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Abstract. Recent studies with closed-path eddy covariancel Introduction
(EC) systems have indicated that the attenuation of fluctua-

tions of yvater vapor concentration is dependgnt upon ambiEddy covariance technology (ECT) has been and continues
ent relative humidity, presumably due to sorption/desorption,, pa ritical to the quantification of exchange rates obCO

of water (rjn_olec?les a lthe(;ntegor surface of ﬂ;fe tUbﬁ' Pre1,,0, and other trace gases between the atmosphere and the
vious studies of EC-related tube attenuation effects have eiry o qpria) hiosphere. The success and accomplishments of
ther not considered this issue at all or have only examine

. . i Il global flux networks to date rests directly on ECT and
it super.f|C|aII'y. Nonetheless, the attenuation of water vapory, . (sine qua non) technical capability to accurately measure
fluctuations 1S clearly much greater than might t,’e expecteqyq fyctuations in wind velocity and trace gases concentra-
from a passive tracer in turbulent tube flow. This study re-ton. But no measurement technology is free of sources of
examines the turbulent tube flow issue for both passive angy, g ment error and bias. It is well known, for example, that

sorbing tracers with the intent of developing a physically- et nderestimates the high frequency content of the fluc-
based semi-empirical model that describes the attenuation ag;ations of these atmospheric variables as a result of finite

sociated with water vapor fluctuations. Toward this end, Weresponse time of the instrumentation, spatial displacement of

dfev;]alop al\)nlew rg%del_ of tUbZ flogv dynamics (raldla! profiles e sensors, line averaging effects for open-path instruments,
of the turbulent diffusivity and tube airstream velocity). We 54 pe attenuation for closed-path instruments (elass-

compare our new passive.—tracer fo_rmulation_with previousman 2000. Of particular interest to the present study are
formulations in a systemauc; and unified way in order to aS-these frequency-dependent tube attenuation effects.
sess how sensitive the passive-tracer results depend on funda-

mental modeling assumptions. We extend the passive tracer The first to address the attenuation of concentration fluctu-
model to the vapor sorption/desorption case by formulating2tions associated with sampling tubes Wéwslip (1963ab),

the model’s wall boundary condition in terms of a physically- Whose model-based study was focused exclusively on pas-
based semi-empirical model of the sorption/desorption vaporVeé tracers and laminar tube flow. Lateenschow and

fluxes. Finally we synthesize all modeling and observationalR2upach(199), using water vapor as the tracer, measured

results into a single analytical expression that captures the e1t_he attenuation of concentration fluctuations associated with

fects of the mean ambient humidity and tube flow (Reynoldsturbulent tbe flows. In addition, they also developed a
number) on tube attenuation. model of these frequency-dependent tube attenuation effects,

the basis of which was the modeling and observational re-
sults of Taylor (1954). Surprisingly though when they com-

pared the model predictions with the observed attenuation,
they found that the attenuation of water vapor fluctuations
is not only significantly greater than might be expected for

Correspondence taV. J. Massman a passive tracer, but also it is more strongly influenced by
BY (wmassman@fs.fed.us) the flow Reynolds number than predicted as well. On the
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other handMassmar(1991), using a very different and pre- is the radial profile of the turbulent diffusivity. (NOTE: For
sumably more complete model of turbulent tube flow, wasreasons that will become clearer later it is more convenient to
successful at modeling the datalofnschow and Raupach express all radial dependencies in terms of the dimensionless
(199)). Consequently, the conundrum posed by the discrepwall coordinate o, rather than in terms of; herep=1—r/a

ancy ofLenschow and Raupagh991) was assumed to have anda is the radius of the tube.) To obtain the tube transfer
been resolved due to a better (or more physically realistic)unction, which characterizes the tube’s attenuation effects,
model of turbulent tube flow. Nonetheless more recent obserrequires a solution to Eql). The present study employs
vations byClement(2004, Amman et al(2006, andlbrom the spectral decomposition/eigenvalue approach by assuming
et al. (2007 have suggested that the attenuation of atmo-that

spheric water vapor fluctuations is strongly influenced by rel- ~ i(t—ix/T)
ative humidity, which leads to the very likely possibility that € (P X 1) = Ci(p) e @)

some of the greater-than-expected attenuation observed Wherei:J—_l is the unit imaginary numbes, is circular
Lenschow and Raupa¢ti99]) resulted in part from humid-  ¢eqency (radians®), U is the cross-sectionally averaged
ity effects. If so, this (a) invalidates the assumption, on wh|chU(p)’ A is the eigenvalue (a complex number with both real
bothLenschow and Raupa¢h99) andMassman(199]) are g imaginary parts), an (o) is the eigenfunction, which
based, that water vapor is a passive tracer, and (b) clearly ing 55 complex-valued. In the most general terms the solu-
dicates a need to carefully reexamine the previous models ofyp, 1q Eq. () is how synonymous with finding the eigen-
tube attenuation effects for passive tracers and to develop (e, which directly determines the tube transfer function.
possible) a physically-based model that includes the effects Substituting Eq. 2) into Eq. (1) and after some algebraic

of humidity on tube attenuation. Such is the intent and PU™manipulations Eq.1) can be transformed into the following
pose of the present studly. equation:

Specifically this study takes a fresh look at the turbulent
tube attenuation effects for passive scalars and develops a1 ¢ d@(p)
physically-based semi-empirical model that describes the ad7 _ 0 % (1-p)Gp(p) dp =
ditional attenuation associated with water vapor fluctuations.

The physical processes associated with this additional atten-
uation are assumed to be related to sorption/desorption at the
tubey\{all. Consequently, formulating the tubewa!lboundgrywhere Q=a2w/D(1) and D(1) is the centerline value
condition for the trace gas tube transport equation requires e i

. : of the turbulent diffusivity (discussed more later),
developing a model of the sorptive wall fluxesdassman Gu(p)=U(p)/T, Gp(p)=D(p)/D(1), andy is a flow
(1997 showed that first-order sorption (or destruction) of utor=J\0)~, P pz_ fz 2y v —

. ) . .7 = related parametety=4D“(1)v~“Re <, whereRe=2aU /v

ozone at the tube wall will result in additional attenuation in . .
. . is the tube flow Reynolds number amdis the molecular
an eddy covariance ozone-flux sampling tube. Nevertheless

: . Viscosity of air. (Note for the present purposesan be
the present study attempts a very different formulation forconsidered a constant. But, in fact, it is a function of both

the wall boundary condition in thg hope that (at least some emperature and relative humidity (e.@tudnikoy 197Q

Of.) the results are ggne_rally applicable to any trace gas th silingiris, 2008. In general terms these two effects will

m_?htsa gzhe;;?ntgﬁ ";?Lde&; Sléraa:cnqull;ilhlég} zg?].c?oggl’ailit tend to add “noise” or uncertainty to specific model pre-
3 ' y P P Y dictions. Nonetheless, for typical environmental conditions

to isotopes of such trace gases as well. encountered at eddy covariance sites and within closed-path
eddy covariance tubes the relative humidity effects can prob-
2 Modeling scalar transport and the tube transfer func- ably be disregarded, but the (larger) temperature effects may
tion influence the Reynolds number and the turbulent diffusivity
(see next section) enough during a daily or seasonal cycle
The lateral and longitudinal dispersion of a tracer or so-that they might need to be considered when employing or
lute being advective through a straight horizontal tube is de-evaluating specific model predictions.)
scribed in terms of the advective-diffusive equation in cylin-  Except for a slight change in notation, this last equation

Qi —irGu(p) +7322Gp0|Citp) ()

drical coordinates: is identical to Eq. (3) oMassman(1991). But at this point

) the present development diverges significantly friviass-
ac U(F)E _13 [rD(r)E} n D(r)% (1)  mMan(1991). Here we take very different approaches to mod-
ot ox ror or ox eling the turbulent diffusivity,D(p), and to solving for the

eigenvalue and we employ a (somewhat) different model for
U(p). By choosing approaches that contrast strongly with
Massmar(1991), we hope to better understand how different
methodologies can quantitatively impact model predictions.

whereC=C(r, x, t) is the solute concentrationjs the radial
distance from the centerline of the tubes the longitudinal
distance from the mouth of the tubejs time, U(r) is the
radial profile of the longitudinal airstream velocity, abdr)

Atmos. Chem. Phys., 8, 6246259 2008 www.atmos-chem-phys.net/8/6245/2008/
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2.1 ModelingU (p)

To model U(p) we adapt the model ot/(p) given by
Eqg. (1.6.10) on page 35 ¢folyanin et al(2002. Specifi-
cally, we assume

U(p) _ G(p)
U 2[5(-p)G(p)dp
where
1502 —

31— e 0K —0.1Kp e 03K 4)

with K as the Karman numberK=au,/v, and u, is
the wall friction velocity. Here we should note that
the cross sectional average of any variable(p), is
given as E:Zfol(l—,o)Q(,o)d,o and that by def-
inition  u, /U =2K/Re. To complete the model
for U(p) we relate K and u, /U to Re by employ-
ing the Blasius relation (e.g.McKeon et al, 2005,
which is 8u, /U)?=0.3164Re /4, This yields
K =./03164/32Re’’® and  u, /U =0.1989Re 18,
which are important model constitutive relationships,
especially for modelind (p).

The present model df (p) was chosen over the one orig-
inally adopted byMassmar(199]) for a very important rea-

6247

Since it is not unreasonable to assume that the turbulent dif-
fusivity is proportional to the turbulent viscosityy, we con-
structF (p) from models ofvr (p).

The first model assumes thaf(p)xU(p)/U (e.g.,
Kirkegaard and Kristenseri996. Such an assumption is
plausible because it not only eliminates the logical contra-
dictions associated with using mixing length theory near the
tube centerline, but it may also be theoretically justifiable for
bounded flows, for whiclvy (0)~U (p) has been suggested,
(e.g.,Hussein et a).1994 Pope 2000. Nevertheless, de-
spite its appealing simplicity this modeling assumption is not
complete, because near the tube wall (i.e.pa®) this as-
sumption combined witld (o) from Eg. @) suggests that the
Reynolds stressesvy(p) dU/dp~U (p) dU /dp~p, Which
differs than the expected resultop?® (e.g.,Kim et al,, 1987
Pope 2000. To compensaté (p)xG(p)V (p) is assumed,
where

V(p) = 1— e 4K¢*

is a modified version of the original van Driest functiom
Driest 1956, 1—e~X#/A" in which the exponent is linearly
dependent op. Our modification to the original van Dri-

est function ensures the functional description-gf for the
Reynolds stresses near the tube wall. For the present study
A=0.0375 in accordance with the original van Driest param-
eter AT=26-28 (e.g.,Pope 200Q Rusak and Meyerhojz
2006. Although the van Driest function is somewhat em-

son. On one hand, the new model is just as physically realispjrical, it is not without logic or precedenR(sak and Mey-

tic (if not more so) than Massman'’s original modelldfp),

but, on the other, it has fewer (in fact no) empirical parame-

erholz 2006. Furthermore, by a careful choice of the pa-
rameter,A, the turbulent viscosity can be made to display a

ters. Consequently, the new model is specifically intended tqyrgad uniform maximal value near the tube centerline, which

make it more difficult to obscure the need for modeling the

captures the functional dependence suggested from several

adsorption/desorption processes by simply adjusting velocppservation-based studie®ape 2000.

ity profile parameters to fit observations. This philosophy of
minimizing the number (and sensitivity) of model parame-
ters carries over into the next section, which outlines model
of turbulent diffusivity that are not dependent on the velocity
shear §U/dp) or mixing length theory.

2.2 ModelingD(p)

Massmar(1991)’s model for D(p) has a significant concep-
tual problem, i.e., as the turbulent diffusivity becomes small
as the centerline is approached (Jim D(p)~0). This is a

SD(p)/v = (Re™/8 — s¢™ 1y

The first model forD (p) is given as:

G(p)V(p)
GV

+ 8¢t (5)
where Sc is the Schmidt number and the singl:—1
(rightmost) term is included to account for molecular dif-
fusion, which will dominate turbulent diffusion very near
the wall (i.e., D(p)/v~Sc~t when p~0). The multiplier
(Re’/8—Sc=1) on the left side is used to maintain the equal-
ity D/v=Re’/® in accordance withTaylor (1954. (We

consequence of using mixing length theory, which parame-should note, primarily for the sake of completeness, that the

terizes the turbulent diffusivity in terms of the velocity shear
(0U/0p—0 asp—1). This concern is not new (e.Re-

constructed functionF (p)=Re~ /8D (p)/v.)
The second model oD(p) is adapted fromReichardt

ichardt 1957). Consequently, the present study develops two(1951)'s model of turbulent viscosity, which assumes that

rather different parameterizations &f(p), both of which

vr(p)/vep (2—p)[1+2(1—p)?1=(20—p?) (3—4p+2p?).

circumvent this conceptual problem. These two models areThis empirical function displays a local maximum@t0.5

used to explore the model’s sensitivity to different formula-
tions of D(p).

From Taylor (1954 we know thatD=10.1au,, which can
be written asD=10.1K v=Re"/8 v. Therefore, we will con-
struct a function,F(p), such thatD(p)=DF (p) and F=1.

www.atmos-chem-phys.net/8/6245/2008/

and a shallow minimum near the tube centerline. This
centerline minimum is only somewhat less than the local
maximum so thaD(1)>>>0 (e.g.,Kays and Crawford1993

p. 247). This model obr(p) is reasonable because there
is no production of turbulence at the centerline (where

Atmos. Chem. Phys., 8, 62852008
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there is no velocity shear). Consequently, turbulence isSubstituting these expressions into B).gnd equating pow-
continuously diffusing toward the centerline from the nearby ers of(2 yields a set of recursive ordinary differential equa-
high shear regions (where it is being generated) and it igions (ODES) forCo(p), C1(0), C2(p), andC3z(p), in which
being continuously dissipated near the centerline at the sam does not directly appear.
rate. The next step is to formulate the boundary conditions and
This study enhanceReichardt(1951)'s original model  solve the ODEs sequentially fao(p), C1(p), a1, C2(p),
with a parameter (here termed Reichardt's parameter) thaandasz as functions of the boundary conditions and the char-
allows the position of the local maximum to vary somewhat acteristics of the profiles/(p) and D(p). Most significant
from p=0.5, in accordance with observationally-based infer- to the present discussion is that is an imaginary number
ences (e.g.Sherwood et a).1975. This parameter is de- of the formai=—i|a1|, where|ay| is the modulus of1, and

noted byB in the following expression: az<0isreal. Herev; is the imaginary part of the eigenvalue,
A, anda> is its real part. Relative to the transfer function (dis-
E(p) = (2p — p2)(B — 4p + 2p?) cussed in the next section) is that part of the eigenvalue

that relates to the attenuation of the trace gas fluctuations,
where 225<B <40 (with Emax occuring at Whereas: relates to the frequency-dependent phase shift or

pmax=1—05+4—B) and E(p) is used to define the ag time associated with the tube flow.

second model oD (p) as follows: The boundary condition at the center of the tube re-
quires that there be no net exchange of mass (no flux)
_1. E(0)V(p) _ across the centerline of the tube. Consequently, for
_ 7/8 1, L)V Ip) 1 N
D(p)/v = (Re"" = Sc™)——=—+Sc ©)  =0.1.2 ..., {Gp(p)dC,/dp},-1=0, which implies that

{d@n/dp}pzlzo since Gp(1)#0. For a passive tracer
The van Driest functionV (p), is included in this model the appropriate boundary condition at the tube wall is
of D(p) for the same reason it is included the first model, again no net flux, i.e.,{GD(p)da,/d,o}p:o:O, which
Eq. 6). But including V (p) does alter the position of the implies that{d@/dp}p:ozo sinceG p(0)£0. With these
maximum value ofD(p) relative to Emax. Nonetheless, poundary conditions the solutiofio(p) is Co(p)=C, a
pmax=1—0.5/4— B remains a very good approximation for constant. With no loss of generalit§o(p)=1 can be

estimating the position @Pmax/v providing B>2.25. assumed for a passive tracer. Unfortunately, solutions for
) C,(p) (n=1) cannot be found analytically and so must
2.3 Method of solution be computed numerically. This is done using a modified

) ) ) ) shooting method with a fourth-order Runge-Kutta algo-
Solving Eqg. @) by numerical methods is possible, but \ithm with an adaptive step sizePiess et al.1992 to
many of the numerical complexities and precision issuesggve the ODEs fofl(p) and 52(p) numerically and an
can be significantly reduced by simplifying E) ising & gigebraic/numerical procedure for determinisg and .
perturbation-expansion technique. The integration procedure assumes tGa(0)=0 (n>1).

The first step in this procedure requires establishing thafyeyertheless, the numerical procedures cannot directly
for eddy covariance applicatior8<1 is valid. Recalling  handle the singularity at the centerline=£1) that is typical
thatR=a’w/D(1) it follows thatQ=(aw/v)(Re "/8ALY),  of these ODEs and Eq3) This singularity is treated by
whereA ), is defined by the relatiom(1)/v=Re’/Ap. In matching the numerical solution (at some point near but not
generalAp is a function ofA, Re, andSc~%, but for the  at the centerline) with a power series expansion of the form
present study it is sufficient to note that, is a monotoni- lim,—1Cy (p)=aon~+ar,(1—p)+az, (1—p)2+az, (1—p)3+
cally decreasing function oRe such that 138<Ap<3.34. ... where the coefficients can be determined analytically
Next, assuming~0.15cn?s™?, that the tube diameter is from the appropriate ODE. Finally, it is not necessary to
not much larger than about 1cm (i.@?<0.25cn¥), that  solve for Cs(p) explicitly, because the only relevant infor-
the highest frequency of interest for eddy covariance ismation required to determing is the boundary condition at
likely to be a sampling frequency of about 20Hz (i.e., the tube wall.
w<2rx20s1), and that the minimum value foRe is
about 2300 (i.e.,Re "/8<1.144x1073), it follows that 2.4 The tube transfer function
Q2<0.14<1. These results are relevant because we can now
quite accurate|y approxirnaféL (p) and as follows: Onceas anday been determined the transfer functiaite),

for a tube of length. can be determined from EcR)(as:

Ci(p) = Cop) + Q2 C1(p) + 22 Ca(p) + 2 C3(p) CoLt) oy
_ s M :eﬂw}»L/U

T e

(@)

and

A=1+a1Q+ayQ?

Atmos. Chem. Phys., 8, 6246259 2008 www.atmos-chem-phys.net/8/6245/2008/
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which can now be expressed as dimensionless variablg=x/a andTaylor (1954’s relation-
ship forD (i.e., D/v=Re"/8), this simplified tube flow equa-
h(w) = |:e—A1w2aL/U2:| [e—i(wL/U)(l—Aszaz/Uz)} (8)  tionis expressed in dimensionless form as
_ _ d?C P
where, borrowing the notation from Massman (1991), d_ﬂz - Ud_n —iQrC =0 (12)

A1=0.5|a1] A Re/8 and A p=0.25|a| A ;7 Re 4.
The first term in brackets on the RHS of E®) (s the  whereoc=0.5ReY8 andQ;=wa?Re~"/8 /v=0.5ReY/8[wa /U].

real-valued transfer functiorf (w), associated with the at- The exponentially decaying solution to this last equation

tenuation of fluctuations and the second term in brackets oris the transfer function

the RHS expresses the phase shift (or tube lag time) (e.g.~ —~

Massman200Q 2004). Therefore, C(m) = Coe™ (13)

wheres=(c —/02+4iQ7)/2. This expression far can be
further simplified by noting that@; <2 for most eddy co-
and variance applications. This is basically equivalent to pertur-
bation assumptio® <1 previously discussed and employed
with the eigenvalue model above. Tliks inequality allows

s to be expanded in a Taylor’s series, which when truncated

i 7T 2 2 772 . ST e
where the tube lag time ig/U(1-A2w%a”/U"). Note  ter 4 terms yields the following final solution f6i(L, 1):
that the tube lag time is usually assumed to bgU,

which is correct only for those frequencies such thataL =G iwt[ —{2Re-V/8) (wzaL/Uz)j|
_2 . . ’ Oe e X
Arw?a?/U°«1. Assessing the importance of the second
order term, Arw?a?/U°, requires evaluating the validity
of this inequality. This is accomplished by noting that
w?a? U =4a?a*Re=2/v2 and then using the same inequal-
ities and values fom, a, Re, and v that were used to from which the attenuation coefficients;r=2Re~*/® and
establish that2<1. The resulting calculations show that A2r=8ReY/* are easily identified.

Arw?a?/TU*<A»/30. Therefore, one should expect that
A2/30<1 and that this condition should be considered when
assessing any particular model’s performance.

Before presenting the solutionsAij=A1(Re) and

—2
H(w) = e*AlwzaL/U (9)

hovasda) = OO AT (10)

[e—i(wL/U)u—{sRel/“} wzaz/U%} (14)

3.2 Separation of variables

The tube flow model developed tiirkegaard and Kris-

= ) i ¢ tensen(1996 is based on the assumption thagp)ocU (p),
A2=A2(Re), itis worthwhile to re-examine the modeling re- \ynich allows Eq. {) to be solved by separation of vari-

sults ofLenschow and Raupaqii99]) andKirkegaard and  4pjes.  This section examines the separation of variables
Krlste.nsen(lggg, which |§ done in the next section. Th? technique for solving the tube transport equation to cal-
benefit and the intent behind these next two approaches is tg|ate the resulting attenuation coefficieltsx =A1x (Re)
avoid (or to reduce as much as possible) the need to specity, g Azk=A2k (Re). But the present development is some-
ically model D(p), which is at best highly uncertain and at \ynat different from that employed Hirkegaard and Kris-
worst completely unknown. tensen(1996 and the full mathematical development, which
is fairly involved, will only be outlined and summarized here.
3 Other modeling strategies (the the symbols used _in this section_are consist_ent _with
their usage throughout this study.) The first assumption is

3.1 Taylor(1954'’s approach Clp.x.1) = E(p ) et (15)
The model for the attenuation coefficientl developed by  The second assumption is that the a rdfie)/[UG p(0)]
_If_enls,cr}cl)\évsznd_rl?r]gupac(?99]) 'i 'bﬁsflc;ellllyalr(e;t?tement 0; is well approximated by its cross sectional average, i.e.,
aylor . This section, which follows Kristensen an — e . .

i ot U(p)/IUGp(p)I=U(p)/IUGp(p)]=B. Without this, or
Kirkegaard (personal communication, 2007), calculates a similar assumption, separation of variables is not possi-

andA from Taylor (1954's model. This begins with a sim- ble. (Note this assumption yields a slightly different value

plified version of Eq. {), namely: - .
. . - for U(p)/[UG p(p)] than the equivalent parameter used by
aC —daC —o°C i i
¢ gt _poc (11) Kirkegaard and Kristensett996)
Jat ox dx2
whereC=C(x, 1) is the cross-sectionally averaged concen-
tration. NextC (x, t)=C (x) exp(iwt) is assumed. Using the

www.atmos-chem-phys.net/8/6245/2008/ Atmos. Chem. Phys., 8, 62882008
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20 175
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=
=
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102 1ot 10¢ 10° 100 108
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Fig. 1. Transfer function attenuation coefficient, A2, A1r,and  Fig. 2. Comparison of modeled (passive tracer) attenuation coef-
Agr. Ay andAj are first and second order solutions to the eigen- ficients with a summary of some experimental observations asso-
value model Egs ), (5), and §). A1 andApr are Taylor's solu-  ciated with water vapor fluctuations fromenschow and Raupach

tion as shown in Eq.14). Not included here is\1x, the solution  (1991) as determined biylassmar(1997).
to the separation-of-variables modelKifkegaard and Kristensen

(1996, which yieldedA 1 <0.3A 7.
4 Attenuation of a passive tracer

Equation {) can now be written as Figure 1 shows the first and second order attenuation coef-

1 [ 9C iQ - ficients as functions of the tube flow Reynolds number for
——————— | Q=p)GCplp)— | - C= the eigenvalue model arithylor (1954's model. Compar-
Gp(p)(L=p)dp o | Golp ing A1(Re) with A17(Re) and Ao(Re) with Aoy (Re) sug-

52C Yl gests thafTaylor (1954’s approximation is reasonable for
—— 40— 16 the first order termA1, but that it may not be so for the
an? 0
n n

second order termAp. Nevertheless, assuming that the

Whereo=0.5Rel/3A51,3 and is a monotonically decreas- eigenval_ue mode_l produces a more precise estimate for the
ing function of Re such that 38<g<217 (for the first ~ attenuation coefficients of a passive tracki(Re) can be
model of D(p), which is sufficient for the present purposes). approlxgmated to W'thc;r%zsl% by the analytical expression
Assuming the variableg and p are separable, i.e., that Z,Rf / +(100/3)Re;7'25 (shown in Fig.2). The attenga—
C(n, p)=A,(p)B,.(1), then Eq. 16) can be partitioned into tlontgrm(lOO/B)Re‘ e Iargely_results from the van Driest
two ODEs, one forZﬁ(,o) and one forB}(n); where —ix fgnctlon,_V(,o), and we interpret it to be the attenuation asso-
is the constant of separation ahds an eigenvalue. But Clated.WIth the momen.tum boundary layer of thg tube wall.
it is not necessarily numerically the same as the eigenvalu®Y Using & cross-sectionally averaged formulatidaylor

above; nor is it possible to assume that the eigenfunction(195‘9’5 model would have eliminated this additional atten-
A, (p) is the same a6, (p) above. At this point solving for uation. It should be noted here that the maximum value for

the eigenvalue proceeds much as discussed above for the s@2 Produced by the present eigenvalue model, which extends
lution to Eq. @) and the transfer function is determined from Peyond the range of the y-axis of Fifj.is about 4.7 so that
the solution forﬁx(n)- A2/30<0.16, thereby confirming the earlier analysis for the

For the present purposes it is sufficient to summarize thdi'St model of the turbulent diffusivity, Eq5). o
separation-of-variables model from tha results alone. Ei- ~ The eigenvalue model with the second parameterization

ther version ofD(p) yields the following inequality for 14 : for the turbulent diffusiv_ity, Eq. ), produced estimates
of A1(Re) that were within about+4% of the (afore-

Ai1g < 0.3A1r (17)  mentioned) analytical expression. But, the(Re) associ-
ated with this second formulation of the turbulent diffusivity
displayed a significant sensitivity to the positiondfax/v.

385 much so that a8 varied across its range of values the
associated\>(Re) varied by more that a factor of two rela-
tive to A2(Re) shown in Fig.1. Clearly these results suggest
that A>(Re) is quite sensitive to the shape Df(p), which
leads to the idea of designing an observational experiment to

which clearly suggests that the separation of variables ap
proach (as outlined here) predicts much less attenuation th
Taylor (1954’s model.
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exploit this sensitivity, thereby obtaining a better empirical 5 Attenuation of a sorbing/desorbing tracer
understanding and model parameterizatio®gp).

Although the agreement between the present eigenvalu€or a trace gas interacting with the tube wall, the wall
model andTaylor (1954’s model is reasonably satisfying, boundary condition requires a mathematical formulation of
the present results are not in agreement with the observahe physical processes that describe the mass fluxes as-
tions of Lenschow and Raupadfi991) or the modeling re-  sociated with near-wall turbulent transport and the sorp-
sults ofMassman(1991). Figure2 showsA1(Re), its ana-  tion/desorption onto the tube wall. It should not be surprising
lytical approximation, and\17 (Re) with a summary of the that a general formulation of this boundary condition could
data (red boxes) frorhenschow and Raupa¢h991) for the  be quite complex because the physical processes at the tube
regions 5608 Re<5900 and 9008 Re<16600. These ob- wall are physiochemical in nature and molecular in scale and
servational data clearly show much more attenuation thannvolve various aspects of the kinetic theory of gases, thin
predicted by any of the present models. On the other handfjlm dynamics, phase changes (condensation and evapora-
Massmar{1991)'s model (not shown in Fig2) quite success- tion) on clean homogeneous surfaces and on internal tube
fully predicted the observed attenuation. This disparity leadssurfaces contaminated with atmospheric aerosols, as well as
to two conclusions: the dynamics of near-wall turbulent boundary layer effects.

(I) The additional attenuation observed bgnschow and  For application to the present study many of these processes
Raupach(199]) results from the sorption/desorption of wa- are unknowable (at the very least) and so cannot be quanti-
ter molecules onto the (brass) tube walls. Therefore, nondied with much certainty. Nevertheless, the approach taken
of the present passive-tracer models, which assume no irhere begins with a description of a comprehensive model of
teraction at the tube walls, are able to account for this addithe mass fluxes to the tube wall, which is then simplified to
tional attenuation. Consequently, the assumption, made bproduce a physically-based semi-empirical model of the wall
both Lenschow and Raupadii991) and Massman(1991), boundary condition. We take this approach in order to gain
that water vapor can be used as passive tracer (even undarsight into the physical processes involved and some abil-
presumed ideal or ‘equilibrium’ conditions), is likely false. ity into their quantification for modeling application. Once
This last conclusion should not be too surprising given the re-completed the wall boundary condition is then used with the
cent observations of how strongly ambient relative humidity turbulent tube flow model (described above) to test how well
affects the attenuation of water vapor fluctuations in closedthe model reproduces the resultsl@nschow and Raupach
path eddy covariance systems (e@lement 2004 Amman (199)). The final section discusses the (unexpected) empir-
et al, 20086 lbrom et al, 2007). ical adjustments that the model requires and then presents

(I Massmar(1991)’s original model is sufficiently robust  a single analytical expression for the attenuation coefficient
(possibly by happenstance) that it is able to capture the variatA1 only) that best synthesizes the present model and the
tion displayed by the data éenschow and Raupag¢h997). observational results dfenschow and Raupachi991) and
Consequently, this earlier model was successful at least ibrom et al.(2007).
part because of the formulations f&i(p) and D(p), which
are very different than those used in the present study. Thesg.1 Wall boundary condition
earlier formulations included two parameters, which Mass-
man tuned to fit the data dfenschow and Raupagh997). 5.1.1 Near-wall turbulent mass flux
On the other handA1(Re) from the present turbulent tube
flow model (which also contains two “adjustable” parame- The turbulent mass fluxfF¢c, is often parameterized as:
ters, the van Driest parametdr and Reichardt’'s parame- Fe=hcu4(Coo—Csurf), Where h¢ is the mass transfer
ter B) is not as sensitive to variations of these parameterscoefficient through the tube wall’s turbulent boundary layer
For example, the present attenuation coefficientRe) is at (for water vapoBrutsaert1982 equated ¢ with the Dalton
most only weakly sensitive to (even large variationsAnr number),C is the trace gas concentration within the mean
B and then only in the region 238(Re<4000. This is not  flow region of the tube somewhere well away from the
entirely accidental because we sought to improveviass-  influence of the quasi-laminar wall boundary layer, and
man(1991)’s original model ofD(p) by developing models Cgy is the gas concentration at the surface of the tube wall,
that were not only more realistic, but that also had fewer ad-which in wall coordinates is equivalent ©(0). Since F¢
justable parameters. An important aspect of this is that thds the same as the diffusional wall flu¥¢=—D, dC/dr),
resulting model is less sensitive to variations of those paramthe gradient ofC(r) at the wall in the wall coordinate is
eters and the attenuation coefficients are less dependent @i (0)={dC/dp},—0=hc K Sc(Co—C(0)). Several empiri-
the details of the model assumptions. cal models have been developed for (a smooth-virgll¥or

both heat and mass transfer (eAyavinth, 2000, many of
which yield similar results — at least for the present applica-
tion and set of trace gases, which can be characterized by
Sc~1 or Pr~1 wherePr is the Prandtl number. Adapting
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the model ofPinczewski and Sidemgii 974 for ¢, which of the gas. The first term in the brackets on the right hand

is hc=0.064(u,,/U)Sc~1/2(1.140.445¢=1/2-0.708¢1/6),  side of Eq. 19) is condensing mass flux and the second term

yields the following approximate relationship: is the evaporating mass flux. (Note: the HKS equation is

he K Sc~0.00108Re%*/4Sc/2,  which will be denoted usually expressed in terms of the vapor pressure rather than

by ;. Therefore, for the present study vapor density. Here we have used the ideal gas law to convert
, the usual HKS equation to the form given above.)

C0) =1{Co0 = C(O)} (18) Although Eq. (9) is appropriate for a freely evaporat-

and,=(1.08x103)Re¥4Sc1/2 is the dimensionless form ing/condensing gas, to use it to describe surface adsorp-

of the turbulent boundary layer conductance associated witfiion/desorption requires introducing the possibility that there

the tube wall. are only a finite number of sites available for adsorption (e.g.,
Superficially Eq. {8) may appear adequate for the present Silbey et al, 2009. This yields:

purposes; but unfortunatelg,(0) cannot be specified solely

on the basis of turbulent tube flow dynamics. In general, 2

C(0) is strongly influenced by the molecular-scale interac- Fc,net=

; . o . 2— K.

tions between the material comprising or adhering to the sur-

face of the tube wall and the specific trace gas. A full de- RT, RT),

scription of these molecular-scale interactions for any partic- |:/CcC(0)\/ oM Oc — KeCsalTl.5) Zyr_M ®ej| (20)

ular atmospheric trace gas likely to be susceptible to surface

related sc_)rptlon and desorption Processes (e-8Q, s, where®, is the fraction of the total number of surface ab-

O3, SQ,) is well beyond the scope of this study. Fortunately gq i g sites covered by adsorbed molecules @nds the

though, itis possible to develop a model of the bulk processeg, wvion of the total number of sites available for adsorp-

sorption/desorption at the tube wall, which can be combineq;q, ‘g  is usually described by an adsorption isotherm (e.g.,

W't,h Eq. (18) to produce a physically reall's'tlc, useful, and Do, 1998. For example, assuming equilibrium conditions

insightful model of the wall boundary condition. (i.e., rate of adsorption = rate of desorption & ne=0)

and that the absorbate forms a molecular monolayer (i.e.,

0.+0.=1), then Eq. 20) yields a variant of the Langmuir

This section develops a model @’(0) that describes adsorption isothgrm (e.cBilbey et al, 2005. Formqltilayer
the bulk molecular-scale absorption/desorption at the inteSOrption/desorption there are a number of empirical expres-
rior surface of a tube wall and derives an empirical put Sions that are used for the adsorbtion equilibrium isotherm,

physically-based, parameterization of the associated (dimerf0table among these is the BET equation, (€9,,1999.
sionless) conductance,(, which is the sorption/desorption Nevertheless, further discussion of the adsorption isotherm is

analog ofic, above. deferred until after the developmentif

We begin with the Hertz-Knudsen-Schrage (HKS) equa- Next are two simplifying assumptions to EQ(. The
tion, which has its origins in the kinetic theory of gases andfirstis to assume thaf «1<2, in accordance with virtually
describes the net flux of a gas that is simultaneously con@l observational dataPfuppacher and Kletl997 Marek
densing on and evaporating from a surface. It is used t@nd Straub200]). Consequently, 22—K)~1. The second
model water vapor fluxes to and from cloud and ice droplets'S t0 @ssume that the heat transfer that occurs during surface
(e.g.,Pruppacher and Klett 997 Seinfeld and Pandi¢998 evaporation and condensation is negligible, which is reason-
Marek and Straub2001; Li et al., 2001 and the net heat able for dilute gases and very small sorption and desorption

transfer in steam-laden heat pipes and thermosiphons (e.(fluxes, such as might be expected for closed-path eddy co-

X

5.1.2 Surface sorption/desorption mass flux

Carey 1992 Fagri 1995. The HKS equation is variance systems. Consequently,=T7, is assumed. Nev-
ertheless, it is also worth noting that studies of thin film evap-
Fe net= 2 « oration of water have indicated that the modeled temperature
' 2- K¢ differences between evaporating and condensing molecules
can be 30K (e.g.Yang and Pan2005. As a result this as-
RT, RT; : i -
K.C(0) §  K,CsafTi ) : (19) sumption may become suspect at very high humidities and
2nM SV 2nM vapor pressures, for which there is the potential to exchange

large numbers of water vapor molecules between the tube
wall and the free air stream. Again assuming tiatnet
equals the diffusive flux. Equatior2@) can now be written

in terms ofC’(0).

whereC, is the condensation coefficient of the gas (some-
times also called the thermal accommodation coefficiéiy),

is its evaporation coefficieng is the universal gas constant,
T, is the temperature of the condensing das, is the tem-
perature of the evaporating surface-bound molecules (which
would be liquid water in the case of water vaparya: is the
saturation density of the gas, aMl is the molecular mass

Atmos. Chem. Phys., 8, 6246259 2008 www.atmos-chem-phys.net/8/6245/2008/



W. J. Massman and A. Ibrom: Trace gas fluctuations in turbulent tube flow 6253

5.1.3 Synthesizing the wall boundary condition occupied) andae/®caﬁﬁt/ﬁa. Nonetheless, when apply-
ing these results to water vapor fluctuations inside the tube,
S a | RTg ACH one must allow for the possibility that at any given location
€0 =KeSe vV orm ©Oc {C(O) K0, Csat @D there may be a lag time between sorption and desorption and

at any given time sorption and desorption may be occuring

The dimensionless wall  sorption/desorption  con- simultaneously, but at different locations. This suggests that
ductance is identified from this last relationship as @,/©. should be parameterized to allow for a phase between
ks=KcSc(a/v)\/(RTy)/(2nM)©,.  From the kinetic  sorption and desorption. Therefore, it is necessary to allow
theory of gases the terqy(RT,)/(2r M) is related to the for the possibility that the model parameté;/®. may be
mean (thermal) velocity of a molecule of the gas (which complex.
is different fromU (p)), so that(a/v),/(RT,)/(2nr M) can (c) Combining (a), (b1), and (b2) suggests the following
be identified as a molecular-scale Reynolds numBey,. parameterization:
Therforex,=K.Re;;, S: O. -

E_I|m|nat|nQ C_(O) fror/n Egs. (8) and Q1) yields the fol- {C;oo _ Ke e} ~ Zg(l—l— yel®) = y*ﬁ
lowing expression foC’(0): Da

Csat ICC ®c
KpKs { Coo K.O,

where y; is a real-valued constantp is the sorp-
tion/desorption phase, angl is a complex-valued parameter

. ) defined by the right hand equality of this last expression.

But before this equation can be used for the wall boundary Nextx, is parameterized.

condition some adaptation is still necessary. (d) K. depends on the nature of the surface, the sorbent,
the nature of the liquid surface or layer formed by the con-
densed sorbent, and the ambient conditions (&gakuni

a) The termC.~. /Ce~ can be reasonablv approximated b and Calderwoodl 972 Andrews and Larsqri993 Forslund

@ oo/ Csat y appra Y and Leygraf 1997). For water vapor it is a function both of

the time-mean relative humidity inside the tulde, which q d other ch istics of th
can be related to the time-mean ambient atmospheric hytemperature and pressure and other characteristics of the wa-

midity, #, by accounting for the pressure drop inside the ter surface for_med by the adsorbed water Vamrek and
tube. More specificallyCo. / Csarlis=h pi / B, Wherep, is Straub 200% Li et al., 200]). These last two studies suggest

the time-mean tube pressure or mean internal pressure of tH&at for application to closed path eddy covafiftnce systems it
sampler andb, is the time-mean ambient pressure. seems reasonable to assume tha14];0_cc<10 '
(b1) The termiC. /K. is difficult to know precisely because (€) Rey~(4-6)x 10" for typical ambl_ent temperature and
it depends on the nature of the absorbing surface. For exanf€SSures encou'ntered.at eddy covariance sites. .
ple, for a clean homogenous surface it might be reasonable () Decorﬂposmch into a mean and fluctuating part
to assume thak,/KC.~0.8 (Marek and Straut200). But  Yields ©.=0.+A0e /) along with the concomi-
for a tube with an inside surface contaminated with a vari-tant assumption than®.<®.. This allows the fluc-
ety of atmospheric aerosols and therefore condensation nfuating portion of the termiyk,/(kp+xs) to be lin-
clei (e.g.,Forslund and Leygrafl997), as one might expect €arized such thatyi / (icp+iy)~[Kpis / (kp+K) [ AO /O]
even with a closed-path eddy covariance tube that includes aAndis=KcRex Sc ©.. Although this approach may linearize
inlet filter, thenkC,//C.<1 is about all that can be anticipated the dimensionless conductance, in fact there is no other jus-
(Marek and Straut2001). Another source of uncertainty in tification for assuming thad ® .« ®. because the exact re-
the term/C, /K. is that it is likely to be a function of temper- 1ationship betweem\®, and ©. cannot be known. Other
ature because the activation energies for surface adsorbtioi¢lations may be possible, but we wish to keep the model
and desorption will not necessarily the same (Sihey et ~ complexity to a minimum. NexhO./©. is assumed to
al., 2005 Davidovits et al, 2006. be proportional tee/*" with /,>0. This is purely an em-
(b2) The term®, /O, is at least as uncertain &&5//C.., but pirical parameterization, justified heuristically from obser-
for different reasons. Primary among these is the expectatioations that the attenuation of water vapor fluctuations in-
that the number of adsorbing/desorbing sites is likely to becrease nonlinearly with increasing humidity (e Beters et
relatively close to steady state for the mean concentration o@l., 2003 Clement 2004 lbrom et al, 2007). Note: other
water vapor, but potentially dynamic in time and location, in mathematical functions, such as those suggested by the BET
regards to water vapor fluctuations inside the tube. To keegquation and similar algebraic forms derived to describe mul-
the complexity of the model as minimal as possible this termtilayer adsorption isotherms (e.d3o, 1998, could have
is assumed to be better represented by mean conditions adzben used instead of the exponential farif. But, such
that the mean sorption/desorption isotherm can be describedlgebraic forms may not be very useful or even physically
by the Langmuir isotherm. This means that near equilib-realistic at high humidities because they become mathemati-
rium ®,./0.>1 (most avaliable surface sorption sites are cally undefined at=1.

Cc'(0 =

—— 1 C. 22
. O} ot (22)

Kp + Ks

5.1.4 Semi-empirical model of the wall boundary condition
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175 Ks>kKp. The definition fork;, (above) yields ®@5<kj,<4.75.
= With these results as guidance, and largely for computational
1.50 1 purposesis=1 is assumed.

1.25 o

5.2 Modeling results

2 E A
< S — -~ Figure 3 compares the attenuation coefficient for the turbu-
] B lent tube flow model with a sorbing/desorbing wall bound-
A, =2Re™ 4 AR e | ary condition,A 1y, with the observations dfenschow and
o Raupach(1991) and with 2Re~Y/84(100/3)Re=0725 the
B Lenschow and Raupach (1981) approximation toA; for the case that water vapor is con-
0.25 . —————t sidered a passive tracer (Fig@). These calculations for
s I PHIC:  Bxgs A 20t A1w assume thaf; =1 (see preceeding discussioh)=8.26
Re (obtained by fitting the humidity/cutoff-frequency data of

Ibrom et al.(2007), #=0.2 (Lenschow, personal communi-

vapor modeled with the wall boundary condition (E4), the an- C?t;_on’ 2?]07)’ anc?”;?:OA (nggen tq ;pprﬁm:{llate the. data
alytical approximation for a passive tracer (shown in Bganda 01 L€nschow and Raupac 1 within the flow region
summary of some experimental observations of the attenuation c0)000<Re<16 600). Note choosing. as a real-valued pa-

efficient for water vapor fluctuations frotrenschow and Raupach ~ rameter, rather than a complex-valued one, does not imply
(1991 as determined bilassmar(1991). any obscure assumptions about the possible phé&epr

value of the parameter, both of which are discussed above
in regards to®,./0G.. In theory the complex part gf, can
(9) The saturation density;sa; is a function of the gas be estimated from observing how the nominal tube lag time,

Fig. 3. Transfer function attenuation coefficienta:y for water

temperature,T,, and can be expressed @sa(7o) f (Ty), L /U, might vary with frequency (tha » term of the transfer
whereTy is 0 C (or 273.15K) andf (T,) is the function that  function), but there is not enough observational evidence to
describes the behavior GkatwhenT, >0 C. support exploring this possibility.

Combining (d) through (g) with (c), Eq2@) suggests the The main conclusion to be drawn from Figis that the
following empirical models of the wall boundary condition all boundary condition, as formulated by Eg4), predicts

for the eigenfunction€’, (p) andC, (p): that the attenuation of water vapor fluctuations should in-

R - - crease with increasinge, which according te.enschow and

Cj(0) = [ b+s~ } yihe*" (23)  Raupach(1991) andMassman(1991) they do not. Thus we
Kp + Ky

must conclude that either (1) variations in ambient humid-

_ 7 . ity during the experiments dfenschow and Raupagh997)

C!(0) = ()" [ bt ] yihe ! (24)  are causing the appareRt dependency or (2) something is
K =+ Ks missing from the model wall boundary condition. One possi-

wherey, is how an adjustable empirical parameter that sub-bIIIty fordtrtl)e latter |sdthat Fhe probhablmty (.)f a rr;)oleculle bemg
sumes all the many uncertain and unspecified (and possibl aptured by (or condensing on) the interior tube surface is de-

un-specifiable) physical processes, relationships, and depe _endept upon the tube flow velocity, such that a mqlecule 'S
dencies discussed above. Note there is no loss of generalit&Ore likely to be captured when the tube f'°~W rate_lf slower
by neglectingCsaf 7o) in Egs. €3) and @4). This is equiva- an when I |sjaster._’:l'h|§"\1/vould imply thajocRe or
lent (mathematically) to defining the eigenfunction (which more "k‘?'y thati'socRe™"Sc™™, Wheren., m>0. Bu.t thls_|s
is dimensionless) in terms af(p)/Csa(To). I this way speculation only and further speculations on this point are

Csa(Tp)is simply a scaling factor that has no impact on the beygnd the SC;Ee andetenht cl)f the present StUdﬁ’ anhd so will
eigenvectors, the eigenvalues, or the transfer function. Alsd'etpe pursued here. Nonetheless, we assume that the present

note that Eqs.23) and @4) are related, but they are not math- re_s_ults cl_early indicate a need t(_) formulf_;\tg the boundary con-

ematically equivalent to one another. d|t|(_)r|:| to include some, otherwise heuristic, dependency on
This section closes with a numerical~estimation?9f Re™.

Combining (d), (e), and the expectation tlat«1 suggests

that it is reasonable to assue~O(1). But it is possible to 5.3 Empirical adjustments and analytical simplifications

improve on this estimate & by determining the expected

range of values fok,, because it is unlikely tha; is small ~ We did explore the possibility of parameterizikgxRe™",

compared tay, otherwise the wall flux will begin to become but found that although such a formulation for the boundary

negligibly small (which is equivalent to assuming a passivecondition did capture some of the observegdocRe™ de-

tracer). Therefore, it is reasonable to expect #atx;, or pendency, it was not fully satisfactory. On the other hand,
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further trial and error did yield the following (quite satisfac- 15—

tory) formulation for the wall boundary condition: 10 I et vl Reipsch (1891
~ 8 4

- . KpKs 4 ~ E

C/(0) = (i)" - [R 100 ]h 25 ]

(0= | 25 | [reroo0 ]l @ N

with y,=1760 and all other parameters are as before. The 4: \\

resulting A1y is shown as a function ake in Fig. 4 and it < / N\

clearly compares very well with the data loénschow and 21 Analytical approximation

Raupach(199)).
Also shown in Fig4 is the following analytical expression .
for A1w, which captures most of the numerical results de-  os]

rived with the tube flow model and boundary condition pro- 056 -

. 0.5 T T T T T T T
Vlded by Eq 25) 2x10° 4x10% 6x10% 8x10° 104 2x104
Aw = 2Re Y8 4 GoRe 075+ Re

Gy [(Re/1000_3] 7 ol (26)  Fig. 4. Transfer function attenuation coefficientsy for water va-
por modeled with the wall boundary condition (E%§), modeled by
where in generat;o, G1, andl, are empirically-determined  its analytical approximation (E6), and a summary of some ex-
coefficients. For this stud@o=100/3 andG1=100S¢~1/2, perimental pbservations of the attenuation coefficient for water va-
which were determined by (visually) fitting the Lenschow PO fluctuations fronienschow and Raupa¢h99]) as determined
and Raupach data shown in Fig. by Massmar(1997).

Equation £6) summarizes the results of the eigenvalue
model with a simpler and more concise formulationfqfy .
Although it can be used in conjuction with the transfer func-
tion, Eq. @), to provide initial estimates of (and spectral cor-
rections for) the attenuation of water vapor fluctuations by
closed-path eddy covariance systems, it can be further sim
plified, which should make it more useful for any given site.

fluxes with closed-path systems. Although it is possible to
simply employ Egs. ) and @6) or (27) to describe tube
flow attenuation of isotopes, this may not be the best way to
model the isotopic fractionation effects of wall sorption for
(at least) three reasons. First, a much better approach would
employ laminar tube flowKe <2000, approximately), which
maximizes the fractionation effects (as opposed to turbulent
flow, which will minimize these effects) because transport by

Equation 6) is most applicable to a straight horizontal tube, Molecular diffusivity is much more discriminating than tur-
but closed-path flux systems are rarely implemented as suctpulent diffusion. But in the case of laminar tube flow the

In general, departures from the ideal tube will tend to in- transfer function for describing high frequency attenuation
crease the attenuation (e.yenschow and Raupach991),  is not same as that suggested by Hj.(¢.g., see the case
which suggests that the present attenuation model for sorp@>>>1 discussed biarton 1983 Stokes and Bartqri990).
tion/desorption at the tube wall (Eqdand26) may need to Second, the present model does not necessarily capture the
be calibrated against spectra of trace gases on a site specifgchmidt number dependency very well. In the preceeding
basis. (Note this is basically hoMtassmar(1991)'s original  Section we proposed tha;~Sc~*/? primarily for conve-
model is often used for passive tracers, except, of course, thati€nce, whereas there is no a priori justification for assuming

5.4 Some practical matters

for his modelG1=0.) that the exponent is —1/2. Finally, the wall boundary con-
This Suggests rep'acinglw above with a more conve- dition should not be taken as fu”y Satisfactory or final, SO
nient expression, such as, other formulations and models need to be explored and de-
. veloped. Given these (three) concerns, we suggest that the
A1w = Go+ Gih el (27) insights gained from the present study be used in a separate

study of laminar tube flow and boundary conditions to ad-

. . ... dress the issue of fractionation of isotopes of water vapor by
Reynolds numberRe, is a fixed parameter or characteristic . . .
wall sorption. Furthermore, any observational study of iso-

of any given installation. Unfortunately there remains thet ic fractionati Id likel Iti ianificant in-
(previously mentioned) possibility that temperature and otheroPIC fractionation would likély resuit In some significant in
effects may cause temporal variationsRa and, therefore, S|ght's'|nto the physics of wall sorption and the wall boundary
in Go andG1 (EQ.27). Such variation in the parameters can condition.
be observed or deduced from variations in the attenuation of
spectra of trace gases obtained with a closed-path system.

At the beginning of this paper we suggested that our mod-
eling efforts might prove insightful for measuring isotope

which follows from EquationZ6) by assuming that the tube
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6 Conclusions Hertz-Knudsen-Schrage equation (eldarek and Straub
2001, this study takes a step-by-step approach to formulat-
This study takes a fresh look at the attenuation of fluctua-ing a flux boundary condition at the tube wall that describes
tions of scalars in turbulent flow inside sampling tubes. Wethe sorption/desorption of molecules at the wall surface in
re-examine some old results for passive scalars and proposewgrbulent tube flow. The boundary condition is formulated
new physically-based formulation to describe the attenuationn accordance with the observed non-linear dependency on
of water vapor fluctuations for use with closed-path eddy co-humidity. Although the sorption/desorption model did cap-
variance systems. The fact that bditylor (1954's model  ture the humidity effects and did predict greater attenuation
and the present eigenvalue model, (Bplus the new formu-  than the passive scalar model, it still did not fully describe
lations for the turbulent dIﬂ:USIVIt)D(,O)) yleld very similar the results of.enschow and Raupa((ﬁggj)l The most im-
results for the first order attenuation Coeﬂicie‘m tends to mediate cause of failure of this model (or of the boundary
support the notion that the physical basis of each model igondition) is that the (often-studied, well-known) turbulent
reasonably correct. The benefit of the eigenvalue model issoundary layer resistance to mass transfer suggests that the
that it provides for more detail about radial diffusion and the attenuation should increase with Reynolds number, which is
effects of the momentum boundary layer on the wvihand  contrary toLenschow and Raupa¢h991). Empirical adjust-
the second order attenuation coefficient. Nevertheless, ments to the boundary condition did improve the model and
neither of these two models, nor the separation-of-variablegjid capture the data dfenschow and Raupadi991). In
model (which predicted much less attenuation than the othefurn this allowed the derivation of a single analytical expres-
two models), was successful at explaining the attenuation o&jon of the attenuation of coefficient; that also captured
water vapor fluctuations observed hgnschow and Rau-  the Reynolds number dependency.ehschow and Raupach
pach(199]). This leads to the conclusion that water vapor (1991), as well as the humidity dependencylbfom et al.
is not a passive scalar and that sorption/desorption of waf2007. We hypothesized that the sorption/desorption fluxes,
ter vapor must have been occuring at the tube walls duringyr more specifically the number of sorption/desorption sites
the experiments ofenschow and Raupaqi99]). Onthe  atthe tube wall, could be dependent upon the Reynolds num-
other hand, perhaps this conclusion should not be surprisper in a way that can account for the data_ehschow and
ing given recent observations that the attenuation of wateRaupach(1991). But, the physical basis for such a phe-
vapor fluctuations in sampling tubes are strongly and nonnomenon is unknown (at least to the authors).
linearly dependent upon humidity (e.@lement 2004 Am-
man et al. 2006 Ibrom et al, 2007). Beginning with the
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List of symbols

a
hc

h(w)

Ephase(w)

h

Ly

’

t

Usx

X

A

B
C=C(r,x,t)
é =C(x,1)
Cap)

Cn(p)

Csat

C'(0) ={dC/dp}p=0
D(r) andD(p)
D(1)

D

E(p)

F(p)

Fe

G(p)

Gp(p)

U(r) andU(p)
U

V(p)

Y

Y1

Vi

Kp

Ks

A

v

vr (o)
p=QA-r/a)

A1, Ao
Air; Aor

tube radius

dimensionless wall turbulent transfer coefficient
complex-valued tube transfer function

phase shift transfer function

mean atmospheric relative humidity

adjustable empirical coefficient for wall sorption
tube radial coordinate

time

wall friction velocity

tube longitudinal coordinate

parameter for van Driest form of turbulent diffusivity
parameter for Reichardt form of turbulent diffusivity
solute mass concentration

cross-sectionally averaged concentration
eigenfunction form of solute mass concentration
harmonic decomposition afl‘](p)

saturation value of’, a function of temperature
derivative ofC(p) at the tube wall

radial profile of turbulent diffusivity

turbulent diffusivity at the tube centerline
cross-sectionally averaged turbulent diffusivity
dimensionless Reichardt’s turbulent diffusivity
dimensionless auxiliary variable, relatedqgp)
adsorption/desorption flux of solute at the tube wall
dimensionless velocity profile for turbulent tube flow
normalized turbulent diffusivity profile

normalized velocity profile

adjustable empirical coefficients

transfer function for attenuation of fluctuations
Karman number

wall condensation (adsorption) coefficient

wall evaporation (desorption) coefficient

tube length

molecular mass

universal gas constant

2aU /v = tube flow Reynolds number

Schmidt number

temperature (degrees Kelvin)

radial profile of flow velocity

cross-sectionally averaged turbulent tube flow velocity
van Driest function: Reynolds stress near tube wall
flow related parameter =[#(1)v—2Re 2

adjustable empirical coefficient

adjustable empirical coefficient, relatechtp
dimensionless wall boundary layer conductance
dimensionless wall adsorption/desorption conductance
eigenvalue; see EqR)

molecular viscosity of air

turbulent viscosity for tube flow

dimensionless radial (or wall) coordinate
frequency [radians 3]

model parameter defined By(1)/v=Re"/8Ap

relative measure of tube wall condensation sites
relative measure of evaporation sites on tube wall
attenuation coefficients, relatedxo

attenuation coefficients for Taylor's model
dimensionless frequency#®w/D(1)

dimensionless frequency for Taylor's model
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