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Abstract. Interannual variations in background tropospheric 2.7 Mm~1 in May 2005 to 6.2 Mm® in May 2006. We also
trace gases (such as carbon monoxide, CO) are largely driveevaluate CO interannual variability throughout the western
by variations in emissions (especially wildfires) and trans-US via Earth System Research Laboratory ground site data
port pathways. Understanding this variability is essential toand throughout the Northern Hemisphere via MOPITT and
quantify the intercontinental contribution to US air quality. TES satellite observations. Both in the Northeast Pacific and
We investigate the interannual variability of long-range trans-on larger scales, we reveal a significant decrease (from 2—
port of Asian pollutants to the Northeast Pacific via measure-21%) in springtime maximum CO between 2005 and 2006,
ments from the Mt. Bachelor Observatory (MBO: 43.98 evident in all platforms and the GEOS-Chem model. We
121.69 W; 2.7kma.s.l.) and GEOS-Chem chemical trans- attribute this to (a) anomalously strong biomass burning in
port model simulations in spring 2005 vs. the INTEX-B cam- Southeast Asia during winter 2004 through spring 2005, and
paign during spring 2006. Measurements of CO at MBO (b) the transport pattern in March and April 2006 which lim-
were significantly enhanced during spring 2005 relative toited the inflow of Asian pollution to the lower free tropo-
the same time in 2006 (the INTEX-B study period); a de- sphere over western North America.

cline in monthly mean CO of 41 ppbv was observed between
April 2005 and April 2006. A backtrajectory-based meteoro-
logical index shows that long-range transport of CO from the )
heavily industrialized region of East Asia was significantly 1 Introduction

greater in early spring 2005 than in 2006. In addition, spring

2005 was an anomalously strong biomass burning season ihfans-Pacific transport of pollution from Asia is well-
Southeast Asia. Data presented by Yurganov et al. (2008§locumented (Jaffe et al., 1999, 2003, 2004; Bey et al., 2001;
using MOPITT satellite retrievals from this area reveal anGoldsteinetal., 2004; Parrish etal., 2004; Singh et al., 2009).
average CO burden anomaly (referenced to March ZOOOJIS effects on air quality in the downwind regions of the west-
February 2002 mean values) between October 2004 througB US have been the focus of many recent studies (Wang et
April 2005 of 2.6 Tg CO vs. 0.6 Tg CO for the same period a &l-» 2003; Akimoto, 2003). With the objective of quantifying
year later. The Naval Research Laboratory’s global aerosoine contribution of foreign emissions to domestic air qual-
transport model, as well as winds from NCEP reanalysis,ity throughout the Northern Hemisphere, the United Nations
show that emissions from these fires were efficiently trans-Economic Commission for Europe has recently established
ported to MBO throughout April 2005. Asian dust trans- @n international Task Force on Hemispheric Transport of Air
port, however, was substantially greater in 2006 than 2005P0llution (HTAP 2007).

particularly in May. Monthly mean aerosol light scattering  To date, much work has been done towards understanding
coefficient at 532 nmef;,,) at MBO more than doubled from the processes controlling inter-continental transport. Wang et
al. (2006) find that meteorology is most conducive to trans-
Pacific transport in the lower troposphere early in the spring
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cold fronts and convective transport (particularly from South-of CO allows a study into the relative influences of source
east Asia) are the most important processes for such transegions, meteorology and chemical loss on its global distri-
port (Liu et al., 2003; Holzer and Hall, 2007). Trans-Pacific bution (Novelli et al., 1998; Holloway et al., 2000). Interan-
transport of pollution typically occurs on timescales of 7—10 nual variability in CO is controlled by changes in emissions
days in the mid-troposphere. Variability of this transport has(particularly wildfires), transport pathways and the oxidizing
been studied on timescales ranging from days to seasons tapacity of the troposphere.
years and even decades (Allen et al., 1996; Liang et al., 2004, Many studies of the spatial and temporal variability of CO
2005; Holzer and Hall, 2007; Fischer et al., 2009). We havein the north Pacific exist, but as Granier et al. (1996) and oth-
the unique capacity to investigate the interannual variabil-ers note, year-to-year variations in CO abundances are not
ity of Asian long-range transport through continuous mea-well established. Holloway et al. (2000) examine how the
surements of multiple species from the Mt. Bachelor Obserthree major sources of CO (fossil fuel combustion, biomass
vatory (MBO: 43.98 N, 121.69 W; 2.7 km above sea level burning and oxidation of biogenic hydrocarbons and;f;H
(a.s.l)), our free-tropospheric background site in operationas well as its main sink (reaction with OH), vary seasonally
since spring 2004 (Jaffe et al., 2005; Weiss-Penzias et aland globally. Khalil and Rasmussen (1988) detected a pos-
2006). itive trend in global CO of 0.8—-1.4%/yr during the 1980s,
The rapid development of China over the past two decadesvhich they attributed to increasing anthropogenic emissions.
has resulted in an increase in anthropogenic emissions (Irie e3everal years later the same authors (Khalil and Rasmussen,
al., 2005; Richter et al., 2005). Modeling studies and satel-1994) reported a global decrease in tropospheric CO concen-
lite observations have shown that the region’s developmentrations of—2.6%/yr during the late 1980s and into the early
has had noticeable effects on air quality in western North1990s. The authors attributed this trend to decreasing anthro-
America (Akimoto, 2003; Zhang et al., 2008). This pollu- pogenic emissions in the Northern Hemisphere (mainly from
tant burden originating in Asia has been detected at groundpollution controls in North America and Europe) and poten-
based sampling stations in the western US (Jaffe et al., 200%jally decreasing tropical biomass burning emissions in the
Weiss-Penzias et al., 2004). Jaffe and Ray (2007) found &outhern Hemisphere. These studies exemplify the need for
positive trend in surface ozone {Dat background sites in  caution in reading too much into the existence of “trends” in
the western US from 1987-2004. While the authors do notCO and highlight the need to understand the highly variable
assign a single cause, they note that the surggiorécursor  interannual changes in CO.
emissions (nonmethane-hydrocarbons and nitrogen oxides) Recently, Szopa et al. (2007) utilized surface measure-
from Asia is a likely contributor. ments and model results from 1997-2001 to quantify the
Motivated in part by these previous studies, the Intercon-relative contributions of biomass burning emissions and me-
tinental Chemical Transport Experiment (INTEX-Bttp: teorology to interannual variations in CO concentrations.
/limww.espo.nasa.gov/intex-Bingh et al., 2009) took place They found that, at latitudes greater tha®0°, CO inter-
during spring 2006 (15 April-15 May) with the objective of annual variability is controlled almost equally by variations
characterizing the pollution flowing into the West Coast of in wildfire emissions and meteorology, whereas meteorolog-
the United States, particularly from Asia. A collaborative ical variability dominates in the tropics. The exception to
effort among NASA, NCAR and a variety of university re- this appears to be during specific episodes, such asfifl Ni
search groups, INTEX-B produced data from several plat-periods, which are typically associated with intense tropical
forms (ground-based, aircraft, remote sensing, model, etc.biomass burning that can drive large interannual changes in
Among these was the University of Washington’s DuchessCO concentrations globally. Notably, though, EfRMiperi-
aircraft which flew seven flights off the coast of Washington ods are also associated with altered transport patterns such as
state; results from this analysis are presented by Swartzerthe reversing of trade winds which can lead to the westward
druber et al. (2008). Through an investigation of trans-export of Indonesian wildfires. At one site in Wendover, UT
Pacific transport pathways, INTEX-B provided an opportu- (39.9 N, 113.72 W; 1320ma.s.l.), Szopa et al. (2007) show
nity to better understand the meteorological aspects of interthat from 1997-2001 biomass burning emissions contribute
annual variability in trace gases. Of particular interest during25-51% to modeled CO interannual variability.
INTEX-B was the transport of Asian emissions to western The focus of this paper is on the interannual variability
North America. of long-range transport of East Asian pollution (particularly
Carbon monoxide (CO) is produced anthropogenically byCO) to the Northeast Pacific between spring 2005 and spring
the incomplete combustion of fossil fuels as well as by in-2006. We analyze measurements recorded at MBO during
tentional biomass burning for agricultural purposes. Itis alsothe spring seasons of 2005 and 2006, which includes the
emitted naturally through wildfires and is a byproduct of the INTEX-B study period. Our analysis focuses on the de-
oxidation of methane and other hydrocarbons. With a tropo-crease in CO from spring 2005 to spring 2006 observed at
spheric lifetime on the order of several weeks to months (deMBO as well as in MOPITT and TES satellite observations.
pending largely on latitude and season) and relatively simpleThe GEOS-Chem 3-D chemical transport model is employed
chemistry, an investigation of the spatiotemporal variability using constant, climatological emissions to understand the
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meteorological contribution to this change. A comparison of
trace gas measurements made at MBO during spring 200%
and 2006 reinforce the findings from the CO analysis. We
then utilize the Asian long-range transport index developed
by Wolfe et al. (2007) to show that emissions from East Asia
had a greater effect on lower tropospheric air quality in the
northwestern US in early spring 2005 than in early spring

Canada

4 GEOS-Chem box

MBOX2700 m.

2006. Finally, we extend the analysis of CO variability be- |
tween 2005 and 2006 to the broader western US (using Eartt Y NE Pacific ol ox 3525
System Research Laboratory (ESRL) ground site data), anc box

M

throughout the Northern Hemisphere via MOPITT and TES
satellite retrievals to show that wildfire activity also played a
role in the observed changes in CO.

& ¢ Mexico R

2 Instrumentation and methodology

) ) . Fig. 1. Map of the western US illustrating the location and altitude
2.1 Mt Bachelor site and instrumentation of MBO and the two ESRL ground sites used in the analysis, as well
as placement of the box employed for GEOS-Chem analysis. The
The MBO site (Fig. 1: 43.98N, 121.69 W, 2.7kma.s.l.)  “NE Pacific box” denotes the region used for MOPITT and TES
has been described in detail elsewhere (Jaffe et al., 2005atellite retrievals.
Weiss-Penzias et al., 2006, 2007; Swartzendruber et al.,
2006; Wolfe et al., 2007). In brief, Mt. Bachelor is an iso-
lated volcanic peak located in the Deschutes National (conif-
erous) Forest and is home to a ski resort on the east facthat was not as susceptible to riming. A Licor 6262 (cali-
of the mountain. The nearest populated areas are Bend (poprated every six months) also measured water vapor until 1
65 210), 31 km to the east and Redmond (pop. 21 109), whictApril 2006. CO was measured using a TECO 48 C-TL non-
is 53km northeast of MBO. Winds at the summit usually dispersive infrared instrument. It was zeroed every 20 min
have a strong westerly component, so it is rare that anand calibrated daily using a working standard that was refer-
thropogenic pollution from either town reaches the station.enced to three standard reference gases (provided by ESRL
Eugene (pop. 142180) is mainly a university-town locatedin Boulder, CO, NIST and Scott-Specialty Gases). During
140 km west of MBO and is the only major population cen- INTEX-B, the same standard reference gas was used at MBO
ter between MBO and the Pacific coast. Instrumentation isand on the Duchess aircraft (Swartzendruber et al., 2008).
housed in the ski lift building on the mountain’s summit. The Comparisons between MBO and Duchess CO calibrations
lift itself is electric; the only emissions at the summit are due agreed within 1-2% (P. Swartzendruber and D. Jaffe, unpub-
to the occasional passes of snow-grooming equipment. Cornished work). Q@ was measured with an UV absorption in-
tamination from these groomers is easily identified by spikesstrument (Dasibi, Inc.). It was calibrated quarter-annually
in NOy, CO and aerosol scattering coefficient and has beemwith an O; transfer standard referenced to a State of Wash-
screened out for our analysis. ington primary Q standard. Sub-micron aerosol scattering
The sampling inlet line for gaseous measurements i$ 5/8 coefficient at 532 nmy;,) was measured with a Radiance
OD PFA tubing and is located15 m above the instrument Research integrating nephelometer through its own inlet of
room and 4 m above the roof of the building. Ambient air nonconductive tubing. It was calibrated quarterly with pure
is drawn through a &m Teflon filter and into a gas distri- CO, gas. Theo,, data in this paper are presented at ambi-
bution manifold at a rate of20slpm. All trace gas mea- ent pressure and temperature. Total airborne mercury (THgQ)
surement systems are connected to this manifold, except theas measured from March 2004—March 2005. Thereafter,
Hg instrumentation, which has its own specially-designeda speciation component was added, allowing separate mea-
inlet (Swartzendruber et al., 2006). Basic meteorologicalsurements of elemental mercury Bgparticulate mercury
measurements (temperature, relative humidity (RH), ambi{PHg) and reactive gaseous mercury (RGM). Instrumental
ent pressure, wind speed and direction) are collected near theesign and specifications for the Hg measurements at MBO
inlet. Water vapor has been calculated using ambient temare discussed at length in Swartzendruber et al. (2006). Dur-
perature and RH measured from a Campbell Scientific HMPing INTEX-B acyl peroxy nitrates (APNs) were measured
45 C probe that is calibrated every six months. Beginning 26at MBO using a custom-built thermal dissociation chemi-
April 2006, a second Campbell Scientific HMP 45 C probe cal ionization mass spectrometer, or TD-CIMS (Wolfe et al.,
was installed in an area that is sheltered, but still expose®007). The & uncertainty for the hourly-averaged data was:
to ambient conditions, to obtain measurements from a probé % for CO, 1% for Q, 5% foroy,, and 1% for Hg.
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2.2 GEOS-Chem model description particularly for the lower troposphere-20%). The large
positive biases tend to be seen most frequently in clean envi-
The GEOS-Chem 3-D global chemical transport motitp( ronments, such as the remote oceans. Emmons et al. (2007)
Ilwww-as.harvard.edu/chemistry/trop/geBsy et al., 2001)  find that, over North America at 700 hPa, MOPITT has a bias
is driven by assimilated meteorological data compiled at theof 9—17 ppbv when compared to in situ profiles, which is con-
Goddard Earth Observing System (GEOS) of the NASA sistent with Emmons et al. (2004) and within the design crite-
Global Modeling and Assimilation Office (GMAQ), which ria for 10% accuracy. Warner et al. (2007) also find a positive
include winds, temperature, surface pressure, water contenbias in MOPITT of 15-20 ppbv in the lower atmosphere over
clouds, precipitation, convective mass fluxes, mixed layerthe oceans as part of evaluation exercises during the INTEX-
depth and surface properties. It has been used extensivelx campaign. Similar evaluation exercises have been carried
in chemical transport studies in the Northeast Pacific (Liu etout for TES retrievals, though they are fewer in number (Os-
al., 2003; Goldstein et al., 2004; Liang et al., 2004, 2005;terman et al., 2005; Luo et al., 2007a). Luo et al. (2007a)
Wang et al., 2006; Auvray et al., 2007; Zhang et al., 2008)compare TES profiles (which are most sensitive to CO be-
and at MBO (Weiss-Penzias et al., 2004; Swartzendruber efween~700-200 hPa) to aircraft profiles (performed from
al., 2006; Liang et al., 2007). Model output (version 7.04.05)the surface to~300hPa) during INTEX-B and find good
has been compared with mean CO measurements from MB@greement over the Houston area, with TES detecting CO
using data with a resolution of 1 h. Results were obtainedmixing ratios that are only 0-10% less than the aircraft pro-
for the 2 x2.5° box covering 43—45N, 121.25-123.75W files. Validation efforts were not as successful near Hawaii
around MBO (Fig. 1). and over Anchorage, Alaska, where long-range transport of
The GEOS-Chem model calculates mixing ratios for 55 pollution created well-defined plumes that the aircraft specif-
vertical layers, or “sigma-levels”. The atmospheric pressureically flew into but TES may not have passed over. These
of these sigma-levels varies depending upon the underlyindatter attempts exemplify the challenging nature of obtain-
topography and elevation above sea level. Sigma-levels $ng good comparisons between satellites and aircraft. Luo et
through 7 (i.e., pressure levels from 746 hPa—574 hPa) bestl. (2007b) show how different TES and MOPITT retrievals
match the observed CO values at MBO for most meteorolog-can be from each other, but present techniques to bring the
ical conditions and/or seasons. Therefore, we have averagetrieved profiles into better agreement (such as adjusting the
the results from sigma-levels 5-7 for our analysis. TES profiles to the MOPITT a priori and vertically smooth-
The model was run using monthly archived OH fields, asing the MOPITT profiles by the TES averaging kernels).
well as climatological, monthly varying anthropogenic emis-  The retrieved profile from each platform is a linear com-
sions scaled to 1998 using the approach described by Bey dtination of the averaging kernel-weighted true and a pri-
al. (2001) and biomass burning emissions from 1996-2000ri profiles in conjunction with retrieval errors (Luo et al.,
(Duncan et al., 2003). Using constant, climatological emis-2007a, b). There are significant differences in the a priori
sions allows us to analyze the role meteorology played in theprofile and covariance matrix constraints for TES retrievals
interannual variability of CO. Tagged Asian fossil fuel CO and those adopted by MOPITT; these are described by Ku-
emissions were output for the box bounded by 652H6 lawik et al. (2006) and Deeter et al. (2003), respectively. In
9° S-90 N, and tagged Asian biomass burning CO emis- brief, the main difference is that TES CO retrievals select
sions were constrained to the region covering 65286 a priori profiles given by the MOZART chemical transport
9° S—4% N. The model comparison with MBO and its im- model (Brasseur et al., 1998). Monthly mean mixing ratios

plications are discussed in more detail in Sect. 4.2. in 10° latitude by 60 longitude bins are used to create the
a priori profiles assumed for TES retrievals (Rinsland et al.,
2.3 MOPITT and TES satellite descriptions 2006). In contrast, MOPITT uses a single CO a priori pro-

file derived from several hundred in situ profiles distributed
Carbon monoxide in the troposphere is routinely retrievedglobally (Deeter et al., 2003).
from thermal infrared measurements by the Tropospheric In our analysis, we calculated monthly mean CO from
Emissions Spectrometer (TES; Beer et al., 2001) and MeaMOPITT and TES using only daytime data, as several studies
surements of Pollution in the Troposphere (MOPITT; Drum- have shown that nighttime satellite data tends to have larger
mond and Mand, 1996) instruments on-board the Aura andiases due to weaker thermal gradients in the vertical (Em-
Terra satellites launched in July 2004 and December 1999mons et al., 2004, 2007). In general, daytime observations
respectively. MOPITT CO products have been evaluatedshould produce better thermal contrast conditions between
by comparisons to aircraft and ground-based measurementke surface and lower troposphere because of surface heat-
(Emmons et al., 2004, 2007; Warner et al., 2007). Emmonsng due to the absorption of solar radiation (Deeter et al.,
et al. (2004) show a good overall quantitative agreement be2007). The averaging kernels for both TES and MOPITT
tween MOPITT and in situ profiles with a small average pos-throughout the lower troposphere are very similar, indicating
itive bias (i.e., MOPITT senses larger values) at all altitudes.that the CO information in the retrievals comes mainly from
The standard deviation of the mean biases is large, howevethe 700-500 hPa layer, with some additional information in

Atmos. Chem. Phys., 9, 55372 2009 www.atmos-chem-phys.net/9/557/2009/


http://www-as.harvard.edu/chemistry/trop/geos
http://www-as.harvard.edu/chemistry/trop/geos

D. R. Reidmiller et al.: Interannual variability of long-range transport at MBO 561

the upper troposphere (Emmons et al., 2007). As a result,
we present daytime-only, lower- to mid-tropospheric results.
These vertical levels also correspond fairly well with the
free-tropospheric altitude of MBO~730 hPa). We use re- <
trievals from a regional box over the Northeast Pacific Ocean g
(Fig. 1: 40-48 N, 125-135 W) for our analysis since this 3
provides a measure of CO without impacts from topography
(causing changes in column density) and variable surface
temperature and emissivity. This is the first time monthly ‘ ‘ ‘ ‘ ‘ ‘ ‘
mean L3 TES data products have been published (courtesy ) T T T T e
of M. Luo and G. Osterman, 2007).

2.4 Meteorological index of long-range transport

To assess the relative degree of trans-Pacific transport o
Asian pollution to MBO, we employ the Asian long-range
transport (ALRT) index developed by Wolfe et al. (2007).
It uses 10-day kinematic backtrajectories calculated from ©
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Rolph, 2003ttp://www. s ; ; ;
arl.noaa.gov/ready/hyspfo.html). The model was run with Jan04  Ju04  Jan05  JUHO5  Jan06  JUO6  Jan07  Juk07
FNL meteorological data (Final Global Data Assimilation

System), which has a 6 h tempora| reso|uti0n’ 19i kor- Flg 2. (A) Monthly mean CO values as measured at the Mt. Bach-
izontal resolution and vertical information from 13 pressure €lor Observatory (MBO); error bars represeat {8) Monthly CO
levels ranging from 1000 to 20 hPa. While the GDAS datasetanome_‘l'es referenced to average monthly CO for the entire 2004—
has greater vertical and temporal resolution, significant gapg 007 timeseries.

exist in the GDAS data for the periods of interest in this

study. Twenty-five backtrajectories are calculated in & 0.5 period. Ozone is significantly different between the driest
by 0.5’ horizontal grid at 100 m vertical intervals from 0 t0  anq wettest 1/3 of data. This is to be expected as dry air is
2900 m above ground level (a.g.l.) for every hour of the StUdYtypicaIIy associated with descending free tropospheric (FT)
period (1 March-31 May of 2005 and 2006). The number of 5 which is rich in Q. In contrast, the wetter boundary layer
hours each backtrajectory particle spends in the Asian boundeg| )-influenced air shows smallers@oncentrations reflect-
ary layer (bounded by: 0-3 km and 2046by 100-130E,  ing the strength of regional deposition as well as the scarcity
which covers the heavily developed and industrial region ofof O, precursors (e.g., N@&NO+NO,) sources in the area.
east-central China and Korea) is counted and then averagethe other significant difference between the dry and wet data
over the 25 backtrajectories for that initialization time and cgn pe seen in measurements of Hg species. Swartzendru-
altitude. Thus, an “ALRT Index” value of 20 h could be in- per et al. (2006) found that elemental Hg @iand reactive
terpreted to mean that an “average” backtrajectory particleyaseous Hg (RGM) are anticorrelated, with RGM showing
spent 20h in the boundary layer of the Asian box beforesjgnificant enhancements in subsiding FT air. RGM shows
transport to MBO. This method, and techniques very simi-yide variability (1 >100% of the mean), indicating a small
lar to the one presented here, have been used successfully jiymper of significant enhancements create a non-normal dis-
several studies (Stohl et al., 2002; Weiss-Penzias et al., 2004sipution of the data. Wolfe et al. (2007) also found signif-
2006, 2007; Hafner et al., 2007; Wolfe et al., 2008). Thejcant enhancements of acyl peroxy nitrates (APNSs) in drier,

reader is referred to Weiss-Penzias et al. (2006) and Wolfe et ajr relative to BL-influenced air at MBO during INTEX-
al. (2007) for more details on the development of this indexg_ |n general, CO, @ and o, values are similar to mea-

O Anomaly (ppbv)

and its use in analysis of trace gas observations. surements from other western US background sites (Jaffe et
al., 1999, 2001; Goldstein et al., 2004; Weiss-Penzias et al.,
2004).

3 INTEX-B results from MBO

Table 1 summarizes basic statistics for 1 March—-31 May of
2005 and 2006 for a variety of chemical species and meteo-
rological parameters at MBO. We compare the results from
the two spring seasons in the next section. Here, we briefly
summarize the findings in spring 2006, the INTEX-B study

www.atmos-chem-phys.net/9/557/2009/ Atmos. Chem. Phys., 955272009
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Table 1. Statistics from hourly data at MBO from 1 March—-31 May of 2005 and 2006. The “driest 1/3 of data” represents data concurrent
with the lowest 1/3 (33rd percentile) of measured water vapor, whereas the “wettest 1/3 of data” represents data concurrent with the highest
1/3 (67th percentile) of measured water vapor.

ALL Data DRIEST 1/3 of data WETTEST 1/3 of data
1 Mar— 2005 2006 2005 2006 2005 2006
31 May Meantloc Median Meantlc Median \ Mean+ 1o Median Meantloc Median \ Mean+lsc Median Meantls Median
WV (g/kg) 3.12+0.99 3.13 253087 251 | 2.04t052 220 1.680.46 171 | 4.16:054 4.06 3.48051 3.36
CO (ppbv) 16220 165 14214 144 174+20 175 14313 143 158+15 157 13717 138
O3 (ppbv) 48.146.7 476 49.882 484 | 51865 504 53.868.7 504 | 44563 447 44477 465
Hg® (ng/m?)  1.65t0.16  1.66 1.620.15 166 | 1.51+0.26 1.46 1.740.12 172 | 1.68:0.14 168 1.650.16 1.63
RGM (pg/m®) 21447 5 3146 18 91109 46 559 37 9+17 3 1722 12
osp (MM 24429 1.2 3.337 1.9 21423 1.3 3.33.9 1.8 2.6£3.1 1.0 4337 34
4 INTEX-B (spring 2006) vs. spring 2005: results observed changes in CO, arguing that some change in emis-
sions probably occurred as well. This will be discussed in
4.1 Interannual changes in springtime CO: MBO more detail in Sect. 7.

The interannual variability in CO observed at MBO from 4.3 Interannual changes in springtime CO: MOPITT and
spring 2005 to spring 2006 inspired much of this analy- TES satellite retrievals
sis. Figure 2a illustrates the complete timeseries of monthly
mean CO at MBO from January 2004 through Decem-Figure 3 also illustrates results from MOPITT and TES satel-
ber 2007. Figure 2b shows monthly CO anomalies refer-lite retrievals from a box representative of the region around
enced to monthly mean CO for the entire 2004—-2007 periodMBO, but placed just off-shore over the Northeast Pacific
Strong seasonal cycles are seen each year, illustrating a lat@cean (for reasons detailed in Sect. 2.3). As Edwards et
winter/early spring maximum (due to diminished OH con- al. (2006) note, we should not expect CO mixing ratios from
centrations from minimal sunlight throughout the winter) and MOPITT mid-tropospheric retrievals (or those from TES)
a late summer minimum (when the OH sink is much strongerand measurements from a single point in space (e.g., MBO)
due to enhanced photochemical activity) common to conti-to be quantitatively comparable as they sample different parts
nental background sites. Observed springtime (maximumf the troposphere. Furthermore, MBO is in a region of com-
CO decreased by 41 ppbv (21%) from 2005 to 2006. Theplex terrain (Cascade Range), so in an effort to minimize the
large magnitude of the CO anomaly at MBO in early spring issues of topography while retaining some geographic rep-
2005 is illustrated in Fig. 2b. resentation, we used the over-ocean box for our retrievals
and report the CO changes in Fig. 3 as percentages rather
4.2 Interannual changes in springtime CO: GEOS-Chenthan mixing ratios. In Fig. 3 we show both the total col-
chemical transport model umn and 700 hPa monthly changes in MOPITT CO between
2005 and 2006. The results from both pieces of informa-
To understand what drove this significant change in COtion are quite similar, showing declines from April 2005 to
we compared measurements from MBO to total and Asian-April 2006 of ~5%. Mid-tropospheric (562 hPa) CO from
tagged CO using GEOS-Chem model sigma-levels 5-7. FigTES, on other hand, showed the greatest year-to-year decline
ure 3 illustrates the percentage change in monthly CO from(~7%) in March. Unlike MBO and GEOS-Chem, however,
2005 to 2006 using observations at MBO, GEOS-Chemboth satellite instruments detected an increase in CO from
model results and satellite retrievals over the NE Pacific. FoiMay 2005 to May 2006 of-7%. While these changes may
March and April, the MBO observations, satellite measure-be close to the uncertainty in CO measurements from MO-
ments and GEOS-Chem Asian CO all showed significant dePITT and TES, the corroboration from other measurements
clines from 2005 to 2006. GEOS-Chem showed a decline inrand GEOS-Chem suggests they are real changes.
total and Asian-tagged CO from spring 2005 to spring 2006. Taken together, we see fairly similar changes observed in
The magnitude of the percentage change is greater in thepringtime CO from MBO, GEOS-Chem and both MOPITT
Asian-tagged CO-(4% to —7%) than in total CO (+7% to and TES satellite retrievals. The CO declines are greatest for
—6%), indicating that the simulated decline is at least in partApril at MBO. The smaller changes seen in the GEOS-Chem
driven by changes in trans-Pacific transport of Asian CO. Re-simulations are largely caused by the utilization of constant,
sults from the individual upper sigma-levels (6 and 7) showclimatological emissions thereby reflecting changes in trans-
an even greater CO decrease (5-9%). The GEOS-Chem rgort only. The observed decrease in April CO from 2005 to
sults using climatological emissions do not fully capture the2006 in MOPITT and TES is also less than that observed
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at MBO. This is most likely due to sampling differences: nMBO &MOPITT_700 hPa
. . . MOPITT_column TES_562 hPa
whereas observations at MBO are at one pointin space, satel  ,, |  ®GEOS-Chem Total CO GEOS-Chem AsianCO |

lite data is representative of a larger region, both horizontally g
and vertically.

4.4 Interannual changes in other species at MBO

-10 +41

Figure 4a—e show 3-day averages (datapoints represent th
end-date of the 3-day mean) of various species (€0,
RGM, O3 and water vapor) measured at MBO throughout
spring 2005 and 2006. Using 3-day averages allows us toi\i
smooth out most spikes due to transport events while still March April May

allowing a visualization of synoptic-scale resolution. Analy-

sis of these plots allows us to paint a more complete picturerig. 3. Percent change in monthly CO from 2005 to 2006 from
of the differences between spring 2005 and spring 2006 asatellite retrievals near MBO, GEOS-Chem model results and MBO
MBO. Figure 4a illustrates 3-day mean CO from 1 March—31 measurements (see Fig. 1 for ;patially averaged regions). Note CO
May of both years. Unfortunately, due to instrumental main-Was not measured at MBO during March 2006.

tenance, a less-complete timeseries is available for 2006;
however, significant differences between the two springs can,
readily be seen. CO is substantially greater in April 2005
than in April 2006. Three-day average CO mixing ratios

upward of 180 ppbv were observed, with episodes in excesa}e significantly smaller mean upward velocities over the

of 200 ppbv. Towards thg end of April and into May 2005, northwestern US in May 2006, this pattern is consistent with
however, CO concentrations decreased to more climatolog-

ical levels (150 ppbv). In contrast, during April and Ma a mean synoptic environment that was more conducive to
. PPOV). ! 9Ap y large scale subsidence which is required to bring Asian LRT
2006 (i.e., INTEX-B) we observed CO levelssfL40 ppbv. into the lower FT (Cooper et al., 2004)
Figure 4b shows the 3-day meanssgf for the two years. b " '

Values in both spring seasons are fairly small in March, pos Figure 4c—e depict 3-day averages of RGM, ahd wa-
. . . 7. . ! R ively. Analyzi h h I imulta-
sibly due to the cloudier/stormier conditions leading to scav-ter vapor, respectively. Analyzing these three plots simulta

neously provides insight into the relative degree of dry, FT,
subsiding air being sampled at MBO. As Swartzendruber et
4. (2006) note, significant enhancements in RGM are well-
correlated with @-rich air, both of which are representative

215

hange in CO from 2005 to

20 11

[ No Mar 2006 CO data for MBO]

006 at 700 hPa, respectively. These images depict the more
southerly location of the Pacific High in 2005 (between 30—
35° N) when compared to 2006 (35-4H). Together with

April and May. Very largey,, values were observed through-

out late April and May 2006. The substantial variability Otf FT-influenced air. For most of May 2006 RGM and O

seen in the 3-day average speaks to the episodic nature Nere elevated, while water vapor was lower when compared
strong aerosol events at MBO. These aerosol peaks also sho

minimal correlation to CO, possibly indicating the role of s May 2005." While the RGM timeseries (Fig. 4c) is lim-

: . A ited mostly to May of both years, we can see that in early-
a non-anthropogenic source. This observation is corrobo: y Y y y

: . . 0 mid-May 2006 RGM enhancements were greater and of
rated by two independent studies. Fischer etal. (2009) foun(itlonger duration than for the same time in 2005. During this

spring 2006 to be an unusually strong season (when com: . .
pared to 1998-2007) for Asian dust transport to the wester ime, Fig. 4d shows enhancements ig @pward of 60 ppbv

: i nd Fig. 4e shows some of the driest air in either spring was
US. They note that spring 2006 exhibited a large amount orfh . . L i
dust mobilization over the Gobi and Taklimakan desert re_sampled during this time in May 2006. These indicators sup

. . - port our findings, as well as those of Fischer et al. (2009)
?;‘)F‘jr-] T:s rﬁvi;]aa'e r?:rr(:rS]ZL Qgtggégza? tﬁﬁ;oc?rz'r?g:é tGz’;\nd McKendry et al. (2008), that May 2006 conditions in the

gion w uch gl ' : northwest US/southwest Canada were particularly conducive
teorological Association (CMA) reported the largest num-

: ) . to dry, subsiding air and an enhancement in dust transport
ber of dust storms during this spring. The CMA record ex- Y 9 P

tends from 2000 to 2006. In addition, observations from originating in western Asia.
the background Whistler mountaintop site in southwestern

British Columbia, Canada~900 km NNW of MBO) dur-

ing INTEX-B showed several strong dust events in late April

and May 2006 (McKendry et al., 2008). Furthermore, Fig. 5

shows vertical velocityd) from NCEP reanalysis (data pro-

vided by the NOAA/OAR/ESRL PSD, Boulder, Colorado,

USA from their web site ahttp://www.cdc.noaa.ggv Fig-

ure 5b, d illustrate monthly meaw for May 2005 and

www.atmos-chem-phys.net/9/557/2009/ Atmos. Chem. Phys., 955272009


http://www.cdc.noaa.gov

564 D. R. Reidmiller et al.: Interannual variability of long-range transport at MBO

220 T T T T T T T T T T
——2005| « o 0 0 0 (A)\
I I I I I I I I
200 |——2006 | | | | | | |
] T T I I | I I I I I
q | | | | | i | | | | |
180 - —r-- T Wk T T o
a ] | I I I | | |
S 1 | I | | | |
£ 160 T N - T
] | | | | d | |
o 1 | | I 0 | | |
140 +-~-- A--r ¥ - il 3 T
] I I I I I I I I | | |
q I I I I I I I I I I I I
120 + I I I I I I I | | | |
] I I I I I I I I I I I I
100 Jrrrrrebrrrehrmrrrlerrrrererebrerere e e
- ® L N LN O OO~ T o=
s o T 9 9 T T @ 6o 9
[ I ) <+ <+ < B 6 B O
J T T T T T T T T T
J——=2005 ___ ! __ (C) L !
E T T T
2006 v+ YT " Can
- 3 T T TTTT ST N
< I I I I I I
S e Bl i e i
s | | | | | I
= e Rl i ST T T T T T
a I I I I I I
3 | | | | | |
° | | | I | I
e e o et Bt Bl At §
| | | I | I
i Bl il sl e B
| | | | | I
il Bl el H e s
| | | | | | | |
41 s | | | | | | | | | ; |
e e e
- © 1 N DWW N DO MO N~ ¥ = - ®©® L N DLW N O OO N~ T =
s o T ¥9 9 F T T ¥ 5T T Q@ s o T ¥ 9 F < ¥ 5 T Q@
@ M ™ < T < 0 v v v ™M ™M o™ <+ < < N W WV W
0o T T T T T T T T T T T T T .
——2005| ! I I D I | | | | | | E
,,L,,‘,,L( ) L ! PN S ) B T
60 | i | | i | E|
I I I I el
55 F — M -+ ——l-— 4 -~ — -+ 4 - =k 3
— I | I T
.S | | | E|
0_507 T { E|
= ] f E|
">45€’77 T ST i | E
o ] | | I I I | E|
404 --1-- Fomlm— 4 —— e —d - =k — + - =
] I I I I I I I I I I I >
] | | I | | | | | | | | .00 4
B+-——-—-r- T r-aT T T -0 E| ! ! ! ! ! ! ! ! ! ! !
] | | | | | | | | | | | | | 0.50 1 : : : : : : : : : : :
30 Frrrrrrrrrd e bbb e 0.00 Trrrrrebrerrrbrererere—rrberre bbbt
- ® 0 N LN D O ® O~ T o= T 0 L0 N LN O OO N~ T o=
s o T @9 9 T T 965 T 9@ s o T 99 v T @ 6 9@
[ I N ) <+ 3 < B B B W S B o ¥ < [To R To BT RS

Fig. 4. 1 March-31 May 2005 vs. 2006 3-day average¢fCO, (B) o5, (C) reactive gaseous HD) Oz and(E) water vapor at MBO.

5 INTEX-B (spring 2006) vs. spring 2005: analysis

them is occurring near MBO or off the west coast of North
and implications

America. Such a synoptic set-up is a springtime climatolog-
ical feature described in more detail by Zhang et al. (2008).
5.1 Backtrajectory analysis of Asian long-range However, subsidence is not the sole transport mechanism re-
transport to MBO sponsible for bringing Asian emissions to the US FT and is
not the only explanation for the patterns seenin Figs. 6 and 7.
. o . Emissions in the Asian BL can be lofted into the FT. These
To examine the role of trans-Pacific pollution transport, we I hen be hori v ad d he P
compare our CO measurements with an ensemble backtrajeéc)-.0 : utants can then be horizontally advected across the Pa-
. . . . . ific and reach the FT along the west coast of North Amer-
tory analysis described in Sect. 2.4. Figures 6a and 7a displa) . ) :
: S . a. Pollutants at higher elevation will be transported more
the average residence time in the East Asian box for back-_ . . . .
. AT rapidly due to faster winds aloft. Subsidence may bring the
trajectories initialized at MBO for 2005 and 2006, respec- ; . .
. ; ! A . __pollutants to lower elevations over North America, but this
tively. A timeseries from each spring is plotted as a functlonOI d h i loqical situati H
of backtrajectory initialization altitude. Such plots illustrate epends on the specific meteorological situation. However,
) . .__this does not change the result that the ALRT transport in-
ALRT events at MBO when the colors appear in the region . . . : .
: . dex is well-correlated with tracers emitted in the Asian BL.
between (or below) the dotted lines. Such instances reprex-. - :
. igures 6 and 7, therefore, not only indicate periods of sub-
sent the transport mechanisms necessary to sample ALRIE
S sidence (when the color descends from the top of the plot),
plumes at lower tropospheric sites. Whenever the color pro; - : .
trudes from the top of the plot. it implies that an airmass but also transport of emissions from the Asian BL via advec-
1op oL, P . . tion (when color appears between the dotted lines, but is not
that has spent time in the BL of the predefined Asian box
. - . connected to color from aloft).
is subsiding. These plots are calculated from backtrajecto-
ries originating at MBO, so any subsidence inferred from
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Using Figs. 6a and 7a to compare predicted ALRT _ ucen emega Pasear/s Mean omega Poseal /s

= NGLLESRL Fhydzal Selancaa Givieian
e

= oA, /ESRL Phydsal Salar

events with observations at MBO requires choosing HYS- .| [
PLIT output from a representative altitude. The trajec- wf’
tory model calculates ground level for MBO to be 1.0-
1.1kma.s.l., whereas the actual observatory on the summit
is at 2.76 kma.s.l. Thus, MBO is-1.7km AGL for the
FNL meteorological dataset. However, as Weiss-Penzias e
al. (2006) discovered, itis often necessary to analyze backtra
jectories at several initialization altitudes to adequately cap- P
ture descending LRT plumes. ’Me‘fﬁi"fn';;i:gi‘i?ai}”i e )
In Figs. 6b and 7b, we plot the timeseries of the ALRT .| .75
index (defined as the average number of hours the five back-=J
trajectories initialized between 1.7 and 2.1 km AGL spent in ={. :
the Asian box) for 2005 and 2006, respectively. Overlaid in =| S I
red is the hourly timeseries of CO observations from MBO. *| =
Times when observed CO enhancements align with spikes in™
the ALRT index are highlighted with yellow boxes. ”
A direct correlation between CO concentrations and the .
ALRT index should not necessarily be expected as there are
numerous other influences on the air sampled at MBO. Ingig 5. NCEP reanalysis (fromww.cdc.noaa.govof mean vertical
particular for CO, biomass burning emissions from Indone-velocity, » (positive values indicate subsidence), at 700 hPa over the
sia, Siberia and Alaska have been observed at MBO and othesastern Pacific/western North America @) 1 March—30 April
ground sites in the northwestern US (Bertschi et al., 20042005,(b) May 2005,(c) 1 March—30 April 2006(d) May 2006.
2005; Jaffe et al., 2004; Weiss-Penzias et al., 2007). Addi-
tionally, not all airmasses that have a long residence time in
the Asian box will reach MBO with elevated CO levels as di- would be more conducive to subsidence of lower FT air in
lution and other chemical loss processes may deplete plumiarch and April of 2005 than for the same time in 2006.

concentrations during transport. This is particularly true for Figures 6 and 7 illustrate the significant differences in
shorter-lived species such as aerosols. ALRT influence in air sampled at MBO in spring 2005 vs.

2006. Multiple ALRT events are evident in March 2005
5.2 Other indicators of Asian long-range transport to MBO (Fig. 6a). In most instances, these ALRT episodes coincide

with observed enhancements of CO and other pollutants at
Our conclusions regarding the interannual changes in transMBO. After mid-April 2005, however, there is a substan-
Pacific transport are supported by other sources as well. Thaal decline in the ALRT influence. This is reflected in the
aerosol analyses of Fischer et al. (2009) and McKendry eCO measurements as well. In contrast, Fig. 7 shows far
al. (2008) suggest enhanced and significant transport of dusess ALRT influence throughout spring 2006, particularly in
in late spring 2006, particularly in May. Swartzendruber et March. According to the backtrajectory index, the strongest
al. (2008) conducted 7 flights in a small aircraft over and event in either year occurred 23—24 April 2006 in the mid-
just off the Washington State coast during INTEX-B. Out- dle of INTEX-B. However, the enhancement in CO is only
side of the Asian transport observed in late April, they found ~25 ppbv, far less than some of the other ALRT events. Ex-
that plumes of Asian pollution remained at higher elevationsamining Figs. 6 and 7 together illustrates the interannual dif-
(above~650 hPa) during the study period compared to otherferences in ALRT influence in air sampled at MBO. From 1
years. This is consistent with results from our backtrajectoryMarch through mid-April there is a far stronger influence of
analysis which suggests that there was, in general, weakekLRT in 2005 than 2006, while late-April through mid-May
subsidence over the Northeast Pacific in the early spring oEhows slightly stronger ALRT influence in 2006 than 2005.
2006 than during the same time in 2005. We have selected times when the ALRT index in Figs. 6b

As a more direct means of comparing subsidence of FT ailand 7b is greater than 20 h as being times when there is a po-

in the broader eastern Pacific/western North America regiortentially strong influence from the BL of the East Asian box.
for spring 2005 vs. spring 2006, we analyzed NCEP reanal-The largest CO enhancements tend to be observed when the
ysis vertical velocity ) in Fig. 5. Similar to Fig. 5b, d but ALRT index value is above 20 h (see highlighted boxes in
for earlier in the spring, Fig. 5a, c illustrate meanfor 1 Figs. 6b and 7b). These times are compared to water vapor
March—30 April of 2005 and 2006 at 700 hPa, respectively.data collected at MBO. Both the ALRT index and the MBO
These plots illustrate that earlier in the spring upward mo-water vapor measurements have 1 h resolution, so we com-
tion over the west coast of the US was greater in 2006 tharpare the magnitude of the ALRT index to the water vapor val-
in 2005. Thus, it follows that the mean synoptic condition ues at the same time. Figure 8 shows times when the ALRT

0z

(a) March &
Apr|l 2005

.

(c) March & |
Aprll 2006

5000 1350 1500 uw IF T TR T T TRT T 180N 105 1500 nw ww 130 13 1EW 1200 110 10
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Fig. 6. (A) Average number of hours spent in the East Asian box for backtrajectories originating around MBO, as a function of backtrajectory
start time and altitude for 2005. Results are plotted at 100 m intervals in the vertical for every hour between 1 March-31 May. Regions in
the plot that are white represent time/altitude pairs where no backtrajectories passed through the 0—3 km boundary layer of the East Asian
box. The dashed magenta lines denote the range of data used to calculate the ALRT index (the approximate altitude of MBO, above model

ground level [a.g.l.])(B) Timeseries of ALRT Index and hourly CO at MBO for 1 March—-31 May 2005. The ALRT Index is defined as the
mean of the 1.7-2.1 km cross-sections of plot (A). Each point is the mean for 125 backtrajectofdm(&zontal grid by 5 vertical levels).
Yellow bars highlight events.
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Fig. 7. Same as Fig. 6, but for 2006.

index>20 h by 5th, 20th and 33rd percentiles of water vapor did not reach MBO until much later in the spring (when wet-
data for spring 2005 and spring 2006. For example, in 2005er air is being sampled more often at MBO). Furthermore,
20% of the hours when ALRT index was20 h occurred in  the results show that segregating MBO data by the driest 1/3
the driest 5% of air whereas 18% of such hours occurred iris indeed a good first indicator of FT (and therefore poten-
the driest 5% of air in 2006. The differences in these valuedially ALRT-influenced) air. This is certainly not to say that
from 2005 to 2006 are to be expected since we have showALRT pollution cannot be seen in air with greater water va-
that the majority of ALRT in 2005 occurred in March (clima- por or RH, but rather that the enhancements due to ALRT
tologically drier air), whereas the presence of ALRT in 2006 are more probable in dry air. In fact, Wolfe et al. (2007)
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Fig. 8. The fraction of hourly springtime data with an ALRT Index  Fig. 9. Percent change in monthly mean CO from 2005 to 2006 be-
>20h (see Figs. 6 and 7) for specified cumulative percentiles ofyond the Northeast Pacific region as measured via: ESRL measure-
water vapor data. For example, in 2005, the driest 5% of the hourlyments at Niwot Ridge, CO and Wendover, UT, as well as Northern
values contain 20% of the ALR*20 h times, the driest 20% of the  Hemisphere mid-tropospheric MOPITT and TES satellite retrievals.
hourly values contain 49% of the ALR¥20 h times, etc.

5
\ \ \
—o—India & Thailand

separated their data into three distinct sets — “ALRT”, “n0 4 +------------------ e China o evein & New Guinea |
ALRT” and “all” — and found that median water vapor as ob-

served at MBO varied minimally between the three datasets,
indicating that ALRT is not necessarily restricted to dry FT
airmasses.

)

w

N

CO burden anomaly (Tg

o
=3
>

6 Interannual variability of CO in the western US and
Northern Hemisphere

2 Il t
Figure 9 shows that significant changes in CO between spring Jan-00  Jan01  Jan-02  Jan-03  Jan-04  Jan-05  Jan-06

2005 and spring 2006 were observed throughout the western

US Data from the Niwot Ridge, CO (40.08l, 105.58 W; Fig. 10. Monthly mean CO burden anomalies (referenced to mean

3523ma.s.l) and Wendover, UT (3919, 113.72 W: March 2000—February 2002 values) over selected regions: India and
o : ' C ' Thailand (10-30° N, 70°—110 E); Indonesia, Malaysia and New

1320m a.s:I.) ESRL sites that are rglatlvely u_nlnf_luenced .byGuinea (16 5-5 N, 95 —145 E): and China (25-40° N, 105—

local pollution both show a decline in the springtime maxi-

. . 12(° E), courtesy of L. Yurganov. Yellow boxes highlight relevant
mum CO from 2005 to 2006. The lone ESRL high-altitude times for this study: anomalously high values in all regions from

S?te', Niwot Ri.dge, showed changes in CO concentrations ofyinter 2004 through spring 2005 vs. significantly lower CO burden
similar magnitude to those observed at MBO (1 March—31anomalies from winter 2005 through spring 2006.

May mean decline of 13 ppbv at Niwot Ridge vs. 24 ppbv at

MBO), indicative of stronger CO enhancements in the lower

FT for 2005 compared to 2006. It is quite possible that the7 Potential changes in CO emissions: the role of

magnitude of change in CO was not as great at the ESRL sites  biomass burning

as it was at MBO due to temporal sampling issues. While

MBO collects continuous hourly measurements, the ESRLThe results presented in the previous section, coupled with

network collects instantaneous flask samples about 4-5 timefindings from the GEOS-Chem simulations using constant,

per month. climatological emissions, indicate that variability in trans-
Mid-tropospheric monthly mean TES and MOPITT CO port alone is not sufficient to explain the observed interannual

retrievals averaged over the entire Northern Hemispherevariations in CO. The episodic nature and large interannual

(NH) are also shown in Fig. 9. Similar patterns of decline variability of CO emissions from biomass burning appears to

in CO (though slightly smaller in magnitude) are seen overbe the most likely non-meteorological cause.

the entire hemisphere as was seen over the Northeast Pacific There have been several studies into the impacts of wild-

(Fig. 3). As might be expected, the changes are more nufires on tropospheric composition for the period of inter-

anced when averaging spatially over the entire NH and acest in this study (van der Werf et al., 2006; Stohl et al.,

counting for the lower temporal resolution of satellite data, 2007; LePage et al., 2008; Tansey et al., 2008). Tansey et

but there is still evidence of some large-scale changes. al. (2008) develop and validate a 1 ktvurnt area product for

www.atmos-chem-phys.net/9/557/2009/ Atmos. Chem. Phys., 955272009
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Fig. 11. Results from the Naval Research Laboratory’s global aerosol transport model indicating transport of biomass burning emissions
from Southeast Asia to the Northeast Pacific during April 2005. Figure 11a—c shows a timeseries of total aerosol optical depth (AOD) from
00:00 UTC on 12 April 2005 through 00:00 UTC on 17 April 2005. Figure 11d-f shows the same timeseries but for AOD attributable to
smoke aerosols. The red arrows highlight transport of the biomass burning emissions to the Northeast Pacific via strong southwesterly flow;
note transport time is only about 5 days.

2000—2007 using SPOT4 VEGETATION reflectance data. Corroborating this finding are results from the
The authors found a steady decline in global burnt areaNaval Research Laboratory’s global aerosol model
from early 2002 through early 2006. Also relevant are the(NAAPS,  http://www.nrimry.navy.mil/aerosolveb/Docs/
results from Yurganov et al. (2008). Using total column globaermodel.htm}), as presented in Fig. 11. Figure 11la—c
CO retrievals from MOPITT, the authors estimate CO bur-illustrates an example of the influence emissions from fires
den anomalies referenced to mean March 2000—Februarin Southeast Asia had in the Northeast Pacific. Figure 11
2002 values over selected regions. The reader is referredhows a timeseries of modeled total aerosol optical depth
to Yurganov et al. (2008) for a more detailed description of (AOD) and depicts transport of biomass burning emissions
the methodology employed to calculate these regional CQoriginating in Southeast Asia to the Northeast Pacific from
burden anomalies. Figure 10 illustrates MOPITT-derived00:00UTC on 12 April-00:00UTC on 17 April 2005.
CO burden anomalies (courtesy of L. Yurganov, 2008) for Figure 11d—f represents the same timeseries but for AOD
three regions of interest to this study: (1) India and Thai-attributable to smoke aerosols. The red arrows highlight
land (10-3C° N, 70°-110 E), (2) Indonesia, Malaysia and the transport pathway to the Northeast Pacific via strong
New Guinea (10S-5 N, 95° -145 E), and (3) China (25- southwesterly flow. The transport time from source to
40° N, 105-120C E). The significantly greater magnitude receptor is only about 5 days, significantly shorter than
and variability in CO burden anomalies in the non-China re-typical trans-Pacific transport times (Akimoto et al., 1996;
gions signify the large interannual variations due to biomasslaffe et al., 1999, 2003; Liang et al., 2004). According to
burning in those regions. Conversely, the total column COthe NAAPS model, such transport pathways are common
burden anomaly over China is much less variable year-tothroughout April 2005. Intense biomass burning in South-
year as it is dominated by consistent anthropogenic emiseast Asia can lead to high smoke injection heights associated
sions. The CO burden anomalies over the India and Thailanavith convectively lofted plumes (Kahn et al., 2007, 2008).
and Indonesia, Malaysia and New Guinea regions are larg&hese plumes can then be transported rapidly via strong
and positive from winter 2004 through spring 2005, indicat- winds in the mid- to upper-troposphere which ultimately
ing intense biomass burning. The winter 2004—2005 burdertend to subside over the western US.

anomaly is important in terms of pollution transport because
CO emitted during winter tends to be longer-lived due to de-
creased OH mixing ratios (Holloway et al., 2000).

Further evidence of transport of Southeast Asian wildfire
emissions to the Northeast Pacific can be seen in NCEP re-
analysis of FT winds from late March to early April 2005
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as shown in Fig. 12a. Figure 4a indicates that the CO
enhancement observed at MBO occurred mostly from 29
March-5 April 2005 (and remained elevated through most of
April). While the NAAPS aerosol transport model shows the
Southeast Asian wildfire plume crossing the Pacific into mid-
April, these wind fields from the NCEP reanalysis show that

158 »
10M] -~

a Southeast Asia-to-Northeast Pacific transport pathway hac ={- - - 3 e 8 ey
established itself a few weeks earlier. Given the prolonged e e T
enhancement of CO at MBO (late March through mid-April), ik

both the NAAPS model results and the NCEP reanalysis = s E— —— —

10 12.5 15 17.5 2a 22.5 25 27.5 30 32.5 35

wind fields support our source attribution. In Fig. 12, we
highlight in red the “India and Thailand” box as described
by Yurganov et al. (2008) in their analysis of regional CO
burden anomalies. It is clear that wildfire emissions from
this region that would be injected to altitudes in the lower-
and middle-troposphere (i.e., 700 and 500 hPa) would then SRR
be efficiently transported to the west coast of North Amer- s}

ica due in large part to the shift from purely zonal winds y
to winds having a strong southwesterly component between S5 —oe Wt e e E W Tz

150-170 E. Figure 12b shows that this feature is a climato- B e et s oA jonyon o oot cumetaioay)
logical anomaly, so the anomalous wildfire emissions from WRSEAHGH Besnsysi
SE Asia, coupled with the anomalous transport pattern led I T T T e

to the observed CO enhancement. These results are the most

convincing evidence that interannual wildfire variability, par- Fig. 12. NCEP reanalysis (fromww.cdc.noaa.govof (a) winds
ticularly the unusually strong fires in Southeast Asia duringat 500 hPa from 29 March—5 April 2005 over the Pacific Ocean.
winter 2004 and spring 2005 drove the regional and NH in-The red box bounds the “India and Thailand” region°@80° N,
terannual changes in CO presented here. 70°-11C E) used by Yurganov et al. (2008) to show that wildfire
emissions in early spring 2005 caused anomalously large CO bur-
den anomalies. Note the shift from purely zonal winds to those with
a strong southwesterly component between 150=E7@&llowing
emissions from Southeast Asia to be efficiently transported to the
west coast of North America. Franfe) shows the climatological
anomaly of this feature when compared to 1968-1996.

8 Conclusions and summary

We observe significant interannual variability in trans-Pacific
transport of Asian pollution to western North America be-

tween spring 2005 and spring 2006. Ground-based measur?r_ansport pathways elucidated from the NAAPS global

ments from MBO coupled with GEOS-Chem simulations . .
L : aerosol transport model and winds from NCEP reanalysis
suggest a significant change in ALRT between the two years, ~ o .
. ) . . . confirm that unusually strong fires in Southeast Asia played
A comprehensive backtrajectory analysis confirms this, par- . . .
. . . a large role in enhancing CO over the Northeast Pacific and
ticularly for March and April. Results from aircraft mea- western US in spring 2005, particularly from late March into
surements during the INTEX-B campaign (Swartzendruber id-April. Taken together, the results presented suggest that

etal., 2008) and thg GEQS-Chem model (Zhang etal., 20085;combination of: (1) fewer ALRT events reaching into the
show that the decline in CO from 2005 to 2006 was due, e .
lower FT over the northeast Pacific in early spring 2006,

at least in part, to a smaller frequency of Asian LRT events i . . )
S 2) anomalously strong wildfires in Southeast Asia during

reaching into the lower free troposphere over the Northeasfearly spring 2005 coupled with a transport pathway that al-

Pacific during early spring 2006. In contrast, elevated Iev_Iowed for rapid trans-Pacific transport to the west coast of the

els of G, RGM andoy, in May 2006 vs. May 2005, along . . .
with the more southerly location of the Pacific High in 2005 US, and (3) a slightly different synoptic pattern over western
North America that was more conducive to downward mix-

when compared to 2006, indicate more long-range transport g in 2005, drove the observed interannual changes in CO.

. . . n
of aerosols (i.e., Asian dust as Fischer et al. (2009) show . :
during May 2006. i/\/e have shown that there can be a high degree of interannual

. : variability in CO. This highlights the scientific importance of
Results from ground site measurements and satellite ob- ~ . o . . .
: o . continuous monitoring of both species since selective tem-
servations beyond the Northeast Pacific also illustrate de- . . . .
; ) . ) poral sampling will not provide a true picture of annual and
clines in lower- to mid-tropospheric CO levels from 2005 interannual atmospheric variabilit
to 2006 (though smaller in magnitude than the changes ob- Y
served at MBO). Regional total column CO burden anoma-

lies from MOPITT satellite retrievals (Yurganov et al., 2008),
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