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LONG-TERM GOALS 

The work described here supports the Office of Naval Research Departmental Research Initiative 
(DRI) for research on the “Impact of Typhoons on the Ocean in the Pacific” (ITOP). One of 
central themes of the DRI is to better characterize and predict the ocean boundary layer (OBL) 
and its impact on typhoon (hurricane) evolution. This is one component of developing improved 
prediction models for the coupled atmosphere-ocean-wave system. Cooling of the sea surface 
temperature (SST) is a critical coupling variable influencing atmosphere-ocean hurricane dy­
namics; SST is largely determined by OBL turbulence, surface wave processes, and mixed layer 
entrainment. Our research goal is to model the strongly forced wind and wave driven upper 
OBL using turbulence resolving large-eddy simulation (LES) with explicit wave effects, viz., 
wave-current interactions and breaking waves and examine their impact on ocean mixing dur­
ing hurricane events. 

OBJECTIVES 

The specific research objectives for ITOP are: (1) conduct process studies using LES of the 
OBL with different combinations of time varying large scale forcings and surface wave effects 
and examining their impact on ocean mixing; (2) evaluate and compare these LES results with 
predictions obtained using a 1-D column model of the OBL based on the K-Profile Parameteri­
zation (KPP); and (3) compare our simulation results with available observations. Inertial res­
onance, storm residence time, and the larger scale environment are some of the processes to be 
examined in our simulations. 



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
30 SEP 2011 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2011 to 00-00-2011  

4. TITLE AND SUBTITLE 
High Wind Upper Ocean Mixing with Explicit Surface Wave Processes 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
National Center for Atmospheric Research,Boulder,CO,80307-3000 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

12 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



APPROACH
 

In order to examine the dynamics of the upper ocean boundary layer under high wind forcing 
we developed an LES model of the OBL that accounts for surface wave effects through non-
conservative breaking waves and phase-averaged, conservative wave-current interactions which 
lead to Langmuir circulations (Sullivan et al. 2007). The equations for the resolved flow compo­
nents are the Craik-Leibovich (CL) theory with crucial wave-current coupling through the vor­
tex force. The larger scale forcing (momentum and scalar fluxes) and wave fields are externally 
imposed in the LES. 

WORK COMPLETED 

Meetings: We attended a PI meeting in Santa Fe, NM that focused on a first look at the ex­
tensive observation datasets collected during the ITOP field campaign conducted in the Fall of 
2010. 

OBL LES and Coupling to Wavewatch 3: During the past year, we collaborated exten­
sively with Dr. Leonel Romero from Scripps Institute of Oceanography, who helped us initiate a 
one-way coupling between the wave prediction model NOAA/NCEP Wavewatch 3 and our LES 
code for the OBL. This coupling, although very idealized, allows us to drive ocean LES with 
realistic time and space varying wave fields that are generated by hurricane winds. Thus a con­
sistent set of wind and wave fields are input to the LES. Our canonical surface winds and waves 
are an idealization of Hurricane Frances (Sanford et al., 2011; Zedler 2007). In addition to the 
standard suite of variables output by Wavewatch 3 (WW3), the wave spectra are further pro­
cessed to generate fields pertinent to our air-sea interaction research, viz., wave age, turbulent 
Langmuir number, Stokes drift velocity, wind-wave alignment, and Stokes depth scale. Prelimi­
nary results from the WW3 simulations are discussed in the RESULTS section and will be fur­
ther described in future publications. 

The general design of the LES experiments is to pass a hurricane vortex over small LES do­
mains as sketched in Fig. 1. Now, the surface momentum and scalar fluxes and wave fields im­
posed at the water surface are those generated by WW3 along selected time slices within the 
storm path. Our process studies examine the impact of inertially rotating wind stress, resonant 
and anti-resonant forcing, along lines to the right and left of the storm track. 

Two LES computational domains with different horizontal extent are used. On the left hand 
side X = −60 km, which has slightly weaker forcing, a small domain (Lx, Ly, Lz) = (750, 750, −240) 
m was found acceptable. On the right hand side of the storm, X = 60 km, the vigorous forcing 
and inertially rotating wind stress generates a system of large-scale random gravity waves in the 
hurricane wake. Test runs indicated that these structures were only adequately captured by in­
creasing the horizontal area of the small domain LES by a factor of 4. Thus, a large domain is 
used on the right hand side with (Lx, Ly, Lz) = (1500, 1500, −240) m. The number of gridpoints 
in the small domain is (Nx, Ny, Nz) = (512, 512, 256) and is increased to (1024, 1024, 256) in the 
large domain; thus the horizontal spacing Dx = Dy = 1.46 m in all the computational boxes. In 



the vertical direction, we use a stretched vertical grid where the spacing between any neighbor­
ing cells is held fixed at the ratio K = 1.00451 with the first gridpoint located at Dz1 = −0.5 
m. Based on these choices, the cell aspect ratio Dx/Dz = (2.93, 1.54) at z = (0, −100) m. The 
small and large computational boxes are able to capture small-scale turbulence at early times 
and larger scales of motion that develop during the rapid deepening of the OBL at the time of 
maximum winds. 

The initial temperature sounding is simply constructed from two linear segments: Over the 
depth hi ≤ z ≤ 0, θ = 302.4 K and for z < hi the temperature decreases at a rate of 0.04 
K m−1 . This is approximately the variation observed for Hurricane Frances (Sanford et al., 
2011). hi = −32 m is the initial OBL depth. The Coriolis parameter is f = 0.681 × 10−4 s−1 

which corresponds to an inertial period T = 25.6 hrs. The simulations are initiated from rest 
with small random perturbations in the temperature field under the wind and wave forcing from 
hour 10 of the WW3 simulation. At this time, the wind and wave fields are slowly varying with 
winds less than 10 m s−1 . Next, these external forcings are held constant and the simulations are 
integrated for 10 physical hours to generate fully developed equilibrium turbulence. The result­
ing mean currents are O(0.05) m s−1, and the initial state of these weak currents has minimal 
impact on the resulting long time ocean response under strong forcing (Crawford et al., 1996, 
p. 889). The time step Dt in the code is dynamically picked to obey a fixed Courant-Fredrichs-
Lewy condition. Dt varies by an order of magnitude, from [0.3 − 5] s, and more than 300,000 
timesteps are needed to cover the 70 physical hours of the simulation. With a storm translation 
speed of 5.5 m s−1 the LES domains are initially located more than 800 km from the storm cen­
ter shown in Fig. 1. The parallelization of the code is described by Sullivan & Patton (2011). 

RESULTS 

The X − t Hovmöller contour maps presented in Figs. 2 and 3 illustrate some of the variability 
in the wind and wave fields induced by our hypothetical storm over the horizontal domain X = 
±300 km for a time period of more than 50 hrs. In this figure, time is referenced to the time of 
maximum winds tm. Thus, the X cross section is ahead of the storm for t−tm < 0 and is behind 
the storm (in the storm wake) for t − tm > 0. Inspection of the contours in Fig. 2 shows that the 
windspeed |Ua| is asymmetrical about X = 0 km, a consequence of the storm translation speed 
Vh, with the largest values ∼ 50 m s−1 on the right hand side of the storm track. 

Given the surface winds the primary output of the wave model is the 2D wave height spectrum 
F (w, Φ) which varies with radial frequency w and angular position Φ. The wave spectra are 
further processed to generate the wave-age field (Fig. 2) and Stokes drift velocity (Fig. 3). Wave 
age is defined as A = Cp/|Ua| where Cp is the phase speed of the peak in the wave height spec­
trum. A varies widely in space and time across the storm path. Wave age is a broad indicator 
of wave breaking activity; the breaking activity tends to increase with decreasing wave age, but 
also depends on wave steepness. Extensive periods of growing waves A ∼ 0.5 are observed near 
the time of maximum winds with the lowest wave age on the right hand side of the storm. For 
time periods well ahead of the storm center, A ∼ 1.2 indicative of near wind-wave equilibrium 
conditions. At t − tm ∼ −20 hrs, the wave age jumps abruptly, A > 2, as fast moving swell prop­
agates rapidly ahead of the storm eye. In the wake of the storm t − tm > 0, the wave-age again 



slowly approaches wind-wave equilibrium and at long times t − tm > 20 hrs the wave state again 
becomes swell dominated. These estimates of wave age in a hurricane are consistent with val­
ues deduced from observations of 1D spectra documented by Young (1998) who reports values 
ranging from [0.5 - 2.0]. 

A key variable for our LES is the Stokes drift velocity us which appears in the vortex force us × 
ωωω where ωωω is the resolved vorticity. For a broadband wave spectrum us is obtained by the inte­
gration (Kenyon, 1969)  ∞  π 

us(z) = 2 k w F (w, φ) e 2|k|z dφ dw (1) 
0 −π 

where k denotes the horizontal wavenumber vector. The Stokes drift velocity us inherits the 
complexity of the wave field through (1); it varies with wind speed, spatial position, and time as 
depicted in Fig. 3. For our particular choice of storm propagation direction, the largest Stokes 

ˆdrift occurs in component vs j on the right hand side of the storm track. The distribution of the 
wave field is more asymmetrical than the wind field mainly due to the “extended” fetch on the 
right hand side of a translating hurricane (Young, 2003). As a result, the distribution of vs is 
strongly asymmetrical about X = 0 km a reflection of the strongest winds and better wind­

ˆwave alignment on the storm right hand side. us i is clearly largest (most negative) in front of 
the storm center with contours roughly symmetrical about X = 0 km. 

Past LES of steady aligned wind-wave cases and a limited number of field observations find ver­
tical velocity is a robust signature of Langmuir turbulence. In the Langmuir turbulence regime, 
coherent Langmuir cells form and these structures can be detected in the instantaneous vertical 
velocity field and furthermore impact the statistical (average) moments of w. Figure 4 compares 
the maximum resolved second order moment (w2)max and the minimum resolved third-order mo­
ment (w3)min diagnosed from our simulations with and without wave effects along the tracks 
X = ±60 km. These temporally varying moments are obtained by first computing the vertical 
profiles (w(z, t) 

2
) and (w(z, t) 

3
) at all z for a given t: ( ) denotes an x − y spatial average over 

the LES domain. (w(t) 
2
)max and (w(t) 

3
)min are found by searching for the appropriate maxi­

mum or minimum along their respective vertical profiles and are then normalized by the local 
surface friction velocity u∗(X, t). We note the vertical locations of the maximum and minimum 
vary with time. These positions are always located in the upper surface layer of the OBL but 
are found deeper in the water as the winds and waves increase. 

The time series shown in Fig. 4 are compelling evidence for Langmuir turbulence in the hurri­
cane driven OBL. The w−moments are sensitive to the location within the storm track, depend 
on the time and space evolving wind and wave fields, and the inclusion of phase averaged wave-
current interactions in the LES. Over the lifetime of the simulation with vortex force (w2)max > 
2 along the track X = 60 km. Notice also that during the time period [-5,5] hours, the max­
imum vertical velocity variance exceeds 2.5 and this level persists in the hurricane wake. u∗ 

varies by about a factor of 7 over the simulation lifetime and thus the dynamic range of (w2)max 

is broad. Surprisingly, simple scaling by u∗ captures much of the variation in w−variance. On 
the left side of the storm track, the maximum w−variance at first tracks its counterpart on 
the right hand side, then gradually decays, reaches a minimum value at the time of maximum 
winds, and gradually recovers in the hurricane wake. The differences between the variations on 



the right and left hand side of the storm are dramatic and can be traced to the wave fields and 
wind-Stokes alignment. The mis-aligned wind and wave fields and the very low values of Stokes 
drift around the time of maximum winds on the left hand side of the storm track effectively shut 
off the vortex force. In the simulations without vortex force, the maximum w−variance is nearly 
independent of the track position and is O(1), similar to what is expected for a flat-wall bound­
ary layer flow. 

The impact of wave-current interactions on the third-order vertical velocity moment is even 
more impressive upon comparing cases with and without vortex force. With vortex force the 
minimum third-order moment can be 10 times larger than its no vortex force counterpart. Thus 
we find CL mechanics are active and critical in our simulations but varies with the wave state. 
The surface Stokes drift velocity on the right side of the storm track scales reasonably well with 
the local friction velocity u∗. Our results are in good agreement with the measurements of D’Asaro 
(2001). 

Flow visualization of the instantaneous vertical velocity at the time of maximum winds is com­
pelling evidence for Langmuir turbulence. In Fig. 5, we show images of resolved w/u∗ from two 
simulations: the upper panel is from the left (non-resonant) side while the lower panel is from 
the right (resonant) side of the storm track. As expected based on the time series of (w2)max 

and (w3)min shown in Fig. 4, there is scant evidence for the formation of Langmuir cells on the 
left hand side of the track. In contrast, impressive vertically oriented streaks are found on the 
right hand side. Note at this time the winds and stresses in the lower image are oriented in the 
positive y direction (see vectors in the image). The streaks show mergers and are found to sig­
nificantly alter the turbulent dynamics in the upper OBL. Thus, wave-current interactions are 
most active on the resonant side of the storm. 

IMPACT/APPLICATIONS 

The LES results obtained here for hurricane driven OBLs can be used to guide the interpreta­
tion of observations collected during the ITOP program. In addition, the results can be used to 
test simpler 1-D parameterizations of the ocean mixed layer that are used in large scale models. 
Our particular interest is in evaluating and improving the so-called K-profile parameterization 
(KPP) that is routinely used in the Regional Ocean Modeling System (ROMS). 

TRANSITIONS & RELATED PROJECTS 

The present work has links to the ONR DRI on High Resolution Air-Sea Interaction (HIRES) 
that focuses on the interaction of waves and turbulence in the atmospheric surface layer. For 
a description of HRES see http://airsea.ucsd.edu/hires/. The LES model being developed for 
HIRES is also being used in the present work. 
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Figure 1: Sketch of an idealized hurricane vortex used for setting the surface forcing conditions in 
LES. The vortex propagates left to right with speed Vh and has a characteristic length scale (radius 
of maximum winds) A. The families of solid and dotted circles indicate the position of the vortex at 
initial timet and at a later timet+ !::.t, respectively. The fixed points (R, L) to the right (X > 0) and 
left (X < 0) of the vortex center (c) feel the time history of winds and waves along the horizontal gray 
lines. 



Figure 2: The hurricane vortex propagates left to right and the fields are shown in the form 
of an X-t Hovmöller diagram, i.e., the temporal variation of a particular field is shown for a 
chosen x cross section. Time is referenced to the time of maximum winds tm. The upper panel 
shows contours of wind speed (in m s−1) imposed in the Wavewatch 3 simulations. The lower 
panel depicts the wave age A = Cp/|Ua| over the lifetime of the storm. 



Figure 3: Upper and lower panels show the Stokes velocity components (us, vs) at the water 
surface for the imposed wind field. The color bar is in units of m s−1 . 
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Figure 4: Temporal variation of the maximum resolved vertical velocity variance (w2)max and 
minimum resolved third-order moment (w3

) min for cases with and without wave effects and lo­
cations left and right of the storm center. Simulations with wave effects [a) X = 60 km, b) X = 
-60 km} and simulations with no wave effects [c) X = 60 km, d) X = -60 km}. The normaliza­
tion is by u*(X, t) . 



Figure 5: Flow visualization of the vertical velocity field normalized by local u∗ on the left 
(upper panel) and right (lower panel) sides of the storm at the time of maximum winds. The 
arrows indicate the direction of the wind (white) and Stokes drift (red). Note the formation of 
vigorous Langmuir cells on the right hand side of the storm track. 
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