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Ammonia is the primary alkaline gas Jn the atmosphere
and contributes to fine particle mass, vlsiblhty problems, and
dry and wet deposition The objective of this research
was to measure ammonia and other exhaust emmsslons from
a large sample of on-road vehicles using Cahfornm
phase 2 reformulated gasohne with low suffur content
(,~10 ppm by weight) Vehmie em~ss=ons of ammoma, N0~
CO, and C02 were measured Jn the center bore of a San
Francisco Bay area highway tunnel on eight 2-h afternoon
samphng periods during summer 1999 Ammoma concen-
trations were d~wded by total carbon (mainly C02)
concentrat=ons to compute an em~ssmn factor of 475 ±
29 mg L-I (95% C I.) The molar ratio of nrtrogen embed 
the tunnel ~n the form of ammoma to that emitted m the
form of NOxwas 027 ___ 0.01 Emmsmns of NOx and CO have
been measured at th~s tunnel samphng location s~nce
1994, From 1994 to 1999, em~ssmns decreased by 41 ± 4%
for NOx and 54 4- 6% for CO These reductions inctude
the =mpacts of turnover in the veh=cle fleet and the use of
reformulated gasoline Between 1987 and 1999, when
fuel properties did not change significantly, em~sslons of
NOxand CO decreased by 26 ± 2% and 31 ± 3%, respectively
Wh~le use ofthree-way catal~c converters has contributed
to decreases m NO= and CO emissions, their use, m
combmatmn with fuel-rich engine operal~on, ~s the hkely
cause ofthe ammonia emissions from motor vehicles observed
dunng th~s study

In~oducdon
Motor vehicle emissions contribute significantly to mr
pollution problems on local, regional, and nauonal scales
(1). Despite mcreash~g numbers of vehicles on the road and
kncreasmg vehicle travel, progress has been made in lowering
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II
vehicle emisszons m the United States (2) Catalytic converters
play an nnportant role m controlling em~sszons by omdmmg
carbon monomde (CO) and volatile orgamc compounds
(VOC) aud reducing oxides of nitrogen (NOD present 
vehicle exhaust. An unintended consequence of the use of
three-waycatalyuc converters has been increased emissions
of mtrous o:ade (3, 4) and ammonia (5, 03.

Ammonza (NHa) is the thard most abundant mtrogen-
containing compound, after N~ and NzO, and is the primary
alkaline gas in the atmosphere (7). An important role 
ammonia Ln the atmosphere zs neutrahmng compounds such
as mtric and sulfi~c acids, formed as products of the
atmospheric omdauon of NO~ and SO~ emissmns, respec-
txvely. Ammomum mtrate and sulfate contribute szgmficantly
to fine particle mass and xus]bihty problems (8, 9). Ammoma,
along w~th NO~ and SO~, zs one of the primary pollutants
involved with acidifying deposztion (7, 10) The transport of
mtrlc aczd is reded by the formatmn and condensatmn of
ammomurn mtrate on accumulatmn mode particles. In
ad&tion, dry and wet deposition of ammonia and ammomum
is an nnportant source of numents to some ecosssystems (7,
10).

Major sources of ammoma ennssions identified m past
assessments include animal waste, bmlog]cal processes m
softs, ammoma-based chemical feru~ers, biomass burmng,
and sewage treatment plants (!1, 12). Most internal com-
bustion processes also produce ammoma, though the amount
of ammonia produced is typically small compared to the
other sources men~oned above (11-13)

Ammoma emissmns from catalyst eqmpped vehicles have
been shown m laboratory d~amometer studies to be
dramaucaUy hagher than for precatalyst vehicles (5, 14, 1.5).
The producUon of ammoma can be increased flLrther if the
engine runs fuel-nch, because that conchuon favors reducing
processes on the catalyst surface (5, 14, 15). On-road
measurements of ammoma ermssmns from motor vehicles
have beenreportedbythree groups ofmvesngators Pierson
and Brachaczek (16) determined the on-road em~ssmn rate
of ammoraa from gasoline-powered vehicles to be 1.3 ± 3.5
mg kra- ~ m the Allegheny Mountain Tunnel in Pennsylvama~
In 1981, when these measurements were made, less than
10% of vebacles were eqmpped w~th three-way catalyuc
converters Moeckh et aL (17) reported ammoma emzssmns
of 15 4- 4 mg km-~ for vetucles travehng through the Gubr~st
Turmel in Switzerland m 1995. This vehicle fleet was made
up ofmostlylight-duty vehicles but also included 4 4% large
trucks. Fraser and Cass (6) made measurements during 1993
m the Sherman Way turmel in Van Nuys, CA, and found an
average emissmn factor of 380 mg L-z (equivalent to about
60 mg km-z) for a fleet m wbach 76% of the fuel was consumed
by three -way catalyst eqtupped vebJcles. These results suggest
that on-road vehmle ammonia emzssions increased szgmfi-
candy foUowmg the introduction of three-way catalyUc
converters. Furthermore, turnover m the on-road vehicle
fleet continues to replace older vehicles w~ new three-way
catalyst-eqmpped vehicles. Major reformulation of gasoline
that occurred m Calfforma m 1996 (i8) may have also affected
ammonia emissmns, for example because fuel sulfur levels
decreased. Sulfur zs known to adversely affect cataly~c
converter efficiency, for re~m~lated pollutants (19), but zts
impact on ammoma emasslons is uncertain. In laboratory
flow reactors, it has been shown that decreasing the SO~
concentrauon in a simulated exhaust stream increases
ammonia production over a catalys~ (20, 21). On the other
hand, a recent chassis dynamometer study of two vehicles
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found that decreasmg the fuel sulfur content caused lower
ammoma em~ssmns for one vehicle and had h~e effect on
ammoma emissions for the second vehicle (22).

The oblecuve of this studywas to measure arnmonm and
other exhaust emissions from a large sample of on-road
vehicles using California reformulated gasoline.

Experimenf~J Se~on
Field Sampling Site. Vehicle emmslons were measured in
the Caldecott Tumael, which is situated on CaJfforma state
highway 24 near Berkeley m the San Francasco Bay area. The
tunnel connects the inland communmes of Contra Costa
County with Oakland, Berkeley, and San Francisco. The
tunnel is 1100 m long and has three traffic bores of two lanes
each. The center bore was used as the sampling location for
tl~s study as heavy-duW vehicles are restricted from using
these lanes. The tunnel grade ~s 4.2% with eastbound traffic
headed uphill VentilaUon m the tunnel is accomplished with
adjustable speed fans located at each end of the tunnel
During thzs study, the ventilauon fans were turned off at
both ends ofthe turmel, so there was onlylongltudmal mrfiow
caused by the flow of traffic through the tunnel and prevailing
winds. A dmgram of the tunnel can be found m Kirchstetter
et al. (23)

Pollutant Measurements. Pollutant concentraaons were
measured at samphng points located 11 m from the entrance
(west end) and about 50 m from the exzt (east end) instde 
center bore of the tunnel on 8 weekdays between July 21 and
August 5, 1999. Measurements were made dunng the
afternoon rush hour between I600 and 1800 h PDT, when
traffic was traveling eastbound and upball Pollutants that
were measured mcluded ammonia, NOw, CO, COz, and
specmted VOC. Results for VOC will be presented elsewhere.

Ammoma sampling was performed using glass oracular
denuders (Umversity Research Glassware, Chapel Hill, NC;
model 2000-30B). Denuders were coated v~th a sotuuon of
4% w/v cltrm acid and 2% v/v glycenn m~xture m methanol
and dried wath mtrogen. Three annular denuders m series
were used for sampling at the east end (emt) of the tunnel.
The primary denuder was expected to collect gas-phase
ammoma present in the sample mr stream. The second
denuder was used to check for breakthrough, and the final
denuder was used as a field blank. Two annular denuders in
series were used at the west end (entrance) of the tunnel.
The concentrauon of ammoma at the tunnel entrance was
expected to be low, so no breakthrough of ammoma was
anuc~pated A 24 cm long Teflon samptmg tube (1 7 can ID)
and a fluonnated ethyiene-propylene copolymer-coated
cyclone were placed upstream of the denuders m the
sampling tram. Samples were collected over 2 h penods at
a constant nominal flow rate of 10 LPM. At this flowrate, the
cyclone cutpomt was approximately 2.5/~m.

Following sampling, the denuders were extracted with
deionized water and analyzed for ammomura using an ion
chromatograph (Dmnex, Sunnyvale, CA, model 20101) w~th
aWescan conducumty detector (A11tech, Deerfield, IL; model
269-004) and Dmnex cation mlcromembrane suppressor
column. The eiuent and regenerant used m the analyses were
0 004 M HC1 and 0 05 M KOH, respeclavely. The amount of
demmzed water used to extract and dilute the samples varied
between 5 and 100 mL to maintain the sample m the hnear
range of the mn chromatograph, whtch was 0-200 FM of
ammomum ion. The detecuon hm~t of the system used was
approximately 25 uM, which corresponds to ~3 ppb of
ammonia m a 2-h integrated air sample collected at 10 LPM
when the mimmum amount (5 mL) of deiorazed water was
used to extract the denuder samples. Peak heights were
compared x~nth a five point cahbration curve to determine
molar concentration of arrunomum ran. At both tunnel
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entrance and exit, the amount of ammoma present on the
last denuder present in series (field blank) was subtracted
from ammoma measured on the primary denuder As
descnbed below, this adjustment was minor at the tunnel
exzt where ammoma concentrauons were high. Ammonia
concentralaons determined m/zg m-~were converted to parts
per bflhon by volume (ppb) assurmng a constant atr tem-
perature of 25 °C and 1 atm pressure.

NOz concentrations reside the turmet were monitored
continuously using chemflummescent analyzers (Thermo
Environmental Instruments (TECO), Frankhn, MA, model
42 at the tunnel exit and model 14A at the tunnel entrance).
Similarly, CO concentrations were monitored continuously
at both ends of the tunnel by mfTared absorpuon using gas
filter correlation spectrometers tTECO model 48). PoLlutant
concentrauons were recorded as 5-ram averages using
dataloggers (F_~virormaental Systems Corporation, Knoxm!le,
TN; model 8800) Calibration checks of the gas analyzers
were performed dailyusing 4-1% NIST traceable gas mtxtures.
The Bay Area Aar Quality Management Dtsmct performed
audats of the NO~ and CO analyzers used at both ends of the
tunnel The NO~ analyzer at the emt of the tunnel was accurate
vnthin --_3%, and the NO~ analyzer at the entrance read 9%
low. Both tunnet CO analyzers were accurate within 4-4%. A
second audit was performed on the analyzers at the tunnel
emt bythe CaUfomla~ur Resources Board. This audit showed
the CO analyzer was accurate to within ±3%, and the NOw
analyzer read 7% low for NO and 15% low for NOz. Typically,
the NOx measured m the tunnel consisted of only 3% NO2,
so inaccuracy m the NOz measurements dad not impact the
results sigmficanflyo

Two-hour integrated mr samples were collected m evacu-
ated 6 L stmnless steel camsters using mass flow controllers
to maintain a constant sample mr flow rate of 85 cm~ mm-z
(XonTech, Inc., Van Nuys, CA, model 910A) COz concentra-
uons m these mr samples were determined using gas
chromatography (Perlan-Elmer, Wellesly, MA; mode1 8700)
with thermal conducUv~ty detector and Carbosmve II packed
column (Supelco, Bellafonte, PA)

Tra~eMonitoring. The types and total volume ofvehzcles
traveling through the center bore of the tumael were
momtored during each sampling period. The average speed
of vehacles reside the tunnel was also calcuIated by driving
through the tunnel repeatedly during the sampling penods
and recording travel tmae for a known dastance. The
instantaneous speed of the vehicle at major pomts along the
tunnel was recorded along wath the elapsed time for each
mmael dnvethrougt~

Resn|ts
The average traffic volume was 4200 4- 80 vebacles per hour
over all 8 sampling days Traffic consisted almost entirely of
light-duty ve~cles due to the tmae of day (afternoon
commuter peak) and the reqmrement for heavy-dutyvePacles
to stay out of the center bore. On average, the vebacle fleet
m the center bore consisted of 62% cars, 37% light-dut3,trucks
(pickups, sport utihty vehacles, and rmmvans), 0 8% motor-
cycles, and 0.1% heavy-duty vetucles

Typical vehmle speeds at the tunnel entrance and exit
were 52 4- 14 and 71 4- 5 km h-~, respectavety. Note greater
variability in vebacle speed was observed at the tunnel
entrance. No stalled vehicles were observed wiuhm the center
bore, and the general pattern of driving revolved steady,
gradual accelerauon throughout the mrmel. Stop-and-go
driving condmons and heavy accelerauons were rarely
observed. The location of the Caldecott Tunnel ~s such that
cars in the center bore will be m a warmed, or hot-stabthzed,
operating mode. These traffic condiUons are sirmlar to those
observed at the tunnel in previous years (18).



TABLE t. Average Pollutant Concentrations in the Center Bore of the Ca[decott Tunne| from 4 to

NHz (ppb) NO j, (ppm) CO (ppm) CO~ {ppm)

date entrance exet entrance exit entrance exit ent~nce exit

7/20/99 26 403 0,16 1.53 2 5 18.7 472 1111
7/21/99 34 344 0.19 1.50 2 9 19.7 466 1097
7/27/98 21 333 0.18 1.37 2 5 18.3 472 1069
7/28/99 36 370 0.22 1,51 2 7 18 5 472 1135
7/29/99 35 403 0.21 1.55 2 4 19 3 486 1097
8/3/99 37 355 0.23 1.42 2.7 19.7 500 1054
8/4/99 40 360 0.22 1 41 2 8 18 8 486 1081
8/5/99 51 384 0.28 1.48 3 9 21 2 486 1081

PoLlutant concentrations measured at the entrance and
exit of the tunnel are presented m Table 1. For all pollutants,
concentranons at the tunnel emt were szgr~cantly above
the entrance concentrations. Ammonia showed the greatest
relative increase m concentration from entrance to emt, a
factor of over 10. NO= and CO both increased by a factor of
about 7, and COt increased by a factor of 2.3 above
background (tunnel entrance) levels.

At the tunnel exit, the quantity of ammonia collected on
the second and third denuders m serzes were typicaUy 2 and
3%, respecnvel~; of the amount collected on the primary"
denuder At the tunnel entrance where ammoma concentrao
taons were lower, the mass of ammoma collected on the
second denuder was typically 25% of that fotmd on the
primary denuder. The molar ratio of rutrogen emitted in the
tumlel m the form of ammonia to mtrogen ermtted m the
form of NOx was 0.27 :It 0 01, indicating that ammoma
emissions contribute szgmficantiy to Iota] nitrogen-contain-
mg pollutant emissions from gasoline powered light-duty
vebacles.

Light-dutyvehicle emission factors Ep for pollutant Pwere
calculated by carbon balance, using the following equation

( ±[P; ~/MwA

where A[P] is the increase in concentration of pollutant P
measured between tunnel zniet and outlet, MWp is the
molecular welght of pollutant P (g mol-ZL MWc = 12 g tool-I

C, wc = 0.85 zs the weight fraction of carbon m gasohne, and
gasoline denszty pf = 740 g L-t. Hydrocarbons have been
ignored in the denominator of eq 1; the hydrocarbon
contnbuuon to total carbon concentrations m the tunnel zs
known to be negligthle compared to COt (18). Emlssion
factors deterrmned from summer 1999 measurements are as
follows: 475 ~ 29 mg L-1 for NHs, 4 85 :t: 0.17 g L-z for NOx
(as NO2), and 38.7 ± 2.5 g -z f or CO. The uncertainty bounds
provide a 95% confidence mtervat for the mean based on
run-to-run varzabflity m the results over 8 days of samphng.

Discassi0n
Ammonia Emission Factor. Hcense plate surveys corned
out at tins site m recent years have shown that typically ~99%
of vehicles m the center bore are gasohne-powered, and the
average vehicle age is about 6 years old (18, 24). in 1997, 96%
of the vehicles travehng through the mnnei were 1981 and
newer models, and 93% were 1984 and newer. These
percentages are estnnated to have increased to 97 and 95%,
respecuvely, between summers 1997 and I999, g2ven 2
ad&tional years of fleet turnover. 1981 is an ~mportant model
year because th~s was when three-way catalysts were
introduced mmass on cars sold m Ca]iforma. By 1984, almost
all new cars sold m Cahforma were equipped with three-way
catalysts (25). Less stnngent NO~ emJsszon standards apply
to light-duty trucks compared to cars, so the installataon of
three-w~ay catalyst systems m the Iight-duty truck fleet

occurred later m the 1980s (26) As aresult, the fleet of vehicles
observed m the Caldecott Tunnel in 1999 included a high
proporuon (> 94%) ofvebacles origmallyoutfitted ~uth three-
way catalyst systems

The raUo of the emt to entrance concentration was
apprommately 10 for ammonia, compared to and about 7 for
both NO= and CO The somewhat larger relative increase in
ammoma concentrataons compared to NOx and CO suggests
that the emiss]on characteristics of vehicles before entering
the tunneI differed from those reside the tunnel due to
differences in driving conditions° By focusing on the differ=
ence between tunnel entrance and exit concentrations, the
influence of emissions occurring before vehicles entered the
tunnel is removed from the emasszon factors reported here.

Based on measurements made at the Sherman Waytunnel
inVan Nuys, CA, during 1993, Fraser and Cass (6) reported
an ammoma emission factor of 380 mg L-~, which is 20%
lower than the value of 475 ± 29 mg L-z found m the present
study important factors that are hkely to contribute to
differences m ammonia emzsszon factors between the two
studies include a bagher propomon of three-way catalyst-
eqmpped veh~cIes on the road m 1999 compared to 1993 and
the presence of 3% heavy-du~- d]ese[ trucks m the 1993
vebacle fleet stud~ed by Fraser and Cass Diesel trucks would
be expected to contribute to CCh but do not contribute as
s~gmficanfly to ammoma concentratzons (I~ and thereby
lower the fleet-average ammoma emission factor. Fraser and
Cass esumated from their data that the ammonia emission
rate from a fleet composed entirely of dual-bed and three-
way catalyst-eqmpped vehicles would be 480 mg L-1, wbach
ts nearly identical to the result reported in the present study

Other differences between the two studms may include
the fractzon of vekacles operating m cold start mode,
differences m driving condiuons and engine load, and the
low sulfur content (~10 ppm bywezght) characteristic of the
reformulated gasohne being used m 1999 A summary of Bay
Area gasohne propemes measured during summers 1994-
i999 zs presented m Table 2

An esumate of the ammoma emission factor on a g krn-~

basts can be made using vebacle fuel effictenezes measured
at another tunnel. Pierson et at. (273 measured light-duty
vehacle fuel consumpUon for uph~J1 ~raffic (average grade 
3 3%) in the Fort McHenty tunnel m 1992 m be 9.8 ion -~

(23 mpg). If tbas rate of fuel consumption zs assumed to apply
to the present study, the average ammoma emtss~on factor
would be apprommately 49 mg km-z Given the uncertmnty
m fuel censumpuon revolved m these calculations, we
conclude that our value is s~mflar to Fraser and Cass’ esUmate
of 61 mg krn-~ but slgmficanfly higher than the values
reported by Moecldi et at. (17) m Switzerland and by Pzerson
and Brachaczek (16) zn the Allegheny Mountain tunnel. The
fleet of vehicles in the Caldecott Tunnel had more threeoway
catalysts than the vehtcles from Sw~t.zerland. Moeck.h et ak
state the fleet of vebacles m the dlstnct of Zurich was about
75% three-way catalyst equipped during their study. The 198 I
study by P~erson and Brachaczek was performed before a
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TAGLE 2, Summ~ of San Francisc~ Ray Area Gasoline Prope~es" (Mean ~ 1~/ring Summers 1894-|698

gesohne property 1994 I~ 1996 1997 1998 199S

RVPb(kPa} 51 =1= 1 51 =1= 1 48 4- 1 49 ~’ 1 48 =1= 1 49 =1= 1
(psi) 7 44-0.1 7.44-0 I 7 0 4-0.1 7.1 =50 1 7 0 4-0 1 7.1 =k0 1
sulfur (pprnw) 131 =1= 41 81 =1= 36 16 =1= 9 12 =k 11 16 - 8 10 =1= 8
oxygen (wt %) 05=1=03 0.2=I=02 2.0=503 1.6=50.6 1.6=506 1 7=506
MTBEC(vol %) 2.7 =1= 1.7 1.0 =1= 0 9 10.7 4- 1 7 8.2 =5 3.7 7 4 =5 4.3 8 0 =5 4 0
TAMEa(vol %) NIA N/A N/A NIA 0 5 4- 0 8 0 1 4- 0 1
ethanol (rob %) N/A N/A N/A N/A 0.5 =1= 1 6 0 7 =1= 2.1
alkane (vol %) 57.4 4- 4.8 56.6 =E 5.1 62.6 =1= 2.5 65.4 =5 3 7 64 =5 3 66 4- 5
alkene (vol %) 7.9=544 8.8=1=35 3.3=1=0.9 34=1=1 2 3.6___ 1 2 324-2.1
aromatic (vol %) 31.9 =1= 2 t 33.7 =1= 3 3 23.5 =5 1.4 22,7 =1= 1.4 24 =1= 2 22 =5 3
benzene (vo~ %) 1 6 4- 0 4 1.5 =5 O 4 0 4 =1= 0.1 0.4 _ 0 1 0 51 =5 0 08 0 52 ± 0 08
Ts0 (°C) 101 4- 4 103 = 2 93.8 =5 2 2 93.3 =5 l 7 93o3 =1= 1.7 93 3 ± 1.1
(~F) 214 =1= 8 218 =5 4 199 =5 4 200 4- 3 200 4- 3 200 =1= 2
T~ (°C) 168 4- 4 172 =1= 4 149 ± 2 148 =1= 3 151 ± 4 152 =1= 6
(°F) 334 = 8 341 =5 8 300 =5 4 299 =k 5 304 4- 8 306 4- 10
densmW (g -1) 761 =1= 8 760:5 4 743 =1= 2 74t =1= 5 746 4- 5 742 ± 6

= Sa|eswvelghted average of regular, mid=grade, and premmm gasohne Service station samples collected during July m Concord end August
;p 9an Francisco and ana!yzed by Southwest Research lnstr~ute b RVP is Reid Vapor Pressure, ~ MTBE Js methyl ternary butyl ether ~TAME Js
tert-amy[ methyl ether

significant number of ~zree-way catalyst equipped vehicles
were on the road. As a consequence, that study should be
treated as a base case to demonstrate how enussions of
ammonia have changed as the prevaience of three-way
catal~ts has increased over the past 20 years.

Ammoma emissions have been shown to increase from
three-way catalyst eqmpped vehicles when ?he engine runs
fuel-nch, because tbas favors reducnng processes on the
catalyst (5, 14, 153 Well-maintained vehicles run at near=
sto~chiometric condauons during driving condauons defined
m the Federal Test Procedure (FTP) used for emmsions
certfficauon testing The operauon of three-way catalysts is
optu’mzed for these condaUons, so that overall exhaust
emissions are mimmized. Under high load condinons,
emissmns of CO and ammoma from vehicles may increase
dramaucally due to commanded enrichment of the mr-fuel
muxture. This strategy- is used to mammaze engine torque,
avoid engine knock, and protect the catalyst and exhaust
valves from excessive temperatures while at the bagh load
condauon (28). As a predictor of condauons under which
ermchment of the air-fuel rmx-ture may occur, following
]tm6nez (28), vehicle power output P~, In Watts, was estmlated
as follows

Pr = (ma(l + e~) + mg sin O + C.Rmg + Ci~ Pa-~-) 
(2)

where rn is veI’dcle mass, a is acceleration, e, ~s a mass factor
wbach accounts for the acceleraUon ofrotaung components
(this is gear=dependent), g= 9.81 m s-2, sm 8 ~ tan e = 0.042
for uphill traffic in the Caldecott Tunnel, CR and CD are rolling
resistance and aerodynamic drag coefficients,Afls the frontal
area of the vehicle, p~ is air denslty, and v is vehicle speed.
Equatlon 2 neglects addiuonal contribuuons to engine load
due to fr~cUonal losses m the dnvetraln and use of accessories
such as air condaUoning Vehmle specLfic power P~ = Pdrn
was then computed assuming Ca = 0o0135, C~f/m = 0.0005,
and e~ = 0.t (see ref28). The mammum value of P~ calculated
for FTP dnvmg condrtions is 24 W kg-1 The onset of
co _mmanded ennchment is expected to occur at higher values
of P~ and may v~. depending on vehicle make and model
Based on second-by-second measurements ofvehlcle speed
collected inside the runnel using a specially instrumented
vehicle in summer 1996 (18), the average value of Pr calculated
for Caldecott Tunnel dri~g conditions is 12 W kg-z with a
standard de-nation of7Wkg-1 (average vehicle speeds m the
center bore of the tunnel were mmflar in 1996 and i999).
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Therefore, the effect of the upbaU grade on engine load does
not appear to be large enough to lead to commanded
enrichment, and the reported ammoma emissions are likely
to result from malfuncuonmg catalyst-equipped vehicles that
have lost their abthty to control mr-fuel rauo effecUvely.

SamplingArtlfacts. Losses ofammoma to the tunnel w-alIs
may lead to a negative blas m the ammoma emission factor
reported here. Simultaneous on-road measurement of am-
moma, NO~, and CO emissions via remote sensing (27, 29,
30) is recommended to determine the dasmbuUon andinter-
relationship of emissions across indimdual vehicles and
model years. This approach would be less susceptible to wall
loss effects that may be present m tunnel sampling for
ammoma.

Addmonal losses of ammoma may have occurred m the
24 cm length of Teflon tube and the cyclone used upstream
of the denuders when samphng ammoma. To quantify the
magnitude of thas effect, slde-byosfde ammoma measure-
ments were made using identical sampling trains except the
Teflon inlet tube and cyclone were removed from one
sampling system. The relaUve increase m the quantity of
ammoma collected on the system x~nthout the cyclone and
sampling tube ranged from 13% to -1%, w~th an average of
7%. Although the losses of ammoma were not large m the
sampling system used, a correction factor of 1.07 could be
applied to the ammoma ermsslon factor reported above.
Concerns about losses of ammonia m sampler inlets have
been rinsed before (31, 32) Sampler inlet losses of ammoma
are expected to be more probtemauc m ambient air sampling,
espemaUy when low (sub-ppb) levels of ammoma are being
measured In contrast, h~gh ammoma concentrations were
measured in the tunnel, as shown in Table 1.

Other Ez.haust Emissions. Emissions of other pollutants
such as NO~ and CO have been measured at this site since
1994 (18). The emissions trends are given in Fxgure I for NOx
and Figure 2 for CO Between 1994 and 1999, ermsslons
reducuons of 41 4- 4% for NO= and 54 4- 6% for CO have been
observed. These reductions include the imp acts of Calfforrua
phase 2 reformulated gasoline and turnover in the vebacle
fleet For comparison, Cahfomia’s EMFAC 7G emismons
model predacts smfilar reducuons m the emission factors of
34% for NO= and 53% for CO from 1994 to 1999 for hght-duty
gasohne powered vehmles. Vehicle speeds and the distnbu-
Uon of vehicle types observed at the CaIdecott Tunnelwere
used m EMFAC 7G, ~t was not possible to simulate the effect
of uphfllgrade using the model. The reductions predicted by
EMFAC 7G were similar whether presented on an emissions
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RGURE 1. Measured NOx (as NQ2) emission factors (~95% CJ.) 
light-duty veMcJes at the Cu|decott Tunnel, 1994-1998, No mea=
surements were made during summer 1998.
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FIGURE Z Measured CQ emissmn f~ctors (-4-95% C L) for light-duty
vehlcJe~ at the CaJdecott Tunnel 1994-1999. No measurements
were made during summer 1898

per fuel burned or emzssions per dzstance traveled baszs
Between 1997 and 1999, ermssions of NO= and CO decreased
at the tunnel by 26 ± 2% and 31 ¯ 3%, respect~velyo Dunng
this period, there has been httle change m fuel prope~es,
as can be seen m Table 2 The redueuons seen m the tunnel
between 1997 and 1999 are roughly double the reducuons
of 14% for NOx and !6% for CO predicted by EMFAC 7G over
the same 2-year period Uncertmnues m both EMFAC 7G
model predicuons and the tunnel measurements may
contribute to these differences
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