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From a meteorological perspective, cities often
experience an urban heat island (UHI) effect (How-
ard 1833; Oke 1982). This implies that urban dwellers
are more vulnerable to the adverse effects of extreme
heat, which is an issue of increasing relevance since
the occurrence, severity, and duration of heat waves
are expected to increase in the coming decades (IPCC
2013). Some of the adverse effects of extreme heat
include diminished labor productivity (Zander et al.
2015), increased energy demand (Fazeli et al. 2016),
and considerably higher risks of cardiovascular dis-
eases, cancers, and respiratory diseases. These effects
contribute to the increased mortality rate observed
when temperatures exceed impact thresholds, which
are climate-region dependent, above which human
well-being and health deteriorate (Huynen et al. 2001;
Curriero et al. 2002; Pirard et al. 2005).

Nowadays, in order to mitigate these adverse
effects, urban design includes interventions that im-
prove human thermal comfort and health (U.S. Envi-
ronmental Protection Agency 2008; Rydin et al. 2012).
Protecting people during heat waves relies on early
warning systems (Kovats and Bickler 2012; McGregor
2015), which in turn depend on accurate weather fore-
casts (Pappenberger et al. 2015). Identified as “a quiet
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revolution” by Bauer et al. (2015), the progress made
in numerical weather prediction (NWP) has led to the
development of systems that forecast operationally
high-impact weather events up to about 1-2 weeks
ahead of time on regional spatial scales ranging from
a few kilometers to a few dozen kilometers.

Moving beyond the regional scale, we developed
an urban weather forecasting system (UFS) that en-
ables weather forecasts at the neighborhood and street
scale. This is an important step forward in NWP since
it is at these scales that people consume, sleep, work,
and recreate. Forecasts at this level provide informa-
tion that is directly relevant to the personal safety
and well-being of people, while spatially distributed
forecasts on these scales provide guidance important
to health impact mitigation. Thus, governmental bod-
ies, city planners, public health authorities, energy
companies, citizens, and entrepreneurs can directly
employ the forecasts produced by the UFS to direct
their operations and influence their choices.

A7

52.45°N

To test its applicability in finescale weather fore-
casting, we used the UFS during the summer months
[June-August (JJA)] of 2015 to produce a daily
weather forecast for Amsterdam, the capital city of the
Netherlands (Fig. 1). Each day, a forecast was begun
at 0000 UTC and was used to forecast the weather
up to 48 h ahead. The flat Amsterdam metropolitan
region has approximately 1 million inhabitants and
lies about 3 m below sea level. Particularly noteworthy
about the geography of the Amsterdam metropolitan
region is the abundance of water in the form of shal-
low lakes, rivers, and hand-dug canals.

URBAN FINESCALE WEATHER FORE-
CASTING SYSTEM. The UFES is based on version
3.5.1 of the Advanced Research core of the Weather
Research and Forecasting (WRF) urban modeling
system (Skamarock and Klemp 2008; Chen et al.
2011). Forecasts are produced on four one-way nested
computational domains [Table 1 and Fig. ES1 in the
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FiG. |. OpenStreetMap (www.openstreetmap.org/#map=11/52.3525/4.8584) image of the city of Amsterdam and
its surrounding areas showing the locations of the 24 weather stations and the location of the SYNOP Schiphol
Airport weather station (WMO code 06240). The inset figure shows an enlargement of the map including the
stations for the center of Amsterdam.
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TasLE |. Specification of the WRF computational domains.
Domain North-south  East-west Grid spacing Centrallat Centrallon Time
identification extent (km) extent (km) (m) (°N) (°E) step (s)
dol 1,487.5 1,487.5 12,500 51.964 5.663 60
do2 300 300 2,500 52.374 4.820 12
do3 60 60 500 52.351 4.896 24
do4 17.5 13.5 100 52.352 4.907 0.48

supplemental material (available online at https://doi  which consisted of processing innovative data
.org/10.1175/BAMS-D-16-0297.2)], the finest of which  resources on topographic element mapping, aerial
comprises the Amsterdam metropolitan region. This ~ photography, and laser altimetry. These were used to
domain has a horizontal grid spacing of 100 m. The  determine land use, soil type, surface impermeability,
coarsest domain has a grid spacing of 12.5 km and  and urban morphological characteristics (Ching et al.
comprises a major part of
northwestern Europe. In
total, the UFS employs 61
vertical terrain-following
(eta) layers (Table ES1 in
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the supplemental material) DATA RESOURCES: WRF-3.51 WPS GEO PREPARATION:
from the surface up to a T AT AR ASETA wnrs::::;::um PARAMETERS
pressure level of 50 hPa. . ACREAL PHOTOGRAPHS PT . SoD e TVrE
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ban, the exchange between . TEAN BUILDING HEYGHT,
the land surface and the t amr T CATION OF BETLDING

lower atmosphere is cal- G & TACE TO oL AN AREL
culated using the single- WPS 3.5.1 GEOGRID ADAPTED [~ | T A INDEX FOR FOUR
layer urban canopy model WIND DIRECTIONS

(SLUCM) (Kusaka et al.
2001). This model uses the

empirical formulation of | WRF ARW-3.5.1 ADAPTATION
Narita (2007) for deter-

- ADAPTATIONS:
mining the transfer of en-

- RECYCLING OF LAND SURFACE
ergy from the walls of the PROGNOSTIC VARIABLES
buildings and the road up [werasiamw | €= - useorsuacorNKsy cLosuRe
toward the canopy. SLUCM - USE OF LOCAL OBSERVATIONS
) . OF WATER TEMPERATURE FOR
is also used to integrate the INLAND WATER SST
prognostic variables as- INITIALIZATION
sociated with the energetic
state of the urban fabric | UFS FORECAST
including the temperatures
of the materials that make v UFS FORECAST LAUNCH PREPARATION:
up the roofs and walls of | UFS LAUNCH AT 0:00 UTC | << - LAND SURFACE PROGNOSTIC

adi VARIABLES INITIALIZATION
the buildings, as well as the i ¥ MEASURED WATER
temperatures of the road TEMPERATURES
ial - NCEP 0.25 X 0.25 DEGREE
materials. ATMOSPHERIC INITIALIZATION
The development of 48 HOUR UFS FORECAST AND BOUNDARY CONDITIONS
the UFS consisted of three
steps (Fig. 2). The first step
is the geographic infor-  Fig, 2. Flow diagram of the UFS describing the steps that were needed to
mation preparation step, successfully produce forecasts for the Amsterdam metropolitan region.
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FiG. 3. Specification of land-use and urban morphological characteristics.
(a) Land use for all grid points of the smallest domain. Labels denote the geo-
graphical location of the city center (CC), the major water bodies (1) and IJmeer),
grasslands (GL), the major city parks (CP), Amsterdamse Bos (AB), and Schiphol
Airport (SA). (b) Impervious (nonvegetated) fraction and (c) aspect ratio for
all grid points in the smallest domain for which land use is classified as urban.

2009), which were subsequently applied to generate
geographical data files within the WREF preprocessing
system (WPS).

The second step is the WRF adaptation step. In
this step, we extended WREF to enable the initial-
ization of soil and urban fabric prognostic vari-
ables from previous forecasts. We also extended
WREF to allow the specification of inland water
temperatures (lakes, ponds, rivers, and canals) for
the two finest computational grids from a local
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Steps 1 and 2 con-
clude the development
of the UFS, which is now
ready to be used to pro-
duce forecasts for the ur-
ban area of Amsterdam.
Details, including a full
description of the employed land-use datasets,
as well as computer codes, scripts, and configura-
tion files, are available as a GitBook repository
(www.gitbook.com/book/nlesc/summerinthecity
/details).

The third step, the UFS forecast, is the applica-
tion of the system that was developed in steps 1
and 2 to produce finescale weather forecasts for the
Amsterdam metropolitan region. This step includes
the initialization of the model and the actual launch
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of the UFS. Atmospheric a.
fields are directly initial-
ized from fields generated
for the National Centers
for Environmental Predic-
tion (NCEP) Global Fore-
cast System (GFS) cycle at
0000 UTC on a specific day
(see www.nco.ncep.noaa
.gov/pmb/products/gfs).
These are available at a
horizontal resolution of
0.25° x 0.25°. To initialize
the land surface prognostic
variables, fields of these
variables are cycled from
the UFS forecast of the
previous day. Inland wa- b
ter temperatures and sea
surface temperatures are
initialized by interpola-
tion of the average values
of the locally observed
water temperatures to the
respective UFS grid points.
The coarsest domain cov-
ers northwestern Europe,
implying that at the outer
boundaries, lateral bound-
ary conditions (LBCs)
need to be prescribed. For
each daily forecast, the
LBCs are updated every 6 h
from the NCEP GFS fore-
cast. More details about
the initialization and the
prescription of the LBCs
are provided in the supple-
mental material.

When considering land
use for the finest domain
(Fig. 3a), the horseshoe-
shaped historical city cen-
ter (CC) of Amsterdam (old inner city and canal
belt) is clearly visible, with suburbs extending to
the west, south, southeast, and north of the water
body (I]). Parks appear as green spaces in urbanized
areas. Landscapes in the rural areas around Amster-
dam are characterized in part by the lake (IJmeer)
in the east; grasslands in the south, southeast, and
north; and a forest [Amsterdamse Bos (AB)], airport
buildings, runways, and grasslands of Amsterdam’s
Schiphol Airport (SA) in the southwest (Fig. 3).

Latitude

Latitude

Schip
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Both the impervious fraction of the surface and the
aspect ratio vary considerably within the Amsterdam
metropolitan region. The impervious fraction of the
surface refers to the fraction of the surface that is cov-
ered by topographic elements that are impermeable to
water (Fig. 3b). The aspect ratio (Fig. 3¢) is defined as the
ratio of the building height to the average width of the
canyon. In general, both the impervious fraction and
the aspect ratio are higher in the urbanized core of Am-
sterdam and lower in the western and eastern suburbs.

DECEMBER 2017 BANS |

Afternoon temperature (°C)

Deviation from rural reference (°C)

Fic. 4. UFS forecasts weather conditions with remarkable, unprecedented
detail. (a) Forecast average afternoon (forecast hours 12, 13, 14, 36, 37, and
38) near-surface temperature (colored contours) and wind speed (wind barbs).
(b) Forecast average evening (forecast hours 20, 21, 22, 44, 45, and 46) devia-
tion of the local near-surface air temperature from that at Schiphol Airport
and average evening wind speed. Forecasts are averaged over all forecasts
produced during the warm weather episode from 29 June to 2 July 2015. Also
indicated is the location of the Schiphol rural reference weather station.
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UFS FORECASTS FOR A WARM WEATHER
EPISODE. Figure 4 shows that the UFS facilitates
weather forecasting with unprecedented detail on
the smallest (finest) forecast domain. Averaged over
all forecasts produced during a warm weather epi-
sode from 29 June through 2 July 2015, the average
afternoon (forecast hours 12, 13, 14, 36, 37, and 38)
near-surface air temperature takes on its lowest value
of about 21°C above the large water bodies (Fig. 4a).
Highest temperature of about 28°C was forecasted
for the southern and western suburbs of Amsterdam,
which are relatively open areas with canyon widths
that are relatively large as compared to the height of the
surrounding buildings (Erell and Williamson 2007).
The eastern suburbs of Amsterdam are considerably
cooler because northeasterly winds bring in cool air
from the eastern lake. Other (smaller) water bodies
have a less drastic effect on air temperatures: the radii
of influence vary from a hundred to a few hundred
meters depending on the size of the water body.
Figure 4b shows the forecasted average evening
(forecast hours 20, 21, 22, 44, 45, and 46) deviation of
the local near-surface air temperatures as derived from
the temperature forecast on the computational domain
with a grid spacing of 500 m for Schiphol Airport (see
location on Fig. 4b) produced during the warm weather
episode. Taking Schiphol Airport to be a rural refer-
ence site, this deviation for urban areas is equivalent
to the “canopy-layer UHI” (CLUHI) (Oke 1982), which
is a concept that has been frequently used to quantify
the effect of urban landscapes on local climate (e.g.,
Steeneveld et al. 2011; Smoliak et al. 2015). The high-
est values for CLUHI, amounting to about 2.5°C, were
forecasted for the areas located west and south of the
inner city of Amsterdam. For these areas, the fraction
of the surface that is impervious is relatively high, and
the aspect ratio is around one. Note that a value of one
is the value for the aspect ratio at which it is known
that the maximum (evening) UHI is maximal under
Dutch summer conditions (Theeuwes et al. 2014). Low
values for CLUHI were forecast for the water bodies,
the city parks (CPs), and (to a lesser extent) the urban-
ized neighborhoods with a relatively low impervious
fraction (Heusinkveld et al. 2014; Zipper et al. 2016).

AMSTERDAM OBSERVATIONAL NETWORK.
We verified the UFS forecasts produced during JJA
2015 using the different forecasting domains against
observations taken at the surface synoptic observation
(SYNOP) weather station at Schiphol Airport and at
24 urban weather stations attached to lampposts at a
height of 4 m throughout Amsterdam (see Fig. 1 and
Table ES2). The observational network is with respect
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to observational density, observational techniques,
and observational heights similar to the coarse array
automatic weather station network that was installed
in Birmingham, United Kingdom (Warren et al. 2016).
According to the classification by Muller et al. (2013),
the Amsterdam observational network should be
characterized as a city-scale network. However, it can
be argued that the observations are representative of
the neighborhood scale. Recent studies carried out by
Steeneveld et al. (2011), Heusinkveld et al. (2014), and
Theeuwes et al. (2017) showed that for similar obser-
vational networks in Dutch towns, observations of the
UHI could be related to urban characteristics such as
population density and green fraction on a scale of a few
hundred meters. Moreover, the observational network
covers the entire range of Amsterdam neighborhoods:
the historical center characterized by three-story
warehouses along canals and small streets, the large
neighborhoods surrounding the historical center that
consist of three-story to four-story residential buildings
dating from 1920 to 1940, the outer rim of Amsterdam
characterized by relatively new neighborhoods with
well-insulated three-story houses, and a small com-
mercial strip in the southern part of Amsterdam with
relatively high buildings and narrow street canyons.

The urban weather stations measure air tem-
perature and humidity and consist of Decagon VP-3
humidity-temperature sensors, which are embodied
in a round 184-mm-diameter shield. On top of the
shield, a solar-powered aspiration fan (Davis) is in-
stalled, which is powered by two solar panels that are
positioned above the shield at a +45°ng]le to the east
and west. To avoid temperature interference from the
lampposts (Watkins et al. 2002), the shield and solar
panels were attached to a 550-mm arm. The center of
the shield is positioned 460 mm from the lamppost.
Six of the urban stations were equipped with a DS-2
sonic anemometer from Decagon Devices. This sen-
sor hasa wind speed threshold of 0.00 m s and a very
high resolution of 0.01 m s™'. Data on wind speed and
direction are reported every 5 min. Wind speed data
are available for Ams8, which is located on a small
island east of Amsterdam; Ams3 and Ams6, which are
located in suburban street canyons; Ams2 and Amsl6,
which are located in busy street canyons in the center
of Amsterdam; and Ams25, which islocated in a com-
mercial area with relatively tall buildings.

Averaged 5-min data are stored on a ECMH20
datalogger (Decagon) and uploaded to the manufac-
tures’ website six times a day using a general packet
radio service (GPRS) network.

As a rural reference, observations taken at
Schiphol Airport were used. This weather station is a
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FiG. 5. Verifying the UFS forecasts produced during the summer of 2015. Taylor diagrams presenting the standard
deviation (distance from origin) for the observations (obs) and the forecasts on the different (nested) forecast
domains (see legend). The Pearson correlation coefficient between any forecast and the observations is given
by the azimuthal scale; the centered root-mean-square error of any forecast is given by the distance between
the forecast point and the observation point and is thus indicated by the blue contours. The mean bias (forecast
minus observation) for any forecast is indicated by the arrows. The length of the arrow gives the magnitude of
the bias. The direction of the arrow indicates the sign of the bias: when it is pointing to the right, as seen from the
observation point, the mean bias is positive, while the mean bias is negative when the arrow points to the left.
(a) The average afternoon near-surface temperature (No. of obs: 2,300). (b) The average evening CLUHI (No. of
obs: 2,208). Note that the mean bias in CLUHI for the forecast on the domain with grid spacing of 12.5 km has
such magnitude (1.3°C) that part of the arrow falls outside the Taylor diagram presented in (b).
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Fic. 6. Verifying the UFS forecasts produced during the summer of 2015. Histograms of the average evening
CLUHI (No. of obs: 2,208) as derived from (a) the observations and the forecasts on the computational grids
with grid sizes of (b) 12.5 km, (c) 2.5 km, (d) 500 m, and (e) 100 m.

SYNOP weather station [World Meteorological Or-
ganization (WMO) identifier 06240] and is located at
52.3010°N, 4.7740°E (see Fig. 1 for its location). As a
SYNOP weather station, both the instrumental setup
and the specification of the observational site are
such that observations are achieved according to the
regulations set out by the WMO. Available measure-
ments include observations of the temperature, the
dewpoint temperature, and the wind speed at a height
of 1.5 m above the surface for a relatively open area in
which surroundings are characterized by grassland
and agricultural areas.

Data from the urban weather stations and the
rural reference station were all binned into hourly
averages.

VERIFYING THE URBAN FORECASTING
SYSTEM. Figure 5 provides Taylor diagrams (Taylor
2001) displaying aggregated statistics for the aver-
age afternoon temperature and the average evening
CLUHI using observations from all weather stations.
For each location, aggregated statistics were calculated
by contrasting hourly averages of forecast weather
variables (see the supplemental material) directly with
hourly averages of observed variables. We found that
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forecasts of the near-surface afternoon temperatures
are very good (Fig. 5a): Pearson correlation coef-
ficients r between forecasts and observations are all
greater than 0.88, while forecast biases and values
for the unbiased root-mean-square error (rmseu) are
small. When forecasting the evening CLUHI, we found
that refining the grid spacing clearly added skill to
the weather forecast (Fig. 5b): the values for r on the
domains with a grid spacing of 500 and 100 m were
both around 0.7, while the values for the rmseu were
around 1.0 K. The values for r for these grids were thus
considerably higher than the values of approximately
0.4 for the domain with a grid spacing of 2.5 km and of
approximately —0.14 for the domain with a grid spac-
ing of 12.5 km. Although the values for  and the values
for the rmseu for forecasts on the domains with grid
spacing of 100 and 500 m are comparable, forecasts on
100 m had a smaller bias: -0.08° versus -0.43°C. The
better performance of the forecasts on finer grids also
becomes evident in Fig. 6, which shows histograms of
the evening CLUHI for both the observations and the
forecasts on the different computational domains. The
histogram for the grid with a grid size of 12.5 km is
narrow: most values for the CLUHI clustered around
zero, which implies that forecasts at a resolution of
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FiG. 7. Verifying the UFS forecasts produced during the summer of 2015. Taylor diagrams (see legend of Fig. 5

for explanation) of hourly averaged (all hours) (a) water vapor pressure (No. of obs: 110,400) and (b) wind speed
(No. of obs: 30,912).

12.5 km hardly forecast urban evening temperatures
that are higher than their rural counterparts. Forecasts
on the refined computation domains are (much) bet-
ter, particularly for the computational domains with
grid sizes of 500 and 100 m. Forecasts on these com-
putational domains yield histograms for the CLUHI

AMERICAN METEOROLOGICAL SOCIETY

that resemble the histogram based on the observa-
tions, though they tend to underestimate the CLUHI
in conditions where the CLUHI is particularly strong.

Weather forecasting at a high resolution also
improved forecasts for humidity (Fig. 7a): Pearson
correlation coefficients for the forecasts on the
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Fic. 8. Verifying the UFS forecasts produced during the summer of 2015. The MAE as a function of lead time
for the (a) near-surface temperature, (b) near-surface water vapor pressure, and (c) near-surface wind speed
for the forecasts on the different (nested) forecast domains (see legends).

domains with a grid spacing of 500 and 100 m were
considerably higher than those for the forecasts on
the domains with a grid spacing of 2.5 or 12.5 km.
For wind speed (Fig. 7b), there was a clear distinc-
tion between the coarsest computational domain,
which identifies the Amsterdam area as rural and
thus has a tendency to overestimate the wind speed,
and the finer computational grids that identify the
Amsterdam area as urban and thus forecast lower,
more realistic urban canyon wind speeds.

Figure 8 displays the median absolute error for
all computational grids as a function of lead time for
temperature (Fig. 8a), water vapor pressure (Fig. 8b),
and wind speed (Fig. 8c). Overall, the forecast skill
deteriorates with lead time: the median absolute er-
ror (MAE) at a lead time of 48 h was larger than the
MAE at a lead time of 24 h for all forecasts. Further-
more, it appears that using fine resolutions of 500
and 100 m improved forecasts of weather variables
during all times of the day, though the differences
between fine-resolution (grid spacing of 500 and
100 m) forecasts and coarse-resolution (grid spacing
of 12.5 and 2.5 km) forecasts were largest during the
nighttime. For temperature and water vapor, forecast
skill on a computation grid of 100 m was similar to the
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forecast skill on 500 m, though forecast skill on 100 m
produced slightly better temperature forecasts during
the nighttime. Particularly noteworthy is the large
discrepancy between the forecast and the observed
wind speed for the computational grid with a grid
spacing of 12.5 km. On this domain, no land surfaces
were classified as urban, implying that the forecast
wind speed was, in contrast to the observed wind
speed, typical of wind speed conditions over rural
areas. For the remaining computational grids, errors
in the wind speed forecasts were similar, suggesting
that for wind speed, it is important that the urban
canyon effects on wind speed are taken into account.

As SLUCM does not give estimates of the wind
direction within the canyon, no verification for the
wind direction for the urban land points could be car-
ried out. We verified wind direction for the Schiphol
SYNOP station. However, since this station is a rural
station, forecasts on all resolutions gave estimates of
the wind direction and the associated error statistics
that were very similar (not shown).

FORECASTS FOR HUMAN THERMAL
COMFORT. The UFS enables forecasts aimed
at improving human thermal comfort. These are



made by translating the UFS forecasts for screen-
level temperature and humidity into forecasts of the
simplified wet-bulb globe temperature (SWBGT)
(Fischer et al. 2012). The SWBGT is calculated as a
linear combination of the screen-level temperature
and water vapor pressure and can be considered as a
proxy for the effectiveness of human thermal stress
mitigation strategy using weather variables that
are operationally readily available. Table 2 shows a
contingency table (Wilks 2011) of the UFS forecasts
on the finest computational domain for forecasting
events occurring at the locations of the weather sta-
tions. During an afternoon hour, SWBGT exceeds
26°C, which is a threshold value associated with
a moderate risk. It appears that the UFS is able to
forecast such events of extreme heat. For instance,
the hit rate (probability of detection) of the UFS
amounts to 0.79, its false-alarm rate (probability
of false detection) amounts to 0.015, and its critical
success index amounts to 0.68.

DISCUSSION AND CONCLUSIONS.
Extending traditional regional NWP, we developed
a finescale weather forecasting system particularly
designed for urban areas. The UFS consists of a full-
fledged forecasting system that produces determin-
istic forecasts of relevant weather variables on a
neighborhood level. The UFS was developed follow-
ing the same principles used to build an operational
weather forecasting system for the regional scale.
However, in the current implementation of the UFS,
the atmospheric fields are directly initialized using
the global atmospheric model without any optimiza-
tion of initial conditions by means of assimilation of
local data (see Fig. 2).

The steps for development of the UFS are sum-
marized in Fig. 2 and include the preparation of
(geographical) datasets and the modification of the
forecasting model such that it can be used to produce
forecasts at the appropriate spatial scale for a Dutch
summer period. At the actual launch of the forecast,
the initial conditions and the boundary conditions
from a global weather forecasting model need to be
specified.

We applied our forecasting to produce a 48-h
forecast of Dutch summer conditions. Driven by ex-
tensive land surface information, the UFS produces
weather forecasts that forecast the spatial distribution
of weather variables at a scale of a few hundred meters.
The UFS appears to be able to take into consideration
the impact of urban morphological characteristics
and urban spatial structure on local temperatures
(see Fig. 4) while it enables forecasts of human
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TasLE 2. Contingency table for events when
the afternoon SWBGT exceeds 26°C.
Observed
- Yes No Total
§ Yes 853 179 1,032
5 No 224 11,667 11,846
* Total 1,077 11,891 12,923

thermal comfort indices (Table 2) and assesses the
increased electricity consumption during heat waves
(not shown). Because these forecasts apply directly
to scales on which people consume, sleep, work, and
recreate, they can be used by the general public and
governmental organizations in order to determine
appropriate actions to take.

An obvious next step in the development of the
UFS would be to extend the current deterministic
forecast (Fig. 2) to an ensemble forecast in which
the ensemble members differ with respect to applied
model equations, (urban) physical parameterization,
parameter values for the physical parameterization,
and urban land surface characterization. This ap-
proach would allow for the quantification of the
uncertainty of the forecast weather variables while
also enabling the high-resolution forecasts that are
calibrated using statistical calibration techniques
such as the ensemble model output statistics tech-
nique (Gneiting et al. 2005) or the Bayesian model
averaging technique (Raftery et al. 2005).

Another obvious improvement would be to re-
place the Smagorinsky first-order closure (3D) by a
more detailed scheme since this method has some
noted problems, such as an underrepresentation of
horizontal scalar fluxes (Wyngaard 2004). This issue
becomes particularly important when the UFS is ap-
plied in urbanized regions where horizontal gradients
in mean variables are weak. In the Amsterdam region,
horizontal gradients in mean variables are typically
strong because of the large differences in land use
(lakes, rural areas, and urban areas). Furthermore,
use of the Smagorinsky first-order closure (3D)
probably needs to be reconsidered when the vertical
layering close to the surface is refined in such a way
that fluxes in the surface layer are resolved by the
atmospheric part of the weather forecast model. Also,
recent literature (e.g., Mirocha et al. 2013) shows that
the use of the Smagorinsky first-order closure (3D)
leads to errors in wind speed calculations, especially
in areas that are close to a boundary where air enters
the domain. Obviously, this effect explains some of
the discrepancies that we found between the observed
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and forecasted wind speeds. However, as shown in
Figs. 7b and 8¢, the discrepancy between observed
and forecasted wind speeds for the computational
domains with grid sizes of 2.5 km and 500 and 100 m
are similar despite the fact that on these grids, differ-
ent formulations for turbulent fluxes within PBL are
applied. This suggests that the effects of the formula-
tions of turbulent fluxes are minor as compared to the
differences in the formulations for other processes or
the differences in the specification of the land surface
characteristics or the initialization of the model (see
also Talbot et al. 2012).

Another possible next step would be to extend
the forecasts made by the UFS to other seasons. Care
should then be taken when forecasting winter condi-
tions since the observed fluxes of sensible heat (e.g.,
Ward et al. 2014) can be directed toward the surface
during a significant part of the day, implying that dur-
ing these months, PBL stratification might become
such that the explicit assumption that the largest
eddies are resolved on the finest computational grid
is overstretched (Holtslag et al. 2013; Barlow 2014).
It can be argued that under these conditions, all
vertical turbulent fluxes become subgrid and need
to be parameterized by selecting an appropriate PBL
scheme. An obvious step forward would then be to
include a so-called seamless turbulence scheme in
WREF that blends the turbulence for a situation in
which most turbulence fluxes are resolved on a scale
of 100 m, with a situation where turbulent fluxes
are parameterized using a one-dimensional PBL
turbulence scheme (Boutle et al. 2014). Note that a
similar solution might be beneficial to the interme-
diate computational domain where a grid spacing of
500 m is within the “terra incognita” of turbulence
modeling (Wyngaard 2004). Another issue that needs
to be addressed within the WRF adaptation step
(see Fig. 2) is when one wishes to use the UFES for
winter conditions. The aim would be to incorporate
high-resolution inventories of the heat released by
anthropogenic activities, which are an important
source of energy in the atmospheric layers closest to
the surface, particularly in winter (Bohnenstengel
et al. 2014; Barlow 2014).

Application of the formulation of the UFS is not
limited to relatively small cities such as Amsterdam.
The proposed methodology can be used in other cit-
ies, including those in the United States and non-U.S.
megacities. Since results will depend on specific situa-
tions and urban geometry, it is obvious that successful
application of the UFS in other cities depends on the
availability of (land surface) input and the verifica-
tion of data resources as well as the availability of
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sufficient computing resources to perform calcula-
tions for the large areas that megacities occupy. Our
results support the fact that NWP has made the next
important step in its “quiet revolution” and has finally
gone urban.
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