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Abstract. During the second Texas Air Quality Study 2006 al., 2002). Various regulations and market-based policies
(TexAQS 1), a full range of pollutants was measured by air- have been implemented to reduce these emissions, includ-
craft in eastern Texas during successive transects of poweng the Acid Rain Program (EPA, 2005) and the N&tate
plant plumes (PPPs). A regional photochemical model isimplementation Plan Call (NOSIP Call) (EPA, 2004) in the
applied to simulate the physical and chemical evolution ofUnited States. Power plants are among the most accurately
the plumes. The observations reveal thap $0d NG, were measured emission sources in the US national emission in-
rapidly removed from PPPs on a cloudy day but not on theventory due to direct smoke stack measurements by Contin-
cloud-free days, indicating efficient aqueous processing ofuous Emission Monitoring Systems (CEMS). Good agree-
these compounds in clouds. The model reasonably representsent has been found in comparing power plant emissions re-
observed NQ oxidation and PAN formation in the plumes, ported by CEMS with airborne measurements of power plant
but fails to capture the rapid loss of 5@.37 1) and NG plumes (PPPs) (Frost et al., 2006) and with satellite measure-
(0.24 1Y) in some plumes on the cloudy day. Adjustments ments of NQ (Kim et al., 2006).
to the cloud liquid water content (QC) and the default metal The emissions, transport, and chemical evolution of pollu-
concentrations in the cloud module could explain some oftants from power plants have been investigated by multiple
the SQ loss. However, NQ in the model was insensitive observational and modeling methods (Ryerson et al., 1998;
to QC. These findings highlight cloud processing as a maNeuman et al., 2004; Godowitch et al., 2008a; Frost et al.,
jor challenge to atmospheric models. Model-based estimate2006; Kim et al., 2006; Sillman, 2000). Airborne measure-
of ozone production efficiency (OPE) in PPPs are 20-50 %ment of chemical composition and meteorological parame-
lower than observation-based estimates for the cloudy day. ters in PPP transects have been conducted in several field
campaigns over North America (Trainer et al., 1995; Ryerson
et al., 1998; Springston et al., 2005; Neuman et al., 2009).
SO, freshly emitted from power plant stacks is quickly di-
luted and undergoes chemical evolution during plume trans-
port. Previous aircraft measurements in PPPs have revealed
that gas-phase Sxidation is the key pathway for the SO

: . | and the particle growth in PPPs in the absence of
of SO, and NG emitted from power plants has been linked remova ) .
to a series of environmental issues, such as acid depositior‘fIOUdS (Brock et al., 2002, 2003; Springston et al., 2005).

photochemical @ and particulate matter (Srivastava et al., SO, can ‘I";ISO readily dissolve in cloud water and then con-
2004; Ryerson et al., 2001; Brock et al., 2003; Flues gtVert to suliate via aqueous reactions.

1 Introduction

Power plants are the leading point source emitters of SO
and oxides of nitrogen (NO=NO + NOp). The large amount
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Several previous field studies have investigated the ChemTabIe 1. Major power plants in eastern Texas.
ical evolution and lifetime of N@ ozone production effi-
ciency, and the loss rate of reactive nitrogen in PPPs (Ry-
erson et al., 1998; Springston et al., 2005; Neuman et al., pagjlity NOy emission S@emission  Stack Height
2009). Some studies have reported the rapid loss gf NO raté (th—1) raté (th—1) (m)
PPPs which they primarily attributed to HN@ss (Neuman
et al., 2004; Nunnermacker et al., 2000), but others have not

Martin Lake 2.02 10.37 138

Monticello 1.34 5.49 128

(Ryersonetal,, 2003). _ Welsh 0.95 2.21 172
Power plants are significant contributors to Néhd SQ Pirkey 0.58 0.21 160
emissions and high ozone concentrations in eastern Texas. Agig Brown 084 13.09 122
NOAA WP-3 aircraft performed successive downwind tran- parish 0.33 274 183
sects of PPPs in this region during several flights as part Limestone 0.79 0.63 137

of the summer 2006 Second Texas Air Quality Study (Tex-
AQS Il) (Parrish et al., 2009). The instruments aboard the? emission rate is the hourly averaged CEMS data for Martin Lake, Monticello, and
WP-3 measured a full range of trace gases, aerosol para _eerlzragg.168eptember2006, and for Parish, Big Brown, and Limestone on 25 Septem-
eters, and meteorological parameters at high time resolution

and spatial resolution. This study utilizes the rich data source

to examine whether a 3-D photochemical model with a fine
spatial resolution but without subgrid plume treatment can
effectively simulate the chemical and physical evolution of
PPPs as they disperse and transport downwind. We focu

al., 2009). Background Sevels were consistently below
1 ppb, so this level of SEis chosen as a threshold value for
igentifying PPPs.

on the evolution of sulfur, reactive nitrogen, and i@ the In.rural areas of northeastern Texas, ppwer_plants are also
plumes. leading sources of CO and anthropogenic,Bicks et al.,

2003), even though CO is not strongly elevated in all PPPs.

Airborne measurements in 2000 and 2006 showed that CO
2 Airborne measurement and CQ could be signatures of the Martin Lake, Monti-

cello, and Welsh plumes, the concentration enhancements of
TexAQS Il was a comprehensive observational campaign invhich completely overlap S©and NG, concentration en-
eastern Texas from August to October, 2006, which aimechancements at transects (Nicks et al., 2003). As the atmo-
to improve scientific understanding of the sources and atmospheric lifetime of CQis years, it is a conservative species in
spheric processes responsible for the formation and distribuplumes. CO has a lifetime of one to two months in the atmo-
tion of O3 and aerosols in the region (Parrish et al., 2009).sphere (Akimoto, 2003), thus serving as another conserva-
PPPs observed during TexAQS Il originated from easterrtive species in PPPs. CO emissions from Martin Lake, Mon-
Texas coal-fired power plants with a large range of reportedicello, and Big Brown, which were significantly underesti-
NO, and SQ emission rates (Table 1 and Fig. 1). mated in a previous emission inventory (1999), were more

The measurements and operational characteristics of thaccurately estimated in TexAQS Il (Peischl et al., 2010).
NOAA WP-3 have been summarized elsewhere (Parrish et Of the 18 WP-3 flights during TexAQS Il, the 16 Septem-
al., 2009). Instruments aboard the WP-3 measured numeiber and 25 September flights measured successive cross-
ous reactive nitrogen species (NO, NGINO3, NOs, N2Os, wind transects of PPPs from multiple power plants and the 19
PAN, peroxy propionyl nitrate, methacrylol peroxy nitrate), September flight measured the Parish plume (Fig. 1 and Ta-
isoprene, C@, CO, SQ, HCHO, major aerosol parameters, ble S3). The 16 September flight (11:00 to 15:00 local time)
UV-VIS actinic flux, relative humidity, and temperature (Ta- observed transects of plumes from the Martin Lake, Pirkey,
bles Ala and Alb of Parrish et al. (2009) and the referenceslonticello, and Welsh power plants at successive downwind
therein). The instruments used in measuring major gas-phasdistances (Fig. 2a). Since the three plumes transported north-
species are summarized in Table S2 (in Supplement). Thevard through rural areas devoid of other large anthropogenic
time resolution of most instruments was 1s, equal to ap-SO, sources, S@ concentration enhancements clearly de-
proximately 100 m spatial resolution at typical WP-3 flying note plume locations (Fig. 2a). Pirkey is located several km
speeds. north-northeast (downwind) of Martin Lake, so their plumes
Coal-fired power plants are major sources of>S&hd cannot be distinguished on this flight after the first Martin

NOy, so their plumes can be identified by elevated concenlake transect; we refer to the plume as Martin Lake (Ma-1)
trations of SQ and NG, (Ryerson et al., 1998; Ryerson et for simplicity. On 19 September, the WP-3 measured five
al., 2003). SQ@ enhancement can be a more reliable diag-plume transects of Parish in the Houston-Galveston Brazo-
nostic of PPPs than NGsince there are numerous sources ria (HGB) metropolitan region. On 25 September (13:00 to
of NOy, but coal-fired power plants are dominant sources16:00 local time), the WP-3 measured two plume transects
of SO, in eastern Texas (Ryerson et al.,, 2003; Neuman ebf Big Brown and Limestone under northerly flow, and two
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Fig. 1. WP-3 flight tracks (16 September in blue, 19 September
in yellow, and 25 September in pink) and power plants in eastern
Texas. NQ emission rates are shown by colors andb®mission 5.0
rates are indicated by size of circles. Rectangular frame shows the
4km modeling domain. Black stars are all other point sources in
Texas. The Houston-Galveston-Brazoria (HGB) and Dallas-Forth-

Worth (DFW) metropolitan areas are also shown. 0.0 121
ppbv

128

September 16,2008 18:00:00 m's
Min= -0.0 at (97,155). Max= 35.4 at(106,130) 100

plume transects of Parish (Fig. S5 and S6 in the Supplement).

All transects on the three days occurred at altitudes of 600-Fig. 2. (a) Observed PPPs of Martin Lake, Monticello, Pirkey, and
700 m, well within the planetary boundary layer height of ap- Welsh on 16 September 2006. The black dots show the locations
proximately 1500 m determined from measured temperaturé®f the power plants. PPPs are identified by measuregle$Bance-
profiles. The exception was five transects (Ma-4 to Ma-8) 0fment (color gradient in the figure), as outlined by the green dash

the Martin Lake plume at different heights but at the same“nes' Measur(_ed Wlnd_vectors are presented on t_he p!ume transect.
downwind distance on 16 September The geographical redlines are the state boarder-lit@<Simulated
’ PPPs of Martin Lake, Monticello, Pirkey, and Welsh at 18:00 GMT

(600~700 m) (local time: 12:00).
3 Model setup and input parameters

Atmospheric chemistry for the episode was simulated by the
Community Multiscale Air Quality (CMAQ) model (Byun
and Schere, 2006) version 4.7 (Foley et al., 2010), using th

CBOS cr_lemlcal meclha:jmsm (Yarwooc:] etal., 200|5). Iglme lution) and the eastern US (2¥240 with 12 km grid reso-
processing was applie .to g.enera.te t € meteprp o9y eperl’ﬂtion) including all of Texas, respectively. The rectangular
dent emissions properties (_|.e., biogenic e_m|SS|ons) (F0|e3frame in Fig. 1 shows the fine domain with 4km grid reso-
etal., 2010). Afte_r accounting for plume rise, most of the lution. A full description of the modeling configuration and
power plant emissions were modeled to be released betweerglerformance for the 12km domain can be found in Appel

200 and 600 m elevation (Fig. S7). et al. (2010). The CMAQ modeling for the 4km domain

The model was configured with 34 vertical layers and
three one-way nested domains. The outer two domains
%over the continental US (148L12 with 36 km grid reso-
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Fig. 3. The comparison of the modeled and observed, 9@y, and CO at plume transect of Ma-1, Ma-2, Ma-3 and Ma-6. The modeled

SO, NOy, and CO are labeled as yellow, green, and purple flat lines, respectively. The obsepyed@0Oand CO are labeled as blue,

red and black dots. The Horizontal coordinate is time scale in GMT (local time = GBlit) and vertical coordinate is concentration (ppb).
Transect names listed in Table S3 of the manuscript are labled in each subplot. Figures S1-S4 summarize the comparisons for all the plume
transects.

was from 1-25 September 2006, which covers the days wittltive Model 2 PBL model (Pleim, 2007), Pleim-Xiu Land
WP-3 plume measurements. Surface Model (Xiu and Pleim, 2001), Dudhia shortwave

Meteorology for the episode was simulated by the Fifth- radiation scheme (Dudhia, 1989), RRTM longwave radia-
Generation NCAR/Penn State Mesoscale Model (MM5)tON sch'eme (Mlawer et al., 1997), Kain-Fritsch 2 subgrld
(Grell et al., 1994) version 3.7.4 for the 36 km domain. For Convective scheme (Kain, 2004), and the Thompson micro-
the inner domains (12 km and 4 km modeling domains), thePhysics scheme (Thompson et al., 2004). MMS5 used similar
Weather Research and Forecasting Model (WRF) version 3.§hysical schemes. The consistency between MM5 and WRF
(Skamarock et al., 2008) was used because of its lower bifor the modeling domains was tested and verified (Appel et
ases in simulated wind and temperature than MM5. Both@- 2010). Meteorological fields were converted to CMAQ-
models had 34 vertical layers extending from the surface ug€2dy format by MCIP version 3.4.2 (Otte and Pleim, 2010).
to 100hPa. WRF was applied with Asymmetric Convec-
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Emission inputs for the three modeling domains were(PBL), determined from the vertical profiles of equivalent
generated by the Sparse Matrix Operator Kernel Emissionpotential temperature for the three days, was about 1500 m
(SMOKE) model (EPA, 2006) based on the National Emis- on 16 September and about 1000 m in the HGB region on 19
sion Inventory for 2005. Mobile emissions were projected and 25 September.
to 2006 and actual Continuous Emission Monitoring Sys- The CEMS-reported S£2and NQ, emissions of big power
tem (CEMS) data were used for point sources. BEIS3.12plants in the eastern US were previously evaluated based
(Environmental Protection Agency Biogenic Emissions In- on with WP-3 measurements of PPPs in 2004 (Frost et al.,
ventory System 3.12hftp://www.epa.gov/asmdnerl/biogen. 2006). Since the emitted NOn PPPs can quickly be ox-
html) was applied to compute the biogenic emissions. idized to NQ (NO,=NOy-NOy), the observed enhance-

NOy species in the CBO5 chemical mechanism are NO,ments of NQ and SQ serve as the basis for evaluation.
NOz, NOs, N2Os, HONO, HNG;s, PNA (peroxynitric acid),  The strong correlation between N@nd SQ for all first
PAN (peroxyacetyl nitrate), PANX (C3 and higher peroxya- plume transectsR?=0.68~0.98) suggests that the power
cyl nitrates), and NTR (organic nitrate). The sum of all theseplants were the dominant sources of these gases there. The
species (with NOs-2) is the concentration of NOfrom the  three ratios of these plants show strong consistency within
model. the uncertainties of the measurements, although the model

The aqueous processing module in CMAQ (Walcek andslightly under-predicts S&INOy ratios (Table 2). Likewise,
Taylor, 1986) processes the absorption of gas-phase speci@sevious studies have reported strong consistency between
and accumulation-mode aerosols separately. The gas-pha§&EMS(SQ/NOx) and OBS(S@NOy) (Frost et al., 2006;
absorption into liquid water content of clouds depends on theRyerson et al., 2003; Ryerson et al., 2001).
thermodynamic equilibrium, whereas accumulation-mode ) _ )
aerosols are assumed to be completely activated to formf-1 Evaluation of plume dispersion and transport
cloud droplets. The dissociation of compounds into ions,

idati f S(IV) to S(VI) b Fe(lll
oxidation of S(1V) to S(VI) by aqueous #D,, Os, Fe(ll wvinds with average wind speeds of 6.9 sThe southerly

and Mn(ll) etc, and wet deposition are also processed in th . S
model I(:o)r computational sziciency CMAQ%oes not trans- Winds allowed PPPs of Monticello and Welsh to remain dis-

port cloud-agueous concentrations separately from gas—phaj%-‘Ct in both model and observation (Fig. 2) but caused the

concentrations between model grids. At the end of the clou Iarttln Lakg atnng;ril(ey pIurpei/lto'coTc%ihsmce the ttWO
processing module, the cloud concentrations are remove ants are just 18.5km apart. Maximal $@nhancements

and the mass of each species is passed to either gas-phatgé etach plglme transec;t_were ulsed to f|debnt|fy tr;_e plumz cen(;
or aerosol concentrations. ers to enable comparative analyses of observations and mod-

n s sucy the acuecion schemes used i proSIN AU The pmes pedueed bY CHAQ mosty fave
cessing pollutant transport by CMAQ are Piecewise P P P

Parabolic Method (PPM) (Colella and Woodward, 1984) P€" (Fig- 2), 19 and 25 September (Figs. S5-S6). The wind
and Yamartino-Blackman Cubic Scheme (YAM) (Yamartino speed and direction in the model were more homogeneous
1993). The Asymmetric Convective Model version 2’ than observed winds, resulting in slight differences between
(ACM2) (Pleim, 2007) was used to simulate the vertical mix- (r;:aonctigid(lz?ndzgxbserved locations of the plumes and plume
ing of pollutants in CMAQ. 9. 2).

. : . The high-resolution aircraft observations were compared
To identify and analyze the impact of each power plant, a_. : i
. S . - .. “with the model outputs extracted from the corresponding grid
zero-out simulation is run with the emissions of that facility

T . cells, adjusted to align the modeled and measured plume
removed from the base emission inventory. The difference . : : .
eak locations as necessary. Since the aircraft was flying

between concentrations in the base simulation and each zerc-Onsistentl at approximatelv 100 misat each plume tran-
out simulation represents the zero-out-contribution (ZOC) of y P y P

that power plant sect, each gridline interval in Fig. 3 (40 s) is equal to the spa-
’ tial distance of 4 km (one grid cell).

The 16 September flight path proceeded northward in 14
successive crosswind (east-west) transects, the first 12 of
which intercepted the Martin Lake (and Pirkey) plumes (Ma-

mk to Ma-12 in Fig. 2; Ma-4 to Ma-8 are increasing altitudes
at the same transect) and the last four of which intercepted
the Monticello and Welsh plumes (Fig. 2). The extensive ob-
gervation of the Martin Lake plume provides a unique oppor-
tunity to examine plume evolution from the emission stack

perature was 23.7-30°€ (average: 26.8C), wind speed until dilution to background levels. Comparisons between
was 1.6-12.0 ms* (average: 6.4 m) and no precipitation  medeled and observed SONOy, and CO mixing ratios are
was observed. The height of the planetary boundary |aye§hown for each successive plume transect in Figs. S1-S4.

On 16 September, the WP-3 observed mostly southerly

4 Results and discussion

During airborne measurement on the three days, ground te
perature was 24.4-35& (average: 29.0°C) and surface
wind was 0-7.2ms! (average: 3.1 m3) at ground-based
monitors in eastern Texas. At 600-700 m above the groun
level (WP-3 typical flying height), the observed ambient tem-

www.atmos-chem-phys.net/12/455/2012/ Atmos. Chem. Phys., 12, 48582012
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Table 2. CEMS-reported E(S&)/E(NOx) emission molar ratio, the observed 8R0y and the modeled zogbz/zocNoy at the location
of the first plume transect.

Plant CEMS SG/INOyx OBS SQ/NO§ MODEL ZOCSQZ/ZOC%Oy Plume age (hours)
Martin Lake 3.05 3.94 (0.98) 3.30 0.7
Monticello 2.04 3.00 (0.86) 1.84 0.3
Welsh 1.10 1.20 (0.86) 1.08 0.4
Big Brown 8.94 10.95 (0.97) 9.73 1.3
Parish 5.28 6.83 (0.68) 5.18 0.6

athe values in brackets are ti& of least square fit of SPversus NQ.
b ZOCSOZ =S80, mode| base SOz mode| zero-out that plant ZOCNOy = Noy model base™ Noy modelzero-out that plant

At the first transect of the Martin Lake, Monticello, and concentrations. The correlations are presented by the slopes
Welsh plumes, the model generates lower peak &@ NG, andR? of the least-square-fit between conservative and non-
concentrations and wider plumes than was observed. Thisonservative species. At the time scale of PPP transport (a
likely reflects the inability of the 4-km resolution model to few hours), CO and C@are expected to experience sim-
resolve subgrid-scale plume structure in the initial formationilar dispersion and minimal loss to chemistry or deposi-
of a plume. No subgrid or Plume-in-Grid (PinG) was used intion, leading to near constant slopes of CO to,CQCO
the modeling. and CQ concentrations were strongly correlated within the

The model captured the observed extent of CO at eactMartin Lake and Monticello plumes and the slopes of CO
plume transect, slightly under-estimating the peak valuego CO, held steady as both plumes aged (Fig. 4) (for Ma-
(Fig. 3). The modeled S©(18 ppb) at Ma-2 matched the 1 to Ma-3 and Ma-6 to Ma-12, slopes of the least square
observed peak (23 ppb) closely as subgrid effect weakenefit: 0.58~0.71ppbppm?!, R? 0.89~0.96; for Mo-1 to
and the plume width was larger than one grid cell. As theMo-4, slopes of the least square fit: 4.3.3 ppb ppr?,
plume transported to Ma-3, the modeled S@4 ppb) was ~ R2:0.77~0.94), indicating the same extent of dispersion of
higher than the observed peak (7 ppb). The modelegd&0 CO and CQ. For the Welsh and Big Brown plumes, only the
plume center was consistently higher than the observed whildirst one or two transects had a strong correlation between CO
the background Smatched observations. and CQ, with the later transects likely affected by nearby

The measured CO at the plume center declined only fronfcO or CQ emissions. Due to the strong interference from
240 (Ma-1) to 150 ppb (Ma-3). However, S@as observed HGB urban emissions, no clear correlation between CO and
to decline by more than a factor of 10 from Ma-1 to Ma-3, COz could be found in the Parish plume.
indicating rapid loss. Concentrations of SPand reactive nitrogen species in

Ma-4 through Ma-8 observed the Martin Lake plume at PPPs are strongly affected by chemical reactions, hetero-

the same downwind distance (53 km) but flew at different al-9€N€ous conversion, deposition, dispersion, and cloud pro-
titudes (Ma-4 to Ma-8 of Fig. S1; Table S3). $@mission cessing. Dispersion is expected to have the same extent of
from Martin Lake was modeled to occur mostly at 400 m, imPact on both conservative (e.g., ¢@nd CO) and non-
accounting for the stack height and plume rise (Fig. S7). Atconservative species (e.g., 5NOx, HNOs, and PAN).
1800 m (Ma-4), which was near the top of the PBL, no en- Thus, the variations of slopes between non-conservative
hancement of S© NOy, or CO was simulated but a weak and conservative species reflect the impact of plume chem-
SO, plume was observed, implying that the model failed to 'S deposition and heterogeneous processing on non-
capture some of the observed upward transport. At loweCONServative species.

flight altitudes (between 660 and 300m, corresponding to Civen that S@ and CQ were observed to be strongly cor-
Ma-6 to Ma-8 in Fig. S1), the model effectively simulated related in all plume_s, Cg&could serve well as a signature of
plume extent. The comparisons between the modeled anfPPS- However, since G0s not modeled by CMAQ, CO

observed S@ CO and NQ species on 19 and 25 September is selected as the conservative species for model-observation
are shown in Figs. S1 to S4. comparisons. CO is a signature emission of some but not all

power plants in Texas. In observed PPPs, only in the Mar-
tin Lake and Monticello plumes could the strong correlations
between the non-conservative species and CO be found at all
transects. In Big Brown and Welsh plumes, S€rongly

In this section, we explore the correlation between conservagorrelates with CO, only in the initial transects.

tive and non-conservative species from the observed plume

4.2 Correlations between conservative and
non-conservative species
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Fig. 5. (a) The observed least square slopes 0hb3® CO (red
square) and modeled ZQg,/ZOC¢o (blue diamond for the base

. . case, green dot for the adjusted cloud case) as a function of plume
MODIS images [ittp://ladsweb.nascom.nasa.gov/browse age at each transect of the Martin Lake plume (16 September).

images) and aircraft-observed photolysis rates indicate SCat-rpa observed Sploss rate was 0.38H (R2=0.94, SG lifetime:

tered cloudiness over eastern Texas on 16 September andg ). the modeled SDloss rate was 0.016H (R2=0.36, SQ

clear skies on 19 and 25 September (Figs. S8 and S9). Relgtetime: 62.5h). The S@to CO slopes for each perturbation case
tive humidity reached saturation between 180000 m dur-  are also plotted accordingly. (b) The observed least square slopes
ing descents through the Martin Lake plume on 16 Septemef SO, to CO, (ppb/ppm) for the five plumes; Martin Lake, Welsh,
ber, implying clouds distributed at that altitude and poten-and Monticello plumes were observed on September 16 (cloudy
tially interacting with the plume (Ma-4 and Ma-5 in Fig. S1). day), Big Brown and Parish plumes were made on 25 September
The model successfully simulated the MODIS-observed dis{sunny day).

tribution of scattered clouds over northeastern Texas on that
day (Figs. S9 and S10), but placed them predominately be-
tween 2500 and 4000 m altitude (Fig. S10), well above the

. S _ However, plume observations demonstrate rapid loss of
plum'es (Figs. S11 and S12). T'hus, no S|gn|f|canfc cloud pro SOy in the 16 September plumes (Martin Lake, Monti-
cessing was modeled to occur in the base modeling.

Under the clear skies of 19 September (Fig. S9), the nOr_cello and Welsh) where scattered clouding was observed

malized SQ to CO ratio from the model and the normalized (Fig. 5). For the Martin Lake transects, the decreasing trend

SO, to CO, ratio from the observation matched closely for of SG,/CO fits to 1an ex_ponent|al fur_1ct|<_)n W.'th a first-order
) ) . loss rate of 0.381, the inverse of which is a lifetime of 2.6 h
the Parish plume, showing slow $@bss (Fig. 8). At the

2 — .
plume age of 11 h, only 25% SQvas removed in both the (R*=0.94) (Fig. 5). SQ/CO from the model decr_ea.ses far
. ; . slower as plume ages with a loss rate of 0.015 flifetime
modeling and the observation. ${@ss was also slow in the

Big Brown and Parish plumes during cloud-free days (Figs. 5of 62.5h), which suggests the model significantly underes-

and 8). Thus, the model can capture;S®olution when no :ma;ﬂejnﬁi:% SSIL?;éh?hgiLur?/eL:r gf%l;?eer'vesd'ggg%hfor
cloud processing occurs. P '

dicates an S@lifetime of 2.7 h compared to a modeled £0
lifetime of 17.2h. Although S@and CO were not strongly

4.3 Evaluation of SQ plume evolution
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correlated in observations of the other plumes, diminishingMn(ll) concentrations are increased by a factor of 10 in the
SO/COy, ratios indicate that rapid SQoss also occurred in QC_0.05 case (called Q®IETAL hereafter). The increase
the Welsh plume. of Fe(lll) and Mn(l1) is within the range of metal ion concen-

The lifetime of SQ against gas-phase oxidation by OH trations measured in fogs and cloud water (Raja et al., 2005;
is a few days to one week, and Slifetime against dry de-  Parazols etal., 2006). S@moval in QCMETAL was more
position approximates one day in the boundary layer. Thusrapid than that of Q@.05 (Fig. 5). At the last plume tran-
gas-phase oxidation and dry deposition are insufficient to exsect, SQ decreased by 33 %, compared to the 25 % &9
plain the rapid loss of S©in the 16 September plumes. moval in QCO0.05, suggesting the increased metals in plume

Could CMAQ have simulated the rapid $@ss on 16 lead to more rapid Sgoxidation. Thus, some combination
September if the meteorological model had placed the cloudsf enhancements in cloud liquid water content and metals
at lower altitudes in contact with the PPPs? The cloud mod-concentrations may help explain the observed rapid 1665
ule in CMAQ includes two mechanisms for removing pollu- rates in the cloudy day plumes.
tants: aqueous chemical reactions and scavenging and wet Few studies have observed rapid S@ss in anthro-
deposition. S@ absorption into cloud droplets and sub- pogenic plumes, though similar rates of Sss have
sequent oxidation are explicitly represented. The absorpbeen found in volcanic plumes (Oppenheimer et al., 2010;
tion is governed by thermodynamic equilibrium, followed Rodiiguez et al., 2008). These studies proposed that cloud
by oxidation of aqueous S(IV) to S(VI) byJd®,, O3, metal  aqueous processing is the mechanism for the rapig 8O
ions (Fe(lll) and Mn(l1)), and methylhydroperoxide (MHP), moval. The comprehensive airborne measurement of plume
and peroxyacetic acid (PAA). Since no precipitation was ob-concentrations and meteorological parameters supported by
served or modeled during the airborne measurements, pollusatellite images in this study confirms that the cloud process-
tants were not expected to be scavenged. ing caused the rapid SQoss. SQ uptake by cloud droplet

Cloud parameters of meteorological inputs are perturbedand subsequent aqueous oxidation are a major challenge to
to diagnose how efficiently pollutants such as >Sénd models. Earlier studies have also found that models can un-
NOy would have been removed from plumes. Specifically, derestimate S@loss rates in clouds (Crutzen and Lawrence,
the cloud bottom height in the meteorological field on 16 2000; Kreidenweis et al., 1997).

September is adjusted to 1000 meters so that the plumes

interact with clouds during their transport. Liquid water 4.4 Evaluation of plume chemistry of reactive nitrogen
content (QC) is the cloud parameter determining the ex-

tent of the pollutant aqueous processing must be larger thaih PPPs, HN@, NOs, N2Os, PAN, and other organic nitrates
0.01gkg to trigger the cloud aqueous module. In the per- are formed via NQchemical reactions. Freshly emitted NO
turbation cases, we uniformly increase QC to 0_05g1kg titrates @Q and consumes OH, resulting in slow formation of
(~0.05gn73, equivalent to fog), 0.5gkgt (~0.5gnT3, HNO;z and no formation of PAN in the initial plume (Karam-
equivalent to stratocumulus clouds), and 5 gk@~5 g ni 3, chandani et al., 1998). As a plume dilutes, OH levels re-
equivalent to cumulonimbus clouds). cover and HNQ@ and other products form from NQpxida-

In the base modeling for the Martin Lake plume, only 11 % tion. Previous daytime observations of PPPs concluded that
SO, is removed in the model (the normalized 800 de- HNOs and PAN were the major (more than 90 %) products
creased to 0.89 from Ma-1 to Ma-12). In the @5 case, of NOy oxidation in PPPs (Neuman et al., 2006; Neuman et
25% of SQ is removed during that span, far short of the al., 2004; Ryerson et al., 2003; Ryerson et al., 2001). The ob-
observed 92 % S©Oremoval (Fig. 5). The cloudier scenar- Servational data in this study also show that Hi\NMd PAN
ios yield 66 % (QC=0.5gkg!) and 81% (QC=5.0gkgl)  were the only two major oxidation products in PPPs, with

SO, removal, still below the observed rate. NO3; and NOs and other organic nitrates at least one order
Five S(IV) oxidation reactions are explicitly implemented of magnitude lower in plume transects.
in the cloud aqueous module, i.ep®, O3, metal (Fe(lll) The measured and modeled NCHNOs, and PAN are

and Mn(Il)), MHP, and PAA oxidations. In Q0.05, S(IV)  shown for comparison in Figs. S2 and S3. ;N@as higher
oxidation is dominated by $0, oxidation, with 96.2% than HNG until the plume transported 2.0 h at Ma-7 and
of S(IV) oxidation occurring by KO, in the Martin Lake  Ma-8. The model generally captured the observed evolution
plume. Only about 1.7 % of S(IV) oxidation was by the metal of reactive nitrogen species NOHNO3, and PAN in the
ions. plume, simulating the transition from NQo HNO3; domi-

In the default CMAQ cloud module, Fe(lll) and Mn(ll) nance and approximately matching the observed PAN levels.
are uniformly set to 0.01 and 0.005 pgnrepresentative However, the simulated HN§concentrations were higher
of the background atmosphere. However, power plants ar¢han observed, implying over-prediction of HY@rmation
major emission sources of particulate metals (Alexander epr under-prediction of HN@Ioss.
al., 2009), and may have much higher levels of Fe(lll) and The oxidation of NQ by radicals approximates as a first-
Mn(l1), thus potentially enhancing the aqueous oxidation of order reaction if radical concentrations are assumed to be
sulfur in PPPs. In another perturbation case, both Fe(lll) ancconstant in the plume. The observed MOO fits to an
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Fig. 6. Observed (yellow circle) and modeled (green triangle)x'GD (a) for the Martin Lake plume(b) for the Monticello plume.
The observed N@oxidation rate was 0.38H (R2=0.85) for the Martin Lake plume and 0.82*h (R =0.86) for the Monticello plume.
Observed and modeled PAN/CO and HNOO, (c) for the Martin Lake plume(d) for the Monticello plume.

exponential decay function (for Martin Lak®2=0.85; for ~ cessing, resulting in the loss of NOAssuming a first-order
Monticello, R?=0.86; Fig. 6), corresponding to NQife- decline of NQ/CO (Fig. 7), the observed NQoss rate was
times of 2.6 and 1.2 h for the Martin Lake and Monticello 0.15h ! for the Martin Lake plume whereas the modeled
plumes, respectively. The NOifetimes computed here are  NOy loss rate was lower by a factor of 6 (0.026%. For
consistent with the NQlifetimes (1.0~1.6 h) estimated for the Monticello plume, the observed N@ss rate (0.24h1)
both plants in TexAQS 2000 (Neuman et al., 2004). Thewas 2.3 times the modeled. The observed,NgD, in Mar-
declining trends of NQ'CO from the model and the ob- tin Lake, Monticello, and Welsh plumes had a similar extent
servation closely match in the Martin Lake and Monticello of NOy loss, especially during the early plume age2h)
plumes, with discrepancies only in the initial transects duewhen NQ,/CO declined by 4650 % (Fig. 7).

to the inability of the model to resolve subgrid-scale plume gp 19 September, a cloud-free day, the model effectively
structure (Fig. 6). simulates the observed slow removal of N(ig. 8). NQ,

The ratios of HN@/CO and PAN/CO are compared be- loss on the cloudy day likely reflects deposition of highly
tween the model and observations to explore chemical evosoluble HNQ, since the other main NQconstituents (NQ
lution in the Martin Lake and Monticello plumes. We find and PAN) have low water solubility, cannot directly convert
that the model captures the PAN formation very well, closelyto aerosol, and have negligible dry deposition in plumeyNO
matching observed trends as the plumes age (Figs. 6 and S2)xidation and thermal decomposition of PAN do not shift the
The modeled HN@CO, however, was 0-¥6.6 times larger  gas-phase Ngbudget since their products are also gas-phase
than observed. Given the good agreement between the modNOy constituents. The measured ji@as minor in the inor-
eled and observed NQoxidation and PAN formation, the ganic aerosol composition, indicating that the loss of HNO
HNO3 gap between the model and the observation on theo aerosol-NQ was negligible under the high ambient tem-
cloudy day implies that HN§ while formed during plume peratures (the measured average temperature was@3.9
transport, was rapidly removed from the atmosphere, whichand the lack of ammonia enhancement beyond levels needed
is not captured by the model. to neutralize the sulfate in the PPPs (Nowak et al., 2010).

Unexpectedly rapid loss of NChas also been reported by Given that.no wet prt_acipitation was reported on the flight
some measurement studies of biomass burning (Takegawa E@YS, NO rain scavenging is expected to have occurred. $HANO
al., 2003) and PPPs (Neuman et al., 2004), but not in othimay have rapidly dissolved in cloud droplets if the plume in-
ers (Ryerson et al., 2003). When N@ oxidized to other  teracted with a cloud, as is possible under the 16 September
reactive nitrogen SpeciQS, the reactive nitrogen may be resca.ttered cloudiness conditions discussed earlier.
moved from the atmosphere via rain scavenging, dry depo- In contrast to the S@results, the cloud perturbation sce-
sition, heterogeneous conversion to aerosol, and cloud pronarios did not significantly impact modeled concentrations
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Fig. 7. (a) The observed least square slopes ofyN® CO (red
square) and modeled ZQ@, /Z0Cco (orange diamond for the  trols of power plant pollutants. However, the performance
base case, green dot for the adjusted.cloud case) as a function ¢ff these models has most often been evaluated with ground
plume age at each transect of tr21e Martin Lake plume; the observedncentrations (Mauzerall et al., 2005; Vijayaraghavan et al.,
NOy loss rate was 0-14527” (R©=0.69) and the modeled NO 5009 Godowitch et al., 2008a; Godowitch et al., 2008b).
loss rate was 0.0261 (R =O.4§%. (b) The obse_rved least square The model overestimated backgroung By 8~15 ppb
slopes of NG to €O (ppb pp1™7) for thg Martin .Lake, Monti- during the flights (Table S4). Sensitivity modeling shows that
cello, and Welsh. NQin the least-square fits was directly measured boundary conditions were the bigaest contributor to back-
and not the sum of measured reactive nitrogen species. y 99 .
ground Q levels. Thus, we focus on the differencesds)
between plume and backgrounds @ixing ratios to as-

of NO, species. Among Nspecies, HN@is the only one ~ S€SS model performance fog @rmation from power plant

to be processed by the cloud module. Even raising QC td°lumes (Table S4). _ .
5.0gkg L, there is no scavenging removal of HNGince The model accurately simulates that the Monticello and

no wet deposition happens in the absence of precipitation'VeISh plumes shift from being depleted to being enriched
At the end of the cloud module, CMAQ returns the aque-in Os between transect 1 and 2, and predicts the transition
ous concentration of HNIn cloud to either gas-phase or [0 OcCur one transect sooner than observed for Martin Lake.
aerosol species, keeping the ratio of HNO total NG, con- All of these plumes traversed rural regions of northeastern
stant. This makes HNgxoncentrations insensitive to QC in  Téxas where biogenic isoprene is abundant. However, the

CMAQ. model underestimates the amount of @€richment down-
wind by 20-70% (Ma-9 to Ma-12, Mo-2 to Mo-4, We-2 to
4.5 Evaluation of Oz simulation in PPPs We-4). The model also underestimates titration in the ini-

tial transects, reflecting the more rapid dilution of Ni@ the
Various numerical models have been applied to simulate thenodel.
O3 chemistry of PPPs (Sillman, 2000; Springston et al.,, Ozone Production Efficiency (OPE) quantifies the number
2005; Frost et al., 2006; Zaveri et al., 2010). The simulationof Oz molecules formed per molecule of NGrreversibly
of the chemistry and transport of PPPs by 3-D models areoxidized to NQ species (Liu et al., 1987). Here, we deter-
widely used for assessing the effectiveness of emission conmine OPE in the model from the ratio ZQCto ZOCyo,,
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60 than the modeled average by 51.3%. We perturb domain-
wide isoprene emission rates by this factor in the model to
investigate how much impact the isoprene discrepancy has

50 on the Qformation in plumes. After perturbation, the simu-

2 lated ZOGy3 has a maximum increase of 3 ppb (Ma-2). The
2 maximum @ increase for Monticello and Welsh is 1.5 and
g 40 D0 2 ppb, respectively. OPEs of Martin Lake, Monticello, and
o ] _ Welsh plumes would increase to 7.0, 7.8, and 5.9, respec-
30 Linear (Martin Lake) 0PE=7.25, R*=0.95 tively, closing roughly half of the gap between modeled and
—Linear (Monticello) OPE=10.05, R*=0.94 observed OPEs. For Big Brown, the OPE would increase by
= Linear (Welsh) OPE=10.35, R?=0.83 a factor of 1.4, and for Parish, the OPE would increase to 6
20 : : : i (Pa-2), exceeding the observed OPE (4.4).
0 1 2 3 4

NOy-NOx (ppb)
5 Summary and conclusions
Fig. 9. O3 versus NQ-NOx from the transects of Martin Lake ) ] ) o
(Ma-6, plume age of 2.0 h), Monticello (Mo-4, plume age of 2.4 h), A regional 3-D photochemical model was applied with fine-
and Welsh (We-4, plume age of 2.7 h). The slopes from the leasgrid resolution to simulate PPPs during three days of airborne
square fits indicate the observation-based estimates of OPE frormeasurement by NOAA's WP-3 aircraft in TexAQS Il. In this
each plume transect. modeling study, the modeled and airborne observed concen-
trations are compared in detail at each plume transect. Under
steady wind meteorological conditions, the fine-scale (4km)
and in the measurements from the least square slopg of OCMAQ accurately simulated the transport and dispersion of
versus NQ@-NOy (NO) (Trainer et al., 1993; Kleinman et PPPs despite lacking a plume-in-grid module.
al., 2002; Griffin et al., 2004; Ryerson et al., 2003). SO, and NQ, show strong consistencies among the
Observations of Martin Lake, Monticello, and Welsh tran- CEMS-reported emission data. In the Martin Lake and Mon-
sects show OPE steadily increasing, while @oduction ticello plumes, CO was strongly correlated with Sénd
evolves from depletion to net formation, consistent with OPENOy and could serve as a conservative tracer species to track
trends from PPPs in the southeast US (Ryerson et al., 200Iplume evolution; C@ was strongly correlated with SGnd
and in Texas in 2000 (Springston et al., 2005; Ryerson eNOy in all plumes but was not modeled by CMAQ. The trend
al., 2003). OPEs from transects of these plumes (Ma-6, Mo1in the least square slopes of pollutants relative to CO{)CO
4, and We-4) at similar plume ages are compared in Fig. 9was used to assess species lifetime.
OPEs for Monticello and Welsh were remarkably similar ~ On clear-sky days (19 and 25 September), 30d NG,
(Fig. 9), reflecting approximately equak@rmation poten-  experienced slow evolution (loss) in the Parish and Big
tials of these facilities with similar NQemission rates (Ta- Brown plumes. Both the model and the observation were
ble 1). Martin Lake emitted about two times as muchyNO closely correlated in the ratios of S@nd NG, to conser-
as Monticello and Welsh, and thus exhibited a smaller OPEvative species, suggesting the model well captured &
Comparing younger transects, OPE in the Big Brown plumeNOy evolution in the plumes.
(Bi-1) was 1.7 ata plume age of 1.3 h, lower than the similar- SO, was observed to be rapidly lost in the Martin Lake,
plume-age OPE of Martin Lake (2.6, Ma-3) and Welsh (4.6, Monticello, and Welsh plumes under scattered cloudiness on
We-2), but close to the OPE of Monticello (1.4, Mo-2). OPE 16 September. The observation-based $time was 2.6
could not be quantified in the subsequent Big Brown transecknd 2.7 h for the Martin Lake and Monticello plumes, respec-
due to lack of correlation betweerg@nd NQ. The Parish tively. The detailed examination of the photolysis rate and
plume exhibited an OPE of 4.4 at a plume age of just 0.6 hrelative humidity data suggested cloud-processing of PPPs
suggesting rapid ©formation under the influence of Hous- caused the rapid SOoss on 16 September. The original
ton region anthropogenic VOCs. simulation did not show the apparent £@ss since PPPs
The model replicated the observed temporal trends in OPEesided below clouds in the model. Perturbing the cloud bot-
but simulated maximum OPEs about a factor of 2 lower thantom heights to interact with the PPPs yielded modest rates
observed (Table S4). Since the calculation of OPE implicitly of SO, removal via agueous processing in the CMAQ cloud
assumes that N(s conservative in plumes, the rapid loss of module. SQ removal in the model was still slower than the
NOy observed but not modeled on the cloudy day (Table S4)observed rapid loss, even after increasing cloud liquid water
may undermine the accuracy of the observation-based OPEcontent and metals concentrations in cloud droplets to en-
It should also be noted that the model tended to underhance S@ oxidation.
predict measured isoprene concentrations. Observed iso- The simulation closely matched the observedyN§i-
prene concentrations averaged over all transects are highelation rates. The observed Ndfetime for Martin Lake
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The modeled PAN formation reflected the observed trend of tions, Computational Algorithms, and Other Components of the

PAN formation, while the modeled HNvas 0.76.6 times Models-3 Community Multiscale Air Quality (CMAQ) Model-
higher than observed due to the rapid HiNGss in observa- ing System, Appl. Mech. Rev., 59, 27-50, 2006. .

tion on cloudy days. For the Martin Lake plume, the loss Colella, P. and Woodward, P. R.: The Piecewise Parabolic Method
rate of NG, has been quantified to be 0.148%in observa- (PPM) for gas-dynamical simulations, J. Comput. Phys., 54,

174-201, 1984.
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