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WEATHER RESEARCH AND FORECAST-
ING MODEL COMPUTATIONAL DOMAINS. 
The horizontal Arakawa C grids that are applied in the 
urban weather forecasting system (UFS) and their asso-
ciated time steps are presented in Table 1, while maps of 
the grids and the associated nested grids are provided in 
Fig. ES1. The core of the finescale forecasting system for 
the Amsterdam, Netherlands, metropolitan region is a 
forecasting domain, identified as d04, which has a grid 
spacing of 100 m and comprises the city of Amsterdam 
and its immediate surroundings. This fine domain is 
nested within a larger domain, identified as d03, which 
has a gridcell spacing of 500 m and comprises the 
western part of the central Netherlands. Domain d03 
is, in turn, nested within a domain, identified as d02, 
which has a grid spacing of 2.5 km and comprises the 
Netherlands and its immediate surroundings. Domain 
d02 is finally nested within the coarsest outer domain, 
identified as d01, which has a grid spacing of 12.5 km 
and comprises a major part of northwestern Europe.

UFS VERTICAL DISCRETIZATION. With 
respect to the vertical discretization, the values for 
µ, defined as the eta-vertical coordinate, that were 

adopted to specify the half levels of the staggered grid 
are given in Table ES1. In total, 61 layers (half levels) 
are specified, ranging from Earth’s surface, where µ 
takes on a value of one (and the pressure thus equals 
the surface pressure), up to the top level, where µ 
has a value of zero, and the pressure equals the user-
specified pressure at the top of the vertical domain, 
which we have set to a value of 50 hPa. The values for 
µ are selected such that the resulting (hydrostatic) pres-
sures at the vertical half levels are, for a surface pres-
sure of 1,013.25 hPa up to a pressure level of 50 hPa, 
approximately equal to the half-level pressures of the 
L91 vertical layering as applied by the European Centre 
for Medium-Range Weather Forecasts (ECMWF) in 
Integrated Forecast System (IFS) cycle 30r1 until 38r1 
of their numerical weather prediction (NWP) model 
(see www.ecmwf.int/en/forecasts/documentation-
and-support/91-model-levels), except that, for the 
UFS, the lowest atmospheric model layer is set at a 
height of 50 m, as the height of the lowest layer (~20 m) 
of the L91 ECMWF vertical layering is for many (ur-
ban) grid cells below the height of the buildings’ roofs. 
The lowest layer of the UFS thus acts as the lowest 
atmospheric model layer for which atmospheric fields 
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are calculated, while it connects to the 
surface using the specified land surface 
scheme, surface-layer scheme, and/or ur-
ban scheme. Also shown in Table ES1 are 
typical heights of the vertical layers above 
the surface for the International Organi-
zation of Standardization (ISO) 2533:1975 
standard atmosphere. The thickness of 
the vertical layers varies from about 50 m 
in the lower atmospheric boundary layer 
(heights up to 200 m) to about 400 m in 
the upper troposphere (see Table ES1).

WRF MODEL SETUP: INITIALIZA-
TION AND BOUNDARY CONDI-
TIONS. For each daily forecast, the 
atmospheric fields are initialized using 
the National Centers for Environmen-
tal Prediction (NCEP) Global Forecast 
System (GFS) cycle of 0000 UTC of that 
specific day (www.nco.ncep.noaa.gov 
/pmb/products/gfs/). Atmospheric fields 
include three-dimensional fields of air 
temperature, humidity, both components 
of the horizontal wind velocity, geopoten-
tial height, and two-dimensional fields 
of the surface pressure, mean sea level 
pressure, 2-m temperature, 2-m humid-
ity, both components of the 10-m wind 
velocity, and the fraction covered by land. 
Within the NCEP GFS forecast cycle, these 
variables are all globally available at a 
horizontal resolution of 0.25° × 0.25°. For 
the three-dimensional fields, NCEP GFS 
data are available at pressure levels of 10, 
20, 30, 50, 70, 100, 150, 200, 250, 300, 350, 
400, 450, 500, 550, 600, 650, 700, 750, 800, 
850, 900, 925, 950, 975, and 1,000 hPa. 
Both the three-dimensional fields and the 
two-dimensional fields are interpolated to 
the different computational grids.

For each daily forecast, the initializa-
tion of sea surface temperature (SST) for 

◀ Fig. ES1. Maps showing the horizontal ex-
tent of each forecast domain. (a) Extent of 
forecast domain d01 and the location and the 
extent of forecast domain d02 within domain 
d01. (b) Extent of forecast domain d02 and 
the location and extent of forecast domain 
d03 within domain d02. (c) Extent of forecast 
domain d03 and the location and extent of 
domain d04 within d03. Map background is 
from www.shadedrelief.com.
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computational domains d01 and d02 are achieved by 
taking the SSTs from the NCEP GFS forecast cycle 
for that specific day. Therefore, values for the skin 
temperature for grid cells in which land use is clas-
sified as water are included in the NCEP GFS output 
that is used to initialize the forecasting system for 
that specific day.

For the finer computational grids (d03 and d04), 
many grid cells in which land use is classified as being 
water consist of inland waters such as lakes, rivers, 
canals, and ponds. To initialize the skin (surface) 

temperature for these grid cells, we used the obser-
vational network of water temperatures operated by 
Rijkswaterstaat, the Dutch agency responsible for 
the management of the main (water) infrastructure 
in the Netherlands (www.rijkswaterstaat.nl/kaarten 
/watertemperatuur.aspx). These observations were 
therefore downloaded daily; whereafter, the avail-
able daily maximum values of the temperature are 
interpolated to specify the skin temperature of the 
grid cells within computational domains d03 and d04 
in which land use is classified as water in the UFS.

Table ES1. Values for vertical half levels (µ levels) as applied in the UFS and the associated pressure levels 
and geometric height for a “standard atmosphere.”

Layer 
index

µ value  
(–)

Pressure 
standard 

atmosphere 
(hPa)

Geometric 
height 

(m)
Layer 
index

µ value  
(–)

Pressure 
standard 

atmosphere 
(hPa)

Geometric 
height 

(m)

1 1.0 1,013.25 0 32 0.344 266 182 196 381.6144 7,522.395

2 0.993 971 554 633 1,007.4431 50.93 33 0.321 019 569 167 359.2221 7,944.55

3 0.989 152 660 265 1,002.8013 90.07 34 0.299 013 236 439 338.0245 8,364.35

4 0.982 998 390 864 996.8732 139.825 35 0.258 488 969 634 298.9895 8,781.78

5 0.975 584 946 795 989.7322 199.945 36 0.239 860 472 359 281.0456 9,196.825

6 0.967 069 919 543 981.5301 270.77 37 0.222 251 025 175 264.0833 9,609.47

7 0.956 986 140 67 971.8169 354.28 38 0.205 610 900 597 248.0547 10,019.7

8 0.945 262 912 017 960.5245 452.045 39 0.189 892 551 259 232.914 10,427.5

9 0.931 905 943 421 947.6584 564.58 40 0.175 050 298 469 218.6172 10,832.73

10 0.916 921 567 61 933.2247 692.335 41 0.161 040 539 839 205.1223 11,236.81

11 0.900 306 773 942 917.2205 835.845 42 0.147 821 334 025 192.3889 11,642.3

12 0.882 076 511 809 899.6602 995.565 43 0.135 352 815 988 180.3786 12,050.2

13 0.862 297 430 574 880.608 1,171.7 44 0.123 596 677 913 169.0545 12,460.54

14 0.841 060 576 174 860.1516 1,364.375 45 0.112 516 584 48 158.3816 12,873.33

15 0.818 427 926 291 838.3507 1,573.835 46 0.102 077 342 331 148.326 13,288.57

16 0.794 474 331 69 815.2774 1,800.32 47 0.092 245 834 414 7 138.8558 13,706.28

17 0.769 309 732 676 791.0376 2,043.865 48 0.082 990 189 462 8 129.9403 14,126.48

18 0.743 077 809 499 765.7697 2,304.39 49 0.074 279 989 618 5 121.5502 14,549.19

19 0.715 882 584 999 739.5739 2,581.95 50 0.066 066 130 288 1 113.6382 14,974.68

20 0.687 835 245 263 712.5573 2,876.645 51 0.058 286 529 976 6 106.1445 15,404.05

21 0.659 069 919 543 684.8491 3,188.365 52 0.050 888 346 742 8 99.0182 15,839.27

22 0.629 756 449 52 656.6129 3,516.875 53 0.043 826 836 231 5 92.2162 16,282.7

23 0.600 017 544 77 627.9669 3,862.09 54 0.037 063 690 630 7 85.7016 16,736.84

24 0.569 977 679 73 599.031 4,223.985 55 0.030 566 727 225 5 79.4434 17,204.41

25 0.539 776 901 116 569.9401 4,602.31 56 0.024 308 331 170 5 73.415 17,688.43

26 0.509 584 946 795 540.8577 4,996.095 57 0.018 268 673 760 7 67.5973 18,192.19

27 0.479 694 990 916 512.0662 5,403.17 58 0.012 456 164 028 61.9984 18,718.72

28 0.450 402 906 826 483.8506 5,820.495 59 0.006 884 609 395 28 56.6316 19,270.04

29 0.421 989 410 849 456.4813 6,244.59 60 0.001 566 156 241 89 51.5086 19,847.36

30 0.394 712 587 594 430.2069 6,671.53 61 0.0 50 20,452.65

31 0.368 814 534 129 405.2606 7,097.96
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For land points, to ensure a robust representa-
tion of the seasonal cycle and the buildup of heat 
within the soil and urban fabric during heat waves, 
prognostic variables related to the land surface, the 
soil, and the urban fabric are only at the start of the 
forecasting period (i.e., 2 June 2015) initialized using 
interpolated fields from the NCEP GFS forecast for 
these variables for this specific day. For the remaining 
forecasting days (i.e., from 3 June 2015 onward), these 
prognostic variables are initialized by copying them 
from the output files of the forecast that is launched 
on the day before. For instance, the forecast issued on 
3 June 2015 is initialized using the 24-h forecast of the 
forecast issued 2 June 2015. The prognostic variables 
that are recycled from the previous forecast consist of 
the temperatures for the different soil layers, the soil 
moisture for the different soil layers, the soil liquid 
water content for the different soil layers, the relative 
soil moisture for the different soil layers, the canopy 
water, the surface skin temperature, the temperatures 
of the different layers within the buildings’ walls, the 

temperatures of the different layers within the roads, 
and the temperatures of the different layers within 
the buildings’ roofs.

The coarsest domain (d01) covers northwestern 
Europe, implying that at the outer boundaries, lateral 
boundary conditions (LBCs) need to be prescribed. 
For each daily forecast, these are updated every 6 h, 
which means that boundary conditions (BCs) are 
specified using 0, 6, 12, 18, 24, 30, 36, 42, and 48 h 
of the NCEP GFS forecast cycle of 0000 UTC of that 
specific day.

WRF SETUP. Postprocessing: Calculating the screen-
level temperature. For rural areas—that is, grid cells in 
which land use is classified as nonurban—the screen-
level temperature is employed that is provided as stan-
dard output by the Weather Research and Forecasting 
(WRF) Model. This screen-level temperature equals 
the 2-m temperature as calculated by interpolating 
the temperature profile from the lowest model level 
to the surface using the bulk transfer coefficients 

for heat transport between the surface 
and the lowest model level and the bulk 
transfer coefficient between the surface 
and 2 m above the ground surface.

For urban areas, the representative 
temperature of a grid cell is calculated as 
the weighted average of a park tempera-
ture: that is, the screen-level temperature 
of the tile within the urbanized grid cell 
that is considered to be vegetated (pervi-
ous) and a canyon screen-level tempera-
ture that is considered to be representa-
tive of the street-level air temperature. 
Weights are assigned according to the 
fraction of the grid cell that is either 
pervious (green) or impervious. The 
screen-level temperature of the pervious 
tile is set equal to the 2-m temperature 
of the pervious tile within the urban-
ized grid cell. It is thus calculated in a 
similar manner as the 2-m temperature 
in rural (nonurban) areas. The screen-
level temperature of the impervious tile 
of the urbanized grid cell is calculated by 
extrapolating the temperature profile at 
the lowest model level to a height of 2 m 
in the canyon using the method described 
by Theeuwes et al. (2014).

To produce the weather charts of 
the average af ternoon near-surface 
temperature and the average evening 
deviation of the local temperature from 

Table ES2. Amsterdam weather station identifiers (ID), 
street locations, and coordinates.

Station ID Street name Lat (°N) Lon (°E)

Ams1 Kattengat 52.3780 4.8942

Ams2 Spuiplein 52.3687 4.8888

Ams3 Nieuwe Uijlenburgerstaat 52.3710 4.9062

Ams4 Streefkerkstraat 52.3000 4.9787

Ams5 Javakade 52.3779 4.9294

Ams6 IJburglaan 52.3558 4.9962

Ams7 Anjelierstraat 52.3777 4.8832

Ams8 Natuureiland IJburg 52.3679 5.0144

Ams9 Comeniusstaat 52.3591 4.8250

Ams10 Zamenhofstraat 52.3884 4.9274

Ams11 Lutmastraat 52.3505 4.8941

Ams12 Purmerweg 52.3922 4.9408

Ams13 Saxenburgerdwarsstraat 52.3585 4.8621

Ams14 Galileiplein 52.3538 4.9402

Ams15 Oudezijdsvoorburgwal 52.3719 4.8957

Ams16 Oudezijdsvoorburgwal 52.3745 4.8989

Ams17 Markengauw 52.3965 4.9579

Ams18 Tweede Oosterparkstraat 52.3568 4.9157

Ams19 Benkoelenstraat 52.3632 4.9383

Ams20 Raphaelstraat 52.3493 4.8699

Ams21 Kwelderweg 52.3554 4.7838

Ams22 Kinkerstraat 52.3667 4.8705

Ams24 Saskia van Uylenburgweg 52.3173 4.8780

Ams25 Gustav Mahlerplein 52.3367 4.8740
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the Amsterdam Schiphol Airport reference, hourly 
instantaneous fields from the WRF Model, which 
are taken from wrfout files (Wang et al. 2012), are 
used. These are available for all grid cells within all 
forecast domains. The locations of the urban weather 
stations and the location of Schiphol Airport have 
been included in a so-called tslist (Wang et al 2012; 
Table ES2), implying that for these locations, a selec-
tion of output variables, including both the urban and 
nonurban screen-level temperatures, are available for 
all computational domains on a temporal resolution 
that equals the time step that is applied to integrate 
the prognostic equations for that domain (see Table 1). 
To verify the forecast screen-level temperatures and 
water vapor pressures to the observed screen-level 
temperatures and water vapor pressures, the screen-
level temperatures and water vapor pressures as 

calculated in high temporal resolution are for each domain 
extracted, taken from tsfiles (Wang et al. 2012), and con-
secutively binned into hourly averaged values.
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