Atmos. Chem. Phys., 10, 100983109 2010 iy —* -

www.atmos-chem-phys.net/10/10093/2010/ Atmospherlc
doi:10.5194/acp-10-10093-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

Impact of transported background ozone inflow on summertime air
guality in a California ozone exceedance area

D. D. Parrish®, K. C. Aikin 12, S. J. Oltmang’, B. J. Johnsort, M. Ives?, and C. Sweeny

INOAA ESRL Chemical Sciences Division, 325 Broadway, Boulder, CO 80305, USA
2CIRES, University of Colorado, Boulder, CO 80309, USA

3NOAA ESRL Global Monitoring Division, 325 Broadway, Boulder, CO 80305, USA
4Humboldt State Marine Lab, 570 Ewing St., Trinidad Head, CA, 95570, USA

Received: 14 May 2010 — Published in Atmos. Chem. Phys. Discuss.: 30 June 2010
Revised: 11 October 2010 — Accepted: 12 October 2010 — Published: 27 October 2010

Abstract. Ozone sondes launched from Trinidad Head, Cal-relevant background (PRB)soncentrations as those that
ifornia provide a measure of background @ansported would exist in the US in the absence of anthropogenic emis-
ashore, and allow an evaluation of the impact of this trans-sions from North America (EPA, 2006). The PRB €on-

port on air quality in California’s Northern Sacramento Val- centration includes that formed through photochemical reac-
ley. A strong summertime vertical{gradient and corre- tions involving precursors from biogenic sources, wildfires
lation analysis indicate that4ich air from above the ma- and lightning, as well as £xransported to the US from out-
rine boundary layer is transported to the surface. Surface Oside North America or from the stratosphere. The NAAQS
is found to increase proportionally to the transported back-assumes that PRBg@oncentrations are in the 15 to 35 ppbv
ground. At the surface site experiencing the highest@-  range, primarily based upon model results (e.g. Fiore et al.,
centrations, the mean maximum daily 8-h average (MDA8)2002, 2003). Importantly, this modeling work found that
O3 on exceedance days (i.e. those days when MDA&X the PRB during exceedance periods was lower than aver-
ceeds 75ppbv) is 20 ppbv higher than on non-exceedancage 15 ppbv) due to enhancedz@estruction during the
days. The transported backgroung, @s measured 22 h ear- stagnation periods that drive many exceedances. While these
lier by the Trinidad Head sondes, accounts for more than halfesults may be appropriate for much of the US, they may
(11 ppbv) of this difference. This finding contrasts with con- not be applicable to the western US where inflow of marine
clusions from model calculations that indicate the US pol-air has a significant influence on surface €é@ncentrations.

icy relevant Q background is generally 15-35 ppbv, and that Here we use the term marine air to denote air uninfluenced
it is lower, rather than higher, during pollution episodes. by recent North American emissions transported to the con-
The present work indicates thatzs@ansported on hemi- tinent from the Pacific Ocean, both within the marine bound-
spheric scales substantially impacts air quality in some areaary layer (MBL) and in the free troposphere (FT). The goal of
of the US. the present study is to use sonde and surface measurements
to derive an observationally based estimate of the impact that
transported backgroundzs®as on summertime air quality in
one example @non-attainment area — California’s Northern
Sacramento Valley (NSV).

The US National Ambient Air Quality Standard (NAAQS)  The NSV, lying directly inland from an ©sonde launch
for ground-level ozone (§) was recently lowered to 75 ppbv site on the coa.st of Northern (_“,allfornla, provides a unique
(0.075 ppmv) based upon an 8-h average (US Environment#fPPOrtunity to investigate the impact of transported back-
Protection Agency (EPA), 2006). The NAAQS is intended 9round @ on North American air quality. The NSV (Fig. 1)
to provide a margin of safety between background levels ofiS located~160km inland from the Pacific coast. De-
O3 and those concentrations above which exposure becoméite relatively low population (Redding with approximately

harmful to public health or welfare. The EPA defines policy 90 000 people is the largest city) this valley is designated as
a non-attainment area under the California stajst@ndard,

and observed mixing ratios (see color scale in Fig. 1) exceed

Correspondence td. D. Parrish the 75 ppbv NAAQS. At northern mid-latitudes, the prevail-
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(david.d.parrish@noaa.gov) ing winds in the lower FT are westerly, which brings marine
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Earlier work has documented transport episodes of ele-
vated @Q (Hudman et al., 2004) and aerosol (McKendry et
al., 2001) concentrations to coastal surface sites in North
America following transport across the Pacific. These events
occurred in springtime and involved synoptic scale systems
interacting with coastal topography. In this work we focus on
summer, the @exceedance season, when mechanisms asso-
ciated with the diurnal cycle of land surface heating control
the transport of air into the NSV.

The distinction between PRB 0and transported back-
ground Q deserves particular attention. PRB; @efined
above is a model concept that cannot be directly measured,
since itis not possible to eliminate the impact of North Amer-
ican emissions in ambient measurements. In this work the
transported backgroundsQs taken to mean the £Omixing
ratios measured at a given site in the absence of local in-
fluences. It can be determined directly from measurements,

L ] (e.g. Derwent et al., 2007; Parrish et al., 2009). Through-
124 °E 123 122 out this paper the term “backgroundg'Qefers to this latter
meaning, and we will return to this distinction in the final
Fig. 1. Map of Northern California @ measurement sites. The Section of the paper.
heavy line at the top is the Northern California border. The Northern ~ This paper is organized as follows. Following a brief de-
Sacramento Valley contains the Redding, Anderson, Red Bluff andscription of the data sets that are examined (Sect. 2), the
Tuscan Butte sites. Yreka is located in an isolated valley (Shastaystematic variations of £in the marine and continental
Valley) north of the Sacramento Valley. Each symbol color indicatesenvironments, including the vertical gradient o§ @eter-
the 3-year average of the fourth-highest MDA @ixing ratio (i.e. mined from the Trinidad Head ozone sondes, are discussed
Og design value), which is the metric upon which the NAAQS is iy gect. 3. Utilizing this context of these systematic vari-
based. The surface elevatlon_ls mdu_:ated by the color sha_ldmg W'thations, Sect. 4 uses correlations of Between the various
dark green at S.ea.lev.el’ §had|ng to light an near 1 km, with Olalrkerdata sets to examine the transport of marine air inland, and
browns and white indicating the highest altitudes above 3 km. . . . !

to approximately quantify the impact of the transported ma-

rine air on observed at continental surface sites. Sec-

air ashore from over the Pacific. Thus, the €nde data tion 5 briefly discusses the transport patterns responsible for

provide a characterization of the backgroungli@pacting  the mixing down of air from higher altitudes to the surface,

the upwind edge of the continent, both within the MBL and while Sect. 6 gives an approximate quantification of the role

the FT. that transported background; @lays in ozone exceedances
To characterize the impact of transported backgrougd O in the NSV. Finally, Sect. 7 summarizes the conclusions and

on the NSV, it is critical to determine the altitude from which discusses the significance of the results for North American

marine air is transported into the valley. The California air quality control policies.

coastal mountain ranges separate the NSV from the Pacific

environment, and their crest is at elevations-afkm, which

serve to isolate the valley from marine surface air inflow. Im- 2 Data sets analyzed

portantly, a strong positive verticalsQyradient is present ) - ) )
at the Pacific coast (Oltmans et al., 2008), so if air were rable 1 summarizes the data sets utilized in this study, and

mixed from higher altitudes down to the valley surface, the gives some information regarding the measurement sites. To
marine impact would be larger than expected fromdb- our knowledge, the Table includes all large data sets of con-
servations made at the coast within the MBL. In this work finuous @ measurements that have been made in this North-
we use altitude dependent correlations between the Trinida@™ California region. The California Air Resources Board
Head sonde measurements and NSV surface measurememhas continuously monitored surfacg @ six sites in North-

to show that marine air inflow is predominately transported €™ California beginning in 1990, and the National Park Ser-
down from altitudes above 1km. This downward transport Vic€ has maintained a higher elevation site at Lassen \ol-

allows long-range transport of background @ substan- ca_mig National Park since 1987. Thg Global Monitoring
tially affect air quality within the valley. Division of NOAA/ESRL began launching £sondes from

Trinidad Head, California in 1997, generally on a weekly ba-
sis, and began continuous surface measurements in 2002 at
the Trinidad Head California Baseline Observatory. Nearly
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Table 1. Ozone data sets investigated in the present analysis.

Monitoring Site  Dates Lat./Long. Elevation (m) Data source

Ozone Sonde Launch Site

Trinidad Head August 1997— 48'N - NOAA GMD?2
November 2008 1249’ W -

North Sacramento Valley Surface Sites

Redding May 1990— AB3IN 149 California Air Resources
December 2008 1223 W Board

Anderson June 1993— Q7 N 131 California Air Resources
December 2008 12218 W Board

Tuscan Butte Ozone seasons °46' N 572 California Air Resources
1995-2008 1225 W Board

Red Bluff’ July 1990- 4011UN 98 California Air Resources
September 2008 1224 W Board

Other California Surface Sites

Trinidad Head April 2002— 13N 100 NOAA GMD?
December 2008 1249 W

Eureka January 2007- a7 N 21 California Air Resources
December 2008 1241 Board

Lassen Volcanic  October 1987— 482 N 1756 National Park Service,

National Park November 2008 1235 W Air Resources Division

Yreka March 1981— £144 N 802 California Air Resources
September 2008 1238 W Board

aNational Oceanic and Atmospheric Administration, Earth System Research Laboratory, Global Monitoring Division
bRed Bluff includes two sites: Walnut Street 1990-1995 and Oak St. 1996—present.

700 total sondes had been launched by the end of 2008; dh order to examine the influence of transported background
these 212 were in summer (i.e. June, July and August). Ther®s, it is necessary to understand some of the other systematic
were two 4 to 6 week periods when sondes were launched omariations. The goal of this section is to provide this needed
a nearly daily schedule. The analysis reported here focusesnderstanding.

on the summer season when the large majority gfe®- Figure 2 shows one month of example data from four of
ceedances occur. The hourly averagen@ixing ratios mea- the Northern California surface sites, and from the four son-
sured at the surface sites in Fig. 1 are available from severades launched during that period. Diurnal patterns are appar-
data archives. The surface@easurements were made us- ent at all surface sites, but they vary widely in magnitude,
ing standard UV-absorption analyzers; Parrish et al. (2009even for nearby sites. Synoptic scale (i.e. over a few days)
discuss the quality control of these data. Appendix A of variations are also apparent. There is marked similarity in
Parrish et al. (2004) compares the sonde measurements wiynoptic scale patterns between the two MBL sites (upper
measurements from aircraft profiles performed directly overpanel) and the two NSV sites (lower panel), but no obvious
the sonde launch site. Excellent agreement was found witlsynoptic scale correlation between these two pairs of sites.
the sondes averaginggtt 2.4% higher than the aircraft data. The following sections examine the average diurnal and sea-
sonal cycles of @ at Northern California sites, the vertical
gradient of Q above the Pacific Coast, and introduce a sim-
ple conceptual model upon which correlation analysis will be

3 Systematic variation of G; in Northern California
based.

Measured @ concentrations exhibit complex temporal be-
havior on diurnal, synoptic and seasonal scales, as well as
spatial variations in three dimensions. This variability results
from a manifold of production, loss and transport processes.

www.atmos-chem-phys.net/10/10093/2010/ Atmos. Chem. Phys., 10, 1008(33-2010
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40 —————— —————— —————— — ence of daytime photochemical production @f (@ads to the
well-documented afternoonzOmaximum, not only at pol-
luted urban sites, but also at rural sites with much smaller
local emissions.

In Fig. 3 in summer the four inland sites have comparably
high afternoon @ maxima, while the MBL site (Trinidad
Head) exhibits a much smaller maximum. Within the MBL
the land-sea breeze circulation governs the diurnal cycle. The
nighttime land breeze brings continental air with relatively
depleted @ to the marine environment (for more details see
Oltmans et al., 2008; Parrish et al., 2009). The two more ur-
ban sites (Redding and Yreka) exhibit the lowest nighttime
minima because they receive the largest nocturnal emissions
oy L of NOy, which react with and thereby remove;,Gand be-

100 ———— ————— ————— — cause they are located on valley floors that have strong, shal-
—¥— Sonde <1.0 - 2.2 km> ] low inversions that define the nocturnal boundary layer. In
—V— Tuscan Butte contrast, the relatively elevated locations of Tuscan Butte and
—i Redding 7 Lassen NP lead to less well defined nocturnal inversions, and
there are much smaller local nocturnal fNémissions, so the
nighttime minima at these sites are less pronounced.
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3 60 .‘wv’ “jﬂ For contrast, Fig. 3 also shows wintertime diurnal cycles.
g a)fn Although the MBL G concentration is higher in winter, the
S two more urban sites exhibit much loweg @ue to the much

aN
40 » '
shallower boundary layer throughout the day, and the rela-
I tive absence of photochemicag@roduction. In this season
20 the land-sea breeze is weaker, giving a weaker MBL diurnal
! cycle, and the elevated Lassen NP site with little localkNO
IIIIII T A N emissions exhibits little diurnal cycle. . .
ol ior /a7 7AB/07  7/23/07 720007 The average seasonal cycles of & five surface sites are
shown in Fig. 4. These data are limited to early afternoon
Fig. 2. One-month period of example data from four Northern Cali- 9@t@ (12:00-16:00 local standard time, LST) to represent the
fornia surface sites and from the sonde measurements averaged ov&ft€rnoon maxima of the diurnal cycles. The four inland sites
the 1-2.2 km altitude range. At the surface sites the thin lines indi-all show summer maxima and winter minima, with the low-
cate hourly averaged data, and the symbols indicated the MDA&St minima found at the two more urban, valley surface sites,
concentrations. The heavy lines indicate linear interpolations be-consistent with the lower nighttime concentrations seen even
tween the symbols. in summer at these two sites (Fig. 3). The Trinidad Head
MBL site shows a very different seasonal cycle with a sum-
mertime minimum as described by Oltmans et al. (2008) and
3.1 Diurnal and seasonal cycles of surface ozone in Parrish et al. (2009). Interestingly, the seasonal cycle defined
Northern California by the sonde measurements above the MBL (1-2.2 km aver-
age) is more similar to that at the inland surface sites (e.g.,
The average @diurnal cycles in summer (June, July, Au- r=0.72 and 0.71 at Lassen NP and Redding, respectively)
gust) and winter (December, January, February) at five surthan that within the MBL £ = 0.25 at Trinidad Head).
face sites are displayed in Fig. 3. The summertime cycles For clarity, Figs. 3 and 4 show diurnal and seasonal cycles
are generally typical of continental sites (e.g., Trainer et al.,for only five of the Northern California surface sites. The
1987). A daytime maximum followed by a nighttime min- cycles at the MBL Eureka site (see Fig. 5) are similar to those
imum results from the interaction of the diurnal evolution at Trinidad Head, but the £xoncentrations are significantly
of the continental boundary layer coupled with strong, lo- lower, particularly at night, due to the greater effect of O
cal continental influences onsO Over land the nocturnal removal processes at its more urban location. The cycles at
boundary layer can be quite shallow, ang i® depleted by the other two NSV surface sites (Anderson and Red BIulff,
deposition and reaction with species emitted at the surfacesee Fig. 1) are very similar in all respects to those illustrated
As the depth of the boundary layer grows following sun- for Redding.
rise, higher concentrations ofs@re mixed down from lay-
ers aloft that were isolated from the boundary layer removal
processes overnight. This mixing, combined with the influ-
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Butte data are available only from May through October.

0, (ppbv)

altitudes of 2 to 4 km, the seasonal cycle has a broad spring-
summer maximum. The wide spacing of the lower con-
tours in summer demonstrates the very strong vertical gra-
dient in that season for{between the surface and 4 km alti-

0 > - ;

00:00 06:00 12:00 18:00 00:00 tude. In summer the Trinidad Head @ixing ratio averages
29.8+ 6.4 ppbv at the surface site, and.32 15.8 ppbv at
2km. The indicated standard deviations demonstrate that the
variability has an even stronger vertical gradient than the av-

Fig. 3. Average diurnal cycle of @at five surface sites. All data 7. .. . R
collected in the years 2000 through 2008 are included in the sur-_erage mixing ratio itself. The causes of this variability likely

face averages. At Tuscan Butte data are unavailable in winter. Thinclude long-range transport of pollution, a wide variation
dashed lines indicate the 12:00 to 16:00 LST mid-day period in-Of @mission and photochemical histories for the air masses

time of day

cluded in the seasonal averages. approaching the California coast, and varying stratospheric
influences.

The Trinidad surface data provide a good characterization

3.2 \Vertical gradient of marine ozone of the MBL Ogs. The site is located on an elevated peninsula

directly exposed to the MBL air flow. The data included in
Characterizing the vertical distribution o@ onshore flow  Fig. 5 are from the midday window that is likely to be most
is critical to investigating the contribution that transported representative of the mixed boundary layer behavior (Olt-
background @ makes to surface concentrations in down- mans et al., 2008). Parrish et al. (2009) show that filtering
wind continental regions. This importance arises because aidata for high northwest winds effectively eliminates conti-
from above the MBL can be mixed to the surface by a varietynental influences at the Trinidad Head surface site, and this
of transport mechanisms as marine air enters the continentalindow gives a summertime average of 2&.8.8 ppbv for
environment. Figure 5 illustrates the seasonal dependencihe 2002—2007 period considered in that study, which com-
of the vertical gradient of @determined from ozone sondes pares well with the average of the data in Fig. 5. The sum-
launched at Trinidad Head and the two nearby MBL surfacemertime average of the Eureka data is significantly smaller
measurements. Surface @t Trinidad Head and Eureka ex- (23.14 7.1 ppbv), which reflects the loss ofzQlue to de-
hibits a spring maximum and summer minimum, while at position and reaction with continental emissions at the less

www.atmos-chem-phys.net/10/10093/2010/ Atmos. Chem. Phys., 10, 1008(3-2010
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exposed and more polluted Eureka station located in a townconfounding factors. Taking the MDA8 {Omeasured at a
The difference between these two sites demonstrates one gfiven site on a given day avoids local influences as fully as
the difficulties of measuring marines@t a continental sur-  possible. The 8-h averaging period is chosen because it is the
face site. basis for the current NAAQS, and it minimizes the influence
of any short-lived transient in £ Further, these maximum
3.3 Conceptual model for analysis of surface ozone data averages generally occur in the early afternoon at continen-
tal surface sites, so that the MDA8;@s representative of
the Qs concentration when the convective boundary layer is
fully developed and measurements at a surface site can be ex-
pected to be more regionally representative(b@ckground)
and G (regional) are each expected to contribute to the daily
maximum Q concentration observed at a given site. In the
following analysis we consider only these MDA @alues,
and do not further considers@local).
O3 = Oz(backgroungl4- Os(regiona) + Oz(local) (1) Since transport plays a prominent role in determining ob-
served @ concentrations, we must allow for time offsets in
The temporal behavior of measured surfaegillDstrated  the correlation between measurements at two different loca-
in Fig. 2 dictates this formulation. For the Northern Cali- tions. This allowance is accomplished by linear interpola-
fornia sites considered here, we defing(lidckground) as tions between the successive MDAS values, which are in-
that transported to the site from the marine environmentdicated by the heavier lines in Fig. 2. These linearly inter-
Ogs(regional) as the net contribution from processes that argolated values are taken as the best estimate of theo@®-
relatively homogeneous over a region under considerationcentrations that would be observed in the absence of local
and G (local) as perturbations due to very local influences. effects. It is these hourly-interpolated, MDAS8 values from
The first two terms in Eq. (1) are primarily responsible for all the surface sites that are analyzed further here. They
the synoptic scale variability of £ while the third term  are calculated for each hour, and are taken to approximate
is primarily responsible for the diurnal cycles apparent inthe hourly dependence of the sum of the first two terms of
Fig. 2. In summer @regional) represents the net change to Eq. (1).
the transported backgrounds©@oncentration due to region-
ally similar deposition and photochemical production and de-
struction processes. The local perturbations include local dif- _ )
ferences in photochemical production and destruction, buft Correlation analysis of measured ozone
more importantly, @ removal by reaction with local emis- concentrations
sions and surface deposition, which have strong local vari-
ability. Such local effects can be quite pronounced; as showiThe analysis presented below is based upon correlations be-
in Fig. 2 the observed $can approach zero during calm tween Q data collected at surface sites and between data
nights with shallow nocturnal inversion layers at the Eurekafrom a particular surface site and the sonde measurements.
and Redding sites. Such strong local @moval has much Equation (1) suggests such a correlation approach. We ex-
less effect at the other two sites. pect the Trinidad Head sonde data from above the MBL to
It must be recognized that the conceptual model adoptedlepend only on @(background) and in fact assume that the
here is not to be taken to indicate that we will be able to sep-sonde data provide an effective measure gfliackground).
arately quantify the three terms, as each of these quantitieg/e further expect the surfaces@n the NSV at all of the
will vary in its own characteristic manner, differently at each sites to depend strongly on both (background) and gXre-
site, and in practice any attribution of measureglaihong  gional), and these dependences to be reflected in the linear
the three terms would have substantial ambiguity. Equa-correlations between data sets. To investigate the influence
tion (1) simply provides a framework for developing the cor- of transport, the correlations betweeg & two sites will be
relation analysis upon which this paper is based. calculated as a function of the time offset between data sets;
We choose the maximum daily 8-h average (MDAS8) mix- the time offset that gives maximum correlation will be taken
ing ratio as a measurable quantity that is most directly re-to represent the time for transport between the measurement
lated to the sum of the first two terms, although the MDAS locations. Correlations of surface data with sonde data will
certainly does have a significant local contribution. The fol- be calculated as a function of sonde altitude as well as time
lowing analysis will focus on these averages, which are in-offset between sonde and surface measurement times; the al-
dicated by the symbols for the respective sites in Fig. 2. Wetitude that gives the best correlation with the surface data will
wish to investigate the relative contributions that @ack-  be taken to represent the altitude from which air is prefer-
ground) and @ (regional) make to the measured €bncen-  entially transported into the NSV. The intercept and slope
trations in the NSV. For this purposes@ocal) represents of the correlation between the sonde and surface data allow

It is well known and widely accepted that background, re-
gional and local influences all affect measuregl c@ncen-
trations at any particular site. To clarify and guide the cor-
relation analysis required in the following discussion, we re-
quire an explicit, quantitative statement of this concept. For
this purpose we conceptually define surfagea®the sum of
three contributions,

Atmos. Chem. Phys., 10, 100983109 2010 www.atmos-chem-phys.net/10/10093/2010/
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month Fig. 6. Correlations between summer MDA8 ozone for the two

pairs of sites included in Fig. 2. Redding and Tuscan Butte are in
Fig. 5. Seasonal cycle of vertical{yradient above Trinidad Head, the NSV; Eureka and Trinidad Head are proximate MBL sites. The
California. The sonde contours are monthly averages of all sondesolid lines indicate the linear regressions to the data sets with the
data collected within 200 m of indicated altitude. For the 2 km con- slope fixed at unity. The intercept and the correlation coefficient
tour, the error bars indicate the standard deviations of the data abotior these fits are indicated in the respective annotations. The dotted
the monthly averages. The monthly average data collected fronlines indicate the standard linear regressions.
12:00 to 16:00 LST for the years 2000 through 2008 are shown for
two Northern California MBL sites.

the correlations between sites in a given region are not per-
fect, it is clear that the MDA8 @does have significant local
influence, but local effects do not dominate these averages.
In summary, these correlations do support the use of MDA8
O3 to investigate @ (background) + @ (regional), but we do
need to consider that these averages also are affected by local

MDAS8 O3 concentrations measured at surface sites withinnfluences.
and near the NSV are found to correlate. Figure 6 shows Linear regressions indicated by the solid lines in Fig. 6
two example correlations, and Table 2 compares the correwere calculated with the slope fixed at unity. The intercepts
lation coefficients for all pairs of surface sites. These corre-of these fits give a direct measure of the offset of the data
lations include all available coincident summertime data forsets from each other, since they are mathematically identical
the time periods listed in Table 1. The four sites within the to the average difference between the MDA wlues at
NSV (first four lines in Table 2 in bold print) all correlate rel- the two sites. These intercepts will be used as the measure
atively strongly ¢ =0.70-0.83). The two MBL sites (Eureka Of the average difference ing@oncentrations between data
and Trinidad Head) have the strongest correlation of any ofets. The uncertainty of each intercept derived from the lin-
the surface sites = 0.93), but do not correlate significantly €ar regression is equal to the uncertainty calculated for the
with any of the NSV sites(< 0.08; two lines in bold italic ~ average difference between the MDA8 @lues of the two
print in Table 2). The high elevation Lassen site correlatesdata sets.
with the NSV sites, but not significantly with the MBL sites.  The correlation between data sets collected at surface sites
The Yreka site correlates somewhat more weakly with all ofin the same region change as the data sets are shifted in time
the inland sites, and even more weakly with the MBL sites. with respect to each other, and these shifts provide informa-
The correlations between MDA8+Osummarized in Ta- tion regarding the transport of ozone within the region. Fig-
ble 2 indicate that the sum of :Q(background) + @ (re- ure 7 shows that for the data sets included in Fig. 6, the cor-
gional) does have a strong regional character. Correlationselations decrease as a time shift is introduced between the
are strong between sites in the same region, but are weattata sets. The correlation of a data set with itself (i.e. auto-
when sites are in different regions with strong topographiccorrelation) decreases from a perfect correlation of unity, and
separation (e.g. the NSV and the MBL sites). However, sincecorrelations between two sites in the same region decrease in

characterization of the influence of transporteg @ack-
ground) on the concentration observed at the surface site.

4.1 Correlation of ozone at surface sites

www.atmos-chem-phys.net/10/10093/2010/ Atmos. Chem. Phys., 10, 1008(3-2010
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Table 2. Summertime correlation coefficients fop@easured at different sites. MDA8@oncentrations are correlated between surface
sites; the correlation between surface sites and the sondes are discussed in the text. Bold font denotes correlations between NSV sites, ar
bold-italic font denotes correlations between MBL and NSV sites. All available coincident data are included in the correlations.

[%2)
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Q ?
Q ® 3 3
: £ S £
(= % @ :g kel > ko]
c ] C = © © [ I
S E [ [a1] kel X [ (] he]
o = [} 17} X =
° he] 0 o c = 0 [} c
. _ ) c > Q = = @ = =
Correlation Coefficient @ < = [0 (= w | > [=
Redding 1
Anderson 0.83 1
Tuscan Butte 0.70 0.82 1
Red Bluff 0.74 0.83 076 1
Trinidad Head —0.00 —0.06 0.04 000 1
Eureka 0.05 0.02 0.06 0.08 093 1
Lassen Volcanic NP 0.62 0.66 0.70 057 004 0.15 1
Yreka 0.54 0.57 052 046 019 032 051 1
Trinidad Head sondes 0.43 0.43 051 051 043 — 0.61 070 1

a similar manner. To get the best characterization of the de- In Fig. 7 there is little indication of a systematic offset
pendence of the correlation on the time shift, even for weakof any of the correlation functions from zero, ig.~ 0,
correlations between statistically limited data sets, the pealalthough the correlation between the Redding and Tuscan
of the correlation dependence is fit to a Gaussian function: Butte sites does maximize if the Redding data are offset
0.8+ 0.4h later than the Tuscan Butte site. These offsets

¥(1) = Aexp| — (1 =102 /u?], )
wherer is the time shift,rg is the offset of the maximum
correlation from a zero time offsety is the width of the
distribution (i.e. the time to decrease by a factoredfom

near zero again indicate the regional character of thedd-
centration within the NSV. There is no indication of trans-
port from the most urban site (Redding) to the most rural site
(Tuscan Butte). If significant, the small time offset indicates
that transport of @affects the Tuscan Butte site 0.8 h before

the maximum), andi is a normalization factor. The dotted it affects Redding, despite the fact that the summertime daily
curves in Fig. 7 show the Gaussian functions fit to the respecmaximum @ occurs several hours earlier at Redding than at
tive correlations. There is some subjectivity in the selectionTuscan Butte (see Fig. 3).

of the width of the peak to be fit; this width is selected so that

the Gaussian gives a good representation of at least the uppdr2 Correlation between ozone measured by sondes and

half of the peak.

at surface sites

In both the autocorrelations and the correlations between
different sites in Fig. 7, the Gaussian fits decrease from theiMDA8 Oz concentrations measured at NSV surface sites are

maxima with a characteristic time, of two to three days. A
horizontal arrow indicates) for each distribution in Fig. 7.
There is good agreement between the value ditermined

also found to correlate with the Trinidad Head ozone sonde
measurements. These correlations add another dimension to
the correlation dependence — that of the sonde altitude. Fig-

from the autocorrelation and the inter-site correlation in theure 8 shows the correlation between the Tuscan Butte NSV
MBL and NSV regions. This characteristic time is inter- site and the average of the sonde measurements between 1
preted as the average time required for synoptic scale aidnd 2.2km altitude, as well as the autocorrelation of these
masses to pass through the region in which the site(s) argéonde averages. This altitude range is selected for the sonde
located:; it is slightly shorterf ~2.4 days) in the relatively ~average because, as will be shown below, it is this range that
open MBL region than in the NSVu(~2.7 days), which  correlates most strongly with the surface sites.

is largely enclosed by surrounding mountains. Interestingly, The correlation between the surface and sonde data max-
the correlation coefficients do not drop to zero even for a tenimizes when the surface data are shifted to a significantly
day offset; this non-zero correlation is attributed to the sys-earlier time o = 22.440.6 h) with respect to the sonde data.
tematic change in average ozone concentrations through thehis time delay is interpreted as the average of the total time
summer season (see Fig. 4). required for the air mass sampled by the sonde to arrive above
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N Fig. 8. Correlation analysis of sonde data averaged over the 1 to
_5 I:l 2.2 km altitude range and the interpolated MDA8 ozone at the Tus-
£ o6l | can Butte surface site during summer. The correlation coefficient
g \ of the auto correlation of the sonde data and between the sonde and
2 - the surface site are plotted as a function of the time offset between
2 data sets (solid lines) and Gaussian fits to the peak of the correla-
% 0.4 \ ] tions (dotted lines). The arrows indicate the width (in days) and the
5 X i offset from zero time (in hours) of the Gaussian fits. The time offset
© 05 <—> is referenced to the sonde data.
! I\f—\x The width of the correlation distribution for the sonde and
0'91 0 5 0 5 10 surface measurements & 3.404+0.05 days) is significantly
time offset (days) greater than the width of any other distribution in Figs. 7 and

8. This characteristic time is interpreted as the convolution
Fig. 7. Correlation coefficient between summertime interpolated of the distribution of times required for the air masses sam-
MDAS8 ozone at surface sites as a function of the time offset be-pled by the sonde to pass through the region, the distribution
tween data sets (solid lines) and Gaussian fits to the peak of thef times required for mixing of the air from the 1 to 2.2km
correlations (dotted lines). The correlations of data from one site|titude range to the surface, and the distribution of times re-
with itself (autocorrelation) and between two sites are shown in eac*’quired for flushing the valley by air transport. This width
panel. The arrows i.ndic.ate the width .(in d‘fiys) and the Oﬁ.set ofthe,, —3.40+0.05 days is in excellent agreement with the root-
f:enterofthe Gauss_le_m fits from zero time (in hours)_. The time Oﬁsetmean-square sum (3.36 days) of 2.02 days and 2.68 days,
is referenced to Trinidad Head and Tuscan Butte in the upper an .
lower panels, respectively. he valueg ofw derlved_for the spnde a_nd TL_Jsc_an Butte au-
tocorrelations, respectively. This relationship is expected if
the width of the sonde autocorrelation is dependent only on
transport of air masses in the FT, and the width of the surface

the NSV location and for that air to mix from the 1 to 2.2 km Site autocorrelation is dependent only on the mixing of the air
altitude range to the surface. The fact thaf @ncentra- to the surface and flushing the valley by air transport. This
tions in NSV lag the sonde measurements suggests that thRgreement supports our concept of transport of background
cause of the correlation is transport of air from the sonde lo-air into the NSV.

cation to the surface of the NSV, not transport in the reverse

direction. The width of the autocorrelation function of the 4.3 Altitude dependence of correlation between sonde
sonde dataw = 2.02+0.03 days) is shorter than the autocor- and surface measurements

relation functions at the surface sitas £ 2.48+0.08 and

2.65+0.05 days at the MBL and NSV sites, respectively), The correlations of the sonde data with surface measure-
which is consistent with faster passage of synoptic scale aiments at five sites are investigated in Figs. 9 and 10.
masses in the FT than at the surface. Two sites are those within the NSV where the highest O
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concentrations are observed: Tuscan Butte, the most isolated The correlations of the surface and sonde data are much
rural site, which is elevated above the valley floor, and Red-weaker in winter than in summer (Fig. 10). The MBL sonde
ding, the most urban site. Three contrasting sites are alsdata correlate even more strongly with the Trinidad Head sur-
considered: the MBL Trinidad Head site, the rural Lassenface measurements, which reflects the much weaker land-sea
Volcanic National Park at an elevation of 1.8 km east of thebreeze circulation in winter and the correspondingly reduced
NSV, and Yreka, a small town in a separate valley north of O3 diurnal cycle at Trinidad Head (Fig. 3). Of the inland
the NSV. surface sites, only the Lassen NP site exhibits a significant
In summer surface ©at all five sites correlates sig- correlation with the sondes. At that site the maximum corre-
nificantly with the @ transported ashore as measured bylation coefficient is comparable to that found in summer, but
the sondes, but with a different altitude dependence inlandhe correlation extends to lower sonde altitudes. The delay
than at the coast (Fig. 9a). The coastal MBL Trinidad time in the 1 to 2.5 km altitude range is much shorter in win-
Head surface data correlate strongly with the sonde meater than in summer, which is interpreted as much more direct
surements from the surface to 500m altitude. This cor-transport of marine air to the Lassen NP site in winter. The
relation is expected as both measurements charactegize Qack of correlation between thesOneasured by the sondes
within the MBL. The correlation coefficient does not ap- and that measured in NSV indicates that the valley is isolated
proach unity at any altitude (maximum=0.64 at 0.1 km) be-from the FT in winter. Evidently the transport mechanism
cause the Trinidad Head surface data represent the maximuthat mixes FT air to the surface in summer does not operate
8-h MBL O3 averages, which typically occur in the late af- in winter.
ternoon (see Fig. 3) when the sea breeze is fully developed,
while the sondes are launched earlier in the day, generally
between 09:00 and 13:00 LST. Further, they are launched ob Transport patterns
land within the small town of Trinidad Head, where deposi-
tion and reaction with local emissions reducge @ncentra-  The correlations discussed in the previous section suggest
tions near the surface. At all of the inland sites, the maximumthat air is transported ashore in the 1 to 2.5 km altitude range
correlation of the surface{s found for the sonde data from and, after passing over the coastal mountain range, is mixed
the 1 to 2.5 km altitude range. The cause of the correlation ig0 the surface of the NSV. Our goal in this section is to con-
attributed to transport of marine air from this altitude range sider if this transport is consistent with the known circulation
to the inland surface sites. Importantly, the correlation dropspatterns of airflow in California’s Sacramento Valley.
to near zero at about 400 m, which represents the mean top Trajectory calculations provide a good indication of the
of the MBL. flow patterns that bring air masses to the Pacific coast of
In summer, the correlation of sonde data from the 1 toNorth America. A 10-year climatology of back trajectories
2.5km altitude range with the four inland surface sites max-(Oltmans et al., 2008) indicates that a preponderance of the
imizes 20 to 30h after the sonde launch (Fig. 9b). Thisair parcels reaching the surface at Trinidad Head come ashore
time offset suggests thatsQransported ashore in this alti- from the Pacifc Ocean. Trajectory analysis (Appendix A)
tude range on one day, most strongly affects the surface Oshows that air sampled aloft at 2.5 km altitude by the sondes
on the following day. The offset is interpreted as the averagegenerally flows ashore from the Pacific and is transported
time required for the transport of air from the coastal sondeeastward over North America, but that there is large vari-
station to the inland sites and mixing to the surface. It isability about this general pattern. There is certainly no di-
notable that this offset generally increases with the distanceect, consistent transport of air from above Trinidad Head
between the sonde station and the respective surface site. to the NSV. However, direct transport is not required. Liu
The G; concentrations measured at the inland surface sitest al. (2009) show that the horizontal distance for the corre-
are much greater than that measured by the sondes within tHation coefficient between sonde measurements at the same
MBL, but are elevated to a lesser extent (0—20 ppbv) abovealtitude to decrease by a factor efis about 500-1000 km
the sonde data in the 1 to 2.5km altitude range (Fig. 9c).in the FT. Hence, the Trinidad Head ozone sonde measure-
This difference suggests that the net effect of all continentaiments are horizontally representative of large regions, and
influences in the NSV and at the other surface sites resultslirect transport to the NSV is not required to explain the ob-
in only a modest increase of thes@oncentrations above served correlations.
those carried in the marine air transported ashore. In contrast, The available trajectory calculations cannot be expected
at the Trinidad Head surface site thg €bncentrations are to describe the details of the transport of air into the NSV.
much lower than observed at 1-2.5km, but elevated someThe trajectory analyses are based upon relatively coarse grid
what above that measured by the sondes in the MBL. Thigneteorological data, which can reproduce large-scale flow
difference is consistent with the measuregldiurnal cycle  patterns, but not smaller scale features. This limitation is
at Trinidad Head (Fig. 2), and the time difference betweenparticularly relevant to the Northern California region due to
the sonde launch time and the late afternogm@ximum at  large topographical gradients and large land-sea temperature
Trinidad Head. differences. These features cannot be resolved in the coarse
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Fig. 9. Summertime results of correlation analysis between sonde data averaged over 0.1 km altitude range, and interpolated MDAS8 ozone at
surface sites as a function of sonde altitu@@ Maximum correlation coefficient found between data sets as the time offset between data sets

is varied; this maximum is taken from the Gaussian fit as exemplified in Figs. 7 gbjl Bhe time offset in hours at which the correlation
coefficients in a) reached the maxinga) The intercept of the linear regressions to the data sets for the time offsets in a) with the slope fixed

at unity (see Fig. 6 for illustration.) Data points are missing in (a) and (b) when no significant correlation was found.

grid meteorological data. It is these smaller scale transport Figure 11 is highly simplified, as the actual flow has sig-
patterns in the coastal-Sacramento valley region that we benificant up and down valley flow components. The general
lieve provide the physical cause of the correlations discussedurface air flow pattern in the Central Valley is westerly flow
above. at the coast, which enters the valley at the Carquinez Strait
A plausible, highly simplified daytime mechanism for and then splits northward and southward into the Sacramento
transporting air aloft to the valley floor is schematically illus- and San Joaquin Valleys. However, this surface flow pro-
trated in Fig. 11. As onshore flow from the Pacific encoun-vides little overall transport into the NSV. The mean wind
ters the complex topography of Northern California with the hodographs presented by Zhong et al. (2004) for Redding
associated thermal gradients, important mesoscale flow pashow that the flow reverses at night. The result is simply
terns develop. Surface heating drives complex mountainback and forth flow, which over 24 h yields very little net hor-
valley flows that can transport air through depths on the or-izontal transport. Thus, the vertical motion, as schematically
der of the terrain height (see, e.g. Dillon et al., 2002; Mur- indicated in Fig. 11, may be responsible for ventilating the
phy et al., 2006). These patterns are not well documented\NSV. However, it should be noted that nocturnal low-level
but they evidently determine the transport and mixing of airjets can move substantial amounts of air above the nocturnal
to the surface sites located within the convective boundaryboundary layer, which would complicate the simple picture
layer (CBL) in the NSV. Daytime heating of mountain slopes of Fig. 11.
drives a mountain-valley flow pattern with daytime upslope
flow occurring on both sides of the NSV. This mountain-
valle_:y fI0\_/v exhausts air from the CBL, wh_ic_h is_ replaced by g Approximate ozone budget analysis
marine air transported ashore aloft subsiding into the CBL.

The correlation analysis indicates that the primary inflow of g4 10 aspects of thes®udget conceptualized in Eq. (1) can
airto the NSV descends from altitudes of 1 to 2.5km. Myrup pe partially quantified from the correlations of @easured

et al. (1983), using an observationally based approach, estiy; NSy sites with @ measured by the sondes launched at
mate that the summertime rate of rsf:ljb5|dence in the Sacrapyinigad Head. Figure 12 illustrates the correlations of the
mento area is on the order of 5cm'sat 1.5km altitude  \jpag O; measured at Tuscan Butte (the NSV site with
during 'Fhe daytime hours: This sup3|dence rate is adequatg,q highest @ design value) and at Redding (the most ur-
to ventilate a 1000m thick PBL in less than 6h. Dur- 54 NSy site with the second highess @esign value) with

ing the night the circulation is largely reversed with down 4 average @measured 22 h earlier in the 1 to 2.2km al-

slope mountain flow transporting marine air into the npctur—titude range by the sondes launched at Trinidad Head. As-
nal boundary layer. The disappearance of the correlation beéuming that Q(regional) and &local) are independent of

tween the sondes and the NSV surface sites in the wintep, (hackground) and assuming that all of the air entering the
(Fig. 10) is evidence that the strong surface heating of sumy sy gescends from the 1 to 2.2 km altitude range, Eq. (1)

mertime is required for the vertical mixing down of the air implies a linear relationship with unit slope (blue lines) be-

transported aloft over the NSV. tween the transported backgroung @easured by the sonde
and G measured at the surface site. The bivariate fits to the
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Fig. 10. Wintertime results of correlation analysis between sonde data and interpolated MDA8 ozone at surface sites as a function of sonde
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altitude in the same format as in Fig. 9. (k) and(b) data are only shown for sites with a significant correlation.

Table 3. Comparison of paramete#s95% confidence limits for correlation of MDA8 surface ozone with sonde data averaged between 1
and 2.2km. The delay time of the surface data with respect to the sonde launch time gives the maximum correlation cogféicite,
respective sites. The bivariate linear regression is described in the text.

Site Delay Slope Slope Intercept r
time (h) bivariate standard slope=1

Redding 22 1.160.39 0.44+0.13 11+2 0.42

Anderson 20 0.950.34 0.410.13 11+2 0.42

Tuscan Butte 22 0.9%0.23 0.50t0.11 162 0.53

Red Bluff 14 0.78:0.20 0.46+0.10 8+2 053

Lassen NP 23 0.740.15 0.51+0.09 8+2 0.60

Yreka 16 0.65:0.10 0.52+0.07 0+2 0.70
al., 1992); here alt andy data are weighted equally.) The
intercept of the blue line provides an estimate of the average
of the sum Q@ (regional) + Q (local) at the respective site,

Mountain- which represents the average net contribution of regional and
On-shore flow Valley local processes to the observed MDAg.O

> Flow

— Cascades
Mountain

Range

Land-Sea
Breeze
MBL _/

Ocean

Sacramento
Valley

Similar results are found for all four sites in the NSV (Ta-
ble 3). The slopes derived form bivariate fits are statistically
equivalent or close to unity. The weighted average slope for
the four sites is B8+ 0.13, which gives the best estimate
for the fraction of the air transported into the NSV that de-
scends from the 1 to 2.2km altitude range. This implies a
best estimate of.024+0.13 as the fraction of air transported
into the NSV through other routes, such as low level flow
through San Francisco Bay, the Carquinez Strait and into the
Sacramento Valley. In summary, on an average summer day,

Fig. 11. Schematic diagram of east-west cross-section of Northerrthe Os(background) estimated from the sonde data equals
California topography with proposed transport mechanisms asso49 ppbv, which corresponds to 75 to 86% of the average

ciated mid-afternoon air flow patterns. MBL and CBL represent

MDAS8 O3 of 57 to 65 ppbv observed at the four NSV sites.

marine boundary layer and convective boundary layer, respectivelyRegional and local processes, including net photochemical

production and surface deposition, contribute an average of
only 8 to 16 ppbv at the four sites. It is interesting to note

data (gold lines in Fig. 12) are in accord with this implication. that the largest net regional plus local contribution occurs at
(The bivariate fit refers a regression that allows for uncertainthe most rural site (Tuscan Butte), not because the average

ties in both thex andy variables (Neri et al., 1989; Press et

Atmos. Chem. Phys., 10, 100983109 2010

peak @Q is much higher (see Fig. 3), but rather becaugse O

www.atmos-chem-phys.net/10/10093/2010/



D. D. Parrish et al.: Impact of transported background ozone inflow on summertime air quality 10105

120 — — and the average background @as 59 ppbv (i.e. 73% of

the total). The estimated{Qregional) + Q (local) therefore
I averaged 22 ppbv, and was as high as 63 ppby.(ack-

100 ground) was always at least 34 ppbv on exceedance days,
é and reached a maximum of 90 ppbv. Thus, transported back-
% 8oL ground @ alone may exceed the 75 ppbv NAAQS. On non-
% exceedance days (when MDA& @corded at Tuscan Butte
g did not exceed 75 ppbv) the average MDA8 Was 61 ppbv
% 60 and the transported background @veraged 48 ppbv, so
E O3 (regional) + Q (local) averaged 13 ppbv. In summary,
°§ ‘ of the 20 ppbv Q difference between an average exceedance
2 Or e St | T day and an average non-exceedance day, higher transported
E r=0.53, npts =209 | | background @ accounts for half or more of the difference
= 20l imerce;ﬂ)ﬁ 6=i1 2 pp | (11 ppbv), while greater net photochgmicad; Production
accounts for the other 9 ppbv of the difference. Comparable
I:l | results are found for all NSV sites (Table 4).
190 : : : : : : : : : One aspect of this analysis must be clearly appreciated.

. The sondes provide a measure of the backgrounda®ried
¢ by the onshore flow, and the correlations indicate that this
100 - . onshore flow directly impacts the surface of the NSV. How-

% ever, we have no measure of thg @ncentrations that would
% Z. exist within the valley in the absence of anthropogenic emis-
% 80 @Qg sions, i.e. the policy relevant background.n the absence
o s 1 of anthropogenic emissions the transported background O
g 601 _ measured by the sondes would be reduced by photochemical
E . | destruction and surface deposition and enhanced by photo-
og o chemical production from naturally emitted precursors. De-
2 40~ Ssﬁggga;dofggri%éigg 7 tailed model calculations capable of reproducing the corre-
K r=0.42, npts = 196 | - lations reported here are required to accurately calculate the
= o0l __ slope =1 | policy relevant background{Xxoncentration.
intercept =11 £ 2
-, )
O ,,—— 7 Discussion and conclusions
0 20 40 60 80 100 120
sonde Og (ppbv) The arguments in this paper are based primarily upon cor-

relations. Correlations can provide indications of the under-
c_oncentratuo(;nsb at T“s;a” Ezuﬁe anlgl RedoTllr_lg_(;ngh ;9“?"”%@' ,Lhere are no meteorological data available that allow a direct
tio measured by sondes 2zh earlier at Trinidad Head. The sondg,, o qtiqation of the cause of the observed correlations. Thus,
mixing ratios are averaged over altitudes from 1.0 to 2.2km. The .

we adopt the strategy of considering all causes that we can

solid lines show the results of three different linear, least-squares re ve. di di h h . . ith ob
gressions to the data: slope held at unity (blue), bivariate regressioﬁonce've’ Iscarding those that are inconsistent with observa-

(see text) with equal weighting (gold), and a standard regressiorfions, and retaining the simplest one that remains. Five obser-
(black). vations are particularly useful in this process. First, the cor-
relations show that observed ozone at the NSV surface sites
correlate best with the sonde observations after a time delay
remains near the peak longer, evidently due to a lesser influen the order of one day; thus whatever causes the correlation
ence of removal processes at the rural, elevated terrain wherffects @Q above the MBL at Trinidad Head before it affects
that site is located. O3 at the surface of NSV. Second, similag Ebrrelations are
The contribution of background £Oduring exceedance found between the sondes at boh Yreka and the NSV sites.
conditions is of more importance to air quality control con- Since Yreka is located in a separate valley isolated from the
cerns than are the average contributions discussed in the pr&SV, the cause of the correlation cannot be confined to the
ceding paragraph. On 21% of the summer days followingNSV. Third, there is no evidence of transport of North Amer-
sonde launches (on 18% of all summer days), the maximunican influenced air to altitudes above the MBL at Trinidad
MDAS8 O3 recorded at Tuscan Butte exceeded the 75 ppbwHead (see discussion in the Appendix). Fourth, the relatively
NAAQS. The average MDA8 @on those days was 81 ppbv high correlations are associated with a relatively narrow (1—
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Table 4. Comparison of average standard deviation of sonde and MDA8 surface ozone between exceedance days (MDA8 ozone greater
than 75 ppbv) and non-exceedance days.

Exceedance Days Non-exceedance Days
Site % of days  Surface Sonde Surface Sonde
Redding 9.7 85.0+£8.7 58.2+-10.3 56.749.6 47.5:13.6
Anderson 11.5 81.66.0 58.2+122 57.1+11.2 47.6£13.3
Tuscan Butte  20.6 81869 583119 60.4A411.9 46.5:132
Red Bluff 4.9 82.0+£8.4 55.2+9.0 55.6+10.7 48.5£13.8
LassenNP 2.9 82.1+4.8 59.6-10.5 59.6£t10.5 48.713.6
Yreka 0.0 - - 48.8+£10.2 48.413.9

2.5km) altitude range over Trinidad Head. Fifth, the correla-as an estimate of the fraction of the variance of a dependent
tions of ozone concentrations between sonde measurementariable that can be explained by its dependence on an inde-
at Trinidad Head and the surface sites on the NSV floor argpendent variable. Thus, only about half of the variancepf O
highest in summer, much poorer in spring and autumn andat either site can be explained by influences common to both
disappear in winter. sites. These common influences are represented by the sum

The presence of a time delay in the maximum correlationOz(background) + @ (regional) in Eq. (1). The strongest
between @ concentration above Trinidad Head and at sitescorrelations between the sondes and the surface MDA8 O
in the NSV implies that some transport process is involved,are about = 0.50, which indicates that £§background), as
and the sign of the time delay indicates that the transport promeasured by the sondes, accounts for approximately 25% of
cess moves air form above Trinidad Head toward the NSVthe total variance, which corresponds to about one-half of the
and Yreka sites. Since continentally influenced air is notvariance due to @ (background) + @ (regional). The fact
generally transported to altitudes above the MBL at Trinidadthat the sonde data can capture approximately one-half of the
Head, the causative process must involve transport of maringariance caused by these two terms, and that they can capture
air. Figure 11 illustrates a likely mechanism for this transportapproximately that fraction of the variance for all six inland
that is consistent with all of the observations; it is this hy- surface sites is remarkable. A second reason that strong cor-
pothesized cause that we have accepted, i.e. down mixing gflations cannot be expected is that a sonde measures O
air transported over the Coastal Range. Importantly, the O one particular time and altitude above Trinidad Head, while
in this air that impacts air quality in the NSV was transported the corresponding surfacez@s interpolated between two
ashore from the Pacific, and was not produced over Nortlsuccessive MDAS8 values. The six surface sites are located
America. Detailed transport modeling is required to more 150 to 240 km inland from the sonde launch site in directions
firmly establish this cause; such modeling is planned as parvarying from southeast to northeast at elevations of 100 m to
of the analysis of the recently completed CalNex 2010 field1.8 km; thus there must be significant horizontal and vertical
study (seéttp://esrl.noaa.gov/csd/calndrf more details).  variations in the @ transported to these sites. As illustrated

Other possible causes can be proposed. One that wi the trajectory analysis presented in the Appendix, there
cannot unambiguously exclude is that transport conditiongs a great deal of variability in the transport direction. Trans-
which bring particularly high @ concentrations to the 1— porttimes from the sonde location to the various surface sites
2.5km altitude range above Trinidad Head are somehow assertainly vary with meteorological conditions, while the cor-
sociated with meteorological conditions that one day laterrelation at each site assumes a single offset time. The verti-
are particularly favorable for photochemical production of cal range of the air mixed to the surface must also vary with
O3 within the NSV and the valley to the north where Yreka meteorological conditions. Given all of these factors con-
is located. However, this mechanism is rather complex andributing to variability between the sonde and the surfage O
highly speculative without an apparent driving mechanism,the magnitude of the correlation coefficients are remarkably
and cannot explain why this process is confined to only thelarge.
1-2.5 km altitude range. In summary, the cause assignment The present work has several important implications:
we have accepted is quite likely correct.

The correlation coefficients shown in Figs. 9 and 12 are not — Effective air quality control policies aimed at achieving
particularly large, but strong correlations cannot be expected = NAAQS compliance for @, at least in this North Sacra-

for two reasons. First, the correlations of the MDA €dn- mento Valley region, must recognize the large back-
centrations between sites in the NSV are themselves not per-  ground contribution identified here. This work shows
fect. For exampley =0.70 for Tuscan Butte and Redding. that G; air quality can be substantially impacted by an
The square of the correlation coefficient, can be taken important, hemisphere-wide background component to
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which all Northern Hemisphere mid-latitude precursor
emissions contribute. Policies will be more effective if 7o-&
they consider international efforts aimed at reducing the
transported background in addition to efforts aimed at
reducing local and regional precursor emissions.

— Fully characterizing California & concentrations
through modeling studies is a daunting task. A global
chemical-transport model capable of accurately repro-
ducing the transported background;,Oncluding its
vertical, spatial and temporal variations, must be cou- % . . . . A\
pled with a fine resolution model that can reproduce 120 140 160 180 200 220 240
mesoscale land-sea breeze and mountain-valley circu-
lation patterns in complex topography with large tem- Fig. Al. Map of 5-day HYSPLIT back trajectories calculated from
perature gradients. This second requirement is necesa" altitude of 2.5kma.s.l. above Trinidad Head beginning at the

sary to accurately characterize the transport of relativelytime of each summertime sonde launch. The inset shows more local
Os-rich air from the lower FT into the CBL. It has not detail around the sonde launch site; the black dots indicate the site

been established that current models can meet either rel(—)Catlons given in Fig. 1.

quirement, although Huang et al. (2010) present model
calculations that capture some of the features of this
transport.

— Coastal air basins (e.g. Los Angeles and San Diego in S0
California) are open to direct inflow of air from the
MBL. This air will have significantly lower background
O3 concentrations compared to the backgrouna@n-
centrations carried by the air that descends into the NSV.
Consequently coastal air basins are expected to have i
significantly higher tolerance for locally produced O
and & exceedance events are expected to be signifi-
cantly more responsive to local and regional control ef-
forts compared to the NSV

=

z,
477
1157/)/(//7//(7’/142'_
o =

/ Z

— It is important to consider backgroundgs@ansported 30

aloft, not just within the boundary layer, when evaluat- (4///7, . \\b\\\\ 7‘-‘-
ing its impact in regions of varying topography. Down- Ji"«!‘; \\\‘i}\‘\'ﬂsg
ward mixing of high background £concentrations is | | /% NG|

likely important in other regions in the western US. -130 -120 -110 -100
Examples include the San Joaquin Valley (the south-
ern portion of California’s Central Valley) and the Den- Fig. A2. Map of 2-day HYSPLIT forward trajectories calculated

ver metropolitan area on the eastern slope of the Rockyrom an altitude of 2.5kma.s.I above Trinidad Head beginning at

Mountains. the time of each summertime sonde launch. The inset shows more
local detail around the sonde launch site; the black dots indicate the
site locations given in Fig. 1.

Appendix A
Atmospheric transport at North American flow picture of the actual transport of the air masses sampled
West Coast by the Trinidad Head ©sondes, both back and forward tra-

jectories were calculated (Draxler and Rolph, 2003; Rolph,

2003) beginning at 2.5 km altitude above Trinidad Head and
Al Large-scale flow at the time of the sonde launch (Figs. A1 and A2). These

figures clearly show both the generally westerly flow, and
It is widely recognized that at northern mid-latitudes the the large variability that any particular trajectory can follow.
zonal prevailing winds are westerly. However, there is sub-Overall, the trajectories indicate that the air above Trinidad
stantial variability about this prevailing direction, especially Head sampled by the sondes generally had recently flowed
during summertime. To obtain an approximate, large-scaleashore from over the Pacific Ocean, but frequently that air
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had traveled substantial distances over North America. Sim- 8 : : : : :
ilarly, after sampling the air generally flowed east over North I o WH—
America, but frequently returned to the Pacific. In sum- : o
mary, the trajectory analysis supports the hypothesis that the L —O0—— 1
Trinidad Head sondes generally sampled air flowing ashore |- ====== " -
from the Pacific followed by transport inland, such as over - Ot
the Northern Sacramento Valley, but there certainly is no im- Qo . Summer
plication of consistent transport from Trinidad Head directly < =0 26623 Ili?hts .
tothe NSV. . . - - 2004-2008 | ]
Itis important to note that on the relatively few occasions = m—— et avg + std dev
that trajectory segments pass over portions of the continent ' L
before arriving at Trinidad Head does not necessarily indi- i —o—
cate that air has experienced continental influence. The tra- 2 "~ M Global Background | |
jectories do remain in the free troposphere, and are generally ro o CO at 41°N i
isolated from continental boundary layer influence. I pnis
'_I'he trajectory c_alculations p_resente_d h.e.re, as well as all 0 i '-I'i- - 1 - |
tra!ectory calculations, are subject to significant errors. The 0 100 200 300 400 500
trajectories are necessarily calculated from large scale, rela-
tively coarse grid meteorological data. These data are suit- CO (ppbv)

able for evaluation of general large-scale flow patterns, but

not for defining specific, mesoscale flow patterns. To ourFig. A3. Vertical profiles of carbon monoxide measured in flasks
knowledge there are no other available meteorological data@ollected on aircraft flights above Trinidad Head CA. The green
sets that would reveal more detailed information regardingpoints give the individual measurements, and the red circles indi-

the transport of air masses sampled by thes@ndes. cate averages and standard deviations for 1 km altitude segments.
The black symbol gives the surface global carbon monoxide back-
A2 North American influence on air sampled by ground as determined from the NOAA ESRL Global Monitoring

Division flask network for the years of the aircraft measurements
(Paul Novelli, NOAA ESRL Global Monitoring Division, personal
8ommunication, 2009).

Trinidad head ozone sondes

Figure A3 presents carbon monoxide (CO) profiles measure

above Trinidad Head. CO concentrations elevated above the

global background are a sensitive indicator of recent anthro- . . L .
epresent background northern mid-latitude air, without dis-

pogenic pollutant emissions. Occasional CO enhancements X . :
are seen within the BL, which are expected from the Iand_cernable direct CO influence from North America. In pho-

sea breeze circulation as discussed in detail by Parrish egchemlcally well-processed air masses in sgmmertlme, any
al. (2009). CO enhancements are not observed in the 15 enhancements from relat|ve_ly local continental sources
2.5km altitude range, which is the focus of the present study.are expected t_o be only a fraction of the C_O enhancements
Substantial CO enhancements are seen at higher altitudegsee' €.g. Parrish et al., 1998)' Thus, the air sampled by the
they are likely of Asian origin and the surface ozone does no bndes in the 1_2'.5 km.alt|tud§ range does represent back-
correlate with ozone observed at this altitude. To our knowl—ground northern mid-latitude air with respect tg @s well
edge, with the exception of infrequent forest fire plumes (e.g.aS Co.
Weiss-Penzias et al., 2007), there is no evidence that Califor-
nia emissions can be circulated over the Pacific and return t§\cknowledgementsThe  authors  gratefully ~ acknowledge
the California coast above the MBL. The CO profiles mea-the NOAA Air Resources ~ Laboratory (ARL) = for the
sured over Trinidad Head show no evidence for such recir-przov'j/'on Ofl the H\;SP:'Th tran(sjporth_ RESPY. website
culation. This lack of evidence is expected because (in thé ttp:/www.arl.noaa.gov/ready.htmised i this publication.
a_bs_ence of th_er_mal lofting qf forest fire plumes) it is Very ggited by: T. Karl
difficult to envision summertime mechanisms for export of
polluted air from the California continental BL to the marine
FT against the prevailing onshore airflow.
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