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Abstract

A new coupled system of aerosol HAM model and the Weather, Research and Fore-
casting (WRF) model is presented in this paper. Unlike the current aerosol schemes
used in WRF model, the HAM is using a “pseudomodal” approach for the represen-
tation of the particle size distribution. The aerosol components considered are sul-
fate, black carbon, particulate organic matter, sea salt and mineral dust. The prelim-
inary model results are presented for two different 6-day simulation periods from 22
to 28 February 2006 as a winter period and 6 to 12 May 2006 as a mild period. The
mean shortwave radiation and thermal forcing were calculated from the model sim-
ulations with and without aerosols feedback for two simulation periods. A negative
radiative forcing and cooling of the atmosphere were found mainly over the regions of
high emission of mineral dust. The absorption of shortwave radiation by black carbon
caused warming effects in some regions with positive radiative forcing. The simulated
daily mean sulfate mass concentration showed a rather good agreement with the mea-
surements in the European EMEP network. The diurnal variation of the simulated
hourly PM,, mass concentration at Tehran was also qualitatively close to the observa-
tions in both simulation periods. The model captured diurnal cycle and the magnitude
of the observed PM,, concentration during most of the simulation periods. The differ-
ences between the observed and simulated PM,, concentration resulted mostly from
limitation of the model in simulating the clouds and precipitation, transport errors and
uncertainties in the particulate emission rates. The inclusion of aerosols feedback in
shortwave radiation scheme improved the simulated daily mean shortwave radiation
fluxes in Tehran for both simulation periods.
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1 Introduction

Aerosol particles suspended in the Earth’s atmosphere are an important component
of the present day climate system. These submicron particles from both natural and
anthropogenic sources affect the Earth’s radiative balance directly by scattering (Charl-
son et al.,, 1992) or absorbing (Ramanathan and Vogelmann, 1997) solar radiation.
Furthermore, aerosol particles modify the cloud properties by acting as cloud conden-
sation nuclei (CCN), thereby influencing the albedo (Twomey, 1991; Charlson et al.,
1987), lifetime (Albrecht, 1989), extent and precipitation (Ramanathan et al., 2001a, b)
of clouds.

Throughout the last decade several aerosol modules were developed to improve
the characterization of concentration, size distribution and composition of aerosols.
Methods used to represent aerosol size distributions have been reviewed in detail by
Williams and Loyalka (1991) and Whitby and McMurry (1997). In recent years, several
studies have included predictions of explicit size distributions of internal mixtures. Sec-
tional models have been used in multicomponent 3-D studies (e.g. Jacobson, 2001;
Gong et al., 2003; Rodriguez and Dabdub, 2004). Modal models have also been em-
ployed in regional-scale air quality models (e.g. Ackermann et al., 1998; Schell et al.,
2001) offering computational advantages over the sectional approach.

Despite numerous studies, the level of understanding of the aerosol effects on cli-
mate change is still very low (IPCC, 2007). Realistic simulation of the radiative effects
of aerosols requires models where the aerosols, meteorology, radiation, and chemistry
are coupled in a fully interactive manner. The design of the community Weather Re-
search and Forecasting/Chemistry (WRF-Chem) prediction model (Grell et al., 2005)
permits such interactive coupling. The modular framework of WRF permits it to be
used for research purposes so that different aerosol modules can be evaluated and
compared using the same emissions and meteorology.

Over the last few years, various aerosol modules have been implemented into the
chemistry version of WRF (Ackermann et al., 1998; Schell et al., 2001; Zaveri et
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al., 2005a, b). In this study, the new aerosol HAM module developed by Stier et
al. (2005) has been coupled with the WRF-Chem modeling system and tested by com-
parison to measurements. Embedded in the ECHAM5 general circulation model, the
aerosol model HAM predicts the evolution of an ensemble of microphysically interact-
ing internally- and externally-mixed aerosol populations. A “pseudomodal”’ approach
is used for the representation of aerosol size distributions in HAM. The major global
aerosol compounds such as sulfate, black carbon, particulate organic matter, sea salt
and mineral dust are included in our coupled system.

Section 2 describes the processes considered in the current coupled system. The
preliminary model results for two different 6-day simulation periods in February and
May 2006 are presented in Sect. 5. Finally, Sect. 6 concludes the discussion and
presents an outlook to future developments.

2 Model description

The chemistry version of the Weather Research and Forecasting model (WRF-Chem)
version 2.1.2 formed the starting point for the model used in this study. A full description
of WRF-Chem can be found in Grell et al. (2005). Only a brief description of the major
processes considered in our new coupled system, is presented here.

2.1 Size distribution

The aerosol population in HAM is represented by superposition of seven modes (Ta-
ble 1), assuming a lognormal distribution within each mode:

7 Z\2
—(Inr-1Inr;)

n(l 1

") 21 21rln6 < 2In? g, > W

where N; is the number of aerosols, r is the particle diameter, 7 is the number median
radius, and o is the standard deviation of the distribution mode /. The standard devi-
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ation is assumed to be constant and set to 6=1.59 um for the nucleation, Aitken and
accumulation modes and to 0=2.00 um for the coarse size mode (Wilson et al., 2001).

The seven modes are grouped into four geometrical size classes, ranging from the
nucleation, Aitken and accumulation modes to coarse mode. Besides size, two types of
particles are distinguished, internally mixed and water soluble particles (four modes),
and externally mixed and insoluble particles (three modes). The separation of the
aerosol population into these two populations allows predicting the hygroscopic prop-
erties of initially insoluble compounds, which controls their atmospheric lifetimes and
also their interaction with clouds. The modal setup and the underlying mixing concept
are illustrated in Table 1. The evolution of size distributions of most of the key compo-
nents of the global aerosol burden including sulfate, black and primary organic carbon,
sea salt and mineral dust has been considered in this study. Three of the modes con-
stitute solely of insoluble compounds; four of the modes contain at least one soluble
compound.

2.2 Aerosol microphysics module

The microphysics core of HAM is based on the aerosol module M7 (Vignati et al.,
2004) which itself is a development of the earlier version M3+ regarding the physics
and dynamics involved. The full description of M7 can be found in Vignati et al. (2004).
M7 considers coagulation, condensation on pre-existing aerosols, aerosol nucleation,
thermodynamical equilibrium with water vapor, and the inter-modal transfer.

The maximum amount of total condensable sulfate is first calculated using the avail-
able gas phase sulfate and the diffusion of the sulfate to the surface of the particles
(Fuchs, 1959). Then, in the second step, the remaining gas phase sulfate is avail-
able for the nucleation of new clusters. There are two optionally available nucleation
schemes in the current version of M7 following the methods suggested by Kulmala et
al. (1998) and Vehkamaki et al. (2002). The number of nucleated particles as well
as the integral mass of the nucleated sulfate is parameterized based on the tem-
perature (T), relative humidity (RH), and the gas-phase concentration of the sulfate
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available after the condensation. Compared to the Kulmala method, the Vehkamaki
scheme has the advantage of covering an extended range of thermodynamical con-
ditions (0.01%<RH<100%, 230.15 K<7 <305.15 K) and the usage of a more stringent
application of nucleation theory.

Gaseous sulfuric acid condenses on all soluble and insoluble modes in M7. The
distinction between condensation on insoluble and on mixed/soluble particles is real-
ized by the assumption of different accommodation coefficients of a=0.3 for the insol-
uble and a=1.0 for the soluble particles (Vignati et al., 2004). It is also assumed that
the condensation of sulfate on insoluble particles transfers them to the corresponding
mixed modes.

The aerosol size distributions can be also altered by particle collision and coagu-
lation. The treatment of coagulation in M7 is represented by the effects caused by
Brownian motion (Fuchs, 1964). The coagulation coefficients for particles of modes /
and j is:

_ 16n7D
j = R ~

K.

/

(@)

where D, ¥ and A are respectively the diffusion coefficient, thermal velocity and mean
free path length for an aerosol particle having a geometric mean radius equal to the
average of those of modes / and j: F:%.

M7 allows both inter-modal and intra-modal coagulation. A particle resulting from
intra-modal coagulation remains in the same mode, so that the total mass concentra-
tion of the mode remains unchanged, but as the number of particles decreases the
average particle mass increases. For inter-modal coagulation, when a particle from
mode / coagulates with a larger particle from mode j, the average dry mass of mode
i is transferred to mode j. The transfer of number and mass is consistent, so that the
average mass of the particles in mode / remains unchanged, while that of mode j in-
creases. The inter-modal and intra-modal coagulation of insoluble accumulation mode
and all coarse modes is assumed sufficiently long to be ignored in M7.
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2.3 Removal mechanisms
2.3.1 Sedimentation and dry deposition

The gravitational sedimentation and dry deposition, i.e. the transport of trace gases
and particles from the atmosphere to the earth’s surface, are the important sinks of at-
mospheric trace gases and particles. In this study, the flux of trace gases and particles
from the atmosphere to the surface is calculated by multiplying concentrations in the
lowest model layer by the spatially and temporally varying deposition velocity.

The deposition velocity of the species is calculated using an analogy to the Ohm’s
law in electrical circuits. It is proportional to the sum of three characteristic resistances
(aerodynamic resistance, sub-layer resistance, surface resistance). The deposition
velocity v4 for each aerosol mode is given by:

Vg = (ry + Fg + r,favg)™' + vg (3)

where r, is the surface resistance, ry is the quasi-laminar sub-layer resistance which
has been parameterized by considering the effects of Brownian diffusivity. The third
term within the brackets is related to the aerodynamic resistance and vg is the set-
tling velocity (Slinn and Slinn, 1980; Pleim et al., 1984). The method developed by
Wesely (1989) is used for the parameterization of surface resistance. In this parame-
terization, the surface resistance is derived from the resistances of the surfaces of the
soil and the plants. The properties of the plants are determined using land-use data
and the season. The surface resistance also depends on the diffusion coefficient, the
reactivity, and water solubility of the reactive trace gases.

2.3.2 Wet deposition

A simplified wet deposition scheme is used for scavenging of particles by precipita-
tion. The fraction of scavenged tracers is calculated from the in-cloud content utiliz-
ing the precipitation formation rate of the WRF cloud scheme. The partitioning be-
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tween interstitial and in hydrometeors incorporated particles is prescribed by a size-
and composition-dependent scavenging parameter R (Stier et al., 2005). R is defined
as the fraction of the tracer in the cloudy part of the grid box that is embedded in the
cloud liquid/ice water. The prescribed values of R for each mode are given in Table 2.

2.4 Aerosol-radiation interactions

The aerosol chemical properties and sizes are used to determine the aerosol optical
properties. The extinction coefficient, single-scattering albedo and the asymmetry fac-
tor for scattering are computed as a function of wavelength using the method outlined
in Fast et al. (2006). In brief, each chemical constituent of the aerosol is associated
with a real and a complex index of refraction. The overall refractive indexes for a given
mean radius of the respective mode are determined by volume weighted averages,
and summed up over all modes to determine composite aerosol optical properties.
Particle growth by ambient relative humidity is taken into account. Once composite
aerosol optical properties are known, the effect of aerosols on incoming solar radia-
tion within WRF-Chem is determined by transferring the relevant parameters to the
Goddard shortwave radiation scheme (Chou et al., 1998).

3 Configuration of the model

Two different periods between 00:00 UTC 22 February and 00:00 UTC 28 February
2006 and between 00:00UTC 6 May and 00:00 UTC 12 May 2006 were chosen for
simulation. The simulation domain of interest in this study encompasses the south-
western Asia, North Africa and some parts of Europe, with a 30-km grid spacing. It
covers the latitude and longitude of 16 to 57° N and 13 to 67° E, respectively.

The vertical coordinate extends up to ~16kma.m.s.l. and includes 31 vertical le-
vels. Table 3 lists the configuration options for the model used in this study. The initial
conditions and lateral boundary conditions are obtained from the NCEP-GFS model’s
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6-hourly data. Horizontally homogenous initial conditions have been assumed for
aerosol particles. The initial PM;, mass was based on values from measurements
in Tehran (20 ug m~2 at 00:00UTC 6 May and 12 ug m~2 at 00:00UTC 22 February
2006).

4 Emission rates

For all aerosol compounds in this study, the emission flux, distribution and height are
based on the prescribed Emission Inventory for the Aerosol Model Inter-comparison
Experiment B AEROCOM (http://nansen.ipsl.jussieu.fryAEROCOMY/) representative for
the year 2000 (Dentener et al., 2006). With the exception of the sulfur compounds, all
emissions are treated as primary emissions, i.e. the compounds are assumed to be
emitted as particulate matter. For simplicity, a constant monthly mean emission rate is
considered for each aerosol species in the present study.

5 Results and discussion
5.1 Shortwave radiation and temperature

The spatial distributions of the simulated temperature and downward shortwave radi-
ation by the coupled WRF-HAM model are presented first. Figures 1 and 2 illustrate
the simulated shortwave radiation flux and air temperature at 2m above the surface
averaged over the 6-day simulation periods in February and May, respectively. The
average differences between the simulated total shortwave radiation and temperature
with and without aerosols over the simulation periods are also shown in these figures.

Figure 1c indicates a considerable negative radiative forcing over regions of high
emissions of mineral dust. The magnitude of negative radiative forcing by dust aerosols
exceeds 20 W m™2 over the deserts in North Africa. There are also regions with positive
radiative forcing which is mostly due to the absorption effects of black carbon from
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anthropogenic emission sources (Fig. 1¢). The value of this positive radiative forcing is
less than 5W m™2. Figure 1d shows the cooling effects up to 0.6°C which is produced
by the mineral dust aerosols.

The simulated mean shortwave radiation and temperature and the differences be-
tween these simulated fields with and without aerosol feedbacks in May period is illus-
trated in Fig. 2. Figure 2c shows a rather large area of negative radiative forcing of up
to 15Wm™ over the regions of emission of dust. The regions with the positive radia-
tive forcing up to 20 W m~2 are also seen in Fig. 2c. The magnitude of negative forcing
in May is 10Wm™2 lower than that in February, while the positive forcing is 15Wm™
higher than that in the February period. The reason is the lower loading of mineral
dust and the higher emission of black carbon in May period than those in February in
this study. Figure 2d shows the difference in mean simulated temperature by WRF-
HAM model with and without aerosols. The dust aerosols produce a cooling effect with
the maximum value of 0.6°C over the desert in Irag. The maximum warming effect
by aerosols is up to 0.5°C over the Persian Gulf due to the absorption of shortwave
radiation by black carbon from fossil fuel sources in this area.

5.2 Simulation of sulfate

Figure 3 shows the simulated and observed daily averaged aerosol mass concentration
for sulfate (SO,4) during the time period between 6 and 12 May 2006. The measure-
ments used in this section were taken from the Co-operative Program for Monitoring
and Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP)
(accessible online: http://www.nilu.no/projects/ccc/emepdata.html) which provides the
available aerosol sulfate datasets over most parts of Europe from the EMEP monitor-
ing network. The colored circles in this figure present the observed daily mean sulfate
mass available over the EMEP sites. The simulated daily averaged sulfate mass is
in rather good agreement with the measurements at most of the measurement sites,
except for a few points such as in Italy, where the model underestimates seriously the
sulfate mass during the first four simulation days. The bias in simulating the sulfate
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mass in ltaly correctly is most likely due to too low emission rates for sulfur dioxide
used in the simulation.

5.3 Diurnal variation of PM,,

High particulate matter concentrations with an aerodynamic diameter less than 10 um
(PM;,) constitute a serious air quality problem in most of the arid regions of the World
and also in the industrial-highly populated urban areas. In this section, the city of
Tehran has been selected as a high populated and polluted city. We compared the
simulated PM,;, mass concentration (a summation over all aerosol compounds con-
sidered by the model including sulfate, black and organic carbon, sea salt and dust
concentrations) with the observations in Tehran. The observed and simulated PM,,
mass concentrations during the two different simulation periods in Tehran are shown
in Fig. 4. The hourly values of PM,, mass, used in this study, are derived by averag-
ing the measurements made by the Air Quality Company at three monitoring sites in
Tehran. Figure 4a shows the simulated PM,, mass for the time period between 22 and
28 February 2006 in Tehran. The simulated variations in PM,, concentrations are qual-
itatively similar to the measurements during most of this period. The predicted daytime
peak of the PM,, concentrations often occurred at the same day-times as the observa-
tions. The largest differences between the observations and simulations occurred on
the last two days, when the simulated PM,, mass is higher than the observed one. The
model does not reproduce all the observed fine structure of temporal PM, variations.

Figure 4b compares the PM,, aerosol mass in Tehran with the predictions for the
time period between 6 and 12 May 2006. The time variations in the predicted PM,,
are in a rather good agreement with the measurements during most of the period.
The model captures the diurnal cycle and the magnitude of the observed PM,, mass
concentration, except for the last day of the forecast when scavenging by precipitation
occurred during the afternoon of 11 May 2006. The precipitation predicted by the model
for this day (1 mm) is considerably lower than the 16 mm observed.
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The simulated PM,, concentration peaks in the early morning, when the atmosphere
is stably stratified. Concentrations decrease to minimum in the mid-afternoon due to
the development of thermal instability and growth of the convective boundary layer. The
observations often show two maxima of PM,, concentration. The fist peak occurs at
around midnight and subsequently decreases during the night with a minimum occur-
ring in the late night, when emissions are significantly reduced. The second observed
peak occurs in the morning when the atmosphere is rather stable and the emissions
of PM,, mostly from traffic take place. The model did not capture the minimum of the
PM,, concentration observed in the late night. That is expected, because we have not
used the diurnally varying rate of PM,, emissions from the surface, but a constant rate
for each aerosol throughout the simulation period. Thus, some characteristic features
of the local have not been considered by the model. Another factor that might have
contributed to these differences is the coarse resolution (30 km) used for the numerical
experiments.

Figure 4 also shows the contribution of each aerosol compounds in PM,, during
the two selected episodes of 14:00LST 26 to 08:00 LST 27 February 2006 as a high
PM,, episode and 11:00 to 18:00LST 22 February 2006 as a low PM,, condition.
The mineral dust is the largest contributor to the total PM,, mass concentration. It
represents 97% of the modeled PM,, concentration during the selected high PM,,
episode (Fig. 4d) and 85% during the low PM,, episode (Fig. 4c).

5.4 Aerosol-radiation feedback

The simulated incident shortwave radiation flux at the surface in Tehran is compared
with measurements during the two simulation periods. Figure 5a and b displays the
simulated diurnal cycle of the shortwave radiation flux with the measurements, respec-
tively, during the time periods from 22 to 28 February and 6 to 12 May 2006 in Tehran.

The simulated downward shortwave radiation is during both episodes close to the
measured one, except at the first and the last day of the February simulation period
(Fig. 5a). For both days, the Tehran meteorological station has reported a cloudy sky,
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while the model failed to simulate observed cloud cover correctly, probably because of
the coarse resolution used for these runs.

Figure 6 illustrates how the inclusion of aerosols affects the daily mean simulated
downward shortwave radiation for the daytime hours during the two simulation periods.
The cooling effect of aerosols is clearly seen in both simulations. When aerosols are
included, the simulated daily mean shortwave radiation is generally 10 to 60Wm~2
closer to the observations. The largest differences between the simulated and ob-
served shortwave radiation occurred on 27 February due to the limitation of the model
in simulating cumulus clouds.

6 Conclusions and outlook

A new coupled aerosol-atmospheric circulation model including the aerosol module
HAM implemented into the Weather Research and Forecasting (WRF) model is pre-
sented. The preliminary model results for two different simulation periods from 6 to 12
May and 22 to 28 February 2006 are evaluated against the available surface measure-
ments made by the Air Quality Company in Tehran and the European EMEP network
datasets. The mean shortwave radiation and temperature forcing are calculated from
the model simulations with and without aerosols feedback for the two simulation peri-
ods. A negative radiative forcing and the resulting cooling effect are found mainly over
the regions of high emission of mineral dust. The absorption of shortwave radiation by
black carbon aerosols causes some regions with positive radiative forcing with warm-
ing effects. The magnitude of the negative radiative forcing in May period is lower than
that in February, while the positive forcing is higher. This is mostly due to the higher
loading of mineral dust and lower emissions of black carbon in February than those in
May.

The simulated daily mean sulfate mass agreed with that observed in most of the
EMEP measurement sites during the simulation period in May. The time variations of
the simulated PM,, concentrations are also in reasonably good agreement with the
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measurements in Tehran. The model captures the diurnal cycle and the magnitude of
observed PM,, mass concentrations during most of the both simulation periods. The
occurrence of the late night minimum of the observed hourly PM;, mass in May period
was not predicted in the model. This error arises very likely from using a constant
rate for the aerosol emissions throughout the simulation period. The consideration of a
temporal better resolved emission rate for each aerosol components can improve the
local behavior of aerosol mass. There is a difference between the amount of observed
and simulated PM,, concentration on 11 May and 28 February, presumably because
of the large underestimation of precipitation by the model.

The inclusion of aerosols feedback in shortwave radiation scheme, improved the sim-
ulated daily mean shortwave radiation flux in Tehran in both simulation periods. The
errors in simulated shortwave radiation resulted mostly from limitation of the model in
simulating clouds and precipitation. The other factors that might contribute to the dif-
ferences between the simulations and observations are the uncertainties in simulating
wind speed and direction and other meteorological fields. Quantifying the relative con-
tribution of meteorological and chemical uncertainties on the predicted concentration
of particulates is the subject of next studies.

Aerosol models as developed for this study are necessary tools to identify sources
of air pollution and to develop mitigation strategies. The study has shown that mineral
dust contributes most to the aerosol loading. The dominating contribution of natural
aerosols to the Tehran air pollution challenges also the PM,, concept as air pollution
measure.
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Table 1. The modal structure of HAM model. N; denotes the total aerosol number of the mode
i and Mf denotes the mass of compound je {SU, BC, POM, SS, DU} in mode.

Modes Soluble/Mixed Insoluble
Nucleation Ny, M3V

(7<0.005)

Aitken Ny, M3V, M5€, M5 Ns, ME€, MEOM

(0.005<7<0.05)
Accumulation
(0.05<r<0.5)
Coarse

(r>0.5)

Ng, M5V, M5C, MEOM, M58, MY N, MY

Ny, M5V, MEC, MEM M58, MY N, MDY
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Table 2. Prescribed scavenging parameter R for the modes of HAM model.
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Mode R

Nucleation soluble 0.20
Aitken soluble 0.60
Accumulation soluble 0.99
Coarse soluble 0.99
Aitken insoluble 0.20
Accumulation insoluble  0.40
Coarse insoluble 0.40
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Atmospheric process Model Option Reference
Longwave radiation RRTM Mlawer et al. (1997)
Shortwave radiation Goddard Chou et al. (1998)

Surface layer

Land surface
Boundary layer
Cumulus clouds
Cloud microphysics
Gas-phase chemistry
Aerosol chemistry
Photolysis

Monin-Obokhov
Thermal diffusion
YSU
Grell-Devenyi
Turned off
RADM2

HAM

Fast-J

Monin and Obokhov (1954)

Skamarock et al. (2005)

Hong et al. (2006)

Grell and Devenyi (2002)

Chang et al. (1989)

Stier et al. (2005)

Wild et al. (2000), Barnard et al. (2004a)
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Fig. 1.

Simulated (a) mean incident shortwave radiation, (b) mean surface temperature by
WRF-HAM model for the 6-day period in February. Difference in simulated mean (¢) shortwave
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radiation and (d) temperature with and without aerosols for the same period.
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Fig. 2. Same as Fig. 1 except for the simulation period in May.
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(b) 7 May 2006
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