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ABSTRACT

The analytical representation of wind-speed probabilities by the Weibull distribution allows the
empirical characterization of a scalar wind field on the basis of two Weibull parameters. Such
a parameterization obviates the necessity of including wind data in time-series form explicitly in
air-water interaction models when accounting for non-linear wind effects. By combining the
Weibull wind-speed distribution with commonly employed trilinear and power-law expressions
for the dependence of the gas transfer velocity on wind speed, analytical expressions for the mean
value of the transfer velocity are obtained. These expressions predict the non-linearity of the
dependence of gas transfer velocity on wind speed to be responsible for an increase in the mean
transfer velocity which will normally not exceed 100% of the value obtained when non-linear
wind effects are neglected. In the specific case of the winter oxygenation of a typical subalpine
Swiss lake (Aegerisee), the commonly employed trilinear and power-law expressions are found
to underestimate the mean O, transfer velocity considerably. It is evident that such expressions
cannot be employed to determine gas transfer velocities in sheltered lakes without considerable
modification at low wind speeds. The extent of the modification required, however, suggests that
the role played by the instantaneous wind speed in determining the gas transfer velocity in such
lakes may be much less significant than is usually assumed.

1. Introduction

Processes involved in promoting or inhibiting
the exchange of gases between the atmosphere and
a natural water body occur on two sets of space
and time scales.

On the microscopic level, at a time ¢ the instan-
taneous gas flux F(¢) per unit time and area across
the air-water interface is given by the product of
the instantaneous gas transfer velocity f(¢) and the
instantaneous saturation deficit (or excess) A(t)
across the interface:

F(t)= (1) - A2). (1)

This equation, which suffices for the description of
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gas exchange in most laboratory experiments (e.g.,
in wind/water tunnels), can also be employed to
describe the exchange of gases between the atmo-
sphere and shallow, labile natural water bodies
which respond almost immediately to the input of
turbulent kinetic energy from the wind by mixing
completely on the macroscopic level and in which
no concentration gradients exist away from the
immediate vicinity of the air-water interface. The
rate-limiting step can be thought of as associated
with molecular diffusion processes in two zones
(air-phase and water-phase) located on either side
of the interface. Here we will be concerned solely
with the exchange of gases which have a Henry’s
law constant high enough to render the air-phase
resistance negligible compared to the water-phase
resistance (about 250 Pam®mol~! according
to Mackay, 1985), and for which chemical
enhancement effects for water-phase transfer are
insignificant (Liss, 1983).
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On the macroscopic level, values of the transfer
velocity are often obtained by computing gas
fluxes across the air-water interface from changes
in the mean gas concentration in a water body.
Values of the transfer velocity computed in this
way are apparent values: they represent not only a
temporal mean, but also a spatial mean over an
essentially heterogeneous air-water interface sub-
ject to a heterogeneous wind stress. The large-scale
vertical mixing processes responsible for transpor-
ting dissolved gases towards or away from the air-
water interface may represent the rate-limiting step
on the macroscopic level. In the case of most deep
natural water bodies (e.g., lakes), the time scale
associated with such processes is substantially
greater than that associated with gas exchange
across the air-water interface, and consequently
mean gas fluxes and transfer velocities over
relatively large time scales are usually of more
practical interest than instantaneous values. The
relevant equation relating the mean gas flux F per
unit time and area to the mean transfer velocity f
is:

F=B(t3 X, y)'A(t’x’ y)
=B'Z+B’(”xa y)'A'(t»X, y)’

)

where the instantaneous values B(¢, x, y) and
A(t, x, y) deviate from the corresponding tem-
poral spatial mean values § and A by amounts
B'(t,x,y) and A'(t, x, y), respectively, with
p'(t,x, y)=0and A'(¢, x, y)=0.

The instantaneous gas transfer velocity is
dependent on wind speed, but not uniquely so: it
is thus not possible to obtain a generally valid,
accurate parameterization of the transfer velocity
in terms of wind speed alone. Even when other
factors are ignored, however, because eq. (2) and
not eq. (1) is the equation applicable to most
natural water bodies, at least three major com-
plications arise when attempting a macroscopic
parameterization of the transfer velocity in terms
of wind speed.

(i) The instantaneous gas transfer velocity S
is not a linear function of wind speed. This implies
that the mean transfer velocity § is a function not
only of the mean wind speed, but also of the prob-
ability distribution of the wind speed (Wanninkhof
etal, 1985, 1987; Boutin and Etcheto, 1991;
Wanninkhof, 1992).
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(ii) In the surface mixed layer of a stratified
lake (the epilimnion), concentrations of most
environmentally relevant atmospheric gases (e.g.,
0,, CO,) differ significantly from those in the
underlying stratified layer (the metalimnion).
Assuming a constant heat balance, an increase in
the wind speed will result in an increase in the
Monin-Obukhov length of the epilimnion, and
consequently in the thickness of the epilimnion at
the expense of that of the metalimnion. Thus a
wind event will have the effect of increasing or
decreasing the mean gas concentration in the
epilimnion according to the sign of the concen-
tration gradient at its lower boundary. In both
stratified and unstratified lakes, a decrease in the
wind speed will cause a decrease in the Monin-
Obukhov length which may result in the formation
of a warm (relative to the underlying water),
air-saturated surface layer. This will tend to inhibit
the exchange of atmospheric gases both directly
(since A~ 0 across the interface) and indirectly
(by inhibiting vertical mixing). Thus even in non-
stratified natural water bodies, ' and A’ are likely
to be correlated to a certain extent, implying that
B -A”#0, and the mean gas flux F will be deter-
mined not only by the mean gas transfer velocity
and mean saturation deficit, but also by a non-
linear interaction between transfer velocity and
saturation deficit. This process will not affect gas
exchange in wind/water tunnels, as the water is
likely to be fully mixed regardless of wind speed
(the water depth in wind/water tunnel experiments
is generally less than 1 m).

(iti) The influence of the wind on the gas-
exchange rate is not direct, but is mediated by
wind-induced surface waves and the turbulent
structure of the surface water (Hasse and Liss,
1980; Jihne et al., 1987). These mediating factors
are spatially heterogeneous and will depend,
among other things, on the size and shape of the
water body concerned. The degree of spatial
heterogeneity of the wind field itself will depend
partly on the nature of the surrounding topo-
graphy. Thus morphological factors specific to
the water body under consideration will have an
unpredictable influence on local, and hence also on
spatially averaged, values of the gas tranfer
velocity.

One of the aims of this paper is to investigate
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analytically the effect of the non-linear wind effect
(i). Consequently, in order to reduce the effect of
the non-linear interaction between transfer velocity
and saturation deficit (ii), only homogeneous
water bodies will be considered here. The specific
case dealt with is that of the increase in the oxygen
content of a lake during winter, when the stability
of the water column is low. This can be expected to
be related to the probability structure of the wind
speed over the lake.

The probability structure of a scalar wind field
can often be represented satisfactorily in terms of
just two parameters, viz. the shape and scale
parameters of the Weibull distribution (e.g., Justus
et al., 1976). As these parameters describe the long-
term behaviour of an important determinant of the
lake system, they can themselves be considered to
be determinants of the system in their own right
and can function as input variables in modelling
lake processes (such as gas exchange) which
depend in a non-linear fashion on wind speed. This
obviates the necessity of including actual wind
data in time-series from explicitly in such models,
which should help to improve their general
applicability.

By combining the Weibull wind-speed distribu-
tion with empirical trilinear and power-law
relationships between gas transfer velocity and
wind speed obtained from the literature, an
attempt is made here to obtain analytical expres-
sions for the mean gas transfer velocity f. Such
expressions would be of practical use in the predic-
tion of approximate winter oxygenation rates in
lakes for which Weibull wind-speed parameters
are known or can be determined.

The relevance of this study, however, is not con-
fined to the specific problem of lake oxygenation
(the method presented here of computing non-
linear wind effects on gas exchange in lakes may
also prove useful in estimating gas exchange rates
in oceanic areas), nor is it intended as a discussion
of the exact relationship between gas transfer
velocity and wind speed. The intention of the
authors is rather to attempt to throw some light on
the general problem of non-linear wind effects on
air-water gas exchange, and, building on this, to
discuss the significance of wind speed in promoting
gas exchange for the example of a small or
medium-sized lake enjoying a certain degree of
protection from the wind by virtue of its location
in mountainous terrain.
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2. Wind-speed dependence of gas transfer
velocity

Many experimental investigations of the depen-
dence of the gas transfer velocity on wind speed
have been carried out in laboratory tanks and
wind/water tunnels (Downing and Truesdale,
1955; Kanwisher, 1963; Hoover and Berkshire,
1969; Liss, 1973; Broecker et al., 1978; Miinnich
et al., 1978; Jdhne et al., 1979, 1984a, 1985, 1987;
Liss etal, 1981; Merlivat and Memery, 1983;
Broecker and Siems, 1984; Wanninkhof and
Bliven, 1991), in the ocean (Broecker and Peng,
1974; Peng etal, 1974, 1979; Tsunogai and
Tanaka, 1980; Hartmann and Hammond, 1984;
Smethie et al,, 1985), and in lakes (Peng and
Broecker, 1980; Jahne et al., 1984b; Yu et al., 1984;
Wanninkhof etal., 1985, 1987, 1990; Upstill-
Goddard et al., 1990). In part, these experiments
have yielded contradictory results, so that the form
of the dependence is still the subject of controversy.

2.1. Wind-speed dependence of gas transfer
velocity in the laboratory

Laboratory experiments by Downing and
Truesdale (1955), Kanwisher (1963), Hoover and
Berkshire (1969), Liss (1973), Broecker et al.
(1978) and Liss et al. (1981) have shown the wind-
speed dependence of the gas transfer velocity to be
slight or non-existent at low wind speeds. Above
a certain critical wind speed, however, at which
the first appearance of capillary waves is noted,
a pronounced wind-speed dependence becomes
apparent. The form of this dependence has been
suggested to be either quadratic (e.g., Kanwisher,
1963) or linear (e.g., Broecker et al., 1978). In the
latter case, neglecting for the moment the effect of
bubble entrainment at high wind speeds, the over-
all dependence of transfer velocity on wind speed
may be considered to be approximately bilinear,
with an abrupt gradient change at a critical wind
speed marking the transition from “smooth” to
“rough” surface regimes. A distinct bilinear
relationship was found by Miinnich et al. (1978)
and Jihne et al. (1979) in an annular wind tunnel.
Although the magnitude of the critical wind
speed was raised to an artificially high level in
these experiments due to surface film contamina-
tion (Jihne et al., 1984a, 1987), this does not
necessarily invalidate the qualitative form of the
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relationship found. Some representative labora-
tory values for the critical wind speed (neglecting
the annular wind-tunnel experiments) are:
~3ms~! at Scm (Downing and Truesdale,
1955); ~3ms~' at 10cm (Kanwisher, 1963);
~25ms~! at 60 cm (Broecker et al.,, 1978) and
~3.5ms~!at 17 cm (Liss et al., 1981). Assuming
a roughness length of 0.01 cm (Miinnich et al,
1978), the equivalent critical wind speeds at the
standard meteorological height of 10 m would be
~6ms~!, ~5ms™!, ~3ms~'and ~5ms~},
respectively. Emerson (1975), summarizing the
results of several laboratory investigations, con-
cluded that wind effects were negligible at wind
speeds below 2 ms~! measured at 10 cm, corre-
sponding to ~3 ms~! at 10 m. Thus, despite the
fact that it is not possible to give a generally
applicable value for the critical wind speed at 10 m
since some degree of dependence on experimental
setup is unavoidable, laboratory experiments
suggest that it should lie between 3ms~! and
6ms~L

2.2. Wind-speed dependence of gas transfer
velocity in the field

In contrast to experiments in wind/wave tun-
nels, field experiments on the influence of wind
speed on gas transfer velocity have yielded con-
tradictory results. Hasse and Liss (1980) described
early field results as “frustrating in that they fail to
show a clear dependence on wind speed”, Jahne
et al. (1984b) remarked that “so far it remains an
open question whether a wind speed dependence of
gas exchange is real in nature”, and Jahne et al.
(1985) were of the opinion that gas exchange field
data “do not significantly depend on wind speed”.
Based on GEOSECS data from the Atlantic and
Pacific, Peng et al. (1979), for example, could find
no relationship between wind and gas exchange.
However, the data of Broecker and Peng (1974)
from the BOMEX area (N. Atlantic) and Station
PAPA (N. Pacific) were considered by them to
support Kanwisher’s (1963) hypothesis of a quad-
ratic dependence of transfer velocity on wind
speed, and Tsunogai and Tanaka (1980) found the
dependence observed by them in Funka Bay,
Hokkaido, to be quadratic or cubic. Smethie et al.
(1985) found a positive correlation between trans-
fer velocity and wind speed in the tropical Atlantic.
A linear dependence of transfer velocity on wind
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speed in the range 32ms !<v<64ms™’

(v=wind speed at 10 m) was found by Hartmann
and Hammond (1984) in San Francisco Bay. For
lakes, Orn (1980) showed the increase in hypo-
limnetic O, in Lake Ziirich during winter to be
dependent on wind speeds greater than 20 km h ™!
(5.6ms~!), and Jihne etal. (1984b) found a
significant wind-speed dependence of the He trans-
fer velocity in four other Swiss lakes. In Spruce
Run Reservoir, New Jersey, Yu et al. (1984) found
no wind influence on the O, transfer velocity at
wind speeds less than 2 to 4ms~' a linear
dependence between2to4ms~'and6to 7ms~!
and a non-linear dependence between 6 to 7 ms !
and 15ms~'. Recent results using the tracer
SF¢ in lakes support the hypothesis of a strong
wind-speed dependence of gas transfer velocity at
intermediate wind speeds (Wanninkhof et al.,
1985, 1987, 1990; Upstill-Goddard et al., 1990).
Wanninkhof et al. (1985) found the SF transfer
velocity in Rockland Lake, New York, to be
linearly dependent on wind speed at wind speeds
exceeding 2.4 m s ~! measured at 1 m, correspond-
ing to ~4 ms~!at 10 m. Wanninkhof et al. (1987)
found the SF¢ transfer velocity in two Californian
lakes to be strongly dependent on wind speed in
the range 2ms~'<v<5ms~! and suggested
using a bilinear relationship with a gradient dis-
cantinuity at about 3.5-4ms~! to describe this
dependence. Upstill-Goddard et al. (1990) used
a bilinear dependence of transfer velocity on
wind speed with a gradient discontinuity at
v=9.5m s~ to fit their SF¢ data from two small
Cornish lakes. Wanninkhof et al. (1990) used a
power-law relationship with exponent 1.64 to fit
data from SF¢ experiments in five North American
lakes, while at the same time drawing attention to
the uncertainty inherent in their relationship.

It is obvious from the above discrepancies that,
although a wind-speed dependence of the gas
transfer velocity can be assumed to exist in both
maritime and lacustrine environments, no one
relationship between transfer velocity and wind
speed exists which is valid for all laboratory and
field situations. This is not surprising in view of the
fact that wind speed is not the only parameter con-
trolling mass transfer across the air-water inter-
face. According to Jihne et al. (1987), for instance,
different wave fields may change the gas exchange
rate by a factor of four. Broecker et al. (1978) have
questioned whether wave spectra similar to those

Tellus 45B (1993), 3
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existing under natural conditions can develop at
all in small laboratory tanks, and, according
to Hasse (1990), secondary flows in laboratory
experiments force some type of surface renewal not
characteristic of conditions existing in natural
water bodies. In natural water bodies, especially at
low wind speeds, buoyancy-driven convection due
to surface cooling may contribute to gas exchange.
Quinn and Otto (1971) and Miinnich et al. (1978)
have mentioned the possibility that evaporation at
the interface may enhance gas exchange in this
way. Liss et al. (1981) have shown that, although
the effect of evaporation on gas exchange appears
to be negligible, condensation can cause a 30%
reduction in the O, transfer velocity, suggesting
that fluctuations in relative humidity and air tem-
perature may affect gas transfer velocities. Marti
and Imboden (1986) have shown that short-term
fluctuations in relative humidity have a consider-
able effect on heat exchange at the lake surface.
Thus relative humidity, mediated by its effect on
the turbulent structure of the surface layer, may be
an important factor in determining gas exchange.
In addition, in contrast to the situation pertaining
in the laboratory, the turbulent structure of
natural water bodies is influenced by non-local
spatial and temporal effects (e.g., by the lateral
transport of turbulent kinetic energy and by its
storage in the form of internal and surface waves),
and thus gas exchange between the atmosphere
and natural water bodies cannot be considered a
point phenomenon. Although this applies to the
ocean as well as lakes, edge effects and the
topographically induced spatial heterogeneity of
the wind field may result in an even greater dis-
crepancy between field and laboratory results in
the case of inland waters than in the case of the
open ocean. Taking the above factors into con-
sideration, it is obvious that a generally valid
accurate parameterization of the gas transfer
velocity cannot be obtained in terms of wind speed
alone. Nevertheless both laboratory and field
studies show the wind-speed dependence of the gas
transfer velocity to be slight at low wind speeds
and substantially greater at wind speeds exceeding
about 3 to 6 ms~'. A bilinear relationship would
at first sight appear to be the simplest and best
method of parameterizing this dependence, at least
up to the point where breaking gravity waves
cause a further qualitative change in the processes
affecting gas exchange.

Tellus 45B (1993), 3
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2.3. Influence of bubble injection

Merlivat and Memery (1983) have emphasized
the importance of bubble injection from breaking
gravity waves in enhancing the uptake of atmo-
spheric gases at high wind speeds. Broecker
and Siems (1984) observed a sudden increase in
transfer velocity in the case of oxygen desorption
in a wind-tunnel at a wind speed of 10 m s ~!, and
Thorpe (1982) found the influence of bubble injec-
tion on gas exchange in Loch Ness to be significant
only at wind speeds exceeding 12 m s ™', a conclu-
sion supported by work on bubble injection in
wind/water tunnels by Jihne et al. (1985). The SF¢
lake data of Upstill and Goddard (1990) imply a
somewhat lower value of this critical wind speed
(~9.5ms™!). In order to take account of bubble
injection at high wind speeds, Liss and Merlivat
(1986) suggested adding a third straight-line
segment to the bilinear relationship between
transfer velocity and wind speed to cover wind
speeds exceeding 13 m s ~%. As wind speeds of the
magnitude required to induce wave breaking are
only rarely encountered in central Europe (e.g.,
during extreme Fohn conditions), the contribution
of bubble injection to gas exchange in lakes
situated in this region of the world can probably be
safely neglected. However, in order to avoid loss of
generality, the full trilinear relationship of Liss and
Merlivat (1986) will be retained here.

2.4. The trilinear and power-law relationships
between gas transfer velocity and wind speed

The trilinear Liss—Merlivat relationship is fre-
quently employed in the estimation of ocean-
atmosphere CO, exchange (e.g., Etcheto and
Merlivat, 1988; Etcheto et al., 1991; Inoue and
Sigimura, 1992) and has also been incorporated
into oceanic O, models (Spitzer and Jenkins,
1989). Erickson (1989) based his computation of
the global transfer velocity field for CO, on this
relationship. Data from an SF¢/?He experiment
conducted in the ocean have been found to
support the Liss—Merlivat relationship at high and
intermediate oceanic wind speeds (Watson et al.,
1991), but verification of the relationship at low
wind speeds is lacking.

In the following, v denotes measured wind speed
(10 m above the water surface), v, the critical wind
speed at which capillary waves first appear, and v,
the critical wind speed at which gravity waves
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begin to break. Regimes I (v <v,), II (v, <v<v})
and TII (v>v,) in Fig. 1 refer to the “smooth
surface”, “rough surface” and “breaking wave”
regimes of Liss and Merlivat (1986), respectively.
The general trilinear relationship between gas
transfer velocity f and wind speed v can be
expressed as follows:

pit+qv Regime I
B=1 p.+q,v Regime 11 (3)
P3+qsv Regime II1. »

The critical velocities (10 m above the water sur-
face) according to Liss and Merlivat (1986) are
v,=3.6ms~! and v,=13ms~'. Conversion of
the values of the coefficients of eq. (3) as proposed
by Liss and Merlivat (1986) for CO, at 20°C
(i.e, for a Schmidt number Sc=600) to those
applicable to O, at 4°C (i.e., Sc = 1242) is carried
out under the assumption that f oc Sc=%* for
v<v, and Boc Sc™? for v>v, (Jihne etal,
1984a; Ledwell, 1984) by multiplying by a factor
of (1242/600)~%*=0.616 for v<3.6ms~' and
(1242/600) "2 =0.695 for v>3.6ms~ ' The
values of the coefficients for both Schmidt numbers
are listed in Table 1. (This approach has one
slight blemish which, although of little practical
significance in view of the other uncertainties
involved, should be mentioned here: the employ-
ment of two different Schmidt number depen-
dences with an abrupt transition between them
must result in a discontinuity in f(v) at v = v, when
converting between Schmidt numbers. This is of
course true regardless of the form of the function
B(v), but is perhaps more easily overlooked in the
case of a multilinear function than, say, in the case
of a polynomial. The discontinuity can be removed
by allowing a certain degree of dependence of v,
on Sc.)

A more convenient form of the general trilinear
relationship (eq. 3) for our purposes is:

Bo v=0
Bot+q,v Regime I
B=4 Bot+4q:v.+4q2(v—0,) Regime II  (4)
Bo+ 410, + 20, — v,)
+ g5(v—vy) Regime III

where f, (=p,) is the wind-independent (mini-
mum) transfer velocity at v =0, set to zero by Liss
and Merlivat (1986).

a)
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Fig. 1. The dependence of the gas transfer velocity f
(converted to O, at 4°C, i.e., to a Schmidt number Sc of
1242) on wind speed v (at a height of 10 m) according to
Liss and Merlivat (1986) (trilinear relationship, egs. (3)
and (4), solid line) and Wanninkhof and Bliven (1991)
(power-law relationship, eq. (5), dashed line), respec-
tively. Wind-speed regimes I, IT and III, separated by
critical wind speeds v, and v,, refer to the “smooth
surface”, “rough surface” and “breaking wave” regimes,
respectively, of Liss and Merlivat (1986). The relation-
ships are illustrated for wind-speed ranges of 0-20 m s !
(a) and 0-5ms~! (b). Laboratory data measured by
Liss etal. (1981) at low wind speeds (converted to
Sc = 1242) are represented in (b) by solid circles.

In contrast to the trilinear relationship, several
investigators (e.g, Hartman and Hammond,
1984; Yu etal, 1984; Wanninkhof et al., 1991;
Wanninkhof and Bliven, 1991) have suggested
relating gas transfer to wind speed using a power-
law dependence across the whole range of wind
speeds. This type of relationship can be expressed
as follows:

B=Bo+rv", (5)

Tellus 45B (1993), 3
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Table 1. Values of the coefficients of the trilinear relationship (eq. (3)) as given by Liss and Merlivat
(1986) for CO, at 20°C (Schmidt number Sc = 600), and converted to O, at 4°C (Sc = 1242)

Py P2 P3 91 92 q3
Sc (md~?) (md~?) (md~?) (md~!Yms!) (md~Yms™') (md~Yms™!)
600 0 —2.32 —11.83 0.041 0.684 1416
1242 0 —1.61 —8.22 0.025 0475 0.984

where the constant term f, again accounts for the
possibility of a non-zero gas exchange rate at zero
wind speed. Based on results from the large Delft
wind-wave tank, Wanninkhof and Bliven (1991)
obtained a value of 1.73 for the exponent n with
Bo=0.IfBisinmd~'and visinms~!, r takes on
the value 0.0768 for CO, at 20°C (Sc=600),
giving r=0.0534 for O, at 4°C (Sc=1242),
assuming f oc Sc~'2,

As far as practical applicability is concerned,
there is probably little to choose between the
Liss—Merlivat (L-M) and Wanninkhof-Bliven
(W-B) relationships at wind speeds exceeding
about S5ms~!, although the predicted transfer
velocities do diverge somewhat at wind speeds
above about 13 m s~! (Fig. 1a). Within the range
5ms~!<v<13ms~ the two relationships are
found to agree very well and both give a good
functional representation of the results obtained to
date from laboratory and field research in this
range. Below about 5m s !, i.., within the range
of surface wind speeds most frequently found over
land (and consequently over most inland waters),
there is, however, a marked disagreement over the
form of the relationship (Fig. 1b). At a wind speed
of 2ms~!, for example, the L-M relationship
predicts the O, transfer velocity at 4°C to be
0.05 m d —!, whereas the W-B relationship predicts
a value of 0.18 m d ~'. This discrepancy reflects the
lack of data on gas exchange available at low wind
speeds. Those data which are available, however,
suggest that actual transfer velocities at low wind
speeds may be higher than those predicted by
either of the two relationships. At zero wind speed,
Downing and Truesdale (1955) found a transfer
velocity of 0.36 md~! for O, at 20°C (Sc =490),
corresponding to 0.23md ' at 4°C. Liss etal.
(1981) found the transfer velocity for O, at 15°C
(Sc = 643) to be as high as 0.48 m d ~! at a friction
velocity of 0.0176 ms—!; this corresponds to a
transfer velocity of 0.35md ™! for O, at 4°C at a
wind speed v~ 0.5 ms~! (Fig. 1b).
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3. Parameterization of wind speed using the
Weibull distribution

Wind speed is normally incorporated into air-
water interaction models explicitly in time-series
form. Although this allows the applicability of a
given relationship between gas transfer velocity
and wind speed to be tested for specific field data
sets, such an approach cannot yield any informa-
tion on the general applicability of the relationship
in the field. In order to obtain information of this
kind, the wind-speed data must be represented in a
more mathematically tractable form, for instance
in terms of an analytical probability distribution
function. Combining such a function with a func-
tion describing the dependence of the gas transfer
velocity on the instantaneous wind speed would
yield an analytical probability distribution func-
tion for the gas transfer velocity. This would allow
computation of a mean gas transfer velocity, which
for the macroscopic field situation (eq. (2)) is of
more interest than instantaneous values.

The two-parameter Weibull distribution
(Weibull, 1951) is often used to describe the
cumulative frequency distribution of wind speeds
analytically (e.g., Davenport, 1967, Orlenko,
1968; Justus et al., 1976, 1978; Hennessey, 1977,
Conradsen et al., 1984; Pavia and O’Brien, 1986).
It is more flexible than the log-normal distribution,
which has been used for the same purpose (Luna
and Church, 1974), and, according to a com-
parative study of the two analytical distributions
for the description of wind-speed data (Justus
et al.,, 1976), yields lower errors than the latter. A
further comparative study by Justus et al. (1978)
has also demonstrated the superiority of Weibull
methods over Widger’s (1977) square-root-normal
method. Thus the Weibull distribution was chosen
as suitable for this study. Conceptually, however,
the exact analytical form of the function chosen is
not important.

For the purposes of this study it was not judged
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necessary to employ either of the two more
complex versions of the Weibull distribution
sometimes used to account for lack of anemo-
meter response at low wind speeds; viz. the
three-parameter Weibull distribution preferred by
Stewart and Essenwanger (1978) and by Van der
Auwera et al. (1980), or the hybrid Weibull
distribution of Takle and Brown (1978). A com-
parative study by Tuller and Brett (1984) con-
cluded that the advantage to be gained by using
either of these more complex versions instead of
the ordinary two-parameter Weibull distribution
is slight. Tuller and Brett (1984) have also
provided a partial theoretical justification of
the use of the Weibull distribution in wind-speed
work. In spite of the proven general suitability of
the Weibull distribution for the description of
wind-speed data, Erickson and Taylor (1989),in a
study of model-generated global wind fields, have
nevertheless shown that a large proportion of
surface wind-speed frequency distributions
(29% to 35%) are non-Weibull in character. The
suitability of the Weibull distribution to describe a
particular wind field must therefore be established
for each specific case.

The cumulative two-parameter Weibull distri-
bution F(v) is given by:

F(v)=exp— (%)6

F(v) is the probability of a measured wind speed
exceeding a given value v. The form of the distribu-
tion curve is determined by the shape parameter ¢
(e.g, £=1 yields an exponential distribution,
¢=2 a Rayleigh distribution); the scale of the
v-axis is determined by the scale parameter 7.
The negative derivative of F(v) yields the corre-
sponding probability density function f(v):

RY5% v\*
f(v)—;(ﬁ> eXP”(5>~

The mean (1) and variance (o?) associated with
the Weibull distribution (see for example Ravenis,
1964, or Justus et al., 1976) are given by:

1
[1=7]F(1+E>,
2 __,2 g S a4 l
wer[r(1e)-r ()|

(6)

(7)

(8)

©)
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Fig.2. Dependence of the coefficient of variation
(6 =0/u) on the shape parameter (£) of the Weibull
distribution (eq. (10)).

respectively. It follows from eqgs. (8) and (9) that
the coefficient of variation 6 (=a/u) of the wind
speed is a function of ¢ only:

I'(142/¢)
0= |—=—1
r“(1+1/¢)
The dependence of é on ¢ is illustrated in Fig. 2.
A rough estimate of one of these quantities in

terms of the other over the range of 4 and ¢ likely
to be encountered in the field is given by 6 ~ 1.

(10)

4. The mean transfer velocity and its
dependence on the wind-speed probability
structure

Assuming the gas transfer velocity to be a
monotonic increasing function of wind speed, the
cumulative probability distribution of the transfer
velocity p(f > B) is equal to that of the wind speed
vg at which f=B, and so is given by F(vg).
The mean transfer velocity associated with this
probability distribution is given by integrating the
product of the transfer velocity f(v) and the wind-
speed probability density f(v) over the whole
range of wind speeds:

f=[" 1) o) do. (a1
0

If the wind speed follows a Weibull distribution,
f(v) is given by eq. (7). Assuming a trilinear (eq. 4)
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or power-law (eq. 5) function for f(v) thus allows
an analytical expression for the mean gas transfer
velocity f to be obtained.

4.1. The mean transfer velocity based on the tri-
linear relationship

Livingstone (1988) derived an expression for f§
based on the Weibull distribution and a bilinear
dependence of § on v. Extending his approach to
the trilinear relationship (eq. (4)), § can be com-
puted as the sum of three components, §,, f§, and
B3, associated with wind-speed regimes I, II and
III respectively:

Bi=bo[ Sw)dvtg, [ S0 0w

= Bo[1—Flv,)] +q,04, (12a)
Bo=ho— (@ —q0.] [ fw)dv

+4, fvbf(v)vdv

=[Bo— (92— q1)v.1[F(v.) — F(vy)]

+420;, (12b)
Bs=[Bo— (92— 4q1)v.— (95— g2)v0]

x[“royaota, [ fyvan

=[Bo— (92— q1)vs— (93— q2)vp] F(vy)

+g40;. (12¢)
Hence:
B=B.+B.+8;

=ﬁo+‘]1 [vl + vaF(Ua)]

— g [0+ v, F(vy,) — v, F(v,)]

+ g3 [v5—vp F(vy) 1. (13)

The velocities v,, v, and v, represent the con-
tributions of wind-speed regimes I, II and III,
respectively, to the mean wind speed. Making
the simplifying substitutions s=1+ 1/ and
x = (v/n)*, these contributions are given by:
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o= S0 vdv=mis. x) (142)

n={" f@ odo=nlys %) =15, %1, (14b)

va

v=[ SO odv=nTE©)—1s %)), (140)

where y(s, x,) and 7(s, x,) are the incomplete
gamma functions |;*x°~'e™*dx and [;*x*~'e *dx,
respectively, and I'(s)=7(s, x - o0) is the com-
plete gamma function, for which tabulated values
are available (e.g., Abramowitz and Stegun, 1970).
The mean wind speed v, + v, + v; over the
complete velocity range is seen to be given by I'(s),
agreeing with eq. (8). Evaluation of the incomplete
gamma function y(s, x) can be achieved by conver-
ting it into Kummer’s confluent hypergeometric
function M(1,1+s, x) as follows (Abramowitz
and Stegun, 1970, §6.5.12):

78, x) =57 1xe T *M(L, 1 +5, x), (15)

and computing M according to §13.1.2 of
Abramowitz and Stegun (1970).

4.2. The mean transfer velocity based on the power-
law relationship
Based on the power-law relationship (eq. (5)),
the probability of the observed transfer velocity f
exceeding a given value B is:

_ &/n
Mﬂ>m=Fww=ﬁp—<%?&>,

(16)

where vy is the wind speed at which g = B. Thus if
the power-law relationship (eq. (5)) applies, and if
the wind speed follows the two-parameter Weibull
distribution (eq. (6)), the transfer velocity follows
a three-parameter Weibull distribution with scale
parameter rn”, shape parameter £/n and location
parameter f,. From eq. (8), the corresponding
expression for the mean gas transfer velocity is
thus: ‘

B=m+4jﬂww®=m+mw(ué)(N)

For the specific case of a Rayleigh distribution (i.e.,
¢=2) and a quadratic dependence of transfer
velocity on wind speed (8,=0; n=2) as treated
by Wanninkhof (1992), § is given by 4% where
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n?=4u*/n for =2 (eq.(8)). From eq. (10),
however, it can be seen that the Rayleigh distribu-
tion is not universally applicable, as its use implies
that the standard deviation of the wind speed is
approximately half the mean (6 =./4/n—1 from
eq. (10)). In general, therefore, eq. (17) is to be
preferred for power-law calculations.

4.3. Dependence of the mean transfer velocity on
the Weibull coefficients

The dependence of the mean gas transfer
velocity f§ on the scale parameter # as derived from
the trilinear (eq. (13)) and power-law (eq. (17))
relationships is illustrated in Fig. 3 for various
values of ¢ typical of surface wind-speed distribu-
tions (1.0 < £ < 2.5). The form of the dependence of
B on 5 and ¢ predicted by eqs. (13} and (17) over

n (ms?
12 +
b) J
101
4
~ %]
P>
E “i
]
| 4%
]
1
0 - : ; ;
0 5 10 15 20
n (ms?)
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the range Oms™'<n<20ms~' is seen to be
broadly similar, although absolute values of § do
differ somewhat (Figs. 3a, b). Predictions of f at
low values of # (i.e., at low wind speeds) based on
these two equations (Figs. 3c, d) tend to agree less
than at higher values, as would be expected from
the lack of agreement between the two underlying
models evident in Fig. 1b. For £ > 1, fis seen to be
fairly insensitive to &, implying that the shape of
the wind-speed probability distribution ‘is not
critical for the determination of the mean transfer
velocity, and that an approximate estimate of &
(accurate to, say, +0.1) should therefore in most
cases suffice to give a comparatively good estimate
of B. This is especially true for &> 1.5, since sen-
sitivity to £ decreases rapidly with increasing &. (As
will be shown below, neglecting non-linear wind
effects altogether is equivalent to setting & — 00.)

0 1 2 3 4 5
N (ms™

Fig. 3. Predicted dependence of the mean gas transfer velocity f (for O, at 4°C, i.e., Sc = 1242) on the scale parameter
n of the Weibull wind-speed distribution for a realistic range of values of the shape parameter £. Curves (a) and (c)
illustrate eq. (13), based on the trilinear relationship of Liss and Merlivat (1986) (see Table 1 for coefficients); curves
(b) and (d) illustrate eq. (17), based on the power-law relationship of Wanninkhof and Bliven (1991). The forms of
the dependence are illustrated for » ranging from 0-20 ms~! (a, b) and 0-5ms ! (c, d).
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The transfer velocity f is generally much more
sensitive to n than to ¢: the scaling of the wind-
speed probability distribution is thus seen to be of
prime importance in predicting the mean transfer
velocity, and the scale parameter # must therefore
be estimated as accurately as possible.

4.4. Dependence of the mean transfer velocity on
the mean and coefficient of variation of the
wind speed

The fact that the coefficient of variation ¢
(=0/u) of the wind speed is a function of ¢ only
(eq. (10)) allows the representation of the rela-
tionships shown in Fig.3 in a more intuitively
meaningful fashion, viz. in terms of the dependence
of the mean gas transfer velocity on mean wind

12 - -
a)

10 7

8 1

Y

B (md
(-}

0 T T 1
0 5 10 15 20

p(ms?h
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speed (eq. (8)) for various values of the coefficient
of variation (Fig. 4). If the wind speed v is constant
over a given time period, it follows that ¢2=0,
0=0, £> 00 and v=pu Thus the dependence
of B on u for the case & =0 as shown in Fig. 4 is
identical to that of f on v in Fig. 1. Due to the non-
linearity of the wind-speed dependence, however,
an increase in the coefficient of variation at any
given mean wind speed will cause an increase in
the mean gas transfer velocity. The resulting rela-
tionships between f and u are illustrated in Fig. 4
for 6 varying from O to 1 in steps of 0.2, corre-
sponding to ¢ - o0 and £=5.8, 2.7, 1.7, 1.3 and
1.0, respectively. Values of é exceeding unity (ie.,
values of ¢ < 1) are unlikely to occur in wind-speed
data, and so mean gas transfer velocities (for
Sc = 1242) are predicted to lie between the curves

c) i
o] | 5 = 1.0\/

b

B (md

d)

b}

B (md

p(ms?

Fig. 4. Predicted dependence of the mean gas transfer velocity f (for O, at 4°C, i.., Sc =1242) on the mean wind
speed u for a realistic range of values of the coefficient of variation 6 (=a/u=0, 0.2, 0.4, 0.6, 0.8, 1.0, corresponding
to £ » oo and ¢ =5.8, 2.7, 1.7, 1.3 and 1.0, respectively), assuming a Weibull wind-speed distribution. Curves (a) and
(c) are derived from eq. (13), based on the trilinear relationship of Liss and Merlivat (1986) (see Table 1 for
coefficients); curves (b) and (d) are derived from eq. (17), based on the power-law relationship of Wanninkhof and
Bliven (1991). The forms of the dependence are illustrated for x ranging from 0-20 ms ! (a, b) and 0-5ms~' (c, d).
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of Fig. 4 corresponding to § =0 and 6 = 1. Thus §
is predicted to lie within the following ranges:

0.05-020md ! or 0.18-0.28md~!
for u=2ms 1
0.8-14md~! or 09-14md~!
for u=5ms;
31-48md™! or 29-45md-!
for u=10ms~1;
6.5-89md~! or 5892md-!

for p=15ms~},

where the first of each pair of ranges refers to
predictions based on the L-M relationship (Figs.
4a, c) and the second to predictions based on the
W-B relationship (Figs. 4b, d). The lower of the
two values defining each range is the value yielded
by the unmodified L-M or W-B relationship, and
the higher gives the maximum value likely to be
attained as a result of the non-linear wind effect.
Estimates of the non-linear wind effect at wind
speeds exceeding 5 m s ~! are probably realistic (at
least for shallow water bodies), since both L-M
and W-B relationships agree well with the large
amount of data available at intermediate and high
wind speeds (regimes II and IIT). At lower wind
speeds, however, the relative importance of the
non-linear wind effect is likely to be exaggerated,
since neither the L-M nor the W-B relationships
take account of possible wind-independent gas
exchange at low wind speeds as outlined in Sub-
section 2.2 above.

It is immediately obvious from the form of the
curves in Figs. 4a and 4c that, even although the
instantaneous gas transfer velocity may exhibit a
trilinear dependence on instantaneous wind speed,
the mean gas transfer velocity cannot exhibit such
a dependence on the mean wind speed. The non-
linear wind effect causes the smoothing out of
the characteristic trilinear form of the curve,
giving it the superficial appearance of a power-law
curve. Since gas exchange in natural water bodies
depends not only on the instantaneous wind speed,
but also on turbulence generated by previous wind
events, it is likely that the instantaneous gas trans-
fer velocity depends not only on the instantaneous
wind speed, but also partly on the mean wind
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speed over a certain period of past time. This
implies that the best description of the actual situa-
tion existing in natural water bodies will probably
not be given by a curve such as the trilinear curve
with abrupt gradient changes at specific critical
wind speeds marking transitions between the
qualitative processes involved (although such a
curve is useful from the point of view of under-
standing the physical processes themselves), but
rather by a smooth curve with no such abrupt
changes.

The magnitude of the maximum likely non-
linear wind-speed effect is easily calculated in the
case of the general power-law relationship (eq. (5))
by subtracting the value of § at £ — oo from that at
¢=11neq. (17), yielding ru"[T(1 + n)—1]. Thus
the maximum fractional increase which the gas
transfer velocity is likely to undergo as a result of
the non-linear wind-speed effect, I'(1+n)—1, is
independent of the mean wind speed, being a
function of the exponent n alone. For the value
n=1.73 given by Wanninkhof and Bliven (1991),
this fraction is 58 %. In general, n is likely to lie
between 1.5 (Hartmann and Hammond, 1984) and
2.0 (Kanwisher, 1963), corresponding to values of
32% and 100%, respectively, for T'(1+n)—1.
This gives a rough estimate of the magnitude of
the error involved in ignoring the non-linear wind
effect in wind-speed regimes II and III, where it
is justifiable to neglect the wind-independent con-
tribution to gas exchange. This error is unlikely to
exceed 100 % .

5. Example of application to lake oxygenation

Computation of a mean transfer velocity in
terms of parameters of the wind-speed distribution
would be of practical use in the computation of
long-term mean gas exchange rates across atmo-
sphere-ocean or atmosphere-lake interfaces. The
example chosen here is that of lake oxygenation,
where a simple exponential model with a constant
transfer velocity is often employed to estimate the
rise in lake O, content occurring during winter. In
this model, similar to eq. (2), the O, flux Fq(r)
across the air-water interface is given by the
product of a constant (mean) transfer velocity f
and a smoothed O, saturation deficit C, — C(t)
across the air-water interface (where C, represents
the O, saturation concentration and C(¢) the mean
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O, concentration in a homogeneous, well-mixed
lake with mean depth z):

Fo,(1)=BLC,— C(1)].

During lake oxygenation, the mean O, concentra-
tion C(t) increases with time 7 from an initial value
C,, approaching an equilibrium concentration C,
exponentially as follows:

(18)

C(t)=C,—(C—Co)e™™, (19)
where
C=C,—J/k, (20)

k=p/z is the exchange coefficient, and J is the
mean net O, consumption rate per unit lake
volume and time. Applying this one-box model
during lake turnover, estimates for the O,
exchange coefficient k (and hence for the transfer
velocity f) for any pair of O, measurements can be
obtained by solving egs. (19) and (20) for the two
unknowns C, and k, if C; and J are known or can
be estimated independently.

The water body chosen for this study, Aegerisee,
is a U-shaped glacially-formed lake situated at
724 m as.l. in the northern foothills of the Swiss
Alps. It has a maximum depth of 83 m, a surface
area of 7.275 km?, a volume of 356 x 10° m? and is
meso/eutrophic. O, and temperature conditions
over a period of years are well documented
(Livingstone, 1988; Livingstone and Imboden,
1989).

The main lake inflows are generally saturated
with O, in winter (e.g., 12.9 g O, m 2 in January
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on average) (Livingstone, 1991), whilst the mean
lake O, concentration increases from about 8 g
O,m™3 to 11 g0, m~* during the course of a
winter (Fig. 5). The mean lake throughflow,
however, is about 1.7m>s~! (ie., about 1.3%
of the total lake volume per month) during the
winter months, so that the direct influence of the
throughflow on the winter O, regime can be
neglected. Winter productivity was estimated to be
about 40mgCm~2d~! (**C method), which
corresponds to a O, production rate per unit total
lake volume of less than 0.1 g O, m ™3 month~!.
Thus the only significant source of O, to the lake
in winter is exchange with the atmosphere through
the lake surface.

The gross O, consumption rate during turnover
was estimated as the hypolimnetic O, consump-
tion rate occurring during the previous summer,
calculated according to Lasenby (1975). After
correcting to the volume of the whole lake,
taking separate account of the contributions of
the area sink (sediment consumption) and volume
sink (consumption in the water column) (Bossard
and Géchter, 1981), a value for the gross O,
consumption rate was obtained for each of the
6 years. Corresponding net O, consumption rates
J obtained by correcting the gross consumption
rates for productivity are listed in Table 2.

Pairs of completely homogeneous O, profiles
from Aegerisee were available which had been
obtained during turnover in each of the 6 winters
1950/51, 1974/75, 1975/76, 1978/79, 1981/82 and
1983/84. Turnover temperatures varied from 3.3°C
to 5.0°C, corresponding to saturation concentra-
tions C, of 12.0 +£ 0.3 g O, m ~* at the mean winter

Table 2. Net consumption rate (J), equilibrium concentration (C ), exchange coefficient (k), gas transfer
velocity (§) and film thickness (8z) for O, during turnover in Aegerisee

J C. k g oz

Winter (g0, myr1) (g0, m™?) (yr™) (md~") (um)
1950/51 2.8 116 6.5 0.87 132
1974/75 5.6 11.1 6.0 0.80 136
1975/76 45 11.1 5.1 0.69 159
1978/79 58 109 50 0.67 162
1981/82 5.8 112 7.2 0.96 113
1983/84 5.8 112 74 1.00 109

mean 5.1 112 62 0.83 135

SD. 12 02 1.0 0.14 2
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Fig. 5. Application of the one-box exponential model with constant coefficients (egs. 18-20) to the mean O, concen-
tration in Aegerisee from November to April for the period 1974/75 to 1982/83. Solid circles represent measured data.
For each winter, the middle curve represents the exponential increase in O, concentration predicted from egs. (19)
and (20) using mean values of C,, and B from Table 1; upper and lower curves represent the O, concentration

predicted by increasing and decreasing both C,, and f by one standard deviation (C,, =11.24+02g0, m 3 yr~};

1

B =0.83+0.15m d ). During periods of ice cover (1977/78; 1980/81; 1981/82), § was set to zero.

air pressure (932 hPa) prevailing at the lake sur-
face. For each pair of O, profiles, egs. (19) and
(20) were solved for C_, and k using the already
determined values of J. The resulting estimates of
C,, k and B are listed in Table 2. Equivalent film
thicknesses calculated using the two-film model of
Whitman (1923) and Lewis and Whitman (1924)

are also listed in order to facilitate comparison
of the Aegerisee results with the results of other
lake gas exchange studies commonly presented
in this form (e.g., Emerson, 1975). Variations
in the equilibrium concentration C, are seen
to be slight (mean=11.2g 0O, m™3; st. dev.=
0.2 g O, m ), whereas the O, transfer velocity
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varies more strongly (mean=0.83md~’; st.
dev.=0.14 m d ). In spite of this variation, it was
found that the exponential increase in the mean O,
concentration in Aegerisee in all 9 winters from
1974/75 to 1982/83 can be modelled surprisingly
well using the constant values C., =11.2g 0O, m ™3
and =083 md ! (ie, k=62 yr~!)in egs. (19)
and (20), with f set to zero during periods of ice
cover (Fig. 5).

The range of oxygen transfer velocities in winter
found in Aegerisee (0.7 to 1.0 m d ~!, correspond-
ing to stagnant film thicknesses of 110-160 um) is
similar to values found in other subalpine Swiss
lakes of similar size subject to the same large-scale
and mesoscale meteorological events. According
to Imboden et al. (1983), for instance, O, transfer
velocities in Baldeggersee range from 0.7 to
1.0 m d ~'. Winter gas transfer velocities measured
by Jdhne et al. (1984b) in Baldeggersee and in
Sempachersee correspond to O, transfer velocities
at 4°C ranging from 0.6-08md~! and from
0.8-1.0 m d !, respectively. Thus a value of about
0.8 m d~! may be fairly representative of winter
O, transfer velocities in medium-sized central
European subalpine lakes.

The constancy of § between years and between
neighbouring lakes of similar size implies a corre-
sponding between-year constancy of the factors
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upon which the mean gas exchange rate depends.
Table 3 shows this to be the case for the mean
winter wind speed measured at meteorological
stations immediately adjacent to seven Swiss lakes:
between-year variability (measured as the coef-
ficient of variation) is approximately + 10 % for all
cases listed. Mean wind speeds between 1.6 m s !
and 2.8 m s~ ! appear to be typical for Swiss lakes.
However, applying the L-M and W-B rela-
tionships illustrated in Fig. 1 directly to the mean
values of the transfer velocity and wind speed,
a mean O, transfer velocity of the magnitude
found in Aegerisee would imply a mean wind
speed of about 5 m s~ . Unfortunately there is no
meteorological station at the Aegerisee lakeside;
however, wind measurements conducted at the
lake shore during the period 30 January to 20
April 1982 (Table 4) yielded a mean wind speed of
only 1.76 ms™! at 10 m above the lake surface
(1925 hourly measurements). During the same
period, the mean wind speed measured at the
Zugerberg meteorological station, situated 6 km
from the lake and 251 m above the lake surface,
was 2.31 m s~ !, This compares with a mean winter
wind speed of 241 ms~! at the same station
(based on 4350 measurements from November to
April, 1972-1979). The period 30 January to
20 April 1982 can thus be considered representative

Table 3. Mean winter wind speeds (0; November to April ) measured at 7 Swiss lakeshore stations, with the
between- year standard deviation of the mean (o,) and corresponding coefficient of variation (8,= o ,/0)

Station [ g,

Period Lake (ms1) (ms~1) S,
Lugano Lago di Lugano 1.63 0.14 0.08
1978/79-1985/86
Interlaken Brienzersee, Thunersee 1.65 0.16 0.10
1978/79-1985/86
Pully Lac Léman (Lake Geneva) 1.75 0.19 0.11
1978/79-1990/91
Locarno-Magadino Lago Maggiore 1.86 0.18 0.10
1978/79-1985/86
Ziirich Ziirichsee 2.26 0.17 0.08
1971/72-1990/91
Neuchitel Lac de Neuchitel 2.60 0.25 0.09
1978/79-1990/91
Altdorf Urnersee 2.77 0.31 0.11

1978/79-1985/86

Tellus 45B (1993), 3



290

Table 4. Weibull shape parameter (&), Weibull
scale parameter (1) and mean speed (0) of winter
winds measured at the Aegerisee lake shore 10 m
above the lake surface (AEG, period 30 January—
20 April 1982, 1925 measurements) and Zugerberg
(ZBG1, period 30 January-20 April 1982, 240
measurements; ZBG2, November to April, 1971/72
to 1978/79, 4350 measurements)

n+ClL u 7
£+ CL (ms~!')  (ms~!) (ms~?)
AEG 1014004 161+0.16 1.60 1.76
ZBG1 0984005 245+0.51 247 231
ZBG2 1.04+002 257+0.18 2.53 241

Weibull parameters and their 95% confidence inter-
vals (C.I.) computed using Weibull’s (1951) linearization
and regression method (regression significant at 1%
level, more than 98 % of variance explained ). Mean wind
speed p computed from the Weibull parameters using
eq. (8); v computed directly from the wind-speed data.

of normal winter wind conditions, implying that
the mean winter wind speed 10 m above the surface
of Aegerisee is approximately 1.8 m s ', Based on
this value, which lies within the range of values
found for other Swiss lakes listed in Table 3,
it is obvious that neither the L-M nor W-B
relationship can be applied directly to the mean
wind speed in order to calculate a mean transfer
velocity, as both grossly underestimate the actual
value found. The calculated values of the transfer
velocity at v=1.8ms~! (Fig. 1b) are 0.05md "'
(L-M) and 0.15m d~! (W-B), or 6% and 18 %,
respectively, of 0.83 md .

Because of the non-linear form of the depen-
dence of B on v, actual values of the mean O,
transfer velocity in Aegerisee will exceed those
obtained by applying the unmodified L-M and
W-B relationships of Fig.1 to the mean wind
speed, but parameterization of the wind speed in
terms of the Weibull distribution allows this effect
to be taken into account. The commonly used (e.g.,
Justus et al., 1976, 1978) linearization method of
Weibull (1951) was used to determine the Weibull
parameters of the Aegerisee and Zugerberg wind-
speed data sets (Table 4). The parameters of the
Zugerberg wind-speed distribution for the period
30 January to 20 April 1982 can be seen to agree
closely with those for all winter winds (November
to April) from 1972 to 1979. Thus not only the
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mean wind speed, but also the probability struc-
ture of the scalar wind field over the lake as
measured from 30 January to 20 April 1982 can be
considered representative of normal winter condi-
tions. As can be seen in Fig. 6, this probability
structure is well represented by a Weibull distri-
bution with the parameters ¢=1.01 and 5=
1.61 ms~! from Table4. In the particular case
considered here, the shape parameter £ happens to
be approximately unity, allowing considerable
simplification of the relevant equations; this will,
however, not normally be the case.

From Figs. 3 and 4 it is immediately apparent
that the non-linear wind effect does not suffice to
explain the high value of ff observed. Computation
of the mean O, transfer velocity § based on the
L-M relationship (eq. (13)) yields a value of
0.12 m d ', with the components 8, =0.03md ~,
B,=009md~! and B;=0002md~! (as ex-
pected, the contribution of f; to the mean value
can be neglected due to the extremely low prob-
ability of the wind speed exceeding the critical
velocity vy). The value f§=0.12m d !, although
significantly higher than that computed on the
basis of the mean wind speed alone, thus still
underestimates the actual mean value by a factor
of seven. The value f=0.19 m d ~! obtained from
the-W-B relationship (eq. (17)) underestimates the
measured value by a factor of four. Thus it can be
concluded from this example that, even when the
effect of non-linearity is taken into account, neither
the L-M nor the W-B relationship is likely to yield
a useable value for the mean O, transfer velocity:
at most, an increase to about 0.25md ™! could
possibly be accounted for in this way (Fig. 4d
with p=18ms™! and & =1.0). Further support
for this conclusion is given by computing the
cumulative probability distribution of the O,
transfer velocity p(f > B). According to both L-M
and W-B, the O, transfer velocity lies below the
measured mean value of 0.83 m d ~! during about
96 % of the time.

Based on the distribution illustrated in Fig. 6,
Aegerisee wind speeds in winter can be estimated
to lie below the critical value v, = 3.6 m s ~! during
89.5% of the time, and below v, = 13 m s ~! during
99.97 % of the time. During most of the winter, the
direct influence of the wind on gas exchange in the
case of Aegerisee, and presumably in the case of
other Swiss lakes with similar wind-speed distribu-
tions, can therefore be expected to be very limited.
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Fig. 6. Cumulative probability distribution of wind speed at a height of 10 m above the surface of Aegerisee (measured
at the lake shore from 30 January to 20 April 1982; solid circles) fitted with a Weibull distribution (eq. (6) with
Weibull parameters £ =1.01 and # = 1.61 from Table 3; curve). F(v) is the probability of the measured wind speed

exceeding a given value v.

The occurrence of extreme storm events has been
shown to have a considerable effect on lake mixing
(Imboden et al., 1988), and must also result in a
corresponding enhancement of gas exchange.
However, although exceptionally high rates of gas
exchange may occasionally occur as a result of
such storms, the extreme rarity of such events
precludes the likelihood of their making a signifi-
cant contribution to the mean gas transfer velocity.

In Section 2 above, it was mentioned that f,
may be non-zero, and that B may remain
approximately constant at this value up to the
critical wind speed v,. Assuming f,=0.35md !
(from Liss et al., 1981: see Fig. 1b) and ¢, =0,
the trilinear relationship yields values of v,=
41ms~!and f=041md~". In order to obtain
the value §=0.83md~! from this relationship,
values of B,=080md~! and v,=51ms™!
would have to be assumed. This is practically
equivalent to assuming the transfer velocity to be
independent of the instantaneous wind speed.
Applying the power-law relationship with f,=
0.35md~"! also yields an underestimate of the
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transfer velocity (f=0.53m d '), although the
result in this case is slightly more satisfactory. A
value of f,=0.64 md~! would be necessary for
the power-law relationship to yield f=0.83 md~".

There are many possible reasons for the poor
agreement between the predicted course of lake
oxygenation calculated on the basis of the two
commonly used transfer velocity models employed
here and the measured O, data from Aegerisee.
Wind action is not the only source of turbulent
kinetic energy (TKE) to a lake: alterations in the
stability of the water column brought about by
heat gain and loss through the lake surface lead to
changes in the TKE of the lake, promoting or
inhibiting vertical mixing. The kinetic energy
content of inflowing water also contributes to the
available TKE. In addition, the TKE resulting
from a wind event does not dissipate immediately
the event is over, but remains in the lake for a
period of time in the form of internal waves and
seiches. A lake is therefore in a dynamic state even
when the wind speed is zero. Thus, although the
gas transfer velocity may be non-zero when the
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instantaneous wind speed is zero or very low, it
does not necessarily follow that such a non-zero
transfer velocity is completely wind-independent.

6. Conclusions

Wind speed is generally considered to be a factor
of prime importance for gas exchange processes
not only in the open ocean, but also in lakes.
Because of the established non-linear form of the
dependence of the gas transfer velocity on wind
speed at small space and time scales (Fig. 1), it
follows that knowledge of the wind-speed proba-
bility distribution should yield a better estimate
of the mean gas transfer velocity at larger scales
than knowledge of the mean wind speed alone. The
analytical representation of wind-speed proba-
bilities by the Weibull distribution allows the
empirical characterization of a scalar wind field on
the basis of two Weibull parameters. Combining
the Weibull wind-speed distribution with trilinear
and power-law expressions for the dependence of
the gas transfer velocity on wind speed allows the
non-linear wind effect to be taken into account and
results in egs. (13) and (17), respectively, for the
mean gas transfer velocity. The non-linear wind
effect is unlikely to account for an increase in the
mean transfer velocity of more than 100% over the
value obtained when this effect is neglected, imply-
ing that large discrepancies between measured and
computed transfer velocities cannot be accounted
for solely by this effect. Nevertheless, incorpora-
tion of this effect into models of gas exchange, both
in lakes and in the ocean, should improve the
accuracy of mean transfer velocity estimates.

Mean winter wind speeds ranging from
1.6-28ms~! and O, transfer velocities of
0.6-1.0md~"' appear to be representative of
medium-sized subalpine Swiss lakes (larger lakes
tend to exhibit higher rates of gas exchange
according to Jihne et al,, 1984b). As is apparent
from Fig. 1, neither the trilinear relationship of
Liss and Merlivat (1986) nor the power-law rela-
tionship of Wanninkhof and Bliven (1991) predict
gas transfer velocities even approaching this
magnitude at such low wind speeds. In the specific
example referred to here (Aegerisee), it is also
apparent that the discrepancy between a mean
wind speed of 1.8 ms~! and a mean O, transfer
velocity of 0.83md~! cannot be accounted for
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solely by non-linear wind effects. Postulating a
constant non-zero gas transfer velocity of the
magnitude found by Liss et al. (1981) at very low
wind speeds improves the estimate somewhat, but
in order to obtain mean gas transfer velocities as
high as those observed in the field, a much higher
value for this constant must be assumed. This,
however, would be tantamount to rejecting the
hypothesis that the instantaneous wind speed
plays a significant rdle in determining the gas
transfer velocity in lakes such as Aegerisee.

In any event, it is apparent from the present
study that neither the trilinear relationship of Liss
and Merlivat (1986) nor the power-law rela-
tionship of Wanninkhof and Bliven (1991), even
when modified to take into account the non-linear
wind effect (Fig. 4), suffices to predict gas transfer
velocities in lakes at low mean wind speeds
without further modification to account for
anomalously high rates of gas exchange at low
instantaneous wind speeds. This study also

‘suggests that instantaneous wind influence on lake

oxygenation under the meteorological conditions
prevailing in central Europe (especially in moun-
tainous areas, where small or medium-sized lakes
are afforded a certain degree of protection from the
wind) may in general be of much less importance
than previously assumed. This is however unlikely
to be the case in flatter areas with relatively high
mean wind speeds, and almost certainly does not
apply to oceanic areas.

In general, it should not be forgotten that a
natural water body is in a dynamic state even when
the instantaneous wind speed is zero. Thus the
effect of a wind event in the laboratory is essen-
tially short-term; in the field, however, a wind
event may have a long-term influence on gas
exchange which, for reasons of scale, cannot be
reproduced in the laboratory.
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