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Abstract

The RAMS-CALMET-CALPUFF modelling system, together with observations,
has been used to analyse the benzene impacts of a coke plant located in a narrow
river valley over a nearby urban area in the estuary of Bilbao. The initial aim of
this study was to set up a methodology suitable for dispersion studies in very
complex areas, where pollutant dynamics are highly affected by mesoscale
processes. Emphasis was put on the validation and improvement of the simulated
meteorology. High spatio-temporal resolution meteorological simulations were
performed with the non-hydrostatic mesoscale meteorological model RAMS,
initialized with NCEP reanalysis data, for two ten-day periods. Results were
validated against data recorded both at surface stations and by a wind profiler
radar (WPR). Comparisons against the WPR revealed inaccurate NCEP data for
one of the periods. Alternative nudging with ECMWF ERA-Interim data
improved the results. The RAMS output was downscaled from 1 km to 250 m
resolution with the CALMET diagnostic model. The main flows that affect
dispersion in the area were mostly well simulated, but important disagreements
with observed drainage flows were found for some days. The assimilation of
surface meteorological observations into CALMET, greatly improved the results.
The meteorological fields were input into the CALPUFF non-steady-state puff
dispersion model for dispersion simulations. The actual daily cycles of ground
level benzene were well reproduced but concentration levels were
underestimated. The availability of good meteorological observations in the area
and good emission inventory has shown to be of prime importance.

Keywords: RAMS, CALMET-CALPUFF, near-field dispersion, complex
topography, dispersion model, meteorological model.
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1 Introduction: background, area description and objectives

This paper shows an application of the CALPUFF system in the near-field in an
area of complex topography in northern Spain. The potential impacts of benzene
emissions from an old coke factory (PROFUSA) in the nearby urban area of
Zorroza are analysed.

The town of Zorroza has been suffering pollution and odour episodes for
years. Recent studies revealed high levels of several compounds that, even if
they did not lead to violations of the regulations, they were occasionally high. An
analysis of the wind data and volatile organic compounds (VOC), including
benzene and naftalene, recorded in the area suggested that emissions from
PROFUSA could be responsible for more than 70% of the high benzene levels
registered in Zorroza [1].

Fig. 1 shows the study domain used for dispersion simulations: a mountainous
region in a coastal area, with heights than range from sea level up to 1000 m and
valleys with different orientations running into the sea. Zorroza is located at the
confluence of the narrow, less than 500 m wide at its bottom, Cadagua valley
(discharging into the Nervion valley following an S-to-N orientation) and the
wider Nervion valley that discharges into the sea following a SE-to-NW
orientation. The coke factory is located inside the Cadagua valley 1 km up the
valley point of confluence with the Nervion River.
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Figure 1: Study area. The location of the meteorological and air quality
network and the WPR are shown. The coke factory (PROFUSA) is
also included.
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Other sources of VOC as well as their ambient characterization were
described by Durana et al. [2]. The details of the topography and a description of
the mesoscale flows of the area, characterized by almost daily cycles of wind and
stability, were already described by Millan et al. [3, 4] and Gangoiti et al. [5].
Land-to-sea drainage flows during the night usually precede up-slope and valley
winds during the day. Channelling effects and coupling of in-valley flows with
synoptically forced winds are also frequent in the area. The result is the
occurrence of important and daily changes in stability, wind velocity and wind
direction almost every day. These characteristics of the wind flow make the
generalized use of steady-state Gaussian plume models inappropriate for this
area [4, 6]. The non-steady-state CALPUFF model is one of the United States
Environmental Protection Agency (USEPA) recommended dispersion models for
regulatory purposes [7]. This model is appropriate to be used on a case-by-case
basis for studies in the near-field in complex terrain. Several studies [8, 9] have
been carried out to test the performance of CALPUFF in the near-field.

In this study, the impacts of PROFUSA benzene emissions in Zorroza during
two selected periods were analysed using the RAMS-CALMET-CALPUFF
modelling system. An stress was put in the improvement of the quality of the
wind fields that fed CALPUFF, with the final goal of getting a more accurate
representation of the dispersion conditions and eventually, of the simulated
benzene concentrations fields. The results will help to set up a methodology to
analyse dispersion and estimate impacts of pollutants in the study area.

2 Selected periods and observational data

Two ten-day periods were chosen for the study (from October 17th to 27th 2010,
and from June 9th to 19th 2011) in order to analyse two different meteorological
situations that characterize dispersion in the area under anticyclonic conditions
during autumn and spring, the former having been shown to be the season for the
occurrence of the most severe episodes of air pollution [3].

Meteorological variables are systematically recorded at a network of stations
in the study area (fig. 1) with a temporal resolution of 10 minutes or 1 hour.
Fig. 1 shows the 13 stations used for the present study. Hourly concentrations of
benzene are also systematically recorded at two of them: Zorroza and Munoa.
We will discuss the results at the former, where the higher benzene levels are
usually registered where local residents’ complaints about bad odours originating
from PROFUSA are common. The high resolution data (30 minutes) of a WPR
(fig. 1) are also available.

The analysis of the observational data shows that most of the benzene peak
levels in Zorroza are concurrent with the Cadagua valley nocturnal drainage
flows (fig. 2). These flows were registered almost every day during both periods.
Then, a good simulation of these drainage flows is of key importance for an
adequate estimation of the benzene concentrations originated from PROFUSA in
the urban area of Zorroza.
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Figure 2: Time series of wind speed, wind direction and benzene levels at the

Zorroza station for the 2011 analysed period.

3 The modelling system

In this study the RAMS model [10] was used for the simulation of the local
meteorology, which was input into the CALMET-CALPUFF system [11, 12] for
the dispersion evaluation (fig. 3). The interface code CALRAMS [13] was used
to transform the three-dimensional meteorological data of RAMS into a
CALMET-ready format.

RAMS had already been used in the area to reproduce the observed wind
flows with high spatio-temporal resolution [14, 15]. Version 4.4 was used in this
study.

Meteorology Dispersion
RAMS CALRAMS CALMET CALPUFF
Meteo file Meteo file .
(VFM format) (3D format) Meteo file Calpuff output
Figure 3: Main modules of the modelling system (grey boxes) and

information flow (white boxes) between them.

The diagnostic meteorological model CALMET allows to be fed by
prognostic models output. Thus, the prognostic model can be run with a
significantly larger horizontal grid spacing and lower grid resolution than that
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used in the diagnostic model [8, 16], and to introduce into the diagnostic wind
field results certain features of the flow fields that may not be captured in surface
observational data. CALPUFF is a multi-layer non-steady-state puff dispersion
model that can simulate the effects of temporally and spatially varying
meteorological conditions on pollutant transport, transformation and removal.

Dispersion simulations are very sensitive to the meteorological fields used in
their calculations. In this study, an emphasis was put in the assessment of the
impact of alternative meteorological inputs in the estimation of benzene
concentrations in the very complex terrain study area.

3.1 RAMS setup and validation

A configuration of four nested grids, with increasing resolutions of 48, 12, 3 and
1 km, respectively, and centred in the Zorroza area was used (fig. 4). The
dispersion study area is included in the finest resolution grid (grid 4); its
resolution of 1 km is necessary to describe the local flows in the area. In the

RAMS
Grid 1

RAMS 43.75N1
Grid 3

43.5N
43.25N
N

42.75N " al

RAMS
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Figure 4: RAMS computational grids. Downscaling from the RAMS 1 km
resolution grid 4 to the CALMET 250 m resolution grid is also
shown.
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vertical, a total of 44 levels with variable resolution, the finest ones near the
ground (25-40m), were used up to a height of 22300 m. A two-way nesting
among the grids and a non-homogeneous initialization with non-stationary
boundary conditions were used: four-dimensional data assimilation (FDDA) was
used for the model run, nudging the boundaries and the center of the larger
domain (grid 1) to the conditions given by the NCEP reanalysis II daily data
(2.5° latitude-longitude grid resolution; [17]) at 00:00, 06:00, 12:00 and 18:00
UTC. For the 2011 period, a second run was performed (see Section 4.1) using
the European Center for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim reanalysis data [18] for the nudging (the same gridded data with a 1.5°
resolution every six hours). Other initialization databases and procedures were
similar to those described by Gangoiti ef al. [14].

RAMS output was compared against the data recorded by the WPR and
surface stations. Comparisons were performed both graphically and statistically,
using standard metrics computed when checking the performance of models [19,
20]: bias (defined as simulated minus observed), root mean square error (rmse)
and root mean square vectorial error (rmsve).

3.2 CALMET setup and validation

A domain of 26x28 km with a horizontal resolution of 250 m and centred in the
Zorroza area was used for the CALMET and CALPUFF simulations (fig. 4). In
the vertical, 12 layers were used with the grid cells centred at the following
heights above the ground: 10, 60, 147.5, 255.5, 406, 586.5, 827.5, 1167, 1868.5,
3200.5, 4737 and 5966 m.

Land uses and topography were downloaded from the CALPUFF website
[21]. The SRTM3 topography, with an original resolution of 90m was used.

For this study, CALMET was initialized with two different configurations. In
the first one (configuration 1), the RAMS grid 4 output data were supplied as
initial guess field for CALMET. In configuration 2 the RAMS data were
supplied in the same manner, but an objective analysis was performed to
combine them with the observations from a selection of 10 surface stations
(indicated with circles in fig. 1); another 3 stations were kept out for validation
tasks (stations indicated with squares in fig. 1).

Calmet output was also validated graphically and statistically. The validation
of configuration 1 runs allowed us to elucidate if the wind adjustment to the finer
topography performed by CALMET resulted in a significant improvement. The
validation of configuration 2 simulations allowed us to evaluate the improvement
in the meteorological fields after the assimilation of observational data into
CALMET.

3.3 CALPUFF: emission scenarios

Annual benzene emission data were obtained from the most recent data of the
Emissions Source Register by the Basque Government (E-PRTR) [22], from
which a constant emission rate of 7.9 10°gm™s” was inferred considering
continuous emissions uniformly distributed over the year and the plant surface.
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Two different emission scenarios were considered for each period, to account for
the uncertainty in the emission effective height: a first scenario of surface
emission (4 m agl) and a second scenario in which emissions were released at
30 m agl.

A comparison between registered and simulated benzene concentrations was
performed for each scenario and meteorological configuration.

4 Results

4.1 Meteorological simulations

Comparisons of the simulations against the records of the WPR showed that
RAMS adequately reproduced the main flows that affected dispersion in the area
during the October 2010 experiment (not shown). However, during the
June 2011 period important disagreements were found lasting for several days,
as shown in fig. 5. Winds in the free troposphere (above 1000-1500 m) marked
with a dotted line in the figure show better agreement between observations and
simulations. Below that level, easterly winds (blue colors in the figure),
associated with the reinforcement of the high pressures over the European
continental mass, would be better simulated when nudging with ECMWF ERA-
Interim data (fig. 5c): although some differences (dotted open circles) are still
evident, the NCEP-RAMS simulation was unable to generate these winds
between 13—17 June.

The downscaling of RAMS output by CALMET also improved the simulated
wind fields in the area (see table 1). However, important disagreements in the
reproduction of the Cadagua valley drainage flow were revealed in the results of
CALMET with configuration 1. Figure 6 shows the wind speed and direction at
the Munoa station (near Zorroza and not assimilated into CALMET), together
with the results of the CALMET simulations for the 2010 period. Although the
run with configuration 1 captured some of the observed daily cycles,
the southerly drainage of the Cadagua valley was not reproduced on some days
(see days 17 and 24-25, in which the model established a northerly flow at
surface, coupled with the wind aloft). On some other days (18, 19), the beginning
of the drainage flow was delayed with respect to observations. The simulations
for the June 2011 period fit the observations more adequately, although the
Cadagua valley drainage would also start systematically later. Wind speed was
overestimated in inner valley stations. Surface temperature was underestimated.
Configuration 2 of CALMET greatly improved these results.

Statistical metrics reflected this improvement in the simulations results.
Table 1 shows the statistical indices values for wind speed, wind direction and
temperature for both analyzed periods at three stations: Zorroza (used to
initialize the model), Munoa (not assimilated into CALMET and located near
Zorroza) and Abanto (not assimilated and far from Zorroza; temperature is not
registered at this station).

WIT Transactions on Ecology and The Environment, Vol 174, © 2013 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



46 Air Pollution XXI

T a1 sionts
’l .'!,’. .l . .
t

St mpnm LS
Pt

,‘\gﬁ :‘ : -

%z 12z ooz 122 ooz 12z o0z 00z 122 7 122 007 122 007 12Z 00Z
WUN - TTIN AN 120N 130 N ASUN T BION T 7N 98U
— 10m-s?
30 60 90 120150180210 240 270 300 330
Figure 5: Time sequence of the (a) WPR observed winds (represented every

2 hours), and the simulated wind profiles on the vertical of the
WPR for (b) RAMS-NCEP and (c) RAMS-ECMWF for the June
2011 period.
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Figure 6: Wind speed, wind direction and temperature observed and
simulated by CALMET with configurations 1 and 2 at the Munoa
station (not assimilated into CALMET) for October 2010.
Table 1: Statistical indices at the Zorroza, Munoa and Abanto stations for
the two simulated periods and for 3 different simulations: RAMS,
and RAMS-CALMET with configurations 1 and 2.
2010 period 2011 period
Index MODEL | Zorroza | Munoa | Aban. | Zorroza Munoa | Aban.
U mb(ms)) RAMS | -042 | 022 | 027 0,47 049 | -1,68
RC Conf.1| -0,10 0,10 -0,15 0,04 -0.001 -1,61
RC Conf2| -0,09 -0,19 -0,38 0,07 0.49 -1,49
u_rmse (m s'l) RAMS 1,74 1,53 2,60 1,19 1,11 291
RC Conf.l 1,07 1,02 2,38 0,88 0.78 2,88
RC Conf2| 0,19 0,68 2,24 0,20 0.99 2,55
v_mb(ms") RAMS | 0,52 0,96 | 0,03 20,9 20,62 | 0,02
RC Conf.l 0,32 0,74 0,04 -0,66 -0.41 0,2
RC Conf2| -0,02 0,35 0,41 -0,02 0.14 0,16
v rmse (ms) RAMS 2,78 281 2,36 2,09 2,08 137
RC Conf.1 2,38 2,30 1,96 1,46 1.42 1,13
RC Conf2| 0,09 1,02 1,49 0,07 0.64 0,96
u-v_ rmsve (ms') | RAMS 3,28 3,20 3,51 2,41 2,36 3,21
RC Conf.1 2,61 2,52 3,08 1,71 1.62 3,1
RC Conf2| 0,21 1,02 2,69 0,21 1.18 2,73
temp_mb (°C) RAMS | 2,93 | 2,85 2,20 241
RC Conf.l| -3,22 -3,40 - -2,69 -2.93 -
RC Conf2| -0,06 -0,41 - -0,19 -0.7 -
temp_rmse (°C) RAMS | 6,02 5,61 323 338
RC Conf.l 5,35 5,30 - 3,51 3.70 -
RC Conf2| 0,24 0,63 - 0,30 0.78 -
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4.2 Dispersion simulations

The progressive improvement in the simulation of the drainage flow of the
Cadagua valley led to an improvement in the reproduction of the benzene
impacts from PROFUSA in the Zorroza station. Figure 7 shows the results for 3
different runs for the June 2011 period: CALMET with configuration 1 fed with
RAMS-NCEP, and CALMET with configurations 1 and 2 fed with RAMS-
ECMWEF.

sk k)

9 10 1" 1 13 14 15 16 17 18

Benzene (ugm=)
O=NWMPONOONDWOWO

DAY
—Observed  ---NCEP  ---ECMWF Conf.i  —ECMWF Conf.2
Figure 7: Simulated benzene concentrations at the Zorroza station (surface

emission scenario). Results for 3 different runs are shown together
with observations.

It was the surface emission scenario that gave concentrations closer to the
observed ones, but the concentrations were clearly underestimated. For both
periods it was the configuration 2 simulation that reproduced more adequately
the daily cycles of benzene. In contrast to configuration 1, all nighttime and
morning peaks of benzene were captured.

Fig. 8 shows the ground level concentration fields of benzene at selected
times of the 16—17 June, 2011. The change of direction in the plume according to
the reversal of the wind flow can be observed: in the evening of the 16th the
pollutants are observed impacting inside the Cadagua valley within the coupled
sea breeze and valley flow winds; then, at night, the plume reversed direction
and the main impacts were moved into the Nervion valley following first the
Cadagua S-to-N drainage flow and then the SE-NW direction of the Nervion
valley. At this time, important benzene impacts are registered in Zorroza.

5 Conclusions

The RAMS-CALMET-CALPUFF modelling system has been implemented in
an area of complex topography to investigate the capability of such a system to
reproduce mesoscale circulations and their effect on the transport and dispersion
of air pollutants in the area. During the process, an emphasis was put in the
improvement of the simulated meteorological fields.

The importance of the availability of good observational data to validate the
models was substantiated. Some inconsistencies were found in the NCEP
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Reanalysis data for one of the two simulated periods. Initializing the RAMS
model with ECMWF-ERA-Interim data led to a more accurate representation of
the observed wind fields. The downscaling of the RAMS output with CALMET
also improved the simulated meteorological fields. So did the assimilation of
observations into the system, which is of key importance to adequately
reproduce the Cadagua valley drainage and the daily mesoscale flow dynamics.
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Figure 8: Mean hourly benzene concentrations simulated by CALPUFF
(surface emissions scenario) at four instants of the June 2011
period. PROFUSA and Zorroza have been indicated with a cross
and a triangle, respectively.

The hourly occurrence and main daily cycles of the benzene concentrations at
the Zorroza station were well reproduced by using the emissions from the main
source (PROFUSA) at surface level, but the actual concentrations were clearly
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underestimated. This could be caused by an underestimation of the registered
benzene emissions.
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