the effects of only the increase in AHE over 
the original urban grid called ‘exahe’.

The effect of urbanization on extreme precipitation is 
found by studying the percent increase between the 99th 
and 99.72nd percentile thresholds for both daily and hourly 
precipitation for the whole year. The 99th percentile cor-
responds to the 1% most extreme days or hours, and the 
99.72nd percentile corresponds to 1 day or 24 h per 365 
days. The percent increase in total amount of precipitation 
above the percentiles is also calculated and called R99p_all 

and R99.72p_all as in Myhre et al. (2019). These two lat-
ter statistics combine both the increase in intensity and fre-
quency of extreme precipitation. In addition the percent 
increase in the day and hour of each year simulated with 
the maximum day and hourly precipitation (Rx1day and 
Rx1hour respectively) is studied.

3  Results

The UHI effect is calculated by the difference between simu-
lations for urban and nourban. This UHI effect is calculated 
for historic and future conditions.

3.1  UHI effect on mean temperature 
and precipitation

Figure 1 show the annual mean impact of UHI on tem-
perature and precipitation; both accumulated and yearly 
extreme precipitation for the two 20-year time periods are 
explored for Paris and Shanghai. The warming from UHI is 
up to 2.2 K in the city centers for Paris and Shanghai. Even 
though the temperature difference due to UHI shown for 
the two time periods is comparable, the historical condi-
tions (1986–2005) UHI has a bigger impact on mean pre-
cipitation increase over the urban grid cells compared to 
end of the century conditions (2081–2100) for both cities. 
However, there is large natural variability connected to the 
effect of UHI on precipitation, the model results show that 

Fig. 1  Annual mean temperature difference and urban wind speed 
and direction (a–d), annual accumulated precipitation difference 
(e–h) and percent change for Rx1day (i–l) between the urban and 

nourban simulations for Paris (left) and Shanghai (right) for the two 
20-year simulations 1986–2005 and 2081–2100
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mostly cropland and the AHE is set to 0. As urbanization 
is expected to continue to increase (WUP 2018), sensitiv-
ity simulations with a larger and warmer city called ‘exur-
ban’ is run over the last 10 years for the future conditions 
(2091–2100). During the last 30 years up to present, Paris 
and Shanghai have grown at different speeds (WUP 2018) 
and continued urbanization is projected to be less for Europe 
than China. Assumptions made in the ‘exurban’ simulations 
about increase in urban land use and AHE for the two cit-
ies are therefore different (see exurban extent in Fig. S1 vs. 
urban extent in Fig. 1). For Paris, the urban grid cells are 
expanded by ~ 60% around the city, and mean AHE over all 
the urban grid cells is increased with 50%. For Shanghai, the 
outer city is extended over Yangtze estuary, with AHE in this 
extended part set at the same values as in the original outer 
grid cells of the city, as well as an increase in AHE with 50% 
for the original urban grid cells. These changes are similar 
to the observed urban changes over the last 30 years for both 
cities (WUP 2018). A secondary use of the exurban simula-
tions is to check the effects of only the increase in AHE over 
the original urban grid called ‘exahe’.

The effect of urbanization on extreme precipitation is 
found by studying the percent increase between the 99th 
and 99.72nd percentile thresholds for both daily and hourly 
precipitation for the whole year. The 99th percentile cor-
responds to the 1% most extreme days or hours, and the 
99.72nd percentile corresponds to 1 day or 24 h per 365 
days. The percent increase in total amount of precipitation 
above the percentiles is also calculated and called R99p_all 

and R99.72p_all as in Myhre et al. (2019). These two lat-
ter statistics combine both the increase in intensity and fre-
quency of extreme precipitation. In addition the percent 
increase in the day and hour of each year simulated with 
the maximum day and hourly precipitation (Rx1day and 
Rx1hour respectively) is studied.

3  Results

The UHI effect is calculated by the difference between simu-
lations for urban and nourban. This UHI effect is calculated 
for historic and future conditions.

3.1  UHI effect on mean temperature 
and precipitation

Figure 1 show the annual mean impact of UHI on tem-
perature and precipitation; both accumulated and yearly 
extreme precipitation for the two 20-year time periods are 
explored for Paris and Shanghai. The warming from UHI is 
up to 2.2 K in the city centers for Paris and Shanghai. Even 
though the temperature difference due to UHI shown for 
the two time periods is comparable, the historical condi-
tions (1986–2005) UHI has a bigger impact on mean pre-
cipitation increase over the urban grid cells compared to 
end of the century conditions (2081–2100) for both cities. 
However, there is large natural variability connected to the 
effect of UHI on precipitation, the model results show that 

Fig. 1  Annual mean temperature difference and urban wind speed 
and direction (a–d), annual accumulated precipitation difference 
(e–h) and percent change for Rx1day (i–l) between the urban and 

nourban simulations for Paris (left) and Shanghai (right) for the two 
20-year simulations 1986–2005 and 2081–2100
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F I G U R E 7 Seventieth (2D70p, a,b) and 90th (2D90p, c,d) percentiles of precipitation accumulated between 1500 and 1800 LT in the
non-urban (NOURB, a,c) and urban (URB, b,d) scenarios for five November months (2010–2014). See inset map in Figure 1 for outline of
urban areas [Colour figure can be viewed at wileyonlinelibrary.com]

The first term on the right-hand side represents the hori-
zontal moisture flux or moisture convergence (qf ). Scatter
plots of the four terms in Equation (3) averaged between
1500 and 1800 LT are shown in Figure 11, and the respec-
tive statistics are included in Table 1. Given that qf is
higher in URB than NOURB during 93.7% of the days
and the relatively high RMD of 25.6%, we infer that
enhanced moisture convergence is the main source for pre-
cipitable water and hence increased rainfall in the urban
case.

Here, qf portrays the transport of humidity from the
ocean and is a result of wind convergence. This is shown
in Figure 12 and Table 1, where wind convergence at
50 m above ground averaged between 1500 and 1800 LT is
indeed clearly enhanced in the urban scenario. URB values
are larger during 82.9% of the days and the RMD relative
to NOURB is 23.7%.

The wind field is further investigated by plotting urban
wind anomalies at 50 m above the surface. To avoid the
impact on the flow caused by thunderstorms themselves,

 1477870x, 2021, 740, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4147 by Consorci D
e Serveis U

niversitaris D
e Catalunya, W

iley O
nline Library on [29/06/2023]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License

Simon-Moral et al. 2020 QJRMS – Unified Model. Singapore

3.3.2 2019 event. As opposed to the 2018 event, the July 2019 event is characterized by
high instability. The front edge of the squall line is typically very unstable, with strong updrafts
of moist air and the system travels over the city in the afternoon, when instability is at its maxi-
mum. Our results show a displacement of heavy rainfall towards the city in the NOURB simu-
lation (Fig 9B) compared to the CTL experiment. Analysis of the composite reflectivity
calculated by the model for the NOURB and CTL experiment shows no visible differences in
timing and propagation of the squall line (Fig 11; the results at 1-km resolution are shown in
order to see a larger portion of the squall line). In both cases, the system arrives at the city at
1900 local time with strong intensity. Accumulated rainfall differences between the NOURB
and the CTL experiment show a signal at approximately the same location as the dissipation
(over the city). There is a translation of accumulated rainfall of 10 mm more towards the island
of Montreal in the NOURB experiment. In both cases, the squall line loses a lot on intensity
downwind of the city, but it continues with the same propagation direction. This indicates that
the presence of the city seems to affect the system on the upwind side of the island only.

The atmosphere is quite stable right before the passage of the squall line (Fig 10C and 10D).
As the system passes over the island of Montreal, a large area of CAPE is present in the vertical
sounding (Fig 10E and 10F). The CTL experiment (Fig 10E) shows a significantly larger CAPE
area than the NOURB experiment (Fig 10F) which indicates that the presence of the city has
more potential of enhancing convection. In our case, the squall line splits over the island of
Montreal in both the CTL and NOURB experiments, which might explain why there is no sig-
nificant effect on precipitation.

4 Discussion

Using a 250-m grid spacing for this type of study is interesting for many reasons. First, the sur-
face heterogeneity is represented with very high accuracy and precision, therefore local pro-
cesses of the urban heat island can be parametrized and resolved. A study from Leroyer et al.

Fig 9. Changes in precipitation. Difference in accumulated precipitation between NOURB and CTL experiments for the 2018 event (a) and the 2019 event (b).
Brown signifies more precipitation when the city is present. Made with Natural Earth (naturalearthdata.com), under the public domain license (https://
creativecommons.org/publicdomain/).

https://doi.org/10.1371/journal.pclm.0000196.g009

PLOS CLIMATE Urban heat island mitigation strategies and climate in Montreal

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000196 June 26, 2023 17 / 25
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mostly cropland and the AHE is set to 0. As urbanization 
is expected to continue to increase (WUP 2018), sensitiv-
ity simulations with a larger and warmer city called ‘exur-
ban’ is run over the last 10 years for the future conditions 
(2091–2100). During the last 30 years up to present, Paris 
and Shanghai have grown at different speeds (WUP 2018) 
and continued urbanization is projected to be less for Europe 
than China. Assumptions made in the ‘exurban’ simulations 
about increase in urban land use and AHE for the two cit-
ies are therefore different (see exurban extent in Fig. S1 vs. 
urban extent in Fig. 1). For Paris, the urban grid cells are 
expanded by ~ 60% around the city, and mean AHE over all 
the urban grid cells is increased with 50%. For Shanghai, the 
outer city is extended over Yangtze estuary, with AHE in this 
extended part set at the same values as in the original outer 
grid cells of the city, as well as an increase in AHE with 50% 
for the original urban grid cells. These changes are similar 
to the observed urban changes over the last 30 years for both 
cities (WUP 2018). A secondary use of the exurban simula-
tions is to check the effects of only the increase in AHE over 
the original urban grid called ‘exahe’.

The effect of urbanization on extreme precipitation is 
found by studying the percent increase between the 99th 
and 99.72nd percentile thresholds for both daily and hourly 
precipitation for the whole year. The 99th percentile cor-
responds to the 1% most extreme days or hours, and the 
99.72nd percentile corresponds to 1 day or 24 h per 365 
days. The percent increase in total amount of precipitation 
above the percentiles is also calculated and called R99p_all 

and R99.72p_all as in Myhre et al. (2019). These two lat-
ter statistics combine both the increase in intensity and fre-
quency of extreme precipitation. In addition the percent 
increase in the day and hour of each year simulated with 
the maximum day and hourly precipitation (Rx1day and 
Rx1hour respectively) is studied.

3  Results

The UHI effect is calculated by the difference between simu-
lations for urban and nourban. This UHI effect is calculated 
for historic and future conditions.

3.1  UHI effect on mean temperature 
and precipitation

Figure 1 show the annual mean impact of UHI on tem-
perature and precipitation; both accumulated and yearly 
extreme precipitation for the two 20-year time periods are 
explored for Paris and Shanghai. The warming from UHI is 
up to 2.2 K in the city centers for Paris and Shanghai. Even 
though the temperature difference due to UHI shown for 
the two time periods is comparable, the historical condi-
tions (1986–2005) UHI has a bigger impact on mean pre-
cipitation increase over the urban grid cells compared to 
end of the century conditions (2081–2100) for both cities. 
However, there is large natural variability connected to the 
effect of UHI on precipitation, the model results show that 

Fig. 1  Annual mean temperature difference and urban wind speed 
and direction (a–d), annual accumulated precipitation difference 
(e–h) and percent change for Rx1day (i–l) between the urban and 

nourban simulations for Paris (left) and Shanghai (right) for the two 
20-year simulations 1986–2005 and 2081–2100
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Lauer et al. 2023 PCLIM – WRF. Montreal 

Steensen et al. 2022 Clim Dyn – WRF. Paris, Shangai



Demuzere et al. 2022 JOSS – W2W. Since WRF4.5 LCZ directly from WPS

W2W creates different scenarios: No Urban, Only extent, Default and LCZ
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The SURFACE project



Pokhrel et al. 2020 JESBC; Salamanca et al. 2010 TAC



Pokhrel et al. 2020 JESBC; Salamanca et al. 2010 TAC

BEP+BEM

• 10-year experiments
• 1-km spatial resolution
• Urban heterogeneity (LCZ)
• Multiple south Europe cities
• 3 experiments:

- Urban present
- No cities present
- Urban future (PGW)



Bonus track: Storm Daniel
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ERA5 -> SST



ERA5 –> SST CLIMATOLOGY
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“R+D in numerical modelling with a focus on Mediterranean extreme weather, energy and floods: The triangle-based 
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