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1. INTRODUCTION

Urban weather forecasting within an operational model
presents an interesting yet challenging problem. An
increasing number of customers require accurate
forecasts within these areas and many people are
aware of how the cities can be warmer than the
surrounding rural areas. However, within an operational
weather prediction model, these urban areas are poorly
resolved, so it is difficult to be able to model these
urban-rural differences well.

We need to understand what limitations are presented
by the relatively poor resolution of the operational
models and what subsequent errors we may expect.
One basic assessment that we can make of our
numerical models is to see whether they can reproduce
some of the well known urban phenomenon. Along with
the urban heat island effects, these include a near
neutral temperature profile during the night and a
corresponding surface sensible heat flux which remains
positive well into the evening (see, for instance, Oke
1995). In addition, the urban boundary layer remains
more turbulent during the night, which has important
impacts on the pollution within the city and its
dispersion.

Little work has been done to date to include urban areas
within an operational weather forecasting model. There
are many reasons for this, including the fact the most
urban areas are not resolved in these models and as
such have been neglected. Other reasons include the
computational constraints of an operational model,
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which require the representation of physical processes
to be computationally efficient.

This paper will show how urban areas are represented
within the Met Office operational Mesoscale model and
how this has added little to the computational running
cost of the model. The impact of such an urban scheme
will be presented along with a two year validation of the
operational results within the U.K.

2. SURFACE FORMULATION

Although urban areas are typically poorly resolved in
operational weather forecast models, the introduction of
tile or MOSAIC surface exchange schemes into such
models now allows the opportunity to explicitly model
urban areas. Before tile schemes the traditional
aggregate surface exchange schemes represented sub-
gridscale heterogeneity by aggregate the parameters for
each of the elements within a grid-box to derive average
parameters. Hence it was difficult to represent urban
areas in a different way to other types of surfaces.

Tile schemes represent sub-gridscale heterogeneity by
calculating the surface energy balance for various
elements within the grid-box and then use a weighted
averaging to determine the resultant grid-box fluxes.
Each surface element (or tile) sees the same
atmospheric conditions which are assumed to be at the
blending height. A schematic of the tile scheme used in
MOSES, the Met Office Surface Exchange Scheme
(Essery et al. 2003), is shown in figure 1. There are five
different types of vegetation (broadleaf trees, needleleaf
trees, C3 grasses, C4 grasses, and shrubs), open



water, bare soil, permanent land ice and a tile for
presenting urban areas.

Figure 1. Schematic of the nine surface types in the
MOSES tile scheme
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For models that have included urban areas in the
surface representation, the traditional way is to present
the urban surface in the same way as a bare soil
surface is represented, but with the parameters set to
be appropriate for a city. Figure 2 shows the typical
surface energy balance for this approach for
representing urban areas.

Figure 2. Surface energy balance for standard urban
representation

An alternative approach is to represent the surface as a
simple canopy which is radiatively coupled to the
underlying soil instead of conductively coupled. This
approach has been used for vegetation, but is adapted
here by including a thermal capacity for the canopy that
is appropriate for an urban area. Figure 3 shows this
alternative surface energy balance for urban areas.
Since this representation is similar to the standard
approach, it is easy in implements and does not add any
additional computational cost to the model.

Figure 3. Surface energy balance for canopy urban
representation

3. CASE STUDY RESULTS

The standard and canopy representations for urban
areas were implemented within the Met Office
Mesoscale model and used to simulate the weather for
a clear skies summer period of 24 hours in the U.K. This
period corresponded to anticyclonic conditions leading
to a light Easterly wind.

Figure 4 shows the domain of the Met Office Mesoscale
model along with the fraction of urban landuse within
each grid-box. In addition, the area surrounding London
and Paris (shown by the dashed red line) has been
enlarged to show that there are some grid-boxes with an
urban fraction of over 60%. This figure shows that
although the urban areas are nor well resolved (even for
a Mesoscale model) the main cities within the domain
can be identified.

Figure 4. Urban fractions within the Met Office

Mesoscale model domain.
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To maximise the effect of the urban scheme, the
analysis of this case study has concentrated on a grid-
box within London that contains the maximum urban
fraction within the domain of the model. The remaining
landuse within the grid-box consists of C3 grass, with a
very small fraction of bare soil.

Figure 5 shows the sensible heat flux from the C3 grass
tile and the urban tile along with the grid-box average
flux. It is clear from the figure that the sensible heat flux
from the grass tile in similar in both of the simulations.
However, the sensible heat flux for the urban tile has a
different behaviour. With the standard scheme, the
sensible heat flux goes negative during the early part of
the evening, resulting in the grid-box average flux also



becoming negative around this time. This does not
agree with observations that suggest that the sensible
heat flux within an urban area remains positive during
the night (e.g. Oke 1995). The sensible heat flux from
the urban tile with the canopy scheme has a behaviour
that is more like we would expect from observations.
The flux remains positive until around midnight and then
even after this time, the flux stay close to zero. This is
also reflected in the grid-box average heat flux.

Figure 5. Sensible heat flux for the C3 grass tile, the
urban tile and the grid-box average from simulations
with the standard and canopy urban schemes.

Surface heat flux with origianl scheme
T T T T T T

400
——— Grid—box average ]
— Grass tile
300 —_— Urban tile =
5 200
E
=
5
Z 100
@ \W
—100 I I I I 1 L
15 18 21 0 3 6 9 12
Tirne (Hrs)
Surface heat flux with canopy scheme
400 T T T T T T
Grid—box average ]
Grass tile
300 Urban tile
5 200
E
=
5
Z 100
o
—100 I I I I 1 L
15 18 21 0 3 6 9 12

Tirne (Hrs)

The temperature profile throughout the model boundary
layer at various times during the night are shown in
figure 6 for simulations with both the standard urban
scheme and the canopy scheme. This figure shows that
with the standard urban scheme, the temperature profile
has stabilised by early evening, and this stable profile
persists throughout the night. With the canopy scheme
however, there is a near neutral boundary layer during

the night. This neutral layer corresponds to a height of
approximately 100 m., although it does decrease slightly
during the night. Again, the canopy scheme is in better
agreement with observations which suggest that not
only is there a near neutral temperature profile during
the night, but it can extend up to heights of the order of
a 100 m. (e.g. Oke 1995).

Figure 6. Potential temperature profiles during the night

for both the standard and canopy urban schemes.

Petsitial Termperaturs ol 21 UTG
T

Poteniiol Tempsrelure wt B0 UTC
& T T

Frangerd Sehemo

Canopy Seberma

e SHitsdara Seherre

———  Goneay Szhems

ol Lave
el Lsve

Fetartial Termperaturs ot 05 UTG ‘otentic! Tempsroture ot D5 UTD
T ¥ T T

Standard Schamz ———  Stendard Scheme

Ganopy Selrere

revtel L

. : :
250 235 00 505
Temperature (k)

Figure 7 shows an East-West cross-section through the
model at midnight, for both the standard and canopy
urban schemes. Since there is an Easterly wind during
this case study, the wind is blowing from right to left in
this cross-section. In additional to the contours of
potential temperature in this figure, the urban fraction
within the grid-box is shown in red at the bottom of the
plots. It is clear from this where London is within the
cross-section.

With the standard urban scheme there is a slight
warming over the London area of around 1 °C, but this
does not extend far into the boundary layer. In addition,
the effect of the urban scheme is isolated to the
immediate area above the urban area. The urban
canopy scheme has a much bigger influence however.
The increase in temperature near the surface over
London around 2 °C and this extends into the boundary
layer for around 100 m. or so. In addition to this, the
impact of the urban area is not isolated, but is advected
downstream where a neutral layer remains lofted above
a new stabilising surface layer as the landuse becomes
more rural again. This is another example of where the



canopy scheme has a more realistic behaviour than the
standard scheme. Also, the impact of the scheme on the
boundary layer is of critical importance for pollution and
dispersion models that rely upon an accurate simulation
of the stability of the atmosphere for the mixing of the
particles.

Figure 7. East-West cross-section of potential
temperature for both the standard and canopy schemes.
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To assess the accuracy of the two schemes against
some actual observations, the screen level
temperatures from the urban tile within the grid-box
containing London Weather Centre have been
compared to the synoptic observations. The results for
both the standard urban scheme and the canopy
scheme are shown in figure 8. It is clear from this figure
that the standard scheme cools too quickly during the
evening compared to the observations, whilst the
canopy scheme is in good agreement with the
observations for this period. Neither scheme captures
the warming at dawn, or the peak temperatures during
the day. However, the canopy scheme shows a
significant improvement compared to the standard
scheme.

Figure 8. Screen level temperature from the urban tile
for both the standard and canopy schemes compared to
the synoptic observations at London Weather Centre.
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4. OPERATIONAL VERIFICATION

The urban canopy scheme was implemented within the
Met Office operational Mesoscale model in November
2000. To asses the impact that this urban scheme has
had within the operational model performance, the bias
and root mean square errors for a period from May 2000
to December 2002 are shown in figure 9. This covers a
period of 6 months before the urban canopy scheme
implementation and 2 years after the implementation.
The vertical dashed line in the figure shows the time at
which the scheme was implemented.

There is a constant cold bias in the results of the model
throughout the period, so the bias errors are all below
the zero line (shown as a dashed line) and the root
mean square errors are all above the zero line. There
are three sets of results shown in this figure. In green
are the errors compared to the synoptic observations at
London Weather Centre. Shown in red are the
combined errors for five cities around the U.K. (London,
Manchester, Glasgow, Cardiff and Belfast). Finally the
results in black are for all synoptic reporting stations
within the U.K. (WMO block 3 stations). Urban areas
have little impact on the results for all WMO block 3
stations, so the black results shows how the model
performance has altered due to other changes that have
been made to the model.

It is clear from these results that the overall performance
of the model (the black results) has not changed
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significantly during the period. This implies that any
changes seen in the other results are associated directly
to the implementation of the urban canopy scheme.

Figure 9. Bias and root mean square temperature errors
for the Met Office Mesoscale model from May 2000 to
December 2002
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Looking at the results for London shows that both the
bias and the root mean square errors have been
significantly reduced since the implementation of the
urban canopy scheme. The bias and root mean square
errors are now about half what they were before the
implementation. In addition, the root mean square error
for London is now comparable to the errors for the
whole of the model domain.
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The results for the 5 cities show similar trends to those
for London, except that the magnitude of the
improvements are smaller. This is to be expected, since
London has the highest fraction of urban and therefore
is likely to see the biggest impact from the urban canopy
scheme.

It is clear from figure 9 that there is still a strong
seasonal cycle in both the bias and root mean square
errors for London, and to a lesser extent the other 5
cities. It should be noted at this point that the urban
canopy scheme does not include any anthropogenic
heat source, which is known to play an important role in
the wurban heat island. It is also likely that the
anthropogenic heat source will be larger and more
significant in winter than it is in summer. This is
consistent with the model results that have an increased
cold bias during the winter months. Therefore it is
possible that the seasonal cycle of the model errors for
the urban areas could be improved by including an
anthropogenic heat source into the urban canopy
scheme.

5. CONCLUSIONS

Since the majority of the World’s population live in cities,
it is important to explicitly represent urban areas in
operational weather forecasting model in order to
improve the accuracy of the forecasts within these
environments.

The results presented in this paper have shown that the
traditional approach to representing urban areas, i.e. in
the same way as a bare soil surface, does not give
physically realistic behaviour. However, the simple
urban canopy scheme described here does give a
physically realistic behaviour and can significantly
improve the simulation for urban areas.

The canopy scheme has been implemented within the
Met Office operational Meoscale model. Results have
been presented to shown that the errors for London and
other cities within the domain have been reduced
significantly since the scheme was introduced.

There is still a seasonal cycle to the errors for urban
areas within the operational model with the peak errors
occuring during the winter months. It has been
suggessted that these additional errors may be caused
by the fact that anthropogenic heat sources, which are
greatest and most influential during these period, are
not represented in the model. This suggests possible
future improvements to the urban canopy scheme.

In summary, a simple and computationally cheap
scheme for representing urban areas can have a
significantly positive impact within an operational
weather forecasting model.
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