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Abstract8

Urban parametrizations have been recently developed and integrated in mesoscale meteorolog-
ical models for a better reproduction of urban heat islands and to compute building energy
consumption. The objective of the present study is to evaluate the value of the use of a module
able to produce highly resolved vertical profiles of these variables. For this purpose, the Canopy
Interface Model (CIM) was integrated as an additional urban physics option in the Weather
Research and Forecasting model. The coupling method is here detailed and its evaluation is
done using a reference run based on a fine resolution WRF simulation. In order to keep both
the CIM and the mesoscale model coherent, an additional term is added to the calculation of
the CIM. Finally, the BUBBLE dataset is used to validate the simulation of the profiles from
CIM. It is demonstrated that the proposed coupling improves the simulations of the variables in
an urban grid and that the WRF+CIM+BEP-BEM system can provide highly resolved vertical
profiles while at the same time improving significantly computational time. The data from these
preliminary results are very promising as it provides the foundation for the CIM to act as an
interface between mesoscale and microscale models.
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1. Introduction11

Meteorological mesoscale models were initially dedicated to weather forecasting without the12

need to detail interactions between urban areas and the atmosphere (Salamanca et al., 2011;13

Ching , 2013). In the last few years, urban parametrizations have been integrated in these14

mesoscale models to also simulate urban heat islands (UHI) (Masson, 2000; Kusaka et al., 2001;15

Martilli et al., 2002; Kanda et al., 2005; Liu et al., 2006; Kusaka and Kimura, 2004; Sarkar and16

De Ridder, 2011), building energy consumption (Krpo et al., 2010) and air pollution at the urban17

scale (Salamanca et al., 2011). Different schemes have been developed in recent years with the18

underlying purpose of developing systems that could help urban planners make decisions and19

propose sustainable urban planning scenarios to decrease UHI, building energy demand, or urban20

air pollution. Baklanov et al. (2009) gave a guideline for the level of complexity that is needed21

for urban canopy parametrizations based on the “fitness for purpose”. For air quality, urban22

climatology, strategies to mitigate UHI and urban planning, it is necessary to have more detailed23

and precise meteorological vertical profiles and fluxes.24
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It is now well known that the urban climate depends on a series of processes taking place25

at different spatial (from global to local) and temporal scales (Oke, 1982), and that building26

energy demand and urban climate are closely related and interdependent (Ashie et al., 1999;27

Kikegawa et al., 2003; Salamanca et al., 2011). However using mesoscale meteorological models,28

with a high vertical resolution, to cover a whole urban area and resolving at the same time29

local building effects and UHI is still not feasible with actual computer performances (Martilli,30

2007). Moreover the use of available microscale models (such as Envimet (Bruse and Fleer, 1998),31

CitySim (Robinson, 2012) or EnergyPlus (Crawley et al., 2008)) on more than a neighborhood32

(few streets) is also not feasible. Thus multi-scale modeling is often suggested and used as a33

solution.34

Garuma (2017) has recently reviewed urban surface parameterizations. Models developed35

by Masson (2000) or Kusaka and Kimura (2004), have been integrated in mesoscale models.36

However since they are single-layered models they do not calculate high resolution vertical profiles37

in the urban canopy. Using the same method as Martilli et al. (2002); Kondo et al. (2005), who38

used a multi-layer model, Muller (2007) designed experiments to show that a canopy module39

can be used for an enhanced coupling with mesoscale models while at the same time reducing40

the computational cost. However in their work, the canopy model developed by Muller (2007)41

was not totally independent of the mesoscale model and hence cannot be easily introduced in42

another model. Furthermore, the canopy model resolves flow in the vertical direction and hence43

is neglecting the horizontal advection that is considered in a mesoscale model. Inconsistencies44

will thus arise between computations done with a multi-layer microscale model such as BEP-45

BEM and a mesoscale model. One way to ensure coherence in regional climate models, is to use46

nudging techniques to reduce errors between the driving field and the simulated field (Pohl and47

Crétat, 2014; Omrani et al., 2015).48

The Canopy Interface Model (CIM) that was recently developed and tested in an offline49

mode (Mauree, 2014; Mauree et al., 2015, 2017a) is here introduced in the Weather Research50

and Forecasting (WRF) community research model v3.5 (Skamarock et al., 2005, 2008). The51

objective is to build a multi-scale urban meteorological system that is able to produce highly52

resolved vertical profiles of meteorological variables in low-resolution mesoscale meteorological53

models. Additionally, the CIM can resolve the flow in two directions in the urban canopy. These54

profiles could thus be used to improve the computation of surface fluxes of momentum, heat,55

turbulent kinetic energy and humidity inside the mesoscale model and to allow at the same time56

for the coupling of a mesoscale model with a microscale model. Such a coupling between the57

CIM and CitySim, a micro-scale model to evaluate energy fluxes at the neighbourhood scale, has58

recently been implemented (Mauree et al., 2017b,c; Mauree et al., 2018; Perera et al., 2018).59

The objective of the present article is to detail the steps followed to set up and evaluate the60

coupling. In Sect. 2 a brief description of the governing equations in WRF is given. In Sect. 361

it will be explained how the CIM has been integrated into WRF in order to keep in coherence62

both the mesoscale model and the CIM In Sect. 4 a description of the experiments conducted63

with WRF is presented. In Sect. 5 the results from a series of sensitivity tests are presented to64

evaluate the value of the use of the CIM and the coupling. Finally, the coupled system is ran65

over the City of Basel and the results from the simulations are compared with observations made66

during the BUBBLE experiment perfomed in Basel (Rotach et al., 2005). The last section is67

devoted to the discussions and the conclusions of this study.68

2. Weather Research and Forecasting model69

The Advanced Research Weather Research Forceast (WRF) (Skamarock et al., 2005, 2008),70

version 3.5, developed by the National Center for Atmospheric Research (NCAR) for research71
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purpose, is used in the present study. A broad variety of physics and dynamics options have72

been defined by the scientific community. Only a brief description of the conservation equations73

and the physics options that are used to simulate the surface layer is given here. The objective74

of this section is mainly to help understand the coupling of the CIM with WRF, which will be75

fully described in Sect. 3.76

2.1. Governing equations and turbulent closure77

Following Ooyama (1990), variables with conservation properties (mass for example) are78

written with equations in their flux form and using a terrain-following mass vertical coordinate.79

We here present briefly these equations to prepare the presentation of the coupling with the CIM.80

81

Momentum and Heat82

The following equation represents the conservation of momentum or heat.83

∂tN + (∇. ~FN )η = F sN , (1)

where N is the momentum for the x -, y- or z -directions or the heat and F s
N is the source or84

sink terms from the surface. The second term on the left hand side of the equation is a flux85

divergence term which represents the advection, the pressure-gradient and the diffusion terms.86

The latter is a function of the diffusion coefficients, Kh,v which is described later. The ∇. ~FN87

term depends the eta (η) levels and the latter can be computed using:88

η =
(ph − pht)

α
, (2)

where ph is the hydrostatic pressure at this height and pht is the pressure at the top boundary.89

α is the mass per unit area within the column in the domain and is calculated as α = phs − pht90

where phs is the pressure at the surface.91

92

1.5 order turbulence closure93

WRF provides several closure formulations for the calculation of the turbulent diffusion coeffi-94

cients. A 1.5 order turbulence closure, using the turbulent kinetic energy (denoted hereafter as e,95

(m2 s−2 )) is chosen here. With this closure the turbulent diffusion coefficient can be computed96

using:97

Kh,v = Cklh,v
√
E, (3)

where the subscript h, v represent horizontal and vertical directions respectively, Ck is a con-98

stant, lh,v is a parametrized mixing length, proportional to the height and E is αe.99

100

Turbulent Kinetic Energy101

The e can be calculated using the following prognostic equation:102

∂t(E) + (∇. ~FE)η = α(P +G− ε), (4)

where P and G represent the mechanical and buoyancy turbulence production terms respectively103

and ε is the dissipation term.104

More details on the chosen formulations can be found in Skamarock et al. (2008).105
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2.2. Focus on specific physics schemes106

WRF provides a large variety of physics schemes to represent different processes taking place107

in the atmosphere. For the purpose of this study, the focus is mainly on specific schemes that108

relate to future uses of the CIM.109

110

Surface layer scheme111

The surface layer schemes, available in WRF, calculate the friction velocities and exchange co-112

efficients that enable the computation of surface heat and moisture fluxes by the land-surface113

models and surface stress in the Planetary Boundary Layer (PBL). The Monin-Obukhov Simi-114

larity Theory (Monin and Obukhov, 1954) option was chosen for this study.115

116

Land-Surface Model117

The Land-Surface Model (LSM) is a 1-D column model computing surface fluxes over land and118

sea-ice grid point starting from land-surface properties and outputs of the surface layer scheme119

and the radiation scheme. These fluxes give a lower boundary condition for the vertical transport120

done in the PBL schemes. The Noah LSM (Chen and Dudhia, 2001) was selected.121

Multiple urban physics options are available in WRF (UCM, BEP, BEP-BEM). We have122

chosen to use the BEP-BEM parameterization (Salamanca et al., 2010) to simulate the buildings123

effects on the long wave and short wave radiation (shadow effects and multi-reflexion) and the124

surface fluxes of momentum and heat.125

The Building Effect Parametrization (BEP) module is based on the multi-layer model from126

Martilli et al. (2002). Obstacle effects are estimated in several layers of the WRF model. It127

takes into account the 3-D geometry of urban surfaces as well as the ability of buildings to dif-128

fuse sources and sinks of heat and momentum vertically through the whole urban canopy layer.129

The Building Energy Model (BEM), developed by Krpo et al. (2010), computes the building130

energy balance (and the associated building demand) to keep a comfortable temperature inside131

buildings. This energy balance takes into account the effect of anthropogenic heating and heat132

diffusion through surfaces, radiation exchange through windows. The surface fluxes are com-133

puted at each level of the urban grid and aggregated in BEP and are used as input in the surface134

layer scheme.135

136

Planetary Boundary Layer137

The PBL scheme calculates flux profiles so as to compute the temperature, moisture and vertical138

momentum profiles for the atmosphere. One important aspect of these types of schemes is that139

they are one dimensional and assume that there is a clear separation between resolved and sub-140

grid eddies (Skamarock et al., 2008). For the purpose of this study, the Bougeault and Laccarère141

turbulence closure scheme (Bougeault and Lacarrère, 1989) will be used to compute lh,v , needed142

for the calculation of the diffusion coefficient in the WRF model.143

3. Canopy Interface Model integration in WRF144

A 1-D Canopy Interface Model (CIM) was developed by Mauree et al. (2017a) in order to145

improve low-resolution mesoscale meteorological models or to be used as an interface between146

low-resolution meteorological mesoscale model and microscale models. After a brief description147

of the CIM, it is explained in the present section how the CIM was introduced in WRF. CIM is148

independent of the mesoscale meteorological model and can hence also be run in an offline model.149

CIM can be typically forced at the top of the column and the variables are then calculated at150

the centre of each cell along the vertical axis.151
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3.1. Canopy Interface Model152

The CIM solves 1-D transport equations, i.e. only the terms in the z -direction are kept from153

Eq. 1.154

∂u

∂t
=

∂

∂z

(
µt
∂u

∂z

)
+ fsu (5)

∂θ

∂t
=

∂

∂z

(
κt
∂θ

∂z

)
+ fsθ , (6)

where u is the mean wind speed in the x - or y- directions (ms−1 ), θ is the mean potential155

temperature (K ), f s
u and f s

θ are the momentum and heat surface fluxes and µt and κt are the156

turbulent diffusion coefficients. κt is µt divided by the Prandtl number (0.95).157

The CIM solves these equations using a 1.5 order turbulence closure based on the e. The158

diffusion coeffcient can be calculated using:159

µt = Ckl
√
e, (7)

where Ck is a coefficient calculated to be equal to k
4
3 , from Mauree et al. (2017a), where k is160

the von Kàrmàn constant (0.41), l is the mixing length (m) and e is calculated independently as161

follows:162

∂e

∂t
=

∂

∂z

(
λt
∂e

∂z

)
+ C∗ε

√
e

l
(e∞ − e) + fse , (8)

where λt is here assumed to be equal to µt (Muller, 2007) and e∞ is a stationary e value as163

explained by Mauree et al. (2017a) and can be expressed as:164

e∞ =
Ck
C∗ε

l2
(
∂U

∂z

)2

(1− CG ·Rif ) , (9)

where U is the horizontal wind speed (ms−1 ), C ∗ε is equal to 1 and CG is a correction coefficient165

for the buoyancy term.166

Further details on the development of the CIM, its governing equations and the calculation167

of the fluxes used in the model can be found in Mauree et al. (2017a).168

3.2. WRF-CIM coupling strategy169

The CIM computes highly resolved vertical profiles of various meteorological variables, but170

it does not include horizontal fluxes computed in models such as WRF (see Eq. 1). In such171

a context, it is possible to force the CIM with WRF in a one-way nesting but it will not be172

valuable to correct the values calculated by WRF using the CIM values as it could have been in173

a traditional two-way nesting.174

Thus two methodologies are tested : the first one is based on a coupling using fixed top175

boundary conditions as done by Muller (2007); the second is a new proposition to add an addi-176

tional term in the CIM calculation in order to account for the processes described by the flux177

divergence term in Eq. 1.178

179

Coupling by Fixing Top boundary condition (Method FT)180

The CIM can calculate vertical profiles using prescribed top boundary conditions and the geom-181

etry and surface temperature of the surface obstacles at each level of the grid (see Fig. 1). In182

an offline mode, the boundary conditions may be fixed at the top with a constant value. When183

coupled with the WRF model, this value is linearly interpolated from the mesoscale model at184

each timestep (Martilli et al., 2002). At the initialization timestep, the mesoscale values are185
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Figure 1: WRF scheme with the implementation of the CIM (arrows and variables in blue denotes items from
WRF, in red from the CIM and in green from BEP-BEM)

interpolated on each of the CIM vertical level and used to initialize the computation of the186

surface fluxes done by the BEP-BEM system (Krpo et al., 2010). At other timesteps, the CIM187

high-resolution vertical profiles (wind speed, temperature and humidity) are given to BEP-BEM188

which proceeds to a potentially more detailed estimation of sources/sinks. The sources and sinks189

are fedback to the CIM to compute new vertical profiles, and to the mesoscale model (the surface190

fluxes are in this way aggregated at each of the mesoscale vertical levels and represent the F s
N191

terms in the Eq. 1).192

This coupling may be enough when the mixing boundary layer is well developed but could193

be limited in stable conditions when the exchanges between air layers are low. In such cases the194

horizontal fluxes cannot be neglected as compared to the vertical fluxes and this method will not195

conserve the coherence between the two models from a flux standpoint.196

197

Coupling by Fixing Fluxes (Method FF)198

To keep the coherence between the models, we propose in this section a method, similar to a199

nudging technique, to take into account the horizontal transport in the CIM as well as a new200

forcing term at the top of the CIM using fluxes. To develop this, an analysis of the budget of201

the fluxes is done over the vertical column of the CIM and for the corresponding volume from202

the mesoscale model. Figure 2 gives a representation of the fluxes considered in both the CIM203

and the WRF model. The following hypotheses can be made to ensure the coherence between204

the models and a balance of the fluxes:205

• The mean value of each variable calculated on the CIM column should be the same as the206

one computed by the WRF mesoscale model (both models proposing an estimation of the207

same real profiles);208

6



Figure 2: Representation of fluxes calculated on the vertical column in the CIM (right) before correction and in
the corresponding volume in WRF (left). The average values from the WRF mesoscale model and from the CIM
should be equal in both models for the same volume. The grey dashed line represent the top most level of the
CIM and can be higher than the first level of the WRF mesoscale model.

• Bottom surface fluxes (i.e., all surface fluxes calculated to take into account the effects of ob-209

stacles at each level of the column) are computed once for forcing both the WRF mesoscale210

model and the CIM. The values should hence be equal in both models (FM
BOTTOM=FC

BOTTOM=FBOTTOM );211

• In the WRF model, the fluxes are aggregated in BEP and used in the constant-flux theory212

(FM
BOTTOM=FM

TOP );213

• Far enough from the surface, the flux at the top of both columns should be equal as it214

would be less influenced by surface effects (FM
TOP=FC

TOP=FBOTTOM ).215

Based on the above statements, the CIM profiles may be corrected after each timestep using an216

estimation of the horizontal fluxes. The formulation is done to allow computation of these values217

that are not known a priori in order to ensure a coherence between the models. Equation 10218

points out the consequences of this condition on the CIM new profiles.219

NCt+1
i =

{
NC∗
i + ∆FHi, for i < n

NC∗
n + ∆FHi −∆tFTOP , for i = n,

(10)

where N is one of the variables calculated by the CIM (wind speed, potential temperature or220

humidity), t is the timestep considered, i is an index corresponding to the centre of a grid cell221

in the CIM and n is the number of levels in the urban grid. N Ct+1
i is the updated vertical value222

of the CIM considering that N C∗
i is a first computation of the CIM without considering the223

horizontal fluxes and ∆FHi the horizontal terms to be added. A different equation is suggested224

for the top most level of the CIM with N C∗
n being the value computed by the CIM without225

considering the top flux, ∆t is the time step and FTOP the flux at the top as explained before226
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(and is oriented in the z -direction). This top flux may be used, instead of forcing the boundary227

conditions at the top of the CIM with values of wind, temperature or humidity.228

To ensure coherence between the models using these formulations, we can write that the mean229

value of the variables calculated by the CIM have to be equal to the WRF mesoscale value:230

NMt+1
i = NCt+1

i = NC∗
i + ∆FHi −

∆tFTOP
n

, (11)

where N Mt+1
i is the mean value interpolated from the WRF model over the n levels present in231

the CIM column similar to what is performed by Martilli et al. (2002). As a first approximation,232

the horizontal terms can be assumed constant over the CIM column (equal to their mean) and233

these are computed using Eq. 11 as:234

∆FHi = ∆FHi = NMt+1
i −NC∗

i +
∆tFTOP

n
. (12)

This leads to Eq. 13, which gives the new formulations used in the CIM.235

NCt+1
i =

{
NC∗
i +NMt+1

i −NC∗
i + ∆tFTOP

n , for i < n

NC∗
n +NMt+1

i −NC∗
i + ∆tFTOP

n −∆tFTOP , for i = n
(13)

Based on this formulation, it can be expected that the the computation of the variables from236

the CIM and the WRF mesoscale model would be consistent and the departures between the237

driving and driven fields would be reduced.238

4. Experiments with WRF-CIM239

4.1. Evaluation of the coupling methods240

A series of simulation are designed to assess the value of the use of the CIM in WRF and241

particularly to see how the CIM can improve the meteorological vertical profiles when using a242

coarse vertical resolution and its impact on the computational time.243

A domain of 20*20 cells was designed and each cell has a horizontal resolution of 45 km*45244

km. The domain was centered at latitude 48.404 ◦N and longitude 2.248 ◦E, situated near245

the “Ile-de-France” region in France, such that the topography did not interfere with the tests246

that have been conducted. The influence of the topography will be studied in future paper. A247

homogeneous urban area of 9 cells at the centre of the domain has been designed with building248

heights of 25m and the land use for the rest of the domain was taken from the MODIS database.249

In these simulations, the CIM consists of 15 vertical grid cell each 5m high to allow the constant-250

flux layer to develop above the building rooftop (Rotach, 1999). The aim of these simulations251

is to demonstrate the validity of the coupling methods. We have thus chosen this setting, run252

multiple simulations with various scenarios to determine which method would be more useful253

and to see the relevance of using only BEP-BEM as opposed to CIM-BEP-BEM.254

Several simulations were performed with WRF, all using the urban parametrization BEP-255

BEM (see Table A.5), over a winter period of 30 days from the 27th of January 2010 at 0000 LT256

to the 26th of February 2010 at 0000 LT (with the first three days of initialization not being dis-257

cussed here). We chose to focus on the winter period as the objective of the current development258

is to provide high-resolution profiles to microscale models that could be used to evaluate energy259

use in urban areas. We also ran experiments for the summer time but only briefly describe the260

results in this paper.261

262
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Table 1: Set of experiments run for theoretical case.

Simulations Designation Vertical resolution Method
BEP-BEM Ref. Fine res. - 5m (15 levels)
BEP-BEM C1 Coarse res. - 94m (1 level)
CIM+BEP-BEM C3 Coarse res. - 94m (1 level) FF
CIM+BEP-BEM C5 Coarse res. - 94m (1 level) FT

FF (fixed flux) and FT (fixed top) represent the two coupling methods.

WRF is run for all the simulations using the BEP-BEM parameterization for the urban263

effects. The vertical resolution, the use of CIM and the choice of the method are changed for the264

different scenarios:265

Reference Simulation (Ref.) : WRF is run with a fine vertical resolution of 5 m (corre-266

sponding to the vertical resolution of the CIM) for the first 15 levels), without the CIM. This267

is considered to be the reference simulation. The simulation integrates all processes needed to268

calculate highly resolved vertical profiles used by BEP-BEM for computing the urban effects.269

Simulation C1 : WRF is run with a coarse vertical resolution of 94 m, for the first level, without270

the CIM. This simulation, compared to the reference one, will show the impact of the vertical271

resolution on the surface representation and on the calculation of the meteorological variables in272

the WRF model.273

Simulation C3 : WRF is run with a coarse vertical resolution with the CIM coupled using274

Method FF. BEP-BEM runs with the CIM profiles. This test is performed to see how the pro-275

files that are calculated by the CIM, when it is integrated in the WRF model, correspond to276

those from the reference simulation and how this will in turn influence the mesoscale processes277

in a low resolution simulation.278

Simulation C5 : WRF is run with a coarse vertical resolution with the CIM coupled using279

Method FT. This test is perfomed to compare with the FF method in a low resolution simula-280

tion.281

It should be highlighted here that we consider the Ref. simulation as a controlled experiment282

which we can use to assess the coupling methods (FF and FT) and it can be relied on as the283

scheme that integrates most of the physical processes. Addtionally another set of simulation284

is performed to evaluate the impact of using a high resolution in WRF and this is included in285

Appendix A.286

4.2. Validation of CIM integration in WRF287

To validate the integration of CIM in WRF, a set of simulation was run over Basel for a288

period of 14 days from the 1 January 2002 at 0000 LTto the 15th of January 2002 at 0000289

LT. Two scenarios were performed one with WRF+BEP-BEM and one with WRF+CIM+BEP-290

BEM. The four domains centred over the City of Basel with the different domains having a291

horizontal resolution of 45km, 15km, 3km and 1km respectively. The domain was designed292

using the WRFDomain wizard, allowing an optimal number of eta levels in the 1km and also for293

describing the bounding boxes. The GRIB data was downloaded from the UCAR dataset (NCEP294

et al., 2000). CSV files with the values (from CIM and as calculated by WRF) of the horizontal295

wind speed in both directions and the temperature for each vertical level were obtained from the296

simulation for comparison with measured data from the BUBBLE experiment (Rotach et al.,297

2005). All the data from BUBBLE and the simluation were averaged over one hour.298
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5. Results299

This section aims at evaluating the coupling between the CIM and WRF and to justify the300

strategy that has been developed. As previously mentioned, the simulations presented here were301

performed for a period of 30 days (with the first three days of initialization not being discussed302

here) in January 2010. We only show results for the horizontal wind speed and the temperature303

for this corresponding period.304

5.1. Global comparisons on specific vertical levels305

We present here the comparisons over 27 days of simulation, in January, and a series of sta-306

tistical tests in order to show the general trends when the CIM is integrated in WRF in winter.307

Table 2 summarizes the comparisons in terms of mean deviations (M.D.), correlations and the308

root mean square deviations (R.M.S.D.) computed on hourly values of the simulated tempera-309

tures and wind speeds. Figure 3 presents a time-evolution of the different simulations at 5 m310

and 50 m. The results from each scenario as compared to the reference case are discussed below.311

312

5.1.1. Effect of the WRF vertical resolution - (Ref./C1)313

We focus here on the differences observed between the fine and coarse resolution WRF sim-314

ulations, without the CIM, as increasing the vertical resolution can have a significant impact on315

the temperature and the wind speed. It can be seen from Table 2 that, on average, the coarse316

WRF configuration (C1) generally tends to compute higher the potential temperatures and to317

simulate significantly lower the wind speed as compared to the reference simulation.318

Figure 3a shows that the differences in temperature may be more than 2 K for some hours.319

The horizontal wind speed calculated at 50 m is weaker in the coarse resolution simulation than320

in the fine resolution simulation and these differences may reach 4 m s−1. These first results321

hence justify the development of the CIM model and its coupling with WRF since the changes in322

the vertical resolution have a notable impact on the accuracy of models to calculate temperature323

and wind profiles.324

325

5.1.2. Effect of the FF coupling with the CIM at low resolution - (Ref./C3)326

When using a coarse resolution in the model, the integration of the CIM in WRF drastically327

diminish the average deviations for the wind speed, from −1.9 m s−1 to −0.9 m s−1 at 50 m and328

reduces the difference in the temperature from 0.3 K to 0.1 K (see Table 2). It can however329

also be noted that in some cases the temperature is still lower by about 1 K. If we focus on330

the high vertical resolution profiles that the CIM produces, the discrepancy for wind speed as331

compared to the Ref. simulation is even decreased to −0.6 m s−1 at 50 m while also respecting332

their variability (high correlation coefficient). Although the wind speed from the CIM at 50 m is333

generally in agreement with the Ref. simulation, there are a few hours where the difference can334

be up to 1 m s−1 (see Fig. 3b). However, the CIM computes a lower wind speed at 5 m (bias335

of −1.2 m s−1) and the variability of these values is not as well represented, at the surface, as336

compared to the values obtained at 50 m. But as shown in Fig. 3d the amplitude is also less337

important at 5 m than at 50 m height. It is worthy to note that there are significant periods338

when the CIM has a very good correspondence with the fine resolution simulation.339

340
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Table 2: Statistical comparison between the Reference Simulation (Ref.) and simulations C1, C3 and C5.

Simulations Method
FF FT M.D. R.M.S.D. R

For Potential Temperature (K)
WRF+BEP-BEM

Meso outputs at 50 m
Coarse Res. C1 0.3 0.9 0.98

WRF+CIM+BEP-BEM
Meso outputs at 50 m
Coarse Res. C3 x 0.1 0.9 0.98
Coarse Res. C5 x 0.0 0.9 0.98
CIM outputs at 50 m
Coarse Res. C3 x 0.0 1.0 0.98
Coarse Res. C5 x 0.1 0.9 0.98
CIM outputs at 5 m
Coarse Res. C3 x 0.3 0.9 0.98
Coarse Res. C5 x 0.7 1.2 0.98

For Wind (m s−1)
WRF+BEP-BEM

Meso outputs at 50 m
Coarse Res. C1 −1.9 2.0 0.98

WRF+CIM+BEP-BEM
Meso outputs at 50 m
Coarse Res. C3 x −0.9 1.0 0.98
Coarse Res. C5 x −0.2 0.9 0.97
CIM outputs at 50 m
Coarse Res. C3 x −0.6 0.9 0.97
Coarse Res. C5 x −0.2 0.7 0.98
CIM outputs at 5 m
Coarse Res. C3 x −1.2 1.5 0.59
Coarse Res. C5 x −1.2 1.6 0.36

Comparisons are made for all the WRF outputs and for the CIM outputs for scenarios C3 and C5. FF
(fixed flux) and FT (fixed top) represent the two coupling methods. M.D. represents the mean deviation
from the reference simulation, R.M.S.D. is the root mean square deviation and R is the correlation.
Meso outputs refers to outputs from the WRF mesoscale model, CIM outputs refers to outputs directly
from CIM and 5m and 50m refers to the height at which the data is taken.
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5.1.3. Effect of the FT coupling - (Ref./C5)341

To show the importance of the coupling methodologies, Table 2 also presents the results of a342

comparison between the WRF fine resolution simulations and the WRF-CIM simulations without343

taking into account the horizontal fluxes (C5). It can be noted that when the horizontal fluxes344

are removed the M.D. and the R.M.S.D. increase for both the temperature and the wind speed345

as compared to the simulation where the fluxes were present (except for the wind speed at 50 m346

from the WRF model). The correlation coefficient for the wind speed at 5 m is also drastically347

reduced.348

Even though we know that in the CIM the vertical fluxes and diffusion processes are better349

taken into account, we cannot conclude that the results are better in this context. The WRF350

mesoscale model contains a number of processes, such as the horizontal wind advection or pressure351

gradient, which are not taken into account. It is thus important to take these processes into352

account in the CIM in such a way that both calculations from the CIM and WRF remain353

coherent. This thus justifies the use of the FF method.354

5.1.4. Summer results355

Simulations were also performed over a summer period of 1 month in July 2010. Since the356

results from this period showed similar behaviour to the results for the winter case they will be357

only briefly discussed here. The integration of the CIM in the WRF model improved the results358

when comparing to the simulation without the CIM using a coarse resolution. A decrease in the359

deviation for both the temperature (from 0.5 K to 0.4 K) and the horizontal wind speed (from360

−1.1 m s−1 to −0.3 m s−1) were noted for the WRF mesoscale data at 50 m. The correlations361

for the temperature (0.99 to 1) were generally as good as for the winter case. For the profiles362

calculated by the CIM, it is noteworthy to mention that when the horizontal fluxes were not363

present, there was a significant increase in difference for the temperature at 5 m (from 0.1 K to364

1.8 K) while for the wind speed the results were not remarkably very different for both cases.365

5.2. Comparison on specific vertical profiles366

Selected vertical profiles for specific time steps are chosen to illustrate the effect of the cou-367

pling methods in different atmospheric stability conditions. From the time-evolution profiles of368

the mean wind speed and potential temperature (Fig. 3), we chose some specific periods to plot369

vertical profiles for one grid cell (the centre of the urban area) for the different scenarios.370

371

5.2.1. Comparison using a coarse vertical grid resolution in the WRF mesoscale model372

The differences between the profiles calculated by the CIM and by the mesoscale model373

were studied on an hourly basis and were found to be minimal during the morning when the374

development of the boundary layer was at a maximum. We thus chose two vertical profiles out375

of this zone to show that the CIM can perform in near-neutral (stable) or unstable conditions.376

Figures 4 and 5 show the comparisons of the vertical profiles obtained by the WRF mesoscale377

model when used at coarse resolution without or with the CIM (Ref., C1 and C3). In the same378

way as the previous experiences with a high resolution, when the CIM is used, the effect of the379

FT coupling method is also tested (C5).380

At 0200 LT the potential temperature calculate by the WRF mesoscale model (meso-C3)381

corresponds to the one calculated by the fine resolution WRF simulation (Ref.). At 1700 LT,382

there is a global difference of less than 0.5 K between the profile calculated (meso-C3) and the383

fine resolution (Ref.). In both cases the profiles from CIM (cim-C3) are in very good agreement384

with the Ref. profile. In the absence of horizontal fluxes, the temperature is higher over the385

whole column of the CIM and the difference is increased to more than 1.5 K in the first 10386
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(a) At 0200 LT

(b) At 1700 LT

Figure 4: Profile of the potential temperature (in K) using a fine resolution with WRF (Ref. - bold black curve),
coarse resolution (C1 - purple curve), coarse resolution with the CIM (meso - C3 - blue curve ; cim - C3 - red
curve) and coarse resolution with the CIM - with no horizontal fluxes (meso - C5 - green curve ; cim - C5 - brown
curve)
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(a) At 0200 LT

(b) At 1700 LT

Figure 5: Profile of the wind speed (in m s−1) using a fine resolution with WRF (Ref. - bold black curve), coarse
resolution (C1 - purple curve), coarse resolution with the CIM (meso - C3 - blue curve ; cim - C3 - red curve) and
coarse resolution with the CIM - with no horizontal fluxes (meso - C5 - green curve ; cim - C5 - brown curve)
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Table 3: Computational time (in minutes) needed to run the model for 14 days during the winter for each of the
simulations.

Simulations Computational Time
Ref. 63 minutes
C1 48 minutes
C3 49 minutes
C5 49 minutes

metres. It is noteworthy to mention that the correction does not change the stability regime of387

the atmosphere.388

In a near-neutral situation, for example at 0200 LT, when using a coarse resolution, the389

horizontal wind speed of the WRF mesoscale model is closer to the profile Ref. simulation (see390

Fig. 5a). It can be highlighted here that at 50 m the wind speed rises from 2 m s−1 to over 3391

m s−1. The profiles which are calculated from the CIM are also in very good agreement with the392

reference simulation. If the horizontal fluxes are removed, the wind speed above the canopy is393

slightly lower in the CIM.394

The results are more contrasted in an unstable condition, such as at 1700 LT (see Fig. 5b).395

The profile calculated by the CIM, with the horizontal fluxes, is very near to the reference396

simulation (less than 0.5 m s−1 difference). However, if we look at the WRF mesoscale profiles,397

we can observe that the profile calculated using the method without the horizontal fluxes is398

much closer to the reference solution. This can also be explained with the method that we have399

proposed for the calculation of the horizontal fluxes. This correction was defined by using a mean400

value for the canopy as well as a mean value for the mesoscale model over the corresponding401

volume. To be in agreement with this statement, if one wants to calculate a coherent profile in402

the CIM, then there is a slight deterioration of the WRF mesoscale value.403

It should also be noted here that in the simulation without horizontal fluxes, the value is404

fixed at the top boundary conditions. We evaluated in this way two possibilities for fixing the405

boundary condition at the top. We determined, from these experiments, that the addition of406

the horizontal fluxes were more important as compared to fixing the top boundary conditions,407

in order to keep the coherence between both models.408

5.3. Computational time409

Finally an analysis of the computational time for the simulation performed during the winter410

time over the 14 days was made. Table 3 summarizes the CPU time used for several simulations.411

The data highlights the fact that when the vertical resolution of WRF is decreased, the412

computational time is significantly decreased (around 25% less). When the CIM is introduced,413

the computational time is not impacted even though there is an additional calculation which414

is now being performed by the system to produce high resolution profiles. This means that415

this coupled WRF-CIM system is able to produce an enhanced simulation without significantly416

increasing the computational time.417

5.4. Validation over Basel using BUBBLE data418

The two scenarios described in Sect. 4.2 were run over Basel from the 01/01/2002 to the419

14/01/2002. Wind speed and temperature data from the simulation were obtained from a grid420

cell centred around the coordinates 47.56◦N, 7.59◦E. This corresponds to the location of the421

tower installed during the BUBBLE experiment to which the simulated data are compared.422
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(a) Wind speed in the x-direction

(b) Wind speed in the y-direction

Figure 6: Comparison of the wind speeds (in m s−1) from the BUBBLE experiment (in blue), from WRF mesoscale
model(meso - in orange) and from CIM ( cim - in green) from the 01/01/2002 to 14/02/2002.
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Table 4: Statistical analysis of the simulated data from WRF and CIM against observed data from BUBBLE.

Variable R.M.S.D M.D
For Wind (m s−1)

BUBBLE-WRF 1.8 -1.5
BUBBLE-CIM 0.5 -0.4

For Potential Temperature (K)
BUBBLE-WRF 2.6 -0.5
BUBBLE-CIM 2.6 -0.8

Mean deviations represents the deviation from the reference simulation, R.M.S.D is the root mean
square error.

Figure 6 shows the wind speed for the x- and y-directions at a height of 3m from the BUBBLE423

data and from CIM while for the WRF data is the value for the first vertical level typically used424

for forcing BEP-BEM or any other UCMs in the WRF model. It can clearly be seen that the425

CIM data is much closer to the BUBBLE data as compared to the WRF data. The difference is426

more stricking for the u-values. Nonetheless, it is evident that since the WRF data are used as427

boundary conditions for the CIM, there is a very good correlation between them.428

When looking at the horizontal wind speed, the difference is even more visible (see Figure 7a).429

It can again be highlighted there the CIM data is much closer to the BUBBLE data as compared430

to the standard WRF data. An statistical analysis of the simulated data and the observational431

one showed that the R.M.S.D. is reduced from 1.8 m s−1 to 0.5 m s−1 while the M.D. is notably432

decreased from −1.5 m s−1 to −0.4 m s−1 when comparing the BUBBLE data to the WRF and433

CIM outputs respectively. Figure 7b shows the air temperature as measured by BUBBLE and434

calculated by WRF and CIM. Both WRF and CIM are able to reproduce the daily dynamics of435

the air temperature but CIM falls short of improving significantly the results from WRF. This is436

also reflected in the M.D shown in Table 4 where there is an increase from −0.5 K to −0.8 K. No437

difference in the R.M.S.D. was noted for the temperature. There are some periods for example438

on the 12/01 and on the 14/01 where the CIM results are closer to the BUBBLE data but the439

difference between the simulated and measured data is still around 1 K.. It can be pointed out440

that the discrepancy between the BUBBLE data and CIM could be due to the over-estimation441

of the wind speed in some cases, particularly during midday.442

6. Discussion and Conclusion443

A Canopy Interface Model (CIM) was designed by Mauree et al. (2017a) in such a way that444

it can act as an interface between mesoscale models and microscale models. In this study it445

has been coupled with the Weather Research and Forecasting model (WRF). The aim of this446

study was to evaluate the coupling done specially to improve surface representation in mesoscale447

models and to demonstrate the ability of the system to provide valuable high-resolution vertical448

profiles. The CIM is a standalone 1-D column model that can be forced only at the top using449

values interpolated from the mesoscale model to calculate meteorological profiles independently450

of the mesoscale model. However to keep the coherence between both the CIM and WRF, a new451

method, similar to a nudging technique, was determined to add an additional term, in the CIM452

calculations, to take keep the consistency between the two models.453

Using a theoretical setup and a series of sensitivity analysis and simulations, it was shown454

that:455
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(a) Horizontal wind speed (in m s−1)

(b) Air temprature (◦C)

Figure 7: Comparison of the horizontal wind speed (in m s−1) and the air temperature (◦C) from the BUBBLE
experiment (in blue), from WRF mesoscale model (meso - in orange) and from CIM (cim - in green) from the
01/01/2002 to 14/02/2002.
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• When WRF was used with a coarse resolution, the coupling of the CIM and WRF was456

closer to the reference simulations. We also verified that when WRF was used with a high457

vertical resolution similar to the CIM (5 m), the simulated profiles of both models were458

very similar and in this way coherent. Compared to the highly resolved simulation, it was459

shown that WRF, with a low resolution, tends to compute higher temperatures and lower460

the wind speeds. Coupled with the CIM, the new system yielded smaller R.M.S.D and461

deviations. Usually the correlations were similar and very good.462

• It was demonstrated that the correction brought to the CIM calculation to take into account463

the horizontal fluxes was very important in order for both the WRF mesoscale model and464

the CIM to be in coherence.465

Not all of the experiments that were conducted were presented here. A simulation was carried466

out for a summer period and as the results showed similar behavior to the results presented in467

this study, they were only briefly discussed. Tests were also conducted to evaluate the influence468

of fixing a value at the top of the canopy or calculating a flux. There were no significant changes469

between the two scenarios, but it is more coherent to use a flux instead of fixing a value at the top470

based on the method that we have described. This provides an enhanced degree of freedom for471

the calculation in the CIM. We also analyzed the influence of having different vertical resolutions472

for the first mesoscale grid cell. This did not show significant impact on the results and therefore473

means that the CIM can be used independently of the height of the first level in the mesoscale474

model. The assumption made, when describing the method “FF”, that the flux at the top of475

the canopy has to be equal to the bottom flux, imposes that a constant-flux layer needs to fully476

develop at the top of the column. It is thus essential to have a minimum number of vertical477

levels in the CIM to achieve the best performance. It has previously been suggested that the478

constant-flux layer developed at a height of twice the maximum height of the buildings (Rotach,479

1999). This can thus be used as an indication of the number of levels required in CIM.480

One important point was also that to demonstrate that if the city is large, CIM could also481

improve larger scale simulations than urban scale simulations (important information for studies482

and simulations run at a much larger scale). Some previous studies (Best et al., 2006; Essery et al.,483

2003; Oleson et al., 2008) have included urban surface schemes in global circulation models using484

a much coarser horizontal resolution but there is still a need to improve these parameterization485

and for local-scale feedbacks (Vautard et al., 2013). This is where it is expected that CIM could486

bridge the gap in these models and hence whatever the scale of grid cell, the use of CIM-BEP-487

BEM can be discussed and the most appropriate modelling strategy can be chosen.488

Furthermore, we validated the high-resolution vertical profiles by comparing the simulated489

profiles from WRF and from CIM with data from the BUBBLE experiments. We demonstrated490

that the horizontal wind speed was very close to the observed BUBBLE data and that there were491

good agreement with the air temperature simulations. There are however some discrepancies in492

the simulations which can further be investigated in the future. One example is that the wind493

speed is still slightly over-estimated and this might be due to the parameterization of the drag-494

force.495

Further investigations are required to improve our comprehension of the processes taking496

place at these different scales. The resolution of the turbulence closure in the CIM is different497

from that of WRF: this would explain why close to the surface the CIM has a higher impact than498

far enough from the surface. Moreover when a correction was brought to the CIM in such a way499

that the CIM calculations were coherent with the WRF mesoscale calculation, this meant that500

the results in the WRF mesoscale models were less affected in some cases, particularly in unstable501

conditions. The WRF+CIM+BEP-BEM system also has to be tested on a more realistic domain502

so that measured monitored data can be compared with the simulation results. An observational503
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campaign (MoTUS), measuring high resolution and high-frequency variables has been launched504

on the EPFL campus, Switzerland to develop new parameterizations (Mauree et al., 2017d).505

In conclusion of this study, we can say that the WRF+CIM+BEP-BEM system is able to506

calculate coherent high resolution vertical profiles in the canopy and these profiles were in good507

agreement with those calculated using WRF with a high vertical grid resolution. It was therefore508

demonstrated that the CIM can be used in a low-vertical resolution mesoscale model to reduce509

the computational cost and to improve results. In view of the above promising results, the foun-510

dation for the use of the CIM as an interface to enhance surface representation and to couple511

mesoscale models to microscale models is established.512
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Appendix A. Supplementary Material639

Appendix A.1. Additional experiments640

Table A.5: Additional experiments run for theoretical case.

Simulations Designation Vertical resolution Method
BEP-BEM+CIM C2 Fine res. - 5 m (15 levels) FF
BEP-BEM+CIM C4 Fine res. - 5 m (15 levels) FT

FF (fixed flux) and FT (fixed top) represent the two coupling methods.

WRF is run for all the simulations using the BEP-BEM parameterization for the urban641

effects. The vertical resolution for both WRF and CIM are similar (5 m). The choice of the642

method are changed for the different scenarios:643

Simulation C2 : WRF is run with the vertical resolution of the Ref. simulation and with the644

CIM coupled using Method FF. The BEP-BEM parametrization runs with the profiles calculated645

by the CIM. This simulation is carried out to test whether the CIM has a significant effect when646

WRF is running with a high resolution.647

Simulation C4 : WRF is run with the vertical resolution of the Ref. simulation and with the648

CIM coupled using Method FT. This test is done to compare with the FF method.649

650
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Table A.6: Statistical comparison between the Reference Simulation (Ref.) and simulations C2 and C4.

Simulations Method
FF FT Mean bias R.M.S.E R

For Potential Temperature (K)
WRF+CIM+BEP-BEM

Meso outputs at 50 m
Fine Res. C2 x 0.0 0.1 1.00
Fine Res. C4 x −0.1 0.3 1.00

For Wind (m s−1)
WRF+CIM+BEP-BEM

Meso outputs at 50 m
Fine Res. C2 x 0.2 0.3 1.00
Fine Res. C4 x 0.6 0.8 0.99

All simulations are run for the same winter period described in Sect. 4.1. Comparisons are made for all
the mesoscale outputs C2 and C4. FF (fixed flux) and FT (fixed top) represent the two coupling
methods. Mean bias represents the deviation from the reference simulation, R.M.S.E is the root mean
square error and R is the correlation. Meso outputs refers to outputs from the mesoscale model WRF
at 50m which refers to the height at which the data is taken.

Appendix A.1.1. Comparison using a fine vertical grid resolution in the mesoscale model651

Appendix A.1.2. Effect of the FF coupling with the CIM at high resolution - (Ref./C2)652

As expected the introduction the CIM in WRF with a high vertical resolution in the mesoscale653

model (C2) did not have a significant impact on the simulation. Indeed, its was shown that the654

mesoscale simulations were not considerably modified when using a fine vertical grid resolution655

in WRF. One can note from Table A.6 that the comparison with the high resolution simulation656

with the CIM gives satisfactory correlations. There were no difference on average for tempera-657

ture and a small positive mean deviation for the wind speed. It can hence be asserted that the658

CIM is not bringing noteworthy changes in the WRF simulations when a very fine resolution is659

used and hence that it is not deteriorating an already enhanced mesoscale simulation.660

661

Figures Appendix A.1 and Appendix A.2 show the comparison between the vertical profiles662

obtained by the mesoscale model when used at high resolution with or without the CIM (Ref.663

and C2). We can note that the temperature profiles from the mesoscale model is not modified664

while the wind speed profile is slightly above the Ref. simulation. When the CIM is used, the665

effect of the horizontal coupling is also tested by removing the horizontal fluxes in the CIM666

computation (C4). It turns out that the CIM with the horizontal fluxes gives profiles for the667

temperature and wind that are closer to the reference simulation, at both times in near-neutral668

or unstable conditions. However, when these fluxes are not taken into account, there are changes669

in the profiles both at the mesoscale level and in the CIM. The temperature is higher (e.g., 1 K670

at 1700 LT in the CIM) near the surface while the wind speed is further considerably lower than671

in the mesoscale model.672

673

The effect of the FF method can be noted on the profiles at 0200 LT with a disconnection at674

the top of the column between CIM’s profile and the mesoscale profile. This is due to the fact675

that the correction forces CIM to give a mean value equal to the mesoscale mean value. This is676

however not observed when the mixing is important (at 1700 LT).677
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(a) At 0200 LT

(b) At 1700 LT

Figure Appendix A.1: Profile of the potential temperature (in K) using a fine resolution (Ref. - bold black curve),
coarse resolution (C1 - purple curve), fine resolution with the CIM (meso - C2 - blue curve ; cim - C2 - red curve)
and fine resolution with the CIM - with no horizontal fluxes (meso - C4 - green curve ; cim - C4 - brown curve)

27



(a) At 0200 LT

(b) At 1700 LT

Figure Appendix A.2: Profile of the wind speed (in m s−1) using a fine resolution with WRF (Ref. - bold black
curve), coarse resolution (C1 - purple curve), fine resolution with the CIM (meso - C2 - blue curve ; cim - C2
- red curve) and fine resolution with the CIM - with no horizontal fluxes (meso - C4 - green curve ; cim - C4 -
brown curve)
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