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1 Abstract
This Annex report documents the first workshop series on the Weather Research Forecasting
model (WRF) held by experts of the Cooling Singapore 1.5 project. The objective of the workshop
series was to address technical questions for the next thematic areas:

1. General aspects of WRF,
2. Approach to Anthropogenic Heat modelling in WRF, and
3. Approach to Local Climate Zones modelling in WRF.

The Workshop consisted of rounds of Q&A made by each expert. The answer to each question
was discussed for 5 – 15 mins and the conclusions were documented. The expected outcome of
the workshop is one technical report summarizing the Q&A in a format similar to that of
‘Frequently Asked Questions’. We expect this material to facilitate a common understanding
about the integration of WRF in the Cooling Singapore Project. The workshop series was
conducted at the Future Cities Laboratory on the 25th and 31st of October of 2019 and counted
with the participation of researchers of the Cooling Singapore project1:

Dr. Jimeno Fonseca – JF
Dr Jordan Ivanchev– JI
Dr. Muhammad Omer MUGHAL - OM
Dr. Lup Wai CHEW - LC
Dr. Conrad PHILIPP - CP
Dr. Heiko Aydt - HA
Dr. Juan Angel Acero - JA
David Kayanan - DK
Luis Santos - LS
Shiying LI - SL

This document is organized as follows: Section 2 briefly describes the Weather Forecasting
Model (WRF) and the multilayer urban canopy model BEP/BEM used within Cooling Singapore
1.5. Section 3 describes Frequently Asked Questions per thematic area. Section 4. Presents the
material referenced in this document and further reading.

1

For more information about the participants, authors or overall description of the Cooling

Singapore Project visit: www.coolingsingapore.sg

ANNEX TO TECHNICAL REPORT
Version 06/01/2020

2

Table of Contents

1

Abstract ................................................................................................................................................. 2

1

Introduction to WRF .............................................................................................................................. 5

2

Frequently Asked Questions................................................................................................................... 5
2.1

General aspects of WRF ......................................................................................................................... 5
Is there a calibration procedure that you perform for WRF?......................................................... 5

2.1.1

What are the sensitive parameters of WRF? ................................................................................. 6

2.1.2

At what height above ground is the UHI being calculated with WRF? ........................................... 6

2.1.3

How does WRF interpolate grid values from 30x30 to 300x300m? ............................................... 7

2.1.4

Does the open distribution of WRF include this interpolation? ..................................................... 7

2.1.5

How are buildings modeled in WRF? ............................................................................................. 8

2.1.6

What modifications have we done to WRF source code?.............................................................. 8

2.1.7

Is the grid of WRF for all the Cooling Singapore project? .............................................................. 8

2.2

Anthropogenic Heat modelling in WRF. ................................................................................................. 9

2.2.1

How to prepare AH inputs along the WRF grid? ............................................................................ 9

2.2.2

What unit to use for Anthropogenic Heat sources? ..................................................................... 10

2.2.3

What coordinate system does the WRF grid use? ....................................................................... 10

2.2.4

How will the external calculations of Anthropogenic Heat affect WRF? ..................................... 10

2.2.5

How much is WRF sensitive to high and punctual sources of heat? ............................................ 11

2.2.6

How does WRF handle high-intensity heat sources? ................................................................... 11

2.2.7

What is the height of Anthropogenic heat sources in WRF?........................................................ 12

2.2.8

What part of Anthropogenic heat does WRF already calculate? ................................................. 12

2.2.9

How is Anthropogenic Heat going to be specified in WRF? ......................................................... 13

2.2.10

Are NOx and SOx also modelled in WRF?..................................................................................... 13

2.2.11

Is the temperature of anthropogenic heat sources specified in WRF, if so how?........................ 14

2.2.12

Is the height of anthropogenic heat in buildings a potential input in WRF? ................................ 14

2.2.13

Can WRF provide information of energy consumption? .............................................................. 15

2.2.14

Is the WRFs data of energy consumption unrealistic? ................................................................. 16

2.2.15

What is the difference between Single and multi-layer models in regards to anthropogenic heat

in WRF? 17
2.3

Local Climate Zone (LCZ) Modeling in WRF .......................................................................................... 17

2.3.1

What is a good grid resolution for analysing buildings with Local Climate Zones? ...................... 17

ANNEX TO TECHNICAL REPORT
Version 06/01/2020

3

2.3.2

Does using different resolutions of LCZ help for WRF? ................................................................ 18

2.3.3

What is the difference between the official WUDAPT LCZ map for Singapore compare to the CS

LCZ map? 19
2.3.4

What is the accuracy and nature of misclassifications in the LCZ map? ...................................... 19

2.3.5

Have the Local Climate Zones and anthropogenic heat inputs the same origin points? ............. 20

2.3.6

How does WRF interpret the fine resolution of LCZ maps (30x30) into the grid used for

calculations (300x300)?................................................................................................................................ 20
2.3.7
3

4

Is the grid of WRF aligned with that of LCZ map? ........................................................................ 21

Unresolved FAQ ................................................................................................................................... 21
3.1

How is Industry going to be implemented in WRF?.............................................................................. 21

3.2

What is the accuracy of LCZ maps for WRF? ........................................................................................ 21

3.3

Is there any criteria for validating WRF? .............................................................................................. 21

3.4

Is the wind speed misleading in WRF? ................................................................................................. 22

References and further reading ............................................................................................................ 22

ANNEX TO TECHNICAL REPORT
Version 06/01/2020

4

1 Introduction to WRF
The Weather Research and Forecasting (WRF) model is a numerical weather prediction (NWP)
and atmospheric simulation system designed for both research and operational applications.
The WRF Software Framework (WSF) provides the infrastructure that accommodates the
dynamics solvers, physics packages that interface with the solvers and programs for
initialization. In CS 1.0, we have utilized the Eulerian Mass Solver which is a part of the
Advanced Research WRF (ARW) package version 3.8.1. Traditional mesoscale modelling and
microscale modelling gaps are addressed in this approach using an integrated urban modelling
system coupled to the WRF model. The core of this WRF/urban modelling system consists of a
multi-layer urban canopy model (MLUCM) with an indoor–outdoor exchange sub-model that
directly interacts with the atmospheric boundary layer and a procedure to incorporate highresolution urban land use, building morphology, and anthropogenic heating data using the
World Urban Database and Access Portal Tool (WUDAPT). Other details related to WRF model
grid for Singapore are explained in detail in Mughal et .al, 2019 (Mughal et al., 2019) section 2.

2 Frequently Asked Questions
This report summarizes the workshop series in Frequently Asked Questions (FAQ) per
thematic areas. The three thematic areas are:

1. General aspects of WRF.
2. Anthropogenic Heat modelling in WRF.
3. Local Climate Zones modelling in WRF.

2.1

General aspects of WRF
Is there a calibration procedure that you perform for WRF?

Original Question by JI
Is there a calibration procedure that you perform for WRF?

Answer by OM:
The physics of the model should match the area of interest e.g., tropical, mid-latitude, etc.;
this is done by setting schemas for the region. Some sensitivity tests are then carried out to
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test the performance of WRF with different forcing fields. Later the model is compared with insitu measurements for validation.

In other words, the model is set up with proper schemas (a schema is a sub-model that
represents some aspect of the physics of the simulated system. A schema has input
parameters that govern the behaviour of that sub-model) and boundary layer, suitable for the
general characteristics of the site under analysis (e.g., tropical, mid-latitude, etc.). A sensitivity
analysis for uncertain parameters (e.g. Temperature) is carried out (different schemas are
tested). Calibration is done to check for biases, adjusting input parameters (based on
expertise) of the model. There is no optimization or Bayesian calibration involved.

The validation uses up to 15 weather stations in Singapore. Sometimes data are not available
for certain period (e.g., due to maintenance). We also discard weather stations with insufficient
temperature data.

In summary 1) set up model (schemas; region; boundary layers) suitable for general
characteristics (tropical, mid-latitude etc.) 2) do sensitivity analysis for other physical quantities
3) check biases and make adjustments (calibration) to improve the performance of the model
(by comparison with measurements in weather stations).
2.1.1

What are the sensitive parameters of WRF?
Original Question JI:
What are the parameters (if any) in the WRF simulation model, that, if changed, will alter the
results of the simulation?

Answer by OM:
This highly depends on the type of analysis being performed. In the case of UHI, our focus is
2m air temperature. Numerous urban and meteorological parameters can impact air
temperature. Some schemas (with a set of different inputs) are tested to see which one
responds better to the climate being modelled, and provide good comparison/validation with
measured data.

2.1.2

At what height above ground is the UHI being calculated with WRF?
Original Question by JF:
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Do I get it right that the UHI effect we calculate with WRF is at 2m of the ground? or at 2m of
the surface? The latter will mean 2 m on top of the streets and 2 m on top of the buildings.

Answer by OM:
Temp at 2m above ground, so UHI is measured at 2m (regardless of building presence; and
these buildings are manifested as parameters (LCZs)). And 2m is measured from the ground
(not based on a reference such as sea level). This is why they call it "near-surface
temp". WRF takes the real terrain height into account in the simulations.

2.1.3

How does WRF interpolate grid values from 30x30 to 300x300m?
Original Question by LS:
Any idea how WRF interpolates the pixels from the 30m as input to 300m as output? Does it
aggregate AH for the whole grid and then distribute it homogeneously for this 300x300 cell? importance: resolution and accuracy of inputs given

Answer by OM:
The interpolation occurs at the pre-processing stage performed by WRF, in which
meteorological variables are being combined with land use information (in our case, LCZ)
before the computation is started by the WRF model.

The input grid is (30x30m) and contains information about the local climate zones in the area of
analysis. Since the output grid for our WRF simulations is (300x300m), some interpolations
occur in the background. If one of the pixels (30x30) is a built type LCZ (1-10), the output grids
is classified as urban. WRF then interpolates the equivalent Urban Fraction (UF), BD (building
density) and BH (average building height) as a weighted average of the LCZ’s inside the
300x300m cell. UF is always within 0-1, since Urban Fraction + Vegetation Fraction = 1.

2.1.4

Does the open distribution of WRF include this interpolation?
Original Question by JF:
Is this pre-processing stage done by WRF main code or any particular external scripts of Omer
or Cooling Singapore?

Answer by OM:
Yes, the WRF source code includes this interpolation procedure.
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2.1.5

How are buildings modeled in WRF?
Original Question by JF:
How are buildings modeled in WRF?

Answer by OM:
In the BEP/ BEM multilayer WRF model, a building in a grid cell is treated as a pile of boxes,
where each box represents a particular building floor. The time evolution of the indoor air
temperature and moisture are computed explicitly for each floor solving an energy conservation
equation that takes into account the heat generated by the equipment and the occupants within
the building, radiation through windows, natural ventilation, heat diffusion through walls and
roofs and the AC systems. The time evolution is accounted via a step function representing a
typical building activity during a 24 hour period.

2.1.6

What modifications have we done to WRF source code?
Original Question by HA:
Exactly what WRF source code modifications have been made (1) / are needed for CS
purposes (2). I recognise that (1) and (2) may not be the same (i.e., 2 may be a subset of 1). I
know of the following: (a) extension of number of supported LCZ zones according to
instructions from WUDAPT; (b) gridded AH integration (although I have no idea how it's done).
What else is there?

Answer by OM:
(1) expansion to LCZ
(2) taking in AH as a grid input (2D);

Future implementations are:
1) Latent heat (on the rooftop level) in CS1.5
2) 3D gridded heat to take AH at different heights (out of scope of CS1.5)

2.1.7

Is the grid of WRF for all the Cooling Singapore project?
Original Question by DK:
Are we using a different WRF grid in CS1.5?
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Answer by OM:
The grid is the same for CS 1.0 and 1.5

2.2

Anthropogenic heat modelling in WRF.

2.2.1

How to prepare AH inputs along the WRF grid?
Original Question by Everybody:
Please brief us about the WRF grid/domain, esp. with how we create the AH input files. If the
order of the rows/coordinates matters, then explain their order, esp. for those of us who need to
perform some sort of spatial processing (e.g. Industry AH based on LCZ map).

Answer by OM and LC:
•
•
•
•
•
•

The WRF grid/domain for CS 1.5 is the same as the one in CS1.0.
There are multiple ways to specify the WRF grid. One way is via the coordinates of the cell’s
centroid. Another way is via a corner of the cell. We will use the center to exchange data
between groups.
The WRF grid is a rectangular space that can be described as a set product of a vector of
latitude and a vector of longitudes. This means that a given column (row) of this grid has one
single longitude (latitude).
This grid will be published in NextCloud as a csv with three columns: [index, lat, long]. The
order must be preserved (hence we keep an index column, which is a range index 0, 1,
2…), because when WRF reads in AH grid info, it assumes the same order of coordinates.
This grid covers all of Singapore and part of Malaysia see figure below (from Mughal et .al
(2019).
The coordinate system we use is WGS84 (geographic).

Figure 1. Example of land use/land cover (LULC) map for Singapore. Source: Mughal, M. O. et
al., 2019
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2.2.2

What unit to use for anthropogenic heat sources?
Original Question by JF:
What unit to use for anthropogenic heat sources?

Answer by OM:
Data will be shared as W/m^2 as a point located in the centroid of a grid with cells of
300x300m.

2.2.3

What coordinate system does the WRF grid use?
Original Question by JF:
What coordinate system does the WRF grid use?

Answer by OM:
Most atmospheric models, including the Weather Research and Forecasting (WRF) model, use
a spherical geographic coordinate system to internally represent input data and perform
computations.

2.2.4

How will the external calculations of anthropogenic heat affect WRF?
Original Question by LS:
The WRF model has been validated against measured temperature from weather stations, but
at that point we were missing components of AH. How will this impact the new simulations,
since we are creating a new baseline, with all AH? - importance: how new inputs may affect
simulation results
Answer by OM:
Previous models considered the AH from buildings and also considered the indoor occupancy
loads from human metabolism. Missing components from the model that was validated include,
but are not limited to: road transportation, industries and power stations. For external inputs of
the building energy model, the baseline should be designed carefully to avoid any double
counting of the waste heat from the buildings.

The deviations from the weather stations can be corrected using the new simulations, possibly
requiring some of WRF schemes and meteorological parameters to be readjusted.
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It is possible that the updated model matches better for some results and the new AH creates a
better fit (JA). Part of the current good fit can be either because new components are not so
significant to UHI or the previous model’s parameters act to compensate for the missing
components (HA).

2.2.5

How much is WRF sensitive to high and punctual sources of heat?
Original Question by LS:
Is there anything that can be shared about the sensitivity of WRF models, either from other
studies or the team expertise? Are spatially or temporally localized high heat capable of
influencing the air temperature?
Answer by OM:
There are numerous studies available about the sensitivity of WRF model regarding physics
etc. Care should be taken in interpreting the results from these studies as they must be
consistent with the area of interest and the type of schema used. In our case it is tropical and
the model is called BEP/BEM(MLUCM).

For the second part of your question kindly see the paper Impact of urbanization patterns on the
local climate of a tropical city, Singapore: An ensemble study (section 3.1.4). In summary this
paper utilized WRF single-layer urban canopy model. Several scenarios were tested and it was
concluded that anthropogenic heat associated with the urban areas will exacerbate the UHI
intensity. The urbanization and associated AH would increase rainfall through increasing
buoyancy by AH and decreasing rainfall through reducing evaporation by converting greenery to
impervious surfaces.

2.2.6

How does WRF handle high-intensity heat sources?
Original Question by Everybody:
How does WRF handle high-intensity heat sources? Can it handle heat sources at the 100C300C range? Why does the temperature go haywire with transportation heat?

Answer by OM and LC:
WRF BEP/BEM can handle external anthropogenic heat (AH) of transportation from CityMos
model as the amount of heat flux in each cell from transportation does not exceed model’s
capacity and hence does not provide significant change in the surface energy balance. The
current internal configuration of WRF is not capable of handling high temperatures and heat
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fluxes at surface levels that could happen in sources of high heat intensity. WRF fails with high
heat intensity from power plants. Prior constraints in the current WRF codebase/version make it
impossible to incorporate very high heat sources e.g., power plants.

There are some models in the WRF framework (e.g., WRF Fire) which may account for these
sources of high temperature but not punctual sources. However the use of such a model like
this might not work.

The plan is to modify WRF so that it can handle district cooling and power plants. If WRF can
handle district cooling, it doesn't mean that it can handle power plants, because they're still at
different intensities and they still have different features with how they release this heat.

It could be an option to spread heat to adjacent cells, but it is unrealistic and the results may
not be reliable. A rule of thumb is that anything beyond 2000 W/m^2 is probably going to fail in
WRF as of now. We will need to examine new ways to incorporate punctual anthropogenic heat
in the model.

2.2.7

What is the height of anthropogenic heat sources in WRF?
Original Question by LC:
At which height is the gridded AH input into WRF? How does WRF model the temperature
change due to this additional AH at surface and at 2 m?

Answer by OM:
Currently, AH input is 2D. Basically we input the sources of AH with X-axis and Y-axis
coordinates only. The exact Z-axis coordinate cannot be determined beforehand. WRF
allocates the AH sources inside the first “pressure layer”. To be exact, it is located at half of the
first “pressure layer” (the mid-point between the surface and the first pressure layer). In WRF,
we calculate 51 pressure layers along the Z-axis.

2.2.8

What part of anthropogenic heat does WRF already calculate?
Original Question by LS:
Which component does WRF calculate in the BEP/BEM to be taken as the AH from buildings?
Is it the total energy consumption or the sensible heat rejected by aircons?

Answer by OM (modified with comments from Prof Leslie):

ANNEX TO TECHNICAL REPORT
Version 06/01/2020

12

BEP/BEM correctly calculates energy balances at exterior and interior building surfaces. These
energy balances account for changes in exterior wall temperatures associated with the operation
of the AC system. There is no double counting of solar heat absorbed in walls and transmitted
through windows and then returned to the environment through the AC system If we use an
external Building Energy Model (BEM), we have to replace the electricity coming from the grid,
otherwise one would be considering solar gains twice: one for the BEM (Building Energy Model)
in WRF (with no occupancy) and again in the external BEM.
Further it should be noted that with a that does not include a BEM, utilizes the fuel inputs to
buildings and occupants as sources of AH. AC system’s thermal output is not calculated and
would not have been correct, because that output adds to internal heat gains the heat (solar and
conductive) absorbed by the building and returned to the environment. We shouldn’t be
concerned about using an external BEM because we are, to my knowledge, committed to
BEP/BEM.

2.2.9

How is anthropogenic heat going to be specified in WRF?
Original Question by DK:
Could you specify ALL the features of heat that we have to provide? You've mentioned a)
sensible vs latent b) height of source. Anything else? Any mass flows (i.e. how this heat is
carried), and the what matter this is (related - latent heat in water vapor vs NOx SOx gas)?

Answer by OM and LC:
A: At the time of the WRF session, the WRF team still cannot fully specify all of these features,
because of the following logic:
•
•
•

AH sources have to be modelled uniquely in WRF (i.e. transport is not the same as buildings,
and not the same as power plants).
WRF still has to be developed to be able to model power plants and industry.
As such, the full specification is still contingent on this development.
However, WRF would likely need the following:

•
•

sensible heat [W/m^2]
latent heat [W/m^2]. Other specifics of the latent heat (e.g. what gas, plume direction, etc.
might also be needed)

2.2.10 Are NOx and SOx also modelled in WRF?
Original Question by DK:
Combustion releases NOx and SOx gases. Does this have to be modelled in WRF? They also
carry latent heat.
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Answer by OM and LC:
NOx and SOx can be modelled in WRF-Chem but not in the current WRF-BEP/BEM model we
use. We cannot do this now and it is not part of CS1.5.
As for latent heat of district cooling plants, we will need to improve the WRF-BEP/BEM to do
this. Hopefully the new climate modeler could do this. For now, this is not possible.

2.2.11 Is the temperature of anthropogenic heat sources specified in WRF, if so how?
Original Question by DK:
I believe you're not requiring us to specify the heat source temperature. Does WRF compute
the temperature profile of heat flows, esp. for sensible heat?

Answer by OM:
Since it is a mesoscale model, it does not consider the source temperature (e.g. the exhaust
pipes of vehicles or power plant chimney). So you do not need to specify the temperature.

2.2.12 Is the height of anthropogenic heat in buildings a potential input in WRF?
Original Question by LC:
In multilayer urban canopy model with BEM, AH from buildings is released at different heights,
how does this affect each pressure (eta) level? For example, if some AH is released at the
second eta level, does this AH affect the temperature at the first eta and third eta level?

Answer by OM:
Martilli et al., (2002) describes BEP shows that buildings can reach above the first pressure level
(see Figure 1). Wang et al., (2018) modelled district and roof-top cooling and indicated that the
BEP/BEM consists of cooling units per floor (some of which could be above the first pressure
level) and models roof-top cooling by adding sensible and latent heat fluxes to the roofs. We
would like to contract with Martilli as a consultant to help with district cooling but he could also
clarify other AH issues
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Figure 1 Schematic representation of the numerical grid in the urban module. W is the width of
the street, B is the width of the buildings, iu are the face and IU the centre of the urban model
levels γ (ziu) is the density of building of height ziu and Г(ziu) is the density of building higher than
ziu.

2.2.13 Can WRF provide information of energy consumption?
Original Question by LS:
Can WRF give outputs of building's energy and/or electricity consumption? (question is
rephrased because it got deleted) - importance: justify external inputs of BEM

Answer by OM:
Yes we can output the energy consumption. Please see an example plot below
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Figure 2. Example of outputs of electricity usage with simulations in WRF. Source: Mughal,
Omer 2019 (unpublished work).

2.2.14 Is the WRF’s data of energy consumption unrealistic?
Original Question by JF:
Interesting... The profiles of energy consumption have little to do with the real ones. for
industrial, commercial and residential. Better reasons to think that the BEM model is of low
quality. See an examples of the electricity demand of Singapore. Left (all Singapore - one
week)), Right (residential building - one day)

Figure 3. Example of measured data of electricity usage in Singapore. Left: all Singapore.
Right: One residential building. Source: Tian and Ng, 2018. L. Chuan & A. Ukil (2015),

Answer by OM:
The variability due to different occupations was noted, which is not capable of being considered
by the current WRF-BEM model. Therefore, the inputs provided by an external source should
be applied to the simulations.
However, it should be noted that the authors of BEM have validated it to some extent, although
there is always room for more extensive tests. In Prof Leslie’s opinion, the physics of the model
are sound but he suggests validation that compares the output of BEM with what we know of
building energy consumption from other sources. This will need some care, because most of our
data are building electricity usage and not AC waste heat. Because we specify an AC coefficient
of performance (COP) for BEP-BEM, we can back-calculate AC electrical energy from the waste
heat. If we add that to the electrical energy input into the BEM model (lights and equipment), we
should be able to estimate building electrical energy use. Constant indoor temperature in BEM
is a limitation but that value could be adjusted as part of a validation exercise
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2.2.15 What is the difference between single and multi-layer models in regards to
anthropogenic heat in WRF?
Original Question by HA:
I noticed that WRF already allows users to specify an AH profile and LCZ specific multiplicators
in URBPARM.TBL (specifically: AH and AHDIUPRF). However, I also noticed this seems to
only apply to sf_urban_physics=1. So my guess is that this feature of WRF is not being used as
we run with sf_urban_physics=3. Why have we never used this feature? Or is this going to be
used for the new 'gridded' AH feature that you guys are implementing? What is the difference
between the WRF native AH feature and the 'gridded' approach you are currently
implementing?

Answer by OM and LC:
The AH in the SLUCM (Single Layer Urban Canopy Model) is emitted at half pressure level.
The difference between the SLUCM and MLUCM (Multi-layer Urban Canopy Model), you have
more LCZs in the MLUCM vs only three in the SLUCM (not a restriction of the SLUCM, but just
how the models are currently working).

This feature was just partially implemented in SLUCM. After moving to MLUCM for Cooling
Singapore 1.5 we cannot use this feature anymore. The reason behind is that this feature was
available based only in the three "land-use" classifications, and not for the 10 LCZs which are
now used on MLUCM .

To overcome this, the anthropogenic heat is entered as external gridded data only for the case
of traffic (because it makes sense). Other AH emissions need to consider changing code.

2.3
2.3.1

Local Climate Zone (LCZ) Modeling in WRF
What is a good grid resolution for analysing buildings with Local Climate Zones?
Original Question by LS:
What LCZ resolution should we adopt for analysing buildings? 30m seems to be too
heterogeneous and with many outliers. It is also not suitable for the definition of a LCZ. Does
resampling solve this issue?

Answer by OM:
Try to use a resolution of 100 to 120 m for analysing buildings. Resampling to this resolution
may solve the problem. There is no recommendation of map scaling to be used in the analysis
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of the building’s AH analysis, so there is flexibility in choosing one (also applies to industry
distributed AH).
Response by LS
A resolution of 30x30m seems too fine of a resolution for LCZ classifications which wouldn’t
impact on WRF simulations unless using external inputs from buildings. It is intended to test
different resolutions for AH analysis from buildings in the future and hopefully this brings some
insights on how this affects the overall landscape in terms of AH.

2.3.2

Does using different resolutions of LCZ help for WRF?
Original Question by LS:
Considering WRF uses the 30x30m from the LCZs as inputs, should different resolutions be
used when giving our AH inputs to WRF? Would it make sense also using a grid of 100 or
150m for your LCZ baseline instead of 30m (since is more consistent with the LCZ definition)?

Answer by OM
Bechtel et al. (2015) acknowledges that Stewart and Oke (2012) consider LCZs to be at a scale
of “hundreds of meters to several kilometres” and states:
“Because zones are not arranged on a regular grid, the optimal resolution for a pixel-based
classification (e.g., 100 m) should be systematically higher than the preferred LCZ scale
(hundreds of meters to kilometres). For example, while a large garden or small park of 1 hectare
might fill an entire pixel, in isolation it does not constitute a LCZ. A simple way to (a) decrease
the granularity, (b) erase small discontinuous areas, and c) bring a limited amount of contextual
knowledge to the mapped product is to apply post classification filters (e.g., majority, clamp and
sieve or morphological filters). Thus, the question of granularity can be reduced to the question:
how large should the smallest preserved patch be? Moreover, the shape of the patches could
also be controlled to a certain extent, since the neighbourhoods are not necessarily rectangular.”
And later
“Optimal scale should be considered from three different perspectives: the LCZ concept itself,
pattern recognition restrictions and user demands. Since the layout of the LCZ is not a regular
grid, the second aspect necessarily demands a resolution that is finer than the granularity of the
concept. Therefore, the initial classification should be conducted at a resolution coarser than
individual buildings and smaller than the homogenous structures. The optimal scale might vary
between classes and cities, but we consider 100 m as a default value. The initial classification
should be filtered to derive homogenous structures in accordance with the LCZ concept by postclassification filters. This is currently preferred over more sophisticated aggregation methods like
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reclassification kernels (van der Kwast et al., 2011) or object-based image analysis (Blaschke,
2010)due to the community-based approach.”
We have 30m scale satellite data, classify LCZs on that basis and then agglomerate to 300 m x
300 m cells in WRF, as explained in Mughal et al. (2019). This seems quite reasonable. What
it leaves unanswered is whether WRF results would be different if we started with the largerscale LCZs established by the WUDAPT process.

2.3.3

What is the difference between the official WUDAPT LCZ map for Singapore compare to
the CS LCZ map?
Original Question by CP:
What is the difference between the official WUDAPT LCZ map for Singapore compare to the
CS LCZ map? Which sources (e.g. Landsat satellite images) and approach was used to create
the CS LCZ map?

Answer by OM:
WUDAPT recommends and uses the classification based on 100x100m cells. Two years of
Landsat images were used for it.

Twelve Landsat 8 images (level 1 images from 2015-2017) with a resolution of 30m and cloud
cover less than 20% were seamlessly mosaicked to account for the high cloud coverage over
Southeast Asia and Singapore.

Similar accuracy was calculated for both models ~70%. Based on comparison with google
maps.

2.3.4

What is the accuracy and nature of misclassifications in the LCZ map?
Original Question by DK:
Can you explain the accuracy and nature of misclassifications in the LCZ map? And how to use
this map in a way that's mindful of these errors?

Answer by OM:
Twelve Landsat 8 images (level 1 images from 2015-2017) with a resolution of 30m and cloud
cover less than 20% were seamlessly mosaicked to account for the high cloud coverage over
Southeast Asia and Singapore. To perform an accuracy assessment, a total of 415 validation
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points was randomly selected based on the classified LCZ map to compare with Google Earth
imagery at each validation point.

The overall accuracy, calculated based on the confusion matrix (C. Wang et al., 2018, Middel et
al., 2018) is 70% in the urban areas, which is reliable (Bechtel et al., 2019).

The final map should be treated as a general rather than precise description of the city and its
surrounding environment.

2.3.5

Have the Local Climate Zones and anthropogenic heat inputs the same origin points?

Original Question by LS:
How does the LCZ coordinates (30m) compare to the set of coordinates that have to be
provided for AH inputs? Do they have the same origin points? - importance: structure of inputs
to be provided

Answer by OM:
No. the LCZ and the AH inputs do not have the same origin points. WRF interpolates the LCZs
into 300x300, while AH inputs come directly into WRF as 300x300.

2.3.6

How does WRF interpret the fine resolution of LCZ maps (30x30) into the grid used for
calculations (300x300)?
Original Question by LS:
How does WRF interpret finer-res LCZ maps into the lower-res mesoscale grid?

Answer by OM:
Calculate the equivalent Urban Fraction of each 300m cell based on the UF's of the composite
LCZs of that cell. UF is always within 0-1. Each LCZ has its own UF value.
Urban Fraction + Vegetation Fraction = 1

Not only UF, but also BD (building density) and BH (average building height) are also
calculated like the weighted average of all the input grid (30x30) to the output grid (300x300).

Check question 2.1.3 for more details.
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2.3.7

Is the grid of WRF aligned with that of LCZ map?
Original Question by DK:
Why is the WRF grid unaligned with the LCZ 30m map grid? As per my understanding, the LCZ
30m map is a fundamental WRF input.

Answer by OM:
The WRF grid is aligned with the 30m map grid. Within each cell of 300x300, there are 100
cells classified on 30x30 resolution. WRF does interpolation of the properties of those cells

3 Unresolved FAQ
3.1

How is Industry going to be implemented in WRF?
Original Question by DK:
What is the plan for Industry? I have my own ideas, but this is incomplete.

Answer by OM:
Currently we seek to add the district cooling and traffic as originally committed with the
agencies. In future we would seek to add industry but the path to achieve that is still not clear.
We have our ideas but a concrete plan cannot be specified at this point of time.

3.2

What is the accuracy of LCZ maps for WRF?
Original Question by LS:
Can you detail more the measurement of the accuracy of LCZ maps for WRF?, if there is a
formal way of doing it. As I understood it acts as a validation for LCZ maps, where real world is
compared (visually?) to the LCZ provided by the model. How many different sites or how much
coverage you take for that? Is it a subjective process?

Answer by OM:
Kindly see Bechtel et al., (2019) for details.

3.3

Are there any criteria for validating WRF?
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Original Question by LC:
Any criteria or guidelines for validation? What is the largest RMSE we can accept to consider a
simulation validated? For example, RMSE of 2°C for temperature is considered acceptable?

Answer by OM:
To the best of our knowledge, a protocol for the assessment of the performance of weather
forecasting models has not been developed however, acceptable criteria may be MAE and
RMSE, ≤2°C for temperature, ≤2 m s–1 for wind speed and ≤30 degrees for wind
direction,(Carbonell et al., 2013)

3.4

Is the wind speed misleading in WRF?
Original Question by LW:
Since WRF cannot accurately simulate wind speed (from Fig. 7 in Omer's 2019 paper), why do
we still include wind (e.g. sea breeze in Fig. 12 in Omer's 2019 paper) in our result
presentation? Could this be misleading?
Answer by OM:
The deviations could be due to improper locations of the measuring stations but this does not
mean that the useful information obtained on island wide scale by the model’s wind speed plots
can be discarded from the analysis.
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