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Figure 2.2 The WRF/CMAQ modeling system, and two-way communication diagram.

Communicate diagram is modified based on Wong et al. [2012]



dust emission into subspecies also enables the model to investigate the mixing status
between natural dust and other sources of aerosol, such as biomass burning and
anthropogenic aerosol. The validation of CMAQ with wind-blown dust scheme is not
well documented due to limited research efforts. Appel et al., [2013] conducted a full
year simulation with CMAQ wind-blown dust over continental U.S. for 2006, and
reported good agreement between simulation and observations. The mean bias was
around +0.5ug/m> and 0.5~1.5pg/m® (#30%) for soil concentrations over western and
eastern U.S. respectively. However, CMAQ wind-blown dust significantly
underestimates dust emissions over other regions. Fu et al. [2014] reported that the
default dust scheme in CMAQ underestimated dust emission by 98% during a short dust
storm episode in 2011. With modeling domain covering the entire Northern Hemisphere,
Xing et al. [2015] also suggested that CMAQ underestimated AOD by 30%~60% in areas
where mineral dust aerosol is dominant, while the bias was less than #15% elsewhere.
These studies suggested substantial uncertainty exist in the current CMAQ wind-blown
dust scheme. So this study modifies the microphysical parameterization of CMAQ
wind-blown dust scheme based on reanalysis of the field campaign data from Gillette et
al. [1980]. This study also incorporates the dust heterogeneous chemistry into CMAQ, to
estimate the impacts of dust on atmospheric chemistry. These modifications are also
incorporated into the two-way mode WRF/CMAQ modeling system, to investigate the
impact of dust on regional climate. The following sub-sections describe these

modifications with more details.

2.3.1 Improvement of CMAQ wind-blown dust emission scheme

Wind-blown dust emission is determined by a number of environmental
variables, including wind speed, soil texture, land use type, land cover, and soil moisture.
The dust emission scheme employed in CMAQ was developed by Tong et al. [2015].
Dust emission (vertical flux) F (g/m?%) is estimated based on the modified Owen's
equation [Owen et al., 1964; Tong et al., 2015]:

i=l |
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where M is the erodible land use type, N is the soil texture type, K is the ratio of vertical

to horizontal flux calculated based on the clay content (clay%) within the soil:

Equation 2.2

10083406 \when : clay% < 20%
0.0002, when: clay% > 20%

A is a scaling factor, p is air density, g is gravitational acceleration (9.8 m/s?),
and S; is dust source area for land type i. SEP is the soil erodibility factor, which is
calculated based on the amount of clay, silt, and sand of the soil as:

SEP =0.08xclay% +1.0x silt% +0.12 x sand % Equation 2.3

And u~ is the friction velocity, u«; is the threshold friction velocity for soil type
j and land use type i. More details of the dust emission algorithm are summarized
elsewhere [Tong et al., 2015]. Equation 2.1 is applied only when model calculated
friction velocity exceeds the designated threshold value. Therefore, the value of threshold
friction velocity usj is critical to determine the onset and magnitude of dust emission in
the CMAQ model.

In the CMAQ wind-blown dust scheme, the threshold friction velocity is
dynamically calculated based on the presence of non-erodible elements and the change of
soil moisture [Tong et al., 2015]. The effect of non-erodible elements is represented by
wind energy partitioning following Marticorna et al. [1997]. The effect of soil moisture is
implemented following a two-step approach proposed by Fecan et al. [1999]. First, the
maximum water holding capacity Wnax (dimensionless) for each soil type is determined
based on the clay content (clay%) of the soil:

W__. =(0.0014 x clay%+0.17) x clay% Equation 2.4

In case that soil moisture exceeds Wnax, the threshold friction velocity is then
adjusted using a revised Fecan formulation [Fecan et al., 1999]:

u Ui X Z; 5% Fogimi Equation 2.5

*tij ~

where u is the initial threshold friction velocity constant, Z.. is the surface

*ci, ]

roughness adjusting factor calculated with surface roughness length from meteorology

field, and fsim ij is the moisture adjustment factor calculated as:
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999.9, for S, >W,_.,
f =<1.0, for S, <W,,, Equation 2.6

soilmi,j —
(1.0+1.21x (S, ~W,,)°*) ", for S, <S

oilm ailm = il
where Soiim is soil moisture, and Sejy is the saturation soil moisture limit determined by
soil textures.

In default CMAQ, the values of initial friction velocity constant are taken from
observed data from wind tunnel experiments conducted by Gillette and co-workers
[Gillette et al., 1980, 1982]. Fu et al. [2014] found that the initial threshold friction

velocity constant u used in CMAQ has an average value of 0.7m/s among all soil

*ci, j
types, which is too high to generate enough dust particles over East Asia. They used a

fixed value for u as 0.3m/s based on study of local measurements at northern desert

*ci, j
in China [Li et al., 2007]. This smaller threshold helped generate more dust emission
during the simulation episode from May 1% to May 6™ 2011 in their simulation. But Fu et
al. [2014] arbitrarily assigned the thresholds for all land covers and soil categories, thus
they prevented the model from reproducing spatial and temporal variations of dust
emission under different weather and surface conditions. Recent reanalysis of the Gillette
field data revealed that while some of these experiments were performed under rather dry
conditions, for most samples the soil moisture effect is non-negligible. Therefore, these
values reported from field experiments are not always suitable to be used directly as the
initial threshold friction velocity constant, which is assumed to represent extremely dry
condition. Meanwhile, in the CMAQ dust module, dynamic soil moisture data are used to
adjust threshold friction velocity, thus applying the default values by Gillette would
double count the impact of soil moistures under some conditions. In this study, the

revised values of u are developed based on the reanalysis of the Gillette field data.

*ci, |
Land cover and soil types within the study domain are shown in Figure 2.3(a) and (b)
respectively. Comparison of the default and revised friction velocity threshold constants
are summarized in Figure 2.3(c). The revised friction velocity threshold constants are
lower than the default ones, indicating that the revised wind-blown dust scheme is

expected to produce more dust emission.
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2.3.2 Implementing source-dependent speciation profile

The emission of natural wind-blown dust is distributed to 19 aerosol species in
the CMAQ system following the speciation profile developed based on the EPA's
SPECIATE database [Simon et al., 2010]. This approach provides a more detailed
description of the chemical characteristics of dust particles. However, mass contributions
of different chemical components may differ significantly for dust emission from
different deserts. So using a fixed profile for all the dust emission may introduce
uncertainty and lose the capacity of modeling the varieties of dust particles. Mass
contribution of Aluminum (Al) is around 6% to 8% for pure minerals. The ratios between
other trace metals and Al could vary substantially for different dust particles. The
elemental mass ratio between Calcium and Aluminum (Ca/Al) is usually used to identify
the source region of sampled dust particles [Huang et al., 2010; Sun et al., 2005]. For
example, the Ca/Al ratio is 0.9~2.0 for the Saharan dust [Blanco et al., 2003; Formenti
et al., 2003; Kandler et al., 2007; Reid et al., 2003], 0.13~0.15 for the Arabian dust
[Krueger et al., 2004], 1.5~1.9 for the Taklamakan dust [Huang et al., 2010], and 0.4~1.1
for the Gobi dust [Arimoto et al., 2006; Zhang et al., 2003]. To characterize the dust
emission better, speciation profiles are developed in this study for the Gobi and
Taklamakan deserts based on local measurement data collected by Huang et al. [2010].
These two profiles are compared with the default one used in the CMAQ as shown in
Table 2.1. Some of the aerosol species were not measured by Huang et al. [2010], such as
the primary organic carbons (APOC), non-carbon aerosol (APNCOM), elementary
carbon (EC), silicon (ASI), and water (AH20). The mass contributions of these species
for the Taklamakan and Gobi deserts are kept the same as in the default profile. For
unspeciated (AOTHR) and non-anion dust (ASOIL), their values in the two new profiles
are calculated based on the contributions of all other species, to keep the total mass
conservative. It is important to notice that the modeled species represent the anion or
cation phase for sulfate (S02™), nitrate (NO3), chloride (CI™), ammonium (NH;"), sodium
(Na™), Ca¥, magnesium (Mg5), and potassium (K*). The model species represent the

element phase for iron (Fe), Al, silicon (Si), titanium (T'i), and manganese
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Figure 2.3 (a) Land cover categories; (b) Soil types; and (c) Comparison of initial friction

velocity threshold constants in default and revised dust schemes
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Table 2.1 Speciation profile of aerosol subspecies for the default CMAQ dust,
Taklamakan (TK) dust, and Gobi dust

Mass Conributions (%)

Model o Fine Mode (1, mode in CMAQ Coarse Mode (K mode in
Variable Description <2.5um) CMAQ <10 um)
Default TK Gobi  Default TK  Gobi
ASO4 Sulfate (S027) 25 3.554 0.953 2.655 2825 0471
ANO3 Nitrate (NO3) 0.02 0.181 0.204 0.16 0.125 0.084
ACL Chloride (CI7) 0.945 2419 0.544 1.19 2.357 0.094
ANH4 Ammonium (NH}) 0.005 0.098 0.346 0 0.066  0.185
ANA Sodium (Na*) 3.935 2234  1.016 0 2.056 0.301
ACA Calcium (Ca3) 7.94 2.063 1.788 0 1.423 1.082
AMG Magnesium (Mg3) 0 0.165  0.799 0 0.121  0.819
AK Potassium (K™) 3.77 0.153 0.282 0 0.108 0.121
APOC Primary Organic
Carbon 1.075 1.075 1.075 0 0 0
APNCOM  Non-carbon organic
matter 0.43 0.43 0.43 0 0 0
AEC Elementary carbon 0 0 0 0 0 0
AFE Iron (Fe) 3.355 4689 2425 0 375 3.055
AAL Aluminum (Al) 5.695 5.926 4.265 0 4987 4.641
ASI Silicon (Si) 19.425 20.739 14.929 0 17.454 16.245
ATI Titanium (Ti) 0.28 0.312  0.337 0 0.285 0.365
AMN Manganese (Mn) 0.115 0.0758 0.063 0 0.062 0.072
AH20 Water (H,0) 0.541 0.541 0.541 0 0 0
AOTHR Unspeciated 50.219 55.345 70.002 0 0 0
ASOIL Non-anion dust 0 0 0 95.995 64.382 72.464
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(Mn). Mass contributions of different species differ significantly among the default,
Taklamakan, and Gobi profiles as shown in Table 2.1. For example, Ca? accounts for
7.94% of the total fine particle mass in the default profile. But it only accounts for 2.06%
in the Taklamakan dust and 1.79% in the Gobi dust., The default profile assumes a zero
percentage of mass contribution for Mgy, yet the contribution in the Taklamakan and
Gobi dust is 0.17% and 0.79% respectively. Contribution of K* in the default profile is
3.77%, while in the Taklamakan dust is 0.153%, and in the Gobi dust is 0.28%. Si is
one of the most abundant metals in the Earth’s crust, yet the default speciation profile had
an inappropriate assumption for Si as zero in coarse mode dust particles. No
measurements were found for Si over the Taklamakan or Gobi deserts. So this study
uses the element ratio of Al/Si as 8%/28% to derive the mass contribution of Si in the
coarse model dust particles, which is a conventional approach for trace metal analysis
[Huang et al., 2010]. Speciation profile has a dominant impact on the model simulated

concentrations of aerosol species, which will be discussed with more details in Chapter 4.

2.3.3 Implementing heterogeneous reactions

Default heterogeneous chemistry scheme within CMAQ considers the
conversions of N205 to HNO3, and NO2 to HONO and HNO3. These conversions play
important role for nighttime production of nitrate [Dong et al., 2014; Pathak et al., 2011;
Pun and Seigneur, 2001]. Heterogeneous reactions are treated as irreversible in the model
[Davis et al., 2008; Sarwar et al., 2008; Vogel et al., 2003]. Dust aerosol is involved the
reactions to deplete gas-phase species and produce secondary inorganic aerosol. The
uptake of gases onto the surface of dust particle is defined by a pseudo-first-order
reaction rate K [Dentener et al., 1996; Heikes and Thompson, 1983], which is

calculated as:

Dg o7y

-1
r .
K =(—p+ij A Equation 2.7

where 7, is the radius of the particle, D, is the diffusion coefficient of gas molecules,
vy, Is the mean molecular velocity of gas, A, is the surface area of particle, and y, is

the uptake coefficient for the gas. Many research efforts have been devoted to quantify
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the uptake coefficients of different gases on dust particle. The reported values of uptake
coefficient may differ even more than 2 to 3 orders of magnitude, depending on the
source of the dust samples and analytical methods [Cwiertny et al., 2008; Usher et al.,
2003]. Modeling domain in this study is over East Asia, so the uptake coefficients used
here are mainly collected from Zhu et al. [2010] which summarized the estimations with
dust samples from deserts in China. The "best guess" of uptake coefficients were
suggested by Zhu et al. [2010] based on analysis of different measurement studies. But in
this study, the lower and upper limits of uptake coefficients are incorporated into the
modeling system to evaluate the variations of heterogeneous chemistry. Table 2.2 shows
the 13 dust heterogeneous reactions implemented into CMAQ in this study with the lower

and upper boundaries of uptake coefficients.

2.4 Emissions

Due to the absence of official emission inventory of Asian countries, regional
modeling studies usually have to rely on the inventories developed for research purpose.
Transport Experiment-Phase B (INTEX-B) emission inventory which was also developed
by NASA [Zhang et al., 2009]; Ohara et al. [2007] also developed an emission inventory
from fuel combustion and industrial sources for Asia for the period from 1980 to 2003. It
is important to notice that these inventories are developed on an annual scale with coarse
grid resolution and limited number of species. But regional modeling usually requires
fine resolution for both temporal and spatial allocation and chemical speciation. Since
Asian countries have experienced rapid economic changes during the past decade, their
anthropogenic emissions are also expected to change accordingly. But the research efforts
for updating Asian emission are limited and lag behind. The inventories mentioned above
provide important basis for understanding the anthropogenic emissions over East Asia.
But uncertainties within these inventories may introduce significant discrepancies for
model simulations. This study uses the emission inventory from Zhao et al. [2013] over
China because it is promptly updated and has been applied in some recent modeling
studies [Wang et al., 2011; Zhao et al., 2013]. The INTEX-B inventory is used for other

countries in the modeling domain.
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Table 2.2 Heterogeneous reactions and uptake coefficients

No. Reaction

Uptake coefficient (Reference)

Default heterogeneous reactions in CMAQv5.0.1

€l N,O,+H,0——2HNO,

€2 2NO, +H,0——>HONO + HNO,

(X, +X,)x 74 + X, xmin(y;, 7,),RH <CRH

3
7 =42 %xy ,RH >IRH
i=1
0.02, otherwise

where X, X,, X;and 7,,7,, 5 are the normalized

molar concentrations and N,O, uptake coefficients
on NH,HSO,, (NH,),SO, and NH,NO,

respectively, ; = min(y,,0.0124) where 7,

is the uptake coefficient on dry particles determined
by relative humidity and temperature, RH is
relative humidity, CRH is crystallization relative
humidity, IRH is ice formation relative humidity

determined by temperature [Davis et al., 2008]

K =5.0x10"x A  [Vogel etal., 2003]

Implemented dust heterogeneous reactions in this work

Rl O, + dust—— products

R2 " OH + dust—— products

R3  H,0, +dust—— products

R4 CH,COOH + dust—— products
RS CH,OH +dust—— products

R6  CH,O+dust—— products

R7 " HNO, + dust——0.5NO; +0.5NO,

R8  N,O, +dust——>2NO;
R9 " NO, +dust——> NO;

R1I0 NO, +dust—— NO;

5.0x10° ~10x10™ [zhu et al., 2010]
0.1~210[zhuetal., 2010]
1.0x10™* ~ 2.0x10*[zhu et al., 2010]
1.0x107° [zhu et al., 2010]
1.0x107° [Zhu et al., 2010]
1.0x107°° [Zhu et al., 2010]

1.1x107 ~ 0.2 [Dentener et al., 1996]

1x107 ~ 0.1[zhu et al., 2010]

4.4x107° ~ 2.0x10™* [Underwood et al., 2001]
0.1~ 0.23[Underwood et al., 2001]
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Table 2.2 Continued

No. Reaction Uptake coefficient (Reference)

R11  NO, +dust——HNO, 1.0x10® [Martin et al., 2003]

R12 HO, + dust——0.5H,0, 0.2 [Underwood et al., 2001]

R13 50, +dust——SO?" 1.0x10™* ~ 2.6 x10™* [Pandis and Carmichel,
2000]
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Biogenic emission is generated by the Model of Emissions of Gases and Aerosol
from Nature (MEGANv2.10) (http://bai.acd.ucar.edu/Megan/index.shtml). MEGAN
has been applied in many global and regional modeling studies. Biogenic emission from
MEGAN is demonstrated to have good estimation of natural emission [Guenther et al.,
2006; Muller et al., 2008].

This study uses the biomass burning emission developed from the Fire Locating
and Modeling of Burning Emissions (FLAMBE) project [Reid et al., 2009]. Fu et al.
[2012b] compared the FLAMBE inventory and the Global Fire Emissions Database
(GFED) inventory [van der Werf et al., 2008, 2010]. It was reported that the GFED
inventory underestimated emission over PSEA, and the FLAMBE inventory has better
agreement with surface observations. The finding is also consistent with the conclusion
from Nam et al. [2010], which reported that biomass burning emission is substantially
underestimated due to lack of agricultural fires based on a global simulation with GFED.
Time step of the FLAMBE inventory also fits better with the WRF/CMAQ system as
compared with the GFED inventory.

To briefly introduce the intensities and distributions of emission inventories used
in this study, Figure 2.4 shows the CO emission from biomass burning and anthropogenic
inventories. CO emission is averaged for March and April respectively from 2006 to
2010. As shown in the figure, biomass burning emission is mainly distributed over
Myanmar, north part of Laos, and northwest part of Thailand. Anthropogenic emission is
much less intensive over PSEA, while China is the main contributor within the study

domain.
2.5 Observations

2.5.1 Overview of the ground measurements and satellite products used in this

study

Model evaluation is necessary to reveal the stability and sensitivity of model
performance under different meteorological and emission conditions. So observations
from both ground surface measurements and satellite products are used in this study to

evaluate the performance of the WRF/CMAQ modeling system. Observations are also
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used to facilitate the assessment of impact of biomass burning and dust. Public accessible
surface measurements in Asian countries are limited in terms of both spatial coverage and
monitored variables. This study collects observations from multiple networks, in order to
cover most of the countries within the simulation domain. Figure 2.5 shows the locations
of ground surface observational stations from some of the networks employed in this
study. These databases include: the AErosol RObotic NETwork (AERONET; [Holben et
al., 2001]) operated by NASA; the Air Pollution Index (API;
http://datacenter.mep.gov.cn) operated by the Chinese Ministry of Environmental
Protection (MEP); the Acid Deposition Monitoring Network in East Asia [EANET, 2007];
the U.S. COOP network observations operated by National Climatic Data Center
(NCDC); the Pollution Control Department of Ministry Natural Resources and
Environment of Thailand (PCD; http://www.pcd.go.th/indexEng.cfm); the Hong Kong
Environmental Protection Department (HKEPD, [Kwok et al., 2010]); the Taiwan Air

Quality Monitoring Network (TAQMN; http://tagm.epa.gov.tw/tagm/en/default.aspx)
organized by Taiwan EPA. Local dust sampling data is also collected through personal
contact with Dr. Guoshun Zhuang from Fudan University in China. Satellite products
used in this study include: cloud fraction from the Atmospheric Infrared Sounder (AIRS);
shortwave radiation flux from the NASA’s Cloud and the Earth’s Radiant Energy System
(CEREYS); precipitation from the Global Precipitation Climatology Project (GPCP) and
the Tropical Rainfall Measuring Mission (TRMM); aerosol optical depth and vertical
distributions of temperature and relative humidity from the Moderate Resolution Imaging
Spectroradiometer (MODIS); and column density of NO, from the Ozone Monitoring
Instrument (OMI). The ground-based Micro-Pulse Lidar (MPL) observations and remote
sensing product of The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite (CALIPSO)
operated by NASA, and air temperature sounding profiles collected by University of
Wyoming are also employed to examine the characteristics of aerosol vertical distribution.
Table 2.3 summarizes the data utilized in this study, with more details described in the

following sub-sections.
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2.5.2 AERONET

AERONET provides globally measured observations of spectral aerosol optical
depth by using the ground-based Sun Photometer [Holben et al., 1998]. Optical
properties of aerosol such as refractive index and single scattering are also retrieved with
the sky radiance almucantar and direct sun measurements. AERONET provides daily
observations of these optical properties at multiple spectral wavelengths. In this study the
measurements at 550nm wavelength is used to compare with model simulations. The
accuracy of level 2.0 AERONET product is of the order of #0.03. There are 70
AERONET sites within the modeling domain of this study, and data from these sites is
collected for the simulation period.

253 API

APl is collected by local agencies at 86 of the major cities in China and managed
by the federal government. For most of the cities, daily observations of multiple air
pollutants are collected to calculate one API value for one city each. Empirical functions
have been developed to convert API back into PM;o concentrations. There are six cities
including Beijing, Guangzhou, Guiyang, Shanghai, Wuhan, and Xi’an that also report
daily API values for SO, and NO,. API has been used for investigating air pollution and
evaluating model performance in several studies despite some uncertainties [Dong et al.,
2014; Zhao et al., 2013].

254 EANET

EANET is a regional cooperative program based on ground surface
measurements operated by collaborations from national agencies, institutes, universities,
and partners at multiple East Asia and Southeast Asia countries. Observations from
EANET include wet and dry depositions, inland aquatic environment, soil acidity and
vegetation, and also ambient concentrations of air pollutants. The monitoring period,
frequency, and variables monitored differ greatly among different stations. In this study,
observations of PMyy, SO,, NO,, Oz, HNO3, S0,%, and NO;™ are collected at 23 sites

within the modeling domain.
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Figure 2.5 Research domain and observation networks, different networks are represented
by different markers: red cycles represent to API;, navy blue triangles represent PCD;
green diamonds represent EANET; dark blue rectangles represent TAQMN; yellow
rectangle represent HKEPD; and purple triangles represent AERONET
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Table 2.3 Description of the observational dataset used in this study

Ground-based measurements

Dataset Species Observational ~ Number of sites Data source
measured frequency
AERONET AOD Daily 70 sites within our http://aeronet.gsfc.nasa.
simulation domain gov/cqgi-bin/combined
data_access new
API PMy, SOy, Daily PM,,: 86 cities http://datacenter.mep.qg
NO, SO,, NO,: 6 cities ov.cn
EANET PMyy, SO,, Hourly/Daily/  Hourly: 11 sites in Japan  http://www.eanet.asia/
NO, O3 Monthly Daily: 4 sites in China, 4
sites in Thailand, 1 site in
Russia
Monthly: 3 sites in South
Korea
Fudan Obs. K*, Ca*, Daily 3 sites (Duolun, Yunlin, Personal contact with
Mg*, PM?® Tazhong) Dr. Guoshun Zhuang
HKEPD SO,, CO, O3,  Daily 4 sites (Tap Mun, Yuen http://epic.epd.gov.hk/
PM, 5 Long, Tung Chung, EPICDI/air/station/?lan
Tsuen Wan) g=en
TAQMN PMy, SO,, Hourly 2 sites (Sinjhuang and http://taqgm.epa.gov.tw/
NO, CO, O3, Ciaotou) tagm/en/default.aspx
PM_5
MPL Back Hourly 1 site (Taiwan Central http://mplnet.gsfc.nasa.
scattering University) gov/data.html
coefficient
NCDC Temperature,  Daily 878 sites http://rda.ucar.edu/
wind speed,
wind
direction,
humidity
PCD PMy, SO,, Daily 25 sites http://www.pcd.go.th/i
NO,, CO, O; ndexEng.cfm
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http://www.pcd.go.th/indexEng.cfm

Table 2.3 Continued

Dataset Species Observational ~ Number of sites Data source

measured frequency
Wyoming Air Daily 10 sites http://weather.uwyo.ed
Sounding temperature u/upperair/sounding.ht

vertical ml

profile

Satellite retrievals
Dataset Species measured  Observational ~ Data source
frequency
AIRS Cloud fraction Daily http://airs.jpl.nasa.gov/data/get_data
CALIPS  Attenuated Daily http://www-calipso.larc.nasa.gov/tools/data_avail/
O backscatter
CERES Shortwave Daily https://eosweb.larc.nasa.gov/project/ceres/ceres_tabl
radiation flux e
GPCP Precipitation Monthly ftp://precip.gsfc.nasa.gov/pub/gpcp-v2.2/psg
MODIS AOD Daily http://ladsweb.nascom.nasa.gov/data/search.html
oMI Column NO, Daily http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OM
I/omno2_v003.shtml

TRMM Precipitation Monthly http://mirador.gsfc.nasa.gov/cgi-bin/mirador/present

Navigation.pl?project=TRMMZ&dtree=project
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25,5 CERES products

CERES refers to a series of instruments developed for NASA’s EOS experiment
on board of the TRMM, Aqua, Terra, and Suomi National Polar-orbiting Partnership
(S-NPP) satellites. Each of the instrument measures filtered radiances in three regions,
including the shortwave (0.4~0.5pm), total (0.3~200pm), and window (8~12pam) bands.
CERES products include solar-reflected and Earth-emitted radiation from the top of the
atmosphere (TOA) and the Earth’s surface (SFC) [Wielicki et al., 1998]. The CERES
Energy Balanced Filled (EBAF) dataset provides monthly global retrievals of shortwave
radiation flux at both TOA and at the ground surface [Loeb et al., 2009, 2012], which has
been employed in many studies [Anantharaj et al., 2010; Yu et al., 2006]. In this study,
the CERES EBAF-TOA and EBAF-SFC products with 11 <spatial resolution are used
to compare with model simulations of shortwave radiation fluxes reaching the Earth and

reflected back into the space.

2.5.6 Observations from Hong Kong and Taiwan

Observations from Hong Kong and Taiwan are frequently employed in regional
studies to investigate the transported air pollutants from inland China and Southeast Asia
[Chuang et al., 2013; Lin et al., 2009]. The HKEPD has established more than 10 ground
surface observational sites for monitoring air pollutants and meteorological variables at
Hong Kong. In this study, daily observations of O3, SO,, CO, and PM,s from four
representative HKEPD sites (Tap Mun, Yuen Long, Tung Chung, Tsuen Wan) are
collected evaluate the model simulations. The Taiwan EPA has operated the local air
quality monitoring network TAQMN at most of the counties in Taiwan. In this study,
PMjo concentrations measured at two representative stations (Sinjhuang and Ciaotou) are
collected to facilitate evaluating the model simulations at north and south part of Taiwan.

The ground-based MPL measurements of back scattering coefficient is initiated
by NASA and operated through a collaborative program between NASA and the local
Taiwan EPA and National Central University [Wang et al., 2010]. In this study, the daily
MPL level2 data is collected to investigate the vertical distributions of aerosol.
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2.5.7 Observations from Thailand

The Thailand PCD has set up local air quality monitoring network with more
than 20 sites across the country. In this study, the daily observations of CO, PMg, SO,

NO,, and O; are collected to evaluate model simulations.

2.5.8 MODIS products

The standard MODIS products have been applied in tremendous studies in
different research areas. The two MODIS sensors on board of Aqua and Terra satellites
provide a wide spectral range (0.4pm~14pm) and high spatial resolution (0.25km~1km)
measurements by following a sun-synchronous near-polar orbit with global coverage with
one or two days. Standard MODIS products include various retrievals for atmosphere (e.g.
aerosol, cloud, and air temperature), land (e.g. land cover, vegetation index, and wild
fires), cryosphere (e.g. ice and snow cover), and ocean (ocean color and sea surface
temperature) variables. In this study, the daily MODO08 product of AOD with 1°<1L<grid
resolution and 5-minutes MAMO7 product of air temperature and water vapor profile
[Borbas et al., 2011] are used to evaluate model simulations. The MAMO7 product is
integrated and averaged on daily scale at 8 pressure levels including 500hPa, 620hPa,
700hPa, 780hPa, 850hPa, 920hPa, 950hPa, and 1000hPa.

2.5.9 OMI products

The OMI sensor is on board of EOS-Aura satellite following a near-polar orbit
with pixel size of 13>24km at nadir with daily global coverage. The OMI imaging
spectrograph ranges from 270nm to 500nm with a spectral resolution about 0.5nm. The
standard OMI products include column densities of O3, NO,, HCHO, BrO, cloud pressure
and fraction, and also AOD. In this study, the daily OMNO2d product [Boersma et al.,
2007] of cloud-screened tropospheric column NO, with 0.25<0.25<grid resolution is

collected to evaluate model simulations.
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2.5.10 Surface observations from NCDC

In this study, the daily observations of surface air temperature, wind speed and
wind direction, and humidity are collected at more than 800 sites from the NCDC dataset

to evaluate the model simulations.

2.5.11 TRMM and GPCP precipitation

TRMM is a joint mission between NASA and Japan Aerospace Exploration
Agency (JAXA) for rainfall observation [Huffman et al., 2001, 2007]. GPCP is
established by the World Climate Research Program (WCRP) with the objective to
quantify the global distribution of precipitation [Adler et al., 2003; Huffman et al., 2009].
Both TRMM and GPCP have been applied in many research studies for model evaluation
and analysis purposes. In this study, the monthly TRMM 3B-43 product with 0.250.25°
grid spatial resolution, and the monthly GPCPv2.2 product with 2.52.5°grid spatial
resolution are collected to facilitate the evaluation and analysis of the two-way mode
WRF/CMAQ modeling system.

2.6 Simulation design

A total of 10 simulation scenarios are designed with different configurations to
analyze the impacts from biomass burning and dust. The differences between simulations
therefore represent the impacts induced by the difference within configurations. For
example, the Off_Base scenario is offline WRF/CMAQ simulation with anthropogenic
and biogenic emission only. The Dust_Off scenario is configured same as the Off_Base
scenario, but it also includes biomass burning emission. Thus the difference between
Off BB and Dust_Off represents the impact of biomass burning on air quality. The
Inline_Base and the Inline_DusOff scenarios are configured same as the Off Base and
the Dust_Off scenarios respectively, but these two scenarios are performed with the
two-way mode WRF/CMAQ modeling system. Thus the difference between the
Inline_DustOff scenario and the Inline_Base scenario represents the impact of biomass
burning on regional climate. A full description of the simulation scenarios and their

represented impacts are summarized in Table 2.4.
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reduced by -0.15K at near surface layer as a result of the cooling effect from dust, and
increased by +0.05K at upper air as a warming effect of biomass burning.

Another coexistence case occurs on Mar.11"™ 2010. The MPL observation
identifies two neighboring aerosol layers at 2km height, which are revealed as the
biomass burning from Myanmar and dust from both Gobi and Taklamakan Desert.
Vertical distributions of BC and ASOIL suggest that biomass burning and dust aerosol
almost mix with each other at 2km height. The CALIPSO aerosol subtype product shown
in Figure 5.16 also suggests the mixing of smoke (biomass burning) and polluted dust
aerosol at Taiwan on Mar.12™ 2010. And as a result of the mixed aerosol, air temperature
is decreased by 0.25K at near surface layer and the increased by 0.2K at the upper air.

The air temperature changes under the coexistence condition are consistent with
the changes with the presence of one single type of aerosol, as indicated by Figure 5.9(b),
Figure 5.14(b), 5.15(f) and Figure 5.16(f). In summary, biomass burning aerosol favors
the warming of upper air while dust favors the cooling of near surface air. The
investigation about coexistence of biomass burning and dust is very limited. Johnson et al.
[2008] reported that the upper biomass burning aerosol layer absorbs 10% more back
reflected SWR with the presence of underlying dust layer over West Africa. To evaluate
the SWR changes induced by underlying dust with above biomass burning, the aerosol
direct radiative effect efficiency Et for dust (Et_Dust) and biomass burning (Et BB) is
investigated as shown in Figure 5.18. Et is defined as the DRE per unit of aerosol optical
depth and has been applied for evaluating the radiative efficiency of different aerosol
species [Yu et al., 2006; Li et al., 2004; Xing et al., 2015]. The upwelling SWR at TOA
under clear sky (SWUPTC) is divided by the aerosol induced changes of AOD in this
section to calculate Et. The “No mixing” category refers to the presence of pure dust or
pure biomass burning aerosol. The “Mixing” category refers to coeXxistence case on
Mar.11™ 2010, and the “Overlay” category refers to the case on Mar.29™ 2006. Et Dust
changes from 25Wm™t™ under pure dust condition to 22Wm?t™ and 35Wm™2t™ under
the overlay and mixing condition respectively. The current WRF/CMAQ system assumes
internal mixing between different aerosol species to calculate the overall optical

properties. So Et_Dust is increased by 30% under the mixing condition due to the extra
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loading of scattering aerosol from biomass burning. But under the overlaying condition,
Et Dust is decreased by 12% since the upper biomass burning aerosol absorbs the
reflected solar radiation. Et BB changes from -3.8 Wm™t™ under pure biomass burning
condition to -4.2Wm?t* and -2.6.Wm™t™ under the mixing and overlay condition,
respectively. Evaluation of the coexistence cases suggests Et BB is changed by #8%
with the presence of dust aerosol, which is consistent with the 10% estimation reported
by Johnson et al [2008]. This study is the first investigation into the coexistence of
biomass burning and dust over East Asia. However, there remain lots of uncertainties
within the WRF/CMAQ modeling system used in this study, such as the aging process of
biomass burning and dust aerosol. So in summary, more research efforts are necessary to
further develop the model and evaluate the mixing phase of biomass burning and dust

aerosol.
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Figure 5.19 Aerosol radiative effect efficiency of dust and biomass burning under “No

mixing”, “Mixing”, and “Overlay” conditions.
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6 SUMMARY AND FUTURE STUDIES

6.1 Summary of the study

The impact of biomass burning and natural dust on air quality and regional
climate of East Asia is evaluated in this study. Biomass burning emission shows wide
annual variation of up to 60% during the study period from 2006 to 2010. The impact of
biomass burning on air quality is mostly constrained within the upper air at 1km~6km
height due to the uplift motion driven by lee side trough. Contribution of biomass burning
to air pollutants gradually declines along the transport pathway from PSEA to the West
Pacific due to the dispersion within free troposphere. Uncertainties are identified within
the WRF/CMAQ modeling system based on evaluation with measurements from multiple
networks. The FLAMBE inventory overestimates NOx by about 15% due to the
overestimated emission factor of deforestation fire. The systematic bias is about #10%
for NO, and SO, in the INTEX-B inventory, but the uncertainty of the spatial allocation
of anthropogenic emission introduces significant simulation bias. Anthropogenic
emission inventory of China overestimates NO, and SO; by 20% and underestimates
primary PMyy by 30%~50%. This study is the first investigation into the uplift motion
scheme and inter-annual variation of biomass burning with modeling method. The
uncertainty associated with spatial allocation of the INTEX-B inventory is also
investigated for the first time.

The WRF/CMAQ modeling system is improved in this study by incorporating
modifications to the wind-blown dust module. Parameterization of the microphysical
scheme is revised to remove the double counting of soil moisture effect.
Source-dependent speciation profile is developed to specify the mass contributions of
aerosol subspecies to dust emission. Dust heterogeneous chemistry is also implemented
with a total of 13 reactions. Comparison between the simulations and observations
suggests substantial improvement of model performance due to the modifications
mentioned above. Simulation bias for PMyy is reduced from -55% by the default model to
-16% by the revised model. Simulation bias is about -50% for trace metals and total

PM,s, indicating the mass contribution of fine mode aerosol is systematically
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underestimated by the model. The impact of dust heterogeneous chemistry on deletion of
gas-phase species and production of secondary inorganic aerosol is investigated with both
lower and upper limits of uptake coefficients. As compared to the default model,
simulation with dust chemistry is in better agreement with observation. But no solid
conclusion can be achieved with respect to the preference of uptake coefficients, as the
lower bound of uptake coefficients favors the simulation of SO,* and NOs while the
upper bound favors the prediction of SO, and NO,. This study is the first attempt to
address the uncertainty within the wind-blown dust scheme of the CMAQ model. The
modifications incorporated into the CMAQ system in this study help to improve the
model performance and promote it as a useful tool for further investigation of dust storm.

The two-way mode WRF/CMAQ modeling system is applied in this study to
evaluate the impact of biomass burning and dust on regional climate. Biomass burning
aerosol slightly cools the near surface air by -0.2K but significantly warms the upper air
by up to +2K due to the presence of underlying stratocumulus cloud. Dust aerosol shows
a stronger cooling effect, as it decreases the near surface air temperature by -0.9K and
increases the upper air temperature by only +0.1K. This study is the first investigation
into the coexistence of biomass burning and dust over East Asia. The analysis of the
WRF/CMAQ simulation and the CALIPSO product reveals that, the warming effect of
biomass burning and cooling effect of dust is altered by #10% when the two types of

aerosol encounter with each other.

6.2 Summary of Chapter 3

The impact of biomass burning on near surface air quality shows relatively small
inter-annual variation from year to year due to the uplift motion. During the simulation
period, the minimum contribution of biomass burning to O3z, PM;5 and CO is 0~25ppbv
(0~30%), 2pg/m3~10pg/m* (5%~25%), and 50ppbv~300ppbv (25%~50%) respectively,
and the maximum contribution is Sppbv~40ppbv (5%~45%), 5 ug/m3~20ug/m3
(10%~45%), 90ppbv~550ppbv (30%~60%) respectively.

Investigation of the geopotential height, lightning activity, and biomass burning
carbon emission suggests that the lee side trough along eastern side of the Tibet Plateau is
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the dominant driving force for uplifting biomass burning plume, while deep convection
plays an unimportant role. This uplift motion leads to substantial loading of air pollutants
into the free troposphere of East Asia. The lifted biomass burning plume mostly remains
in the upper air, but may be occasionally dragged down to the near surface air of Taiwan
with the existence of frontal system. Oz concentration in lower part of the free
troposphere at Taiwan is increased by up to 30% by biomass burning, while the near

surface Og is altered by less than +10%.

6.3 Summary of Chapter 4

Modifications are incorporated into the WRF/CMAQ system to enhance the
model’s capability to simulate the emission, transport, and chemistry of wind-blown dust.
The prescribed friction velocity threshold constant is revised based on reanalysis of the
field campaign data [Gillette et al., 1980; 1982]. The source-dependent speciation profile
is derived from the local measurements to characterize the mass contribution of aerosol
subspecies better. Dust heterogeneous chemistry is incorporated into the model to
simulate the depletion of gas-phase species and production of secondary inorganic
aerosol. These modifications significantly improve the model performance as
demonstrated by the comparison between simulations and observations. A severe dust
storm around March 19™-21% 2010 is investigated with the revised model. The revised
WRF/CMAQ system successfully reproduces the elevated PMyo and AOD at selected
sites along the transport pathway. Spatial distributions of AOD from the model
simulation and the MODIS product are in close agreement with each other. Daily
variation of PM;o and AOD are also well reproduced by the revised WRF/CMAQ system.
But the negative bias at nearby Taklamakan sites and the positive bias at nearby Gobi
sites indicates the existence of systematic uncertainty within the modeling system. The
Comparison between the FNL and GLDAS reanalysis data suggests that the excessive
soil moisture of FNL may be responsible for the underestimation of the Taklamakan dust.
The concentration of K*, Mg}, Ca}, and PM,s is systematically underestimated by
50%. The mass contribution of total fine mode aerosol to dust emission is setup as 20%

by the model, but local sampling data suggests that mass contribution of fine model
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aerosol to TSP is 40% at the Taklamakan and Gobi Desert. This study is the first attempt
to improve the wind-blown dust scheme of the WRF/CMAQ system. The revised
modeling system can serve as a useful tool for further investigating the impact of dust on

regional climate.

6.4 Summary of Chapter 5

Simulation from the two-way mode WRF/CMAQ system is evaluated against
the CERES and MODIS product. The modeling system successfully reproduces the
spatial distribution and vertical profile of meteorological variables. Simulation bias for
SWR flux, temperature, relative humidity, and precipitation is 10%, 1%, 7%, and 30%
respectively. Impact of biomass burning and dust on regional climate is investigated with
the WRF/CMAQ system. Biomass burning aerosol slightly increases the upwelling SWR
flux at TOA by +5W/m? (2%) under clear sky condition, and significantly reduces the
flux by -20W/m? (10%) under all sky condition. The significant warming effect of
biomass burning aerosol is associated with the presence of the underlying stratocumulus
cloud over north Vietnam and south China. Biomass burning aerosol slightly cools the
near surface air by -0.2K but significantly warms the upper air by up to +2K. As a result
of the changes in radiation flux and temperature profile, regional precipitation of PSEA is
also reduced by 10mm/month (2%). But this evaluation may contain substantial
uncertainty because the simulated precipitation is contaminated by the nonlinearities in
the convective and microphysical parameterizations within the modeling system. Thus
the current WRF/CMAQ system has not been well developed to simulate the impact of
aerosol on precipitation.

Dust aerosol increases the upwelling SWR at TOA by +15W/m? (10%) under
clear sky condition and +5W/m? (1%) under all sky condition. Impact of dust aerosol on
radiative forcing budget receives little intrusion from cloud since transport of dust is
usually associated with cold frontal system. But analysis with model simulation and the
CALIPSO product reveals that, the direct radiative forcing effect of dust aerosol is
gradually contaminated by anthropogenic emission along the transport pathway. The
fresh dust primarily cools near surface air by -0.5K over the desert. The partially polluted
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dust cools the near surface air by -0.9K and slightly warms the upper air by +0.1K over
northern and central China. The full contaminated dust aerosol slightly cools the near
surface air by -0.1K and warms the upper air by +0.2K over Japan and the West Pacific.
Two coexistence cases are identified and investigated in this study to evaluate
the impact of mixed biomass burning and dust aerosol. Model simulation successfully
reproduces the spatial distribution, vertical profile, and temporal variation of biomass
burning and dust. On Mar.29"™ 2006, biomass burning and dust aerosol is detected at 4km
and 2km height respectively. On Mar.11™ 2010, the two different types of aerosol almost
mix with each other at 2km height above the surface ground. The coexistence of biomass
burning and dust alters the aerosol radiative effect efficiency by #10%. The warming
effect of biomass burning and cooling effect of dust is reinforced on Mar.29™ 2006, yet
both of the effects are depressed on Mar.11™ 2010. This study is the first investigation
into the coexistence of biomass burning and dust over East Asia with the WRF/CMAQ
modeling system. However, the current WRF/CMAQ system still contains lots of
uncertainty. Some important physical and chemical processes are not well represented by
the model, such as the aging process of biomass burning aerosol, and the chemical
evolution of dust particles. In summary, more research efforts are necessary to further
develop the model and evaluate the impact of aerosol on regional climate of East Asia

and elsewhere.

6.5 Future studies

This study provides a baseline estimation of the impact of biomass burning and
dust on air quality and regional climate. The investigation conducted in this study helps
to improve the understanding of the characteristics of biomass burning and dust.
Evaluation of the WRF/CMAQ also helps to address the uncertainties within the
modeling system. A total of 100TB data is collected and produced in this study, including
the ground-based measurements, satellite observations, and model simulations. This
dataset can be used by future studies. The revised WRF/CMAQ system provides a useful

tool to investigate the impact of dust in the Earth system.
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However, the simulation period is limited by the computational resource to only
five years from 2006 to 2010. This analysis period is short as compared to the standard
30-year atmospheric studies. Thus the impact of aerosol on regional climate is evaluated
in a relatively loose manner in this study. In addition, the anthropogenic emission is
changing so fast that this study is actually a transient climate analysis instead of an
equilibrium analysis. So in future study, decadal simulations can be performed to achieve
more solid estimation of the regional climate change due to impact of biomass burning
and dust aerosol.

The current WRF/CMAQ system assumes internal mixing between different
aerosol subspecies, so the future study can also investigate into the external mixing
condition. A better representation of the mixing status by the model can provide a more
accurate approximation of the aging process of aerosol. Future study can also improve the
model by simulating the coating process of organic aerosol on the surface of inorganic
aerosol and vice versa. It is reported that coatings of essentially non-absorbing
components on strongly absorbing core components can increase the absorption of the
composite aerosol [Schnaiter et al., 2003]. Investigation into the evolution of optical
properties of the composite aerosol can help to improve the knowledge about the net
effect of aerosol on climate change.

Regional climate model studies [Zhang et al., 2008, 2009] reported that biomass
burning over Amazonia works against the monsoon circulation by stabilizing the lower
troposphere and weakening the surface pressure gradient. So the future study can also

investigate the impact of biomass burning and dust on the East Asia Monsoon system.
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