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ARTICLE INFO ABSTRACT
Article history: The gas transfer velocity (K;) and related gas transfer coefficient (k, = K;A/V, with A, area
Received 19 June 2012 and V, volume) at the air—water interface are critical parameters in all gas flux studies such
Received in revised form as green house gas emission, whole stream metabolism or industrial processes. So far,
12 September 2012 there is no theoretical model able to provide accurate estimation of gas transfer in streams.
Accepted 27 September 2012 Hence, reaeration is often estimated with empirical equations. The gas transfer velocity
Available online 12 October 2012 need then to be corrected with a temperature coefficient § = 1.0241. Yet several studies
have long reported variation in ¢ with temperature and ‘turbulence’ of water (i.e. ¢ is not
Keywords: a constant). Here we re-investigate thoroughly a key theoretical model (Dobbins model) in
Green house gas emission detail after discovering important discrepancies. We then compare it with other theoretical
Whole stream metabolism models derived from a wide range of hydraulic behaviours (rigid to free continuous surface
Gas transfer coefficient water, wave and waterfalls with bubbles). The results of the Dobbins model were found to
Oxygen hold, at least theoretically in the light of recent advances in hydraulics, although the more
Dual tracer gas studies comprehensive results in this study highlighted a higher degree of complexity in §’s

behaviour. According to the Dobbins model, the temperature coefficient ¢, could vary from
1.005 to 1.042 within a temperature range of 0—35 °C and wide range of gas transfer
velocities, i.e. ‘turbulence’ condition (0.005 < K; < 1.28 cm min™%). No other theoretical
models showed any significant variability in § with change in ‘turbulence’, and only modest
variability in # with change in temperature. However, the other theoretical models did not
have the same temperature coefficient ¢ (with 1.000 < 6 < 1.056 within 0—35 °C). A model
integrating turbulence and bubble mediated gas transfer velocities suggested a lower
temperature dependence for bubble (1.013<¢ < 1.017) than turbulence (1.023<6 < 1.031)
mediated processes. As it stands, the effect of turbulence on the temperature dependence
of gas transfer at the air—water interface has still to be clarified, although many models
simulate different flow conditions which may explain some of the observed discrepancies.
We suggest that the temperature dependence curves produced by the Dobbins model may
be used tentatively as a simple theoretical guide for streams with free surface water but not
self-aerated flows encountered in whitewater rapids, cascades or weirs. Greater awareness
of the different models and conditions of applications should help choosing an appropriate
correction. Three case studies investigated the effect of the temperature coefficient on
reaeration and stream metabolism (photosynthesis and respiration). In practice, the
temperature correction may be an important parameter under constant turbulence
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conditions, but as the range in turbulence increases, the role of temperature may become
negligible in determining K;, whatever the temperature correction. The theoretical models
reviewed here are also useful references to correct K, values determined using a reference
tracer gas to a second species of interest.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction 1.2.  Theoretical versus empirical equations and direct

1.1.  The importance of reaeration

Reaeration is a critical parameter in gas flux studies/modelling
at the air—liquid interface both in civil engineering and
industrial processes (Gulliver et al., 1990; Vogelaar et al., 2000;
Huisman et al., 2004), as well as environmental studies, such
as dissolved gas concentration (e.g. oxygen partial pressure/
concentration stress on animal), green house gas (GHG)
emission, denitrification (open channel method), and stream
metabolism (GPP, ER) — see e.g. Yongsiri et al. (2004);
Schierholz et al. (2006); Battin et al. (2008); Baulch et al. (2010);
Demars et al. (2011); Wallin et al. (2011). While the present
study will focus on oxygen in stream, the same principles will
hold for GHG (CO,, CHg4, N,0), N, and tracer gas (SF6, propane)
in aquatic ecosystems (e.g. Jones and Mulholland, 1998;
Huisman et al., 2004). Reaeration is also generally one of the
least constrained parameter in models (e.g. Cox, 2003; Izagirre
et al., 2007).

measurements of reaeration coefficients

There is a plethora of theoretical models considering an
interesting range of possible mechanisms but agreements
among them are generally too broad (~an order of magnitude)
when applied to real systems (Owens et al., 1964; Wilson and
Macleod, 1974; Genereux and Hemond, 1992; Aristegi et al,,
2009). The theoretical models also have at least one constant
that need to be fitted with empirical data (either from labo-
ratory or stream data), except perhaps Lamont and Scott
(1970). Lamont and Scott (1970) model, while performing
broadly well across aquatic habitats (Zappa et al., 2007),
cannot generally represent satisfactorily the many mecha-
nisms at play in natural systems (see Jirka et al., 2010;
Maclntyre et al., 2010; Vachon et al., 2010).

So, in practice, very accurate results (10% standard error)
are obtained with direct measurements (e.g. Thyssen et al,,
1987; Thene and Gulliver, 1990; Genereux and Hemond, 1992;
Melching, 1999). Such measurements are fairly easy and
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inexpensive to carry out in small streams, but it becomes
more challenging in large rivers (e.g. Richey et al., 2002). In
lowland rivers, the reaeration coefficient of oxygen may also
be derived indirectly from the recorded dissolved oxygen
curves (Odum, 1956; Hornberger and Kelly, 1975; Chapra and
Di Toro, 1991). Such indirect methods are not suitable for
streams with high reaeration coefficient or/and very low
biological activity (e.g. Hornberger and Kelly, 1975; Thyssen
et al., 1987).

Direct measurements are also only possible for a discrete
moment in time and space. The diel variability in reaeration
coefficients has rarely been attempted (e.g. Tobias et al., 2009),
and long term continuous estimation of reaeration coefficient
need to be based on rating curves with discharge (e.g. Jones
and Mulholland, 1998; Acuiia et al., 2004; Roberts et al., 2007)
but this is site specific and may not always work due to stream
geomorphology (e.g. Genereux and Hemond, 1992; Wallin
et al.,, 2011). The alternative use of sound in streams with
standing broken waves (Morse et al., 2007) is ingenious as it
relates perhaps better to stream turbulence at the air—water
interface. Direct continuous measurements of turbulence at
the water—air interface for gas transfer studies are at the core
of several recent studies (e.g. Janzen et al., 2010; MacIntyre
et al.,, 2010; Vachon et al., 2010).

With the need to scale up both in space, from river reach to
river basin, and time, from days to years, the use of empirical
relationships involving predictors such as depth, slope, and
velocity (Owens et al., 1964; Moog and Jirka, 1995; Melching
and Flores, 1999; Butman and Raymond, 2011; Raymond
et al, 2012) have been popular. Those relationships,
however, should not be used outside the predictors range and
type of streams for which they were calibrated.

While the temperature dependence of the reaeration
coefficients should reveal itself through the temperature
variation of the physical properties involved in the theoretical
models (e.g. Daniil and Gulliver, 1988; Urban and Gulliver,
2000; Gualtieri et al., 2002), empirical models of the reaera-
tion coefficients need corrections for temperature.

1.3.  Mass transfer equation and reaeration gas
coefficients

The mass transfer of a slightly soluble non-reactive gas (e.g.
oxygen) across an air—water interface is controlled by the
liquid phase where gas molecular diffusion is about 10,000
times slower than in air and is generally written as follows:

oC
2 = Ra(Cs = Cw) M

with C gas concentration (mg L™); C, saturated dissolved gas
concentration (mg L’l); Cw, dissolved gas concentration in the
volume of water (mg L™%); t, time (min) and k, gas exchange
coefficient (min~?). k, is determined by the product of gas
transfer velocity K; (cm min™?) and specific surface area
a (cm™Y), the latter expressed as air—water interface area (A,
cm?) per unit volume of air and water (V, cm?). Hence, we
have:

Ry = 2= 2

In stream with smooth surface water, we have K; = k,h, with
h average stream depth (cm). In self-aerated flows, measure-
ments of specific surface area (A/V) become non-trivial due to
bubbles and spray (see e.g. Toombes and Chanson, 2005;
Wilhelms and Gulliver, 2005).

1.4. The temperature dependence of reaeration gas
coefficients

K. and k, coefficients increase with increasing temperature,
itself decreasing water viscosity and therefore facilitating the
molecular diffusivity of dissolved gases (e.g. as formulated in
the Stokes—Einstein equation). This rate of increase of K; and
ko, with temperature (temperature coefficient) is the focus of
the present study.

The coefficients (k, and K;) are commonly temperature
corrected relative to 20 °C with the simplified Arrhenius
equation (see Appendix S1 in supplementary information for
the full Arrhenius equation) as follows:

ky = koot ™% €)

with T, observed stream temperature; and ¢, temperature
coefficient, generally reported to be § = 1.0241, i.e. an increase
at the geometric rate of 2.41% per °C (Kilpatrick et al., 1989;
Bott, 2007, p. 671; Stenstrom, 2007), no doubt based on the
meticulous bottle experiments of Elmore and West (1961) but
also most likely because some prominent theoretical models
for free water surface confirmed those experimental results (e.g.
King, 1966; Lamont and Scott, 1970; Wilson and Macleod, 1974;
Gualtieri and Gualtieri, 2004). Other constant values for § have
been used, generally based on older experiments, probably
unaware of the sharp criticisms by e.g. Elmore and West
(1961); cf Kothandaraman and Evans (1969).

1.5. Is the temperature coefficient 0 independent of
turbulence?

Although Elmore and West (1961) did not find significant
differences in § with change in turbulence, both earlier studies
(Kishinevsky, 1954; Kishinevsky and Serebryansky, 1956), and
later studies (Dobbins, 1964; Metzger and Dobbins, 1967,
Metzger, 1968) contradicted this finding both theoretically and
experimentally. It is worth noting that Elmore and West (1961)
two experiments were run within a narrow range of turbu-
lence: K; = 0.02 cm min~* to 0.05 < K; < 0.12 cm min~* (the
latter depending on the size of the vortex that may have
increased the water surface up to a very unlikely maximum of
2.4 times).

Limits in Dobbins (1964) new theoretical model were dis-
cussed (notably Thackston and Krenkel, 1965; Dobbins, 1965).
In relation to the work of Kishinevsky, it was pointed out that
Dobbins model applied for a wide range of turbulence with
continuous water surface (free water surface), hence may be
unable to representing gas transfer at extremely high mixing
rates, as in Kishinevsky’s model (Holley et al., 1970), river
rapids (Hall et al., 2012), river cascades (Cirpka et al., 1993) or
hydraulic structures (see below).

The work by Metzger (1968) was favourably accepted in the
subsequent discussion by Rathbun and Bennett (1969)
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studying the limits of the model (see also Bennett and
Rathbun, 1972; cf Daniil and Gulliver, 1988), although
Kothandaraman and Evans (1969) warned about potential
pitfalls in the comparison of experimental data and experi-
mental design (see also Boyle, 1974). To our knowledge, no
response from Metzger followed. Only Daniil and Gulliver
(1988) reported some qualitative experimental discrepancies
with the Dobbins—Metzger model and concluded that the
effect of turbulence intensity on the temperature correction
coefficient ¢ had still to be clarified. Generally, the Dobbins-
Metzger results have been widely accepted contrary to other
heavily criticised results such as Howe (1977; c¢f Brown and
Stenstrom, 1980; Rathbun, 1981) and Chao et al. (1987a,b; cf
Daniil and Gulliver, 1989a,b; Rathbun, 1989a,b; Wilcock and
McBride, 1989). Indeed the decreasing K; with increasing
temperature and § < 1 in Howe and Chao et al. studies do not
seem tenable.

Early experimental work at hydraulic structures (weirs) by
Gameson et al. (1958) reported a temperature dependence of
1.4—2% per °C in the range 0-35 °C, independently of fall
height and pollution effects. The independence of turbulence
and mixing intensity on the temperature dependence was
confirmed theoretically by Gulliver et al. (1990), which also
reported that Eq. (3) above (with § = 1.0241) did not describe as
well the temperature dependence, likely because § was
determined in a stirred container experiment without
bubbles. The theoretical model used by Gulliver et al. (1990)
did not include explicitly however the role of gas solubility,
which has been shown to be important (Asher et al., 1997) and
known to change with temperature (Battino et al., 1983).

In their textbook, Thomann and Mueller (1987) recognised
that § may generally vary from 1.005 to 1.03 based on previous
specialised synthesis reports ultimately referring to the work
of Dobbins and Metzger. Of course, when #—1, there is no
need for a temperature correction (e.g. Genereux and
Hemond, 1992; Demars et al., 2011). Hence, particularly for
very turbulent systems 6 = 1.0241 has not always been readily
accepted (e.g. Eheart and Park, 1989; Baulch et al., 2010;
Demars et al.,, 2011; Wallin et al., 2011). But the logic behind
this choice may be questioned since Dobbins and Metzger
model was limited to free surface water and contradicting
results have been presented for highly turbulent systems (e.g.
Kishinevsky, 1954 versus Gulliver et al., 1990).

Rather than using ¢ = 1.0241 indiscriminately for some
work on whole stream metabolism, Demars et al. (2011)
decided to calculate # from the original formulae of Dobbins
and Metzger (op. cit.). It soon appeared that while the original
papers presented succinctly the theory, they did not provide
all the necessary details to repeat the calculations and did not
compute the temperature correction coefficient ¢ for a wide
range of temperature and stream turbulence. Moreover, on
closer inspection, while rL> term (see below) should be
constant under a given temperature (Dobbins, 1964; Metzger
and Dobbins, 1967), this was not true from the values re-
ported in the tables of the Metzger papers, hence the 6 curves
provided in Fig. 2 of Metzger (1968) might have been incorrect.
Further, comparison between theory and empirical evidence
was also biased by the selective use of data (¢f Elmore and
West, 1961; Downing and Truesdale, 1955; Truesdale and
Van Dyke, 1958) and dubious comparability of old data (e.g.

still cited or used § = 1.016 from Streeter, 1926 and 6 = 1.047
from Streeter et al, 1936; cf Elmore and West, 1961,
Kothandaraman and Evans, 1969).

Hence the aim of the present study was to investigate
whether the temperature coefficient ¢ is independent of
temperature and turbulence through theoretical models. More
specifically, the aims are (i) to provide the necessary details
and repeat the calculations of the theory presented by
Dobbins for a wider range of temperature; (ii) compare the
results with other representative types of theoretical models;
(iii) discuss the validity of the results for gas exchange studies
in the light of recent advances in hydraulics; (iv) deduce the
implications for the importance of ¢ temperature corrections
for gas transfer at the air—water interface and whole stream
metabolism estimates.

2. Theory
2.1. Dobbins model

The film penetration theory for gas absorption was first
developed by Dobbins (1956). The implications of the Dobbins
model for the temperature coefficient ¢ were presented in
Dobbins (1964), Metzger and Dobbins (1967) and Metzger
(1968).

In this theory an interfacial film is assumed to exist in
a statistical sense with its composition continuously replaced
in a random manner by liquid from beneath the surface. The
resulting equation is (Dobbins, 1956, 1964):

2
K. = \/Dnrcothy /% (4)

with Ki, liquid film gas transfer velocity (cm s77),

Dy, molecular diffusivity (cm? s™%),

r, average frequency of replacement of the liquid film (s %),

L, ilm thickness (cm).

This equation reduces to the penetration model
(Kr = v/Dmr) for high renewal rate r, and approaches the film
model (K; = Dp,/L) as the renewal rate, r, approaches zero (see
Table 1). Hence, K; « (Dy,)" with 0.5 < n < 1.

The frequency of replacement of the liquid film (r) and the
effective film thickness (L) were suggested to be (Metzger and
Dobbins, 1967):

BpV3/4E3/4
r=—t_= 5
M; (5)

N
L-C (E) ©)

with B (cm™Y), C4 (g* cm~° s°)Y* constants; p, water density
(g cm~3); v, kinematic viscosity (cm? s™%); E, energy dissipation
in the fluid as a whole (cm? s~3); and Ms, two-dimensional bulk
modulus at the surface (g cm ™' s7?).
The parameters v and L were related, assuming Ms

constant, as follows (Metzger and Dobbins, 1967):

1.3p0°
=13 0)
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Table 1 — Selection of theoretical reaeration coefficient (K;) models. Refer to the original studies cited in first and last

columns to find out all the assumptions and derivation of the models.

Model K= With Comment
Film Lewis and Whitman (1924) DTm
Penetration Danckwerts (1951) 1D
. . . 1.3p0° . .
Film-penetration Dobbins (1956) 12 r==157 and L equations Dobbins (1964); Metzger and
Ky = v/Dmrcoth Do in text Dobbins (1967)
Friction velocity model Jdhne et al. B~ u*Sc™ n ranges from 0.5 Jahne et al., 1979; Jahne and
(1987a,b) (penetration model) Miinnich, 1980

to 1 (film model) and 8
dimensionless constant
(Stanton number)

v,

Large eddy Wilson and Macleod (1974)  uSc “aRe T2 Re — ud_uh O’Connor and Dobbins (1956, 1958);
T v Fortescue and Pearson (1967)
/3
Small eddy Lamont and Scott (1970) 0.4Sc 71/2(51/)% similar to € u7u’/1 Banerjee et al. (1968)
wSc 72Re Y Re==
Surface divergence Banerjee and 0.2u'Sc 2Re 2 Re= h Banerjee (1990)
v
Maclntyre (2004 Ya
tyre (2004) [0.3(283Re” — 2.14Re™)]
Turb.ulent thin film Prasher and 0.0108 /% (13 %D ) L —o0s 2,2\ % /Re 8 .Cahbr.ated Vi/'lth gas—liquid systems
Fricke (1974) - (;) T m"2 =035 vy in falling thin films
58 g*v % (Re\ Ths
=223 z
Films theory Gualtieri and ) S b2 5395 Ry + = 0.75 calibrated on USGS river
.. ) )/3 9 _D. gt Ryt = . .
Gualtieri (2004) m 20R, ¢ mOc 2y2 aeration data (Melching and
By = 5CSC1/3 Flores, 1999)
(1 - 4’1/2) Dp% u” ¢
Bubble mediated transfer - k, = Kia and a = Cﬁ Azbel (1981) with ¢, dimensionless
Gulliver et al. (1990) (1 = ¢>5/3) © (L) constant
Bubble mediated transfer with [Km + Bc(Kr—Kwm)] + BcKp = [Am Ay, At proportionality Values of constants Ay, AT, dq, by,
gas solubility Asher et al. (1996, 1997) B¢ (AT — AM)]SC’% constants for Ky, m, n’ taken from gas evasion
Kr transfer velocities experiments in cleaned freshwater

+Bc (% +bia ™S ™)

Bubble mediated transfer 047Dy v 6 9% K; almost constant regardless
Kawase and Moo-Young (1992) of bubble size and flow situation
Turbulent diffusion Bennett and \/i; \/Dyr with D, << Dy Kishinevsky (1954); Kishinevsky

Rathbun (1972) and Serebryansky (1956)

a, specific surface area [L "] «, Ostwald solubility coefficient [dimensionless] B, fractional area bubble plume coverage [dimensionless] d, mean
bubble diameter [L] D,,, molecular diffusivity [L? T~*] D;, turbulence diffusivity [L? T~%] 6,, thickness of the velocity boundary layer [L] &, thickness
of the diffusive or concentration boundary layer [L] ¢, energy dissipation rate near the interface [L°T~%] , dynamic viscosity [M L~* T~?] g, standard
gravity [LT~?] h, average stream or channel water depth [L] Ky, Kr, K5 transfer velocities due to turbulence of mixing pump, simulated breaking
wave and [L T~ bubbles respectively [L T~*] L, film thickness [L] L, size of largest eddies [L] 4, turbulence integral length scale [L] ¢, gas void

fraction [dimensionless] r, average frequency renewal of the liquid film [T~ Re, Reynolds number [dimensionless] R, ¢, Reynolds number for gas
v

D
tension [M T~?] u, average stream or channel velocity [L T~!] v, integral velocity scale [L T~*] u*, friction velocity [L T~*] », kinematic
viscosity [L? T 1].

transfer [dimensionless] p, water density [M L°] S, slope [dimensionless] Sc = —, Schmidt number [dimensionless] ¢, water surface
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in which the constant 1.3 (s> g ') was determined experi-
mentally (Metzger and Dobbins, 1967; Metzger, 1968), with 1.3
equals Cs/Ms. Since we have:

Ms = c’p ®)
with ¢, speed of sound under water (cm s~?%), and both c and p

are temperature dependent, the renewal rate was also
computed as (Metzger and Dobbins, 1967):

_ Cspr®
- Mng (9)

with Cs (cm™?) constant and Mg bulk modulus calculated from
polynomial equations relating p and c to water temperature
(Hutchinson, 1957, p. 204; Marczak, 1997). The inclusion of Ms
may accommodate for the effect of surfactants (Asher and
Pankow, 1991; McKenna and McGillis, 2004).

The temperature dependence of K; rests on Dy, p and v. Dy,
was taken as 2.14 10~° cm? s~ at 20 °C and corrected to other
temperature using the Stokes—Einstein equation (as in orig-
inal papers) as follows:

kT

D = 3.491myr

(10)
with k, Boltzmann’s constant (1.3805 10 g cm?s 2K 7).

T, water temperature (K).

7, dynamic (=absolute) viscosity of water (g cm~* s7).

r, half the collision diameter (radius) of O, molecule in
water (1.73 10 & cm; Edward, 1970).

Note that the denominator is basically a drag coefficient.
The above parameters gave excellent correspondence to the
values reported in the original papers (op. cit.), although the
reference value used (Dn, at 20 °C) is in the upper end of the
range of values determined experimentally (St-Denis and Fell,
1971; Han and Bartels, 1996).

Water density, p (g cm™3), was related to temperature
(0—35°C), using data from Hutchinson (1957, p. 204), as follows
(r* = 0.9999):

p=4.53-10"8T% — 8.10-10°T? + 6.20-10°T + 0.99987 (11)

Water kinematic (v) and dynamic (n) viscosities are related
by water density (v = n/p). The dynamic viscosity was related
to temperature (0—50 °C) using data from Hodgman et al.
(1961, p. 2211), as follows (r* = 0.9999):

n=—7.63-108T + 1.02:10°T? — 5.66+10 T + 0.0178 (12)

Then, the film thickness, L in cm, was also related to
temperature for a given turbulence, assuming E constant with
temperature as in original papers (op. cit.):

L=Cuh (13)

with C, = C4/EY* constant (27! cm 2 s independent of
temperature.

Finally, a wide range of K; values were calculated (and
converted to cm min~?) over a range of temperature (0—35 °C)
from a wide range of film thickness L values (0.003—0.26 cm at
20 °C), and ¢ values were calculated as follows:

“r2)
6= (ﬁ) (Tl ~T2) WithT1-T2 (14)

2.2. Other theoretical models

The past 60 years of literature on reaeration models was
carefully reviewed and representative models, encom-
passing a diverse range of hydraulic behaviours, were
selected to span a wide range of turbulence and systems
from which ¢ may be deduced for a wide range of
temperature and turbulence (see Table 1). Reviews of model
descriptions and mechanisms of reaeration models are
already available (see e.g. Jdhne and HaupPecker, 1998;
Gualtieri et al.,, 2002; Banerjee and Maclntyre, 2004;
Falkovich and Sreenivasan, 2006; Gualtieri and Pulci Doria,
2008; Komori et al., 2011). Here, the reader is referred to the
original publications for detailed assumptions and model
derivations.

2.2.1. Continuous surface water

Lewis and Whitman (1924) film model was designed for
smooth water surface and assumed diffusion through
a stagnant boundary layer. This model is generally too
simplistic and did not hold with experimental data in flume
(e.g.Jdhne and Miinnich, 1980). It may only be realistic for the
most sluggish (near stagnant) conditions. Danckwerts’ (1951)
penetration model (still a benchmark model to modern
hydraulics) represented more turbulent conditions,
assuming a statistical renewal of the whole viscous sublayer,
as shown above with the Dobbins film-penetration model.
The friction velocity model has been popularised by the
meticulous work of Jéhne et al. (1987a,b) who showed that it
holds as long as the surface water is continuous, i.e. not at the
onset of wind generated waves. This model has been used in
many environmental studies, albeit sometimes with some
misunderstanding of the underlying assumptions (cf Asher
and Wanninkhof, 1998), contributing to discrepancies
between studies; e.g. the ratio kgo, to kg,n, used varied
substantially between studies: 1.3 in Jones and Mulholland
(1998), 1.05 in Hope et al. (2001); 0.97 in Wallin et al. (2011).
The large eddy (Fortescue and Pearson, 1967) and small eddy
(Banerjee et al., 1968) models are also popular models (and
some more complex models can generally be reduced to
these simple models). The surface divergence model
(Banerjee, 1990) was selected as it combined the large and
small eddy models. The eddy models have been tested
extensively in flumes (e.g. Gulliver and Halverson, 1989). A
turbulent thin film (Prasher and Fricke, 1974) was also
selected as a contrast to the eddy models. And finally, the
films model of Gualtieri and Gualtieri (2004) was selected as it
was calibrated for the USGS river aeration data (the most
comprehensive and accurate river dataset available until
Raymond et al., 2012).

The temperature dependence of K; in Gualtieri and Gual-
tieri films model may not rest on the calibrated model with
Ry_: = 0.75, since it prevents R,_; to vary with temperature via
the viscosity of water as apparent in Eq. (25) of Gualtieri and
Gualtieri (2004):
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_ 5,95

g-t — 2,2 (15)

The thickness of the velocity boundary layer 4, is also
temperature dependent relative to the diffusive or concen-

tration boundary layer é. as follows (Eq (2) in Gualtieri and
Gualtieri, 2004):

Oy
0 = i~ (16)

After combining Egs (15) and (16), we have:

52ScgS
Ryt = C2y2

(17)

Hence, instead of the semi-empirical calibrated (Ry_; = 0.75)
equation:

Vs

Ki = (Dm)” (zyfg_t) (18)

we should test the temperature dependence on the theo-
retical model, after substituting R,_; in Eq (18) by Eq (17) to
obtain:

K, = Dpé;? (19)

incidentally a more simple equation showing that the
temperature dependence is just a function of Dy,. Finally,
according to Gualtieri (2005) we also have another formulation
of the same model including explicitly the dissipation energy.
The temperature dependence of K; is more complicated to
study and is presented as supplementary information in
Appendix S2.

In order to test the effect of temperature and turbulence on the
temperature coefficient 6, the K; values of the theoretical models
were calculated from a wide range of temperature (0—35 °C) and
‘turbulence’ parameters to get 0.005 < Ky < 1.28 cm min
small eddy model with energy dissipation rate 10~7<e < 10°
cm? s 3 surface divergence model with friction velocity
0.05 < u*<50 cm s~* and depth h = 10 cm; turbulent thin film with
10°<e < 10’ cm? s 3 films theory with slope 10 * < S < 1 for the
USGS calibrated models and 0.005<é. < 0.01 cm for the purely
theoretical expression of the model.

2.2.2. Broken surface water: spray, waves and bubbles
Kishinevsky (1954) turbulent diffusion model and experi-
ments (Kishinevsky and Serebryansky, 1956) included the
most extreme ‘turbulent’ conditions generated underwater by
ablade stirrer in a cylindrical mixer. Under the most turbulent
conditions, the gas diffusivity D,, became negligible to quan-
tify K; and ¢ = 1 whatever the temperature.

Gulliver et al. (1990) investigated the temperature depen-
dence for gas transfer across bubble—water interface. The
temperature effect upon the gas coefficients was successfully
tested on Gameson et al. (1958) data, and under a given
turbulence intensity, by Urban and Gulliver (2000) on the
diffused aeration system of Vogelaar et al. (2000). This
approach was also used for aerated tank and water reservoir
with micro- and macro-bubbles Schierholz et al. (2006). The
model is presented in Table 1, and we used the simplified

equation given by Gulliver et al. (1990) to compute the
temperature dependence of ;.

An additional semi-empirical model presented by Asher
et al. (1996, 1997) was computed because it included explic-
itly gas solubility, and partitioned the overall gas transfer
velocity K;, into Ky, Kr and Kp gas transfer velocities due to
turbulence generated by a mixing pump, simulated breaking
waves, and bubble plume, respectively (in a whitecap simu-
lation tank). It gave the opportunity to compute Ky indepen-
dently of the other transfer velocities and change the
fractional area bubble plume coverage (Bc) to investigate the
response of # to changes in K;. The temperature dependence
of the Ostwald oxygen solubility coefficient was computed as
in Battino et al. (1983).

An alternative theoretical model for bubble mediated gas
transfer velocity was suggested by Kawase and Moo-Young
(1992) and was repeatedly used in the meticulous experi-
mental studies of Hubert Chanson quantifying the air—water
interfacial area in self-aerated flows (e.g. Chanson, 1995;
Chanson and Toombes, 2000; Toombes and Chanson, 2005;
Felder and Chanson, 2009). A unique property of this model is
that K; is almost constant regardless of bubble size and flow
situations (K, increases with temperature from 1.8 to
3.5 cm min~* within 0—35 °C). This model is likely to apply
only at cascades and hydraulic structures.

3. Results
3.1. Dobbins model

The most reliable results are produced by running the calcu-
lation of the Dobbins model either in Excel or with a small
programme (c code is made available in Supplementary
material, Appendix S3). Approximate values for § may be read
from the curves provided in Fig. 1 (and similar figures) or
simplified equations presented in supplementary material
(Appendix S4).

1.05 1

sluggish > turbulent

20-35°C
103 - 20-30°C
/ 20125°C
1.02 - / /
20-15°C
20110°C
1.01 -

Temperature coefficient®

20-5°C
20-0°C

1 T T T T T T T 1
0.005 0.01 0.02 004 008 016 032 064 128

Oxygen transfer velocity
K\ 20 (cm min-')

Fig. 1 — Temperature corrections derived from Dobbins’
model, assuming the bulk modulus Ms constant. Newly
computed values of the temperature coefficient ¢ relative to
20 °C against the oxygen transfer velocity K;, at 20 °G (from
sluggish to highly turbulent stream flow).



8 WATER RESEARCH 47 (2013) I—I5§

1.06 1
Lewis & Whitman
model
1.05 4 1/
D
= luggish
) 0.005 suggis
5 1.04 1
=
[0]
3 0.014
o 103 1%
2
5 0.032
Gé 1.02 49
5 [ 0.053 Y 0.220
1.01 J0.107 turbulent 0.323
I 0.804
O 1.652
100 I Danckwerts model /
0 5 10 15 20 25 30 35

Temperature (°C)

Fig. 2 — Newly computed values, derived from Dobbins’
model, of the oxygen temperature coefficient ¢ relative to
20 °C (same as Fig. 1) against temperature, from sluggish to
highly turbulent stream flow (0.005 < K; < 1.652 values
are indicated on the graph), and including the limits of the
Dobbins’ model: Lewis and Whitman film model (near
standstill flow) and Danckwerts penetration model (highly
turbulent flow).

At 20 °C, from the wide range of film thickness L values
selected (0.003—0.26 cm), the average frequency of replace-
ment of the liquid film r was 35 to 7.4 10> s~ * and the resulting
K. values ranged 1.65 to 0.005 cm min . This range repre-
sented the extreme conditions of the model. In comparison,
the molecular diffusivity of oxygen (D,,) only changed from 1.1
107> t0 3.1 10 ° cm? s * from 0 to 35 °C, respectively.

First, assuming the bulk modulus Mg constant, § was
calculated for the temperature range 0—35 °C relative to
20 °C along a Kjyp-c gradient of 0.005—1.28 cm min~? (Figs. 1
and 2). The temperature coefficient ¢ varied from 1.04 under
sluggish flow conditions (K; = 0.005) to about 1.005 under
turbulent conditions (K; = 1.28). Remarkably, the effect of
temperature was qualitatively different along the turbulence
gradient: ¢ decreased from 1.056 to 1.042 with increasing
water temperature under the limit of the Lewis and Whit-
man film theory model; § was then related to temperature by
a ‘hyperbolic’ curve under sluggish flow (K, = 0.005; 1.038<
6 < 1.042); ¢ was then positively related to temperature
under turbulent flow condition (e.g. K, = 0.05;
6 = 1.013—1.025); finally under high turbulence (Danckwerts
model) # = 1.005 and was not related to temperature. The
temperature effect is most pronounced at intermediate
turbulence (K; = 0.05).

Then, still assuming Ms constant, § was also calculated for
a 10 °C temperature range around 5, 10, 15, 20, 25, 30 °C. The
result is qualitatively very similar but quantitatively, the effect
of temperature is larger (Fig. 3).

If the bulk modulus Ms is allowed to change according to
temperature, the resulting changes in # against turbulence

1.05 1
sluggish > turbulent
i.f. 1.04 4
c
2
L
=
© 1.03 4
(]
o 30°C
g
= 25°C
= 1.02 4
as 20°C.
2 o
g 50 10°C1EC
o 1.014
l_
1 T T T T T T T 1

0.005 0.01 0.02 0.04 008 016 032 064 128

Oxygen transfer velocity
K20 (cm min-1)

Fig. 3 — Temperature correction for empirical equations
according to Dobbins’ model, assuming the bulk modulus
Ms constant. Same as in Fig. 1, but with temperature
coefficient 6 calculated for a 10 °C temperature range
around 5, 10, 15, 20, 25, 30 °C and plotted against the
oxygen transfer velocity K; at 20 °C (from sluggish to highly
turbulent stream flow).

and temperature are very similar to those presented above in
Figs. 1-3 (see Fig. S1, S2).

3.2 Other theoretical models

The temperature coefficient ¢ was calculated for the
temperature range 0—35 °C relative to 20 °C along a similar
turbulence gradient for the additional theoretical models
listed in Table 1. None of the selected models shared the
property of significant (+0.001) ¢ variability with turbulence
as in Dobbins’ model. The different models, largely repre-
senting different mechanisms akin to different systems and
turbulence regimes, showed however, a temperature coef-
ficient 6 ranging from 1.000 to 1.056 within the temperature
range 0-35 °C (Fig. 4). All models were sensitive to
temperature, with 6 negatively related to temperature,
similarly to the limits of the Dobbins’ model (Lewis and
Whitman film model and Danckwerts penetration model)
but unlike the intermediate values of the Dobbins’ model
(see Fig. 2). All formulations of the films models (Gualtieri)
gave the same results with ¢ = 1.033 + 0.001 to
6 = 1.025 + 0.001 at 0 °C—35 °C, respectively (see also
Appendix S2 in Supplementary information). In the model
of Asher et al. (1997), the temperature dependence of the
portion of K; due to turbulence mediated processes was
higher (6 declined from 1.031 to 1.023 with increasing
temperature from 0 to 35 °C) than the portion due to bubble
mediated processes (f declined from 1.017 to 1.013 with
increasing temperature from O to 35 °C). The latter is similar
to the temperature dependence of Kawase and Moo-Young
(1992) model (¢ declined from 1.021 to 1.016 with
increasing temperature from 0 to 35 °C).
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Fig. 4 — Variability in the oxygen temperature coefficient ¢
relative to 20 °C with temperature according to several
theoretical models, see Table 1: From top to bottom, Lewis
and Whitman 1924 (black line), Gualtieri and Gualtieri
2004 (green line), Urban and Gulliver 2000 (black circles),
Lamont and Scott 1970 (blue line), Asher et al., 1997

(red circles), Banerjee 1990 (purple line), Kawase and
Moo-Young 1992 (green circles), Prasher and Fricke 1974
(yellow line), Danckwerts 1951 (dashed black line), and
Kishinevsky 1954 (black squares). The Elmore and West
1961 constant (¢ = 1.0241) is in red for comparison.
Compare to Fig. 2.

4, Discussion
4.1. How realistic is the Dobbins model?

It is interesting to note that, with the selected range of film
thickness, L (0.003—0.26 cm) was comparable to direct
experimental verifications (0.003 < L < 0.08 cm; e.g. Jahne
et al,, 1989; Asher and Pankow, 1991; Chu and Jirka, 1992;
Moog and Jirka, 1999; Herlina and Jirka, 2004) and compa-
rable to other model results (e.g. Gualtieri and Gualtieri,
2004). While such estimates were already known in the
1960s (with 0.004 < L < 0.04 cm, see Metzger and Dobbins,
1967), there was a dearth of data regarding the average
frequency of replacement of the liquid film r. More recent
experimental values for r validate the highest renewal rates
of the liquid film (e.g. 0.1 < r < 10 s™* in J&hne et al., 1989;
0.1 <1< 100s~ ! for 0.03 < K, < 0.6 cm min~! in Komori et al.,
1993).

The very gentle and rapid (distortion of the surface water)
mixing conditions of Metzger and Dobbins (1967) experiments
are represented by K, = 0.03 and 0.3 cm min~%; with L = 0.05
and 0.01 cm; and r = 0.008 and 1.3 s~ * respectively.

While many authors have emphasised the role of D,, (e.g.
Thackston and Krenkel, 1965; Taricska et al., 2009), the most
sensitive parameter to model K; with the Dobbins’ model is r, as
noted earlier (Dobbins, 1965). This sensitivity had arisen

20
oKL
2 %
S 161 xKL20
S e o
2E 0
o £ 1 =
‘DL X
5 §
£y 81
o 5
D
oX 4] X o
o
o
0 +—8—

0.00 0.10 0.20 030 0.40

mean velocity, u (m s™')

Fig. 5 — Observed (K;) and standardised (K, with

0 = 1.024) oxygen transfer velocities as a function of
stream velocity (turbulence) in Fuirosos stream, Spain
(Acuiia et al., 2004).

a criticism by Holley et al. (1970) regarding the experimental
results of Dobbins (1964): “It is true that r should increase as
[the speed of oscillation of the metal grid] ¢ increases, but it
is difficult to conceive that increasing ¢ by a factor of about
11 would have changed the characteristics of the mixing to
such an extent that r would be increased by a factor greater
than 20,000”. So while the high average renewal rate r have
been verified under experimental conditions (see above),
further experimental determinations of r are required under
low K;.

Dobbins (1956) highlighted that his model could only be
applied to cases in which the age distribution function of r,
the same exponential function as in Danckwerts (1951), is
correctly defined. Several studies have shown that the Kol-
mogorov distribution function (a log-normal distribution)
was more appropriate (e.g. Garbe et al., 2004; Kermani and
Shen, 2009). This said, the average surface age from
Dankckwerts’ random surface renewal model was surpris-
ingly close to hybrid Lagrangian tracing and temperature
method, the state of the art in gas transfer modelling at the
interface between a liquid and the atmosphere (Kermani
et al., 2011).

0.10 1 0O KL r 28

x KL20
==Temperature

F 25

0.08 {
22
0.07 1

0.06 1

K. or Ki5 (cm min')
Temperature (°C)

0.05 T T T 16
12:00 00:00 12:00 00:00 12:00

Time (hh:mm)

Fig. 6 — Diel change in observed (K;) and standardised (Ko
with # = 1.024) oxygen transfer velocities in Sugar Creek in
western Indiana, USA (K; and temperature data taken from
Tobias et al., 2009).
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0.10 - R2=0.39, n=11, P=0.046 O Finally, both Jdhne et al., 1987a and Gulliver and Halverson
e x o (1989) pointed to the great danger in extrapolating laboratory
¢ J [m] . .

E 0.09 X 0O O experimental results to field conditions. Even the eddy models
o « incorporating Sc and Re are generally rather simplistic and are

£ 0.08 - e 5 X X ) 7 .
S ,a{ unlikely to deliver accurate predictions under field conditions
8 007 - & R#=0.03, n=11, P=0.66 because of the numerous mechanisms driving the energy
f dissipation rate near the interface such as wind shear, natural
© 0.06 1 ] convection, rain, entrapped air in broken standing waves,
x 0.05 entrained air in bubbles, spray (e.g. Chanson and Toombes,
16 18 20 29 24 26 2002; Banerjee and Maclntyre, 2004; Wilhelms and Gulliver,

Temperature (°C)

Fig. 7 — Temperature was a relatively weak predictor of K,
(black line) in Sugar Creek, western Indiana, USA (K. and
temperature data taken from Tobias et al., 2009). As
expected K;,o was not related to temperature (dashed line).
Regression equations were tested with 1000 random cyclic
shift Monte Carlo permutations to take into account the
temporal structure of the data.

4.2. Comparison with other models

All theoretical models, as noted in introduction, needed to be
fitted onto experimental (or field) data to obtain the necessary
constants. Even the small eddy model of Lamont and Scott (1970)
relied on the use of constants in the energy spectrum function
(their Eq. (12)) although these constants were then carried
through the subsequent derivations. Moreover, applying these
theoretical models request further approximations, e.g. for Re
(see the eddy models in Table 1). Hence, caution should be
applied when comparing the results among the theoretical
models and with experimental data, particularly old data subject
to potential bias (including Elmore and West, 1961; cf
Kothandaraman and Evans, 1969; Boyle, 1974). This said, while
the absolute values of K; derived from theoretical models depend
on empirically derived constants, the relative change in K; due to
temperature (Kyr1/K.10) generally does not (Gulliver et al., 1990).

Daniil and Gulliver (1988) correctly reported inadequacy
between Dobbins’ model and some old empirical data
regarding the role of turbulence, but they only plotted the
limits of the model, which provided a nice envelop around all
available data point, exactly what you would expect the model
to do, should it be comparable to the experimental data points
(see Fig. S3). Daniil and Gulliver (1988) did note, however,
discrepancies between the Dobbins model and Jéhne et al.,
1987a experimental results under varying turbulence.

2005; Vachon et al., 2010).

5. Case studies

Here we report three case studies to illustrate the importance
of the temperature correction 6.

5.1.  Oxygen transfer velocity rating curve

In order to estimate whole stream metabolism continuously
over time, Acufia et al. (2004) carried out 10 propane tracer
studies in the same stream reach at different time of year and
discharge to produce a rating curve (see Fig. 5). K; was highly
related to stream mean water velocity u (K, = 33u; r* = 0.90,
n =10, P < 0.001). The standardisation of K; at 20 °C (K1) based
on ¢ = 1.024 did not improve the relationship despite a wide
range of stream water temperature (9—31 °C). This may be due
to the very high oxygen transfer velocity K;, (up to
>10 cm min~?) which may best correspond to the turbulent
model of Kishinevsky, in which case the temperature depen-
dence is negligible.

5.2. Diel change in oxygen transfer velocity

Tobias et al. (2009) injected a saturated solution of SF6
continuously over 24 h to a stream in western Indiana, USA.
Here we present the data in a different way to better illustrate
the role of temperature (17—25 °C) independently of the wind
(which was measured 40 km away from the field site and thus
may not be very accurate), see Fig. 6. If temperature had been
a strong control on the diel variability, then Ky, (with
6 = 1.024) should not have shown any diel changes. It is
obvious that temperature had a limited role in this case study,
even though temperature could explain 38% of the variability
in K;, but, as expected, not K; 5 (Fig. 7). Turbulence created by
wind was the most likely reason of the diel variability in K;,

Table 2 — Potential discrepancy in daily stream metabolism due to water temperature fluctuation (with ¢ = 1.024) for sites

with large diel temperature variability in Hengill streams, Iceland (Demars et al., 2011). The discrepancy was <2.5% at all

sites using the Dobbins—Metzger model with ¢ = 1.005 (Demars et al., 2011). Site 1 is illustrated in Fig. 8.

Hengill Temperature Depth k> K -ER -ER -ER GPP GPP GPP
Sites Range °C cm  min' cmmin' gO,m?day ' dx/x §=1024 gO,m *day ' ox/x 0=1024
1 16—23 14 0.077 1.078 28.2 38% —11% 20.3 1% —9%
4 7-15 3 0.269 0.807 25 85% —8% 2.2 7% —4%
11 11-17 3 0.506 1.518 9.7 86% —5% 9.2 19% -1%

dx/x, relative uncertainty based on 1 standard deviation ¢ = 1.024, potential discrepancy due to temperature correction (Elmore and West, 1961).
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Fig. 8 — Top panel shows diel change in dissolved oxygen, temperature and photosynthetic active radiation (PAR) at site 1 in
Hengill, Iceland (Demars et al., 2011); the black circle on the temperature curve indicates when the propane gas tracer study
was conducted. Bottom panel shows the net metabolism of the stream without (black line with grey lines showing

uncertainties) and with (orange line) temperature correction (with ¢ = 1.024). The effect of temperature correction on daily

metabolism is presented in Table 2.

(see Tobias et al., 2009). Note that here the Dobbins model gave
similar results because here § = 1.018 was similar to 6§ = 1.024.

5.3. Temperature correction and whole stream
metabolism

Field ecologists often cannot run a continuous tracer study as
Tobias et al. (2009) did, while measuring dissolved oxygen in
stream, for logistical reasons. Generally the gas tracer study
only last the time it takes for a slug injection of solute
conservative tracer to completely pass through the studied
reach. The tracer study is generally done during the day for
a relatively short time (30 min to an hour, but may be several
hours if water transient storage is important or the reach very
long). At sites where there is a strong diel variability, it is
common usage to correct the reaeration coefficient for
temperature, but this may depend on the value of 4. For
example, Demars et al. (2011) used the Dobbins model to
compute 6 and calculated that it made virtually no change in
the final daily stream metabolism estimate (<2.5%). Should
they have chosen 6 = 1.024, the error in daily metabolism at
the sites with strong diel change in temperature would be
larger (Table 2, Fig. 8), but by no means as large as the
uncertainties computed by Tobias et al. (2009) mostly due to
change in turbulence (wind velocity).

6. Conclusion

According to Dobbins theoretical model, the gas transfer
velocity response to variation in temperature, which affects
water properties and molecular diffusivity, is not important
where turbulence is rapidly renewing the concentration
boundary layer at the air—water interface. No other theoret-
ical models showed any significant interaction effects
between temperature and turbulence. However, the other
theoretical models differed widely in their response to
temperature. Several issues (e.g. better representation of the
different field turbulence mechanisms, minimisation of the
role of fitted constants, use of a more appropriate age distri-
bution function of r) need to be addressed to develop better
theoretical models for which the effect of temperature may be
expressed through the physical parameters. Greater aware-
ness of the diversity of models and conditions of applications
should help choosing an appropriate correction. In practice,
the temperature correction is an important parameter under
constant turbulence conditions, but as the range in turbulence
increases, the role of temperature may become negligible in
determining K;, whatever the correction. The theoretical
models reviewed here are also useful references to correct K,
values determined using a reference tracer gas to a second
species of interest or dual gaseous tracer experiments.



12 WATER RESEARCH 47 (2013) I—I5§

Acknowledgements

This study was funded by the Scottish Government Rural and
Environment Science and Analytical Services (RESAS). Thanks
to The James Hutton Institute librarian, Elaine Mackenzie, for
tracking copies of the many papers requested, Dr Viceng
Acufa for providing data, Professor Carlo Gualtieri and two
anonymous referees for insightful comments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.watres.2012.09.054

REFERENCES

Acuna, V., Giorgi, A., Mufioz, I, Uehlinger, U., Sabater, S., 2004.
Flow extremes and benthic organic matter shape the
metabolism of a headwater Mediterranean stream.
Freshwater Biology 49, 960—971.

Aristegi, L., Izagirre, O., Elosegi, A., 2009. Comparison of several
methods to calculate reaeration in streams, and their effects
on estimation of metabolism. Hydrobiologia 635, 113—124.

Asher, W.E., Pankow, J.F., 1991. Prediction of gas water mass
transport coefficients by a surface renewal model.
Environmental Science & Technology 25, 1294—1300.

Asher, W.E.,, Karle, L.M,, Higgins, BJ., Farley, P.J.,, Monahan, E.C.,
Leifer, 1.S., 1996. The influence of bubble plumes on air-
seawater gas transfer velocities. Journal of Geophysical
Research Oceans 101, 12027—12041.

Asher, W.E., Karle, L.M., Higgins, B.J., 1997. On the differences
between bubble-mediated air-water transfer in freshwater
and seawater. Journal of Marine Research 55, 813—845.

Asher, W.E., Wanninkhof, R., 1998. The effect of bubble-mediated
gas transfer on purposeful dual-gaseous tracer experiments.
Journal of Geophysical Research Oceans 103, 10555—10560.

Azbel, D., 1981. Two Phase Flows in Chemical Engineering.
Cambridge University Press, Cambridge, pp. 27-50, 155-210.

Banerjee, S., Scott, D.S., Rhodes, E., 1968. Mass transfer to falling
wavy liquid films in turbulent flow. Industrial and Engineering
Chemistry Fundamentals 7, 22—27.

Banerjee, S., 1990. Turbulence structure and transport
mechanisms at interfaces. In: Keynote Lecture, 9th
International Heat Transfer Conference. Hemisphere Press,
New York, pp. 395—418.

Banerjee, S., MacIntyre, S., 2004. The air-water interface:
turbulence and scalar exchange. In: Grue, J., Liu, P.L.-F.,
Pedersen, G.K. (Eds.), Advances in Coastal and Ocean
Engineering. World Science, Hackensack, NJ, pp. 181—-237.

Battin, T.J., Kaplan, L.A., Findlay, S., Hopkinson, C.S., Marti, E.,
Packman, A.L, Newbold, J.D., Sabater, F., 2008. Biophysical
controls on organic carbon fluxes in fluvial networks. Nature
Geoscience 1, 95—100.

Battino, R., Rettich, T.R., Tominaga, T., 1983. The solubility of
oxygen and ozone in liquids. Journal of Physical and Chemical
Reference Data 12, 163—178.

Baulch, H.M., Venkiteswaran, JJ., Dillon, P.J., Maranger, R., 2010.
Revisiting the application of open-channel estimates of
denitrification. Limnology and Oceanography: Methods 8, 202—215.

Bennett, J.P., Rathbun, R.E., 1972. Reaeration in Open-channel Flow.
Geological survey professional paper 737. USGS, Washington.

Bott, T.L., 2007. Primary productivity and community respiration.
In: Hauer, F.R., Lamberti, G.A. (Eds.), Methods in Stream
Ecology. Academic Press, Amsterdam, pp. 663—690.

Boyle, W.C., 1974. Pitfalls in parameter estimation for oxygen
transfer data. Journal of the Environmental Engineering
Division 100, 391—408.

Brown, L.C., Stenstrom, M.K., 1980. Discussion “proposed
modifications of K, — temperature relation”. Journal of the
Environmental Engineering Division 106, 1193—1196.

Butman, D., Raymond, P.A.,, 2011. Significant efflux of carbon
dioxide from streams and rivers in the United States. Nature
Geoscience 4, 839—842.

Chao, A.C., Chang, D.S., Smallwood Jr., C., Galler, W.S., 1987a.
Influence of temperature on oxygen transfer. Journal of
Environmental Engineering 113, 722—735.

Chao, A.C,, Chang, D.S., Smallwood Jr., C., Galler, W.S., 1987b.
Effect of temperature on oxygen transfer — laboratory studies.
Journal of Environmental Engineering 113, 1089—-1101.

Chanson, H., 1995. Predicting oxygen content downstream of
weirs, spillways and waterways. Proceedings of the Institution
of Civil Engineers - Water and Maritime Engineering 112,
20-30.

Chanson, H., Toombes, L., 2000. Stream reaeration in nonuniform
flow: macroroughness enhancement. Journal of Hydraulic
Engineering 126, 222—223.

Chanson, H., Toombes, L., 2002. Experimental study of gas-liquid
interfacial properties in a stepped cascade flow.
Environmental Fluid Mechanics 2, 241—263.

Chapra, S.C., Di Toro, D.M., 1991. Delta method for estimating
primary production, respiration, and reaeration in streams.
Journal of Environmental Engineering 117, 640—655.

Chu, C.R,, Jirka, G.H., 1992. Turbulent gas flux measurements
below the air-water interface of a grid-stirred tank.
International Journal of Heat and Mass Transfer 35, 1957—1968.

Cirpka, O., Reichert, P., Wanner, O., Miiller, S.R,,
Schwarzenbach, R.P., 1993. Gas exchange at river cascades:
field experiments and model calculations. Environmental
Science & Technology 27, 2066—2097.

Cox, B.A., 2003. A review of dissolved oxygen modelling
techniques for lowland rivers. Science of the Total
Environment 314, 303—334.

Daniil, E.I, Gulliver, J.S., 1988. Temperature-dependence of liquid-
film coefficient for gas transfer. Journal of Environmental
Engineering 114, 1224—1229.

Daniil, E.I, Gulliver, ]J.S., 1989a. Effect of temperature on oxygen
transfer — laboratory studies — discussion. Journal of
Environmental Engineering 115, 479—481.

Daniil, E.I., Gulliver, J.S., 1989b. Influence of temperature on
oxygen-transfer. Laboratory studies — discussion. Journal of
Environmental Engineering 115, 865—868.

Danckwerts, P., 1951. Significant of liquid-film coefficients in gas
absorption. Industrial and Engineering Chemistry 43, 1460—1467.

Demars, B.O.L., Manson, J.R., Olafsson, ].S., Gislason, G.M.,
Gudmundsdottir, R., Woodward, G., Reiss, J., Pichler, D.E.,
Rasmussen, ] J., Friberg, N., 2011. Temperature and the metabolic
balance of streams. Freshwater Biology 56, 1106—1121.

Downing, A.L, Truesdale, G.A., 1955. Some factors affecting the
rate of solution of oxygen in water. Journal of Applied
Chemistry 5, 570—581.

Dobbins, W.E., 1956. The nature of the oxygen transfer coefficient
in aeration systems. In: McCabe, J., Eckenfelder, W.W. (Eds.),
Biological Treatment of Sewage and Industrial Wastes.
Chapman & Hall, New York, pp. 141—-148.

Dobbins, W.E., 1964. BOD and oxygen relationships in streams.
Journal of the Sanitary Engineering Division ASCE 90, 53—78.

Dobbins, W.E., 1965. Closure of "BOD and oxygen relationships in
streams". Journal of the Sanitary Engineering Division ASCE
91, 49-55.



WATER RESEARCH 47 (2013) I—I§ 13

Edward, J.T., 1970. Molecular volumes and the Stokes—Einstein
equation. Journal of Chemical Education 47, 261—-270.

Eheart, J.W., Park, H., 1989. Effects of temperature variation on
critical stream dissolved oxygen. Water Resources Research
25, 145-151.

Elmore, H.L., West, W.F., 1961. Effect of water temperature on
stream reaeration. Journal of the Sanitary Engineering
Division ASCE 87 (SA 6), 59—71.

Falkovich, G., Sreenivasan, K.R., 2006. Lessons from
hydrodynamic turbulence. Physics Today 59, 43—49.

Felder, S., Chanson, H., 2009. Energy dissipation, flow resistance
and gas-liquid interfacial area in skimming flows on
moderate-slope stepped spillways. Environmental Fluid
Mechanics 9, 427—441.

Fortescue, G.E., Pearson, J.R., 1967. On gas absorption into
a turbulent liquid. Chemical Engineering Science 22, 187—-216.

Gameson, A., Van Dyke, K., Ogden, C., 1958. The effect of
temperature on aeration at weirs. Water and Water
Engineering 62, 489—492.

Garbe, C.S., Schimpf, U., Jéhne, B., 2004. A surface renewal model
to analyze infrared image sequences of the ocean surface for
the study of air-sea heat and gas exchange. Journal of
Geophysical Research Oceans 109, C08s15.

Genereux, D.P., Hemond, H.F., 1992. Determination of gas exchange
rate constants for a small stream on Walker Branch watershed,
Tennessee. Water Resources Research 28, 2365—2374.

Gualtieri, C., 2005. Discussion of "wind and stream flow induced
reaeration" by Chia R. Chua and Gerhard H. Jirka. Journal of
Environmental Engineering 131, 1236—1238.

Gualtieri, C., Gualtieri, P., Pulci Doria, G., 2002. Dimensional
analysis of reaeration rate in streams. Journal of
Environmental Engineering 128, 12—18.

Gualtieri, C., Gualtieri, P., 2004. Turbulence based models for gas
transfer analysis with channel shape factor influence.
Environmental Fluid Mechanics 4, 249—271.

Gualtieri, C., Pulci Doria, G., 2008. Gas-transfer at unsheared free
surfaces. In: Gualtieri, C., Mihailovic, D.T. (Eds.), Fluid
Mechanics of Environmental Interfaces. Taylor & Francis,
Leiden, pp. 131-161.

Gulliver, ].S., Halverson, M.J., 1989. Air-water gas transfer in open
channels. Water Resources Research 25, 1783—1793.

Gulliver, ].S., Thene, J.R,, Rindels, A.J., 1990. Indexing gas transfer
in self-aerated flows. Journal of Environmental Engineering
116, 503—523.

Hall Jr., R.O., Kennedy, T.A., Rosi-Marshall, EJ., 2012. Air—water
oxygen exchange in a large whitewater river. Limnology and
Oceanography: Fluids and Environments 2, 1-11.

Han, P., Bartels, D.M., 1996. Temperature dependence of oxygen
diffusion in H,O and D,0. Journal of Physical Chemistry 100,
5597-5602.

Herlina, Jirka, G.H., 2004. Application of LIF to investigate gas
transfer near the air-water interface in a grid-stirred tank.
Experiments in Fluids 37, 341—349.

Hodgman, C.D., Weast, R.C., Selby, S.M., 1961. Handbook of
Chemistry and Physics, fourty third edn. The Chemical Rubber
Publishing Company, Cleveland, Ohio.

Holley, E.R., Sollo, F.W., Micka, T., Pazwash, H., 1970. Effects of
Oxygen Demand on Surface Reaeration. Report No. 46.
University of Illinois, Water Research Centre, Urbana.

Hope, D., Palmer, S.M,, Billett, M.F., Dawson, J.J.C., 2001. Carbon
dioxide and methane evasion from a temperate peatland
stream. Limnology & Oceanography 46, 847—857.

Hornberger, G.M,, Kelly, M.G., 1975. Atmospheric reaeration in
a river using productivity analysis. Journal of the
Environmental Engineering Division 101, 729—739.

Howe, R.H.L., 1977. Proposed modifications of K, — temperature
relation. Journal of the Environmental Engineering Division
103, 729-732.

Huisman, J.L., Weber, N., Gujer, W., 2004. Reaeration in sewers.
Water Research 38, 1089—1100.

Hutchinson, G.E., 1957. A Treatise on Limnology. In: Geography,
Physics, and Chemistry, vol. 1. John Wiley & Sons, New York.

Izagirre, O., Bermejo, M., Pozo, J., Elosegi, A., 2007. RIVERMET (c):
an excel-based tool to calculate river metabolism from diel
oxygen-concentration curves. Environmental Modelling &
Software 22, 24—32.

Jéhne, B., Miinnich, K.O., Siegenthaler, U., 1979. Measurements of
gas exchange and momentum transfer in a circular wind
water tunnel. Tellus 31, 321—329.

Jahne, B., Miinnich, K.O., 1980. Momentum induced gas exchange
through a smooth water surface, models and experimental
results from linear and circular wind-water tunnels. In:
Broecker, H.-C., Hasse, L. (Eds.), Symposium on Capillary Waves
and Gas Exchange, Berichte aus dem Sonderforschungsbereich
94, “Meeresforschung”, vol. 17, pp 55—62.

Jahne, B., Miinnich, K.O., Bésinger, R., Dutzi, A., Huber, W.,
Libner, P., 1987a. On the parameters influencing air-water
gas exchange. Journal of Geophysical Research 92,
1937-1949.

Jahne, B., Heinz, G., Dietrich, W., 1987b. Measurement of the
diffusion coefficients of sparingly soluble gases in water.
Journal of Geophysical Research 92, 10767—10776.

Jahne, B., Libner, P., Fischer, R., Billen, T., Plate, E.J., 1989.
Investigating the transfer processes across the free aqueous
viscous boundary layer by the controlled flux method. Tellus B
41, 177-195.

Jahne, B., HauBecker, H., 1998. Air-water gas exchange. Annual
Review of Fluid Mechanics 30, 443—468.

Janzen, J.G., Herlina, H., Jirka, G.H., Schulz, H.E., Gulliver, J.S.,
2010. Estimation of mass transfer velocity based on measured
turbulence parameters. Aiche Journal 56, 2005—2017.

Jirka, G.H., Herlina, H., Niepelt, A., 2010. Gas transfer at the air-
water interface: experiments with different turbulence forcing
mechanisms. Experiments in Fluids 49, 319—327.

Jones, J.B., Mulholland, P.J., 1998. Carbon dioxide variation in
a hardwood forest stream: an integrative measure of whole
catchment soil respiration. Ecosystems 1, 183—196.

Kawase, Y., Moo-Young, M., 1992. Correlations for liquid phase
mass transfer coefficients in bubble column reactors with
newtonian and non-newtonian fluids. Canadian Journal of
Chemical Engineering 70, 48—54.

Kermani, A., Shen, L., 2009. Surface age of surface renewal in
turbulent interfacial transport. Geophysical Research Letters
36, L10605.

Kermani, A., Khakpour, H.R,, Shen, L., Igusa, T., 2011. Statistics of
surface renewal of passive scalars in free-surface turbulence.
Journal of Fluid Mechanics 678, 379—416.

Kilpatrick, F.A., Rathbun, R.E., Yotsukura, N., Parker, G.W.,
Delong, L.L., 1989. Determination of Stream Reaeration
Coefficients by Use of Tracers. United States Geological
Survey, Denver.

King, J.C., 1966. Turbulent liquid phase mass transfer at a free
gas-liquid interface. Industrial and Engineering Chemistry
Fundamentals 5, 1-8.

Kishinevsky, M.Kh, 1954. The theoretical work of Danckwerts in
the field of absorption. Journal of Applied Chemistry of the
USSR (English Translation) 27, 359—-365.

Kishinevsky, M.Kh., Serebryansky, V.T., 1956. The mechanism of
mass transfer at the gas-liquid interface with vigorous
stirring. Journal of Applied Chemistry of the USSR (English
Translation) 29, 29—33.

Komori, S., Nagaosa, R., Murakami, Y., 1993. Turbulence structure
and mass transfer across a sheared air water interface in wind-
driven turbulence. Journal of Fluid Mechanics 249, 161—183.

Komori, S., McGillis, W.R., Kurose, R., 2011. Gas Transfer at Water
Surfaces 2010. Kyoto University Press, Kyoto.



14 WATER RESEARCH 47 (2013) I—1I5

Kothandaraman, V., Evans, R.L., 1969. Discussion of ‘Effects of
temperature on stream aeration’ by Ivan Metzger. Journal of
the Sanitary Engineering Division ASCE 95, 988—990.

Lamont, J.C., Scott, D.S., 1970. An eddy cell model of mass transfer
into the surface of a turbulent liquid. Aiche Journal 16,
513-519.

Lewis, W., Whitman, W., 1924. Principles of gas absorption.
Industrial and Engineering Chemistry 16, 1215—-1220.

Marczak, W., 1997. Water as a standard in the measurements of
speed of sound in liquids. Journal of the Acoustical Society of
America 102, 2776—2779.

Maclntyre, S., Jonsson, A., Jansson, M., Aberg, J., Turney, D.E.,
Miller, S.D., 2010. Buoyancy flux, turbulence, and the gas
transfer coefficient in a stratified lake. Geophysical Research
Letters 37, L24604. http://dx.doi.org/10.1029/2010GL044164.

McKenna, S.P., McGillis, W.R., 2004. The role of free-surface
turbulence and surfactants in air-water gas transfer.
International Journal of Heat and Mass Transfer 47, 539—553.

Melching, C.S., 1999. Accuracy of tracer measurement of gas-
desorption rates. In: Lee, ].HW., Jayawardena, A.W.,

Wang, Z.Y. (Eds.), Environmental Hydraulics. Balkema,
Rotterdam, The Netherlands, pp. 481—486.

Melching, C.S., Flores, H.E., 1999. Reaeration equations derived
from US geological survey database. Journal of Environmental
Engineering 125, 407—414.

Metzger, I., Dobbins, W.E., 1967. Role of fluid properties in gas
transfer. Environmental Science & Technology 1, 57—65.

Metzger, 1., 1968. Effects of temperature on stream aeration.
Journal of the Sanitary Engineering Division ASCE 94,
1153—-1159.

Morse, N., Bowden, W.B., Hackman, A., Pruden, C., Steiner, E.,
Berger, E., 2007. Using sound pressure to estimate reaeration
in streams. Journal of the North American Benthological
Society 26, 28—37.

Moog, D.B,, Jirka, G.H., 1995. Analysis of reaeration equations
using mean multiplicative error. In: Jédhne, B., Monahan, E.
(Eds.), Air-water Gas Transfer. AEON. Verlag, Hanau,
pp. 101-111.

Moog, D.B,, Jirka, G.H., 1999. Dimensional analysis of reaeration
rate in streams. Journal of Hydraulic Engineering 125, 3—10.

O’Connor, D.J., Dobbins, W.E., 1956. Mechanics of reaeration in
natural streams. Journal of the Sanitary Engineering Division
ASCE 82, 1-30.

O’Connor, D.J., Dobbins, W.E., 1958. Mechanism of reaeration in
natural streams. Transactions of the American Society of Civil
Engineers 123, 641—-666.

Odum, H.T., 1956. Primary production in flowing waters.
Limnology & Oceanography 1, 102—117.

Owens, M., Edwards, R.W., Gibbs, J.W., 1964. Some reaeration
studies in streams. International Journal of Air and Water
Pollution 8, 469—486.

Prasher, B.D., Fricke, A.L., 1974. Mass transfer at a free gas liquid
interface in turbulent thin films. I&EC Process Design and
Development 13, 336—340.

Rathbun, R.E., Bennett, J.P., 1969. Discussion of ‘Effects of
temperature on stream aeration’ by Ivan Metzger. Journal of
the Sanitary Engineering Division ASCE 95, 985—988.

Rathbun, R.E., 1981. Discussion of "proposed modifications of K2
— temperature relation”. Journal of the Environmental
Engineering Division 107, 1111-1112.

Rathbun, R.E., 1989a. Effect of temperature on oxygen transfer —
laboratory studies — discussion. Journal of Environmental
Engineering 115, 482—484.

Rathbun, R.E., 1989b. Influence of temperature on oxygen transfer —
discussion. Journal of Environmental Engineering 115, 868—869.

Raymond, P.A., Zappa, CJ., Butman, D., Bott, T.L., Potter, J.,
Mulholland, P., Laursen, A.E., McDowell, W.H., Newbold, D.,
2012. Scaling the gas transfer velocity and hydraulic geometry

in streams and small rivers. Limnology and Oceanography:
Fluids and Environments 2, 41—53.

Richey, J.E., Melack, J.M., Aufdenkampe, A.K., Ballester, V.M.,
Hess, L.L., 2002. Outgassing from Amazonian rivers and
wetlands as a large tropical source of atmospheric CO,. Nature
416, 617—620.

Roberts, B.J., Mulholland, P.J., Hill, W.R., 2007. Multiple scales of
temporal variability in ecosystem metabolism rates: results
from 2 years of continuous monitoring in a forested
headwater stream. Ecosystems 10, 588—606.

Schierholz, E.L., Gulliver, J.S., Wilhelms, S.C., Henneman, H.E.,
2006. Gas transfer from air diffusers. Water Research 40,
1018-1026.

St-Denis, C.E., Fell, CJ.D., 1971. Diffusivity of oxygen in water.
Canadian Journal of Chemical Engineering 49, 885.

Stenstrom, M., 2007. Measurement of Oxygen Transfer in Clean
Water. ASCE/EWRI 2—06. (Standard No. 002-06). ASCE/EWR],
Reston, VA.

Streeter, HW., 1926. The rate of atmospheric reaeration of
sewage polluted streams. Transactions of the American
Society of Civil Engineers 89, 1351—-1364.

Streeter, H.W., Wright, C.T., Kehr, R.W., 1936. Measures of natural
oxidation in polluted streams III. Sewage Works Journal 8,
282-316.

Taricska, J.R., Chen, J.P,, Hung, Y.-T., Wang, L K., Zou, S.-W., 2009.
Surface and spray aeration. In: Wang, L.K., Pereira, N.C.,
Hung, Y.-T., Shammas, N.K. (Eds.), Biological Treatment
Processes, Handbook of Environmental Engineering, vol. 8.
Humana Press, New York, pp. 151—-206.

Thackston, E.L., Krenkel, P.A., 1965. Discussion - BOD and oxygen
relationships in streams. Journal of the Sanitary Engineering
Division ASCE 91, 84—88.

Thene, J.R., Gulliver, J.S., 1990. Gas transfer measurements using
headspace analysis of propane. Journal of Environmental
Engineering 116, 1107—1124.

Thomann, R.V., Mueller, J.A., 1987. Principles of Surface Water Quality
Modeling and Control. HarperColins Publishers, New York.

Thyssen, N., Erlandsen, M., Jeppesen, E., Ursin, C., 1987.
Reaeration of oxygen in shallow, macrophyte rich streams .1.
Determination of the reaeration rate coefficient. International
Review of Gesamten Hydrobiology 72, 405—429.

Tobias, C.R,, Bohlke, ].K., Harvey, ].W., Busenberg, E., 2009. A
simple technique for continuous measurement of time-
variable gas transfer in surface waters. Limnology and
Oceanography: Methods 7, 185—195.

Toombes, L., Chanson, H., 2005. Air-water mass transfer on
a stepped waterway. Journal of Environmental Engineering
131, 1377—-1386.

Truesdale, G.A., Van Dyke, K.G., 1958. The effect of temperature
on the aeration of flowing waters. Water Waste Treatment
Journal 7, 9—11.

Urban, A L., Gulliver, ].S., 2000. Comment on "Temperature effects
on the oxygen transfer rate between 20 and 55 degrees C by
Vogelaar, Klapwijk, Van Lier, and Rulkens. Water Research 34
(3), 1037—1041 (2000)". Water Res. 34, 3483—3485.

Vachon, D., Prairie, Y.T., Cole, ].J., 2010. The relationship between
near-surface turbulence and gas transfer velocity in
freshwater systems and its implications for floating chamber
measurements of gas exchange. Limnology & Oceanography
55, 1723-1732.

Vogelaar, J.C.T., Klapwijk, A., Van Lier, J.B., Rulkens, W.H., 2000.
Temperature effects on the oxygen transfer rate between 20
and 55 degrees C. Water Research 34, 1037—1041.

Wallin, M.B., Oquist, M.G., Buffam, L., Billett, M.F., Nisell, J.,
Bishop, K.H., 2011. Spatiotemporal variability of the gas
transfer coefficient (K(CO,)) in boreal streams: implications for
large scale estimates of CO(2) evasion. Global Biogeochem. Cy.
25, Gb3025, in press.



WATER RESEARCH 47 (2013) 1—15 15

Wilcock, R.J., McBride, G.B., 1989. Influence of temperature on
oxygen transfer — discussion. Journal of Environmental
Engineering 115, 869—871.

Wilhelms, S.C., Gulliver, J.S., 2005. Bubbles and waves description
of self-aerated spillway flow. Journal of Hydraulic Research 43,
522-531.

Wilson, G.T., Macleod, N., 1974. Critical appraisal of empirical
equations and models for prediction coefficient of reaeration
of deoxygenated water. Water Research 8, 341—366.

Yongsiri, C., Vollertsen, J., Hvitved-Jacobsen, T., 2004.
Effect of temperature on air-water transfer of hydrogen
sulfide. Journal of Environmental Engineering 130,
104—-1009.

Zappa, CJ., McGillis, W.R., Raymond, P.A., Edson, ].B., Hintsa, EJ.,
Zemmelink, H.J., Dacey, ] W.H., Ho, D.T., 2007. Environmental
turbulent mixing controls on air-water gas exchange in
marine and aquatic systems. Geophysical Research Letters 34,
L10601.



