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Abstract: Heat and momentum transport processes are studied by direct numerical simulations
of air—water two-phase flows with dynamically evolving waves. Three typical cases
corresponding to young, intermediate, and old waves are analysed to investigate the roles of
wind turbulence and wave motion in the momentum and heat transport processes, which are
examined by decomposing the statistics of the airflow and thermal fields into the plane-
averaged, wave-induced and turbulent parts. The transport processes of momentum and heat
near the interface increasingly differ as the wave age increases. The heat and momentum fluxes
exhibit dissimilar phase-dependent variations for turbulent and wave-induced components.
Moreover, the competition of wind and waves leads to distinctive differences in momentum and
heat fluxes. As the wave age increases, the contribution of the wave-induced component to the
total momentum flux increases, while its contribution to the total heat flux decreases. In
contrast, the contribution of the turbulence component to the momentum flux decreases, while
its contribution to the heat flux increases. Under the coupled wind wave conditions, when the
wave age increases, the small-scale intense vortices on the waterside disrupt the overlying flow,
further increasing the turbulent heat transfer. However, momentum transfer from the wave to
the wind suppresses the downward turbulent momentum transfer.
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1 Introduction

Air—sea fluxes are fundamentally important in the climate system. The intensity of tropical cyclones
depends on air—sea exchanges of heat and momentum. In particular, the air—sea heat flux is a key
component of the climate system through which energy flows between the ocean and atmosphere [1].
Hence, investigations of these transport processes in the lower marine atmospheric boundary layer are
crucial for weather and marine environment forecasting.

Despite massive efforts to improve the estimation and parameterization of air—sea fluxes, the
accurate prediction of air—sea fluxes remains a great challenge. The dependence of the heat and
momentum exchange on the wind speed has long been an active research topic [2-4]. In particular, the
quantitative relationship between the heat exchange coefficient and wind speed remains controversial
according to the results of different experiments [5-7]. This is due to the lack of and differences in field
data pertaining to heat fluxes at high wind speeds. Several measurement-based studies have suggested
that the momentum exchange coefficient increases with the wind speed under normal conditions, while
it tends to level off at extremely high wind speeds. Further understanding some physical processes in
air—sea interactions will improve the prediction of air—sea fluxes, for example, the role of ocean surface
waves, which are considered to be a key factor and have profound dynamical effects on air—sea fluxes
[8,9]. Moreover, wind—wave interactions play important roles in the exchange of heat and momentum
across the atmosphere—ocean interface [10]. However, a comprehensive understanding of turbulent
processes associated with surface waves is still lacking.
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Considering the difficulty of acquiring measurements near the air—sea interface in field
observations and laboratory experiments, especially when complex deformations and fractures occur at
the interface, numerical simulations have become increasingly useful in obtaining details about the
velocity and temperature near the air—sea interface. Previous simulation-based studies have investigated
the transport processes of heat and momentum over a wavy surface [11-16]. Surface waves significantly
influence the mean flow, turbulent fluxes and coherent structures. To capture the coupling effects
between wind and waves in the present study, a direct numerical simulation (DNS) of a two-phase
Navier—Stokes equation solver is performed, focusing on turbulent transport processes in coupled air—
water flows to investigate the transport characteristics during wind—wave interactions and the roles
played by wave and wind turbulence, as this strategy is objectively more advanced than one-fluid
models for simulating air—water coupled systems. Previous studies have performed numerical
simulations with dynamical tracking of the interface. For example, Lakehal et al. [17] performed DNS
to study the effect of a weakly deformed, sheared gas—liquid interface on heat transfer. The influence
of variation in low-to-medium Prandtl numbers Pr is examined and the scaling of the heat transfer
coefficient is derived based on Pr. Yamamoto et al. [18] discussed the relationship of turbulent
structures with heat transfer. Sensible, latent and radiative heat fluxes were examined by Kurose et al.
[19] under the condition of two-phase turbulent flow with a sheared wind-driven gas—liquid interface.
The studies so far have obtained a good understanding on the effect of the flows on both sides of the
interface on the heat transfer. But the effects of different wind—wave states and their interfacial
dynamics have not been fully investigated. Further study on the influence of wind—wave interactions
on the air—sea transfer processes is needed to explore the underlying mechanisms.
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Figure 1: (a) Sketch of the simulation configuration depicting a three-dimensional turbulent flow with
air—-wave—water interactions. (b) Sketch of the x-z plane: a surface wave with wavelength 4
propagates in the x-direction with phase speed c.

2 Problem Statement

The problem considered in the present study is air—water two-phase flows with dynamically evolving
waves, where the airflow is fully developed turbulent flow, to investigate the air—sea heat and
momentum transport processes by DNS. A sketch of the computational model is shown in figure 1(a).
The coordinate used in the present framework is a Cartesian coordinate. The Cartesian coordinates are
written as x, y and z, which denote the streamwise, spanwise and vertical directions, respectively, with
the corresponding velocity components represented by u, v and w, respectively. The air and water flows
are treated as a coherent system, with the density and viscosity varying with the fluid phases. The flow
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of the coherent system is driven by a constant streamwise shear stress 7,,, which is imposed on the top
boundary. The flow and temperature fields in the air—water system are governed by the following
equations:

V-u:o,

ou 1 1

= tu-Vu=——Wm+——V(2 S)—g,
ot 4V PO M) @u@)$)~g
oT 1

Z iuvVi=———— V- vT),

ot ¢ p(p)C, (p) (k(P)VT)

where p(p) and p(yp) are the density and viscosity of the fluids, respectively; ¢ is the level-set (LS)
function, which is defined as the signed distance from the air—sea interface, with the sign being positive
and negative in water and air, respectively; p is the pressure; S = (Vu + Vu”) /2 is the strain rate
tensor; g is the gravitational acceleration; T is the temperature; C, (@) is the specific heat at constant
pressure; and () is the thermal conductivity.

To perform the two-fluid simulation, an interface-capturing technique is applied. In particular, the
coupled level set and volume-of-fluid (CLSVOF) method [20], which combines the level set (LS)
method and volume-of-fluid (VOF) method, exhibits good performance in simulations of steep and
breaking waves. In the present coherent air—water system, the LS function ¢ is coupled to the
momentum and scalar governing equations through the density p, viscosity p, specific heat €}, and
thermal conductivity x according to

p (@)= pa+ (pu — p) H (p, As),

1 (p) = pa + (po — pa) H (g, As),
C,(p)=0C, 0+ (Chn—C, ) H(p,As),
K (p) = Ko+ (K — Ka) H (@, As),

where the subscripts ¢ and w denote air and water, respectively. The continuous condition across the
interface is used for the thermal and velocity fields. To smooth the air—water discontinuity in the
computation, the mollified Heaviside function H (¢, As) is used, where As=0.008)\ is the
smoothing thickness and A is the wavelength of the primary wave, as shown in figure 1(b). A more
detailed description and validation of the interface tracking method is provided in Liu [21] and Yang et
al. [22].

In the simulation of the dynamic evolution of the surface waves, the initial wave geometry is
prescribed based on the analytical solution of the third-order Stokes wave. We started our simulation
with moderate wave steepness €, = apgk = 0.25, a, is the initial wave amplitude, where the nonlinear
coupling between the wind and waves is stronger compared to the small wave steepness. The wave
shape changes over time according to the interactions between the wave and the airflow; however, these
waves are not expected to exhibit obvious fragmentation [23-26]. Three typical values for the wave age,
namely, c/u,=3.7, c/u,=12 and c/u, =27.7, are chosen based on the findings of previous
research [13,15]. The three wave ages chosen are representative of three key stages in wind-wave
interactions, corresponding to the young, intermediate and old stages of wind-wave development [27].
As wave age increases, sea states are changed from the young seas to swell conditions. The effects of
different wind—wave states and their interfacial dynamics have not been fully investigated before. In
the present study, we will explore the influence of wind—wave interactions on the air—sea transfer
processes of heat and momentum.

The Reynolds number is set to Re = p,u. A/, =180 in the DNS in the present study, which
allows the smallest turbulence eddies to be resolved [22,28]. The Prandtl numbers in air and water,
Pr,=C, .pto/k, and Pr, = C, , 1t./K, , for which typical values are chosen to simulate the sensible
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heat transfer, are set to 0.71 and 7.38, respectively. The simulation cases and parameters are listed in
table 1. In this paper, time ¢ is normalised by the wave period A/c . The simulation is performed for 20
wave periods, i.e., t = 0 — 20. According to the analysis below, the relaxation period of the initial wind—
wave interaction is at t = 0 — 6. For the statistical results, averaging is performed over the duration t =
6 — 20 to obtain converged results. The sampling interval is 0.1, and the total sampling number is 140.

Table 1: List of the computational cases and parameters. Column 1 shows the case identifiers, where
the first letter represents the young, intermediate and old waves, and the number represents the wave
age 3.7, 12 and 27.7, respectively.

Case c/u, € Res Prq Pry Pd/ Pu Lol o Kol Ko C,../Cy.

Y037 3.7
1120 12 025 180 0.71 7.38 1.2x10% 1.54x10* 3.87x10* 2.42x10"
0277  27.7

Because of the presence of the surface waves, we adopt the triple decomposition approach [29] to
analyse the effects of the surface waves on momentum and heat transfer, with the wave-induced

contributions quantified. For a variable f(z,y,z2,t), the triple decomposition is following

f@,y,2,t) = f(2)+ f(z,2) + £ (2,y,2,1),

where f(z) is the plane-averaged components, f(z,z) is the wave-coherent components and
f"(z,y,2,t) is the turbulent components. According to the above formulation, the momentum and heat
fluxes can be decomposed into the turbulent fluctuation contribution and the wave-coherent
contribution. Thus, the momentum flux u'w' and heat flux 0'w' consist of the turbulent fluxes ( u'w"
and 0" w" ) and the wave-induced fluxes (1?7) and 6w ) as

o = dw +

0w = 6"w" + fi.

3 Results and discussion
3.1 Evolution of the wind-waves and the flow on the waterside

To illustrate the dynamical processes of the wind—wave interaction, figure 2 shows the evolution of
surface waves. After the development of the surface waves enforced by the wind, as expected, the flow
has self-adjusted following the early stage of the simulation, as shown in figure 2(a), which illustrates
the temporal variation of the wave slope defined as (Mmax — M) £/2 , where 7 is the elevation of the
air—sea interface, for the three wave age cases. The initial relaxation stage lasts for approximately 6
wave periods. During these periods, the changes in the wave slope among the three wave ages are
similar, all increasing with time. After ¢ =~ 6, the amplitude of the wave slope gradually increases with
time. This increase arises from the dynamical interaction between the wind and waves. Among the three
cases, figure 2(a) shows that the magnitude of wave slope increases more over the same dimensionless
time if the wave age is larger. In figure 2(b-d), the wave shape and amplitude are shown by plotting the
instantaneous spanwise-averaged wave shape and streamwise gradient at different times. Note that the
wave surface is extracted based on the location where the LS function ¢ = 0. Overall, the change in
the wave shape is small for the three wave age cases. However, the fluctuations in the wave amplitude
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increase with increasing wave age, accompanied by a noticeable increase in the wave slope.

czBEERIS

Figure 2: Evolution of the surface waves. (a) Time series of the wave slope ak of the three wave age
cases. (b-d) Evolution of the wave shape for cases (b) Y037, (c) 1120 and (d) O277. The solid lines
show the spanwise-averaged wave shape 1(x, t), normalised by k, and the dashed lines show its
streamwise gradient dn(x, t)/0x.

Figure 3 shows the evolution of the spanwise vorticity (defined as du/0z — Ow/Oz ) on the
waterside at an x-z plane for cases Y037, 1120 and O277. The spanwise vortices on the waterside are
enhanced as time increases, and the depth affected by the spanwise vortices increases with time for all
cases. However, the large-scale pattern of the spanwise vortices begins to break and the scales of
spanwise vortices become smaller with time in cases 1120 and O277. The flow structures on the
waterside interact with the wind through surface waves and play a role in heat and momentum transfer.
We examine the coherent vortical structures in various wind wave states. Previous studies have
suggested that coherent vortical structures play important roles in the turbulent heat and momentum
transfer processes [15,16,32,33]. Figure 4 displays the coherent vortical structures in cases Y037 and
1120, as well as the streamwise vorticity contours, where the Q criterion is used for vortex identification
[34], which is defined as

Q=5 (12111

where 2=(Vu—Vu”)/2 is the rotation rate tensor; [€2]=[tr(227)]"* and
18] =[tr (8S7)]"?. Because the results in case 0277 are similar to those in case 1120, case 0277 is
not shown here. A comparison of figure 4(a) and (b) indicates that the characteristics of the coherent
vortical structures differ between cases Y037 and 1120. Specifically, the coherent vortical structures are
enhanced in case 1120, and their scales decrease. This may be associated with the motions on the
waterside, where the small-scale intense vortices disrupt the overlying flow. The change in overlying
turbulence further affects the heat transfer, which can be seen in section 3.4.
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Figure 3: Evolution of the spanwise vorticity on the waterside at an x-z plane for cases (a-c) Y037, (d-
) 1120 and (g-1) O277. The green line represents the wave surface.

Figure 4: Coherent vortical structures educed by the isosurface of @ = 300 and the streamwise
vorticity contours above the wave surface for (a) case Y037 and (b) case 1120.

3.2 Wave effects on the mean temperature and velocity

Figure 5 displays the vertical profiles of the plane-averaged temperature 6 and streamwise velocity % .
The profiles are plotted in the Cartesian coordinate where the lowest point of the profiles is far away
from z = 0. Thus, we can examine the effect of the surface waves on the temperature and velocity fields
for various wave age conditions. Note that the velocity is normalised by the friction velocity of the wind
turbulence in this paper. Figure 5(a) shows that with increasing wave age, 6 decreases slightly near the
interface, while @ increases in the region away from the interface (z > 0.12). This is due to the effect
of flow structures on the waterside shown in figure 3. The large-scale vortical structures in case Y037
promote the heat transfer across the interface, increasing the surface temperature. Figure 5(b) shows
that the value of u increases significantly as the wave age increases. In the vicinity of the wave surface,
a local minimum in % is observed in cases 1120 and O277; this could be due to the effect of the positive
u near the crest, which accelerates the airflow very close to the wave surface. Due to the local minimum
in u, the streamwise velocity shows a negative vertical gradient near the wave surface. This negative
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gradient will suppress the shear production of turbulent momentum flux, thus further reducing the
contribution of turbulent momentum flux to momentum transfer.
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Figure 5: Vertical profiles of the plane-averaged (a) temperature @ and (b) streamwise velocity &

above the wave crest for various wave age cases.

In addition, the presence of surface waves affects the log-linear profiles. To examine their effect,
the von Karman constant «, and roughness length z, are evaluated from the logarithmic fitting of the
profiles of w, of which the values are listed in table 2. The change in the wave age significantly affects
K, and 27, . The value of , in case 0277 is lower than the other two cases. A local acceleration in the
velocity in the large wave age case plays a role in the change of the log-linear profile of the velocity.
Sullivan et al. [30] also suggested that surface waves with large wave ages cause a discrepancy from
the wind profile of the MOST. However, the variation of the von Kérmén constant x, and roughness
length zg, of @ is relatively small.

Table 2: The von Karman constant x, and , and roughness length 27, and gof o obtained from curve
fitting of u and @ to the logarithmic profiles 4% = (1/k,)In(2"/2¢.,) and 0% = (1/ky)In(27/24 ),
respectively. The superscript ‘+’ represents the normalisation by the wall units.

Case Ky Zo+,u Ko Zo+,0
Y037 0.37 1.55 0.33 1.11
1120 0.53 0.10 0.32 0.97
0277 0.18 1.02 0.32 0.72

3.3 Wave-correlated distribution of heat and momentum fluxes

Next, the structures of the turbulent and wave-induced variations in fluxes are examined. The
distribution of the phase-averaged wave-induced heat flux <f éﬂ)> is plotted in figure 6. As shown in
figure 6(a), <f éﬂ/> is almost always positive over the entire near-surface region in case Y037. In cases
1120 and 0277, figure 6(b,c) shows that a strong phase-dependent variation is induced by the surface
waves, which exhibits an alternating positive—negative pattern along the streamwise direction. The
positive maximum of <f éﬂ)> is located leeward of the wave crest, while its negative maximum is
observed windward of the wave crest (see figure 6b,c). Moreover, figure 6(a-c) shows that the maximum
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intensity of <f éﬁ)> increases as the wave age increases. o

The vertical profiles of the plane-averaged wave-induced heat flux - 6w are shown in figure 6(d-
f). The value of - 6w near the wave surface is lower in cases 1120 and 0277 than in case Y037, which
is caused by the offset from the alternating positive—negative pattern of <f éﬂ)> occurring in the larger
wave age cases. Figure 6(b,c) also shows that the positive and negative <f éﬂ)> intensities are
asymmetric along the wave surface, and the positive <f éﬂ/> is more intense. As a result, the sign of
- 6w is positive near the wave surface, indicating that the overall wave-induced variation in the heat
flux is directed downward towards the wave surface, as shown in figure 6(e,{).
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Figure 6: Phase-averaged contours of the wave-induced heat flux over the wave surface, <f éﬂ]> , for
different wave age cases: (a) Y037; (b) 1120; and (c) O277. (d-f) The corresponding profiles of the
plane-averaged wave-induced heat flux - 6w in cases Y037, 1120 and 0277. The red dashed line

represents the mean wave surface.

Figure 7 shows the contours of the wave-induced momentum flux {-uw) . Figure 7(a-c)
demonstrates that the alternating positive—negative pattern of (-~ 4w) is more obvious in the larger
wave age cases of 1120 and 0277 than in case Y037, and the magnitude of the positive {- uw) on the
leeward side is slightly higher than that of the negative {- uw) on the windward side. This distribution
appears different from the laboratory result of Yousefi et al. [31] where negative {- 4w is not found
on the windward side. This discrepancy is due to the use of different coordinate systems, as reported by
Yousefi et al. [31]. In case Y037, the wave-induced momentum flux is almost entirely positive, which
indicates momentum transfer in the downward direction, near the wave surface (figure 7a). Compared
to the structure of <f éﬂ)>, the structure of - uw) is stretched along the surface waves, and thus, the
vertical region affected by the wave-induced momentum flux is smaller than the region affected by the
wave-induced heat flux. This phenomenon can also be further observed in figure 7(d-f), in which the
profiles of the plane-averaged wave-induced momentum flux - dw are plotted. The magnitude of
- 4w decreases rapidly as the distance from the wave surface increases, and - aw is approximately
zero above the height of z = 0.1. In comparison, - 6w is still relatively high at a height of z = 0.1 and
decreases to a near-zero magnitude near z = 0.2 (see figure 6d-f).
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Figure 7: Phase-averaged contours of the wave-induced momentum flux over the wave surface,
(= uw) , for different wave age cases: (a) Y037; (b) 1120; and (c) O277. (d-f) The corresponding
profiles of the plane-averaged wave-induced momentum flux — 4w in cases Y037, 1120 and O277.
The red dashed line represents the mean wave surface.

The distribution of the phase-averaged turbulent heat flux {- 8" w") is displayed in figure 8(a-c).
Figure 8(a) shows that (- 8"w") exhibits an obvious layer near the wave surface, where its magnitude
is very weak, in case Y037. As the wave age increases, the magnitude of (- 8" w") near the wave
surface increases and exhibits a phase-dependent variation, as shown in figure 8(b,c). Similar wave-
correlated variations in {- 6" w") were also suggested to occur in the larger wave age cases by Yang &
Shen [16], but the variations were confined to the region immediately adjacent to the wave surface. The
results of the present study indicate that fully coupled wind waves affect the near-surface motions,
further changing the structure of the turbulent heat flux. In addition, figure 8(b,c) shows that the region
of negative (- 8"w") is located on the windward side of the wave crest for cases 1120 and O277. The
negative (- 0"w") is caused by the positive vertical gradients of {<w) on the windward side, which
leads to the same signs of #” and w" . In case Y037, the vertical gradient gradient of Y2 s negative
on the windward side, which are not shown. Above this region, (- 8" w") is positive and less dependent
on the wave phase. In case Y037, the negative {- 8"w") region is insignificant. In addition, the
correlation between the flux isolines and the wave phase is not obvious, as shown in figure 8(a). Figure
8(c) shows that there is a thin layer of positive {- 6" w") near the wave surface in case 0277, which is
absent in cases Y037 and 1120. This phenomenon is associated with the effect of waterside motions on
the overflying flow.

Figure 8(d-f) shows the profiles of the plane-averaged turbulent heat flux — 8" w"” . Figure 8(d)
shows that — 6" w" is approximately zero up to the height of z =~ 0.07 in case Y037. This is due to the
existence of a weak — #"w" layer where the flux isolines are independent of the wave phase, as

reported in figure 8(a). Above this height, - 6"w" increases rapidly with increasing distance from the
wave surface. In cases 1120 and 0277, - 0"w" decreases gradually as the distance from the wave
surface decreases, as shown in figure 8(e,f). This decrease is caused by the alternating positive—negative
pattern of (-~ 8" w") near the wave surface, as shown in figure 8(b,c). Furthermore, the reduction in the
turbulent heat flux adjacent to the surface in case Y037 indicates that the turbulent effect on the heat
transfer process is suppressed near the wave surface. The effect of the diffusive heat transfer can be
enhanced. However, in the larger wave age cases, the turbulence effect is increased.
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Figure 8: Phase-averaged contours of the turbulent heat flux over the wave surface, {- 8"w") , for
different wave age cases: (a) Y037; (b) 1120; and (c) O277. (d-f) The corresponding profiles of the
plane-averaged turbulent heat flux — 8" w" in cases Y037, 120 and O277. The red dashed line
represents the mean wave surface.

The contours of the phase-averaged turbulent momentum flux {- " w") are displayed in figure
9(a-c). The phase dependence of (-~ u"w") near the wave surface becomes more apparent with
increasing wave age. Despite the difference in the sign caused by the different reference frames pointed
out above, the characteristics of asymmetry in the intensity of (-~ u"w") are similar to the observation
of Yousefi et al. [31], with more intense (- u"w") on the leeward side of the wave crest than the
windward side. Figure 9(a) shows that the magnitude of (- u"w") increases gradually as the distance
from the wave surface increases in case Y037. In contrast, in the larger wave age cases, the maximum
{—u"w") occurs in a thin layer near the wave crest, which is particularly apparent in case 0277, as
shown in figure 9(b,c). This phenomenon reflects the momentum exchange between the wave-induced
perturbation and background turbulence, indicating that the turbulent component {-u"w") is
significantly affected by the wave-induced motions in the larger wave age cases. A comparison of
figures 8(a-c) and 9(a-c) suggests that this phenomenon does not exist for (- 8" w") .

In addition, figure 9(d-f) shows the profiles of the plane-averaged turbulent momentum flux
— u"w" . The profile of - u"w" exhibits a local maximum close to the wave surface in cases 1120 and
0277, as shown in figure 9(e,f). This is associated with the local maximum {- u"w") in the region
adjacent to the wave surface observed in figure 9(b,c). A comparison of the results in figures 8(d) and
9(d) suggests that the behaviours of - w"w" and - 0"w" differ near the wave surface in case Y037.
Figure 9(d) shows that — u"w" decreases gradually with decreasing distance from the wave surface,

and a region with a near-zero value is not observed. The undulation of the surface waves is responsible
for this phenomenon.
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Figure 9: Phase-averaged contours of the turbulent momentum flux over the wave surface, (- v"w"),

for different wave age cases: (a) Y037; (b) [120; and (c) O277. (d-f) The corresponding profiles of the

plane-averaged turbulent momentum flux - «”w" in cases Y037, [120 and O277. The red dashed line
represents the mean wave surface.

3.4 Role of surface waves in heat and momentum transfer

The profiles of the plane-averaged turbulent heat flux - 6" w" and turbulent momentum flux - " w"
are plotted in figure 10 together with the profiles of the corresponding plane-averaged total fluxes
- 0w and - u'w' , for the various wave age cases. The turbulent heat and momentum fluxes both
increase gradually with increasing altitude and approach constant values far from the wave surface.
Moreover, both fluxes decrease rapidly near the wave surface, as shown in figure 10. This behaviour is
due to the restriction of the wave surface on the turbulent fluctuations and the viscous effect near the
wave surface. A comparison of the total flux and turbulent flux near the surface reveals an obvious
difference among the three cases. For heat fluxes, near the wave surface, the contribution of - 0"w" to
- 0'w' is relatively low in case Y037, while the contribution of — 6”w" increases in cases 1120 and
0277, as shown in figure 10(a-c). This indicates that the effects of turbulent motions on heat transfer

are enhanced as the wave age increases, corresponding to the increasing role of turbulent heat transfer.

In contrast, figure 10(d-f) shows that — u”w" has a larger contribution to - «»'w’ in case Y037, but its
contribution dramatically decreases in cases 1120 and O277. The above differences between the total
fluxes and the turbulent flux components indicate that the wave-induced contributions to fluxes cannot
be ignored. For the larger wave age cases, the contribution of the wave-coherent motions leads to a
significant increase in the momentum flux, as shown in figure 10(e,f). Far from the wave surface, this
difference diminishes: in this region, the turbulent fluxes are nearly equal to the total fluxes, and the
wave-induced contributions are negligible. These qualitatively opposite trends indicate the inconsistent
responses to surface waves for heat and momentum transfer processes near the wave surface.
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Figure 10: Vertical profiles of the plane-averaged heat and momentum fluxes: (a-c) heat flux and (d-f)
momentum flux. The turbulent fluxes — 8" w" and - u"w" and total fluxes — 6’w’ and - w'w' are
also shown to analyse the effects of surface waves on the heat and momentum fluxes, for various
wave age cases: (a,d) YO037; (b,e) 1120; (c,f) O277.

The quadrant analysis is further used to examine the effect of ejection and sweep motions on the
turbulent heat and momentum transfer processes, which is a useful tool for understanding the flow
physics of the production of turbulent fluxes [35,36]. The contributions to the turbulent heat flux 6" w”
and turbulent momentum flux w"w" are divided into four quadrants: Q1 ((u"(6")>0,w" >0)),
Q2((u" (0" <0,w">0)),Q3((u"(¥")<0,w"<0)), and Q4((u"(6")>0,w" <0)). Here, Q2
and Q4 correspond to ejections and sweeps, respectively, which are essential for the downward fluxes,
whereas Q1 and Q3 represent the upward turbulent fluxes. Previous studies have suggested that the Q2
and Q4 motions are the principal mechanisms underlying downward turbulent fluxes [33].

Figure 11 shows the ratio —(Q2 + Q4)/(Q1 + Q3) between quadrants as a function of the wave age
for 0" w" and u"w" , which represents the relative importance of the downward and upward fluxes. To
illustrate the role of coupled wind waves in heat and momentum transfer, a simulation of prescribed
surface waves is conducted and their results are compared in figure 11. For turbulent heat transfer, when
the wave age increases, an opposite trend between coupled wind waves and prescribed surface waves
is observed (see figure 11a). The ratio in the coupled wind waves increases with the wave age, while
the ratio of prescribed surface waves decreases with the wave age. For the turbulent momentum flux,
the trend of -(Q2+04)/(Q1+Q3) is similar between coupled wind waves and prescribed wind waves, as
shown in figure 11(b). Their different responses to the wind—wave coupling lead to the dissimilar
contribution of turbulent fluxes with wave ages.

In addition, figure 11(b) shows that the ratio of " w" in case Y037 is remarkably larger than that
in cases 1120 and 0277, indicating that the stronger ejections and sweeps occur in case Y037 than in
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the larger wave ages. The momentum transfer from the waves to the wind contributes to the smaller
ratio in the larger wave age cases. Figure 12 shows the vertical profiles of the skewness of w" . S (w")
is negative in case Y037, whereas S (w") is positive near the wave surface in cases 1120 and O277. The
negative S (w") indicates that w” is mainly associated with the strong downward motions that lead to
the negative w" in case Y037. In contrast, the positive S (w") reflects that w” is primarily influenced
by strong upward motions in larger wave age cases. This increasing importance of upward motions
correlates with the strong modulation effect of the waves on the wind turbulence. Thus, momentum
transfer from the waves to the wind occurs in the larger wave age cases, which was also reported by
Grachev & Fairall [37] and Sullivan et al. [38].
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Figure 11: Comparison of quadrant analysis of the (a) turbulent heat flux 8" w"” and (b) turbulent
momentum flux «"w"” between coupled wind waves and prescribed surface waves as a function of the
wave age at the horizontal plane of z = 0.06.
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Figure 12: Comparison of the profiles of skewness in various wave age cases for the turbulent vertical
velocity fluctuation w" .

4 Conclusion
By simulating the dynamic water surface influenced by wind—wave interactions and the processes of

momentum and heat transport across the interface, the effects of turbulent wind and wave motions on
the flow and thermal fields are examined. The dissimilar transport behaviour of heat and momentum
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near the wave surface is elucidated, which is linked to the effect of the wave age on wind-wave
interactions. The different wave-correlated distributions are responsible for the distinct behaviours
between heat and momentum transfer. The transport efficiency of heat increases with the wave age,
while the transport efficiency of momentum decreases with the wave age. When the wave age increases,
the momentum transfer from the waves to the wind occurs, and the near-surface wave-driven jet is
generated, accompanied by the enhancement of turbulence close to the wave surface. The turbulent heat
and momentum transfer exhibit different responses to this effect of wind-wave coupling. Upward
momentum transfer weakens the turbulence contribution to momentum transfer. In contrast, the
turbulence enhanced by the waterside motions increases the turbulent heat transfer. As another
component, the contribution of wave-induced components to total heat and momentum fluxes changes
accordingly.
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