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Abstract

Recent studies suggest an association between particle number concentrations and adverse health effects in humans

and laboratory animals. A photochemical model able to predict the particle number distribution and concentration will

be very helpful to establish the association between emissions and air quality needed for developing rational emission

control strategies. As the first step of the study, each term in the aerosol dynamic equation, namely condensation and

evaporation, coagulation, gravitational settling, nucleation, advection, turbulent transport, emission, deposition and

heterogeneous chemical reaction, is analyzed to estimate its influence on the overall number distributions under typical

urban conditions. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recent studies have shown an association between

ultrafine particles and adverse health effects: studies on

rodents demonstrate that ultrafine particles adminis-

tered to the lung cause a greater inflammatory response

than do larger particles, per given mass (Oberdorster,

2001); the health effects of the 5-day mean of the

number of ultrafine particles were found to be larger

than those of the mass of the fine particles and its effects

on the peak expiratory flow (PEF) were stronger than

those of PM10 (Peters et al., 1997). Given the extremely

high number but low mass of particles in this size range,

a better model of aerosol number distribution will

predict the properties of particles more accurately even if

mass or surface area concentrations of ultrafine particles

are also important.

The study of number distribution can be traced back

to the derivation of the general dynamic equation

(Gelbard and Seinfeld, 1979), which originally was in

the form of rate of change of nðDp; tÞ; where nðDp; tÞ dDp

is the number of particles per volume of air with

diameters in the range [Dp; Dp þ dDp]. Significant work

has been carried out on techniques for the numerical

solution of the general dynamic equation (Pilinis et al.,

1987). Pilinis and Seinfeld (1987a) gave a solution for

the case in which the effect of coagulation was small

relative to the other phenomena such as condensation

and evaporation represented in the equation, but not

small enough to be neglected.

After that, more attention was given to the mass

distribution (Pilinis et al., 1987; Pilinis and Seinfeld,

1987b; Pilinis, 1990). Wexler et al. (1994) showed that

the time scale for coagulation is too long to significantly

influence particle mass distributions and that chemical

reactions in or on aerosol particles are insignificant for

typical ambient conditions as long as relative humidity is

o100%. And in comparison to deposition and turbu-

lent diffusion, gravitational settling can also be ignored

for PM10 (Wexler et al., 1994). Homogeneous H2SO4–

H2O nucleation was shown to be a significant generator

of new particles where the aerosol loading is low and the

gas concentration of SO2 is high, and can therefore

significantly alter the aerosol number distribution

(Wexler et al., 1994).
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Our goal in this paper is to follow the similar steps as

those taken in Wexler et al. (1994), but focus on accurate

and numerically efficient prediction of number distribu-

tion, especially in the ultrafine size range. Note that the

processes important to mass distributions are not

necessarily important to number distributions, and vice

versa.

2. The general dynamic equation

In a Eulerian frame of reference, the general dynamic

equation that describes the number distribution of an

internal mixed aerosol over time is

qnðDp; x; tÞ
qt

ðlocal rate of changeÞ
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where nðDp; x; tÞ is the number distribution such that

nðDp; x; tÞ dDp is the number concentration of particles

in the range [Dp;Dp þ dDp], IðDp; x; tÞ is the rate of

change of particle diameter, dDp=dt; due to condensa-

tion and evaporation. bðDp;D0
pÞ is the coagulation

coefficient for particles with diameter Dp and D0
p; x is

the spatial coordinate vector; t is time; V is the wind

velocity vector, Vs is the settling velocity, k is the unit

vector in the vertical direction, Kðx; tÞ is the turbulent

diffusivity tensor; N; E and R are, respectively, the

nucleation, emission and reaction rate of particles in the

range [Dp; Dp þ dDp].

In the present paper, we restrict our attention to

typical urban and regional atmospheric conditions,

which include neither conditions of high r.h. like those

in fog or cloud droplets, where aqueous-phase reactions

(Kerminen and Wexler, 1995b) and turbulence-induced

coagulation may influence the distribution (Wang et al.,

2000), nor conditions very close to emission sources,

where turbulent mixing and dilution may be significant.

3. Important physico-chemical processes: term-by-term

analysis of Eq. (1)

Since there are so many processes happening in the

atmosphere, we begin by analyzing each term in Eq. (1).

Two cases could arise: (1) a process is too slow

compared to other ones for part of or the whole size

range we are concerned, (2) a process may be very fast,

but its effects on the number distribution is insignificant

if a small number of particles are formed or removed. So

when either of these happens, the process is eliminated

from the governing equation to increase computational

and numerical efficiencies.

3.1. Condensation and evaporation

The condensation/evaporation term in Eq. (1) can be

written as

�
q

qDp
ðIðDp; x; tÞnðDp;x; tÞÞ

¼ �
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qDp
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� �
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qn
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: ð2Þ

Condensation and evaporation do not change the

total number of particles in an aerosol population, but

they may alter the distribution. In this study, we call a

change in the vertical position (upwards or downwards)

of distribution curve ‘growth’, while in the horizontal

position ‘shift’, shown in Fig. 1(a).

The first term on the right-hand side of Eq. (2) is the

‘growth’ term, which is caused by a gradient in I over

Dp; qI=qDpa0: If this gradient is zero, the height of the

distribution does not change. Suppose that diameters of

small particles grow faster by condensation than larger

ones, which will be investigated in detail later this

section, then the large particles cannot maintain the

shifting speed of small ones, so the curve base becomes

narrower, as shown in Fig. 1(b). Consequently, the curve

moves upward so that the total area, in other words, the

total number of particles, is conserved. This is the reason

that condensation and evaporation leads to ‘growth’.

The second term on the right-hand side of Eq. (2)

represents the ‘shift’ in the distribution due to con-

densation and evaporation. As condensation proceeds,

the particle diameter becomes larger and the distribution

‘shifts’ to the right. In case of evaporation, the curve

‘shifts’ to the left.

Let us now examine the relevance of condensation

and evaporation to the number distribution by employ-

ing time scale analysis, where the time scale for ‘growth’

is tg; and for ‘shift’ is ts:

t�1
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1
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where

t�1
G ¼

1

Dp

dDp

dt
;

tg is inversely proportional to the gradient in the

condensation rate, I : From (4), we can see that ts

consists of two parts, one is the logarithmic slope of the

distribution curve, qln n=qln Dp; describing its shape; the

other is tG; defined as growth time scale due to

condensation and evaporation (Kerminen and Wexler,

1995b). Since the slope is highly variable and also a

function of n and Dp; we will focus our attention on tG;
which characterizes the magnitude of ts:

The condensational mass flux of species i onto a single

particle can be written as

dmi

dt
¼

2pDiDp½Ci;N � Ci;surf ðDpÞ�
1 þ gc;iðDp; aiÞ

; ð5Þ

where mi is the mass of species i in an individual particle

of total mass m ¼
Ps

i¼1 mi; Di (m2 s�1) is the gas-phase

diffusion coefficient of species i; and Ci; and Ci;surf

(kg m�3) are its mass concentrations in the gas phase

and over the particle surface, respectively. The factor gc;i

accounts for the non-continuum effects and the im-

perfect accommodation of the condensate on the particle

surface, the latter of which is described by the

accommodation coefficient, ai: For most purposes, a

sufficient approximation is gc;i ¼ 2Di=aiciDpE2l=aiDp

(Wexler and Seinfeld, 1990), where ci is the mean

thermal molecular velocity of species i in air, and l is the

air mean free path. Since

I ¼
dDp

dt
E

2

prpD2
p

dm

dt
ð6Þ

Fig. 1. (a) Demonstration of ‘growth’ (dashed line) and ‘shift’ (dotted line) in aerosol size distribution. (b) Development of growth and

shift terms in aerosol number distribution. The solid lines represent the original distributions in both (a) and (b). (c) A sketch of ‘three

regions’ for growth rate I vs. particle diameter Dp curve.
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combining (5) and (6), we have

I ¼
Xs

i¼1

4Di

Dpð1 þ gc;iðDp; aiÞÞ

	
½Ci;N � Ci;surf ðDpÞ�

rp

: ð7Þ

The surface accommodation coefficient, a; is the

fraction of condensing molecules that stick upon

colliding with the particle surface. In recent years, a

better understanding of accommodation has been

achieved. Dassios and Pandis (1999) showed that the

processes of evaporation of ammonium nitrate aerosol

particles can be described by using a temperature

dependent accommodation coefficient varying from 0.8

to 0.5 in the temperature range 293–300 K. The results

are in quantitative agreement with the suggestion of

Clements et al. (1996), based on theoretical arguments,

that general values of sticking coefficients can differ

somewhat from unity but it should not be much less

than this in conditions and processes having atmo-

spheric relevance. So for our work a uniform accom-

modation coefficient, a; for all species of 0.6 is assumed.

Then we obtain a simplified form of (5):

I ¼
1

Dp 1 þ 2l=aDp

� �
	
Xs

i¼1

4Di½Ci;N � Ci;surf ðDpÞ�
rp

: ð8Þ

From (8), we can see the growth rate, I ; can be

either positive or negative, depending on the relative

magnitudes of ambient as well as particle surface

concentrations. The particle surface concentration,

Ci;surf ; is a function of Dp due to the Kelvin effect. The

Kelvin effect serves to increase the equilibrium

partial pressure over the particle by a factor of

expð4sn=RTDpÞ; where s is the surface tension and n is

the molar volume of the species. Then a more detailed

form of (8) is

I ¼
1

Dp 1 þ 2l=aDp

� �
	
Xs

i¼1

4Di Ci;N � Ci;surf 0 exp 4sivi=RTDp

� �	 

rp

: ð9Þ

The factor expð4sn=RTDpÞ is very big for small

particles and damps exponentially to unity as parti-

cles become larger, which means that volatile gases

tend to evaporate from the surfaces of small par-

ticles and condense on larger ones. So in many

circumstances there exists a critical particle size,

across which the growth rate, I ; changes from negative

to positive. This critical size will hereinafter be

called Dp1:

Assuming uniform density, differentiate (9) with

respect to Dp to obtain

qI
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We call the first term on the left-hand side term A and

second B. Term A can also be either positive or negative

in the same manner as I : B is always positive,

representing the changing of the Kelvin effect factor

with respect to Dp; and its value decreases as particles

become larger. Therefore there exists another critical

size, Dp2; across which the gradient of I with respect to

Dp; qI=qDp; changes from positive to negative. It is not

difficult to prove that Dp1 is always less than Dp2: A

sketch of the I vs. Dp shows three regions divided by the

two critical sizes, Dp1 and Dp2; as shown in Fig. 1(c).

Next, we will investigate the growth rates in these

regions. In region I, the negative growth rate and

positive gradient mean that these particles tend to

shrink, which is a shift to the left in Fig. 1(a), and the

smaller particles shrink faster than larger ones. In region

II, the growth rate is positive and its gradient over Dp is

also positive. This part of the curve shifts to the right

due to condensation and small particles shift slower than

the larger ones. Hence the shift time scale, ts; tends to

infinity at Dp1 and this curve shifts in the two opposite

directions on the opposite sides of Dp1; which gives arise

to our first ‘valley’ in the distribution. In region III, the

growth rate is positive but its gradient is negative, which

means that the curve shifts to the right and smaller

particles shift faster than larger ones.

An interesting phenomenon happens around Dp2: At

Dp2; the growth rate, I ; is a maximum. Mathematically

the gradient of the growth rate over Dp is zero at Dp2;
which means that tg in Eq. (3) is almost infinity. From

Eq. (4) we can see that tG is very small (but not

necessarily a minimum). Recall that tg is the time scale

for ‘growth’ and tG characterizes the magnitude of the

time scale for ‘shift’, ts: Then the scenario is that

particles shift rapidly out of this size to larger ones

because tG is small, but the distribution does not grow

very much because tg is large. Here again, a valley in the

distribution is anticipated. The whole process is dy-

namic. However, mathematically ts goes to infinity when

the slope of the distribution curve becomes zero. So once

the ‘valley’ comes into shape, it tends to stay in rather

fixed position.
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The values of Dp1 and Dp2 depend on many factors,

such as particle population, composition and relative

humidity. Let us evaluate their approximate values as

well as the two time scales under typical urban atmo-

spheric conditions, which we take to be 30 and

10mgm�3 for ammonia and nitric acid, respectively

(Meng and Seinfeld, 1996). Since currently we have very

little information on volatile organic compounds (VOC),

so let us focus on the inorganics at this time, which

influences will be discussed later in this section. To

further simplify calculation, s is taken the same value as

water.

Using Eq. (9), the growth rates as a function of

diameter at r.h.=0.6 and 0.8, are plotted in Fig. 2(a) and

(b), respectively, and they demonstrate the shape that we

anticipated qualitatively in Fig. 1(c). Dp1 in Fig. 2(a) is

around 3.3 nm and in Fig. 2(b) 2.1 nm. Dp2 in Fig. 2(a) is

about 18 nm and in Fig. 2(b) 12 nm. The time scales vs.

diameter curves at two different r.h. are plotted in Fig. 3.

The singularity at Dp2 is obvious.

The Kelvin effect plays a central role in condensation

that shapes the particle number distribution for sizes in

regions I and II. When are particles large enough that

the Kelvin effect influence on condensation can be
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Fig. 2. Growth rate as a function of diameter at r.h.=0.6 (a) and 0.8 (b).
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ignored? To answer this question, we plot region III of

Fig. 3 with and without the Kelvin effect as Fig. 4.

So we can see that the timescale values of for two

cases are close to each other in region III. Given the

uncertain nature of atmospheric conditions, we choose

0.05mm as the cutting point for the Kelvin effect

computation, i.e., it is neglected for particles larger than

this size.

Over what size range is condensation important?

Fig. 4 shows that while tg tends to be larger than tG for

small particles, Dp51mm, they are quite close to each

other in the large particle limit, Dpb2mm. We also

found that both timescales are in the magnitude

of 101–103 s for a broad size range (from about 0.01–

2mm), fast enough to compare with other relevant

timescales. So condensation and evaporation are im-

portant for the number distribution and should be

considered in our model except for particles greater than

about 2 mm.

The volatile organics were not considered in the time

scale calculations. The influences of VOCs are twofold:

on one hand, VOCs tend to condensate on existing

particles, making related time scales smaller, i.e., the

particle grow faster; on the other hand, organic coating

on a particle surface may reduce the condensation of

inorganic gases, then making time scales bigger. Con-

sidering that accommodation coefficients do not differ

significantly from unity, the total effect is to decrease the

growth time scales.

To summarize this section, the particle size domain

can be divided into three regions. For particles smaller

than about 0.05 mm, the Kelvin effect plays a significant

role in condensation and evaporation. Particles larger

than about 2 mm are not affected significantly by

condensation and evaporation.

3.2. Coagulation

Coagulation has been shown to be negligible for mass

distributions (Wexler et al., 1994). Here we investigate

its effects on number distributions.

3.2.1. Brownian coagulation

Two physically different cases will be examined here:

intermodal coagulation and intramodal coagulation.

Coagulation of small particles with large ones will not

change the number of large particles, but will reduce the

number of small particles. In addition, coagulation onto

large particles is similar to condensation in that it may

result in significant ‘growth’ and ‘shift’. The diameter of

a new particle, Dn; after small particles with diameter Ds

coagulating with large particles with diameter Dl; is

roughly Dn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D3

s þ D3
l

3

q
: The particles of interest in our

work have a range of diameters from about 0.001–

10 mm. With five orders of magnitude spanned, D3
l bD3

s ;
so small particles coagulating with large ones will not

substantially alter the diameter of the larger particles,

which means the shifting speeds are very slow. We

already know that ‘growth’ term is caused by gradients

in shifting speeds. Since the larger particles have similar

or comparable diameters and all shift very slowly, the

differences in shifting speeds will not be large. Thus, this

‘growth’ term can be neglected and coagulation does not

significantly affect the size distribution of large particles.

With this in mind, we assess the importance of

intermodal coagulation by identifying and evaluating

tcoag; the time scale for depletion of small particles due

to coagulation with large ones.

The time scale for depletion of the number of small

particles due to Brownian coagulation, tcoag; is tcoag ¼
jns=ðdns=dtÞj; which is equal to jms=ðdms=dtÞj; the same

Modeling Number Distributions of Urban and Regional Aerosols
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as the time scale for depletion of mass of small particles

(Wexler et al., 1994). Thus, tcoag can be approximated by

tcoag ¼
1

2pDs
#b #Dpl #n

¼
#D2

plrp

12Ds
#b #mp

; ð11Þ

where #Dpl and #n are the equivalent mono-disperse

diameter and number of the larger particle, #b is the

equivalent non-continuum correction factor, and #mp is

the large particle mass loading (Wexler et al., 1994). But,

is coagulation important? We answer this by comparing

coagulation to the competing processes, i.e., condensa-

tion and deposition. As we did in the previous section,

the comparisons will be made in the three regions of

Fig. 1(c), respectively.

As we have discussed earlier, condensation on

particles in region I is inhibited by the Kelvin effect,

limiting growth rate, which in turn causes increased

diffusivity. Large diffusivities promote coagulation, but

the deposition velocity will also become larger. There-

fore, we must compare the time scales between deposi-

tion of small particles and their coagulation on large

ones. The deposition time constant is L=Vd; where L is

the inversion height and of order of 1000 m or 105 cm

and Vd is the deposition velocity, depending on the

stability conditions, but with a value around 1.0 cm s�1.

Thus the deposition time constant is of the order of

105 s. How about coagulation? We choose Dpl ¼ 0:3mm,

the geometric diameter of the large particles;

mp ¼ 50mgm�3, the mass loading of large particles;

Ds ¼ 5:8 	 10�7 m2 s�1, the diffusivity of 0.003mm par-

ticles; #b ¼ 0:07; the non-continuum correction for

coagulation of 0.003 mm particles on 0.3mm ones;

rp ¼ 103 kg m�3, the minimum density. We get tcoag

roughly 370 s, which means these extremely tiny nuclei

are subject to scavenging by preexisting particles and

their surface depositions can be neglected.

In regions II and III, volatile gases readily condense

on particles to make them grow. When particles grow

larger, their diffusivities decrease, and so do the

coagulation rates, i.e., condensation may suppress

coagulation. Do small particles grow so fast that the

effects of coagulation become insignificant? Define a

time scale tc;g; over which the coagulation rate changes

due to particle growth. Since the rate at which small

particles coagulate with larger ones is proportional to

the small particle diffusivity, Ds; tc;g can be estimated

from

t�1
c;g ¼

1

Ds

dDs

dt

����
����E 2

Dp

dDp

dt

����
����; ð12Þ

where the latter equality is due to the proportionality of

diffusivity to D2
p for small particles (Kerminen and

Wexler, 1995a). Thus tc;g has the same magnitude as tG;
the growth time scale by condensation, tc;gDtG: So if

tc;g is bigger than or the same magnitude as tcoag; small

particles coagulate before they grow too large and

coagulation is important. Otherwise, coagulation can be

ignored.

We have already shown that tG has a magnitude of

101–103 s (see Fig. 3), so what mass loading would give

significant coagulation? Let tcoag equal 103 s and choose

the same set of data for large particles as above and

Ds ¼ 5:24 	 10�8 m2 s�1, the diffusivity of 0.01 mm par-

ticles, Assuming #b ¼ 0:86; the non-continuum correction

for coagulation of 0.01mm particles on 0.3 mm ones, we

obtain a rather conservative value of #mp over

170 mg m�3, about three to five times larger than typical

mass loadings. So coagulation can hardly occur before

condensation grows particles too large to efficiently

coagulate.

Up to now we are mainly dealing with the effects of

coagulation on either very small particles or very large

ones. To extend our study to the whole size range, we

simulated coagulation for a typical urban aerosol size

distribution given by Jaenicke (1993), which also

appears in Seinfeld and Pandis (1998) as Table 7.3. We

found that particles tend to coagulate on particles larger

than about 0.05mm and that particles larger than about

0.05 mm do not coagulate onto even larger ones. The

coagulation growth time scales, tG;coag; was evaluated to

investigate whether the particle growth by coagulation

can significantly alter the number distributions. For a

discrete distribution, tG;coag has the form of

t�1
G;coag ¼

1

Dpi

dDpi

dt
¼

P
i>j KijNjD

3
pj

3D3
pi

; ð13Þ

where Dpi; Ni; Dpj and Nj are mean diameters and

number concentrations for bin i and j; respectively, and

Kij is the coagulation coefficient for particles in bin i

coagulating with those in bin j: The numerical results of

tG;coag were illustrated in Fig. 5. Since tG;coag has the

range from 105 to 109 s, coagulation is not an efficient

mechanism for particle growth under typical urban

conditions.

Intramodal coagulation may also alter the number

distributions of particles. The time scale for this kind of

coagulation is ts;coag ¼ 2=Ki;j #n: The intramodal coagula-

tion coefficient is relatively independent of particle size

and has the magnitude of 10�9 cm3 s�1. So in order to

have a time constant around 103 s, the equivalent mono-

disperse particle number concentration has to be as high

as 106 cm�3. Such high number concentrations rarely

happen even for ultrafine particles in the atmosphere

(Shi and Harrison, 1999; Morawska et al., 1999;

Buzorius et al., 1999; Hughes et al., 1998). So

intramodal coagulation can hardly be important for

number distributions except in the case of the extremely

high number concentration, such as near emissions or

just after a nucleation event.
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3.2.2. Gravitational settling and turbulent shear

Coagulation settling may cause coagulation because

of the differential settling velocity of large and small

particles. The coagulation coefficient is proportional to

the products of the target area and the relative distance

swept out by the larger particles per unit time, KGS
ls ¼

pD2
pl=4 ðvtl � vtsÞ; DplbDps; where vtl and vts are the

terminal settling velocities for the larger and small

particles, respectively. The time scale for coagulation

due to gravitational settling is

tgs ¼ 2 #Dplrp=3 #Vt #mp ð14Þ

and is too slow to have a significant influence on the size

distribution (Wexler et al., 1994).

The analysis of Saffman and Turner (1956) gives the

coagulation coefficient due to turbulent shear as

KTS
12 ¼

pek

120n


 �1=2
ðDpl þ DpsÞ

3; ð15Þ

where
ffiffiffiffiffiffiffiffiffi
ek=n

p
is the characteristic turbulent shear rate at

the length scales relevant to particle coagulation. The

time scale for turbulent shear coagulation is tts ¼
rp=ð48 #mp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ek=120n

p
Þ (Wexler et al., 1994). It should be

noted that the above expression was derived for finite-

size particles with zero inertia in isotropic turbulence

(Wang et al., 1998), which may not always apply in the

atmosphere and therefore worthy of further discussion.

Zero inertia means that the particle follow the local fluid

motion precisely, which translates into the particle

inertial response time scale, tp ¼ rpD2
p=ð18ruÞ; being

much smaller than the flow Kolmogorov time scale,

tK ¼ ðu=ekÞ
1=2; where rp and r are the particle and fluid

density; u and ek are fluid kinematic viscosity and

average rate of energy dissipation per unit mass. We

choose rp as 1.4	 103 kg m�3, r ¼ 1:2 kgm�3 and

u ¼ 1:5 	 10�5 m2 s�1 to obtain tp around 10�8–10�7 s

for 0.1mm particles and 10�4–10�3 s for 10mm ones. tK

is determined by ek; which could have a wide range from

10 to 103 cm2 s�3, depending on the metrological

conditions. But under typical urban conditions, tK has

the order of 10�2–10�1 s. So generally speaking tp is

much less than tK for the particles within the size range

of concern in this study. However, the zero-inertia

approximation may not apply in clouds, where droplets

could be as large as 250 mm and dissipation rates up to

2500 cm2 s�3 in very strong cumulus congestus. The

corresponding effects can lead to 102–103 times increase

in the collision rate. This may help explain the rapid

growth of droplets in the size ranges where neither

condensation nor differential gravitational settling is

effective (Wang et al., 2000).

We found that time constants for both settling and

turbulent shear are the same for mass and number

distributions. So using the same reasoning as that in

Wexler et al. (1994), the coagulation due to gravitational

settling and turbulent shear can be neglected, except for

very intense turbulence that may occur in clouds. As

mentioned previously in this work, we are only

considering atmospheric conditions outside of cloud so

turbulent coagulation can be ignored.

In summary, coagulation is inefficient for particle

growth under typical urban conditions; intermodal

Brownian coagulation may be important for the number

distribution of sufficiently small particles, and will be

simulated for particles smaller than 0.05 mm.

3.3. Gravitational settling

Gravitational settling may affect deposition to the

surface and the vertical distribution of particles in the

atmosphere.

3.3.1. Compared to dry deposition

Gravitational settling substantially influences surface

deposition if the settling velocity, Vs; is significant

compared to the deposition velocity, Vd: For particle

diameters much greater than the mean free path of air,

the settling velocity is given by

Vs ¼
D2

prpg

18m
; ð16Þ

where Dp is the particle diameter, r is its density,

g ¼ 9:8 m s�2 is the gravitational constant, and m is the

viscosity of air. The deposition velocity is

Vd ¼
1

ra þ rb þ rarbVs
þ Vs; ð17Þ

where ra is the aerodynamic resistance and rb the quasi-

laminar layer resistance.

In the absence of settling, V 0
d ¼ 1=ðra þ rbÞ: We

assume that particle settling may affect deposition when

103

104

105

106

107

108

109

τ G
,c

o
ag

 (
s)

 

0.001 0.01 0.1 1 10
diameter (µm)

Fig. 5. Coagulation growth time scale for a typical urban

aerosol number distribution.
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Vs > V 0
d=10; which gives

DpX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m

rPgðra þ rbÞ

s
: ð18Þ

So the larger (ra þ rb), the more important settling is.

The absolute magnitude of rb does not change

significantly over stability conditions, but the magnitude

of ra does. Here we choose ra as 150 sm�1, a rather

conservatively large value, and try to obtain the lower

limit of Dp: Fig. 6 depicts the comparison between V 0
d

and gravitational settling velocity. We can see that

settling velocity becomes important when particles are

larger than about 1mm. So we need to keep gravitational

settling term in dry deposition.

3.3.2. Compared to vertical turbulent diffusion

Vertical transport of aerosol particles is governed by

turbulent diffusion, advection and gravitational settling.

It is expected that for the smallest particles settling will

be negligible compared to vertical turbulent diffusion,

but for particles sufficiently large it will be significant.

Wexler et al. (1994) showed that under unstable atmo-

spheric conditions particles less than about 20mm are

not significantly affected by settling compared to

turbulent diffusion and under nighttime conditions, the

atmosphere is stably stratified or neutral with a

turbulent diffusivity greater than only 1 m2 s�1, so

particles less than about 4 mm are not significantly

affected by settling.

In summary, we found gravitational settling signifi-

cantly affect particle dry deposition. Using the similar

reasoning as that in Wexler et al. (1994), it is not

important to turbulent transport. As a consequence,

gravitational settling is neglected for turbulent trans-

port, but retained for deposition calculations.

3.4. Nucleation

Wexler et al. (1994) has shown that H2SO4–H2O or

H2SO4–NH3–H2O nucleation (Eisele and McMurry,

1997) may form new particles under conditions of low

aerosol loading and high ambient SO2(g) concentra-

tions. With a concentration of 2	 109 molecules cm�3

and 80% r.h., the freshly nucleated particles are

estimated to grow to 0.01 mm in about 400 s, which is

an order of magnitude faster than the condensation or

deposition time scales. So the nuclei will not be

substantially removed from the atmosphere before they

grow to significant size. In summary, nucleation may

have negligible effect on the mass distributions, but they

can change the number distribution significantly.

3.5. Chemical reaction

Chemical reactions in the particle phase cannot form

new particles, but may cause them to grow or shrink

similar to condensation and evaporation. In Wexler et al.

(1994), two reactions were considered for their effects on

mass distributions. One is oxidation of SO2 to sulfuric

acid; the other is reaction of N2O5 with particulate water

to form nitric acid.

SO2 oxidation is limited by the available liquid water,

so at the RH values considered here, the S(VI)

production rate is insignificant.

Heterogeneous oxidation of NOx via reaction culmi-

nates in hydrolysis of N2O5 on aerosol surfaces.

Photolysis reaction terminates this pathway (Jacob,

2000).

NO2þO3-NO3

NO3þNO2-N2O5

N2O5þH2O-2HNO3

NO3 þ hn-NO2þO3:

Due to the rapid photolysis of nitrate radical and

reduction of O3 below the inversion by NO emissions at

night, N2O5 is expected to form at night and aloft, where

heterogeneous reaction may be limited by low aerosol

loading (Wexler et al., 1994). This qualitative argument

was consistent with later study on nitrogen deposition at

Harvard Forest at an elevation of 340 m, which shows

heterogeneous production of HNO3 is efficient (Munger

et al., 1998), and measurement of concentrations of NO3

and NO2 in the San Joaquin Valley, which shows

homogenous gas-phase removal processes of NO3 and

N2O5 are faster than their heterogeneous counterparts

(Smith et al., 1995). Heterogeneous formation of HNO3

from N2O5 and H2O is less important than homogenous

processes under typical urban conditions, so is not

considered. No other heterogeneous reaction processes
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Fig. 6. Comparison between V 0
d and settling velocity.
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appear to cause significant particle growth so are

neglected.

3.6. Emissions

Particulate emissions are very important to both

number and mass size distributions. Here we investigate

whether emissions are so important to number distribu-

tions that other physical processes may become negli-

gible compared to it. The current study is very tentative,

not just because emission rates are sharply different

from a residential neighborhood to an urban freeway

corridor, but emission rates in the form of number

distribution are rareFcurrently most emission rates are

given in term of mass.

To include all emission sources is beyond the scope of

this work, so which sources influence ultrafine number

concentrations significantly? A recent study (Booker,

1997) performed in urban and rural Oxfordshire showed

that particle number concentrations are strongly corre-

lated with vehicle traffic while PM10 was essentially

uncorrelated with traffic, suggesting mobile sources

account for most of the number emissions in urban

areas.

What are the emission rates of mobile sources? Bagley

et al. (1996) showed emission rates of 290,000 particles

per mm3-PM emitted with geometric number diameter of

0.011mm for new technology diesel engines. Kittelson

(1998) suggested a range of 2600 particles per mm3-PM

emitted with a geometric number diameter of 0.043mm

for diesel engines. The huge differences between these

two studies may arise from their respective soluble

organic fraction (SOF) values (Kittelson, 1998). If we

assume particle density of 1.0 g cm�3 and average PM

emission rate of 5.0mg mile�1 (Durbin et al., 1999), the

former is equivalent to around 1015 particles km�1 and

latter 1013 particles km�1. Rickeard et al. (1996)

observed rates of about 1	 1014 and 1–2	 1014 particles

km�1 for spark-ignition and light-duty diesel vehicles,

respectively. Since the studies above were mainly on

light-duty vehicles and heavy-duty vehicles usually have

one to two magnitude higher emissions, we can expect

an emission rate up to 1016 particles km�1 for heavy-

duty trucks. However, much lower emission rates were

observed by Kirchstetter et al. (1999), suggesting the

emission rates for heavy-duty diesel trucks and light-

duty vehicles are 6.3	 1012 and 4.6	 1010 particles per

kg fuel, respectively. If we assume fuel density of

0.7 g cm�3 and average fuel economy of 8.6 km l�1

(Singer and Harley, 2000), the emission rate is equal to

about 5.0	 1011 and 3.0	 109 particles km�1. So there is

a large uncertainty in the particulate number emission

rate ranging from 109 to 1014 for gasoline engine vehicles

and from 1010 to 1016 particles km�1 for diesel engine

vehicles. An average emission rate of 1015 particles km�1

may be a possible upper limit, considering the balancing

facts that the majority of the motor fleet is made up of

light-duty vehicles but the average is strongly influenced

by high emission vehicles. Since most of the particle

number emitted by engines is in the ultrafine particle

range, Dpo0:05 mm (Kittelson, 1998), we believe that

the ultrafine particle emission rate is of similar

magnitude of 1015 particles km�1.

How to compare emissions to other mechanisms? To

answer this question, te; the emission time scale is

introduced here. Since the number emission rates of

mobile sources usually have units of particles per km, we

multiply by Vi; the average speed, to have the emission

rate in particles per second. Then te has the form of

t�1
e ¼

P
Ni � Ei � Vi

C � A � H
; ð19Þ

where Ei is the emission rates of source type i in term of

particles per second, Ni is the average number of such

sources in the studied area, C is the ambient number

concentration (particles m�3), A is the study area, and H

is the mixing height (km).

Using Eq. (19) to evaluate te; with Ni ¼ 1280 vehicles

in an A ¼ 2 km	 2 km region (approximated by study-

ing a 16 block by 16 block area in downtown

Sacramento), Ei ¼ 1015 particles km�1, Vi ¼ 40 km h�1,

, C ¼ 104 particles cm�3, a typical ambient number

concentration for ultrafine particles, and emission height

of 1 km, we get te around 1280 s. However, we can see

from Eq. (19) that te strongly depends on H ; the mixing

height, which could be as low as just above ground in

early morning, when emissions reach the peak due to

commute traffic. Under those conditions, te could be

just 10 s or even smaller, fast enough to compete with

any other process.

4. Conclusion

We have analyzed the different processes in the

atmosphere and evaluated their importance to aerosol

number distribution predictions. With a detailed math-

ematical description, the influence of the Kelvin effect

on condensation and evaporation has been elucidated; it

is shown that condensation and evaporation are

important for number distribution and the Kelvin effect

must be considered for particles o0.05 mm; the relation-

ship of growth rate with respect to particle size is shown

to have a ‘three-region’ pattern; coagulation is too slow

to influence particle number distributions for particle

diameters >0.05mm, where condensation is the leading

process. For particles smaller than this, condensation

and evaporation, coagulation, nucleation and emissions

interact with each other under typical urban conditions;

gravitational settling is shown to significantly affect

particle dry deposition, but can be neglected for vertical

turbulent transport; chemical reactions are negligible. It
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should be noted that most of our studies are based on

the daytime urban data. During the nighttime, photo-

chemistry is cut off and emissions significantly decrease,

which leads to lower concentrations of both volatile or

condensable gases and particles. Thus time scales

increase together and the relative importance of different

mechanisms remains about the same.
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