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Abstract 1 Introduction

The K-profile parameterization of upper ocean mixing & central goal of ocean turbulence research is the devel-
tested and extended using observations and large egfhent of efficient, accurate parameterizations of vertical
simulations of upper ocean response to a westerly wingiing for use in large-scale models. Currently popular
burst. A nonlocal momentum flux term is added, and the,oaches include the Mellor-Yamada hierarchy of mod-
amplitude of the nonlocal scalar flux is recalibrated. Pgrg (e.g. Mellor and Yamada, 1982; Kantha and Clayson,
rameterizations of Stokes drift effects are added foIIowirl@94), thek — e model (e.g. Burchard et al., 1998) and the
recent work by McWilliams and Sullivan (2001). Thesgqniocal K-profile parameterization (KPP), introduced by
ph_anges _allow the parameterization to prc_)duce both rq_aé—rge et al. (1994; hereafter LMD). Every mixing pa-
istic gradients of momentum and scalars in the nocturpglneterization represents a compromise between accu-
boundary layer and enhanced mixing during stable confliz, and efficiency. Of the currently popular models, the
tions. The revised parameterization is expected {0 P§gpp js the most efficient; it forsakes theoretical develop-
duce improved represen'Fatmns of lateral advection apnt aimost entirely in favor of simple, empirical repre-
sea-surface temperature in large-scale models. sentations of specific processes. The result is a scheme
Key Words: ocean modeling, turbulence, mixed layghat involves no evolution equations and is therefore ex-
K-profile parameterization, KPP. tremely cheap in terms of computer cycles and memory.
In contrast, more accurate schemes such ak-titanodel
require storage and and transport operations for two tur-
bulence 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 signifi-
cant refinement (e.g. Large and Gent 1999; McWilliams
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and Sullivan 2001, hereafter MS), both in terms of addingpper ocean boundary layer (OBL) to bring meteorologi-
new processes to the model and refining the empiricall experience to bear on the ocean problem, and thereby
constants that quantify those processes. Here, we fumvided for the inclusion of nonlocal fluxes in the KPP.
ther this effort via comparisons with both observationst present, this effort is far from complete. While use-
and large eddy simulations (LES) of upper ocean stridal mathematical representations for nonlocal fluxes have
ture during a westerly windburst in the equatorial Pacifieen developed, sensitivity experiments are needed to es-
Ocean. Of particular interest to us are “nonlocal” vertictblish proper values for the adjustable parameters. Even
property fluxes and Stokes drift effects. in the atmospheric context there have been few such stud-
Nonlocal fluxes are driven by eddies on scales comp@s, and the possibility that different parameter values may
rable to or larger than the vertical scale over which thg needed for the ocean case has not been addressed at all.
background shear and stratification change. In the nocturHere, we describe a study of turbulent fluxes in the up-
nal boundary layer, for example, net surface cooling gewer equatorial ocean during a westerly windburst. This
erates a mean density gradient which is unstable nearith@ suitable regime for the quantification of nonlocal
surface, nearly zero within the mixed layer, and strongisansports as it involves both vigorous convection and
stable in the entrainment zone at the base of the mixsebng surface fluxes of heat, salt and momentum. We
layer. Convective plumes carry property fluxes that deake advantage of the extensive and detailed observational
pend on the net buoyancy change across the mixed layetabase that resulted from TOGA-COARE (Webster and
and therefore have little relationship to the local gradiebtikas, 1992; Moum and Caldwell, 1994; Smyth et al.,
at any particular depth. Such fluxes can be strong everl@06a,b). Skyllingstad et al. (1999) described large-eddy
the mixed layer interior, where the background gradiersinulations (LES) of upper ocean mixing over a 24-hour
are near zero. Parameterization of these fluxes using leeiod during a windburst using a model initialized with
standard gradient-diffusion formalism is clearly inappr@bserved mean profiles and driven by observed surface
priate. fluxes. Statistical comparisons quantified the relation-
Improper representation of nonlocal fluxes promotsegip between turbulent fluxes developed in the LES model
excessively strong vertical gradients within the mixeahd those inferred fronm situ microstructure measure-
layer, as we will show. This consequence is not the worsents. These comparisons establish the accuracy (and
that could be envisioned, as it allows the net propetignits thereto) of the LES description of upper ocean tur-
fluxes across the boundary layer to be represented witHence, which is much more comprehensive than the
reasonable accuracy. Nevertheless, the deficiency is piew that the observations afford. Modeled turbulence
tentially serious. For example, excessive shear in thi@tistics were shown to compare closely with observa-
mixed layer leads to unrealistic lateral advection in a lar¢jens in the mixed layer interior. Model performance
scale model. Unrealistic values for surface currents caas poorer in the stratified region below the mixed layer,
lead to major errors in regions with strong fronts, sushherein the energy containing scales of the turbulence
as coastal boundaries and near western boundary curreatgract to values smaller than the model’s spatial reso-
(e.g. the Gulf Stream), and any region of the ocean withtion.
strong wind-driven circulations (e.g. coastal upwelling). Our plan here is to test the performance of the KPP
Increased mixing of momentum by nonlocal fluxes cafiodel in this oceanic regime and suggest appropriate re-
also alter the entrainment rate at the mixed layer bafigements. For this purpose, the KPP is incorporated into
thereby changing the bulk characteristics of the uppgrone-dimensional model of the upper ocean, which is
ocean. then initialized and forced using observations in the same
The meteorological community has studied nonlocalanner as is the LES. Besides testing the KPP as a model
fluxes in the atmospheric boundary layer (ABL) exterfier mixing in the windburst regime, we will derive values
sively (e.g. Deardorff, 1972; Mailhot and Benoit, 1984pr the adjustable parameters needed to describe nonlo-
Therry and Lacarrere, 1983; Troen and Mahrt, 1986al fluxes of heat, salt and momentum in the upper ocean.
Holtzag and Moeng, 1991; Frech and Mahrt, 1995; Brown addition, we investigate two modifications to the KPP
and Grant, 1997), and has developed useful formalismedel that account for the effects of the Stokes drift, fol-
for their incorporation into atmospheric models. LMDowing suggestions of MS. First, the turbulent velocity
took advantage of the similarity between the ABL and tiseale is enhanced during stable conditions to account for
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fluxes due to Langmuir cells. Second, the nonlocal mo-Note that, despite complex time dependence, the ve-
mentum flux is supplemented by a term describing mixitgcity and salinity fields (shown in the first, second and
of the Stokes drift velocity gradient. fourth frames of figure 1b) are dominated by nearly verti-
We begin in section 2 with a discussion of our methogal isolines in the upper 60m, suggesting that these fields
ology. The LES methods and observational measuege generally well mixed in this near-surface regime. The
ments are reviewed briefly, as is the overall structure tefmperature field (third frame of figure 1b) exhibits sta-
the KPP. Greater attention is given to methods for tle stratification during the first few hours of the observa-
parameterization of nonlocal fluxes and to the inclusidion (the daytime portion), consistent with solar heating.
of penetrating solar radiation. Preliminary comparisofi¥nce the evening deepening of the mixed layer is com-
among observations, LES results, and results from thlete, the temperature stratification in the upper 60m is
column model are described in section 4. This compaeversed, with the highest temperatures occurring around
isons guide the more detailed analyses discussed |188r60m depth and colder water evident at the surface, as
Section 5 describes the essential results of the papetypical in strongly convective conditions (e.g. Anis and
modifications to the KPP that account for Stokes drift efdoum, 1992).
fects as well as revisions to the nonlocal flux parameteri-
zations. Our main conclusions are summarized in section

6. 3 Models

2 Observations 3.1 The LES model

o ) Our large-eddy modeling methods are described in de-

The R/V Moana Wave maintained station & in Skyllingstad et al. (1999) and Skyllingstad et al.
1°45'S,156°0'E" from December 20th, 1992 to Jan(2000) and thus will only be summarized here. The com-
uary 12th, 1993. Onboard meteorological measuremepggational domain is a 96m deep layer adjacent to the
were processed using the TOGA COARE bulk flugcean surface, with lateral size 384m x 384m. The do-
algorithm (Fairall et al., 1996) to yield surface fluxesnain is periodic in both lateral directions. A radiation
Currents were measured using the shipboard Acous§igundary condition is applied at the model bottom, and
Doppler Current Profiler in combination with datayrface fluxes provide the upper boundary conditions.
from a nearby mooring (Weller and Anderson, 1996%rface wave effects are incorporated using the Stokes
Temperature,.conductivity, and shear microstructure We&tex force, with wave parameters based on observa-
measured using the Chameleon microstructure profijgyns. Subgrid scale (SGS) fluxes are parameterized us-
(Moum et al., 1995). ing the filtered structure function method of Ducros et al.

The 24-hour period selected for analysis began at 00Q®96). Spatial derivatives are discretized using second-
UTC on December 31st, 1992. This period began in loGger finite differences in flux form on a staggered C-grid,
midafternoon. Cloud cover was minimal, and winds weigith spacing 1.5 m in all three coordinates. Time step-
strong and steady from the west (figure 1a). A squall gihg is via the third-order Adams-Bashforth method. As
t =2 hours interrupted the surface warming. The evenifig Skyllingstad et al. (1999), the simulation was initial-
reversal of the surface heat flux led to convective COliFed using measured prof"es of Ve|ocity, temperature and
ditions in the upper ocean and a rapid deepening of &linity, and forced subsequently by the observed surface
mixed layer (figure 1b). Upper ocean current structufigixes described above. Simulations described here were
was dominated by the wave response to the windbusgformed on a 32 processor IBM SP-3.
and by the semidiurnal tide (Smyth et al., 1996a). Ther-
mal evolution during this period was controlled mainly
by the local surface heat flux, while salinity increased 8.2 The column model
response to advection (Smyth et al., 1996b; Feng et al.,
1998). The morning reversal of the heat flux was delay@tie column model employed here solves the following
by a second rain squall. Rain effects during this peri@djuations for the zonal velocity/(z,¢), the meridional
are described more fully in Smyth et al. (1997). velocity V' (z,t), the temperatur&'(z, ¢) and the salinity
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Figure 1: COARE observations. (a) Wind stresses, net surface heat flux and net precipitation rate observed at 156E, -1.75S for
the 24-hour period beginning on day 366 of 1992. (b) Time-depth sections of zonal current, meridional current, temperature and
salinity.

S(z,1): The vertical discretization is staggered, with fluxes be-
ou —2W+ V- ) ing computed at a set of equally-spaced depths that in-
ot 0z ’ clude the upper and lower boundaries, and all prognos-
v 09— . tic variables defined on the intermediate points. Vertical
VY L U; @) derivatives are represented as second-order centered dif-

o/ — 1 0Q, ferences. The Ilocallc.omporjents of the fluxes (see below)

o o Y T o0 o () are advanced implicitly using the second-order Crank-

poCp 0z . . -

Nicolson scheme, as is the radiative heat flux. The nonlo-

@ — _QW; (4) calfluxes, as well as the Coriolis terms, are advanced ex-

ot 0z _ ] _plicitly using the second-order Adams-Bashforth method.

wherez and¢ represent the vertical coordinate and time, The parameterization for the turbulent fluxes that ap-
respectively, f is the Coriolis parameter an@.(z,t) pear in (1-4) has been described in detail by LMD. Here,
is a specified function representing the radiative h&gt symmarize the features that are most pertinent to the
flux. ~The mean density is approximated By = present experiments and describe the addition of the non-
1030kgm™—?, and the specific heat capacity of water ig,ca| momentum fluxes and Stokes drift effects. The pa-

Cp = 4000Jkg~*K~". The fluxesz'w’(z,t) (where rameterization requires separating the water column into

x stands for any ofi, v, T and S and primes representyq regions, the boundary layer and the underlying ther-

turbulent fluctuations) are determined using the nonlgyycjine, which are separated by the surface —h(t).

cal K-profile parameterization described below. Initigfq boundary layer depfi(t) is defined as the shallowest

conditions are provided by specified functiobi§z, 0), depth at which the bulk Richardson numb&, (, t), ex-

V(z,0), T(z,0) and 5(z, 0). Time-dependent values ofzeeqs a specified critical valu#i.. The bulk Richardson
the surface fluxes’w’(0, t) are specified, while all fluxes ,,mper is defined by

are assumed to vanish at the lower domain boundary:

2'w’(—D,t) = 0. In the present application, the initial Riy, = le—_QB (251 — 2) (5)
profiles and the fluxes at the upper boundary are provided ‘(jsl _ (j’ + V2

by observational data and are identical to those used in the

LES (section 3.1). The buoyancyB(z,t) is given by —gp(z,t)/p,, where
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g = 9.8lms~? is the gravitational acceleration and Within the boundary layetz > —h), the diffusivity
p(z,t) is the density (obtained as a function®Bfand S K, is parameterized by

using a standard equation of state for seawate¥:, ¢)

is the horizontal velocity vectd(l/, V). The subscrips! Ko (2,1) = h(wa (2, )G (2, 1), ©)
indicates values averaged over the surface layer, whichis ) ) )

taken to be the upper one-tenth of the boundary layer, i&Whichw; is a turbulent velocity scale ard, is a shape
—0.1h < z < 0. In practice, the surface layer depth jfunction. The velocity scales are given by

computed using an initial guess/atusually obtained as
the value at the previous time step. The computation may wy(z,t) = Kty (1) ,
be iterated if the time step is too large to resolve fluctu- 2(2,1)
ations in boundary layer depth accurately. In the present

application, iteration is not requiredl; is a turbulent ve- wherex = 0.4 is the von Karman constant and is the
bp ' q ‘ surface friction velocity. The structure functign is de-

locity magnitude described in detail in LMD (their equa: :
tion 23). We will not repeat LMD's description except %lned as a function of the scaled degtk= z/L, whereL

5 . is the Monin-Obukhov length scale (see LMD equations
note thatV,” is proportional to a constant paramedey, : o )
; . B1 and B2 for details). Continuity of fluxes requires that
whose value will be of interest to us here.

Each of the fluxes7w’ that appear in (1-4) is eXpressegear-sun‘ace gradients obey the similarity scaling

as a local and a nonlocal pavtz oxX _Wo 2 (C)

(10)

(11)

r'w' =x'w'p + 2wy, (6) EZEE

The local component is given by the usual gradient pgherez’w’, is the surface flux of: (positive upwards).

rameterization In unstable conditions; is restricted so that it cannot ex-
__ ox ceed its value at the base of the surface layer. The shape
rwrL = Kx@a (") functionG, is a cubic polynomial i whose four coeffi-

. . cients are determined by four matching conditions: at the
where K, (z,t) is the turbulent diffusivity andX (z,¢) surfaceG, = 0 anddG, /¢ = 1, and atz = —h both
_represents any ar, v, T gndS. Pargmetenza’qon oK, the diffusivity K, and its first derivative must be continu-
is discussed in the remainder of this subsection; nonloggls yith the values determined below the boundary layer
fluxes are discussed in detail in subsection 3.3. by the Richardson number parameterization.

. Below the boundary ]aye(rz < —h),.fluxes aré €N~ M3 have suggested that extra mixing due to Langmuir
tlre!y local and are defmgd using a simple par"’,‘mete&'rculations be accounted for by multipying the turbulent
zation based on the gradient Richardson number= velocity scalew, by a factor(1 + C,,/La*)!/?, where
52 /15217, viz: La is the Langmuir number, given bya = (u../Us)/?,
_ and U, is the Stokes drift velocity. This adjustment of
1 Ri <0 the KPP model results in turbulent velocities proportional
Ky =v,+v°q (1 - Ri®/Rig)* 0 < Ri<Rig. (8) toU, in the regime of smallLa, a known property of
0 Ri > Rig Langmuir turbulence. The consta@t, was given the
] ] S _ value 0.08 on the basis of fits to large eddy simulations
The first term approximates diffusivity due to interngls quasi-stationary, weakly convecting Langmuir turbu-
wave breaking, and takes the constant valygs= 1.0 X |gnce. MS also suggested that this parameterization may
10~*m?s " for momentum and’ = 1.0 x 10~°m®s™ " require modification in regimes of either strong convec-
for scalars. The second term parameterizes diffusivity dg, or strong wind forcing, both of which occur here.
to shear instability in regions of low:. The constant? Accordingly, we multiplyC,, by an additional factor that
has the valu® x 10~*m?s~". The cutoff value for the gnpances the effect of Langmuir cells in stable (wind-

gradient Richardson numbét;, was set to 0.7 by LMD. 4 rced) conditions and reduces it in convective conditions:
Large and Gent (1999) suggested tRag be increased to

0.8. However, results presented here motivate retention of ; Ky (%) Ch (s, wy) 11/2

the smaller value. wa(z,1) = (ot {1+ T (12)



Ocean Dynamic52(3) p. 104-115. PREPRINT

in which comparisons with LES. In constructing the original KPP,
5 . LMD used Deardorff's estimate; = 10. Results de-
_ Us ibed later in this paper suggest that the smaller value is
uf + 0.6w? preferable.

. . . ' . A similar parameterization can be devised for the non-
w. i the convective velocity scale (defined fOIIOWIr]Qf’ocal momentum flux. Following the atmospheric model-
LMD asw? = kByh, whereBy is the surface bouyancy:. )

flux), andC’,,, and! are constants to be determined. ing work of Br(_)wn and Grant (1997) and Frech and Mahrt
(1995), we write

3.3 Nonlocal fluxes in the KPP P - ,

The nonlocal flux of the property is the flux due to ed-
dies comparable in size to the scale on which the badkie constan€,,, corresponds tc,,, in Brown and Grant
ground gradiend X /0z varies. Nonlocal fluxes may be(1997) and Frech and Mahrt (1995), and is scaled as
written in terms of local variables by making various ag=", x(c,,€)'/? analogously with the scalar case. The
proximations to the flux budget (e.g. Deardorff, 1972actor A(u.,w.) represents enhancement of the nonlocal
Therry and Lacarrere, 1983; Holtzag and Moeng, 1991lux in strongly unstable conditions. The unit vectale-

In low-order closure models, however, those fluxes mdstes the lateral direction of the flux.

be parameterized in terms of resolved variables. Typi-Frech and Mahrt (1995) suggested that the stability
cally, the parameterization is contained within an effetunction A(u.,, w,) take the form

tive “gradient”,—v, (z, t), that is added to the background
gradient, i.e. Ay, wy) = 14wy /u, (17)

TN = Kaa. (14) In more recent atmospheric simulations, Brown and Grant
LMD deferred the implementation of nonlocal momen4997) have shown that this form exaggerates the nonlocal
tum fluxes due to lack of observational data for calibrélux in neutral stratification, and suggested the alternative
tion, and instead concentrated on parameterizing nonform
cal scalar fluxes via the effective gradient They sety, Ay, wy) = 2.7w3 /(u2 4 0.6w3). (18)
to zero in stable conditions, but for convective conditio

ns . : . .
L N our simulations of turbulence in the equatorial ocean,
used the definition

the expressions (17) and (18) fdrare nearly proportional
s'wo(t) 15 throughout the night (the second exceeds the first by a

Sm’ (15)  factor that varies between 1.22 and 1.25). However,

as defined by (18) vanishes during the day, a desirable
wheres represents any scalar concentratighy’, is the property. We therefore adopt (18) as the stability function
surface flux ofs andw; is the turbulent velocity scalein the present work.
for scalars. The constant, is written asC s (cgre)'/3, There is also uncertainty over the best representation
in which ¢, is an additional constant that appears in the# the direction vectorg. Frech and Mahrt (1995) de-
structure function for convective conditions; = (as — fined é as the direction of the mean vertical shear of
cs¢)~1/3. O is regarded as a universal constant. Thike horizontal current between the middle of the sur-
constante represents the depth of the surface layer adame layer and the base of the boundary layer, ée=
fraction of the boundary layer depth, here equal to 0.1. (lﬁ’sl — ﬁh)/|ﬁsl — ﬁh|. An alternative recommended by
the original analyses of Deardorff (e.g. Deardorff, 1972rown and Grant (1997) is to havecorrespond to the
the constantC'} was expected to be of order 10. Maildirection of the wind. In the present equatorial regime,
hot and Benoit (1982) adopted this value for their atmthie Coriolis force is weak, so that the surface current re-
spheric simulations and obtained acceptable results. wains nearly aligned with the wind. As a result, these two
explicit attempt to determine the best value & was directions differ very little (by ten degrees or less during
carried out by Therry and Lacarrere (1983), who obtaindte night, when the nonlocal fluxes are active). For the
optimal results using the valug? = 5. The same result present simulations, we retain the Frech & Mahrt defini-
was found by Holtzag and Moeng (1991) on the basis tidn.

vs(z,t) = C
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A value must be chosen for the amplitude paramet
Cy, or, equivalently, forC}:,. Due to the lack of available o
data, LMD seC?, to zero. In comparisons of atmospheri
boundary layer simulations with observations, Brown ar
Grant (1997) concluded that values@f, up to 1.4 give
reasonable results, while the preferred value is 0.8. In ¢
notation,C,,, = 0.8 and 1.4 correspond 16}, = 2.3 and
4.0, respectively.

Thus, available values for botti’, andC; are based
on atmospheric cases. A goal of the present paper is
provide values for these constants that are appropriate ’g
the upper ocean boundary layer (sections 5.2 and 5.3). g
nally, MS suggest that nonlocal momentum fluxes due
Langmuir cells be included in the model by adding th
shear of the Stokes drift tg,. We will test that possibil-
ity in the present analyses (section 5.4).

_40 L i

_60 L i

_80 ]
3.4 The radiative heat flux
Heat balances in the upper ocean during COARE we
strongly influenced by the heat flux due to the penetr .
tion of solar radiation to significant depths beneath the < _1000 05 1
surface (Weller and Anderson, 1996; Smyth et al., 199¢ :
Ohlmann et al., 1998). Here, we parameterize the rad Tr
tive heat flux as

Qr(2,t) = E4(t)Tr(z, 1), (19) Figure 2:Solar radiation transmissivity as a function of depth.

Dots show daily averages from days 365, 366 and 367 as mea-

in which E; is the downwelling radiation measured justured by Siegel et al. (1995). The solid curve represents the

above the sea surface afd is the transmission function,@PProximation (20), with parameter values as given in the text.

E,4(t) was measured locally (Fairall et al., 1996), and the

transmission function was measured aboard a nearby ves-

sel (_Slegel et al., 1995; thmann et al., 1998). Measyreld: 0.316:7y = 0.419: 1, = 27.2m: g = 2.93m.

profiles of T'r(z, t) were fitted to a two-term exponennag definition. Tr(0) — 1 — h is the albed

decay representation: y definition, Tr(0) = — a, wherea is the albedo,
here equal to 0.055 (Fairall et al., 1996). The fact that

Tr = rie?/M 4 pye/h2 (20) " + ry < 1 — aindicates that significant radiation is ab-

sorbed between the surface and the uppermost measure-

using a nonlinear least-squares method (figure 2). [Aent, located at = —0.5m (Ohlmann and Siegel, 2000).

four-term expansion model has recently been developEHs, we use (20) at all grid points except at the surface,

by Ohlmann and Siegel (2000). This enhanced modgnereZ’r(0) = 0.945.

captures the rapid attenuation in the upper meter of the

water column. For the present application, the shallowest L. .

point at which the flux is needed is typically 1m, so thd Prellmlnary comparisons

two-term expansion described above is sufficient.] Be-

cause the measurements were not made at exactly The LES results for this period (figure 3b) are very similar

same coordinates, we accounted for possible spatial vésithose described in Skyllingstad et al. (1999), although

ations by averaging profiles from days 365, 366 and 3&&veral minor upgrades have been made to the model in

with double weight given to day 366. The result wathe interim (see section 3.1). Momentum input from the
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wind is mixed through the upper ocean with only wealkehich to test and calibrate our revisions. Our confidence
influence from the Coriolis force. Because no attemistthe LES as the appropriate “ground truth” for this exer-
has been made to include tidal effects or large-scale geese is based on several factors. First, while the LES does
dients in the LES model, the complex time dependencet contain the entirety of upper ocean physics, it contains
of the observed near-surface currents is not evident (caimat part which the KPP attempts to model, namely verti-
pare figures 1b and 3b, first and second frames). Howew, fluxes due to turbulence, and it represents the large
the nocturnal upper ocean exhibits a well-mixed velotirbulent eddies that drive those fluxes explicitly. This
ity structure consistent with the observations. The moparticular LES model has been tested via comparison with
eled thermal evolution is quite similar to observationmicrostructure measurements, and has been found to re
although there is slightly more daytime heating and lepsoduce the observed statistics of turbulence extremely
night-time cooling. This discrepancy is consistent witivell within well-established limits (Skyllingstad et al.,
the slight advective cooling that emerged in the obsen#899). Finally, we can investigate the specific discrep-
tional analyses of Smyth et al. (1996b) and Feng et ahcies between the KPP and the LES listed above while
(1998). Thermal stratification in the modeled nocturnalso considering the implications of the observational data
mixed layer is nearly neutral, as shown by the nearly vdor the veracity of the LES results. Like the LES, the ob-
tical isotherms in frame 3 of figure 3b. Salinity (fourttservations show no sign of the strong gradients W, T’
frame of figure 3b) increases over most of the analysiad S developed by the KPP in the interior of the noc-
period due to evaporation, though freshening due to raimnal mixed layer (figure 1b). Daytime heating is even
is evident att = 2hrs and during the last few hours ofveaker in the observations than in the LES, though this
the simulation. Like the temperature field, the nocturndifference is exaggerated by advective cooling. Finally,
salinity field is well-mixed near the surface, though it exhe observations show no evidence of the strong shears
hibits significant stratification between 50 and 60m thatdeveloped by the KPP in the upper few meters, though
not evident in the temperature. this could also be due to observational uncertainties. Al-
Figures 3c and 3d show results from two versions tligough these comparisons are not conclusive, the weight
KPP column model, initialized and forced in the sam& evidence suggests that the LES results provide a rea-
manner as the LES. The model used to generate figaomable standard against which to test the KPP model.
3c approximates turbulent fluxes in accordance with the
original KPP rules of LMD, while figure 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 (figure 3c) with the LES (figure
3b). Three important differences are evident.

1. Most obviously, both velocity components exhib? Modifications to the KPP

significant gradients within the nocturnal mixed

layer in the KPP case, as do the temperature and the . ' ' . -~
salinity. The temperature gradient in this regime fter considerable experimentation, we have identified
not only nonzero but positive, opposite to the otseveral modifications to the KPP that appear to be of gen-

served gradient (Cf figures 3c and 1b, third frame).eral Ut|||ty In this Section, we describe these revisions
in roughly the chronological order in which they become

2. Upper ocean heating during the first few hours ghportant in the present simulations. We begin with en-
the simulation is much more pronounced in the KRfanced mixing due to Langmuir cells, which modulates
case than in the LES. near-surface warming during the first six hours of the sim-

H]Igtlon period. We then describe the nonlocal fluxes of
momentum and scalars, which determine vertical gradi-

ents in the nocturnal mixed layer. Finally, we show that
In section 5, we will describe these discrepancies quamrealistically strong shears in the upper few meters may

titatively and seek to reduce them via revisions to the K controlled by including shear due to the Stokes drift in
model. We will use the LES results as a standard agaiti® momentum mixing term.

3. Near surface shear is stronger in the KPP than in
LES throughout the simulation period.
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Figure 3:Model results. (a) Wind stresses, net surface heat flux and net precipitation rate observed at 156E, -1.75S for the 24-hour
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.

5.1 Amplification of wind-driven mixing by bulent velocity scaless,, andw, by about a factor of
Langmuir cells three for the present case. This leads to reduced daytime
warming near the surface, in qualitative agreement with
The moderate daytime warming in the LES is largely a regS (figure 4, asterisks). However, the reduction in day-
sult of Langmuir cells, which distribute solar heat over thitme warming is insufficient to reproduce the LES results
upper few tens of meters. This effect is missing from thgiantitatively, while application of the parameterization
existing KPP model, with the result that upper ocean tewdring nocturnal convection causes unrealistically rapid
peratures (averaged over the uppermost 10m) increassixing throughout the mixed layer.
by 0.02C more in the KPP than in the LES (figure 4, The Langmuir cell parameterization shown in figure 4
solid curves). Attempts to produce sufficient near-surfag@és calibrated for weakly stable conditions. Evidently,
mixing in the KPP by varying the values of existing pathe scheme mixes too weakly in strongly stable conditions
rameters by reasonable amounts have not been succesgfuk ¢ < 6hrs.) and too strongly in the unstable condi-
MS suggest a parameterization in terms of Langmuions. We therefore make the amplitude paraméigra
number (see section 3.2), which effectively boosts the tfunction of stability using (13). We now have two free pa-
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Figure 4:Temperature averaged over the upper 10m. Dots: @byure 5: Temperature averaged over the upper 10m. Thick

servations. Thick curve: LES. Thin curve: original KPP. Astegyrve: LES. Thin curve: original KPP. Dashed curve: KPP

isks: KPP with MS parameterization of mixing due to Langmuifith MS parameterization of mixing due to Langmuir cells, but

cells Cwo = 0.08,1 = 0). Cuwo = 0.15,1 = 2. Dotted curveCy, = 0.29,1 = 4. Circles:
Cwo = 0.29,1 = 2.

rameters(',, andl, to calibrate. The MS results provide
one data point, which we fit to (13) to infer the relatiod, 2 Nonlocal momentum flux
Cwo = 0.08/0.726!. Figure 5 shows upper ocean warm-
ing for two additional choices af',,, and! that obey this The amplitude parametét’, for the nonlocal momentum
relation, and one that does not (along with the originfilix has been set to zero in previous versions of the KPP
KPP and “target” LES results). rules. Here, we assign a nonzero value to that parameter
The choiceC,,, = 0.15,1 = 2 (dashed curve on figurein order to reduce the shear in the nocturnal mixed layer
5) provides a much improved fit to the LES, although ftom the large value seen in figure 3c to a level more con-
mixes too weakly (i.e. allows too much heating in the ugistent with the LES and observed values.
per 10m) throughout the simulation. More extreme stabil- To make this comparison quantitative, we compute the
ity dependence is provided by the ca@$g, = 0.29,1 = 4 arithmetic mean of the zonal sheal//Jz in the regime
(dots). In this case, the Langmuir cell effect cease#0m< z < -20m; 11hrs< ¢ < 20hrs, which represents
abruptly as the surface fluxes become stable. The res$ié interior of the nocturnal mixed layer. Also of interest
is reduced near-surface mixing in the early evening. Ttethe zonal acceleration over the same depth-time range.
final case shown i€, = 0.29,1 = 2 (circles), which These parameters are shown as function€’ffin fig-
provides the best overall fit to our LES results. Howire 6. As anticipated, the mean shear decreasés’as
ever, this is the case that does not obey the constraimireases from zero (figure 6a), and reaches zero when
Cuwo = 0.08/0.726', i.e. it would not provide a good fit C, = 5.2. The LES mean shear is best reproduced us-
to the MS results. ing the valueC;, = 3.3. The optimal value of Brown
For the remaining analyses, we make the conservatived Grant (1997)C* = 2.3, yields a mean shear part-
choiceC,, = 0.15,1 = 2. This choice provides enoughway between the LES value and the observed value. For
extra mixing in stable conditions to greatly ameliorate thBe remaining analyses, we choose the intermediate value
problem of excessive daytime heating, does not leadg, = 3.0
excessive mixing at night, and reproduces the MS resulfThe acceleration is slightly greater than the LES value
C. = 0.08 for the appropriate values af, andw.. (figure 6b), and does not vary significantly wilj,. Also

10
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Figure 6: Zonal shear and acceleration, averaged over -40m
< z < -20m; 11hrs< ¢ < 20hrs, as functions of the nonloca

momentum flux amplitude paramete,. Thick curve:C: — lFlgure 7: Vertical flux of zonal momentum versus depth, av-

10, C, = 1.5 (original KPP values). Thin curve” = 5, C = eraged over 11hrs ¢t < 20hrs. (a) LES. (b) Original KPP. (c)

1.0 (revised values to be discussed in section 5.3). (a) Sh (?ylsed KPP Thick solid cur\{es: total qux;.thl.n solid curyes:'
Horizontal lines: solid = LES shear, dashed = observed sh g?al flux; thick dashed curves: nonlocal flux; thin dashed lines:

Vertical lines indicate values derived by Brown and Grant (199?5”0 flux.

from atmospheric simulations: solid = optimal value, dashed

= maximum value. (b) Acceleration. Horizontal line = LES

acceleration. (Observed acceleration is not shown becausegig Nonlocal scalar fluxes

dominated by tides.) )
The amplitude parametér’ 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

N the simulations of Mailhot and Benoit (1982). Calibra-
shown in figure 6 are results for a new set of values f|(r)ns by Therry and Lacarrere (1983) and Holtzag and
the parameter€’; andC,,, whose derivation is describe Y Y 9

in the next subsection. Note for now that these revis é)eng (1991) have suggested the smaller valfe= 5.

) o Fn this subsection, we show that using the smaller value
values forC* andC,, have a minimal effect on the zona N . . )
y orl;gjs reduces the scalar gradients in the nocturnal mixed

shear and acceleration in the nocturnal boundary Iayerz?a er to more realistic values. However, the reduction of
therefore do not affect the optimal choice®f,. X . . o

C' necessitates compensating changes in other parame-

Figure 7 shows profiles of the vertical flux of zonal mders.

mentum in the nocturnal boundary layer. Flux profiles areFigure 8a shows the vertical temperature gradient av-
averaged over a 9 hour period during which mixed layeraged over the nocturnal mixed layer as a function of
depth was nearly stationary and vigorous convective t@r#. The LES value of the temperature gradient (horizon-
bulence was driven by surface cooling. In the origin&l line) is recovered whe@'; is slightly greater than 4.
KPP (figure 7b), the flux is entirely local and is slightlfrigure 8b showsir, the heat flux into the mixed layer
stronger than in the LES results (figure 7a). In the revisdde to entrainment at the mixed layer base, scaled by the
KPP case, the net flux is nearly identical to that fourslirface heat flux. All versions of the KPP give values of
in the original KPP, but that flux is now composed of la8; more negative than the LES result, indicating that the
cal and nonlocal components whose overall magnitudeKiBP develops a stronger entrainment flux. Correspond-
comparable. ingly, the cooling rate in the nocturnal mixed layer (figure

11
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Figure 8:(a) Vertical derivative of temperature, averaged ovérigure 9: (a) Vertical derivative of salinity, averaged over -
-40m < z < -20m; 1lhrs< ¢ < 20hrs, as a function of the40m < z < -20m; 1lhrs< ¢ < 20hrs, as a function of the
nonlocal scalar flux amplitude parame€ef, with C,,, = 3. (b) nonlocal scalar flux amplitude parametef, with C,, = 3.
Ratio of the minimum (negative) heat flux in the entrainmefib) Time derivative of salinity, averaged over the same regime.
zone to the (positive) surface heat flux, averaged over 11fisck curves: Ri, = 0.7,C, = 1.5 (original KPP values).
< t < 20hrs. (c) Time derivative of temperature, averagekhin curves: Ri, = 0.5,C, = 1.5. Dashed curvesRi, =
over -40m< z < -20m; 1lhrs< ¢t < 20hrs. Thick curves: 0.7, C, = 1.0. Horizontal lines indicate the LES values.
Ri, = 0.7,C, = 1.5 (original KPP values). Thin curves:
Ri, = 0.5,C, = 1.5. Dashed curvesRi, = 0.7,C, = 1.0.
Solid horizontal lines indicate the LES values.
shown by the dashed curves in figure 8. The valudgigf
andC, have little effect on the mean temperature gradi-
ents shown in figure 8a. However, both of these changes
8c) is slightly faster for the KPP cases than for the LEBompensate effectively for the reduction in the value of
This discrepancy is exacerbated by the reductio@'pf C*, reducing the rate of entrainment into the mixed layer
from its original value of 10. to below the value found in the original KPP (though the

Our intent now is to identify other parameters whoghtrainment rate remains higher than in the LES results).
values may be altered in order to remove this undesir-Similar results are found via analysis of the salinity
able increase in entrainment due to the reduction in theld (figure 9). Reduction of’} from 10 reduces the ver-
nonlocal scalar fluxes. We do not attempt to match tkieal salinity gradient in the nocturnal mixed layer from
LES results in this respect; our goal is only to recover titiee unrealistically large value delivered by the original
smaller mismatch delivered by the original KPP parar¥PP to a smaller value consistent with the LES results
eter values. After some experimentation, we have fouffigure 9a). As with temperature, this change results in
two reasonable candidate parameters. The fiBijsthe increased entrainment at the mixed layer base, and thus in
cutoff value for the Richardson number in the parametér-nore rapid increase in mixed layer salinity (figure 9b).
ization (8) of turbulence below the boundary layer. ThHgettingRi, to 0.5 reduces salt entrainment nearly to the
result of reducingRi, from its original value of 0.7 to 0.5 rate delivered by the original KPP (the value of the thick,
is shown by the thin solid curves in figure 8. The seeolid curve aiC; = 10), while reduction ofC,, to 1.0 re-
ond possibility is to reduce the value @f, effectively re- duces entrainment to a rate consistent with the LES results
ducing the turbulent velocity parameférthat appears in (horizontal solid line).
the bulk Richardson number used to determine boundanResults presented so far give no compelling reason to
layer depth. The results of reducigg from 1.5 to 1.0 are choose betweeRi, andC, as the parameter whose value

12
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should be reduced to compensate for the reduced not 0 ‘ ‘ " 0
cal scalar flux. Reducini, acts to reduce mixing rates®
below the boundary layer, whereas reducirigtends to 5l
make the boundary layer slightly shallower. Since tt
boundary layer generated by the KPP is already too de
(figure 7), we choose the second alternative. For the
mainder of this discussion, we will sét, to 5.0 andC,, _
to 1.0, leavingRi, at its original value 0.7. £-15)
Our changes to the values 6 andC, raise the pos-
sibility that the optimal value foC?, calculated in sec-  -2of
tion 5.2 is no longer optimal. This turns out not to b
the case. Results shown in figure 6 change only sligh 5|
when the revised values 6f; andC, are employed (thin,
solid curves on figure 6), and the arguments for our choi A
C}, = 3 are unaffected. 0.48
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5.4 I_\/lemg of the Stokes drift velocity pro- Figure 10:Zonal (a) and meridional (b) velocity components
file in the upper 30m, averaged over the 24-hour run. Thick, solid

As noted in section 4, the KPP tends to produce strofif"e: LES: Thin, solid curve: original KPP. Dots, KPP with

near-surface shears relative to LES. In the LES, theﬁﬁ;__ 00'7 Plusses, KPP witll's. = 1. Asterisks, KPP with

shears are prevented by strong, small-scale LangmuiSff o

cells in the upper few meters. The corresponding mixing

can be achieved in the KPP by adding strong momentum

mixing near the surface. MS suggest that the effective fieixes compensated by reduction@f (section 5.3), the

locity gradient that controls the nonlocal momentum fluXPP model exhibits strong shear only in the upper 5m

be supplemented with the shear of the Stokes drift currefalots on figure 10). When the shear of the Stokes drift is

The latter is given by added to the nonlocal momentum flux as described above,
shear is reduced further, to the point of slight overcom-
is(z) = Usel“e (21) pensation (plusses on figure 10). The asterisks on figure

. . . . 10 show an intermediate case in which 70% of the Stokes
where U, is the maximum Stokes drift velocity, deteryyift shear has been added to the nonlocal flux. This pro-
mined by wave height and equal to 14,5n the present yiges the best match to the LES velocity profile.

LES. The un_it vectoé points_ in the direction of the Wi_nd, Complete fields delivered by this model are shown in
and the vertical decay rajeis equal to2r /A whereA is  figure 3d. Vertical gradients of the velocity, temperature
the dominant wavelength of the surface wave field, hegq salinity in the nocturnal mixed layer now correspond
equal to30m. well with LES results (figure 3b), in contrast with the orig-
Figure 10 shows the zonal and meridional velocitya KPP results (figure 3c). Solar heating during the first
components, averaged over the analysis period. Cag&g hours of the simulation now agrees with the LES re-
shown include the LES along with the KPP willi; /0= gyits, and the anomalous current shears that the original

added to9U /9 in the parameterization (7) of the vertikPP developed in the upper 10m have been effectively
cal momentum flux in various proportions (quantified byamoved.

Cs:). The LES velocity profiles (thick curves on figure

10) exhibit very little shear in the upper 10m. In con-

trast, the original KPP profiles (thin curves) are strongg  Conclusions

sheared. When revised to take account of amplified mix-

ing due to Langmuir cells (section 5.1), nonlocal mdA/e have tested and revised the KPP model using obvser-
mentum fluxes (section 5.2) and reduced nonlocal scafations and LES of the upper equatorial Pacific during a

13
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Westerly windburst. Four revisions have been made to theat will improve predictions of sea-surface temperature,
existing KPP: a crucial factor in coupled models.
Further development of the KPP rules will require test-
1. The turbulent velocity scales have been amplified {@y against a wider range of observational datasets. Such
account for mixing by Langmuir cells using (12)tests must examine the generality of the nonlocal flux and
The effect is reduced during unstable conditions usangmuir cell parameterizations used here. In particu-
ing (13), withCy, = 0.15 andl = 2. These pa- |ar, further testing must address three issues that have not

rameter values were arrived at by requiring that daijeen adequately resolved in the present work:
time solar heat input be mixed at a rate consistent

with LES, and are consistent with the parameteriza-e The optimal choice of the direction vectérfor the
tion suggested by MS. nonlocal momentum flux should be identifiable in
midlatitude regimes where surface currents are less
2. Anonlocal momentum flux was added in accordance likely to be aligned with the wind.
with (16). Stability dependence was provided using )
(18), and the flux was directed parallel to the wind. ® Unwanted effects of reducing the value of the nonlo-

The amplitude paramete¥;, was set to 3.0 by re-  cal scalar flux paramete?; from 10 to 5 may be
quiring that the mean zonal shear in the nocturnal reémoved by reducing eithef', and Ri, (or some
mixed layer match the LES value. combination of the two). Detailed examination mix-

ing around the base of the boundary layer will allow
3. The amplitude parameter for the nonlocal scalar flux Us to make that choice with more confidence.

was reduced from its original valu€; = 10 to
C7 = 5in order to obtain realistic scalar gradients in
the nocturnal mixed layer. To compensate for exces-
sive entrainment at the base of the mixed layer due to
this change irC%, we reduced the turbulent velocity
parameter’, to 1.0 from its original value 1.5.

e Accounting for fluxes due to breaking surface waves
remains a central goal in modeling upper ocean tur-
bulence.
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