
cell regeneration observed in adult recov- 
ery from bone-marrow aplasia that is 
mainly composed of memory CD4- T cells 
(18). The trend toward normalization of 
CD4' T cells displaying the CD28 co- 
stimulatory molecule (8) observed in our 
studies reflects the lower CD4- T cell 
actlvatlon and mlght allow foi some re- 
coverv from enhanced sensltlvltv to ano- 
ptosis or anergy ( 1  9). The loss of memory 
CD4+ T cell reactivitv to recall antloens " 
was indeed reversible under efficient anti- 
viral therapy. This latter observation con- 
trasts with the limited benefit for CD4- T 
cell fqnction reported with ritonavir 
alone,'where a weaker reduction in viral 
load (-1 log) could only increase preexist- 
lng CD4+ T cell responses but failed to 
restore a lost T cell reactivity to recall 
antigens (2C). The significant but partial 
restoration of CD4+ T cell nroliferation to 
recall antigens that we report might par- 
ticipate to the progressive regeneration of 
mature peripheral CD4+ T cells observed 
after the first month of treatment, in 
agreement with murine models ( 2 1 ,  22). 

This sequence of events suggests that, 
in the natural course of a productive in- 
fectlon, HIV activity per se is the driving 
force for chronic immune stimulation: the 
latter would take part in the defecis in 
antigen-specific CD4+ T cell activation 
and proliferation noted in HI\?-infected 
patients (6 ,  7). Because such f~lnctions are 
required for a normal ho~neostasis of ma- 
ture peripheral T cells in adults (21), their 
alteration would appear as a lcey mecha- 
nism in HIV-induced CD4' T cell denle- 
tion. This impairment of the mature 
CD4+ cell repopulation process \\-as, in 
part, rel-ersible under effective antiviral 
treatment, although the balance beta~een 
CD4+ and CD8' subsets was not yet nor- 
malized with CD8+ counts still hioher " 
than normal and CD4+ counts remaining 
below normal thresholds. Earlier or stron- 
ger therapeutic interventions should rea- 
sonably achieve better reversibility. 
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Chemical Coupling Between Atmospheric 
Ozone and Particulate Matter 

Z. Meng, D. Dabdub, J. H. Seinfeld* 

A major fraction of ambient particulate matter arises from atmospheric gas-to-particle 
conversion. Attempts to reduce particulate matter levels require control of the same 
organic and nitrogen oxide (NO,) emissions that are precursors to urban and regional 
ozone formation. Modeling of the gas-aerosol chemical interactions that govern levels 
of particulate components showed that control of gas-phase organic and NO, precursors 
does not lead to proportionate reductions of the gas-phase-derived components of 
atmospheric particles. The chemical coupling between ozone and particulate matter has 
implications for strategies to achieve the new ozone and particulate matter standards 
proposed by the U.S. Environmental Protection Agency. 

Ozone has historically been regarded as the 
principal urban and regional air quality prob- 
lem in the United States (1 ). Epldemiologi- 
cal evidence that urban mortality rates are 
correlated with mass concentratloll of fine 
particulate matter has now focused intense 
interest on reducing levels of airborne parti- 
cles (2). In Nove~nber 1996, the U.S. Envi- 
ronmental Protection Agency (EPA) pro- 
posed new ozone ( 0 3 )  and particulate matter 
air quality standards (3). Because exposure to 
lower O3 concentrations over longer periods 
of time than the current standard (0.12 parts 
per lnillion averaged over a 1-hour period) is 
deemed to be of primary relevance, EPA 
proposed to lower the 0, standard to 0.08 
pprn averaged over an 8-hour period. EPA 
also proposed to revise the existing particu- 
late matter (PM) standard to add two new 
PM,,, (particulate matter of diameter less 
than or equal to 2.5 p,m) standards set at 15 

pg m-3 for the annual mean, and 50 pg m-3 
over a 24-hour ~er lod .  Hundreds of countles 
in the United States in addition to those 
already in violation of the current standards 
are estimated to violate either or both of the 
new O3 and PM standards (4). 

Ozone and PM have traditionally been 
considered as separate problems. However, 
O3 and PM are chemically coupled, and this 
coupling is of profound importance in un- 
derstanding processes that control the lev- 
els of both. Urban and regional ozone - 
abatement strategies have, for more than a 
decade, been evaluated xvit1-1 three-dimen- 
sional atmospheric nlodels by the EPA and 
state and local agencies ( 1  ) .  We report here 
the application of a three-dimensional, size- 
and chemically resolved gas-aerosol model 
to examine how the chemical coupling that 
exists between O3 and PM influences joint 
control of the two classes of pollutants. 

The common components of atmospheric 
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and NO, gas-phase chemistry that generates 
ozone (Fig. 2). Gas-phase organic and NO, 
chemistry is driven by the hydroxyl (OH) 
radical, the levels of which depend on the 
mixture of organics and the organic/NO, rel- 
ative concentrations (5). Gas-phase conver- 
sion of SO, to aerosol sulfate occurs by means 
of the reaction SO, + OH, which leads to 
H2S04 vapor molecules that rapidly transfer 
to the particulate phase by nucleation or con- 
densation on existine aerosol surfaces (6. 7). - . ,  , 
In the presence of fogs or clouds, aqueous- 
phase conversion of SO, to sulfate takes 
place, for example, by dissolved hydrogen per- 
oxide (H202) or 0, (8), and H202 concen- 
trations depend indirectly on the OH concen- 

(12). Consequently, for a layer of NH4N03 
particles uniformly distributed up to a 
height of 1 km, the half-life is an order of 
magnitude larger than that of HNO, vapor. 
In its role in converting HNO, to 
NH4N03, ammonia therefore exerts a di- 
rect influence on the airborne lifetime of 
nitrate. A t  low NH, concentrations, more 
of the nitrate remains in the gas phase as 
HNO,, where it is subject to dry deposition. 
In contrast, at higher concentrations of 
NH,, more of the total nitrate is converted 
to particulate NH4N03, and because of the 
lower dry deposition rate of particles, the 
overall atmospheric lifetime of nitrate is 

increased. As HNO, is removed by dry 
deposition, the HN03/NH3/NH4N03 equi- 
librium can be shifted back toward the gas 
phase, causing NH4N03 to evaporate. Con- 
verting NH4N03 back into HNO,, which is 
subject to an enhanced rate of dry deposi- 
tion, serves to shorten the overall atmo- 
spheric lifetime of oxidized nitrogen. 

Three-dimensional urban and reeional 
.J 

ozone models have been in existence for 
two decades (13). We reDort here on the . , 

application of a three-dimensional Eulerian 
urban and reeional atmos~heric model de- - 
signed to study the dynamics of trace gases 
and aerosols (14). Gas-to-particle conver- 

tration. Hydrogen peroxide is itself a gas- 
phase product of the H0,-HO, reaction. A 
dominant termination reaction in the photo- 
chemical 0, system is the production of nitric 
acid 

O H  + NO, + HNO, (1) 

As the most ubiquitous basic gas in the 
atmosphere, ammonia provides a route for 
the formation of particulate-phase nitrate 
by means of the reversible reaction (9) 

where (g) denotes gas phase and (p) de- 
notes particulate phase. Secondary organic 
aerosol results when a parent organic mol- 
ecule A reacts with OH, O,, or NO, to 
yield semivolatile products that partition 
themselves between the gas and aerosol 
phases (1 0). 

The major gas-phase sinks of NO, are 
HNO, and peroxyacetyl nitrate (PAN), 
CH3C(0)OON02. Because of its reversible 
formation through reaction of peroxyacetyl 
radicals CH,C(O)OO-(sometimes denoted 
RCO,) and NO,, 

PAN serves as a temporary NO, reservoir. 
Once formed, HNO, may either be re- 
moved by deposition or, in the presence of 
NH,, form particulate NH4N03. Gas- 
phase photochemistry determines the rel- 
ative amounts of HNO, and PAN formed, 
and the amount of NH, present governs 
the subsequent split between HNO, loss 
by deposition and particulate NH4N03 
formation. 

Gas-phase HNO, has a relatively high 
affinity to deposit on virtually any surface, a 
process termed dry deposition. A layer of 
HNO, uniformly distributed up to a height 
of 1 km has a half-life as a result of dry 
deposition of about 30 hours (I 1 ). Particu- 
late NH4N03, on the other hand, has an 
affinity for dry deposition that is about an 
order of magnitude less than that of HNO, 

Fig. 1. Routes of incorporation of chemical species into atmospheric particulate matter. OC and EC 
denote organic and elemental carbon; other species are defined in the text. 

diameter an; hv is energy of a photon. 
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slon is represented by dvnainlc inass transfer 
between the gas and aerosol phases The 
inodel uses an 80 x 30 rectangular master 
grid in the x, y plane. The colnputational 
domain corresponds to an irregular region 
within this grid coinposed of 994 columns 
of cells. Each coluinn corresponds to a 5-km 
by 5-km region in the x, y plane and ex- 
tends 1100 m in height. The coluinns are 
~artitioned into five cells in the 7 direction. 
Each cell contains 40 gas-phase chemical 
species and 17 aerosol-phase species distrih- 
uted over particle-sire sections, between 
0.04 and 10 pm in diameter. 

Amhielent particles generally consist of a 
mixture'of volatile and nonvolatile com- 
ponents. Soil inaterial is nonvolatile; ele- 
mental and organic carbonaceous species 

emitted directly froin sources are also as- 
suined to he nonvolatile. In the atmo- 
sphere the lnolecular transfer of volatile 
species such as HNO,, NH,, H 2 0 ,  and 
secondary organics between the gas and 
particulate phases tends to drive the over- 
all gas-aerosol distribution of \,olatile spe- 
cies toward therlnodvienalnic eauilibrium. 
Water estahllshes equ;lihrium \,~;tually In- 
stantaneously as coinnared with the char- 
acteristic tilie scale over which the aero- 
sol is e\,ol\,iieng, hut theorv shows that vol- 

u 

atile inorganic species such as NH4N0, 
inay or may not achieve equilihriuin rap- 
idly, depending on the prevailing temper- 
ature, relative humidity, and aerosol sur- 
face area (9) .  Treatment of thls approach 
to equilibrium for volatile species is an 

Table 1. Maximum I -hour average concentratons simulated at Riverside, Californa, on 28 August 
1987 for various combinat~ons of VOC and NO, reductlon from base estmated 1987 basnwide 
emssions Numbers in parentheses are percentage changes compared with the base case No NH, 
emssion reduction is assumed. 

- - 

VOC reducton 
NO, 

reductlon 
Chemlcal speces 

0% 25% 50% 

0% 0 3  ( P P ~ )  180* 146 (-19%) 119 (-34%) 
HN03 ( P P ~ )  13.8" 16 (+17%) 16 (+17%) 
PAN ( P P ~ )  13.7* 5.7 (-58%) 3.3 (-76%) 
PM2 5 N O 3  (kg m-31 97= 119 (+23%) 121 (-2556) 
PM, mass (kg m-3) 146* 173 (+18%) 175 (+19%) 

25% 0 3  6Pb) 175 (-2.6%) 172 (-4%) 170 (-6%) 
HNO3 ( P P ~ )  13.4 (-3%) 13.8 (0%) 13.6 (-1%) 
PAN ( P P ~ )  14.3 (+4%) 1 3 6  ( 1 % )  13 (-6%) 
PM, N O ,  (kg m-,) 87 (-10%) 87 (-10%) 89 (-8%) 
PM, , mass (kg m-") 133 (-956) 134 (-99.6) 137 (-79.6) 

50% 0 3  ( P P ~ )  168 (-656) 150 (-17%) 135 (-25%) 
HNO3 ( P P ~ )  11.5 (-17%) 8 (-42%) 8.5 (-39%) 
PAN (Ppb) 14.4 (+5%) 8.6 (-37%) 6.2 (-55%) 
PM, N O ,  ( I L ~  m-3) 76 (-21%) 69 (-29%) 71 (-27%) 
PM, , mass (kg m-3) 120 ( 1 8 % )  133 (-9%) 124 (- 1556) 

'These entres are :he models~mulated values at Riversde, California, on 28 August 1987 for the base-case emssons 
nventory. Correspondence between the smulated and measured values of 0, and PM, , N O ,  IS shown ~n F g  3. The 
maxmum I -hour average HNO, (13.8 parts per b l o n l  occurred at noon Measurements were repofied as 4-hour 
averages: from noon to 4 p m. the observed 4-hour average iiNO, was 5 4 ppb, as compared with the predicted 
4-hour average o' 6.5 ppb Maxmum to ia  measured PM,, mass (A-hour average) was 120 k g  as compared 
with the maxmum 1 hou r  average pred~cton of 1 A6 p g  m-,. 

Central Los Angeles Central Los Angeles 

0" Riverside 0' Riverside 

150 
100 
50 m 

'0 12 24 36 48 0 12 24 36 48 

Time during 27 to 28 August 1987 (hours) 

Fig. 3. Observed (data points) and predcted (solid line) concentrations of 0, and PM,, NO3- 
downtown (central) Los Angeles and Riversde. Cafornia, on 27 to 28 August 1987. 

essential coinponent of the gas-aerosol 
model (15). 

The South Coast Air Basin of California 
(metropolitan Los Angeles), in spite of con- 
siderable Iinpro\,einents in alr quality over 
the last two decades, continues to exhibit 
the most severe ozone and particulate mat- 
ter air quality prohlein in the United States. 
For this reason, and hecause this region has 
the world's most extensive gas and uarticu- 

u 

late matter database against which to eval- 
uate the uerforlnance of atmospheric inod- 
els, nTe examined the cheinical coupling 
hetween ozone and PM control in that area. 
We performed an extensive test of the per- 
formance of the inodel in siinulating avail- 
able data on gases and aerosols in the South 
Coast Air Basin from 27 to 28 August 1987, 
a period during the Southern California Air 
Quality Study (SCAQS) that experienced 
exceedillelv h1.11 ozone and Ph4 le\,els and " .  " 

for \vhlch a comprehensir~e gas-aerosol da- 
tabase exlsts 11 6). 

Performance of the lnodel in simulating 
the 27 to 28 August 1987 episode was an- 
alyzed hy Meng et al. (17). Figure 3 shows 
the observed and predicted levels of O3 and 
PM,,, NO,- at the Central Los Angeles 
and Riverside monitoring stations. A ques- 
tion critical to inodel application is the 
degree of uncertainty in predictions as a 
result of uncertainties 111 lnodel innuts. It is 
well established that the most uncertain 
input in Los Angeles air pollution inodeling 
is the volatile organic colnpound (VOC) 
~nventory (1 8). Varying the total area-wide 
VOC elnissions hy ?25% produces little 
change in PMLj levels, so input uncertain- 
ties do not appear to affect the use of the 
inodel to explore the phenomenology of 
joint control of ozone and Ph4. 

The sensitivitv of Ph4 levels to einissioien 
reductions of organics and NO, can be as- 
sessed by systeinatically changing source 
emissions by prescribed factors. We consid- 
ered a matrix of control strategv cases (Ta- 

u ,  

hle 1) .  Entries in the table Indicate maxi- 

I - . . . -. -- 
NO, only 

NH, only 

NO, and NH, i 
loo 10 20 30 40 50 60 70 80 

Reduct~on (%) 

Fig. 4. Peak I-hour average PM,, nltrate levels 
achleved at Rlverslde Callfornla on 28 August 
1987 as dependent on the degree of emissions 

reductlon from the base condltons of the epsode 
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mum model- predicted levels of O,, HNO,, 
PAN, total P,li12,j mass, and PM2 , nitrate 
mass at Riverside, California, on 28 August 
1987. In these simulations, reductions in 
NH, base emissions were not considered. 
Reduction in NO, e~nissions alone is pre- 
dicted to lead to a slight decrease in peak 
1-hour average 0, levels. This behavior is 
consistent with the Basin being in an over- 
all NO,-rich state. Reductions in VOC 
emissions alone lead to more significant 
decreases in maximuin 0, levels than 
equivalent reductions in NO,. 

An important feature of the predicted 
response to VOC and NO, reductions is the 
behaviorbf HNO,, PAN, and Pivl,,, nitrate 
as either NO, or VOC emissions are re- 
duced. A 25% reduction in NO, emissions 
at the base VOC level is predicted to lead 
to only a 3% reduction in peak HNO,, a 
4% increase 111 maximum PAN, and a 1L?y6 
reduction in peak PM2 nitrate; a i0?/0 
reduction in NO, leads to a 5Y6 increase in 
PAN and a 21% reduction in maximum 
PM2 nltrate. When total NO, is reduced, 
less NO2 is available to produce either 
HNO, or PAN (reactions 1 and 3).  If OH 
and RCO, radical levels remain un- 
changed as NO, is decreased, reactions 1 
and 3 predict that both HNO, and PAN 
should decrease accordingly. However, be- 
cause HNO, decreases less than propor- 
tionatel\- and PAN actually increases, de- 
creases of NO, lead to increases in both 
OH and RCO, levels, a behavior that is 
consistent with the region being in an 
NO,-rich condition. If RCO, increases 
considerably more than OH, then PAN 
levels increase while HNO, levels exhibit 
a modest decrease, but one that is propor- 
tionately less than the NO, reduction. As 
VOC levels are decreased, at any given 
NO, level, PAN concentrations decrease 
as a result of the dim~nished avallabillty of 
RCO, radicals. As less RCO, is available 
to convert NO2 to PAN, inore NO2 is 
available to react with OH to form HNO, 

(though overall OH le\,els are less than In 
the base case). Because of this increase in 
HNO,, Pbl,,, nltrate also increases. When 
production of RCO, cannot compensate 
for the NO, reduction, PAN decreases 
also [compare PAN levels at each of 25 
and 50% VOC control at 25 and 5096 
NO, control (Table I)]. Whereas our cal- 
culations are specific to the South Coast 
Air Basin of California, these conclusions 
can be expected to hold generally for any 
region having similar relative VOC/NO, 
levels. 

Maximu~n 1-hour PM2,, nltrate levels 
at Riverside for emission reductions of 
NO, only, NH, only, and NO, and NH, 
together (Fig. 4)  illustrate the response of 
particulate nitrate levels to NH, emissions 
changes, which is indicative of the extent 
to which NH, controls the fixation of 
HNO, vapor to NH4N0,.  For reductions 
of up to 50%, PM,, nitrate reductions are 
essentially the same for individual reduc- 
tions in NO, or NH,; at the 7596 control 
level, formation becomes somewhat more 
NH, controlled. That PM2 , nitrate levels 
are substantially decreased when NO, and 
NH, are jolntly reduced indicates that 
neither HNO, nor NH, indl\,ldually doin- 
inates nitrate formation  under current 
conditions. 

Reduction of VOC and NO. emissions 
to meet the proposed new standards for 0, 
and PM In those areas that are In violation 
will require expenditures of billions of dol- 
lars. Control strategies need to account for 
the Intricate coupling that exists between 
0, and PM. The results presented here 
indlcate that control of gas-phase VOC and 
NO, precursors generally does not lead to 
proportionate reductions of the secondary 
components of ambient particulate matter. 

REFERENCES AND NOTES 

1 .  Natona Research Counc~l, Reihinklng the Ozone 
Problem 1n Urban andRegronalAlr Polli~tlon (Naional 
Academy Press, Washngton, DC. 1991) 

2. J Schwaltz, D W. Docke~ / ,  L M. Neas, J. Air 1Vasie 
i lanage Assoc 46, 927 (1996): B. Brunekreef, 
D. W. Dockery, M .  Krzyzanouski. Environ Heaith 
Perspec? 103, 3 (1 995); X. P. Xu, J. Gao. D. \N 
Docker!, Y. Chen, AI-ch. Environ Health 49, 216 
(1994); D W. Dockery and C. A. Pope, Annu Rev. 
Public ,Health 15. 107 (1 994); D. \N. Docker! e i  ar.. 
I!!. EngI J rued. 329 1 753 (1 993). 

3. Fed. Reg. 61 (no. 241 I. 65763 (1 3 December : 996). 
1. EIU (Ar and Waste Managenienr Assoc ation. PIITS- 

burgh, P A  January 1997). po. 16-22, 
5. F. M. Bo\.vr?an and J. H. Seinfed. J. Geopnys Res. 

99, 5309 (1 994); Ai,mos Environ. 28 3359 (1 994) 
6 W. 2. Stockwe and J. G. Calvel? Aimos. En~~iron. 

17. 223' (1 983). 
7 A. S. Wexer, F. \N Lurmann, J. H Senfed, ibrd 28, 
531 (1994) 

8. S N. Pands and J H. Senfed, J Geophys Res. 94 
! 105 [! 989). 

9. A W. S:eson. S. K FredandeV, J. H. Seinfed, At- 
.nos. Environ 13 369 (19793, A. S. V'Jexler and J H. 
Se~nfeid, ~bld. 24A. 1231 (1990); ibld. 26A, 579 
(1 992) 

10. J. R. Odum e i  ai. Envrro~l Sci. Technor 30, 2580 
(I996), J. R. Odum, T. P. W. Jungkamp. R J. Gr~ff~n. 
R. C Fagan, J. H Senfed, Science 276, 96 ('997). 

1 1  W. R. P~erson et a/., Atmos. Env~ron 22, 1657 
11 9881; A. G. Russel etai.. Envrron. Sci Tecnnoi. 27. 
2772 (1 993). 

12 C. I. Dav~dson and Y. L Wu in ACIO' Preclpltabon, 
S. E. Lindberg et a/., Eds. (Sprnger-Verlag Berln, 
1989). vol. 3, pp. 103-21 6 

13. J H Senfed. J Air Poll~it. Control ASSOC. 38, 6'6 
(1 9881. 

14 The f~rst three-d~mens~onal, gas-aerosol, urban- 
scale model was tha: of C. P n i s  and J. H. Seinfed 
[Atmos. Envlron. 22, 1985 ,I 98831 Development of 
the conservat~on eouat~ons on which the current 
model is based IS gven n (7). A ' u  descrp t~o i  o'the 
current model used n this study, together w~ th  a 
de:aled eva~ia ton o' the model's pelrorinance n 
s~mulat~ng the August 1987 ep~sode cons~dered 
here, will appear n ( 7  71 

15. Y P. Kim, J H. Senield, P. Saxena, Aerosoi Sci 
Technor 19. 157 (1 993:, ib,d , p 182 

16. D. R Lawson, J. Air Waste Manage Assoc 40, I56 
(1 990): J C. Chow e t a / ,  Envlron Mon,i Assess 30, 
49 (1994). J. C. Chow et a1 Atmos. Environ 28, 
2061 (1 994) 

17. Z Meng, D Dabdub, J H Se~nfeld, J. Geopnys. 
Res., I press 

18. R A. Harley, A. G Russell, G. J McRae, G R Cass, 
J H Sen'ed, Environ. Scr. Teciinoi 27, 378 !I 993). 

19. \Ne would k e  to acknowledge suppon by the Elec- 
t rc  Power Research nsttute, the B M  Envrontnental 
Research Program, the U.S. Envronmenta Protec- 
t on  Agency Center on Arborne Organ~cs, the State 
of Caforna A r  Resources Board, and NSF. 

29 Aprl 1997, accepted 17 June 1997 

Discover a new sequence. 
Visit the SCIENCE Online Web site and you just may find the key piece of information 
youneed for your research. The fully searchable database of research abstracts and news 
summaries allows you to look through current and back issues of SCIENCE on the World 
Wide Web. Tap into the sequence below and see SCIENCE Online for yourself. 

\vwn..sciencemag.org SC:IENC:E VOL. 277 4 JL'LY 1997 119 




