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In this study, the performances of two widely-used models in air quality community, The 
Air Pollution Model (TAPM) and the PSU/NCAR fifth-generation Mesoscale Model 
(MM5), were evaluated and compared at an urban scale (a few kilometres) in the greater 
Gothenburg (Sweden) using the GÖTE2001 campaign data. Evaluation focused on simu-
lated meteorological variables important to air quality applications: the near-surface air 
temperature and wind, vertical temperature gradient, low wind speed situation, diurnal 
cycle and diurnal heating. The results showed that (1) TAPM performs better than MM5 in 
simulating near-surface air temperature and wind in urban area, (2) both models are able to 
reproduce nighttime vertical temperature gradient reasonably well, but underestimate day-
time temperature gradient, and (3) the two models significantly underestimate the occur-
rences of low wind speed situation at night. These results indicate that the performance of 
TAPM in simulating meteorological features over the urban area is generally comparable 
to that of MM5. TAPM can be used with some confidence to describe the local-scale mete-
orology needed for air quality applications.

Introduction

The Air Pollution Model (TAPM) is a three 
dimensional nestable, prognostic meteorologi-
cal and air pollution model. Its meteorological 
component predicts the local-scale flow, such as 
sea breezes and terrain-induced circulations by 
given larger-scale synoptic meteorological fields 
(Hurley 2005). The PSU/NCAR fifth-generation 
Mesoscale Model (MM5) (Grell et al. 1995), as 
one of the most important mesoscale dynamical 
models, is designed to simulate or predict mesos-

cale atmospheric circulation and boundary layer 
processes. Both models are non-hydrostatic, 
terrain-following sigma-coordinate primitive 
equation models, allowing nesting techniques to 
predict higher-scale flows for the interest area. 
Detailed information on global radiation, surface 
air temperature, humidity, wind and atmospheric 
stability from the two models are frequently 
used to predict the dispersion of air pollutants 
combined with emissions. In TAPM, a specific 
component is packaged to predict air quality at 
regional and local scales. Also, it is a Windows-
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based modelling system, which makes it easily 
accessible to many users in practical applica-
tions. MM5 is considered to be one of the most 
advanced mesoscale modelling systems and has 
been widely used by an air-quality community 
as a meteorological input into air quality models 
(Barna et al. 2000, Shafran et al. 2000, Hogrefe 
et al. 2001). It is a public-domain software 
for Unix environment, which means a variety 
of options available regarding parameteriza-
tions and modelling strategies. At the same time, 
a certain level of computing skills is needed, 
hence, as compared with TAPM, the use of the 
model may be limited.

Model performances in meteorological con-
ditions directly influence the effects of air pol-
lution prediction, in particular in an urban area 
with complex surface characteristics including 
the roughness length, building characteristics, 
thermal properties and anthropogenic heat flux. 
TAPM (ver. 3) provides four options for the 
urban land use, which makes the model widely 
adaptatable to different urban types. In a similar 
way, MM5 has some improvements in urbaniza-
tion by introducing urban features both in thermal 
and dynamical parts (Dandou et al. 2005, Fan 
and Sailor 2005, Grossman-Clarke et al. 2005). 
The performances of TAPM and MM5 in par-
ticular in urban areas are interesting for a better 
understanding of the relevant physical processes 
behind the models. In terms of applications of the 
models, the comparison between their perform-
ances can help applicants to make their choice 
and to sensibly interpret the simulation results.

Previous evaluations of TAPM in Kwinana 
and Melbourne showed that TAPM performs well 
in coastal, inland and complex terrain areas in 
sub-tropical to mid-latitude conditions (Hurley 
and Luhar 2000, Hurley et al. 2003, Hurley et al. 
2005). Moreover, an inter-comparison between 
TAPM and MM5 were carried out in Spain and 
New Zealand. Soriano et al. (2003) concluded 
that the differences between the two models for 
Catalunya, Spain, are not significant, and that 
TAPM has a satisfying prediction. Zawar-Reza et 
al. (2005) reported that TAPM is able to capture 
major meteorological features but MM5 performs 
better in the case of Christchurch, New Zealand.

Chen et al. (2002) evaluated the meteoro-
logical performance of TAPM over the greater 

Gothenburg, Sweden, for two years by compar-
ing simulations and synoptic observations at 
five sites in the region. The results showed that 
the meteorological variables (near-surface air 
temperature and 10-m wind) from TAPM have 
fairly close agreement with the observations on 
both seasonal and daily time scales. However, 
since the observations were from the synop-
tic stations, performances of the model on an 
urban scale remained to be largely unknown. 
In order to obtain a detailed description of local 
meteorological and air pollutants features in the 
greater Gothenburg, an intensive field campaign 
GÖTE2001 was conducted (Borne et al. 2005). 
The data collected during the campaign was used 
by Miao et al. (2006, 2007, 2008) to evaluate 
the performance of MM5 in detail over the same 
area. These developments made it possible to 
compare MM5 and TAPM performances on an 
urban scale in this coastal environment.

The objectives of this study were (1) to eval-
uate the meteorological component of TAPM in 
an coastal urban environment in southwestern 
Sweden, and (2) to compare the performances 
of TAPM and MM5 in simulating local mete-
orological conditions over this urban area. The 
study focuses on evaluating the model variables 
important to air pollution studies.

Material and methods

GÖTE2001 field campaign

Gothenburg is the second largest city in Sweden 
with about 600 000 inhabitants. It is situated in 
a hilly landscape with steep sided joint aligned 
valleys over the Swedish southwestern coast. 
The campaign GÖTE2001 took place in and 
around Gothenburg during 7–20 May 2001. 
The measurements covered the Gothenburg city 
centre, suburban and rural areas, including the 
west coastal area. The meteorological variables 
available during this campaign were tempera-
ture, wind speed, wind direction and humidity 
at the near-surface level. Detailed information 
about the GÖTE2001 campaign can be found in 
Borne et al. (2005).

By taking the data quality into account, 
four urban sites (Femmanhuset, Lejonet, GVC, 
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Heden), three suburban sites (Åby, Järnbrott, 
Tagene), two coastal urban sites (Älvsborgsbron 
and Risholmen), one rural site (Säve with three-
hourly time resolution) were selected for evaluat-
ing the 2-m temperature. Five urban sites (Fem-
manhuset, Lejonet, GVC, Heden, Skåtas), one 
suburban site (Lemmingsvallen), two coastal sites 
(Älvsborgsbron and Kanotföreningen) and one 
rural site (Säve with three-hourly time resolution) 
were used for the 10-m wind evaluation (Fig. 1).

Methods

In order to quantitatively measure the model per-
formance, a set of statistical measures is needed 
to compare observations with model predictions, 
and to compare the statistics obtained from the 
other model (Hurley and Luhar 2000). According 
to Willmott (1981), the following measures were 
used in this study: mean (Mean), standard devia-
tion (SD), mean bias error (MBE), root mean 
square error (RMSE), correlation coefficient (R), 
and one skill measure index of agreement (IOA). 
The definitions of these statistic measures are 
listed in the Appendix.

Model configurations

Miao et al. (2007, 2008) showed that MM5 with 
MRF PBL (Planetary Boundary Layer) scheme 
(Hong and Pan 1996) and Noah LSM (Land 
Surface Model) scheme (Chen and Dudhia 
2001) has a better performance in reproducing 
the boundary layer structure and urban effects. 
Based on this MM5 configurations, TAPM was 
designed and set up accordingly for the inter-
comparison purpose. In this study, TAPM had 
four nested domains with horizontal grid reso-
lutions of 54, 18, 6 and 2 km, all centred at 
the location (57°42´N, 11°58´E). The innermost 
domain consisted of 40 ¥ 46 horizontal grids 
(N–S direction by E–W direction) which covered 
the area of interest, including all the GÖTE2001 
campaign sites. The lowest ten of the 40 vertical 
levels were 10, 25, 50, 75, 100, 150, 200, 250, 
300, 350 m a.g.l (above ground level), with the 
highest model level at 8000 m a.g.l. Similar to 
MM5, the initial and boundary conditions in 
TAPM were extracted from the ECMWF (The 
European Centre for Medium-Range Weather 
Forecasts) operational analysis with the spatial 
resolution of 0.5° longitude by 0.5° latitude 

Fig. 1. Positions of the 
measurement sites used 
during the GÖTE2001 
campaign: coastal sites 
(Risholmen, Älvsborgs-
bron), urban sites (Fem-
manhuset, Heden, GVC, 
Lejonet, Skåtas, Järnbrott, 
Åby, Tagene) and rural 
site (Säve).
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and the temporal resolution of six hours. In 
addition, the monthly sea-surface temperature 
(286.2 K), monthly deep-soil temperature (282.2 
K) and monthly deep-soil volumetric moisture 
content (0.27 m3 m–3) were used in the model 
simulation according to the ECMWF analysis. 
Default surface information, such as the terrain 
height, vegetation and soil type datasets, were 
based on public-domain data available from the 
USGS (U.S. Geological Survey). The terrain 
height within the innermost model varied from 
14 to 251 m a.s.l. The soil type of domain four 
in TAPM was sandy clay loam. In the innermost 
model domain, urban land use (catalogue 34) 
was dominant and surrounded by default land 
use pasture/herb-field-mid-dense (seasonal) and 
forest-low sparse (woodland). Different from 
TAPM, MM5 had an urban land use surrounded 
by crop and grassland instead.

Results and discussion

Surface temperature and wind field

An examination of the near-surface air tem-
perature and wind is important for the model 
performance because these qualities reflect the 
nature of the local thermal circulation influ-
enced by mesoscale forcing and govern contami-
nant distributions in air-quality models (Lee and 
Fernando 2004). The simulated results on the 2-

m temperature, and U and V components of the 
10-m wind at urban, suburban, rural and coastal 
sites are given in Tables 1 and 2. 

The statistic measures showed a close agree-
ment between the two models and observa-
tions (IOA > 0.84). This indicates that TAPM 
and MM5 have comparable results in simulating 
the near-surface air temperature. At urban sites 
(Femmanhuset, Lejonet, GVC and Heden) and 
two coastal urban sites (Risholmen and Älvs-
borgsbron), TAPM performed better in terms of 
a lower bias and RMSE and higher R and IOA, 
whereas MM5 underestimated the surface air 
temperature at the urban sites. When comprar-
ing the major parameters related to the urban 
land use, two models that had similar levels of 
performance for albedo, roughness length and 
emissivity, but there were large differences in the 
minimum stomatal resistance (Rsmin) and fraction 
of surface covered by vegetation (Table 3). The 
stomatal resistance reflects the ability of the sto-
mates to impede the flow of water vapour from 
the interior of the leaf to the atmosphere and 
it governs the flow of water vapor through the 
stomates. By influencing the latent heat flux, a 
higher value of Rsmin leads to a higher latent heat 
flux and lower air temperature under the same 
conditions. Therefore, the cold biases (MBE) 
at the most urban sites in MM5 are partly due 
to four times higher Rsmin than that in TAPM. 
Moreover, the fraction of vegetation cover in 
MM5 tended to cool the urban air as well. At the 

Table 1. Observed and modeled 2-m temperature statistics (°C) at urban, suburban and rural sites for GÖTE2001. 
The number of samples is 336, except for Säve with 112 samples due to the three-hour interval.

	 Järnbrott	 Åby	 Femmanhuset	L ejonet	T agene	R isholmen	 Älvsborgsbron	 GVC	H eden	S äve*

Mean_OBS	 12.7	 11.8	 12.8	 13.1	 12.8	 12.0	 12.6	 13.3	 12.1	 11.6
Mean_MM5	 11.9	 12.0	 12.1	 12.1	 11.5	 11.8	 12.0	 12.0	 12.1	 11.7
Mean_TAPM	 12.6	 12.6	 12.9	 13.1	 12.7	 12.5	 12.3	 12.7	 12.9	 11.9
MBE_MM5	 –0.8	 0.2	 –0.8	 –1.1	 –1.2	 –0.1	 –0.6	 –1.4	 –0.1	 0.1
MBE_TAPM	 –0.1	 0.8	 0.0	 –0.1	 0.0	 0.6	 –0.3	 –0.6	 0.8	 0.3
SD_OBS	 3.9	 4.0	 3.6	 4.3	 4.0	 2.9	 2.9	 4.7	 3.6	 4.3
SD_MM5	 3.8	 4.0	 4.2	 4.3	 4.2	 2.6	 3.7	 4.1	 4.2	 4.1
SD_TAPM	 3.6	 4.2	 3.9	 4.0	 4.0	 2.7	 2.4	 4.0	 4.1	 4.4
RMSE_MM5	 2.37	 2.40	 2.84	 3.11	 3.00	 1.86	 2.54	 3.02	 2.38	 1.92
RMSE_TAPM	 2.37	 2.77	 2.53	 2.80	 2.68	 1.79	 1.58	 2.44	 2.35	 2.51
R_MM5	 0.83	 0.82	 0.76	 0.77	 0.78	 0.77	 0.75	 0.82	 0.82	 0.90
R_TAPM	 0.80	 0.79	 0.78	 0.77	 0.78	 0.81	 0.85	 0.86	 0.84	 0.84
IOA_MM5	 0.90	 0.90	 0.86	 0.86	 0.86	 0.87	 0.84	 0.88	 0.90	 0.95
IOA_TAPM	 0.89	 0.88	 0.88	 0.87	 0.88	 0.89	 0.91	 0.92	 0.90	 0.91
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only rural site (Säve) the two models performed 
similarly well.

By taking the statistic measures into account, 
TAPM performed much better than MM5 at the 

10-m wind simulation at both urban and rural 
sites. TAPM could predict the temporal variation 
of winds with IOA values ranging from 0.80 to 
0.94 for U and V components. This conclusion is 

Table 2. Observed and modeled U and V components of 10-m wind statistics (m s–1) at urban, suburban and rural 
sites for GÖTE2001. The number of samples is 336, except for Säve with 112 samples due to the three-hour inter-
val.

Mean_OBS
    U	 0.7	 0.9	 1.0	 0.8	 0.6	 1.0	 0.8	 0.5	 0.5	 1.3	 1.1	 1.3
  V	   0.1	 0.1	 –0.1	 –0.1	 –0.1	 –0.2	 0.1	 –0.1	 –0.1	 –0.1	 0.4	 –0.1
Mean_MM5
    U	 0.9 	 0.8	 0.8	 0.7	 0.8	 0.8	 0.8	 0.7	 0.7	 1.1	 1.9	 –0.2
  V	   0.5	 0.5	 0.5	 0.4	 0.3	 0.5	 0.5	 0.5	 0.3	 0.4	 0.7	 –2.8
Mean_TAPM
    U	 0.9 	 0.6	 0.7	 0.6	 0.5	 0.7	 0.5	 0.4	 0.4	 1.1	 1.5	 0.7
  V	   0.4	 0.4	 0.4	 0.4	 0.2	 0.2	 0.4	 0.4	 0.2	 0.4	 0.5	 0.4
MBE_MM5
    U	 0.2 	 –0.1	 –0.2	 –0.1	 0.2	 –0.2	 0.0	 0.2	 0.2	 –0.1	 0.8	 –1.5
  V	   0.3	 0.4	 0.6	 0.5	 0.4	 0.7	 0.3	 0.6	 0.4	 0.5	 0.2	 –2.7
MBE_TAPM
    U	 0.2	 –0.3	 –0.3	 –0.2	 –0.1	 –0.4	 –0.3	 –0.1	 –0.2	 –0.1	 0.4	 –0.6
  V	   0.2	 0.3	 0.5	 0.5	 0.3	 0.4	 0.2	 0.4	 0.3	 0.4	 0.0	 0.5
SD_OBS
    U	 2.0	 2.8	 3.0	 2.1	 1.9	 2.6	 1.9	 2.5	 2.5	 4.4	 3.3	 3.3
  V	   2.1	 1.8	 2.5	 1.6	 2.2	 1.8	 1.5	 1.3	 1.3	 3.5	 2.2	 2.5
SD_MM5
    U	 2.3	 2.4	 2.2	 2.3	 2.5	 2.2	 2.2	 2.3	 2.4	 2.6	 3.7	 0.2
  V	   2.2	 2.1	 2.0	 2.0	 2.2	 2.1	 2.0	 2.1	 2.0	 2.4	 3.7	 1.7
SD_TAPM
    U	 2.7	 2.2	 2.3	 2.3	 2.4	 2.1	 2.2	 2.2	 2.1	 3.0	 3.9	 2.2
  V	   2.1	 1.8	 1.9	 1.9	 2.1	 1.8	 1.8	 1.8	 1.7	 2.5	 3.1	 2.0
RMSE_MM5
    U	 1.69	 1.85	 2.09	 1.54	 1.72	 1.64	 1.56	 1.69	 1.70	 2.78	 2.82	 3.67
  V	   1.90	 1.44	 1.88	 1.49	 1.68	 1.57	 1.53	 1.63	 1.49	 2.53	 3.08	 4.22
RMSE_TAPM
    U	 1.43	 1.58	 1.78	 1.20	 1.58	 1.30	 1.10	 1.53	 1.44	 1.93	 1.80	 1.91
  V	   1.64	 1.12	 1.79	 1.19	 1.26	 1.05	 1.30	 1.21	 1.08	 1.97	 2.26	 1.55
R_MM5
    U	 0.70	 0.75	 0.72	 0.76	 0.73	 0.78	 0.72	 0.76	 0.76	 0.80	 0.71	 0.50
  V	   0.62	 0.76	 0.71	 0.71	 0.72	 0.74	 0.66	 0.70	 0.69	 0.71	 0.57	 0.14
R_TAPM
    U	 0.85	 0.82	 0.81	 0.86	 0.76	 0.88	 0.87	 0.80	 0.82	 0.93	 0.90	 0.85
  V	   0.71	 0.82	 0.74	 0.81	 0.83	 0.86	 0.71	 0.79	 0.79	 0.85	 0.69	 0.81
IOA_MM5
    U	 0.83	 0.86	 0.82	 0.87	 0.83	 0.88	 0.84	 0.87	 0.87	 0.83	 0.83	 0.35
  V	   0.77	 0.86	 0.81	 0.81	 0.84	 0.83	 0.79	 0.75	 0.77	 0.80	 0.70	 0.36
IOA_TAPM
    U	 0.90	 0.89	 0.88	 0.92	 0.85	 0.92	 0.92	 0.89	 0.90	 0.93	 0.94	 0.87
  V	   0.83	 0.90	 0.83	 0.88	 0.91	 0.91	 0.83	 0.84	 0.86	 0.89	 0.80	 0.87

Jä
rn

br
ot

t

Å
by

F
em

m
an

hu
se

t

Le
jo

ne
t

T
ag

en
e

G
VC



H
ed

en

S
kå

ta
s

Le
m

m
in

gs
va

le
n

Ä
lv

sb
or

gs
br

on

K
an

ot
fö

re
ni

ng
en

S
äv

e



Boreal Env. Res. V ol. 14  •  Performance of TAPM against MM5 at urban scale	 343

also in agreement with an earlier study (Edwards 
et al. 2004).

TAPM simulations of the hourly 2-m tem-
perature, 10-m wind speed and wind direction 
during GÖTE2001 agreed well with the obser-
vations at these sites for either near-surface air 
temperature or wind speed and wind direction. 
However, MM5 tended to have larger amplifica-
tion than TAPM in simulating the surface tem-
perature and wind speed (Figs. 2–4).

In order to check how much TAPM and 
MM5 modify the background meteorological 

field, 2-m temperature and 10-m wind compo-
nents at nearest grid to urban site Heden were 
extracted from the ECMWF analysis with the 
six-hour time resolution and 0.5° ¥ 0.5° spatial 
resolution (Fig. 5). Compared with the ECMWF 
analysis, TAPM and MM5 showed improvement 
in the surface field simulation, which demon-
strates better performance and added-value of 
the fine-grid models. Beyond that, the improve-
ment of TAPM and MM5 are characterised by 
the same direction and level.

Boundary-layer structure

The most important local-scale meteorological 
conditions leading to an air pollution episode for 
PM10 are temperature inversions, atmospheric 
stability, and in some cases, wind speed (Kukko-
nen et al. 2005). Examination of the boundary-
layer structure simulation in the two models was 
focused on vertical temperature gradient during 
daytime and nighttime, as well as the low wind 
speed situations.

Table 3. Parameters associated with urban land use in 
MM5 and TAPM.

	MM 5	TA PM

Albedo (%)	 15	 13
Roughness length (cm)	 80	 80
Emissivity (%)	 88	 95
Rsmin (minimum stomatal
    resistance) (m s–1)	 400	 100
Fraction of surface covered
    by vegetation (%)	 95	 75
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Fig. 2. Time series of the modelled and observed 
hourly near-surface air temperature (2-m), wind speed 
and wind direction (10 m) at the closest grid point to 
Heden (Urban) from the domain four with a 2-km grid 
resolution during the period from 00:00 UTC on 7 May 
to 23:00 UTC on 20 May 2001.
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Vertical temperature gradient

Stability of the lower atmosphere is character-
ized by the vertical temperature gradient, which 
is often measured from an instrumental mast. In 
this study, the vertical temperature gradient was 
calculated by using hourly 3-m and 105-m meas-
urement at the Järnbrott mast site during 7–19 
May 2001. The comparisons of modelled vertical 
temperature gradient were carried out separately 
for daytime and nighttime (Fig. 6). The night-
time temperature gradient was well predicted by 
the two models (IOA_TAPM = 0.85; IOA_MM5 
= 0.83). However, both models failed to simulate 
the daytime temperature gradient. TAPM greatly 
underestimated the daytime temperature gradient 
due to the overestimation of the surface tempera-
ture and underestimation of the daytime tem-
perature at the high altitude (105 m). The MBE 
for the daytime temperature at 2-m was 0.10 °C 

for TAPM and –0.12 °C for MM5, while that at 
105 m was –0.89 °C for TAPM and –0.43 °C 
for MM5. It might be due to the local urban 
effects are not properly accounted for by the 
generic single-layer canopy scheme used, which 
indicates the necessary improvement in land-sur-
face scheme in TAPM (Luhar and Hurley 2003, 
Luhar et al. 2006).

Low wind speed stable conditions

In an urban boundary layer, many studies have 
highlighted the importance of the roughness sub-
layer (RSL) and its determination to the disper-
sion of ground-level concentrations in an urban 
area (Venkatram et al. 2005, Fisher et al. 2006). 
MOST (Monin-Obukhov Similarity Theory) is 
not valid within the urban RSL because the tur-
bulent flux of momentum decreases to zero due 
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Fig. 3. Time series of the modelled and observed 
hourly near-surface air temperature (2 m), wind speed 
and wind direction (10 m) at the closest grid point to 
Älvsborgsbron (Coast) from the domain four with a 2-
km grid resolution during the period from 00:00 UTC on 
7 May to 23:00 UTC on 20 May 2001.
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to the drag on the flow caused by the buildings 
(Rotach 2001, Fisher et al. 2006). However, 
many dispersion models still use MOST in an 
urban area by adjusting the roughness length or 
M–O length under very stable conditions (Craig 
and Bornstein 2001). In order to examine how 
well this adjusting is working, we compared 
the frequencies of different wind levels during 
daytime and nighttime at urban, coastal and rural 
sites (Table 4).

As one character of stable or very stable 
atmospheric conditions — low wind speed — is 
of interest, partly because the simulation of air-
borne pollutant dispersion is rather difficult in 
such situations, when turbulent motions may be 
of the same order as the wind speed (Seaman 
2000, Anfossi et al. 2005). At low wind speeds 
(< 2 m s–1), the highest ground-level concentra-
tions of air pollutants are often encountered 
(Luhar et al. 2007). The results of this study 
showed that the two models severely underesti-
mate the nocturnal low wind situation (< 2 m s–1) 
at all three sites. This indicates that the weakness 
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Säve (three-hourly data) (Rural) from the domain four 
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UTC on 7 May to 23:00 UTC on 20 May 2001.
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Table 4. Observed and modelled frequencies (%) of the hourly-averaged wind speed at 10-m AGL during daytime 
(08:00–19:00 UTC) and nighttime (20:00–07:00 UTC) at Kanotföreningen, Säve and Heden from 7 to 20 May 
2001.

			   0–2 m s–1	 2–4 m s–1	 4–6 m s–1	 6–8 m s–1	 > 8 m s–1

Kanotföreningen (coast)		O  BS	 17.9	 41.1	 26.2	 9.5	 5.4
	 Day	TA PM	 8.9	 40.5	 31.0	 4.2	 15.5
		MM  5	 7.1	 22.0	 38.1	 12.5	 20.2
		O  BS	 57.1	 23.2	 6.0	 7.7	 6.0
	N ight	TA PM	 10.7	 51.2	 22.0	 3.6	 12.5
		MM  5	 9.5	 36.9	 34.5	 8.9	 10.1

Säve (rural)		O  BS	 21.4	 35.7	 21.4	 17.9	 3.6
	 Day	TA PM	 19.6	 66.1	 14.3	 0.0	 0.0
		MM  5	 37.5	 33.9	 19.6	 8.9	 0.0
		O  BS	 64.3	 23.2	 3.6	 7.1	 1.8
	N ight	TA PM	 23.2	 73.2	 3.6	 0.0	 0.0
		MM  5	 23.2	 69.6	 7.1	 0.0	 0.0

Heden (urban)		O  BS	 26.8	 58.3	 14.3	 0.6	 0.0
	 Day	TA PM	 22.6	 61.9	 15.5	 0.0	 0.0
		MM  5	 39.3	 29.2	 22.0	 9.5	 0.0
		O  BS	 74.4	 17.9	 7.7	 0.0	 0.0
	N ight	TA PM	 40.5	 50.6	 8.9	 0.0	 0.0
		MM  5	 33.9	 64.3	 1.8	 0.0	 0.0

of MOST under strongly stable conditions is still 
evident in the two models. However, the two 
models perform better during the daytime at all 
wind levels. Compared with MM5, the advan-
tage of TAPM is the simulation at an urban site, 
giving progressively better simulation results for 
higher wind speeds.

Diurnal temperature variation in an 
urban area

The urban features simulated by the two models 
need to be checked and compared, since the 
interesting area is dominated by an urban land 
use. Diurnal temperature variations, including 
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the diurnal cycle and diurnal heating of the sur-
face temperature, are two major characters to the 
evaluate model performance. In this study, the 
near-surface air temperature data at seven urban 
sites (Femmmanhuset, Heden, Lejonet, GVC, 
Järnbrott, Åby and Tagene) were used to calcu-
late the urban-averaged diurnal cycle and diurnal 
heat indexes (Figs. 7–8). TAPM and MM5 had 
similar timing at three phases of the diurnal 
cycle. Compared with MM5, TAPM evidently 
overestimated the daytime temperature. In this 
study, the diurnal heat index was expressed as 
the diurnal cycle intensity (DCI), defined as the 
difference between the daily maximum and min-
imum near-surface air temperatures (Miao et al. 
2008). Since local-scale circulations are driven 
by the heating contrast across the coastline or 
land use boundaries, and the strength of the cir-
culation depends on the diurnal heating, i.e. the 
diurnal amplitude of the temperature difference 
from day to night (Borne et al. 1998, Zhang and 
Zheng 2004). As can be seen from Figs. 7 and 8, 
TAPM and MM5 could similarly well simulate 
diurnal heating.

Summary and conclusions

This study evaluated the performance of TAPM 
during GÖTE2001 campaign by comparing it 
with the performance of MM5. The compari-
son focused on the application of the models in 
southwestern coastal urban area at high latitudes, 

and on those urban-scale meteorological features 
that are important to the dispersion of air pollut-
ants. The meteorological features included the 
near-surface air temperature and wind, vertical 
temperature gradient, low wind speed condi-
tions, as well as the diurnal cycle and diurnal 
heating in an urban area.

The major findings were as follows:

•	 Overall, the results from TAPM are compara-
ble with those from MM5 at an urban scale.

•	 TAPM scored higher than MM5 in simulat-
ing the near-surface air temperature in both 
urban and coastal areas, and the two models 
had a similarly good performance in a rural 
area. For the 10-m wind simulation, TAPM 
had obviously better performance in all the 
areas.

•	 The two models were able to predict the ver-
tical temperature gradient during nighttime 
acceptably but failed to predict it correctly 
during the daytime. The underestimation of 
the daytime temperature gradient by TAPM 
is due to overestimation of the surface tem-
perature and underestimation of the high-
altitude temperature. This indicates that the 
sensible heat flux parameterization needs to 
be improved.

•	 Both TAPM and MM5 had difficulties in 
correctly predicting the near-surface wind 
under the nocturnal stagnant wind situations 
(< 2 m s–1), which confirms the limitation of 
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applying MOST under strongly stable condi-
tions.

•	 Considering urban sites, TAPM and MM5 
had similar comparable skills in simulat-
ing the diurnal cycle and diurnal heating. 
However, TAPM evidently overestimated the 
daytime near-surface air temperature.

This study supports the previous findings that 
TAPM is reliable and further concludes that its 
meteorological predictions in an urban area are 
comparable with those of the more advanced 
model MM5. Simulations of the near-surface 
air temperature and wind, nighttime tempera-
ture gradient and diurnal heating from TAPM 
can thus be used with confidence to describe 
the local-scale meteorological conditions needed 
for air quality applications. However, TAPM 
needs to be improved with regard of the used 
PBL and LSM schemes because of its relatively 
poor performance in the vertical temperature 
gradient during daytime. As a common difficulty 
for most existing meteorological models, under 
strongly stable conditions MOST needs to be 
better parameterized in an urban area.
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Appendix

Mean observation (Mo) and mean model estimate 
(Me) are given by

	

where N is the product of the number of simu-
lation hours and the number of ground-level 
monitoring locations providing hourly-averaged 
observational data. Φei represents the model esti-
mate at hour i and Φoi represents the observa-
tions at hour i.

Standard deviation of observation (SDo) and 
standard deviation of estimation (SDe) are given 
by

Mean bias error (MBE) is given by

	

Root mean square error (RMSE) is given by

	

Correlation coefficient (R) is given by

	

Index of agreement is given by

	


