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1. Introduction
Climate modelling, to a great extent, is based on simulating
air–sea interactions. The solar energy crosses the atmosphere–
ocean interface at least three times before it comes to rest
(e.g. Donelan, 1990): first, the near-surface water layer is heated,
then it forms the atmospheric circulation, and finally the winds
generate the waves which dissipate their energy and pass their
momentum on to the ocean turbulence and currents. The processes
involved cover the range of scales from global in space and intercentennial in time (climate) down to the waves and turbulence
(meters and seconds or less). While it is tempting to allocate different physics to separate large-scale and small-scale processes, in
general the continuous and decoupling exists as a simplifying
* Corresponding author. Tel.: +61 3 9214 8033; fax: +61 3 9214 8264.
E-mail addresses: ababanin@swin.edu.au (A.V. Babanin), andrey.ganopolski@
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means of analysis, justified in many cases, but likely to fail or produce biases in others. In short, the processes highlight a cascade of
energy through an almost continuous spectrum of scales. In computing such events, however, there are limitations to the range of
length and time scales that can be included. This means that at
some point the cascade must be halted and that processes with
scales smaller than the cutoff, namely sub-grid processes, must
be ignored, parameterized or dynamically modelled. In doing so,
large and small-scale processes are essentially decoupled, an
unfortunate but necessary occurrence not directly based on first
principles. Our only recourse to this truncation is to include as
much key physics as possible in the sub-grid model. Thus, the
purpose of the present work is to include more physics in our
model of the mixed layer, specifically two mixing processes that
act to deepen it, these being wave-induced turbulence and
Langmuir circulation. We further allow for the fact that the depth
of the mixed layer may vary. Both mechanisms are expressed in
parameterized form.
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Small-scale interactions and related phenomena, such as windgenerated waves and wave-induced turbulence are sub-grid processes for climate models and therefore cannot be simulated by
them explicitly. In the meantime, the waves, at the very least, modulate all the air–sea exchanges, but they also play the primary role
in the upper-ocean mixing which fast-tracks the thermodynamic
balance between the atmosphere and the ocean. This role is often
overlooked in the large-scale models, and the wind is parameterized to directly drive the dynamics of the upper-ocean, i.e. wind
stress provides momentum flux to the ocean surface and that flux
is then diffused down by means of parameterized turbulence. The
dominant part of the wind stress, however, is supported by the flux
of momentum from wind to waves (e.g. Kudryavtsev and Makin,
2002). This means that, before the momentum is received by the
upper-ocean in the form of turbulence and mean currents, and thus
enters the further cycle of air–sea interaction, it goes through a
stage of wave motion. In the course of events, the waves only accumulate a small fraction of the energy and momentum received (3–
4%, Donelan, 1998), the rest is dissipated locally through the wave
breaking. Therefore, if the only role of the waves was to transfer
the momentum under the ocean skin, the overall approach would
be acceptable.
However, apart from injecting the turbulence by means of the
breaking to the depths comparable with the wave height (i.e. the
order of meters (e.g. Terray et al., 1996; Babanin et al., 2005)),
the wave motion can directly affect or influence the upper-ocean
mixing and other processes down to the depths of the order of
100 m. Since 2–3 m of the sea water has the same heat capacity
as the entire atmosphere (e.g. Gill, 1982; Soloviev and Lukas,
2006), then misprediction of the mixed-layer depth (MLD) may
undermine accuracy of the modelling.
The wave-related processes which can deliver turbulence directly to the depth of the order of 100 m, instead of diffusing it
from the top, are two. The first mechanism is due to turbulence induced by the wave orbital motion, which is unrelated to the breaking (Babanin, 2006; Babanin and Haus, 2009). This turbulence
should persist at any depth where the wave motion is significant,
and therefore, even within traditional k ÿ  mixing schemes, will
provide an additional turbulent source which is also distributed
over the depth. Potentially, it may even facilitate the mixing across
thermocline.
The second process is Langmuir circulation (Langmuir, 1938;
Smith, 1992; Phillips, 2001, 2002, 2005) (see also Section 2.2) or
more precisely Langmuir turbulence, which is characterized by a
spectrum of Langmuir circulation (McWilliams et al., 1997). These
circulations are a consequence of an instability resulting from the
waves interacting with both themselves and a weak shear brought
on by the wind (Craik and Leibovich, 1976; Phillips, 1998). Moreover they can form in tens of minutes after an increase in wind
strength and continue for days, long after the wind has subsided.
During that period their spacing can grow from millimeters to kilometers (Phillips, 2001; Thorpe, 2004) but, because they are dependent for their existence on the wave-induced drift (Stokes drift in
the case of irrotational waves), their depth is restricted to circa that
of the wavelength of the dominant surface waves. Their rate of
rotation is necessarily slow (of the order of cm/s); nevertheless,
Langmuir circulations provide a means to advect turbulence kinetic energy abundant in surface waters, deeper into the mixed
layer. Smith (1992) provides strong observational evidence for
the mixing prowess of Langmuir circulation, while Li et al. (1995)
were the first to incorporate them in ocean models and question
their role in deepening the mixed layer. Other mechanisms have,
of course, been proposed for deepening the mixed layer, of which
a resonant interaction between Langmuir circulation and internal
waves is perhaps the most robust theoretically (Chini and Leibovich, 2003). But it is a construct more suited to the next generation

of dynamic interactive sub-grid models, rather than the simple
parametric models considered here and was thus not included in
our study.
The need for coupling of small-scale and large-scale models has
already been recognized by the oceanographic community. Qiao
et al. (2004, 2008) suggested the coupling of wave models with
ocean circulation models. In these studies, the waves were modelled explicitly, and the respective stresses were then input into
the ocean models. Dramatic improvements were achieved in predicting the surface temperature, upper-ocean thermal structure
and mixed-layer depth compared to the traditional mixing
schemes.
In this paper, we did not intend to model the future changes to
the climate as such and to explicitly quantify climate impacts
of the wave-induced mixing of the upper-ocean. Rather, we show
the differences in climate model outcomes with and without the
wave mixing taken into account. Our main purpose is to demonstrate that an important physical mechanism, that is the ocean
mixing due to waves, is presently missing in the climate models,
whereas the effect of this mixing is significant.
Modelling the surface waves at the climate-change time scale is
not always feasible, and in the present paper effects of the waveinduced upper-ocean mixing were parameterized in terms of the
global winds. The parameterisations are discussed in Section 2.
These also include a dependence for the synoptic wind gustiness,
necessary to link the global winds with surface wave-generating
winds. The wave-induced variable MLD is then incorporated into
the climate model of intermediate complexity CLIMBER-2 (Ganopolski et al., 1998; Petoukhov et al., 2000). In Section 3, modelling
of the pre-industrial climate is carried out, comparisons with available MLD data are conducted, and impacts on the simulation of
spatial distributions and seasonal variations of the global atmospheric temperature, pressure and precipitation are analysed. In
Section 3.3, future scenarios are modelled and differences due to
the new features are highlighted. Section 4 provides discussion
and conclusions.
2. Parameterisation of the mixed-layer depth in terms of the
global wind
As mentioned in Section 1, the wind-generated waves and turbulence induced by such waves play a primary role in the mixing of
the upper-ocean. There are three main wave-related physical
mechanisms which, separately or together, can be held responsible
for such mixing: injecting of turbulence in the course of wave
breaking, direct generation of turbulence by the wave orbital motion and vertical circulation of the mixed-layer turbulence within
Langmuir cells.
Significance of the first mechanism is universally recognized
and is possibly exaggerated as discussed below in Section 4. Since
the turbulence due to wave breaking is only plunged in near the
surface, various mixing schemes are employed in general circulation models (GCMs) in order to diffuse this turbulence down and
thus produce the upper-ocean mixing in absence of vertical convection (i.e. k ÿ L and k ÿ  models of oceanic turbulence, see, for
example, Craig (2005)). The other two mechanisms, produced or
triggered by the waves, either generate turbulence directly
throughout the water column, or facilitate its downward transport.
Since modelling the waves within a climate model is not feasible at
this stage, in the present paper MLD due to these two processes
will be parameterized.
Relative importance of the three mechanisms is not clear as
dedicated experimental comparisons are not available. Each of
them separately has been claimed to be able to explain observed
values of MLD. In the current study, the two non-breaking waveinduced mixings will be considered independently.
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2.1. Wave-induced non-breaking turbulence
While the turbulence injected by breaking waves is commonly
perceived as one of the main means to transfer wind momentum
into subsurface waters and has been broadly implemented in
ocean-circulation and ocean-mixing models (Craig, 2005), the notion of a non-breaking wave-induced turbulence is a relatively
new concept, although it has been foreshadowed in a number of
experimental (Yefimov and Khristoforov, 1971; Cavaleri and Zecchetto, 1987; Gemmrich and Farmer, 2004; Babanin et al., 2005;
Gemmrich, submitted for publication), theoretical (Thais and Magnaudet, 1996; Phillips, 2001; Ardhuin and Jenkins, 2006) and
numerical studies (Pleskachevsky et al., 2001, 2005; Qiao et al.,
2004, 2008; Gayer et al., 2006).
The physical concept of the turbulence induced directly by
non-breaking waves was originally suggested by Babanin
(2006) as a hypothesis of wave-amplitude-based Reynolds
number

Re ¼

a2 x

m

ð1Þ

;

which is meant to indicate a transition from laminarity to turbulence for the wave orbital motion. Here, a is the wave amplitude (radius of the wave orbit) at the surface, x is the angular frequency
and m is the kinematic water viscosity. Estimates of the critical wave
Reynolds number provided an approximate value of Recr ¼ 3000,
and various comparisons were conducted to verify this threshold.
In particular, once this number was used for ocean conditions
(where mixing due to heating and cooling is less important than
that due to the waves) quantitative and qualitative characteristics
of the ocean’s MLD were shown to be predicted with a good degree
of agreement with observations.
The phenomenon was further investigated in a laboratory
experiment (Babanin and Haus, 2009). Wavenumber velocity spectra beneath surface waves of different steepnesses, in absence of
wave breaking, were measured. While intermittent, they exhibited
the Kolmogorov interval associated with the presence of isotropic
turbulence. Magnitudes of the energy dissipation rates due to this
turbulence in the particular case of 1.5 Hz deep-water waves were
quantified as a function of the surface wave amplitude. The dependence conformed with the expectation that, since the force due to
the turbulent stresses is proportional to a2 , the energy dissipation
rate should be a3 .
According to Babanin (2006), the depth of the mixed layer zcr
due to the wave-induced turbulence should be

zcr ¼

g
2x

2

ln

a2 x
;
Recr m

ð2Þ

where g is the gravitational constant. For spectral waves, the surface
wave amplitude can be represented approximately by half the significant wave height, Hs , implying a ¼ Hs =2, and by the peak wave
frequency xp .
Wave height Hs and peak frequency xp , however, are sub-grid
properties in CLIMBER. Their estimates were obtained by employing the Pierson–Moscowitz (PM) limit for fully developed waves
(Pierson et al., 1964), i.e. connection of the wave height and peak
frequency of the fully developed waves with the surface wind
speed at 10-m height U:
PM
~f PM ¼ fp U  0:13;
p
g
2 PM
g
m
~ PM ¼
 2:7  10ÿ3 :
m
U4

g
U
U2
a ¼ 0:12 :
g

x ¼ 0:82 ;

ð3Þ
ð4Þ

pffiffiffiffi
Here, fp ¼ xp =ð2pÞ and m is wave variance: Hs ¼ 4 m. Therefore,
the final expressions for x and a to be substituted in (2) are:

191

ð5Þ
ð6Þ

Since these are characteristics of waves at their ultimate stage of
development, Eq. (5) is a lower frequency limit whereas Eq. (6) is
the upper amplitude limit. Real waves are rarely at full development, but in the open ocean they are usually well-developed for
practical purposes. Given other uncertainties in the model, and in
particular the link between global winds and surface windgenerating winds (see Section 2.3 below), Eqs. (2), (5) and (6)
should provide a reasonable approximation of the wave-induced
MLD in terms of the wind speed. Kinematic viscosity m of the sea
water, with three significant digits of precision, can be calculated
as following:

m ¼ ðð0:659  10ÿ3  ðT ÿ 1Þ ÿ 0:05076ÞðT ÿ 1Þ þ 1:7688Þ  10ÿ6

ð7Þ

where T is the surface temperature in degrees of Celcius (the formula is taken from http://ittc.sname.org/2002_recomm_proc/7.502-01-03.pdf).
2.2. Langmuir circulation
Langmuir circulation is triggered by an instability excited by the
interaction of a wave field both with itself and with a sheared, usually wind induced, current (Craik and Leibovich, 1976; Phillips,
1998). Once formed, however, Langmuir circulation can persist in
the absence of wind (Craik, 1982; Plueddemann et al., 1996; Phillips, 2002) but it cannot persist in the absence of waves and is thus
a wave-related phenomenon (see e.g. Smith, 1992; Phillips, 2001,
2003, 2005). Therefore, in the context of the present study, our intent is to parameterise Langmuir circulation in the same general
terms as wave-induced mixing.
Langmuir circulation typically forms in tens of minutes in winds
above 3 m/s and can grow to spacings in excess of one kilometer
and to depths circa 100 m (Thorpe, 2004). They have thus long
been considered a means to form the mixed layer (Langmuir,
1938) and observations bear this out (Smith, 1992). They are also
thought to deepen the mixed layer (Li et al., 1995), particularly
during storms. Nevertheless, because they cover only 15–20% of
the ocean surface at any time they are necessarily secondary to
the ubiquitous upper-ocean mixing caused by wind-generated
seas.
Field observations of mixed layer formation due to Langmuir
circulation are rare, but Smith (1992, 1998) gives detailed accounts
of such, both in moderate winds and seas and during a storm. In
each instance the depth of the mixed layer scaled with the wavelength of the dominant-slope surface waves, thereby suggesting
the relationship

zLC ¼ A

U2
:
g

ð8Þ

To render (8) useful for our calculations, the constant A was
chosen to match Smith’s (1992) observations in which waves of
25 m length are present in 8 m/s winds, suggesting that A ¼ 4. Note
that Langmuir circulation were not observed until the wind freshened to 13 m/s but there was no immediate change in the wavelength of the waves.
Dependencies (2) and (8) are compared in Fig. 1. Over the range
of wind speeds shown, parameterisation (8) is a weaker function of
the wind speed and, if taken alone, is likely to underestimate the
average MLD. For example, for wind speeds of 10 m/s, which is
close to average extra-tropical values, the wave-induced MLD

Author's personal copy

192

A.V. Babanin et al. / Ocean Modelling 29 (2009) 189–197

physical model cannot be directly employed. Unfortunately, to
the best of our knowledge, explicit parameterisations for wind
gustiness at synoptic scales are not available either. Therefore, in
this paper, dependence of maximal gustiness on the mean wind
speed was adopted from the small-scale atmospheric turbulence
by analogy, and representative extreme surface winds are
estimated from the mean global winds as following (Babanin and
Makin, 2008):

wave−induced turbulence
Langmuir Circulation

200

MLD, m

150

100

U max ¼ U mean þ 0:60  U 0:29
mean :

50

0

0

5

10
U, m/s

15

20

Fig. 1. Prediction of MLD as a function of wind speed U, assuming that the mixing is
driven either by the wave turbulence only (solid line) or by Langmuir circulation
only (dashed line).

formula (2) produces average depths just under 50 m which is in
reasonable agreement with observations (Carton et al., 2008) while
Langmuir-circulation dependence (8) suggests a MLD of about
40 m. Therefore surface mixing as a consequence of wave-induced
turbulence should, on average, dominate. And, although Langmuir
circulation may act locally over smallish time scales, days or weeks
say, to deepen the mixed layer, the long-term average resulting solely from wave-induced turbulence is essential. Indeed, if, for
example, the global winds were to grow to reach 15 m/s, the mixing by wave-induced turbulence would realise a 125 m-deep MLD
and thus significantly alter the ocean–atmosphere thermodynamic
balance.
2.3. The issue of global-wind gustiness
It is important to recognize that the global geostrophic winds,
generated by the climate model, and the surface wave-generating
winds are not the same. If the geostrophic winds are used to predict MLDs, parameterized in terms of the surface winds, underestimation may be as large as a factor of two (Ganopolski, 1998). This
is due to the gustiness of geostrophic winds.
Anomalies of the magnitude of the surface winds with respect
to mean values associated with geostrophic winds are well-known
(e.g. Serra et al., 2002). It is apparent that deepening of the mixed
layer is conducted when excessive deviations from the mean occur,
provided they are sufficiently long for MLD to settle (normally tens
of hours (e.g. Martin, 1985)). Extremely strong anomalies (for
example, hurricanes or severe storms where the wind magnitudes
are significantly greater than average) are usually localized to a relatively small area and rarely persist that long in one location, and
therefore will have no noticeable impact on the ocean’s MLD at
large-scale.
The anomalies of interest are those which can be described as
gustiness of the wind at synoptic time scales. Physical models for
such gustiness, tested in a regional climate model, are now available (Brasseur, 2001;Stephane et al., 2003). According to the Brasseur model, speed of the wind gusts at this scale depends on the
large-scale winds and structure of the atmospheric boundary layer,
including its turbulence and stability. Physical modelling of the
gustiness by means of the Canadian regional climate model (Stephane et al., 2003) demonstrated that well-resolved topography
is also important.
Information on the turbulent structure of the boundary layer
and on the topography is not available within the model of intermediate complexity used in the present study, and therefore the

ð9Þ

Since the impact of global wind gustiness is essential in determining wave-generating winds, then the waves and ultimately
the upper-ocean mixing (e.g. Ganopolski, 1998), the gustiness
parameterisation (9) is used throughout in this paper. We realise,
however, the difference between the two-dimensional large-scale
atmospheric turbulence and the three-dimensional small-scale
isotropic turbulence and the need to rectify this expression once
the necessary experimental data become available. In GCMs, this
technicality can be by-passed by using the physical model of Brasseur (2001) for the gustiness.

2.4. Introducing the variable MLD in CLIMBER-2 model
To study the effect of variable mixed-layer depth on simulated
equilibrium climate state and climate change, we use the climate
model of intermediate complexity CLIMBER-2 (Ganopolski et al.,
1998; Petoukhov et al., 2000). Standard version of the CLIMBER-2
model is denoted hereafter as ‘‘STD”. It has fixed 50 m MLD, i.e. it
does not depend on wind or waves as the wave-induced MLD
shown in Fig. 1. The version of CLIMBER-2 which includes variable
mixed layer is called ‘‘VMD”.
If compared to the state-of-art climate models, CLIMBER-2 has a
rather coarse spatial resolution and a number of processes in the
ocean and the atmosphere are significantly simplified. In particular, the atmospheric component of the model is represented by a
statistically-dynamical atmosphere model which has latitudinal
resolution of 10° and longitudinal resolution of 51.4°. Different
modules of atmospheric model have different vertical resolution.
For example, radiation scheme employs 16 vertical levels whilst
atmospheric dynamics is computed on 10 levels. The ocean component of the model is based on the zonally averaged ocean model
similar to that of Wright and Stocker (1991), and in the longitudinal direction it only resolves three major oceanic basins (Pacific,
Atlantic and Indian) while in latitudinal direction it has 2.5° resolution and vertically the ocean is divided by 21 uneven levels.
The oceanic component uses a simple diagnostic equation for calculation of meridional overturning circulation rather than a complete set of momentum equations. At the same time, it was
shown that the CLIMBER-2 model is not only able to reproduce
the modern climate state quite realistically, but also has a sensitivity to different climate forcings such as CO2, solar constant, freshwater flux, consistent with that of the state-of-art climate models
(Ganopolski et al., 2001; Petoukhov et al., 2005; Rahmstorf et al.,
2005). It is also noteworthy that the treatment of the oceanic thermodynamics is essentially the same in CLIMBER-2 as in the 3-D
oceanic GCMs. Obviously, the main advantage of CLIMBER-2 is its
fast turnaround time which allows one to perform many long runs
required to attain fully equilibrium climate state and to test the
model’s sensitivity. Moreover, apart from the lack of longitudinal
resolution, oceanic component of CLIMBER-2 has essentially the
same latitudinal and vertical resolutions as the oceanic components of coupled GCMs used for long-term simulations and climate
predictions. Therefore, one can expect that results obtained with
CLIMBER-2, at least qualitatively, are also applicable to realistic climate models.
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Incorporation of the variable MLD into the z-coordinate ocean
models represents a considerable challenge. Here, we employ a
somewhat simplified approach based on a two-step solution for
the tracer equations. At the first step, new values for temperature
(salinity) were computed at the standard z-coordinate grid using
FCT (flux corrected transport) numerical scheme for the advection
of tracers and second order scheme for the diffusion. Then using
MLD ðhÞ computed by Eq. (2) or (8), temperature (salinity) of ML
was computed and temperatures (salinities) at the z-coordinate
grid were recalculated (see below) to enforce energy (salinity) conservation. In fact, two different situations are possible in the model.
The first case is MLD being smaller than the depth of the uppermost model layer z1 ¼ 50 m. In this case, simulated ML temperature (salinity) does not affect temperatures (salinity) at z-grid
directly. It affects, however, temperatures indirectly, by determining the surface heat flux. This is because in the model version with
variable MLD the sea surface temperature used for calculations of
the sensible and latent heat fluxes is set to the ML temperature
rather than to the temperature of the uppermost z-level, like in
the standard model version. In the second case of h > z1 , temperature (salinities) at all z-levels above the bottom of ML were set to
that computed for ML.
The equation for ML temperature (similar equation is used for
salinity) is

cqh

oT m
¼ F s ÿ F h þ Q had ;
ot

ð10Þ

where c is the specific heat capacity of water, q is water density, F s
is the net heat flux through the ocean surface and F h is the heat flux
at the bottom of ML computed as

Tm ÿ Th
Fh ¼ j
þ cqF ent ;
Dzn

ð11Þ

where the first term on the right-hand side of Eq. (11) represents
vertical diffusive flux through the bottom of the ML with the vertical diffusivity j ¼ 0:310ÿ4 m2 =s, the same as the background vertical diffusivity used in the model for all tracers in the upper 1 km
of the ocean, T h is the temperature below ML and Dzn is thickness
of the n-th model layer in which the bottom of ML is currently located. The second term, F ent represents the so-called ‘‘entrainment
flux”:

F ent ¼

(

ÿ

ÿ wh for
ðT m ÿ T h Þ oh
ot

0

for

oh
ot
oh
ot

> wh ;
< wh

;

ð12Þ

where wh represents the vertical velocity at the bottom of ML. In the
model, it is computed by interpolating between two neighboring
model levels. Lastly, the term Q had represents the convergency
(divergency) of the horizontal heat flux associated with horizontal
advection and diffusion. For simplicity, it was assumed that the convergency (divergency) of horizontal heat flux per unit of volume is
constant within each horizontal model layer and hence

Q had ¼

(

h
A
Dz1 1
Pnÿ1
i¼1

Ai þ

hÿznÿ1
Dzn

An

if

h < z1 ;

if

zn1 < h < zn ;

ð13Þ

where Ai is the vertically integrated convergency (divergency) of the
horizontal heat transport within the i-th model layer and zi is the
depth of the bottom of i-th layer. Temperature below the ML, T h
was computed from the conservation of energy in the vertical column. In the simplest case of h < z1 , the equation for T h is:

T h ðz1 ÿ hÞ þ T m h ¼ T 1 z1 :

ð14Þ

For description of the deep wintertime convection, CLIMBER-2
employs a standard convective adjustment procedure which is
activated when the simulated vertical density profile becomes
unstable. In the case of convective adjustment, the depth of
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the mixed layer is set to the depth of the bottom of the last
layer involved in convective adjustment. In the grid-cells where
the depth of convective ML is larger than that given by Eq. (2),
ML module described by Eqs. (10)–(12) is disabled, and the model operates in its standard regime. Apart from introducing the
variable mixed-layer depth, VMD version of the model is identical to the STD version.

3. Modelling pre-industrial climate
In this section we compare simulations of the equilibrium preindustrial climate performed with the standard version (STD) of
the CLIMBER-2 model with the version VMD which includes variable mixed-layer depth as described in the previous section. We
performed two separate runs, each 3000 years long with constant
preindustrial boundary conditions for variable mixed-layer depths
described by Eqs. (2) and (8) respectively. In both cases, qualitative
patterns of the change of the environmental characteristics were
similar, but wave-induced MLD parameterisation (Eqs. (2), (5)–
(7) and (9)) proved to be in a better agreement with the global atlas
for monthly changes of the mixed-layer provided by the US Naval
Research Laboratory (NRL) (http://www7320.nrlssc.navy.mil/
nmld/nmld.html). Since this paper was mainly intended on investigation of influence of variable MLD on performance of CLIMBER2, rather than on distinguishing between the two wave-mixing
mechanisms, further comparisons and illustrations below are conducted for the wave-turbulence mixing parameterisation.
3.1. Mixed-layer depth
Comparisons of the CLIMBER-2 results with the NRL atlas mixed
layer depth are shown in Fig. 2. Panels in the figure indicate the latitudes 55 (a and b) and 35 (c and d) North, as the most effective
wave-induced mixing (i.e. outside of tropical and arctic areas) is
expected in these regions. Solid line represents the model, and
dashed line the NRL atlas. Left panels correspond to the Atlantic
Ocean, and right panels to the Pacific. Only summer months are
shown as in winter the mixing is dominated by the vertical convection and is much deeper compared to the wind-wave-induced mixing, and CLIMBER-2 switches to the convective scheme as
described in Section 2.4.
The model produces zonally averaged values of MLD for each of
the ocean basins, and therefore for demonstrations longitudinal
transects are chosen from the atlas values reasonably close to the
centerline of the Pacific and Atlantic, i.e. 24° and 170° West correspondingly. The NRL atlas was ‘‘constructed from the 1° monthlymean temperature and salinity climatologies of the World Ocean
Atlas 1994 (Levitus and Boyer, 1994; Levitus et al., 1994) using a
method for determining layer depth that can accommodate the
wide variety of temperature and density profiles that occur within
the global ocean” and is therefore a modelling outcome itself. Thus,
the comparison in Fig. 2 is qualitative rather than direct. Given
other uncertainties of the parameterisation mentioned in Section
2, agreements of the modelled and observed values are satisfactory: not only magnitudes of the mixed-layer depth are reasonably
close, but also their seasonal trends are similar and maxima are located in reasonable proximity. Now that the model has a realistic
variable behavior of MLD, both in winter and in other seasons,
the importance of the newly introduced variations can be
investigated.
3.2. Impact of the variable MLD on global climate
In this Section, we analyse the impact of variations in MLD on
the climatological characteristics simulated by CLIMBER-2 by
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Fig. 2. Seasonal variations of MLD at 55 (a and b) and 35 (c and d) degrees of Northern latitude, zonally averaged. (left panels) Atlantic Ocean, (right panels) Pacific Ocean.
Solid line represents the model, and dashed line NRL atlas. For the model, MLD is shown only for time interval when the wave-induced MLD is larger than convective MLD.

comparing the equilibrium pre-industrial climate state computed
by means of the STD and VMD versions of the model. Interestingly,
the differences between the STD and VMD version with respect to
globally averaged surface air temperature, SST (sea surface temperature) and volume-averaged ocean temperature, are rather small
(below 0.1 °C). Ocean overturning circulation is also essentially
identical in two runs. Regional differences in annual mean surface
air temperature are somewhat larger, but still less than 0.5 °C, and
for most of the globe are also below 0.1 °C. Hence, introducing the
time-dependent MLD does not change annual mean climate characteristics appreciably.
What has changed significantly, however, is the magnitude of
seasonal variations of the global temperature at extra-tropical latitudes. In Fig. 3, seasonal variations zonally averaged over the
World Ocean SST are shown at 25, 35, 45 and 55° North (from
top to bottom correspondingly). In each panel, the thin line is produced with the STD version of CLIMBER, thick line with the VML
and dashed line corresponds to observations (zonally averaged
Levitus data).
At low latitudes (25° North in Fig. 3), the wave-induced mixing
is weak as expected (e.g. Qiao et al., 2008) since the wind-generated waves in the tropics are small on average (e.g. Young and Holland, 1996). At higher latitudes, the wave-mixing effect is
progressively increased and considerably improves agreement between simulated and observed SST if compared to STD version.
Although the magnitude of seasonal SST variations at 55° is somewhat exaggerated compared to empirical data, encouraging in simulations at all latitudes is an improved phase relation between the
model and observation, as the STD version appeared to lag behind
the observational data.
The impact of variable MLD on simulated climate characteristics
is illustrated in Fig. 4, which shows differences between VML and
STD model versions for simulated summer (JJA) surface atmospheric temperature (top), sea-level pressure (middle) and precipitation (bottom). The impacts are obviously localized, and over the
North Pacific the temperature differences between two model versions are as large as 3 °C. Since, during the warm season, the sim-

Fig. 3. Seasonal variations of the global zonally averaged SST. Panels shown: 25, 35,
45 and 55° North (from top to bottom). Lines shown: STD version of CLIMBER (thin),
VML version (thick) and observations based on Levitus data (dashed).

ulated MLD is systematically smaller than the 50 m depth
prescribed in the STD version, the summer hemisphere is systematically warmer while the winter hemisphere is colder in the VML
version compared to STD. This enhances inter-hemispheric temperature difference which leads to a larger magnitude of poleward
variations of the intertropical convergency zone (ITCZ), changes in
the meridional and atmospheric circulation and monsoons.
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Fig. 5. Seasonal variations of the difference between VDM and STD model versions
in zonally averaged precipitation.

icant, some localized effects are much greater and potentially bear
essential environmental and social consequences.
At this stage, it should be noticed that introducing the variable
mixed layer depth in CLIMBER-2 is also important for the general
circulation models, not only for models of intermediate complexity
which usually treat evolution of MLD in a rather simplistic manner.
Since the direct wave-induced mixing is not accounted for by
GCMs either, similar qualitative impacts on results of GCMs can
be expected once their mixing schemes are updated to account
for the wave effects. This is discussed in Section 4 below.
3.3. Climate response to CO2 rise
Fig. 4. Differences of summer (JJA) surface atmospheric temperature in degrees (a),
sea-level pressure in mbar (b) and precipitation in mm per day (c) between VDM
and STD model versions.

This is illustrated by Fig. 4b, which shows the difference between two model versions in the simulated sea level pressure field
for the summer season. Introducing the variable MLD leads to a
northward shift of ITCZ, lowering of SLP over Northern America
and South Eastern Asia and an increase in SLP over North Africa
and Central Asia. As a result (Fig. 4c), South Eastern Asian and
North American monsoons are considerably stronger in the VML
version, whilst North African and Indian monsoons are weaker.
In addition, strengthening of South Eastern Asian monsoon leads
to a significant reduction of precipitation in the equatorial region.
Differences in summer precipitations between VML and STD reach
in this region 3 mm/day which is almost 50% of the absolute value
of precipitation simulated in STD version.
Fig. 5 shows seasonal evolution of the differences between two
model versions in the global zonally averaged precipitation. It
demonstrates that enhanced seasonality in the VML version has a
rather symmetric impact on the hydrological cycle in both hemispheres, but the influence of variable MLD is stronger for the
Northern Hemisphere which is primarily due to a stronger and less
seasonally varying surface wind in the Southern Hemisphere.
Therefore, it can be concluded that introducing the variable
MLD due to wave-induced mixing in CLIMBER-2 resulted in essential alterations to the amplitude of seasonal variations of the main
meteorological properties compared to the standard model version. While globally averaged values of such alterations are signif-

To assess the role of variable MLD in simulation of the climate
response to a continuous CO2 concentration growth, we performed
standard 100-year-long experiments with 1% per year increase of
CO2 concentration, with both model versions starting from corresponding equilibrium climate states. As far as the changes in globally averaged characteristics, such as globally averaged surface air
temperature, SST, sea ice area, etc., as well as such characteristics
like maximum of Atlantic meridional overturning, are concerned,
differences between the STD and VML versions are very small.
Hence, at least on the centennial time scale, details of ML parameterisations do not appear to affect appreciably transient mean annual climate response to the CO2 rise. Nonetheless, for individual
seasons and certain regions, differences between the two model
versions in response to the CO2 rise (i.e. after 70 years since the
beginning of the numerical simulations) are not insignificant. For
example, as it is shown in Fig. 6, the simulated changes in summer
precipitation at the moment, when CO2 is doubled, differ in some
sensitive regions, such as South Eastern Asia, by up to 0.5 mm/
day. This difference is comparable with the magnitude of precipitation change predicted by means of the default model for this region in case of the CO2 doubling. In general, difference between the
response of the two model versions to the CO2 rise resemble the
differences between the equilibrium simulations of pre-industrial
climate state shown in Fig. 4c.
4. Discussion and conclusions
The results presented in this paper raise the issue of the importance of adequate modelling of the mixed-layer depth variation in
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Fig. 6. Changes in summer (JJA) precipitation (mm/day) in STD model version (a)
and difference in simulated precipitation changes between VML and STD (b) at the
moment of CO2 doubling.

climate models. In particular, emphasis is given to mixing driven
directly by the waves, rather than through downward diffusion
of the turbulence injected by wave breaking near the surface.
The wave-induced mixing is simulated directly by introducing
the variable mixed-layer depth in CLIMBER-2 model, compared
to the standard version of the model which assumes the depth constant during the months when the vertical convection is not active.
The variations are connected with parameterized properties of the
waves and therefore the essential differences observed in the modelling outcomes should be attributed solely to such mixing.
In this regard, although simulations in the present paper are
conducted by means of a model of intermediate complexity, the issue should be relevant for the general circulation ocean models
(OGCMs) as well. Presently, the wave-induced mixing is not accounted for in such models, but if included it will provide an additional source of turbulent mixing. This should bring about
alterations of the air–sea interactions similar to those observed
in the model of intermediate complexity.
Indeed, although most of OGCMs do not simulate MLD explicitly, they implicitly require the uppermost model layer (or several
upper layers) of the ocean to be well-mixed by means of the vertical turbulent mixing which is computed by using one of several
existing mixing schemes. Although it seems to have automatically
accounted for the upper-ocean mixing ultimately driven by the
wind stress, there are a number of issues which do not appear well
attended.
First, depending on the vertical resolution of OGCMs, this vertical mixing can be modelled accurately or crudely. Modern OGCMs
used for climate modelling typically have 20–30 vertical levels,
with the resolution in the upper 100 m of the ocean typically of
10–20 m. This is quite comparable with MLD over most of the
World Ocean, at least, during the warm season. Therefore, the
effective MLD in such models (one or several uppermost model
layers) can considerably deviate from that in the real ocean.
Secondly, even if the vertical resolution of an OGCM is fine enough to make such an effect small, the mixing is still likely to be
underestimated due to the disregard of the direct wave-induced

turbulence and circulation discussed in this paper. Indeed, out of
the three wave-related mixing mechanisms: i.e. injection of turbulence in the course of wave breaking, direct generation of turbulence by the wave orbital motion and vertical circulation of the
mixed-layer turbulence within Langmuir cells – only one is accounted for. And this one, the downward diffusion of the breaking
turbulence, may probably appear the weakest of all.
Of course the wave breaking creates significantly enhanced levels of turbulence near the surface, compared to the case of nonbreaking waves (e.g. Terray et al., 1996; Babanin et al., 2005). This
effect ends, however, at the depths comparable with the wave
height. Experimental evidence of the downward diffusion of such
turbulence are not overwhelming. Vertical profiles of the volumetric rate of turbulent energy dissipation  decay rapidly as a function of distance z from the surface, i.e. as   zÿ2 in the presence
of breaking waves, and soon merge with values of dissipation rates
which occur in the absence of wave breaking, i.e. described by profiles   zÿ1 (Babanin et al., 2005).
Moreover, a relevant question in regard of the downward diffusion of the wave-breaking turbulence is its decay life. From general
physical considerations, this is the order of seconds or even a fraction of a second. Can such turbulence survive the journey down to
the bottom of the mixed layer if its mixing time scale is of the order
of tens of hours (e.g. Martin, 1985)? Unlike pollutants, salinity and
temperature, which will be eventually mixed in even if it takes
years, the turbulence will simply dissipate.
Thus, the discussion highlights again the importance of waverelated physics in the upper-ocean. At the very least, Langmuir circulation should facilitate the mixing by providing the vertical
advection to the surface-breaking turbulence. Although with the
velocities of the order of cm/s, such advection may still be too slow
for the smaller scale turbulence to survive. And in this regard, the
wave-induced turbulence which can be directly generated at any
depth where the wave motion is significant can turn a most important mechanism in the mixing.
MLD due to wave-induced mixing was introduced and parameterized in terms of the winds generated within the climate model
of intermediate complexity CLIMBER-2. Within such models,
parameterization of the wind gustiness is also an essential element, which in GCMs can be addressed explicitly by physical modelling of the gusts at synoptical scales. Obviously, such
parameterizations can only be effective in ocean areas dominated
by wind-generated waves, rather than swell. These effects were
then tested, both for pre-industrial climate and in future scenarios.
It is shown that seasonal variations of SST are rather sensitive to
the MLD, and that introduction of a wind-induced parameterization for MLD improves agreement between modelling results and
empirical data in circumstances when the wave-induced mixing
is expected to be most significant. Moreover, the variable MLD considerably affects atmospheric dynamics and precipitation fields,
especially on seasonal time scale. Apart from that, MLD and its seasonal variations are also important for modelling the oceanic carbon cycle, especially, its biological component. Therefore,
adequate/accurate modelling of MLD is crucial for improvements
of the climate model performance in simulation of modern climate
and future climate change.
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