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ABSTRACT

This report is concermed with improving estimates for the
regsidence times of atmospheric trace constituents in various
reservoirs. Residence times are defined cnly for steady-state
conditions; i.e., when the net growth rate vanishes. The most use-
ful case of vanishing net growth rate is when the total growth rate
is equal to the deseay rate. It is demomstrated that +he most
important advance towards improving estimates of pollu‘ant resi-
dence times is through proper choices of reservoirs.

Chosen reservoirs should possess the following features:
steady-state conditions, uniform mixing ratio throughout or through-
out specified subreservoirs, and subreservoirs chosen .in which
removal rates can be treated as approximate constants. An example
of a poorly mixed reservoir, the stratosphere, is discussed. In
another example, it is suggested that commonly used regservoirs for
atmospheric 6'02 have been chosen poorly and that a substantial
portion of the“anthropogenic CO, released during the past 50 years
may still be mizing into the stfatosphere. In anclher example,
it i8 suggested that determination of the dry deposition velocity
for accumulation-mode aerosol particles may not be so important
as previously thought. To improve estimates for the atmospheric
residence times of these particles, it is important to increase
knowledge of what is called the "aseemsion velocity."



RELATIONSHIPS BETWEEN REMOVAL PROCESSES AND
RESIDENCE TIMES FOR ATMOSPHERIC POLLUTANTS

INTRODUCTION

Qualitatively, it is obvious that there must be a relationship between a
pollutant's residence time in the atmdsphere and the effectiveness of the re-
moval processes that act on the pollutznt. For example, the more effective
are the removal processes, the shorter will be the pollutant% residence time.
The purpose of this report is to describe some of these relationships, for
different pollutants, quantitatively. Before undertaking this task, however,
it may be useful to record some general observations about residence times,
reservoirs, and removal processes.

One of these observations is that when reference is made to a pollutant's
residence time, what is meaht is the residence time in a certain reservoir.
For example, in the first paragraph, the rgservoir mentioned explicitly was
the atmosphere, as opposed to the hydrosphere, some other geosphere, or the
biosphere. Later in this report, reservoirs that will be considered include
the troposphere, the atmosphere's mixed layer and the ocean's mixed layer.
Indeed, as is illustrated by two of the reservoirs just mentioned, not only
is it understood that the residence time refers to a specific reservoir,
usually it is assumed that the reservoir is well mixed. Later in this report,
it will be seen what the "well-mixed'" coadition means, why the condition
simplifies the analysis, and how poorly-mixed reservoir might be treated.

Another general observation about a pollutant's residence time in a
Teservoir is that the residence time obviously depends on the reservecir, as

well as on the pollutant. For example, for a small reservoir with rapid




mixing both internally and at the reservoir's (permeable) boundaries, then
the residence time in the reservoir would normally be small, regardless of
the pollutant. The obvious dependence of the recidence times on the removal
efficiencies for different pollutants was already mentioned. Thus, in sum-
mary, a pollutant's residence time in a reservoir can be expected to depend
on the pollutant, the reservoir, the mixing, and the efficiency of the removal
processes.

As for general observations about relationships between removal processes
and residence tiqes, it is noted, first, that by the very nature of (spatially,
large) reservoirs, residence times must be, in some sense, spatial averages
of the removal processes. Further, as will be seen, residence times are de-
‘fined only for steady-state conditions. In contrast, it is of course true
that removal processes proceed in spatially inhomogeneous conditions and usually
in a time dependent manner. For example, precipitation scavenging.(or wet
removal) of pollutants from the atmosphere occurs during spatially inhomoge-
neous conditions (e.g., a rain storm) and terminates with the precipitation.
Therefore it is clear that knowledge about removal processes might be used to
define residence times tif suitable averages are taken) but not vice versa.
Consequently, an analysis of relationships between removal processes and resi-
dence times should start from a formalism in which the removal processes are

explicit. To this we now turn.

CONSERVATION OF MASS

The reservoirs to be considered in this report are control volumes for
which account is made of all pollutant mass. An equation describing conserva-

tion of mass in which removal (and gain) terms appear explicitly is the




continuity equation: r.

WovFeg-1L (1)

where x = mp is the pollutant's mass concentration M/L3) in which m is the
(mass) mixing ratio and p is the density of air; F = ?I?,t) is the total
(or net) pollutant flux (M/L2T) at position T and time t; and G and L repre-
sent general gain and loss rates per unit volume, respectively M/L3T).
Equation (1) can be viewed as the equation for conservation of mass in a
reservoir of unit volume, small enough so that G and L can be treated as con-
stants within the volume and small enough so that the differences in fluxes
at opposite sides of the reservoir can be approximated by differentials.

To obtain a statement of conservation of mass in a reservoir of arbitrary
(but fixed) volume, V, Eq. (1) is integrated over V. Then, with use of the

divergence theorem, there results:

§Q=-§'§-ﬁd5+fsdv-ll.dv (2)
S

¥ Y

ot

where Q = dev is the total amount (usually, total mass) of the polliutant in
the reservoir, whose surface is denoted by S. :a Eq. (2), A - the familiar
unit vector, normal to dS, with the positive direc:ion choser to be outward
from the volume.

It will be convenient to have introc:iced the follc::ing symbols:

(a) the total, mass producti: rate (M/T)

P = I Gdv (3a)

(b) the total, mass removai rate {M/T)

-

R - LV (3b)



(¢) the total, mass inflow rate (M/T)

I = } Fhas , FEa<o (3¢)
S
(d) the total, mass outflow rate (M/T)
0= § Fhas , Fhs0 . (3d)
S ‘
With these definitions, then Eq. (2) becomes
%%=(p+1)-(n+0) : (4)
Admittedly, such an obvious statement of mass conservation in the reservoir,
as is Eq. (4), could have been written immediately, without the intervening
steps. However, later in this report it will be demonstrated that precise
definitions (e.g., of I and 0) are important. Imprecise definitions have led
to residence times quoted in the scientific literature (e.g., Slinn, 1978)
which are incorrect by more than two orders of magnitude.
GROWTH, DECAY, AND NET GROWTH RATES
So far in thi ’ﬁalysis, no restrictions have been made, e.g., to homo-

geneous, well-miked, or steady-state conditions. In the general case, then,
a characteristic time constant for the pollutant in the reservoir can be de-
fined from Eq. (4) as follows:

1_13Q _ (D)  (Re0) 5)

g Qodt Q Q :

From this definition, clearly ¢! is the ..et, fractiona’ rate of increase of
the amourt »f the trace constituent in the reservoir. We shul} refer to o~!

as the net growth rate.



It is useful to define a number of other characteristic time constants:

(a) The production rate (T~!)

The inflow rate (T"1)

The removal rate (T™!)

The outflow rate (T™1)

With the definitions for th&se rates (which are inverses of appropriate time

constants) two other rates follow:

The (total) growth rate, T

ol
Polly

The decay rate, tD“l (1)

o=

Finally, with these definitions, conservation of mass in the reservoir,

Eq. (4), gives us

Qi
1l
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=

(6a)

(6b)

(6c) . |

(6d)

(7a)

(7b)

(8)




Equation (8) states the obvious result that the net growth rate is the dif-
ference between the total growth rate and the rate of decay.

Although no restrictions have been placed on the analysis to arrive at
Eq. (8), nevertheless an ambiguity can arisé. This ambiguity is dgrived from
what is chosen for the fluxes past the reservoir's boundaries. In this report,
all components of the fluxes from the reservoir to its exterior will be in-
cluded in the mass outflow rate, 0, and similarly, all components of the fluxes
into the volume will be included in I. In contrast, in other reports, some-
times the net outflow (or inflow, as the case may be) is used: 0* =0 - I.
This leads to the definitions TG* = Q/P and;rD* = Q/(R + 0*) and obviously,
therefore, significantly different values for the characteristic times. Most
importantly, if net outflow (or net inflow) is used, significantly different
and totally unrealistic values for the residence !Eme can result. We now turn

to the .definition for the residence time.
STEADY-STATE AND THE RESIDENCE TIME

The rest of the amalysis in this report is restricted to steady-state
conditions. From Eq. (8); it is seen that steady condition can arise for two
cases. The first, and less interesting case, is when the net growth rate goes
to zero (i.e., o + =) because both Tq and St Apparently, aone of the
trace constituents in the atmosphere behave in this manner (Junge, 1972).
Even helium, the gas with the longest known residencg time (~107 years) has
a finite rate of growth (mostly via alpha decay of U238 and Th232) and finite
decay (via transport through the exosphere). Thus the case o + = because t

G
and T > does not appear to be of practical significance.



The more relevant steady-state case is when dynamic equilibrium prevails
with G = Tp In this case of ¢ + =, the trace constituent's residence or

turnover time in the reservoir can be defined via

This definition of t is similar to the usual definition of the residence time
(e.g., see Junge, 1963). However, in Eq. (9), the terms representing inflow
and outflow are explicit. Further, as was mentioned earlier, these mass flow
rates, defined in Egs. (3c) and (3d), explicitly contain the total rather
than the net flows.

We also wish to repeat that the only restriction on the aralysis leading
to the definition of the residence time in Eq. (9) is that steady-state condi-
tions must prevail. )yspid mixing or homogeneity in the reservoir is not re-
quired. However, it should be mentioned that the requirement of steady—state
conditions is actually quite severe. In real’ty, steady-state conditions for
the amount of a pollutant in the atmosphere, rarely prevail. In general it
might be expected that the longer the pollutant's residence time compared with
the time scales for atmospheric fluctuations, the smaller would be the devia-
tions from steady-state conditions for Q, provided the production rate does
not vary substantially. Iﬁdeed, Junge (1974) has demonstrated that the resi-
dence times for most atmospheric trace constituents are related to the coeffi-
cients of dispersion for the concentration fluctuations, f = (8x)/x, by the
empirical result f = (0.14 yrs)/t. Of course, time variations in Q would
normally be substantially smaller than variations in X, and decrease with

increasing reservoir volume. Consequently we can expect that the larger the

(9)




reservoir and the longer the residence time, the more nearly will steady-

state conditions prevail.
ILLUSTRATIONS OF EQUATION (9)

Two examples that illustrate Eq. (9) may be of interest. For the first
example, let Q be the total population of the U.S., say Q = 210 x 106 people.
Further, assume a steady-state (but not homogeneous!) case with: (a) the
birth rate, P = 3 x 108/yr = R, the death rate, and (b) the immigration rate
= 1 = o = O,the emigration rate. Then in this case the residence time is

given by
= = = = = 6 6 =
T=1Tg=Tp = Tp =T 210 x 10%/(3 x 10®/yr) = 70 years. (10)

Incidentally, it might be useful to notice that there is a difference between
the residence time (or turnover time, transit time, or lifetime) and the average
age (e.g., see Eriksson, 1971, although his terminology is different). Thus,
for the example just presented, the residence time (or lifetime) is 70 years
but the average age of U.S. citizens is about 30 years. A difference between
the average lifetime and the average age does not imply that conditions are
unsteady.

For atmospheric trace constituents, Bolin and Rodhe (1973) point out that
whenever the sources and sinks in the reservoir are separated by a substantial
distance (e.g., for those halogenated hydrocarbons whose sources are at the
earth's surface and whose sink is in the stratosphere) then it can be expected
that the residence time will be longer than the average age. In contrast, if
the sources and sink are adjacent (e.g., the oceans are both the dominant

source and the dominant sink for atmospheric Hy0) then the average age will



be longer than the residence time. Bolin and Rodhe indicate that if a
reservoir is well-mixed, that is, if all elements in the reservoir instantly
have an equal probability of being exposed to the sinks in the reservoir,
then the probability density function (pdf} for the distribution of ages in
the reservoir will be exponential. A simple example is when the only sink is
radioactive decay. The result that the pdf for the ages is exponential is
sufficient to insure that the average age is the same as the (average) resi-
dence time.

As a second illustration of Eq. (9), consider all compounds of sulfur in
the troposphere. If the average mixing ratio of these compounds is about
1 ppb, then since the mass of the troposphere is about 4 x 102! g, Q = 4 Tg.
Natural and anthropogenic sources of sulfur contribute to give a total P
(or I at the earth's surface) of about 200 Tg/yr, within a factor of about 2.
Consequently, the residence time of sulfur compounds in the troposphere,

T = 4 Tg/(200 Tg/yr) = 1 week, to within a factor of about 2 to 4.

This uncertainty in the estimate for the tropospheric residence time of
sulfur compounds, mentioned at the end of the previous paragraph, coupled
with great economic and ecological interests in controls on anthropogenic
sulfur emissions, are incentives to improve the accuracy of estimates for .
Thus, for example, if T for sulfur compounds is only a few days, then the
U.K. does not contribute much to the acid rain problem in Scandinavian coun-
tries (e.g., see 0Odén, 1976). On the other hand, if T is a number of weeks,
then even the U.S. contributes to the acid rain problem in Scandinavia.
Clearly, then, accufate estimates for T are important.

To improve the accuracy of estimates for T, it is obvious from Eq. (9)

that what is needed are accurate estimates for Q and either (P+I) or (R+0)



10

- or both! However, as will be seen, it is generally not easy to improve the
accuracy of any of these terms if, as is usually the case, there are signifi-
cant spatial inhomogeneities in the reservoir. These inhomogeneities may be
in the pollutant's mixing ratio, m, or in the volumetric gain rate, G, or
loss rate, L. Nonuniformities in m can also resuli from spatial inhomogenei-
ties at the reservoir's boundaries and corresponding inhomogeneities in the
rates of inflow and outflow.

Of course, these inhomogeneities were expected and attempts were already
made to account for them by introducing the concept of a reservoir and the
associated average over the reservoir's veclume. However, it is terms such as
L, for example, for which improved estimates can be expected to become avail-
able. As an example, suppose improvements become available for the first
order removal rate, A, that characterizes precipitation scavenging of aerosol
particles: L = A(z)x, where a dependence of A on height has been displayed.
Then, to evaluate R, it would be necessary.to evaluate !A(z)x(z)dz. That is,
to obtain improved estimates of T it appears to be necessary to know x(z).
But if this were the case, that is, if x(z) were known, then there would have
been little advantage to introducing the concept of a reservoir in the first
place.

In reality, the outlook for improved estimates of T is not quite so bleak
as intimated at the end of the previous paragraph, although there are major
impediments to improvements. In the remainder of this report, methods and
conditions will be considered that can lead to more accurate estimates of .
For example, rapid mixing helps. However, in the real atmosphere, rarely is .
mixing in all directions sufficiently rapid to insure the mixing ratio is

constant throughout the atmosphere. Instead, cases must be considered where
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the mixing ratio is constant in one direction, for a limited distance, but
not constant in another direction. These considerations will lead to the
introduction of subreservoirs. Before introducing these, however, it is
useful to consider a special case, of practical significance, in which T is

independent of x or Q.
t FOR THE SIMPLEST CASE

Consider a steady-state reservoir in which the following conditions are

satisfied: (a) volumetric loss rate, first-order in yx with constant rate

coefficient; i.e., L = Ay with A = xo, a constant; and (b) negligible outflow

from the reservoir, i.e., 0 = o. An example of this case is Kr®3 in the entire

atmosphere. The only significant '"removal® of Kr83 is radioactive decay
which, of course, proceeds at a rate independent from the nuclide's location

in the atmosphere. Although the assumed conditions (a2) and (b) seem quite

strict, notice that no assumption has been made about the distribution of the

pellutant in the atmosphere. i.e., about x(z).

When conditions (a) and (b) of the previous paragraph are satisfied, then

improvements in t need not rely on improvements in x or Q. This foilows be-

cause from Eq. (3b) we have
R=[LdV=).°deV=)\OQ .

Now, substituting R = XOQ and O = o in Eq. (9) there results ™l =1 "1 =2

D o

More generally, if there are a number of separate, first-order, constant re-

moval processes, L = ZAi oX and if C = u, then the residence time is given

2

by

(11)
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3

= l_ = A
T i

. 1 1
1,0 =-T- + ? +
R w,0 ch,o

S
1]
A=

P ) (12)

-

D

TiL, 0

In Eq. (12), separate characteristic time constants have been identified with
subscripts to represent rémoval by wet processes (tw), chemical transformatiors
(Tch), physical transformatiuns such as radioactive decay (Tph), etc. The
subscript, o, on each characteristic time is used as a reminder that these
coefficients are assumed to be independent of location within the reservoir.
Two important deductions can be made from Eq. (12) even though the range
of applicability of Eq. (12), itself, is quite restricted. First, Eq. (12)
demonstrates that separate removal paths add together to give a total resi-
dence time, like electrical resistance in parallel add to give a total resis-
tance, even smaller than the smallest resistance. Consequently, for improve-
ments in practical applications, focus should always be on improving estimates
for the fastest removal rate. As an example, it will be shown later that im-
proved estimates for the dry deposition velocity for submicron aerosol parti-
cles are not nearly so important as has frequently been stated in the scientific
literature (e.g., see Slinn, 1977, 1978). More important than to know the dry
deposition velocity is to know what we will call the dry ascension velocity.
The second important result from Eq. (12) is that when L = on and 0 = o; then
even for poorly-mized reservoirs, simple and accurate estimates for t can be

obtained provided, of course, that the removal rates can be accurately esti-

mated.
ILLUSTRATIONS OF EQUATION (12)

Some examples of the use of Eq. (12) may be illuminating. For Kr8S, the

most important removal is by radioactive decay, with Tph - 10 yrs. In
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harmony with the remarks in the previous paragraph, we focus on this fastest
removal process, even though krypton has a finite solubility in water. Thus,
substituting values into Eq. (12) and using the same order as the order of
the terms displayed on the right-hand side of Eq. (12}, there results the
most accurately known residence time that will appear in this report:

L "l- =l }- R S 85y =~
TeT et e e ey 2 t(kE) = 1076 yrs. (13)

In this simple case, when the pollutant has such a long residence time in
the atmosphere, probably it would have been acceptable _0 assume the mixing
ratio is constant throughout the atmospherz, except in specific Xr®5 plumes.
However, again, information on x is not needed for t when L = on and q = o.

As a second example of the use of Eq. (12), consider tropospherié”aerosol
particles with radii, a, in the range 0.1 < a £ 1 ym, and which can act as
cloud condensation nuclei (CCN). CCN are particles on which water condenses
within clouds. Apparently, essentially all particles in the atmosphere that
satisfy 0.1 £ a £ 1 um can act as CCN aftér only a few hours in the troposphere
(e.g., see Junge, 1977). That is, even particles that are initially non-
wettable‘soon accumulate a sufficient number of Aitken nuclei (a < 0.1 um)
or act as sites for heterogeneous gas reactions, and become wettable; We
focus or the particle size range between about 0.1 and 1.0 um because coagu-
lation is an important "removal" process for smaller particles, and gfavita-
tional settling is important for larger particles.

The dominant removal mechanism for the particles under consideration
appears to be precipitation (or nucleation) scavenging (e.g., see Junge,

1963). It is noted, however, that some authors have suggested that there
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are sigﬂificant variations in the scavenging rate, Aw’ as a function of
altitude. Undoubtedly this is true for specific releases of aerosol parti-
cles. Nevertheless, here we assume Aw = constant and invite the assumption
to be viewed either as a first approximation or as a reasonably correct,
long-term average.
The author expects that it is reasonable to take Aw = constant because,
fundamentally, precipitation only occurs with the ZZfiing of low-level,
moist air. During this ascent, the particles are, of course, lifted with the
air. Therefore, it seems to the author that the policy of introducing dif-
ferent removal rates for below-cloud vs. in-cloud scavenging is not so realis-
tic for residence time estimates as the policy of assuming Aw = constant since
most particles that are scavenged do not remain beneéth clouds. Of course,
some scavenging does occur beneath clouds and for some air trajectories in
the neighborhood of some storms, the lower level air can be quite polluted.
However, usually the scavenging rates are substantially smaller beneath clouds
than within, and frequently the low-level air directly in the path of the pre-
cipitation is relatively clean. In fact, the author would prefer to yield
to results which demonstrated that scavenging of CCN was not first order in
their concentration (because a significant, additional number of CCN could
influence the precipitation rate) than yield on the assumption xw = constant.
With xw

= Aw and other removal rates negligible (note that dry deposi-

tion is ignored via the assumption O = o), then Eq. (12) yields

T(CCN) = Ty

Numerical estimates for T (e.g., see Junge, 1963, 1977; Rodhe and Grandell,

1972; Slinn, 1977) yield, for temperate latitudes: Ty = 5 days during the

(14
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winter; = 7 days during the fall and spring; and = 10 days during the summer.
The contributions from dry . ¢ sition to the residence time of particles with
0.1 £ a £1 um will be addressed jn a later section. There it will be sug-
gested that dry deposition of these particles appears to have a negligib;e
contribution to the residence time if the deposition velocity is of the order
of 0.1 cm/sec or less.

As a3 final example to illustrate Eq. (12), consider a gas such as CHj3I
whose primary removal is via (photo) chemical d=zstruction (e.g., see Lillian
et al., 1975). For some gases, e.g., O,, the photochemical reaction rate is
strongly dependent on altitude because of absorption of photons, with'appro-
priate energies, at still higher altitudes. In the case of CH3I, however,
apparently there are photons with sufficient energy, available throughout
the troposphere. In this case, lch can be treated as a constant. Conse-

quently, since both dry deposition (i.e., the outflow, 0) and wet removal of

CH3I are negligible (e.g., see Slinn et al., 1978), then Eq. (12) can be used

to obtain

1 1
_—
T w

=

+%#1(CH31) =Ty ¥ 1 day.
ch

The numerical value for Teh used in Eq. (15) is a compromise between the

laboratory data in Lillian et aqZ. (1975) and the estimate made by Singh
et al. (1977).

There are, of course, many other gases in the atmosphere whose primary
removal is by first order chemical reactions. A case in point is SO,. How-
ever, in this case, as with the scavenging of aerosol particles, arguments

can be raised against the use of spatially independent removal rates. The

(1%)
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arguments in the case of chemical reactions are especially compelling if the
dominant reactions are among different pollutants, since then the reaction
rates are higher in the polluted, lower layers of the continents. The now-
classic example is the complex series of reactions involving oxides of nitro-
gen that create ''photochemical smog." For such cases, it is least defensible
to use constant reaction rates. In the following sections, problems arising

from spatial inhomogeneities will be addressed.
‘TERMINOLOGY: HOMOGENEITY VS UNIFORMITY

Before tackling details of the pfoblems caused by inhomogeneities, a few
comments about definitions may be useful. In this report, the description
"well-mixed, inhomogeneous reservoir'" will mean the mixing ratio is uniform
but that there are inhomogeneities in the removal (or other) rates for the
reservoir. That is, if the usual meaning were taken for the word inhomoge-
neous, then there are three types of inhomogeneities for a reservoir: (a)
inhomogeneities in L (and/or G); (b) inhomogeneities in O (and/or I) caused
by different conditions at different portions of the reservoir's boundaries;
and (c) inhomogeneities (or, as we shall call them, "nonuriformities'") in yx
or, more usefully, nonuniformities in the mixing ratio, m.

In general, the three types of inhomogeneities listed in the previous
paragraph are independent although it is true that the first two can cause
nonuniformities in m. However, nonuniformities in m can be caused solely by
poor mixing. At the other extreme, a case can be imagined for which, regard-
less of the inhomogeneities in L (or G) and 0 (or I), yet m could be uniform,
if the mixing were sufficiently fast. Thus it appears to be necessary to

consider carefully just what is inhomogeneous and what causes the nonuniformities

in m.
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To assist these considerations, terminology can be useful. In this report,
the "degree of uniformity" will be used tc describe the mixing ratio and the
"degree of homogeneity' will refer to the various rates and fluxes. However,
we shall avoid the description "uniform, inhomogeneous reservoir' and, in-

stead, use '"well-mixed, inhomogeneous reservoir."
MIXING TIMES AND THE WELL-MIXED CONDITION

Already in this report, mixing has been mentioned many times. The fapidity
of mixing depends on additional characteristic time scales for the reservoir.
Thus, besides the net growth rate, o~l, the total rates of growth and decay,
TG-I and tD'l, the rates of production, inflow, removal and outflow kTP-l,
tI‘l, rR‘l and to'l) and the residence time, t, there are characteristic
mixing times. These mixing times are independent from the other characteris-
tic times, because mixing depends on different physical processes. These

independent mixing rates will be identified by = where i identifies the

M,1
direction. For example, if mixing in the z- direction is governed by diffu-
sion with average diffusivity, Kz, then the characteristic mixing time over
a length is T = L 2/K_; simi

ength scale Lz s M,z Lz /Kz’ similarly for TM’x and TM’Y

Given the characteristic mixing times, then a quantitative definition of
a "well-mixed" reservoir can be formulated. If nonuniformities in the mixing

ratio caused by imhomogeneous production and removal are to be obliterated

by rapid mixing, then it is necessary that

(TM,x s TM,y , TM’Z) = TM’i << (TP , TR) . (16)

Further, if nonuniformities in y caused by inhomogeneities in outflow and

inflow are to be obliterated by mixing, then
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TM,i << (rI > Tol . (17)

Finally, a well-mixed (or uniform), steady-state reservoir can be defined as

one which satisfies:

-
—

>>_=l ..-]; =l=l-—=l >>—1- . (18)
M,i ¢ P 1 Y ® o B ¢

)
&l

For practical atmospheric problems, frequently we must deal with only par-
tially, well-mixed reservoirs; i.e., reservoirs that can be assumed to be
well-mixed in one direction, but not another. An example of a poorly-mixed

ztwospheric reservoir may be illuminating.
THE STRATOSPHERE AS A POORLY-MIXED RESERVOIR

According to condition (18), a reservoir is poorly mixed if at least one
of the characteristic mixing times is not small compared with the trace con-
stituent's residence time, t. Notice that this means that a specific reser-
voir can be well-mixed for some pollutants and poorly mixed for others, de-
pending on t. Further, typically the mixing times in the atmosphere are
different for different directions. Consequently, for example, the entire
troposphere (vertical mixing time ™,z 1 week; horizontal mixing time
M.h " 1 year) can be considered to be a well-mixed reservoir for Kr83
(t ~ 10 years) but even vertical mixing is not rapid compared with the resi-
dence time of sulfur compounds (~ 1 week). Thus, in summary, it is relatively
easy to find examples of reservoirs that are poorly mixed for some pollutants;

in fact, probably all common atmosvheric reservoirs are poorly mixed for

some pollutants.
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One common atmospheric reservoir, the stratosphere, is poorly mixed for
essentially gqll atmospheric trace constituents. Available data, however,
can be interpreted in a misleading way. Thus, for example, there are many
reports that give the "residence time" of stratospheric bomb debris to be
about: 30 days, if the material is injected into the lowest layers of the
stratosphere (at z ~ 10-12 km); ~ i year, for material inju:cted at about
15 km; anda ~5 years, if the material is injected still higher. In view of
conditisa (i8), however, it appears that these reﬁorted values are not resi-
dence times (in the sense of g=T = TD) but, instead, are mixing times, for
mixing from the injection altitude down to the trnpopause. Thus, with K, =
1 m®/sec (e.g., see Junge, 1963) it is noted that for L, = 1.6 km, 5.5 km
and 12.2 km, then TM,Z = LZZ/Kz = 30 days, 1 year and 5 years, respectively.
Consequently, it would seem to be more appropriate to refer to the reported
stratospheric bomb debris 'residence times" as stratospheric mixing times.

However, objections might arise from this suggested change in terminology.
It can be argued that the reported time values do relate to the length of
time the debris resides in the stratosphere. Further, it can be argued that
even in this report, the definition of a pollutant's residence time does not
require that the reservoir be well mixed. Only steady-state conditions were
required. However, slow mixing impedes equilibration and, in the case of
bomb debris, steadyQState conditions have thankfully never materialized.
Therefore, the author believes a strong argument can be made agaiﬁst the
usage ''stratospheric bomb-debris residence times" and for the usage
"stratospheric mixing times." Indeed, when reported "reservoir residence times"
appear to be independent of the type of pollution, this is a strong suggestion

that the ''residence times'" are actually reservoir mixing times.
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The question addressed now is: when can the stratosphere be considered
a well-mixed reservoir? The characteristic time for vertical mixing in the
entire stratosphere, Ty , ~ (40 x 10%m)2/(1m2/s) ~ 50 years. Consequently,
the stratosphere'can be considered as well-mixed, only for an atmospheric
trace constituent with t >> 50 years; e.g., haelium. In the case of helium,
though, there is actually little advantage to isolating the stratosphere as
a separate reservoir since there are no volume sources or sinks of He within
the stratosphere. That is, the stratosphere, as part of an entire atmospheric
reservoir, merely impedes mixing between sources of He at the earth's surfzce
and the sink, which is escape through the exosphere. Further, though, the
stratosphere's impediment to the mixing of He is not important, since 1 >> TM,z‘
Thus helium's residence time can be calculated by ignoring special properties
of the stratosphere, and taking the mixing ratio to be essentially constant
throughout the atmosphere.

In summary, it is relatively easy to find commonly used atmospheric reser-
voirs that are poorly mixed for some pollutants. The stratosphere is a particu-
larly vivid example since it is poorly mixed for essentially all atmospheric
trace constituents. An exception is that the stratosphere can be considered
to be well mixed for helium. However, for helium, there is no apparent advan-
tage in considering the stratosphere as a separate reservoir. In the next sec-
tion, we begin considerations of inhomogeneities in reservoirs and will see
the substantial simplifications that can result if it can be assumed that the

mixing ratio is uniform.
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INHOMOGENEQUS BOUNDARY CONDITIONS

To initiate the study of inhomogeneities, consider a steady-state reser-
voir that has homogeneous conditions within the reservoir but may have non-
uniformities in the mixing ratio because of inhomogeneous boundary conditionms.
An example of a case with inhomogeneous boundary conditions is for CO, in
the northern troposphere: the fluxes to the ocean, to the southern hemisphere,
and to the stratosphere are quite different. The trace constituent's residence

time in such a reserveir is given by Eq. (9); i.e.,

= = A R+ 0
To Q R
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In this section, the focus will be on the outflow rate, tcfl.

To calculate the pollutant's mass outflow rate, O, it is useful to dis-
tinguish two types of boundaries: (a) boundaries between other portions of
the atmosphere; and (b) boundaries between the atmospheric reservoir and
other geospheres or the biosphere. For the second type of interface, e.g.,
at the air/ocean interface, there is negligible flux of air past the interface
although there may be a substantial flux of pollutant. This pollution flux
will be parameterized in terms of a deposition velocity. Thus, for interface
j between the reservoir and another geosphere or the biosphere, the outward

flux of pollution past this interface will be written as

-l
F.= v, . X.a. = v m, -~ (20)
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where xj, mj and pj are evaluated at the interface. If, in total, there are

J such interfaces, then the total mass outflow rate, other than to other por-

tions of the atmosphere, is
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where it has been assumed that the deposition velocity is constant at each

interface. In Eq. .(21), Q is the total mass of the pollutant in the reser-

voir and

(22)

=

is a characteristid height scale whose significance will become apparent.

For the first type of interfaces mentioned in the previous paragraph,
i.e., at boundaries between different portions of tle atmosphere, then normally
there would be a significant exchange of air past the interface. We will
characterize this exchange in terms of a transfer velocity, Ves and assume
that the pollution is transported past these interfaces with the same trans-

fer velocity as the air. Thus, the outward flux from the reservoir at inter-

face k will be written as

- A .
F= Ve Me Qe M (22)

where it is noted that PVt kﬁ is the flux of air out of the reservoir past
b
the k'th interface. If there are K such interfaces, then the total mass out-

flow of pollutant from the reservoir tc cother portions of the atmosphere be-

comes

X x
=Zad = 5 v X @24
k=
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where(lk is the total mass outflow rate for air, ﬁk is the mass-flow weighted,

average mixing ratio at the interface, and hk is defined as in Eq. (22).

The total outflow from the reservoir, 0 = 0a + Ob’ is obviously

© = [2“’ ‘"\"ZU NN

Consequently, the outflow rate is given by

J X
» = O :i L. 3+ :Ei U
= = ial
where Td,j h‘/vd,j and Tt,k hk/vt,k‘ For the special case that the

(25)

(26)

removal processes are described by L = I Ar X = Z(l/-rr i)x, with T, constants,
’

!i 3

then, as was seen for the development of Eq. (12), the residence time becomes
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where, again, Ty hj/vd,j’ Tt’k = hk/vt,k and hj and hk are the characteris-
tic heights given by Eq. (22).

Eq. (27) appears to be quite transparent and simple. Similar to Eq. (12},
Eq. (27) displays that to improve estimates for t, it is most important to
improve estimates for the fastest of the removal and outflow rates. In
general, however, Eq. (27) is not simple and, indeed, it is not of much prac-
tical value unless the characteristic heights, hj’ can be evaluated. But as

can be seen from Eq. (22), to determine hj requires that the pollutant's

distribution in the reservoir must be known. In general, of course, the

(27)
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distribution is not known; if it were, there would not have been much point
to introduce the concept of a reservoir. In some cases, though, x can be

assumed to be zero at an interface or it can be seen that regardless of

(reasonable values for) the concentration, the resulting contribution of the
appropriate term in Eq. (27), to the evaluation of 1, will be negligible.
However, in most cases, the only practical way to overcome these problems

caused by inhomogeneous boundary conditions is to make assumptions about the

mixing ratio.
The most common solution to the confronting problem is to choose the

reservoir in such a way that it is an acceptable approximation to assume the

mixing ratio is constant. Then

L ;€145 = L Se,as. (28)

and similarly for hk’ where M is the total mass of air in the reservoir. For
example, if the j'th interface is at the earth's surface, E, and if the reser-
voir extends throughout the entire atmosphere, then hE becomes the familiar

scale height for the atmosphere
h, = H o= S Celg.)d= @) .
o ;

for an isothermal atmosphere, hE = 8 km.

Thus, in summary, the most common solution to the problem of needing yx
at the reservoir's boundaries before either homogeneous or inhomogeneous
outflow can be evaluated, is to assume that the reservoir is well-mixed. In

practice, this means that if the outflow from the reservoir appears to be
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significant, then it is necessary to choose only those reserveirs for which

it appears reasonable to assume m = constant. Incidentally, it is clear

that the larger the reservoir, then generally the larger will be the character-
istic heights; therefore the less important will be the outflow terms. This
result is the familiar one that surface effects become less important as the
volume to surface ratio increases. A simple illustration of the development

in this section may be illuminating.

HALOGENATED HYDRCCARBONS

To illustrate the use of Eq. (27), consider those halogenated hydrocarbons
(or halocarbons) in the troposphere whose dominant removal is via chemical re-
actions with ozone in the stratesphere. Actually, there are a number of com-
plicating features of this example which we would prefer to avoid at the pre-
sent time. Thus, for reasons that will be clearer in the final section of
this report, we will choose the actual reservoir to be the troposphere plus
the mixed-layer of the oceans. Then the flux past the thermocline, to the
deep oceans, will be ignored. It will be assumed that this entire reservoir
is well mixed; the reasonableness of the assumption can be checked after the

residence time has been found. Recall that, for a uniform mixing ratio, it
is required that t >> t, ..
M,1

For the case under consideration, Eq. (27) simplifies to

I

i ! - \ + !

T ‘CNL‘T) T\ (M T (T

where the symbols T and S represent troposphere and stratosphere, respectively.

In the case of the halocarbons of interest, whose dominant interaction is with

(30)
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ozone in the stratosphere, it appears that wet removal from the troposphere
and chemical reactions with ozone in the troposphere are ignorable compared

with transport to the stratosphere. Consequently, Eq. (30) simplifies to

QLT i
T o= o7 (TIS) = R = = (31)
E \/h('rls\ o(TIs)
Actually, as indicated by the last equality in Eq. (31), in this example it
is easier to estimate h/vt by returning to Q/0. In a later section, other
exauples will be presented in which Ty = h/vt will be used.
To estimate the outflow of halocarbons from the troposphere to the strato-
sphere, we propose to use a crude estimate of the diffusive flux. Thus
o - X T
ocrisy = -k E Loy [ KO-XD) & K XM (32)
(AREA) I L (vve Red (10 R
Then’for the height of the troposphere h(T) 2210 km, Eqs. (31) and (32) lead
to
) T
v = m KLTY R(T) M3 years | (33)

O(TIS) X_x [ (10 kwm)

for Kz = 1 m?/s. The estimate given by Eq. (33) is a commonly accepted value.
Theoretically at least, this estimate can easily be improved, given the reaction
rate between the particular halocarbon and ozone, the ozone concentration in the
stratosphere (and troposphere), and given K:(z). However, pursuing these mat-
ters now would lead this report too far astray. The purpose of the previous

two sections has been to demonstrate hcw inhomogeneities at the reservoir's

boundsries could be treated. Now, we desire to investigate the important

proeblems caused by the removal proces:zss within the reservoir.
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REMOVAL INHOMOGENEITIES AND SUBRESERVOIRS

Consider a large reservoir in which there are spatial inhomogeneities in
the removal processes. In the general case, to improve the accuracy of esti-
mates for a pollutant's residence time in this large reservoir, there appears
to be no option other than to divide the large reservoir into subreservoirs,
small enough So that the removal processes can be treated as constants, in
each. Then the pollutant's residence time can be determined in each of the
subreservoirs. The problem addressed in this section is how to calculate
the pollutant's residence time in the original, large reservoir after the
residence time in each of the subreservoirs has been determined.

From Eq. (9), the pollutant's residence time in the entire reservoir is

given by
=1 =2 <R = L L L (34)
- “CD R Q ’CO Z‘R
If the large reservoir is subdivided into N smaller reservoirs (e.g., for the
usual atmospheric case, with reservoir n located in the altitude range
z £z < zn+1) then the residence time in the nth reservoir is
X = 9..“ + 3\'\ = - + . (35)
t\q Qn Qn t‘O,n TR,“
To relate T to T we first note that
N N
P\=S\_av=2 L av = Z R . (36)
=\ n n n=, n
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Therefore, in Eq. (34)

] N
\
L =8 =5 % o= 3 g",g ' (37
'CR Q wsy Q ey R R.n
Consequently, for the entire reservoir,
: LoaQ, .
b= — + noo i (38)
T TO n=t Q .CR'\ﬂ

Equation (38) is an obvious result but nevertheless it contains some
interesting features. Since o contains only those terms describing outflow
from the entire reservoir, then Eq. (38} indicates the eipected result that
internal mixing has no explicit influence on the overall residence time. For
example, let the large reservoir be the entire troposphere, ard let the tropo-
sphere be divided into three layers: C, the constant flux layer (0 < z < 10213 ;

B, the boundary layer (102 < z < 103m); and A, the aloft layer (103 < z < 10" m).

Then application of Eq. (38) to this case yields

= ! A l r - _._..Q(M + gﬁ’l + Q(C.) %9
T T (¢ T (A1 QLYY T (R) T R) T () (39)
© ° : R R R

in which rO(C/E) represent outflow from the C-layer to the earth's surface;
t(A/S) represents outflow to the stratosphere, and Q(T) is the total amount
of the ﬁollutant in the troposphere. Thus, in Eq. (39), there appears no
explicit influence, on the overall residence time, from mixing between the
individual layers. However, mixing definitely influences t because the

amount of mixing dictates the magnitude of Qn’ i.e., the amount of pollution
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in each subreservoir. Notice, too, that if the outflow from the entire
reservoir is zero (i.e., To -+ =) then the overall residence time is just the
weighted sum of the removal times (not the residence times) for each sub-
reservoir.

Although Eq. (38) is an informative result, it does not appear to have
much practical value. Notice that, to arrive at Eq. (38), only the steady-
state assumption was used. However, the purpose of subdividing the large
reservoir was to permit treating the removal processes as constants in each
subreservoir. We now pursue this purpose and introduce appropriate assump-

tions about the removal processes.
INHOMOGENEQUS, FIRST-ORDER REMOVAL

The internally inhomogeneous case of most practical interest is when the
‘1oss rate per unit volume is first order in x, i.e., L = Ax or L = inx, with
the I rate coefficients, li, dependent upon position in the reservoir. To
treat this case, we first divide the reservoir into n subreservoirs, small
enough so that the A, o can be treated as constants in each. For constant

»

xi n in each subreservoir, it is recalled that even for poorly mixed sub-
L]

reservoirs [cf., Eq. (12)],

i
W
>/
n
w MH
~ |-

Consequently, from Eq. (38) the residence time in the original, large reser-

voir becomes

: . s
’12\ Q ’tf‘,i n

3

(40)

(41)
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Unfortunately, Eq. (41) cannot be evaluated unless the Qn are known.
The simplest case of Eq. (41) occurs when the mixing ratio is constant

throughout the original, large reservoir. Then Eq. (41) becomes

A S
e 'CQ

S I 4
1
LED M
n=y 1=} T .
where Mn is the mass of air in the nth reservoir and M = ZMn is the total

mass in the large reservoir. For example, suppose that dry deposition of

S0, can be ignored, and ignore the flux of S0, to the stratosphere (i.e.,

take T @), Further, suppose that the dominant removal is by first order

chemical transformations with rate constants:: rch‘l(M) in the mixed layer,

and tch'l(F) in the free troposphere, above the mixed layer. Then, if the

mixing ratio for SO, were uniform throughout the troposphere (generally, this

is a poor assumption) Eq. (42) would yield

L = —\—-[“E(M\ + m(F) ~ 0.\ i 0.9
T m (o »(‘M\ Ty (F) 't‘c ».( ™M) n’:,_h(F)

In reality, this estimate for v(S0,) is expected to be poor since the S0,

mixing ratio is not uniform in the troposphere, especially over the continents.

The case of more practical interest is when the mixing ratio is constant

in each subreservoir, but different constants for different subreservoirs.

Then, as was seen for the development of Eq. (26), each Qn can be determined

since the outflow from (and inflow to) each subreservoir can be described.

in practice, what is needed is to choose the subreservoirs for which: (a) there

is uniform mixing, and (b) the removal rates can be approximated to be con-

stants. One or the other of these two requirements may be more stringent.

Thus, in summary, the practical method for evaluating the overall residence

V4

(42)

(43)
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time in a large reservoir, is to divide the reservoir into subreservoirs
small enough so that both the conditions (a) and (b) described above, are
satisfied. Then use Eq. (41) for those pollutants with first-order re-
moval or Eq. (38) for more complicated removal terms. When each subreser-
voir is well-mixed, then each Qn can be determined.

It may be worthwhile to demonstrate details of the determination of each

Qn for the case that each subreservoir is well mixed. For steady-state con-

ditions in each subreservoir, then

R v =T = _ KR
" & D,n
P+ I, " Ra* ©,

: (44)

For first-order removal with constant rate coefficients in each subreservoir,

then

M

T
R\‘l: E: Ath

1= n

I
i; Rul% . (45)
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For uniform mixing ratio in each subreservoir, then, from Eq. (26),

o = ; z %Cf‘ e
SRy = * . (46)

=1 d,:\’“ =\ ')‘R.,“

[

widlre td*l and Tt_l are the characteristic dry transfer rates defined in con-

junction with Eq. (26). Now, if Eqs. (45) and (46) are substituted into

Eq. (44), there results

Q = (I +P)r 47)
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where
I ‘ I X
\
o= 5 -3 g - & ' (48)
o S . - C -
Cﬂ v=h LES T = AQSS“ k=1 ‘t‘t,ksﬂ

Eq. (47) obviously represents a set of N coupled equations for the N, Qn's.
Solving these equations, and substituting the results into Eq. (41) completes
the proposed solution for the practical problem with inhomogeneous boundary

conditions and inhomogeneous, first-order removal processes.

EXAMPLE: THE TROPOSPHERIC RESIDENCE TIME OF ACCUMULATION-MODE AEROSOL PARTICLES
The aerosol particles considered are those with radii, a, in the range
0.1 £ a g 1um. To illustrate the results in the previous section, the tropo-
sphere is considered to be subdivided into two layers: a mixed layer, M, and
an F- layer, representing the free troposphere above the mixed layer. The sym-
bol E will represent the earth's surface. For illustrative purposes, the follow-
ing characteristic heights [cf. Eqs. (23) and (28)] will be assumed: h(M/E) =
1 km = h(M/F); h(F/M) = 10 km. The mixing velocity for air at the M/F interface
VtOM/F) = vt[F/M) will be taken to be 1 cm/sec. Mixing at the tropopause will
be ignored and the dry deposition velocity vd(M/E) will be taken to be 0.1 cm/sec.
For the wet removal time constants, we choose, for illustrative purposes:
T (M) = 1mo=2.6x 106 sec gnd 1, (F) = 1wk = 6 x 105 sec. The additional
time constants in Eq. (48) are then calculated to be T, M/E) = 103m/ (10~ 3m/s) =
108 sec; T (M/F) = 10%m/(10"2n/s) = 105 sec = 30 hrs; < (F/M) = 10*m/(1072u/s) =
106 sec.
Although the objective of this example is to calculate the residence time
of these particles in the entire troposphere, it is informative to examine

the residence time in each subreservoir. From Eq. (48)
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T (M) o T - (49)
T S T, (M) (M)
Substituting the numerical values from the previous paragraph into Eq. (49),
and retaining the order for the terms displayed in Eq. (49), yields
\
L v+ e > T & Lday (50)
(M) 2.6%10 s \0*s 10> s
The details in Eq. (50) are interesting in that they display that the dominant
influence on the particles' residence time in the mixed layer is not from dry
deposition but from what might be called dry ascension; i.e., the ascension
of the particles to the free troposphere. If correct, this is an important
result. As a minimum, it suggests that much greater effort should be expended,
ascertaining realistic values for the mixing velocity at the mixed-layer/free-
layer ‘.cerface.
In a similar manner, the residence time for these particles in the free

layer is given by

| = tl + | N \ ; (51)

T =

) W& D 'th(‘:m\ ’t‘t(=|53
although we will take the troposphere/stratosphere mixing rate, Tt-l(F/S), to
be negligible. Substituting the numerical values into Eq. (51) yields

i - ! |
= 1 + = T(F) > % days . (52)
T(E) 6x10°% s 0% s

It is noted that wet removal appears to be the most important factor deter-
mining the residence time, for these particles, in the upper troposphere.

Also, it should be noted that if vertical mixing in the upper troposphere
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proceeds with a characteristic mixing time ™ z-1 week, then the condition
2

for uniform mixing, <t
M,z

the assumption that the F- layer is well mixed may not be so poor as might at

<< 1 has not been satisfied. In reality, though,

first be thought. The reason is because, in reality, the conditions of signi-
ficant vertical ascent also activates the dominant removal process (i.e.,
precipitation scavenging). Therefore, the incidents of large intrusions of
more polluted air, from the mixed layer, may not result in such nonuniform
concentrations as would otherwise occur.

To estimate the residence time for these particles, in the entire tropo-

sphere, we apply Eq. (41) with t, = Td(T/E):

9
Ter) T (T/e) QT T (m) REY  TLF 5

where T symbolizes troposphere. In the general case, described earlier, the
amount of.the pollutant in each subreservoir could be evaluated using Eq. (47),
assuming each subreservoir is well mixed. However, to evaluate Qn from Eq. (47),
the production in each reservoir, Pn’ is needed. For accumulation mode aerosol
particles, though, the Pn are not known: the rate of production appears to de-
pend on a host of gas-to-particle conversion reactions, including homogeneous,
heterogenedus and acqueous phase rgactions. Therefore, for the present illus-
tration, the following mixing ratios will be assumed: m(M) = 50 ppb

(x(M) = 50 ug/m3); m(F) = 5 ppb. Then Q(M)/M(T) = m(M)MM)/M(T) = 50 x 1072 x 0.1
= 5 x 1072, Q(F)/M(T) = 5 x 10™? x 0.9 = 4.5 x 1072, and Q(T)/M(T) = 9.5 x 1072.
These assumed mixing ratios allow an estimate for the characteristic height:
h(T/E) = [xdV/[X(T/E)dS = [m(M)fodz, + m(F)fedz;]/[m(M)p ] = 2 km. Then

14(T/E) = h(T/E)/v (T/E) = 2 x 103m/(1073m/s) = 2 x 10"® sec. Substituting

these numerical values intc Eq. (53) yields
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x (54)

6
T 2%\ s 95 \2.6x10°%s 8.5 \exe’s

i.e., T(T) = 6.7x10%s = 1 week. The details in Eq. (54) demonstrate that
wet removal of particles from the free troposphere dominates the removal of
these particles from the entire troposphere.

Although the calculations in this section were presented mainly to illus-
trate the method of analysis and do not claim to describe reality too accurately,
nevertheless some important general conclusions seem to be permissible:

1. It appears that dry deposition of accumulation-mode aerosol particles
is not so important to their residence time in the mixed layer as is
the dry ascension of the particles into the free troposphere. More
accurate estimates of this ascension velocity should be obtained.

2. Because of this ascension, the (average) residence time of these
aerosol particles in the mixed layer is quite short, of the order of
1 day. However, this estimate is for average conditions. Obviously,
when there is symoptic-scale subsidence, the ascension velocity essen-
tially vanishes, and the residencefiime in the lowest layer of the
atmosphere increases to a value dictated by the dry deposition velocity.

3. If the total mass of accumulation mode aerosol particles is about the
same in the mixed layer as in the free-layer, aloft, i.e., y(M) =
10 x(F), then the residence time of these particles in the troposphere
is approximately equal to the wet removal time for scavenging from
aloft, i.e., ~1 week during winter months and ~2 weeks during the

summer.

The final point we wish to make about this example is that it illustrates




36

another difficulty yet to be overcome. Namely, to calculate t(T), it was

necessary to assume Q(M) and Q(F) because the production rates were unknown.

SOME COMMENTS ABOUT CO2

As a final illustration, consider COZ' The first reservoir to be considered
will be the entire atmosphere. At the outset, this reservoir will be assumed
to be well mixed. The adequacy of this assumption can be checked after t is
calculated; for a uniform mixing ratio, it is required that t >> LYE For the

>

case under consideration, Eq. (48) simplifies to

\

—
r—3
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T T, T, T, (A[O) T, (A]B)
in which we have already assumed that dominant dry deposition is from the
atmosphere to the occuns, Td(A/O), and to the biosphere, Td(A/B).
Actually, there are many complicating features of the CO2 residence
time problem (e.g., see Junge, 1963: Machta, 1971; Woodwell, 1978). Here, to

simplify the analysis, we propose to ignore interactions of CO, with the bio-

2
sphere. This interaction creates the familiar annual cycle in measured values
of the CO2 concentration in the troposphere. Chemical transformations of CO2
in the atmosphere are negligible (Junge, 1963). Finally, although CO2 does

dissolve in rain water, it can be seen that wet removal's contribution to COz's
residence time in the atmosphere is negligible (e.g., see Slinn et gql., 1978).

With these assumptions and approximations, then Eq. (55) yields the simple

result

T =T (Alo) = h(A[o) /v, (Alo) = H/VA(A/0.3 (56)

(55)
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where H is the scale height for the atmosphere which we will take to be 10 km;
cf., Eq. (29).

Earlier in this report, it was frequently repeated that O was the toial
outflow of the tracé constituent from the reservoir, not the net outflow.
Consequently, the corresponding deposition velocity in Eq. (56) should not
contain any inflow from the oceans to the atmosphere. From various methods,
it can be estimated that vy = 1 cm/sec (e.g., see Slinn et al., 1978). Con-

sequently, from Eq. (56), the residence time of CO_, in the entire atmosphere

2
T ~ \of Vﬂ/(\o°zm/s\ %2 10 days . (57)

It is noted that this result is drastically different from the familiar result
that the residence time of CO2 "in the atmosphere" is 1-10 years (e.g., see
Slinn! 1978) ; nevertheless the essence of Eq. (57) is correct.

To improve on the estimate for Coz's lifetime in the atmosphere, it is
noted that it may be incorrect to assume that the entire atmosphere is well
miked since the answer yields'r << TM,i' It is true that the majority of the

C02 is well-mixed in the atmosphere, but the majority of the CO, has had eons

2
to reach equilibrium in the various geospheres. To improve the basis of the

result given by Eq. (57), we take the reservoir, instead, to be the tropo-
sphere. Then, with the same assumptions as before, including h = 10 km, and
assuming transfer to the stratosphere is relatively slow, there results T = 10
days, in the troposphere. This residence time is approximately the same as
the time for vertical mixing in the troposphere. Thus, there appears to

be little point in belaboring the question of adequate mixing; it will not

reveal the main source of the discrepancy between the result given by Eq. (57)
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~and the usual result that Coz's residence time "in the atmosphere" is 1-10 years.

The source of the discrepancy is, of course, that most authors use the
net outflow of CO2 to the oceans, rather than the total outflow. The net out-
flow is very small: almost as much CO2 is resuspendgd from the oceans as is
déposited on the oceans (e.g., see Slinn e? al., 1978). However, in reality,
the residence time of CO2 in the troposphere is nearer 10 days than 1 - 10 years.
That is, the average time required for an individual CO2 molecule to leave the'
troposphere and enter the oceans is about 10 days. That the molecule sub-
sequently re-enters the atmosbﬁere is a separate matter, of interest if it is
desired to know GDz's residence time in the cceans. Of course, the value for
the oceanic residence time 6f CO, depends or the size of the oceanic reservoir

2
chosen; this follows because T = Q/R depends on Q.
To reconcile the differences displayed in the previous paragraphs, it is
useful to consider the residence time of CO2 in other geospheres. These con-

siderations will be quite crude. They are presented not so much to contribute

to solving some of the important questions about atmospheric CO,, as to illus-

2?
trate the importance of proper choices for the reservoirs. For simplicity, we
shall continue to ignore the biosphere. The following choices of reservoirs
are considered:
(a) Carbon Dioxide in the Troposphere

This is the case considefed already; the result for the residence tice is
T = 10 days. |
(b) Carbon Dioxide in the Mixed Layer of the .Oceans

The concentration of dissolved CO2 in the oceans is quite small: C = oy

where o = 1 is the solubility coefficient. If the top ~100 m of the oceans

were chosen as the CO2 reservoir, then it would be seen that transfer across
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the thermocline, to the deep oceans, is negligible compared with CO2 resuspen-
sion into the atmosphere. The resuspension velocity is about 1 cm/sec,
essentially the same as the velocity of CO2 deposition from the atmosphere to
the oceans. Then, ignoring chemical transformation of CO2 in the mixed layer
of the oceans, a first estimate of C02's residence time in this reservoir is:
100 m/ (1 cm/sec) = 3 hours. This result demonstrates a poor choice for a
reservoir: the mixing time in the mixed layer of the oceans, TM,Z >> 3 hours.
Consequently, different reservoirs should be considered.
(c) CO2 in the Atmosphere Plus the Oceans' Viscous Sublayer

The depth of the viscous sublayer of the oceans, just below the air/sea
interface, is about 1 cm. Therefore, there is negligible CO2 in this sublayer
compared to the amount of CO2 in the atmosphere. The transfer velocity past

the sublayer, deeper into the mixed layer, is about 10-2 cm/sec (e.g., see

Slinn et gl., 1978). Consequently, the residence time for CO, in this coupled

2
reservoir is about 10 km/(lO'2 cm/sec) = 1 - 10 years. However, mixing into

the stratosphere does not occur cn a time scale short compared with 1 - 10

years and therefore this case again illustrates a poor choice for a reservoir.

(d) C02-in the Troposphere Plus the Oceans' Viscous Sublayer

For this choice, an estimate for transport into the stratosphere is also
needed. This estimate can be determined as in the case for halogenated hydro-
carbons described earlier in this report. However, in the present example,
mixing throughout the entire stratosphere ( ~ 40 km) is needed. Therefore,
rt(T/S) ~ 10 years. With this estimate and the estimate in the previous
paragraph for the transfer rate to the rest of the oceans' mixed layer, then
there results the estimate for CO2 residence time in this reservoir: 1 - 10

years. On this time scale, the troposphere can be considered to be well mixed.
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It is this reservoir, the troposphere plus the oceans' yiscous sublayer, that
ﬁresumably is meant when it is stated that the residence time of C02 "in the
atmosphere' is 1 - 10 years.

As stated earlier, the purpuse of these examples was not to contribute to

solving importantiprobiems about atmospheric CO but to illustrate the import.-

2,
ance of proper choices for the reservoirs. .However, these examples do provide
an opportunity to suggest a possible solution to one of the current questions
about atmospheric COZ' In his recent article, Woodwell (1978) states:
If the biota has not been a sink for atmospheric carbon dioxide, and
if the absorption of CO, by the oceans of the world is no greater than
we have thought, then tﬁe amount of CO,in the atmosphere should be
increasing even faster than the observations show. Obviously the
estimates are wrong. But where does the error lie?
Based on the cases just considered, the first question that arises is:

what is meant by "in the atmosphere"? Presumably it means "in the troposphere

since this is where (all?) the CO, measurements have been taken. Further, in

2

the case of CO2 in the troposphcre plus the viscous sublayer of the oceans, it

should be appreciated that the stratosphere will act as a sink of CO, for about

2
50 years (TM’Z >~ (40 km)Z/(l mZ/s) ~ 50 years) until the mixing ratio becomes
uniform throughout the atmosphere. That is, with every anthropogenic incre-
ment of C02, then during the first ~ 10 - 100 years, the stratosphere acts as
a sink for a quarter of the increment. The factor of 1/4 follows from the
relative masses of air in the stratosphere and troposphere. Whether or not
this outflow of CO2 is sufficient to make up for the "missing CO
amined in a later report.

1" -
o' may be ex

To test the hypothesis that some of the missing CO2 is still mixing into

the stratosphere, it would be useful to measure CO2 concentrations in the

stratosphere, up to heights of about 40 km. Such measurements could also

yield useful information about stratospheric mixing if the data could reveal
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the'height to which annual CO, concentration variations penetrate into the

2
stratosphere. Certainly, obtaining information about Kz is important; for

example, the estimate ™,z

for Kz (=1 m2/sec). This value for Kz is only an order-of-magnitude estimzte.

= 50 years depends directly on the assumed value

CLOSING COMMENTS

The objective of this report has been to formulate methods for improving
estimates of the residence times for atmospheric trace constituents. To
improve these estimates, the essential first step is the careful choice of
reservoirs.

For the practical evaluation of a pollutant's residence time in a reser-
voir, the first feature required of the reservoir is that approximately steady-

4

state conditions prevail; i.e., 6= Tp << g. Only for steady-state conditions

is the residence time defined. To evaluate the residence time via

—

+ *

= L L
To to

o |0

L= L =R
T T, ]

it is necessary to evaluate both the removal rate, Til, and the outflow rate,
-1
0 °

To evaluate the outflow rate, the second feature required of the reservoir

is that the poliutant's concentration (or mixing ratio) be known both at the

reservoir's boundaries and within the reservoir. Thus, as in Eq. (26),

I X
4 = jﬂ X - i: A
T = T, = T
O d,) t,b\
oy
where Td,j = hj/vd,j and Tt’k = hk/vt,k and the scalq‘f§1ghts h are given by

h = gxaV/gX:\"S .
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The practical method to meet the requirement that x he known is to choose the
reservoir so that the mixing ratio is constant throughout the reservoir or

constant in various subreservoirs. This requires that the miiing time in the
reservoir or subreservoir, TM’

residence time. In either case, it is essential, too, that the total outflow

i be short compared with the appropriate

(and inflow) be used in the formulation, not the net outflow.

To evaluate the removal rate, Til, in the important practical case that
removal processes depend on location within the reservoir, it is necessary to
divide the original reservoir into subreservoirs, small enough so that the
removal processes can be treated as constants in each. Then the residence time

for the original reservoir is given by

o= 1 ¥ Qn -
T 't’o I Q tR,n

7 Ma

where T;ln is the removal rate for the n'th subreservoir but T is the outflow
]

from the original, large reservoir.
A simple but important case that has been considered in this report is
when the loss rate per unit volume, L, is first order in the pollutant's

. . -1 . . .. .
concentration, i.e., L =% Ty i X In this case, and for uniform : ixing in
2

each subreservoir, then Qn in each subreservoir can be determined from the

coupled set of equations
Q= Uy + P 7y

where 4+

-%' ' R .
1= 't. \ t‘ o t T
" ! Y',L,ﬂ d\\h“ t,\’\\\'\

9 M

.‘-
T MR

1
[+

P

However, although the mass inflow to the n'th subreservoir is just the sum

of the outflows from neighboring reservoirs, solving for Qn requires that the
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production in each subreservoir, Pn, be known.

When the reservoir and subreservoirs have been chosen to satisfy all the
features described ahove, then improvements in estimates for the residence
time rely on improved description of the various rates contained in the
formalism. When seeking these improvements, it is most important to focus
attention on the fastest rates. For eiample, for improving estimates of the
residence time of tropospherié aerosol particles, it appears to be more
important to improve estimates for the transfer velocity at the top of the
mixed layer (i.e., what we have called the dry ascension velocity) than to
improve estimates for the dry deposition velocity. For the case of aerosol
particles in the troposphere, it is also important to improve estimates for the
production rate, Pn, and/or Qn'

In this report, a number of illustrative examples have been considered.
One example was for COZ' It was shown that the residence time of CO2 in the
troposphere, alone, is about 10 days. The residence time for CO2 in a combined
reservoir that includes both the troposphere and the viscous sublayer of the
oceans, may be in the range 1 - 10 years. It was also suggested that the
"case of the missing C02" may be solved by recognizing that about 1/4 of the
anthropogenic CO2 released during the past 50 years may still be mixing into
the stratosphere. In a subsequent report (Slinn, 1979), the general analysis
will be developed further and applied to the dramatically inhomogeneous

502/504 problem.
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NOTATION

The following is a list of frequently used symbols, subscripts, and special
notation. The dimensions M, L and T represent mass, length, and time, respec-
tive~1y; Sometimes it is more convenient to use dimensions other than mass to
characterize the amount of an atmdspheric trace constituent (e.g., number of
particles, or disintigrations per minute for radiocactivity) but, for simplicity,
the symbol M will be used. Also, although a more appropriate term is (atmos-
pheric) trace constituent, the word pollution will be used. The list of

symbols follows.

a = particle radius (L)

A = magnitude of the mass flux of air (ML T 1)

F = pollutant flux (ML 2T 1)

G = volumetric gain rate (ML'ST' 1)

h = § xdv/ { xdS, characteristic height scale (L)

I = total, mass inflow rate (MT'I)

K, = vertical diffusivity (LT1)

L = volumetric loss rate (ML'ST-I)

Lz = characteristic length in the vertical dii'ection (L)
m = x/p = mass mixing ratio (dimensionless)

M = total mass of air in the reservoir (M)

T = unit outward normal vector (dimensionless)

0 = total mass outflow rate (MT-I)

P = {Gdv = mass production rate (MI 1)

Q = {x dV\= total pollutant mass in the reservoir (M)
R = SL dv - mass removal rate (MT-l)
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<
[

d generalized, dry deposition velocity, i.e., transfer velocity at inter-

faces hetween the reservoir and other geospheres or the hiosphere (LT-I)

v, = transfer velocity at interfaces between the reservoir and other portions
of the atmosphere (ET'I)
A= T;l = first order removal rate coefficient (T-I)

p = mass density for air (ML‘S)

ol = Tél - Tal = net growth rate (T'l)
T=T5=T, = residence time (T)

-1 - .~1 -1 _ -1
Ty = (R+0)/Q= TR *Tp = decay rate (T )
rél = (P +I)/Q= r;1 + Til = growth rate (T‘l)

-1 . ~1
T = I/Q = inflow rate (T

-1 -1
g 0/Q = outflow rate (T )

-1 . -1
™ = P/Q = production rate (T )

r;l = A = first order removal rate coefficient (T'l)

-1 _ - -1
TR T R/Q = removal rate (T )

-1 -1
T, = wet removal rate (T )

T4, = Chemical transformation rate (T'l)

Tph = physical transformation rate (T-l)

-1 _ -1 -1 -1, _ .. -1
TM’i = (TM,x’ TM’y, TM,Z) = mixing rates (T )

X = pollutant concentration (ML'S)
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Subscripts

d - dry

i - generally refers to I, different, first order removal rate coefficients

j - index for the J interfaces between the reservoir and other geospheres of
the biosphere

k - index for the K interfaces between the reservoir and other portions of the
atmosphere

n - index for the N subreservoirs

o - generally signifies that the subscripted variable is constant

T - removal

t - transfer

Other Notation

For further distinction of the various rates, notation such as rt(A/B)

has been used. The letters in the parentheses are abbreviations as follows.

A = Atmosphere or Aloft layer
B = Biosphere or Boundary layer

C = Constant flux layer

i
1]

Earth's surface
F = Free layer

Mixed layer

o =
[}

Ocean
§ = Stratosphere

T = Troposphere or Total
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