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Abstract The K-proﬁle parameterization of upperocean mixing is tested and extended using observations
and large eddy simulations of upper-ocean response to a
westerly windburst. A nonlocal momentum ﬂux term is
added, and the amplitude of the nonlocal scalar ﬂux is
recalibrated. Parameterizations of Stokes drift eﬀects are
added following recent work by McWilliams and Sullivan (2001). These changes allow the parameterization to
produce both realistic gradients of momentum and
scalars in the nocturnal boundary layer and enhanced
mixing during stable conditions. The revised parameterization is expected to produce improved representations of lateral advection and sea-surface temperature in
large-scale models.
Keywords Ocean modeling  Turbulence  Mixed
layer  K-proﬁle parameterization  KPP

1 Introduction
A central goal of ocean turbulence research is the development of eﬃcient, accurate parameterizations of
vertical mixing for use in large-scale models. Currently
popular approaches include the Mellor–Yamada hierarchy of models (e.g., Mellor and Yamada 1982; Kantha
and Clayson 1994), the k– model (e.g., Burchard et al.
1998) and the nonlocal K-proﬁle parameterization
(KPP), introduced by Large et al. (1994). Every mixing
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parameterization represents a compromise between accuracy and eﬃciency. Of the currently popular models,
the KPP is the most eﬃcient; it forsakes theoretical
development almost entirely in favor of simple, empirical representations of speciﬁc processes. The result is a
scheme that involves no evolution equations and is
therefore extremely cheap in terms of computer cycles
and memory. In contrast, more accurate schemes such as
the k– model require storage and transport operations
for two turbulence quantities in addition to the usual
hydrodynamic ﬁeld variables. Computational eﬃciency
is crucial in large-scale models, where the need to resolve
mesoscale eddies puts extreme demands on computer
capacity. Since its introduction, the KPP has undergone
signiﬁcant reﬁnement (e.g., Large and Gent 1999;
McWilliams and Sullivan 2001), in terms of both adding
new processes to the model and reﬁning the empirical
constants that quantify those processes. Here, we further
this eﬀort via comparisons with both observations and
large eddy simulations (LES) of upper-ocean structure
during a westerly windburst in the equatorial Paciﬁc
Ocean. Of particular interest to us are ‘‘nonlocal’’ vertical property ﬂuxes and Stokes drift eﬀects. Nonlocal
ﬂuxes are driven by eddies on scales comparable to or
larger than the vertical scale over which the background
shear and stratiﬁcation change. In the nocturnal
boundary layer, for example, net surface cooling generates a mean density gradient which is unstable near the
surface, nearly zero within the mixed layer, and strongly
stable in the entrainment zone at the base of the mixed
layer. Convective plumes carry property ﬂuxes that depend on the net buoyancy change across the mixed layer,
and therefore have little relationship to the local gradient at any particular depth. Such ﬂuxes can be strong
even in the mixed layer interior, where the background
gradients are near zero. Parameterization of these ﬂuxes
using the standard gradient-diﬀusion formalism is
clearly inappropriate.
Improper representation of nonlocal ﬂuxes promotes excessively strong vertical gradients within the
mixed layer, as we will show. This consequence is not
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the worst that could be envisioned, as it allows the net
property ﬂuxes across the boundary layer to be represented with reasonable accuracy. Nevertheless, the
deﬁciency is potentially serious. For example, excessive
shear in the mixed layer leads to unrealistic lateral
advection in a large-scale model. Unrealistic values for
surface currents can lead to major errors in regions
with strong fronts, such as coastal boundaries and
near western boundary currents (e.g., the Gulf
Stream), and any region of the ocean with strong
wind-driven circulations (e.g., coastal upwelling). Increased mixing of momentum by nonlocal ﬂuxes can
also alter the entrainment rate at the mixed layer base,
thereby changing the bulk characteristics of the upper
ocean.
The meteorological community has studied nonlocal
ﬂuxes in the atmospheric boundary layer (ABL) extensively (e.g., Deardorﬀ 1972; Mailhot and Benoit
1982; Therry and Lacarrere 1983; Troen and Mahrt
1986; Holtzag and Moeng 1991; Frech and Mahrt
1995; Brown and Grant 1997), and has developed
useful formalisms for their incorporation into atmospheric models. Large et al. (1994) took advantage of
the similarity between the ABL and the upper ocean
boundary layer (OBL) to bring meteorological experience to bear on the ocean problem, and thereby provided for the inclusion of nonlocal ﬂuxes in the KPP.
At present, this eﬀort is far from complete. While
useful mathematical representations for nonlocal ﬂuxes
have been developed, sensitivity experiments are needed
to establish proper values for the adjustable parameters. Even in the atmospheric context there have been
few such studies, and the possibility that diﬀerent parameter values may be needed for the ocean case has
not been addressed at all.
Here, we describe a study of turbulent ﬂuxes in the
upper equatorial ocean during a westerly windburst.
This is a suitable regime for the quantiﬁcation of
nonlocal transports as it involves both vigorous convection and strong surface ﬂuxes of heat, salt, and
momentum. We take advantage of the extensive and
detailed observational database that resulted from
TOGA-COARE (Webster and Lukas 1992; Moum and
Caldwell 1994; Smyth et al. 1996a,b). Skyllingstad
et al. (1999) described large-eddy simulations (LES) of
upper-ocean mixing over a 24-h period during a
windburst using a model initialized with observed mean
proﬁles and driven by observed surface ﬂuxes. Statistical comparisons quantiﬁed the relationship between
turbulent ﬂuxes developed in the LES model and those
inferred from in situ microstructure measurements.
These comparisons establish the accuracy (and limits
thereto) of the LES description of upper-ocean turbulence, which is much more comprehensive than the
view that the observations aﬀord. Modeled turbulence
statistics were shown to compare closely with observations in the mixed-layer interior. Model performance
was poorer in the stratiﬁed region below the mixed
layer, wherein the energy-containing scales of the tur-

bulence contract to values smaller than the model’s
spatial resolution.
Our plan here is to test the performance of the KPP
model in this oceanic regime and suggest appropriate
reﬁnements. For this purpose, the KPP is incorporated
into a one-dimensional model of the upper ocean, which
is then initialized and forced using observations in the
same manner as is the LES. Besides testing the KPP as a
model for mixing in the windburst regime, we will derive
values for the adjustable parameters needed to describe
nonlocal ﬂuxes of heat, salt, and momentum in the upper ocean. In addition, we investigate two modiﬁcations
to the KPP model that account for the eﬀects of the
Stokes drift, following suggestions of McWilliams and
Sullivan (2001). First, the turbulent velocity scale is enhanced during stable conditions to account for ﬂuxes
due to Langmuir cells. Second, the nonlocal momentum
ﬂux is supplemented by a term describing mixing of the
Stokes drift velocity gradient.
We begin in Section 2 with a discussion of our
methodology. The LES methods and observational
measurements are reviewed brieﬂy, as is the overall
structure of the KPP. Greater attention is given to
methods for the parameterization of nonlocal ﬂuxes and
to the inclusion of penetrating solar radiation. Preliminary comparisons among observations, LES results, and
results from the column model are described in Section
4. These comparisons guide the more detailed analyses
discussed later. Section 5 describes the essential results
of the paper: modiﬁcations to the KPP that account for
Stokes drift eﬀects as well as revisions to the nonlocal
ﬂux parameterizations. Our main conclusions are summarized in Section 6.

2 Observations
The R/V Moana Wave maintained station at 1 450 S;
156 00 E from December 20th, 1992, to January 12th,
1993. Onboard meteorological measurements were
processed using the TOGA-COARE bulk ﬂux algorithm
(Fairall et al. 1996) to yield surface ﬂuxes. Currents were
measured using the shipboard Acoustic Doppler Current Proﬁler in combination with data from a nearby
mooring (Weller and Anderson 1996). Temperature,
conductivity, and shear microstructure were measured
using the Chameleon microstructure proﬁler (Moum
et al. 1995).
The 24-h period selected for analysis began at
00:00 h UTC on December 31st, 1992. This period
began in local midafternoon. Cloud cover was minimal,
and winds were strong and steady from the west
(Fig. 1a). A squall at t ¼ 2 h interrupted the surface
warming. The evening reversal of the surface heat ﬂux
led to convective conditions in the upper-ocean and a
rapid deepening of the mixed layer (Fig. 1b). Upperocean current structure was dominated by the wave
response to the windburst and by the semidiurnal tide
(Smyth et al. 1996a). Thermal evolution during this
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Fig. 1a, b COARE observations. a Wind stresses, net surface heat
ﬂux, and net precipitation rate observed at 156 E; 1:75 S for the 24-h
period beginning on day 366 of 1992. b Time–depth sections of zonal
current, meridional current, temperature, and salinity

period was controlled mainly by the local surface heat
ﬂux, while salinity increased in response to advection
(Smyth et al. 1996b; Feng et al. 1998). The morning
reversal of the heat ﬂux was delayed by a second rain
squall. Rain eﬀects during this period are described
more fully in Smyth et al. (1997).
Note that, despite complex time dependence, the velocity and salinity ﬁelds (shown in the ﬁrst, second, and
fourth frames of Fig. 1b) are dominated by nearly vertical isolines in the upper 60 m, suggesting that these
ﬁelds are generally well mixed in this near-surface regime. The temperature ﬁeld (third frame of Fig. 1b)
exhibits stable stratiﬁcation during the ﬁrst few hours of
the observation (the daytime portion), consistent with
solar heating. Once the evening deepening of the mixed
layer is complete, the temperature stratiﬁcation in the
upper 60 m is reversed, with the highest temperatures
occurring at around 50–60 m depth and colder water
evident at the surface, as is typical in strongly convective
conditions (e.g., Anis and Moum 1992).

3 Models
3.1 The LES model
Our large-eddy modeling methods are described in detail
in Skyllingstad et al. (1999, 2000), and thus will be only
summarized here. The computational domain is a 96-mdeep layer adjacent to the ocean surface, with lateral size
384  384 m. The domain is periodic in both lateral directions. A radiation boundary condition is applied at
the model bottom, and surface ﬂuxes provide the upper
boundary conditions. Surface wave eﬀects are incorporated using the Stokes vortex force, with wave parameters based on observations. Subgrid scale (SGS) ﬂuxes
are parameterized using the ﬁltered structure function

method of Ducros et al. (1996). Spatial derivatives are
discretized using second-order ﬁnite diﬀerences in ﬂux
form on a staggered C-grid, with spacing 1.5 m in all
three coordinates. Time stepping is via the third-order
Adams–Bashforth method. As in Skyllingstad et al.
(1999), the simulation was initialized using measured
proﬁles of velocity, temperature, and salinity, and forced
subsequently by the observed surface ﬂuxes described
above. Simulations described here were performed on a
32 processor IBM SP-3.
3.2 The column model
The column model employed here solves the following
equations for the zonal velocity U ðz; tÞ, the meridional
velocity V ðz; tÞ, the temperature T ðz; tÞ and the salinity
Sðz; tÞ:
oU
o
¼  u0 w0 þ fV ;
ot
oz

ð1Þ

oV
o
¼  v0 w0  fU ;
ot
oz

ð2Þ

oT
o
1 oQr
¼  T 0 w0 
;
ot
oz
qo Cp oz

ð3Þ

oS
o
¼  S 0 w0 ;
ð4Þ
ot
oz
where z and t represent the vertical coordinate and time,
respectively, f is the Coriolis parameter, and Qr ðz; tÞ is a
speciﬁed function representing the radiative heat ﬂux.
The mean density is approximated by qo ¼ 1030 kgm3 ,
and the speciﬁc heat capacity of water is
Cp ¼ 4000 Jkg1 K1 . The ﬂuxes x0 w0 ðz; tÞ (where x stands
for any of u, v, T , and S and primes represent turbulent
ﬂuctuations) are determined using the nonlocal K-proﬁle
parameterization described below. Initial conditions are
provided by speciﬁed functions U ðz; 0Þ, V ðz; 0Þ, T ðz; 0Þ,
and Sðz; 0Þ. Time-dependent values of the surface ﬂuxes
x0 w0 ð0; tÞ are speciﬁed, while all ﬂuxes are assumed to
vanish at the lower domain boundary: x0 w0 ðD; tÞ ¼ 0.
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In the present application, the initial proﬁles and the
ﬂuxes at the upper boundary are provided by observational data and are identical to those used in the LES
(Sect. 3.1).
The vertical discretization is staggered, with ﬂuxes
being computed at a set of equally spaced depths that
include the upper and lower boundaries, and all prognostic variables deﬁned on the intermediate points.
Vertical derivatives are represented as second-order
centered diﬀerences. The local components of the ﬂuxes
(see below) are advanced implicitly using the secondorder Crank–Nicolson scheme, as is the radiative heat
ﬂux. The nonlocal ﬂuxes, as well as the Coriolis terms,
are advanced explicitly using the second-order Adams–
Bashforth method.
The parameterization for the turbulent ﬂuxes that
appear in Eqs. (1–4) has been described in detail by
Large et al. (1994). Here, we summarize the features that
are most pertinent to the present experiments and describe the addition of the nonlocal momentum ﬂuxes
and Stokes drift eﬀects. The parameterization requires
separating the water column into two regions, the
boundary layer and the underlying thermocline, which
are separated by the surface z ¼ hðtÞ. The boundary
layer depth hðtÞ is deﬁned as the shallowest depth at
which the bulk Richardson number, Rib ðz; tÞ, exceeds a
speciﬁed critical value Ric . The bulk Richardson number
is deﬁned by
Bsl  B
Rib ¼ 
ðzsl  zÞ

U
~ 2 þVt2
~sl  U

ð5Þ

ð6Þ

The local component is given by the usual gradient
parameterization
x0 w0 L ¼ Kx

oX
;
oz

The ﬁrst term approximates diﬀusivity due to internal
wave breaking, and takes the constant values
mwm ¼ 1:0  104 m2 s1 for momentum and mws ¼ 1:0
105 m2 s1 for scalars. The second term parameterizes
diﬀusivity due to shear instability in regions of low Ri.
The constant m0 has the value 5  103 m2 s1 . The cutoﬀ
value for the gradient Richardson number, Ri0 , was
set to 0.7 by Large et al. (1994). Large and Gent
(1999) suggested that Ri0 be increased to 0.8. However,
results presented here motivate retention of the smaller
value.
Within the boundary layer ðz > hÞ, the diﬀusivity
Kx is parameterized by
Kx ðz; tÞ ¼ hðtÞwx ðz; tÞGx ðz; tÞ ;

ð7Þ

ð9Þ

in which wx is a turbulent velocity scale and Gx is a shape
function. The velocity scales are given by
wx ðz; tÞ ¼

The buoyancy Bðz; tÞ is given by gqðz; tÞ=qo , where
g ¼ 9:81 ms2 is the gravitational acceleration and qðz; tÞ
is the density (obtained as a function of T and S using a
~ ðz; tÞ is the
standard equation of state for seawater). U
horizontal velocity vector ðU ; V Þ. The subscript sl indicates values averaged over the surface layer, which is
taken to be the upper one-tenth of the boundary layer,
i.e., 0:1 h < z < 0. In practice, the surface-layer depth
is computed using an initial guess at h, usually obtained
as the value at the previous time step. The computation
may be iterated if the time step is too large to resolve
ﬂuctuations in boundary-layer depth accurately. In the
present application, iteration is not required. Vt is a
turbulent velocity magnitude described in detail in Large
et al. (1994) (their Eq. 23). We will not repeat Large
et al’s description except to note that Vt2 is proportional
to a constant parameter Cv , whose value will be of
interest to us here.
Each of the ﬂuxes x0 w0 that appears in Eqs. (1–4) is
expressed as a local and a nonlocal part, viz:
x 0 w0 ¼ x 0 w0 L þ x 0 w 0 N :

where Kx ðz; tÞ is the turbulent diﬀusivity and X ðz; tÞ
represents any of U , V , T , and S. Parameterization of Kx
is discussed in the remainder of this subsection; nonlocal
ﬂuxes are discussed in detail in Sect. 3.3.
Below the boundary layer ðz < hÞ, ﬂuxes are
entirely local and are deﬁned using a simple parameterization based on the gradient Richardson number,
~ 2
oU
Ri ¼ oB
oz =j oz j , viz:
8
Ri < 0
<1
ð8Þ
Kx ¼ mwx þ mo ð1  Ri2 =Ri20 Þ3 0 < Ri < Ri0 :
:
0
Ri > Ri0

ju ðtÞ
;
/x ðz; tÞ

ð10Þ

where j ¼ 0:4 is the von Karman constant and u is the
surface friction velocity. The structure function /x is
deﬁned as a function of the scaled depth f ¼ z=L, where
L is the Monin–Obukhov length scale (see Large et al.
(1994) Eqs. B1 and B2 for details). Continuity of ﬂuxes
requires that near-surface gradients obey the similarity
scaling
oX
x0 w0 0 /x ðfÞ
¼
;
oz
u jjzj

ð11Þ

where x0 w0 0 is the surface ﬂux of x (positive upwards). In
unstable conditions, / is restricted so that it cannot
exceed its value at the base of the surface layer. The
shape function Gx is a cubic polynomial in f whose four
coeﬃcients are determined by four matching conditions:
at the surface Gx ¼ 0 and oGx =of ¼ 1, and at z ¼ h
both the diﬀusivity Kx and its ﬁrst derivative must be
continuous with the values determined below the
boundary layer by the Richardson number parameterization.
McWilliams and Sullivan (2001) have suggested that
extra mixing due to Langmuir circulations be accounted
for by multiplying the turbulent velocity scale wx by a
factor ð1 þ Cw =La4 Þ1=2 , where La is the Langmuir
number, given by La ¼ ðu =Us Þ1=2 , and Us is the Stokes
drift velocity. This adjustment of the KPP model results
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in turbulent velocities proportional to Us in the regime
of small La, a known property of Langmuir turbulence.
The constant Cw was given the value 0.08 on the basis of
ﬁts to large eddy simulations of quasistationary, weakly
convecting Langmuir turbulence. McWilliams and Sullivan (2001) also suggested that this parameterization
may require modiﬁcation in regimes of either strong
convection or strong wind forcing, both of which occur
here. Accordingly, we multiply Cw by an additional
factor that enhances the eﬀect of Langmuir cells in stable
(wind-forced) conditions and reduces it in convective
conditions:


ju ðtÞ
Cw ðu ; w Þ 1=2
wx ðz; tÞ ¼
 1þ
;
ð12Þ
/x ðz; tÞ
La4
in which

Cw ðu ; w Þ ¼ Cwo

u3
u3 þ 0:6w3

l
;

ð13Þ

w is the convective velocity scale (deﬁned following
Large et al. 1994 as w3 ¼ jBf h, where Bf is the surface
bouyancy ﬂux), and Cwo and l are constants to be
determined.
3.3 Nonlocal ﬂuxes in the KPP
The nonlocal ﬂux of the property x is the ﬂux due to
eddies comparable in size to the scale on which the
background gradient oX =oz varies. Nonlocal ﬂuxes may
be written in terms of local variables by making various
approximations to the ﬂux budget (e.g., Deardorﬀ 1972,
Therry and Lacarrere 1983, Holtzag and Moeng 1991).
In low-order closure models, however, those ﬂuxes must
be parameterized in terms of resolved variables. Typically, the parameterization is contained within an eﬀective ‘‘gradient’’, cx ðz; tÞ, that is added to the
background gradient, i.e.,
x 0 w0 N ¼ K x c x :

ð14Þ

Large et al. (1994) deferred the implementation of
nonlocal momentum ﬂuxes due to lack of observational
data for calibration, and instead concentrated on parameterizing nonlocal scalar ﬂuxes via the eﬀective
gradient cs . They set cs to zero in stable conditions, but
for convective conditions used the deﬁnition
cs ðz; tÞ ¼ Cs

s0 w0 0 ðtÞ
;
ws ðz; tÞhðtÞ

ð15Þ

where s represents any scalar concentration, s0 w0 0 is the
surface ﬂux of s, and ws is the turbulent velocity scale for
scalars. The constant Cs is written as Cs jðcs jÞ1=3 , in
which cs is an additional constant that appears in the
structure function for convective conditions: /s ¼
ðas  cs fÞ1=3 . Cs is regarded as a universal constant.
The constant  represents the depth of the surface layer
as a fraction of the boundary layer depth, here equal to
0.1. In the original analyses of Deardorﬀ (e.g., Deardorﬀ

1972), the constant Cs was expected to be of order 10.
Mailhot and Benoit (1982) adopted this value for their
atmospheric simulations and obtained acceptable
results. An explicit attempt to determine the best value
for Cs was carried out by Therry and Lacarrere (1983),
who obtained optimal results using the value Cs ¼ 5.
The same result was found by Holtzag and Moeng
(1991) on the basis of comparisons with LES.
In constructing the original KPP, Large et al. (1994)
used Deardorﬀ’s estimate, Cs ¼ 10. Results described
later in this paper suggest that the smaller value is
preferable.
A similar parameterization can be devised for the
nonlocal momentum ﬂux. Following the atmospheric
modeling work of Brown and Grant (1997) and Frech
and Mahrt (1995), we write
c~u ðz; tÞ ¼ Cm

u2
Aðu ; w Þ^
e :
wm ðz; tÞhðtÞ

ð16Þ

The constant Cm corresponds to Sm in Brown and Grant
(1997) and Frech and Mahrt (1995), and is scaled as
Cm jðcm jÞ1=3 analogously with the scalar case. The factor Aðu ; w Þ represents enhancement of the nonlocal
ﬂux in strongly unstable conditions. The unit vector e^
deﬁnes the lateral direction of the ﬂux.
Frech and Mahrt (1995) suggested that the stability
function Aðu ; w Þ takes the form
Aðu ; w Þ ¼ 1 þ w =u :

ð17Þ

In more recent atmospheric simulations, Brown and
Grant (1997) have shown that this form exaggerates the
nonlocal ﬂux in neutral stratiﬁcation, and suggested the
alternative form
Aðu ; w Þ ¼ 2:7w3 =ðu3 þ 0:6w3 Þ :

ð18Þ

In our simulations of turbulence in the equatorial ocean,
the expressions (17) and (18) for A are nearly proportional throughout the night (the second exceeds the ﬁrst
by a factor that varies between 1.22 and 1.25). However,
A as deﬁned by Eq. (18) vanishes during the day, a desirable property. We therefore adopt Eq. (18) as the
stability function in the present work.
There is also uncertainty over the best representation
of the direction vector, e^. Frech and Mahrt (1995) deﬁned e^ as the direction of the mean vertical shear of the
horizontal current between the middle of the surface
layer and the base of the boundary layer, i.e.,
~sl  U
~h Þ=jU
~sl  U
~h j: An alternative recommended
e^ ¼ ðU
by Brown and Grant (1997) is to have e^ correspond to
the direction of the wind. In the present equatorial regime, the Coriolis force is weak, so that the surface
current remains nearly aligned with the wind. As a result, these two directions diﬀer very little (by 10 or less
during the night, when the nonlocal ﬂuxes are active).
For the present simulations, we retain the Brown and
Grant deﬁnition.
A value must be chosen for the amplitude parameter, Cm or, equivalently, for Cm . Due to the lack of
available data, Large et al. (1994) set Cm to zero. In
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comparisons of atmospheric boundary layer simulations with observations, Brown and Grant (1997)
concluded that values of Cm up to 1.4 give reasonable
results, while the preferred value is 0.8. In our notation, Cm ¼ 0:8 and 1.4 correspond to Cm = 2.3 and
4.0, respectively.
Thus, available values for both Cm and Cs are based
on atmospheric cases. A goal of the present paper is to
provide values for these constants that are appropriate
for the upper-ocean boundary layer (Sects. 5.2 and 5.3).
Finally, McWilliams and Sullivan (2001) suggest that
nonlocal momentum ﬂuxes due to Langmuir cells be
included in the model by adding the shear of the Stokes
drift to cx . We will test that possibility in the present
analyses (Sect. 5.4).

tures the rapid attenuation in the upper meter of the
water column. For the present application, the shallowest point at which the ﬂux is needed is typically 1 m,
so the two-term expansion described above is suﬃcient.]
Because the measurements were not made at exactly the
same coordinates, we accounted for possible spatial
variations by averaging proﬁles from days 365, 366, and
367, with double weight given to day 366. The result was
r1 ¼ 0:316; r2 ¼ 0:419; l1 ¼ 27:2 m; l2 ¼ 2:93 m. By definition, Trð0Þ ¼ 1  a, where a is the albedo, here equal
to 0.055 (Fairall et al. 1996). The fact that r1 þ r2 <
1  a indicates that signiﬁcant radiation is absorbed
between the surface and the uppermost measurement,
located at z ¼ 0:5 m (Ohlmann and Siegel 2000). Thus,
we use Eq. (20) at all grid points except at the surface,
where Trð0Þ ¼ 0:945.

3.4 The radiative heat ﬂux
Heat balances in the upper ocean during COARE were
strongly inﬂuenced by the heat ﬂux due to the penetration of solar radiation to signiﬁcant depths beneath the
sea surface (Weller and Anderson 1996, Smyth et al.
1996b, Ohlmann et al. 1998). Here, we parameterize the
radiative heat ﬂux as
Qr ðz; tÞ ¼ Ed ðtÞTrðz; tÞ ;

ð19Þ

in which Ed is the downwelling radiation measured just
above the sea surface and Tr is the transmission function. Ed ðtÞ was measured locally (Fairall et al. 1996), and
the transmission function was measured aboard a
nearby vessel (Siegel et al. 1995, Ohlmann et al. 1998).
Measured proﬁles of Trðz; tÞ were ﬁtted to a two-term
exponential decay representation:
Tr ¼ r1 ez=l1 þ r2 ez=l2

ð20Þ

using a nonlinear least-squares method (Fig. 2). [A fourterm expansion model has recently been developed by
Ohlmann and Siegel (2000). This enhanced model cap-

Fig. 2 Solar radiation transmissivity as a function of depth. Dots
show daily averages from days 365, 366, and 367 as measured by
Siegel et al. (1995). The solid curve represents the approximation (20),
with parameter values as given in the text

4 Preliminary comparisons
The LES results for this period (Fig. 3b) are very
similar to those described in Skyllingstad et al. (1999),
although several minor upgrades have been made to
the model in the interim (see Sect. 3.1). Momentum
input from the wind is mixed through the upper ocean
with only weak inﬂuence from the Coriolis force. Because no attempt has been made to include tidal eﬀects
or large-scale gradients in the LES model, the complex
time dependence of the observed near-surface currents
is not evident (cf. Figs. 1b and 3b, ﬁrst and second
frames). However, the nocturnal upper ocean exhibits a
well-mixed velocity structure consistent with the observations. The modeled thermal evolution is quite
similar to observations, although there is slightly more
daytime heating and less night-time cooling. This discrepancy is consistent with the slight advective cooling
that emerged in the observational analyses of Smyth
et al. (1996b) and Feng et al. (1998). Thermal stratiﬁcation in the modeled nocturnal mixed layer is nearly
neutral, as shown by the nearly vertical isotherms in
frame 3 of Fig. 3b. Salinity (fourth frame of Fig. 3b)
increases over most of the analysis period due to
evaporation, though freshening due to rain is evident at
t ¼ 2 h and during the last few hours of the simulation.
Like the temperature ﬁeld, the nocturnal salinity ﬁeld is
well mixed near the surface, though it exhibits signiﬁcant stratiﬁcation between 50 and 60 m that is not
evident in the temperature.
Figure 3c and 3d shows results from two versions of
the KPP column model, initialized and forced in the
same manner as the LES. The model used to generate
Fig. 3c approximates turbulent ﬂuxes in accordance
with the original KPP rules of Large et al. (1994), while
Fig. 3d corresponds to a revised version of the KPP to
be described later in this paper. To motivate the latter,
we now compare the results of the original KPP model
(Fig. 3c) with the LES (Fig. 3b). Three important
diﬀerences are evident.
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Fig. 3a–d Model results. a Wind stresses, net surface heat ﬂux, and
net precipitation rate observed at 156 E; 1:75 S for the 24-h period
beginning on day 366 of 1992. b, c, d Time–depth sections of zonal
current, meridional current, temperature, and salinity. b LES; c
original KPP; d revised KPP

1. Most obviously, both velocity components exhibit
signiﬁcant gradients within the nocturnal mixed layer
in the KPP case, as do the temperature and the salinity. The temperature gradient in this regime is not
only nonzero but positive, opposite to the observed
gradient (cf. Figs. 3c and 1b, third frame).
2. Upper-ocean heating during the ﬁrst few hours of the
simulation is much more pronounced in the KPP case
than in the LES.
3. Near-surface shear is stronger in the KPP than in the
LES throughout the simulation period.
In Sect. 5, we will describe these discrepancies
quantitatively and seek to reduce them via revisions to
the KPP model. We will use the LES results as a standard against which to test and calibrate our revisions.
Our conﬁdence in the LES as the appropriate ‘‘ground
truth’’ for this exercise is based on several factors. First,
while the LES does not contain the entirety of upper
ocean physics, it contains that part which the KPP attempts to model, namely vertical ﬂuxes due to turbulence, and it represents the large turbulent eddies that
drive those ﬂuxes explicitly. This particular LES model

has been tested via comparison with microstructure
measurements, and has been found to reproduce the
observed statistics of turbulence extremely well within
well-established limits (Skyllingstad et al. 1999). Finally,
we can investigate the speciﬁc discrepancies between the
KPP and the LES listed above while also considering the
implications of the observational data for the veracity of
the LES results. Like the LES, the observations show no
sign of the strong gradients in U ; V ; T , and S developed
by the KPP in the interior of the nocturnal mixed layer
(Fig. 1b). Daytime heating is even weaker in the observations than in the LES, though this diﬀerence is exaggerated by advective cooling. Finally, the observations
show no evidence of the strong shears developed by the
KPP in the upper few meters, though this could also be
due to observational uncertainties. Although these
comparisons are not conclusive, the weight of evidence
suggests that the LES results provide a reasonable
standard against which to test the KPP model.

5 Modifications to the KPP
After considerable experimentation, we have identiﬁed
several modiﬁcations to the KPP that appear to be of
general utility. In this section, we describe these revisions
in roughly the chronological order in which they become
important in the present simulations. We begin with
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enhanced mixing due to Langmuir cells, which modulates near-surface warming during the ﬁrst 6 h of the
simulation period. We then describe the nonlocal ﬂuxes
of momentum and scalars, which determine vertical
gradients in the nocturnal mixed layer. Finally, we show
that unrealistically strong shears in the upper few meters
may be controlled by including shear due to the Stokes
drift in the momentum mixing term.
5.1 Ampliﬁcation of wind-driven mixing
by Langmuir cells
The moderate daytime warming in the LES is largely a
result of Langmuir cells, which distribute solar heat over
the upper few tens of meters. This eﬀect is missing from
the existing KPP model, with the result that upper ocean
temperatures (averaged over the uppermost 10 m) increased by 0.02  C more in the KPP than in the LES
(Fig. 4, solid curves). Attempts to produce suﬃcient
near-surface mixing in the KPP by varying the values of
existing parameters by reasonable amounts have not
been successful.
McWilliams and Sullivan (2001) suggest a parameterization in terms of Langmuir number (see Sect. 3.2),
which eﬀectively boosts the turbulent velocity scales wm
and ws by about a factor of 3 for the present case. This
leads to reduced daytime warming near the surface, in
qualitative agreement with LES (Fig. 4, asterisks).
However, the reduction in daytime warming is insuﬃcient to reproduce the LES results quantitatively, while
application of the parameterization during nocturnal
convection causes unrealistically rapid mixing throughout the mixed layer.
The Langmuir cell parameterization shown in Fig. 4
was calibrated for weakly stable conditions. Evidently,
the scheme mixes too weakly under strongly stable

Fig. 4 Temperature averaged over the upper 10 m. Dots Observations; thick curve LES; thin curve original KPP, asterisks KPP with
McWilliams and Sullivan (2001) parameterization of mixing due to
Langmuir cells (Cwo ¼ 0:08; l ¼ 0)

conditions (0 < t < 6 h) and too strongly under unstable
conditions. We therefore make the amplitude parameter
Cw a function of stability using Eq. (13). We now have
two free parameters, Cwo and l, to calibrate. McWilliams
and Sullivan results provide one data point, which we ﬁt
to Eq. (13) to infer the relation Cwo ¼ 0:08=0:726l . Figure 5 shows upper-ocean warming for two additional
choices of Cwo and l that obey this relation, and one that
does not (along with the original KPP and ‘‘target’’ LES
results).
The choice Cwo ¼ 0:15; l ¼ 2 (dashed curve on Fig. 5)
provides a much improved ﬁt to the LES, although it
mixes too weakly (i.e., allows too much heating in the
upper 10 m) throughout the simulation. More extreme
stability dependence is provided by the case Cwo ¼ 0:29;
l ¼ 4 (dots, Fig. 5). In this case, the Langmuir cell eﬀect
ceases abruptly as the surface ﬂuxes become stable. The
result is reduced near-surface mixing in the early evening. The ﬁnal case shown is Cwo ¼ 0:29; l ¼ 2 (circles,
Fig. 5), which provides the best overall ﬁt to our LES
results. However, this is the case that does not obey the
constraint Cwo ¼ 0:08=0:726l , i.e., it would not provide a
good ﬁt to the McWilliams and Sullivan results.
For the remaining analyses, we make the conservative
choice Cwo ¼ 0:15; l ¼ 2. This choice provides enough
extra mixing under stable conditions to greatly ameliorate the problem of excessive daytime heating, does not
lead to excessive mixing at night, and reproduces the
McWilliams and Sullivan (2001) result Cw ¼ 0:08 for the
appropriate values of u and w .
5.2 Nonlocal momentum ﬂux
The amplitude parameter Cm for the nonlocal
momentum ﬂux has been set to zero in previous versions of the KPP rules. Here, we assign a nonzero value

Fig. 5 Temperature averaged over the upper 10 m. Thick curve LES;
thin curve original KPP; dashed curve KPP with MS parameterization
of mixing due to Langmuir cells, but Cwo ¼ 0:15; l ¼ 2; dotted curve
Cwo ¼ 0:29; l ¼ 4. circles Cwo ¼ 0:29; l ¼ 2
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to that parameter in order to reduce the shear in the
nocturnal mixed layer from the large value seen in
Fig. 3c to a level more consistent with the LES and
observed values.
To make this comparison quantitative, we compute
the arithmetic mean of the zonal shear oU=oz in the
regime 40 m < z < 20 m; 11 h < t < 20 h, which
represents the interior of the nocturnal mixed layer. Also
of interest is the zonal acceleration over the same depth–
time range. These parameters are shown as functions
of Cm in Fig. 6. As anticipated, the mean shear decreases
as Cm increases from zero (Fig. 6a), and reaches zero
when Cm ¼ 5:2. The LES mean shear is best reproduced
using the value Cm ¼ 3:3. The optimal value of Brown
and Grant (1997), Cm ¼ 2:3, yields a mean shear part
way between the LES value and the observed value. For
the remaining analyses, we choose the intermediate
value Cm ¼ 3:0.
The acceleration is slightly greater than the LES value
(Fig. 6b), and does not vary signiﬁcantly with Cm . Also
shown in Fig. 6 are results for a new set of values for the
parameters Cs and Cv , whose derivation is described in
the next subsection. Note for now that these revised
values for Cs and Cv have a minimal eﬀect on the zonal
shear and acceleration in the nocturnal boundary layer,
and therefore do not aﬀect the optimal choice of Cm .
Figure 7 shows proﬁles of the vertical ﬂux of zonal
momentum in the nocturnal boundary layer. Flux
proﬁles are averaged over a 9-h period during which
mixed-layer depth was nearly stationary and vigorous
convective turbulence was driven by surface cooling. In

Fig. 6a, b Zonal shear and acceleration, averaged over 40 m <
z < 20 m; 11 h < t < 20 h, as functions of the nonlocal momentum
ﬂux amplitude parameter Cm . Thick curve Cs ¼ 10; Cv ¼ 1:5 (original
KPP values); thin curve Cs ¼ 5; Cv ¼ 1:0 (revised values discussed in
Section 5.3). a Shear. Horizontal lines: solid LES shear; dashed
observed shear; vertical lines indicate values derived by Brown and
Grant (1997) from atmospheric simulations: solid optimal value;
dashed maximum value. b Acceleration. Horizontal line LES
acceleration. (Observed acceleration is not shown because it is
dominated by tides)

the original KPP (Fig. 7b), the ﬂux is entirely local and
is slightly stronger than in the LES results (Fig. 7a). In
the revised KPP case, the net ﬂux is nearly identical to
that found in the original KPP, but that ﬂux is now
composed of local and nonlocal components whose
overall magnitude is comparable.
5.3 Nonlocal scalar ﬂuxes
The amplitude parameter Cs for the nonlocal scalar ﬂux
has been set to 10 in previous versions of the KPP rules,
based on the original estimates of Deardorﬀ (1972) and
the simulations of Mailhot and Benoit (1982). Calibrations by Therry and Lacarrere (1983) and Holtzag and
Moeng (1991) have suggested the smaller value Cs ¼ 5.
In this subsection, we show that using the smaller value
of Cs reduces the scalar gradients in the nocturnal mixed
layer to more realistic values. However, the reduction of
Cs necessitates compensating changes in other parameters.
Figure 8a shows the vertical temperature gradient
averaged over the nocturnal mixed layer as a function of
Cs . The LES value of the temperature gradient (horizontal line) is recovered when Cs is slightly greater than
4. Figure 8b shows bT , the heat ﬂux into the mixed layer
due to entrainment at the mixed layer base, scaled by the
surface heat ﬂux. All versions of the KPP give values of
bT more negative than the LES result, indicating that the
KPP develops a stronger entrainment ﬂux. Correspondingly, the cooling rate in the nocturnal mixed layer
(Fig. 8c) is slightly faster for the KPP cases than for the
LES. This discrepancy is exacerbated by the reduction of
Cs from its original value of 10.

Fig. 7a–c Vertical ﬂux of zonal momentum versus depth, averaged
over 11 h < t < 20 h. a LES. b Original KPP. c Revised KPP. Thick
solid curves total ﬂux; thin solid curves local ﬂux; thick dashed curves
nonlocal ﬂux; thin dashed lines zero ﬂux
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Fig. 8 a Vertical derivative of temperature, averaged over
40 m < z < 20 m; 11 h < t < 20 h, as a function of the nonlocal
scalar ﬂux amplitude parameter Cs , with Cm ¼ 3. b Ratio of the
minimum (negative) heat ﬂux in the entrainment zone to the (positive)
surface heat ﬂux, averaged over 11 h < t < 20 h. c Time derivative of
temperature, averaged over 40 m < z < 20 m; 11 h < t < 20 h.
Thick curves Ri0 ¼ 0:7; Cv ¼ 1:5 (original KPP values); thin curves
Rio ¼ 0:5; Cv ¼ 1:5; dashed curves Ri0 ¼ 0:7; Cv ¼ 1:0. Solid horizontal lines indicate the LES values

Our intent now is to identify other parameters whose
values may be altered in order to remove this undesirable increase in entrainment due to the reduction in the
nonlocal scalar ﬂuxes. We do not attempt to match
the LES results in this respect; our goal is only to recover
the smaller mismatch delivered by the original KPP
parameter values. After some experimentation, we have
found two reasonable candidate parameters. The ﬁrst is
Ri0 , the cutoﬀ value for the Richardson number in the
parameterization Eq. (8) of turbulence below the
boundary layer. The result of reducing Ri0 from its
original value of 0.7 to 0.5 is shown by the thin solid
curves in Fig. 8. The second possibility is to reduce the
value of Cv , eﬀectively reducing the turbulent velocity
parameter Vt that appears in the bulk Richardson
number used to determine boundary layer depth. The
results of reducing Cv from 1.5 to 1.0 are shown by the
dashed curves in Fig. 8. The values of Ri0 and Cv have
little eﬀect on the mean temperature gradients shown in
Fig. 8a. However, both of these changes compensate
eﬀectively for the reduction in the value of Cs , reducing
the rate of entrainment into the mixed layer to below the
value found in the original KPP (though the entrainment
rate remains higher than in the LES results).
Similar results are found via analysis of the salinity
ﬁeld (Fig. 9). Reduction of Cs from 10 reduces the vertical salinity gradient in the nocturnal mixed layer from
the unrealistically large value delivered by the original
KPP to a smaller value consistent with the LES results
(Fig. 9a). As with temperature, this change results in
increased entrainment at the mixed layer base, and thus
in a more rapid increase in mixed-layer salinity (Fig. 9b).

Fig. 9 a Vertical
derivative
of
salinity,
averaged
over
40 m < z < 20 m; 11 h < t < 20 h, as a function of the nonlocal
scalar ﬂux amplitude parameter Cs , with Cm ¼ 3. b Time derivative of
salinity, averaged over the same regime. Thick curves Ri0 ¼ 0:7;
Cv ¼ 1:5 (original KPP values); thin curves Ri0 ¼ 0:5; Cv ¼ 1:5;
dashed curves Ri0 ¼ 0:7; Cv ¼ 1:0. Horizontal lines indicate the LES
values

Setting Ri0 to 0.5 reduces salt entrainment nearly to the
rate delivered by the original KPP (the value of the
thick, solid curve at Cs ¼ 10), while reduction of Cv to
1.0 reduces entrainment to a rate consistent with the
LES results (horizontal solid line).
Results presented so far give no compelling reason to
choose between Ri0 and Cv as the parameter whose value
should be reduced to compensate for the reduced nonlocal scalar ﬂux. Reducing Ri0 acts to reduce mixing
rates below the boundary layer, whereas reducing Cv
tends to make the boundary layer slightly shallower.
Since the boundary layer generated by the KPP is already too deep (Fig. 7), we choose the second alternative. For the remainder of this discussion, we will set Cs
to 5.0 and Cv to 1.0, leaving Ri0 at its original value 0.7.
Our changes to the values of Cs and Cv raise the
possibility that the optimal value for Cm calculated in
Section 5.2 is no longer optimal. This turns out not to be
the case. Results shown in Fig. 6 change only slightly
when the revised values of Cs and Cv are employed (thin,
solid curves on Fig. 6), and the arguments for our choice
Cm ¼ 3 are unaﬀected.
5.4 Mixing of the Stokes drift velocity proﬁle
As noted in Section 4, the KPP tends to produce strong
near-surface shears relative to LES. In the LES, these
shears are prevented by strong, small-scale Langmuir
cells in the upper few meters. The corresponding mixing
can be achieved in the KPP by adding strong momentum
mixing near the surface. McWilliams and Sullivan (2001)
suggest that the eﬀective velocity gradient that controls
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the nonlocal momentum ﬂux be supplemented with the
shear of the Stokes drift current. The latter is given by
~
us ðzÞ ¼ Us elz e^

ð21Þ

where Us is the maximum Stokes drift velocity, determined by wave height and equal to 11.5 u in the present
LES. The unit vector ^e points in the direction of the
wind, and the vertical decay rate l is equal to 2p=k,
where k is the dominant wavelength of the surface wave
ﬁeld, here equal to 30 m.
Figure 10 shows the zonal and meridional velocity
components, averaged over the analysis period. Cases
shown include the LES along with the KPP with o~
us =oz
~ =oz in the parameterization (Eq. 7) of the
added to oU
vertical momentum ﬂux in various proportions (quantiﬁed by CSt ). The LES velocity proﬁles (thick curves on
Fig. 10) exhibit very little shear in the upper 10 m. In
contrast, the original KPP proﬁles (thin curves) are
strongly sheared. When revised to take account of ampliﬁed mixing due to Langmuir cells (Sect. 5.1), nonlocal
momentum ﬂuxes (Sect. 5.2), and reduced nonlocal
scalar ﬂuxes compensated by reduction of Cv (Sect. 5.3),
the KPP model exhibits strong shear only in the upper
5 m (dots on Fig. 10). When the shear of the Stokes drift
is added to the nonlocal momentum ﬂux as described
above, shear is reduced further, to the point of slight
overcompensation (plus signs on Fig. 10). The asterisks
on Fig. 10 show an intermediate case in which 70% of
the Stokes drift shear has been added to the nonlocal
ﬂux. This provides the best match to the LES velocity
proﬁle.
Complete ﬁelds delivered by this model are shown in
Fig. 3d. Vertical gradients of the velocity, temperature,
and salinity in the nocturnal mixed layer now correspond well with LES results (Fig. 3b), in contrast with

Fig. 10 Zonal (a) and meridional (b) velocity components in the
upper 30 m, averaged over the 24-h run. Thick, solid curve LES; thin,
solid curve original KPP; dots KPP with CSt ¼ 0; plus signs KPP with
CSt ¼ 1; asterisks KPP with CSt ¼ 0:7

the original KPP results (Fig. 3c). Solar heating during
the ﬁrst few hours of the simulation now agrees with the
LES results, and the anomalous current shears that the
original KPP developed in the upper 10 m have been
eﬀectively removed.

6 Conclusions
We have tested and revised the KPP model using observations and LES of the upper equatorial Paciﬁc
during a westerly windburst. Four revisions have been
made to the existing KPP:
1. The turbulent velocity scales have been ampliﬁed to
account for mixing by Langmuir cells using Eq. (12).
The eﬀect is reduced during unstable conditions using
Eq. (13), with Cwo ¼ 0:15 and l ¼ 2. These parameter
values were arrived at by requiring that daytime solar
heat input be mixed at a rate consistent with LES,
and are consistent with the parameterization suggested by McWilliams and Sullivan (2001).
2. A nonlocal momentum ﬂux was added in accordance
with Eq. (16). Stability dependence was provided
using Eq. (18), and the ﬂux was directed parallel to
the wind. The amplitude parameter Cm was set to 3.0
by requiring that the mean zonal shear in the nocturnal mixed layer match the LES value.
3. The amplitude parameter for the nonlocal scalar ﬂux
was reduced from its original value Cs ¼ 10 to Cs ¼ 5
in order to obtain realistic scalar gradients in the
nocturnal mixed layer. To compensate for excessive
entrainment at the base of the mixed layer due to this
change in Cs , we reduced the turbulent velocity parameter Cv to 1.0 from its original value 1.5.
4. Strong, near-surface shears appearing in the KPP
results were removed by adding 0.7 times the shear of
the Stokes drift current to the eﬀective shear governing the nonlocal momentum ﬂux.
The fourth change listed above is somewhat ad hoc;
there is no particular reason why the shear of the Stokes
drift should contribute to the momentum ﬂux in this
way. This artiﬁce merely provides enhanced mixing near
the surface with the correct properties to remove the
strong near-surface shear developed by the KPP as a
result of matching to a surface-layer similarity solution
(Large et al. 1994). Such matching is probably inappropriate in the ocean due to the presence of surface
waves. A more physical solution to this problem must
await further progress in the parameterization of
surface-wave eﬀects.
These changes led to much better agreement between
the KPP results and the corresponding LES. By generating realistically small gradients in the nocturnal mixed
layer, these changes will improve the representation of
lateral advection in large-scale models that use KPP to
model vertical mixing. Finally, increased mixing of solar
heat will improve predictions of sea-surface temperature,
a crucial factor in coupled models.
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Further development of the KPP rules will require
testing against a wider range of observational datasets.
Such tests must examine the generality of the nonlocal
ﬂux and Langmuir cell parameterizations used here. In
particular, further testing must address three issues
that have not been adequately resolved in the present
work:
The optimal choice of the direction vector e^ for the
nonlocal momentum ﬂux should be identiﬁable in
midlatitude regimes where surface currents are less
likely to be aligned with the wind.
Unwanted eﬀects of reducing the value of the nonlocal scalar ﬂux parameter Cs from 10 to 5 may be
removed by reducing either Cv and Ri0 (or some
combination of the two). Detailed examination of
mixing around the base of the boundary layer will
allow us to make that choice with more conﬁdence.
Accounting for ﬂuxes due to breaking surface waves
remains a central goal in modeling upper-ocean turbulence.
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