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Abstract. Businger and Delany (1990) presented an ap-1999), and dimethylsulfide (Blomquist et al., 2010, 2006).
proach to estimate the sensor resolution required to limit theCurrent methods to measure atmospheric trace gas fluxes
contribution of the uncertainty in the chemical concentrationfor which fast response sensors are not available include
measurement to uncertainty in the flux measurement to 10 %lisjunct eddy covariance (Karl et al., 2002; Rinne et al.,
for eddy covariance, gradient, and relaxed eddy accumula2008; Turnipseed et al., 2009), gradient methods, such as the
tion flux measurement methods. We describe an improvemodified Bowen ratio method (Perlinger et al., 2008, 2005;
ment to their approach to estimate required sensor resolutiokValker et al., 2006), and relaxed eddy accumulation REA
for the covariance method, and include disjunct eddy covari{Bowling et al., 1999; Businger and Oncley, 1990; Park et
ance. In addition, we provide data to support selection of aal., 2010); for these methods, chemical concentration mea-
form for the dimensionless scalar standard deviation similar-surements requiring accumulation times of up to an hour or
ity function based on observations of the variance of waterso may be used, limited by the time of stationarity of the flux.
vapor fluctuations from recent field experiments. We alsoWith ongoing interest in application of these methods to ad-
redefine the atmospheric parameter of Businger and Delangitional gases, over a range of atmospheric conditions, and
in a more convenient, dimensionless form. We introduce awith new sensor technologies, it is necessary to predict the
“chemical parameter” based on transfer velocity parameterisensor resolution required to achieve a given uncertainty in
zations. Finally, we provide examples in which the approachthe flux measurement under a given set of conditions.

is applied to measurement of carbon dioxide, dimethylsul- Businger and Delany (1990), hereafter referred to as
fide, and hexachlorobenzene fluxes over water. The informaBD90, presented an analysis of sensor resolutymequired

tion provided here will be useful to plan field measurementsto make chemical flux measurements to an estimated 10 %

of atmosphere-surface exchange fluxes of trace gases. uncertainty. Their results took the form
R=0.1w'c’APy (1)
. where the factor 0.1 represents the 10 % uncertainty require-
1 Introduction ment,w’c’ the flux of the scala€, andAP; the “atmospheric

o ] parameter” describing the uncertainty associated with the
In recent decades, significant developments in technolofj x method “x” (either covariance, “cov’, gradient, “g”, or

gies and methods for direct measurement of turbulentejaxed eddy accumulation, “r’). A full list of symbols with
atmosphere-surface exchange fluxes have been achieveq; nits is given in Appendix A. Note thak has the same

These measurements are of interest with respect to climatgits asc. In the flux expressiony’ represents turbulent
change, atmospheric chemistry, hydrology, ecology, and fatgiations of vertical velocity and’ turbulent fluctuation of
and transport of pollutants. Eddy covariance is usually theihe chemical (scalar) of interest; the overbar denotes a time

method of choice if a fast-response (10 Hz) sensor is ava”'average. For example, for covariance the atmospheric pa-
able, for example in the case of carbon dioxide (Baldocchi, gmeter is given as

2003; McGillis et al., 2004), water vapor (Aubinet et al.,

L
APy = 22— — P &/L) @
Uy |C Usx
Correspondence tavl. D. Rowe whereo. is the standard deviation @, u, the friction ve-
BY (rowe.mark@epa.gov) locity, c. = (—w’c’/uy) the chemical flux scaling parameter,
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and ¢, the similarity function for the dimensionless scalar 2 Modifications to the approach of BD90
standard deviationot/|c«|), which is a function of sensor

height, z, and the Monin-Obukhov stability lengtt,. For 2.1 Atmospheric parameter redefined
measurements over water,is measured upward from the
surface. For measurements over landd is used in place
of z, whered is the displacement height of the canopy (e.qg.,
Kaimal and Finnigan, 1994, p. 68). For simplicity of no- —
tation,d =0 is used hereafter. BD90 arrived at Eq. (2) by R :0.1‘w ¢ AP (4)
specifying that the resolution for covariance measurements Us X

should be 10 % oé.

We have redefined the atmospheric parameter by removing
the factoru,.. In contrast to Eq. (1),

In our opinion, theu, variable is better included with the
flux term sincew’c’ /u, has a weak wind speed dependence;
3 thus, the atmospheric parameter also has a weak wind speed
Uy 9o (/L) ®) dependence. Defined this way, is unitless, in contrast to

APy, which has S| units of s mt.
Similar expressions for gradient and REA methods were X

obtained by specifying that the resolution should be 10% of2 2 Modified eddy covariance resolution requirement

the mean gradient or 10 % of the mean REA reservoir differ-

ence. Our revised treatment of covariance flux resolution require-
Here we offer several suggested improvements to thements follows from the expression for the statistical sampling

BD90 formulations. First, we suggest an improved approachcontribution to the error variance of the flux 6fcomputed

to specify the resolution limits for the covariance method. over time intervall’ (Blomquist et al., 2010)

We have also redefine8iP; by removing the facton,. We A WO

include a variable sampling interval, as is used in disjuncté F = N (5)

eddy covariance. Finally, we present data to support selec- we

tion of a form for ¢, (z/L) based on observations of the wherea is a constant variously reported as 1 or 2 (Blomquist

variance of water vapor fluctuations from recent field ex- etal., 2010)gy, is the standard deviation of the vertical wind

periments. BD90 used temperature observations, which theyelocity component, and. is the integral time scale of

pointed out are poorly defined near neutral stability, becauséhe wc covariance time series. We then represent the scalar

water vapor flux and variance observations were not availvariance as the sum of the true atmospheric variance (turbu-

‘w’c/

R 2010(;:01

able. lent fluctuations) and a contribution from sensor white noise,
This paper is intended to apply primarily to gaseouse€ach with its own integral time scale.

scalars. In principle, this basic approach can also be applied 26202 420202

to the case of particle (aerosol) flux measurement. Howevers g2 — W Ca W= Cn (6)

consideration of atmospheric particle transport involves the T/twe T/,

additional complexity of a size-dependent non-zero meanfall Here we have considered only two possible sources of
velocity and the general size dependence of the concentraariance forC; we assume the sources are independent so
tion and surface-removal physics. In the absence of a neakhe variances sum. For surface layer turbulence processes,
surface source of particles, the flux to the interface is charthe turbulent flux drives variance in the variables, which can

acterized by a VelOCity (Ca"ed the depOSition VelOCity) times be Computed from Monin-Obukhov S|m||ar|ty theory
the concentration. Pryor et al. (2008) offer an extensive re-
view of particle flux observations, methods, and parameter-
izations of deposition velocity. For the case with a near-"%~
surface source, complications are associated with the verti-

cal distribution of the source and the effects of particle mean Because we are estimating the covariance flux with high-
fall velocity. Further difficulty arises because most particle SPeed measurements that resolve most of the frequency com-
Sensors are counters so Poisson statistics often dominate tlﬁ@nents that contribute to the ﬂUX, the relevant time scale for
white noise (Lenschow and Kristensen, 1985). Some theoretthe turbulence process is the integral time scale associated
ical deve|opment has illuminated the re|ati0nship of partidesWith the turbulent fluctuations. In the surface Iayer, this time
fluxes and profiles of concentration that are relevant to thisscale can be estimated from the frequengy, correspond-
discussion (Andreas et al., 2010; Fairall et al., 1990; Hoppelnd to thepeakin the vertical velocity or scalar variance spec-
etal., 2002, 2005), but considerably more development is retral density or, alternatively, the —c cospectrum

quired to address resolution requirements for particle fluxes. _

in the context of this paper. Application to particle flux mea- fwe = 1/(27 fm) ®
surements is deferred to a future paper, and the remainder of White noise is not autocorrelated, but the highest frequen-
this paper applies to gaseous scalars. cies are eliminated by digitizing the signal at the sampling

w’'c!

@5 (z/L) (7)

U
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interval. For this case of band-limited white noise, we can2.3 Disjunct eddy covariance resolution requirement
compute the integral time scale of the white noise. The noise

could be simply electronic noise or Poisson counting statis{n disjunct eddy covariance (DEC), a fast{.1s) air sample

tics from a photon detector. Band-limited white noise is char-is collected at a longer intervail to 30 +s) so that a rel-
acterized by a constant variance-spectral value from 0 to &tively slow sensor may be used to measure the scalar con-

maximum frequency (Nyquist frequency: centration. The statistical sampling error variance of the flux

2 measurement is greater for DEC than for conventional EC
Pon () =en =0, /fx [ <[ (9a) because fewer samples are collected over the averaging pe-
b6, (f)=0 f> f (9b) riod (Lenschow et al., 1994). In addition, the contribution of

_ _ o _ ~_ the scalar sensor “white noise” is relatively greater for DEC
The integral time scale for band-limited white noise is than for EC. In EC, the noise contribution is reduced because

(Blomquist et al., 2010) the sampling interval is much less than the covariance inte-
1 gral time scale, Eq. (14); several scalar measurements are

Ten = 4_fx (10) averaged in the time it takes a typically-sized eddy to pass
the sensor, providing some reduction in sensor noise by av-

Substituting this expression into Eq. (6) eraging

For DEC, Lenschow et al. (1994, Eq. 58) gave the statis-
tical sampling contribution to the normalized flux error vari-
ance as,

aow
SF=—
VT
We now specify the 10 % condition as follows: the white
noise of the sensor cannot account for more than 10% ofsp2 A A
the total uncertainty ir". We specify this by requiring that —Z —= —COth< )
. : : s . Owe Twe Twe 2
adding a small white noise term will increase the uncertainty
by 10%. The uncertainty without noise is obtained from whereA is the disjunct sampling interval. The term on the
Eq. (11) by neglecting theczn term; thus the ratio of the un- right hand side limits to 2 for < wwe, Which is equivalent

1/2
02 twe+02 /450 (11)

(15)

Twe

certainty with noise to the uncertainty without noise is to Eq. (5) for EC (witha = +/2), and toA /twc for A > Ty,
which is equivalent to Eq. (4) of Rinne et al. (2008). In prac-
2 2 14012 ) i X
[UCaTWC+UCn/( fx)] —11 (12) tice, A may be about 1 s in the case of virtual DEC (Karl et
[02 Twc]l/z ) al., 2002) or 2 to 40 s in DEC (Rinne et al., 2008; Turnipseed
@ 12 1 et al., 2009), which is on the order of¢. It is desirable to
- [1+ Uczn/(4fx0é77wc):| ~ 14 Effczn/(4fx0<:2afwc) keepA as close as possible to conventional EC sampling in-

) _ - ) terval of 0.1s, so we keep Eq. (15) rather than using one of

If we equateRr with g, then this condition applied 10 the |imits. Equation (15) can be rearranged, with the substi-
Eq. (12)is tution owc ~ aowoe, and substituted for Eq. (5) in the deriva-

UCZJWC =10R?/(8f) (13) tion of_Eq. (6) to ob_tain a geng—:-r.al expression fo_r the statisti.cal
sampling error variance of disjunct or conventional EC with

or the sensor white noise contribution as a separate term,
w'c!
R =0.10¢,/80ryc fx = 0.1 — %o (z/L)v/80tucfx  (14) 2 a®0202 cotnl A ) 4 a®o20d cothl A (16)
* o T/A 27:WC T/an 2TWC

Note that Eq. (14) is similar to Eq. (3) except for the addi- i

tional factor of /80rwe fx. For example, if the signals are ~PPIYing Eq. (10) to DEC,
digitized at 10 times per second (Nyquist frequengy= A

5Hz), this factor is on the order of 40 for measurements at®c = 2

a height of 20m. This criterion implies direct covariance . R . .
measurements require about 40 times less resolution forfaéal‘nd following the derivation of Eq. (14) with Eq. (16) in
sensors used in flux estimates than that suggested by BD98.I"’lce of Eg. (6), we have,

BDO0 assumed a worst case scenario in which the noise ig = 0.106,/40 (18)

well correlated withe’, whereas we assume white noise that

is not correlated te’. Note that Eq. (14) is also related to ~ Equation (18) can be obtained directly from Eq. (14) by
the “figure of merit” for covariance measurements definedsubstitutingryc = A and fx = %. Equation (14) can be ap-
by Lenschow and Kristensen (1985) for sensors that obtairplied on a continuous scale from EC to long interval DEC: for
concentration through counting statistics (e.g., a photon deA > 1y, A is substituted for,c in Eq. (14) as the relevant
tector or aerosol size spectrometer). In their Eqg. (28), theytime scale. In all casegy = ﬁ. As the sample interval is
take the ratio of error variance contributed by uncorrelatedincreased from 0.1 s, typical of EC, to values exceeding
noise to that contributed by atmospheric variability. covering the range of DEC, a greater requirement is placed

(17)

www.atmos-chem-phys.net/11/5263/2011/ Atmos. Chem. Phys., 11, 52632011



5266 M. D. Rowe et al.: Chemical sensor resolution requirements for near-surface measurements of turbulent fluxes

HereA is a dimensionless constant with a value set so that

o
® ] — z=10m,U=2ms ", 1,.=145s fc(0) =1.0. Panofsky and Dutton (1984) present mixing ar-
| ---z=10mU=8ms ", 1,,=35s guments (p. 170-171) that
R 3 Je(z/L) =¢c(z/L) (20)
5 |
3 1 where
% o C
S F KZ oC
€ 1 ¢e(z/L)=——— (21)
S ] Cx 0z
o
5 S ] is the stability function for the dimensionless mean gradient
1 of a scalar. Here = 0.4 is the von Karman constant.
1 Another approach to parameterize the scalar variance is
5 ] to use the variance budget equation; neglecting the turbulent

77— transport term, the net production of variance is a balance of

0 5 10 15 gradient generation and dissipation (Edson and Fairall, 1998)
Sample interval, A ,s D 2 __3C
(") :—2w’C’8——Nc=0 (22)
b4

Fig. 1. As the sample interval is increased from 0.1 s, typical of con-
ventional eddy covariance, to values exceeding the covariance intevhere N¢ is the rate of dissipation of the variance Gfvia
gral time scaleryc, covering the range of disjunct eddy covariance, turbulent mixing and molecular viscosity. We can represent
a greater requirement is placed on sensor precision, as indicated by through the turbulent mixing/dissipation time scale
the decreasing value of the radical term in Eq. (14). .
Nc:C/z/TcD:Ucz/TcD (23)

on sensor precision, as indicated by the decreasing value Ol1JS|ng Egs. (21-23) and the definitionqf, we find
the radical term in Eq. (14) (Fig. 1). 02 2u,

Equation (18) is a somewhat trivial outcome that stems' 2 = Kz 2Ll (24)
from our definition of the required sensor resolution in
Egs. (12-14). Sometimes there is a tradeoff betw&emd We use the standard deviation of the vertical veloeity,
oc, (e.g., Turnipseed et al. 2009); greater sampling timeand its corresponding similarity functiorf,y (Kaimal and
(greater mass collected) improves measurement precision. IRinnigan, 1994, p. 16), to define the mixing time scale

that case, Eqg. (16) may be used to consider the tradeoff be-

tween sensor resolution and statistical sampling uncertainty?w = 1-2%«fw(z/L) (25a)
while attempting to minimize the overall flux uncertainty. Fulz/L)=[143)z/LNY3 z/L <0 (25b)
Sw(z/L)=1+0.2(z/L) z/L>0 (25c¢)
3 Atmospheric stability dependence ot and
KZ KZ
Top X — (25d)

In order to apply Eq. (14), it is necessary to estimate the ow 125 fw(z/L)
scalar standard deviation and integral time scale. In thissypstituting Egs. (25a—d) into Eq. (24) and combining con-
section, we present data to support selection of a form oktants into one empirical parameter yields
the stability-dependent scalar standard deviation similarity

function, and then substitute the similarity relationships into o¢ ¢c(z/L) 12

Eqg. (14) to yield a form that is useful in field experiments. ¢ — [fwT/L)}

Observations of temperature variance from the Kansas ex-
periment (Kaimal and Finnigan, 1994) indicate that Eq. (20)
is reasonable for unstable conditiogd ] < 0, but the stabil-
In surface layer scaling theory, the dimensionless standar<'1Iy dependence oft for stable cpndmonszﬂL) < 0'is much
L . ) .~ Weaker than that ap.. Observations of temperature and hu-

deviation of a scalar due to turbulent fluctuations is defined "~ ; . .

midity variance over land consistently show that in unstable
through Eq. (7), where - .

conditions ¢, is well represented by

(26)

3.1 Updated similarity function for the standard
deviation of a scalar

0c/cx = o (z/L) = Afe(z/L) (19) ¢ =AQ—-Bz/L) Y z/L<0 (27)

Atmos. Chem. Phys., 11, 5262275 2011 www.atmos-chem-phys.net/11/5263/2011/
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with values ofA of 3 to 4 andB 20 to 35. For example,
Andreas et al. (1998) found = 3.2 and 4.1 for temperature
and humidity, respectively, wit® = 28.4; Choi et al. (2004)
give A =3.7 and 3.5 for temperature and humidity, respec-
tively, with B =34.5 and 32.7; Blomquist et al. (2010) sug-
gestA =3.0 andB = 20.

Observations for stable conditions are more problematic .
because the turbulent fluxes are small and a near-constar ¢°
flux surface layer may be shallow. Over the ocean stable
conditions are associated with fog and water condensation
that interferes with sensors (especially optical fast humidity
sensors). For temperature there is also infrared radiative hea
transfer in strong vertical temperature gradients that may up-
set the scaling relationships. The Surface Heat Budget of
the Arctic (SHEBA) field program offers a one-year set of  * v W R o
observations of fluxes from 5 levels of sonic anemometers
(Grachev et e,ll" 2003). These dgta indiaagefor potential Fig. 2. Dimensionless scalar standard deviation versus stataility,
temperature increases weakly with. However, wherg/L |t panel, unstable conditions/(_< 0) and right panel, stable con-
exceeds about 2 the five levels no longer collapse to a singl@jtions ¢/L> 0). Lines are mathematical representations: solid —
value — indicating that similarity scaling is breaking down. Blomquist et al. (2010, 26a, b); dashed — Andreas et al. (1998, Eq.
Andreas et al. (1998) also found weak stability dependence.9a, b,C =3.2), and dotted — Eq. (21) with the COARE3.0 gra-
forO<z/L< 1. dient function and Eq. (20). The magenta x’s are hourly data from

Published observations of dimensionless scalar varianc&tratus07; solid circles — digitized from BD90 Fig. 1; Diamonds —
over the ocean are sufficiently rare that we include resultslata from SHEBA; and squares — data from NEAQS.
for humidity variance from two ship-based field programs:

the New England Air Quality Experiment (NEAQS) and the 554 shown in the figure are points digitized from the line in

Stratus07 field program. NEAQS was conducted on thegpgg Fig. 2, three of the mathematical representations dis-

NOAA R/V Ronald H. _Brownin the GUIf_Of Maine in the cussed above, and the stable SHEBA results for temperature
summer of 2004. Details of the observations are reported bY,,jiance. The unstable observations are consistent and im-

Fairall et al. (2006). The Stratus07 project was also CON-ly a neutral value for, between 3.0 and 4.0. Humidity

ducted on theBrown off the coast of Chile in 2007 (see ,pseryations on the stable side imply a constant value or a
DeSzoeke et al., 2009). Velocity and temperature turbulencg e qy increase with increasing stability. For subsequent cal-

were measured with sonic anemometers and fast humidity, aions, we selected the functions of Andreas et al. (1998,
fluctuations were measured with near-infrared absorption hyx g b) as the closest approximation to the data.

grometers — hardware, ship motion correction, and process-

ing details are reported by Fairall et al. (2006). 3.2 Incorporation of similarity functions into the
Observations of dimensionless scalar variance are plotted resolution expression for covariance

in Fig. 2, and compared to several mathematical representa-

tions. Individual hourly observations from Stratus07 show We can add detail to Eq. (14) using stability functionsdgr

an excellent fit with land-derived unstable stability functions from Andreas et al. (1998) and fat,c from Blomquist et

(Fig. 2, left panel). The Stratus07 field program had largeal. (2010). Each of the key variables is expressed in terms of

sea-air humidity contrast (about 5 g1, the latent heat flux ~ scaling variables and a dimensionless stability dependence,

was substantial (ca. 85 WTR), and there was essentially no f(z/L), scaled to have a value of 1.0 atl) =0:

precipitation so it was ideal to measure the humidity variance ’

10" |

10° |

w’'c!

and the scaling parameters (unstable conditions dominatedy, =
We chose the NEAQS field program because stable condi-

tions dominated. However, fog, precipitation and internal z
boundary layers associated with offshore flow were commonfwc = ba fe(z/L) (28Db)
Sea-air humidity contrast was modest (about 2.5tka@nd
so were the latent heat fluxes (about 25 WAn Individual

¢o(z/L) = Afe(z/L) (28a)

w’'c!
*

*

where A = 3.2 (Andreas et al., 1998). The coefficignis

hourly observations from NEAQS had about ten times thefairlyuncertain_but is near 3. Here we use: 2'.8 (Blomquist
scatter of those from Stratus07, so we averaged the data i?t al., 2010) U is the mean wind speed relative to the sensor
bins of z/L. Bulk z/L values (cor1nputed with COARE 3.0) not corrected for platform motion). The stability functions
were used to avoid artificial correlation. The results for the 2'©

stable NEAQS averages are shown in Fig. 2, right hand panelf; (z/L) = [min(5, max(0.5,1+0.6 z/L))] ! (29a)

www.atmos-chem-phys.net/11/5263/2011/ Atmos. Chem. Phys., 11, 52632011



5268 M. D. Rowe et al.: Chemical sensor resolution requirements for near-surface measurements of turbulent fluxes

fe(z/L)=11+284|z/LI"® z/L <0 (29b) ——
3 | = = =Covariance
0 Gradient; 22=18, 11:10 E

Gradient; 22:10, zlzl

fe(z/L)=1 z/L>0 (29¢)

‘‘‘‘‘ HREA; bth=0'21

where Eq. (29b and c) are equivalent to Andreas et al. (1998,2 |
Eq. 5.9a, b). We substitute Eq. (29) into Eq. (14) to obtainthe 5 *© |
expression for sensor resolution required to limit at 10 % the £
contribution of sensor noise to uncertainty in flux measured &
by eddy covariance. To make the expression general for ECE 10"
or DEC, we further substitutg, = %, and use the greater of &
Twe OF A (See Sect. 2.3).

Atmos

10° £

R=01

u

w'c’
*

A fc(Z/L)\/ 4Z0 maX(bng (z/L),A> (30)

-5 -4 -3 -2 -1 0 1 2
3.3 Uncertainty in empirical expressions for Dimensionless Stability (z/L)

turbulence statistics

Fig. 3. Comparison of the required sensor resolution as a function
Empirical expressions for turbulence statistics have associef stability for three flux measurement methods as indicated by the
ated uncertainty. As an example indicating the combinedredefined atmospheric paramet&B,,. Wind speed is 8 mst and
effect of uncertainty in several parameters, Blomquist etinstrument height is 18 m for covariance and (H)REA methods. Two
al. (2010) compared relative error computed from the ex-cases are shownlfor the gradient methqd: for the gradient method, a
pression given as Eq. (11) in our manuscript to relative stanYPical ocean, ship-based installation with=18 m anct, =10 m,
dard deviation of dimethylsulfide fluxes measured during thez:]:lCa;:]asnge?;(ljand-based installation wigh=10m andzy =1m,
Southern Ocean GASEX project. Estimates@f oc,, and '
Twc are required to evaluate Eq. (11). Figure 9 of Blomquist
et al. (2010) shows that Eq. (11) is biased by about 0 to
—30 % over the range of wind speed for that data set. Based Equation (31b and c) follow from the derivation of BD90
on Fig. 2 and associated discussion, uncertaintyjrfrom except that a factor of/2 is applied to the uncertainty in con-
Egs. (28a), (29b—c) is about 10% (unstable) and 30 % (staeentration measurement to account for the fact that BD90 set
ble). Uncertainty inny from Egs. (28b) and (29a) is about R equal to§(AC>1), while herer is set equal té(C). Here
100 % (unstable) and 50 % (stable), based on one co-author’s; andz; are the two heights for the gradient measurement,
own data (CWF) and Lee et al. (2004). Uncertainty in v, andby, the three-reservoir REA calibration coefficient (a
w(z/L) is about 10 % (Fairall et al., 2003}, is the stabil-  function of the threshold used for the up/down reservoirs).
ity function for the dimensionless vertical profile of a scalar In Eq. (31b),G is introduced as shorthand notation for the
(from Fairall et al., 2003). stability term in square brackets.

Figure 3 shows examples of ARvalues for a typical
4 Results and discussion ship-based application. Here we have uggd=8ms?,
z=18m. For the gradient method, a typical ocean, ship-
4.1 Comparison of required sensor resolution for three  based installation wita, =18 m andzy = 10m, and a lake
flux measurement methods using the redefined or land-based installation wittp =10m andz; =1m, are
atmospheric parameter considered. For REA, two values éf, were considered:
bih = 0.36 for the method of Businger and Oncley (1990)
For the modified atmospheric parameters described bywith a threshold of 0.6,, andby, = 0.21 for the asymmetri-
Eq. (4) we have cal hyperbolic REA method of Bowling et al. (1999) with a
hole size of 1.10 (see their Table 1). Of the three flux mea-
surement methods, eddy covariance has the least stringent re-
quirement for sensor resolution over the full range of stabil-
ity. However, if a fast-response sensor is not available for the
chemical of interest, it is necessary to consider other meth-
AP, = (V2)HIn(z2/21) — Ye(z2/L) +¥e(z1/L)]  (31b)  ods. Among gradient and REA, gradient is a favorable choice

40
AP, = Afc(Z/L)\/ ~ max(bgff z/L), A) (31a)
r

N e for stable conditions, while REA may have a less stringent
resolution requirement under unstable conditions, depending
u 1 on selection of the threshold for REA, or hole size for HREA,

AP,

= = 31
" V2bnow  1.8btnfw(z/L) (31¢)

that determines the value b#,.
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4.2 Predicted sensor resolution requirements for CP.= acﬁ (34b)
turbulent flux measurements of specific chemicals U
] ) or, for deposition to land surface,
In order to use Eq. (4) to estimate the sensor resolution thatR
will be_ required in a pl_anned field experlmen_t, itis necessary ©* _ 0.1CP; AP, (35a)
to estimate the magnitude of the flux that will be measured.Ca
To this end, we substitute transfer velocity,parameteriza- k
tions into Eq. (4) for air-water exchange and for depositionCP; = = (35b)
fluxes to specific land cover types. s
In the case of air-water gas exchange, the flux is commonly Values ofCP; for air-water exchange of chemicals having

parameterized as a range in solubility were calculated using COARE 3.0 for
L neutral stability,Uo=11ms?, u, =0.4ms1, 10-m refer-
w'c’ =ackeAC (32)  ence height foIC,, and are plotted in Fig. 4. Acid-base re-

actions and other chemical transformations were neglected.
This figure represents a scenario in which we examine the
effect of variablexc on ability to measure flux withAC
fixed. It is possible to fixAC and varya. even thoughy

wherea. is the dimensionless aqueous solubility@f and
AC = Cy/ac—Cyis the difference between the gaseous con-
centration ofC at specified height above the water and that in

equilibrium with the aqueous phase in the air diffusive IayeriS used to calcultat\C becauseC, and Gy, can vary inde-

(Blomquist et al., 2006; Fairall etal., 2000). pendently. The programs of Johnson (2010) were used to es-
In the case of gaseous deposition to specific land covefimaie Scand temperature-dependent solubility af@0for
types, the transfer velocity is often parameterized as severglegh water using data compiled by Sander (1999). Solubility
transfer resistances in series and in parallel, in analogy t0 afes for additional compounds were obtained elsewhere:
electrical circuit (Wesely, 1989; Zhang et al., 2003, 2002).Hg(0) (Sanemasa, 1975), HgCind Hg(OH) (Lindqist,
The condensed phase concentration is not as easily defineﬂ;%), and 8-2 fluorotelomer alcohol (Hilal et al., 2004,
as in the case of air-water exchange because several COlEpaARC On-Line Calculatohttp://archemcalc.com/spayc/
partments are involved (leaves, sail, etc.), and the chemica,bpc varies over four orders of magnitude for the range of
concentrations in these compartments are often not known.hamicals considered, mainly as a function of aqueous sol-
For reactive chemicals or those that are very soluble in theubility. Schmidt numbers vary over a much more limited

condensed phase(s), it may be reasonable to neglect emigsnge than solubility (Fig. 4). Chemicals that partition more
sion. One-way exchange (deposition) is parameterized as, strongly into the aqueous phase (i.e., greater valueg)of

have greater values @P;, and thus a less restrictive sensor
resolution is required for a given value AP,. Note thatCP.
levels off at highac where the transfer becomes limited by

W == —k0Ca (33)

where the transfer velocity is a function of chemical prop-

erties, land surface properties, and meteorological variablef® &imospheric resistance. B
(Zhang et al., 2003). Values of maximumCP; are plotted for deposition of

Alternative parameterizations are available for chemicals9@Ses 1o forests, crops, and water surface in Fig. 5 using de-

that undergo two-way exchange. For example, deta“eooosition velocities at 20-m reference height given by Zhang

mechanistic models exist to scale exchange from leaf tcft @l (2003, Table 2).  The deposition velocities repre-

canopy considering physiological and energy balance pro_sent maximum values predicted by the model of Zhang et

cesses for biogenic chemicals such as carbon dioxide andl- for reasonable combinations of meteorological variables
water vapor (Baldocchi and Harley, 1995), nitrogen (Leun-for each land cover type, and we used the maximum value
ing et al., 1995), and terpenes (Baldocchi et al., 1999; Wolfe®f #« given by Zhang et al. for each land cover type to
and Thornton, 2011). In addition, apolar, persistent organicc2/CulateCPe_max. For deposition to water, greater values
pollutants and elemental mercury may be modeled as pa2f CPc-max aré associated with greater partitioning into the
sively partitioning between air and foliage (Lindberg et al., aqueous phase (i.e., Qf,eatef valuesrps in Fig. 4 a}nd
1992; Mackay et al., 2006). also with greater reactivity (greater values®f As in air-
Equations (32) or (33) can be substituted for the flux in Water exchange, the greatest values8t_max (right-hand

Eq. (4) to estimate the required sensor resolution. We ther?'Ole of Fig. _5) are I|m|ted_by the atmospheric and bounq-
normalizeR by AC, for air-water exchange, or i, for de- ary layer resistance. Relatively water-soluble and/or reactive

position to land surface, to introduce a “chemical parameter”,cc’.mpounds in Fig. 5 have similar -valu.es(bch_.maX to rel- .
tively water-soluble compounds in Fig. 4 (right-hand side

CPg, that has minimal dependence on atmospheric variables . - )
For air-water exchange, of both figures). Zhang et al. reported maximum deposi-

tion velocities of zero for values less than 0.04Th,avhich,
of the land-use categories included in Fig. 5, occurred only

R
=0.1CP: AP, (34a) for deposition to water surface for less water-soluble/reactive

|AC]
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Fig. 4. The chemical parameteGP;, computed as in Eq. (34), for chemicals having a range in aqueous solubility’&t 2@ditional
assumptions are stated in the té8B. can be multiplied byAP;, (Fig. 3) to obtain the required sensor resolution for a given flux measurement
method. Dimensionless solubility and Schmidt numbers in air and water are shown for comparison.

compounds (left-hand side of Fig. 5); these values were omit- We consider measurement of air-water exchange of CO
ted from Fig. 5. The model of Zhang et al. predicts slightly and DMS at a height of 18 m, wind speed 8™ su, =
greaterCP,_max values for deposition to land surfaces rela- 0.28 ms?, fx = 5 Hz, and neutral stabilityz{L=0). From
tive to water surface for water-soluble/reactive compoundsFig. 3, we findAP,,, = 161 for covariance. From Fig. 4,
and much greater values for less water-soluble/reactive comwe findCP, = 1.7 x 10~ for CO, andCP; = 1.8 x 102 for
pounds, which suggests that sensor resolution requiremen8MS (DMS is more soluble than CQ. For CQ, R/IAC =

are less stringent for land-based measurements than over wa:0027 and for DMSR/AC = 0.029. This case for DMS is
ter. However, it should be noted that the model of Zhang etfrom Blomquist et al. (2010), wheraC = 2.0 ppbv, which

al. does not account for volatilization, which may be signifi- yields R =50 pptv. Their sensor has a white noise level of
cant relative to deposition for specific chemicals and land-uset pptv2/Hz, which, atfy, =5 Hz, corresponds to a resolution
categories. Transfer velocity models have not been validatedf 6.3 pptv. Thus, sensor noise makes a negligible contri-
for a wide variety of chemical species. Additional flux mea- bution to uncertainty in covariance DMS flux estimates with
surements are needed to validate and improve transfer velodheir device (see their Fig. 8). The situation is not as favor-

ity models. able for CQ. If we use a typical commercial sensor with
resolution of 0.2-0.3 ppm, then we nead” > 100 ppm to
4.3 Example applications obtain <10 % contribution of sensor noise to the flux uncer-

tainty. Most of the open ocean hasC < 20 ppm. Open-
The required sensor resolution for a given chemical, flux0cean CQ@ flux measurements require almost an order of
measurement method, land surface type, and atmospherf@2gnitude improvement in fast G@ensors to meet the re-
stability can be estimated by obtainiAg, from Eq. (31) or ~ guirement.
Fig. 3, CP; from a transfer velocity parameterization (e.g., As an additional example, Perlinger et al. (2008) mea-
Figs. 4-5), and use of Eq. (34) or (35). Electronic supple-sured hexachlorobenzene (HCB) flux over Lake Superior as
mental material is associated with the online version of thisa function of downwind fetch from shore on 14 July 2006
manuscript that gives the data plotted in Figs. 3 and 4 alonguising the modified Bowen ratio gradient method assuming a
with the data in Fig. 4 recalculated for salt water. turbulent diffusion coefficient equal to that of sensible heat
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Fig. 5. Maximum values of the chemical paramet€R._max, computed as in Eq. (35) for deposition of chemicals to land surface types
and to water, using maximum deposition velocities given by Zhang et al. (2003). Paramatet$ are scaling factors based on aqueous
solubility and half-redox reactivity, respectively, aRgh is the mesophyll resistance in sthwith values from Zhang et al. (2002).

with samplers at, =10 andz; = 1 m. At the 15-, 30-, and can be reduced to an arbitrary limit by increasing the averag-
60-km fetch stationsz/L=0.12, 0.70, 1.03JAC| =70, 50, ing time. Alternatively, an ensemble of data may be assem-
40 pgnT3, and from Fig. 3AP’g =5,9, and 11, respectively. bled and individual 1-h observations may be grouped (say,
Figure 4 givesCP; of 4.3 x 103 for HCB. Application of by wind speed) and averaged. The sampling uncertainty of a
Eq. (35) giveskR = 0.1, 0.2, and 0.2 pgm? for the three  typical 1-h covariance flux estimate of a well-resolved scalar
stations, respectively. Rowe and Perlinger (2009) estimatedsuch as water vapor) is on the order of 25% (Blomquist et
an overall method precision of 9% from duplicate measure-al., 2010; Fairall et al., 2003). Thus, approximately six in-
ments, or ca. 5 pg ¥, indicating that greater method preci- dependent flux estimates could be averaged and the uncer-
sion is required to reduce the contribution of sensor resoluiainty of the average flux would be on the order of 10%
tion to uncertainty in the flux measurement4d0% using  (i-€., 25%4/6). On the other hand, suppose a sensor with

this method. poor resolution is used and the total uncertainty for a 1-h ob-
servation is increased substantially. For example, consider
4.4 Random noise/resolution contributions, flux the case for C@ with a sensor resolution of 0.30 ppm in
uncertainty, and time averaging conditions whereAC = 20 ppm, as discussed above. From

Eq. (11) we estimate the flux uncertainty for a 1-h sample
In their original treatment BD90 did not explicitly consider would be increased to 66 %. Now we would require almost
averaging time of the observations which may lead to some45 independent observations to be able to compute an aver-
confusion in the interpretation of flux uncertainty versus the age flux with uncertainty of 10 %.
fraction of uncertainty contributed by noise and/or sensor  An error analysis shows that the gradient method has some
resolution. Sample length must be addressed to explicitlymajor differences compared to the covariance method. Con-

account for uncertainty in covariance flux measurements. Irsider the basic gradient flux equation from BD90
Egs. (11) and (16) it is clear that, while the resolution may Kty

contribute some fraction to the uncertainty, the total errorw’c’=— G

ACo (36)
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where AC»; is concentration difference between heighis
andzi. An error expansion of Eq. (36) yields

s@r\. [su\2 [(8G\2  [8(ACa)\2
((w’c’)r) (u*>+<G)+< AC21> &0

M. D. Rowe et al.: Chemical sensor resolution requirements for near-surface measurements of turbulent fluxes

agreement between existing functions and the data, while for
z/L> 0 the various data sets do not agree. The functions pro-
posed by Andreas et al. (1998) were selected as the best ap-
proximation to the data. The empirical functions, figures,
and electronic supplemental material presented here can be

] ] o _used to consider the feasibility of flux measurement methods
Unlike the covariance flux, the uncertainty in the gradient oy planned field experiments.

flux also depends on the uncertainty of the determination of
u, and the factoiG which may involve uncertainties in em-
pirical stability functions and the estimate ot. (Note that

for the modified Bowen ratio gradient approach mentioned in

Appendix A

the example above, the first two terms on the right-hand sidg jst of symbols with typical SI units

i\ 2 2
in Eq. (37) are replaced b M) and (M> , re-
. W'or /. Ab21 .

spectively, wher® represents potential temperature. In this
case it is unnecessary to estimateand G and their asso-
ciated uncertainties.) The uncertainty in the concentration bin

difference is

/

(8(AC21))?=2(R*+ 02 Twc/T) (38)

Cx
This closely resembles Eq. (11) for covariance fluxes ex-

cept now the resolution term characterizes the instrumen- f

tal/analytical precision in the 1-h average concentrations f.(z/L)

(e.g., the 9% variability for HCB in the duplicate samples

quoted by Perlinger et al., 2008), so it is not dividedhy fm

If T is sufficiently long the second term is negligible, and,

if uncertainty inu, andG are neglected, Eq. (37) reduces

to BD90’s original equation. For the modified Bowen ratio

example above the second term in Eq. (38) will be less than Fu(zID)

R? whenT is greater than 1, so the error in 1-h samples is

dominated by the precision of the chemical analysis. For ex- f2 (2l

ample, the measurement precision (5 pgiimin this case is

larger than the atmospheric variabilityc(about 1 pgm?3), f

so sampling variability does not contribute significantly to

uncertainty. Even if these numberg & 0.26.) were re-

versed atmospheric variability would be negligible for a 1-h

average. Ensemble averaging can be used to reduce uncer?

tainty for the gradient method in the same way as described ____

for eddy covariance. 'c!

Uy

wc

5 Conclusions

An updated and improved approach was described to es-
timate the required sensor resolution to limit to 10% the
contribution of the sensor white noise to uncertainty in mi-
crometeorological atmosphere-surface exchange flux mea-
surements using eddy covariance, disjunct eddy covariance,
gradient, and relaxed eddy accumulation methods. A change
was made to the approach presented by Businger and De-%2' <1
lany (1990), which results in a less stringent resolution re-
quirement for eddy covariance than was estimated by their A,B
approach. The stability functions used to predict dimen- APx
sionless standard diation of a scalar caused by turbulent
fluctuations were compared to water vapor measurementsAP
from recent field experiments. FaflL <0, there was good C
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empirical constant ()

empirical coefficient (-)

three-reservoir REA calibration coefficient
-)

turbulent fluctuation of scala® (kg m—2)
chemical flux scaling parameteru(-'/u.)
(kgm~3)

frequency (s1)

similarity function for dimensionless scalar
standard deviation (-)

frequency corresponding to the peak in the
vertical velocity or scalar variance spectral
density, or, alternatively, the — ¢ cospec-
trum (s

similarity function for vertical wind

velocity standard deviation (-)

similarity function for scalar integral time
scale (-)

maximum frequency of band-limited white
noise (Nyquist frequency) ()

friction velocity (ms™1)

turbulent variations of vertical velocity
(ms™h

vertical turbulent flux of scalar

C (kgm2s71)

subscript indicating flux

measurement method (either

cov =covariance, g=gradient, or r=relaxed
eddy accumulation) (<)

distance upward from the surface (m). For
land-based measurements;-d is used in
place ofz, whered is the displacement height
of the canopy.

upper and lower heights above the surface in
gradient flux measurement (m)

empirical coefficients (-)

BD90 atmospheric parameter for flux
measurement methad(m=1s)

redefined atmospheric parameter (-)
concentration of scala® (kg m~2)
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8(C)
AC

ACr

CP.

Ne

Rm
Sc

Ur

Oc

ke

Oc
Oc,

Ocn
Ow

Twe
Tg
TcD

be(z/1)

b (2/L)

uncertainty inC (kg m3)

difference in gaseous concentration ©®fat
specified height above the water and in
equilibrium with the aqueous phase
concentration difference between heights
andz in a gradient measurement or between
reservoirs 1 and 2 in an REA measurement
(kgm~3)

chemical parameter faf (-)

stability function for the gradient method (-)
Monin-Obukhov stability length (m)

rate of dissipation of the variance 6f

(kg? m~®s71)

sensor resolution required to conduct chem-
ical flux measurement to an estimated 10 %
uncertainty (kg m?)

mesophyll resistance (sTh)

Schmidt number (=)

integral time period of a measurement (s)
mean wind speed relative to the sensor at the
sensor height (mg)

dimensionless aqueous solubility (liquid over
gas) of chemical’

an ageous solubility scaling parameter in
Fig. 5 (-)

scaling parameter for half-redox reactivity

-)

potential temperature (K)

von Karman constant, assumed to have a
value of 0.4 (-)
atmosphere-surface
scalarC (ms™1)
standard deviation af (kg m~3)

standard deviation of associated with
turbulent fluctuations (kg )

standard deviation aof associated with
sensor white noise (kgnd)

standard deviation of vertical wind velocity
(ms™?

integral (decorrelation) time scale
covariance integral time scale (s)

integral time scale associated with white
noise in measurement 6f (s)

turbulent mixing/dissipation time scale

for variance ofC (s)

similarity function for the dimensionless
scalar mean gradient (-)

variance spectral density of band-limited
white noise inC measurement (Kgn—%s)
similarity function for the dimensionless
scalar standard deviation (-)

transfer velocity of
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A sample interval for disjunct or conventional
eddy covariance (s)

similarity function for the dimensionless
scalar vertical concentration profile (-)

¥ (2l

Supplementary material related to this

article is available online at:
http://www.atmos-chem-phys.net/11/5263/2011/
acp-11-5263-2011-supplement.zip
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