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Saturn’s moon Titan has lakes and seas of liquid hydrocarbon and a dense atmosphere, an environment
conducive to generating wind waves. Cassini observations thus far, however, show no indication of
waves. We apply models for wind wave generation and detection to the Titan environment. Results sug-
gest wind speed thresholds at a reference altitude of 10 m of 0.4–0.7 m/s for liquid compositions varying
between pure methane and equilibrium mixtures with the atmosphere (ethane has a threshold of 0.6 m/
s), varying primarily with liquid viscosity. This reduced threshold, as compared to Earth, results from
Titan’s increased atmosphere-to-liquid density ratio, reduced gravity and lower surface tension. General
Circulation Models (GCMs) predict wind speeds below derived thresholds near equinox, when available
observations of lake surfaces have been acquired. Predicted increases in winds as Titan approaches sum-
mer solstice, however, will exceed expected thresholds and may provide constraints on lake composition
and/or GCM accuracy through the presence or absence of waves during the Cassini Solstice Mission. A
two-scale microwave backscatter model suggests that returns from wave-modified liquid hydrocarbon
surfaces may be below the pixel-scale noise floor of Cassini radar images, but can be detectable using
real-aperture scatterometry, pixel binning and/or observations obtained in a specular geometry.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction quire winds capable of saltating sand sized particles (100–300 lm)
Saturn’s moon Titan supports standing bodies of liquid under a
dense atmosphere. On Earth, it is rare to observe a body of water
whose surface is not disturbed by some form of wave activity
(Kinsman, 1984). On Titan, Cassini spacecraft observations through
the end of its Equinox Mission in December 2010 show no indica-
tion of surface waves in Titan’s hydrocarbon lakes and seas (Brown
et al., 2008; Wye et al., 2009; Barnes et al., 2011; Hayes et al., 2011;
Soderblom et al., 2012). This observation is intriguing given the
predominance of aeolian features at equatorial latitudes, which re-
ll rights reserved.

es).
(Lorenz et al., 2006). This apparent discrepancy may result from
differences between expected wind speeds and the conditions re-
quired for wave generation on Titan and Earth.

The physical and environmental parameters associated with
exciting wind-driven waves on Titan were recently reviewed by Lor-
enz et al. (2010b). Lorenz and Hayes (2012) discuss the growth of
pre-existing waves in the gravity regime, accounting for Titan’s
environmental conditions. Wind-generated waves on Titan were
initially studied by Ghafoor et al. (2000), who scaled terrestrial
expressions of wave height to Titan gravity but ignored the effects
of viscosity, density, and surface tension. Wind tunnel experiments
by Lorenz et al. (2005), who used kerosene as a Titan sea analog, and
Donelan and Plant (2009), who varied the temperature of water,
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show that some or all of these factors can substantially affect the
threshold for wave generation. This work differs from previous stud-
ies by simultaneously accounting for the gravity, viscosity, surface
tension, and air/liquid density relevant to the Titan environment.

Here, we investigate analytically the conditions necessary for
the onset of exponential growth in capillary-gravity wave ampli-
tude in Titan’s lakes using modern theories of wind wave genera-
tion. In addition, we adapt the two-scale microwave backscatter
model of Donelan and Pierson (1987) to the Titan environment
and investigate the expected Ku-band response of modeled wave
spectra based on predicted wind speeds from the General Circula-
tion Model (GCM) of Schneider et al. (2012). For liquid composi-
tions varying between pure methane and equilibrium mixtures
with the atmosphere, we find that the threshold wind speed for
wave generation is 2.5–4.5 times lower than on sea-water on Earth
at 30 �C, depending primarily on liquid viscosity. While polar equi-
noxial winds are predicted to have been calm, consistent with the
observed absence of wave activity, winds speeds are predicted to
increase during northern spring and summer. This more lively
wind regime, which will be investigated during the Cassini Solstice
Mission, is predicted to produce wind speeds capable of exceeding
the modeled thresholds and potentially exciting wind waves. The
time and frequency of wave activity (or lack thereof) observed dur-
ing the Solstice Mission may provide constraints on liquid compo-
sition through the viscosity dependence of threshold wind speeds.
2. Generating capillary-gravity waves

Wind blowing over a liquid surface generates waves that grow in
amplitude with increasing wind speed. Energy can be transferred
from the wind to the waves by either pressure fluctuations or tan-
gential stresses (Kinsman, 1984). Phillips (1957) developed a theory
for wave generation, known as the resonance mechanism, where
waves are initiated and grow in resonance with turbulent air pres-
sure fluctuations. Turbulent eddies are advected over the liquid sur-
face at some velocity related to the wind. Resonance is only possible
if the waves are traveling along with the turbulence, leading to a
minimum wind speed necessary for excitation that is correlated to
the minimum phase speed of the waves (see below). Since the turbu-
lent pressure fluctuations are in random phase with respect to the
surface waves, the resonance mechanism can only account for linear
growth (similar to a random walk). Resonance waves are small (10’s
of micrometers amplitude) and are not responsible for the observa-
ble disturbances typically associated with wind waves (Kahma and
Donelan, 1988). The resonance mechanism is thought to be respon-
sible for the excitation and initial growth of waves on an undis-
turbed liquid surface and for the rhomboidal structure of newly
emerging wave fields (Kinsman, 1984).

Surface waves exhibit a minimum phase speed (c) because of the
competing effects of gravity (g) and surface tension (c), which are re-
lated through the dispersion relation for deep water waves
(coth(kd) � 1). The potential energy in a gravity wave is proportional
to the square of its wavelength, and so in the absence of other effects,
higher wavenumbers would be favored. However, the potential en-
ergy of a capillary wave restored by surface tension is proportional
to the curvature of the wave, and so is greatest at large wavenum-
bers. There naturally exists a wavenumber (and associated phase
speed) that minimizes the total potential energy of a surface wave
given these two restoring forces. Wind-driven gravity waves are
not observed below this minimum, presumably because the surface
must first be corrugated for the wind to exert a force against it, and
corrugation of a flat surface is produced when surface stress over-
comes surface tension. Gravity waves then emerge and grow having
been seeded by capillary waves. The phase speed of surface waves,
given by the dispersion relation, is (Kinsman, 1984):
c2 � ck=qf þ g=k; ð2:1Þ

where k is the wavenumber, c is the surface tension, qf is the liquid
density, d is the liquid layer depth, and g is gravity. Table 1 lists the
values of these and other parameters relevant to wind wave gener-
ation on Earth and Titan. Fig. 1 shows the phase speed for terrestrial
seawater and ethane/methane liquids on Titan. At large wave-
lengths, gravity is the dominant restoring force and wave energy in-
creases with increasing wavelength. For smaller wavelengths,
surface tension is the dominant restoring force and wave energy in-
creases with decreasing wavelength (increasing curvature). Waves
dominated by gravity are known as gravity waves while waves
dominated by surface tension are known as capillary waves. Waves
for which both restoring forces are important are known as
capillary-gravity waves. For seawater, surface tension can be
neglected (to within 95% confidence in determining the phase
speed) for k > 5 cm while gravity can be neglected for k < 0.5 cm.
For liquid hydrocarbon on Titan, gravity waves can be defined as
k > 10 cm and capillary waves exist for k < 1 cm.

The phase speed has a minimum value cmin = (4cg/qf)1/4 that oc-

curs at kmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gqf =c

q
. On Earth, these waves are the easiest to be

initially excited by wind, have a wavelength of 1.7 cm and travel at
a speed of 0.23 m/s. On Titan, the slowest moving waves are ex-
pected to have a wavelength (k = 2p/k) of 3 cm and move at
0.11 m/s (using the parameters listed in Table 1). In general, phase
speeds for water on Earth are approximately twice as fast as phase
speeds for liquid hydrocarbon on Titan for wavelengths in Titan’s
capillary-gravity regime (1 cm < k < 10 cm).

Once initial wavelets are generated their presence can modify
the air flow in the boundary layer above them, generating addi-
tional pressure fluctuations. These wave-induced pressure fluctua-
tions are in-phase with the topographic wave slope and can lead to
exponential growth. Miles (1957) rigorously studied the possibility
of energy transfer between the mean air flow and a wavy liquid
surface, obtaining estimates for the wind speed necessary to trig-
ger the onset of exponential growth that were in general agree-
ment with field observations. Prior to the work of Miles, Jeffreys
(1924) had postulated that energy transfer to waves occurs
through form drag. Jeffreys (1924) did not, however, provide a the-
oretical method for deriving the proportionality constant in his
theory, known as the sheltering coefficient. Together, the indepen-
dent and complimentary work of Phillips (1957) and Miles (1957)
is collectively known as the Miles–Phillips theory, which is gener-
ally agreed to be the cornerstone on which modern wind wave
generation models are built (Young, 1999). Recently, the threshold
associated with the onset of exponential growth has been observed
experimentally by Donelan and Plant (2009), providing support for
the concept of a positive feedback mechanism between growing
surface waves and airflow in the boundary layer. While a detailed
derivation of the Miles–Phillips theory is outside the scope of this
work, Fig. 2 depicts the physical picture by which the resonance
(Phillips, 1957) and instability (Miles, 1957) mechanisms generate
pressure gradients to excite wind-waves.

In addition to the Miles–Phillips theory, Kelvin–Helmholtz (KH)
instabilities are also known to excite waves at the interface be-
tween two fluids. The classical KH theory considers a tangential
discontinuity between uniform flows of air over water (Thomson,
1871). Miles (1959) updated the theory to account for logarithmic
velocity profiles in the upper fluid (air). For ‘‘air over water’’ the KH
mechanism, which is independent of fluid viscosity, predicts
threshold wind speeds that are an order of magnitude larger than
observed. The KH mechanism correctly predicts wind thresholds,
however, for highly viscous and/or contaminated liquids, where
small-scale waves are damped by viscous dissipation (Miles,
1959). Shtemler et al. (2008) argues that the KH mechanism may



Table 1
Physical parameters associated with wind wave generation on Earth and Titan. Kinematic viscosities (mf) represent seawater between 0 �C and 30 �C
on Earth and hydrocarbon mixtures ranging from pure CH4 to the more complex compositions predicted by Cordier et al. (2009) at 94 K on Titan.
Complex dielectric constants for seawater and liquid hydrocarbon are from Saxton and Lane (1952) and Paillou et al. (2008), respectively. The
kinematic viscosity of Titan’s atmosphere (ma) is taken to be that of nitrogen gas at 94 K. The remaining parameters are referenced from Weast (1984)
for Earth and Lorenz et al. (2010b) for Titan. The observing wavenumber (ko) and wavelength (ko) corresponds to the RADAR instrument onboard the
Cassini spacecraft and kmin is the wavelength of a surface wave moving at the minimum phase speed (cmin). The minimum phase speed is defined as
cmin = (4cg/qf)1/4 (Section 2.1).

Parameter Description Earth Titan

� Liquid dielectric constant 53.98 + 34.38i 1.75 + 0.002i
qa Air density 0.0012 g/cm3 0.005 g/cm3

qf Liquid density 1.03 g/cm3 0.531–0.662 g/cm3

ma Air viscosity 0.154 cm2/s 0.0126 cm2/s
mf Liquid viscosity 0.0084–.0184 cm2/s 0.003–0.03 cm2/s
g Gravity 981 cm/s2 135 cm/s2

c Liquid surface tension 73 dynes/cm 18 dynes/cm
cmin Minimum phase speed 23.0 cm/s 11.0–11.6 cm/s
kmin Wavelength at cmin 1.7 cm 2.8–3.2 cm
ko Cassini RADAR wavelength 2.16 cm
ko Cassini RADAR wavenumber 2.9 cm�1
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Fig. 1. Phase speed (c) for waves traveling in seawater on Earth and liquid
hydrocarbon on Titan calculated from the dispersion relation (Eq. (2.1)) using the
physical parameters listed in Table 1.
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be important for longer wavelength waves at high wind speeds.
The modified KH theory of Miles (1959) predicts threshold wind
speeds of at least 3 m/s for liquid hydrocarbon on Titan, which is
greater than even the strongest expected winds (see Section 5).
Predicted liquid viscosities on Titan (see Table 1), however, are
within the range of applicability for the Miles–Phillips theory
(i.e., viscous dissipation does not overwhelm energy transfer
through shear-flow instability); as such, the remainder of this sec-
tion will focus on applying the exponential growth (feedback) the-
ories and their more modern variants to the Titan environment.
2.1. Applying wind wave generation models to Titan

Resonance can occur when turbulent eddies of the appropriate
length-scale are advected at the phase speed of a growing wave.
Under the assumption of frozen turbulence, Elliot (1972) found
that the convection velocity appropriate for exciting resonance
waves of wavenumber k is the wind speed at an elevation of
�p/k(=k/2). For an aerodynamically smooth surface and logarith-
mic wind velocity profile (Eq. (2.3)), a wind speed equal to the min-
imum phase speed cmin = 0.11 m/s at a height of z = p/kmin = 1.5 cm
corresponds to a wind speed at 10 m of U10 = 0.22 m/s. This
suggests that the minimum wind speed necessary to excite reso-
nance waves on Titan is U10 = 0.22 m/s. The wind speed at 10 m
(U10) is a universally standard meteorological measurement height
(National Renewable Energy Laboratory, 1997) and is adopted here
to facilitate comparison with the terrestrial oceanographic litera-
ture. On Earth, resonance waves have significant wave heights of
�10 lm (see Section 3) and RMS slopes of a few tens of microradi-
ans, making them very difficult to observe; they are typically iden-
tified through the presence of glimmers on an otherwise smooth
surface (Kahma and Donelan, 1988). While these disturbances
may be a factor of a few larger on Titan, they will still be well be-
low the detection threshold of current instrumentation. Regard-
less, resonance waves may provide the initial disturbances
required for the onset of exponential growth and subsequent gen-
eration of readily observable waves.

Once initial wavelets are generated, Miles (1957) derived a
model for the exponential growth rate of capillary-gravity waves
(bg) based on a positive feedback between the waves and the wind
in the boundary layer, assuming a logarithmic velocity profile:

ðbg=xÞMiles ¼ fM
qa

qf
ðuH=cÞ2 cos2ðv� �vÞ; ð2:2Þ

where x = ck is the angular frequency of the growing wave, ðv� �vÞ
is the deviation between the directions of wind and wave propaga-
tion, uw is the friction velocity, qa is the air density, and fM is a
dimensionless coefficient known as the Miles parameter. The Miles
parameter is proportional to the ratio between the curvature and
slope of the wind profile at the critical height where the wind speed
equals the phase speed of the growing wave (Miles, 1957). The fric-
tion velocity, by definition, is proportional to the square root of the
applied surface stress s ¼ qau2

H

� �
and can be related to the wind-

velocity profile near the air–liquid interface as:

UðzÞ ¼ uH

j
ln

z
zo
; ð2:3Þ

where j is the Von-Kármán turbulence constant (j = 0.41, Garratt,
1977), zo is the total roughness length, and z is the height above
the surface. Following Smith (1988), the total roughness length dur-
ing the initial stages of wave generation is approximated by the
combination of the aerodynamic roughness length of the short sur-
face waves zc ¼ acu2

H
=g

� �
(Charnock, 1955) and the roughness

length for an aerodynamically smooth surface (zs = 0.11ma/uw,
where ma is the kinematic viscosity of the air) (Businger, 1973):

zo ¼ zc þ zs ¼ acu2
H
=g þ 0:11ma=uH: ð2:4Þ

where ac is the Charnock parameter, which depends on wave age
c

U10
, and 0.11 is an experimental value related to the Von-Kármán



Fig. 2. Physical depiction of how the resonance (e.g., Phillips, 1957) and instability (e.g., Miles, 1957) mechanisms generate vertical pressure gradients to excite wind waves.
For a detailed review of these mechanisms see, e.g., Kinsman (1984) or Young (1999). (A) Resonance Mechanism: Turbulent eddies are advected over the liquid surface. If the
horizontal scale of the associated vertical pressure gradients are similar to the wavelength of surface waves with phase speeds equal to the advection rate, the waves will
linearly grow. (B) Instability Mechanism: In the critical layer (U(zc) = c), local concentrations of excess vorticity peak over the nodes (positions of maximal slope) of the surface
waves that are perturbing the shear flow. This vorticity field induces a velocity field which redistributes the vorticity field, which . . .. Feedback between these induces fields at
the critical layer lead to a pressure component with a p/2 phase lag relative to the surface waves. These pressure gradients are therefore in phase with the topographic wave
slope and lead to exponential growth. Panel B is adapted from Lighthill (1962).
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constant (Nikuradse, 1933), which is assumed to be a universally
independent (e.g., Barenblatt and Chorin, 1998). Garratt (1977)
found ac = 0.0144 for a variety of sea states. To derive a threshold
for the onset of capillary-gravity waves, Miles (1957) balanced the
growth rate (Eq. (2.2)) against the loss rate associated with viscous
dissipation:

bmf
=x ¼ 4mlk=c: ð2:5Þ

Two modern variants of the exponential growth theory, which are
commonly used to predict the onset of observable wind waves in
the capillary-gravity regime, are Plant (1982) and Donelan and Pier-
son (1987). For sea water both predict minimum threshold wind

speeds at z = 10 m Uth
10

� �
, i.e., the wind speed at which wave growth

balances loss by viscous dissipation, between 1.5 m/s and 2 m/s
depending on sea temperature (i.e., viscosity). Similar to Miles
(1957), Plant (1982) relates the exponential growth of capillary-
gravity waves to the square of the friction velocity using Eq. (2.2),
but assumes a constant Miles parameter ðfMPlant

� 34:3Þ. Donelan
and Pierson (1987), on the other hand, more closely follow the shel-
tering theory of Jeffreys (1924) and boundary layer dynamics of El-
liot (1972), and relates the growth rate to the wind speed at a height
z = k/2 above the mean water level (Uk/2):

ðbg=xÞDonelan ¼ 0:194
qa

qf
½ðUk=2=cÞ cosðv� �vÞ � 1�2 ð2:6Þ

where bg is only defined for ðUk=2=cÞ cosðv� �vÞ > 1 and zero other-
wise. Donelan and Pierson (1987) prefer a reference height of k/2 as
opposed to the critical height of Miles (1957) because it both scales
with the size of the roughness elements affecting the boundary
layer (i.e., waves) and is sufficiently high to clear their amplitudes.
For even moderate winds, the critical height of Miles (1957) can
descend below the wave-crests and, for high uw, asymptotically ap-
proaches zo. For a wave to grow, the wind speed at k/2 must exceed
the phase speed, ðUk=2=cÞ cosðv� �vÞ > 1, and the growth rate must
be greater than loss from viscous dissipation ðbg > bmf

Þ. The dimen-
sionless constant 0.194 has been experimentally found to be valid
over a range of liquid temperatures (i.e., variations in qf and mf)
(Donelan and Plant, 2009) and, more recently, under Martian atmo-
spheric conditions (Banfield et al., 2012).

Donelan and Plant (2009) performed experimental work in a
wave tank to compare the models of Plant (1982) with Donelan
and Pierson (1987) and found that Uk/2 was a more reliable esti-
mate for the onset of capillary-gravity waves and that initial
growth did not occur in a constant-stress environment, as was pre-
dicted by the theory of Plant (1982). At larger wind speeds, the two
theories were indistinguishable. They also observe that the thresh-
old wind speeds were independent of fetch (downwind length of
liquid surface).

Following the results of Donelan and Plant (2009), we will use
the theory of Donelan and Pierson (1987) to estimate the wind
wave threshold for liquid hydrocarbon on Titan. While Eq. (2.6)
has not been experimentally validated under Titan conditions, its
derivation allows for variations in the relevant physical parameters
(qa, qf, g, and c). The threshold is derived by equating growth (Eq.
(2.6)) with viscous dissipation (Eq. (2.5)) and solving for Uk/2. For a
given Uk/2, uw and zo can be estimated using Eqs. (2.3) and (2.4). U10

can then be calculated using Eq. (2.3). Fig. 3 shows threshold wind

speed Uth
10

� �
for waves in the capillary-gravity regime using both

the Miles (1957) and Donelan and Pierson (1987) formulations.
In both cases, the dependence on zo is weak because it enters only
logarithmical and thus does not significantly effect Uth

10. For viscos-
ities ranging between pure methane (mf = 0.0031 cm2/s) and the
more complex equilibrium compositions predicted by Cordier
et al. (2009) ðmf ¼ 0:026 cm2=sÞ; Uth

10 ranges between 0.4 and
0.7 m/s. For pure ethane at 94 K ðmf ¼ 0:017 cm2=sÞ; Uth

10 � 0:6 m/s.
Without accounting for surface tension, viscosity, or gravity,

Lorenz et al. (2010b) suggested a threshold wind speed of 0.5–
1.0 m/s for wave generation on Titan based on scaling Earth obser-
vations assuming a square-root relationship with atmospheric
density. This is surprisingly similar to our result of 0.4–0.7 m/s,
which includes dependencies for surface tension, viscosity, gravity,
and atmospheric/liquid density. Lorenz et al. (2010b) do not assign
an altitude to the reported threshold speed and the reported range
is based on the variation in published wave generation thresholds
documented on lake and ocean surfaces. The threshold wind
speeds reported herein are reported for an elevation of 10 m and
the variation is correlated to the range of liquid viscosities ex-
pected in the Titan environment.

3. The complete wave spectrum

In order to study the size and detectability of emerging wave
fields on Titan, we need to understand the amplitude spectrum ex-
pected for a given wind speed. At high wavenumbers (short wave-
lengths), the equilibrium wave function is a balance between
energy input from the wind and the dissipative processes associ-
ated with liquid viscosity, wave breaking, and non-linear parasitic
interactions (Donelan and Pierson, 1987):

Uðk;vÞshort ¼ k�4½ðbg=x� bm=xÞ=a�
1=n
; ð3:1Þ

where n and a are semi-empirical functions of k/kmin, defined in
Donelan and Pierson (1987), that approximate dissipation due to
wave breaking and parasitic ripples:



2 4 6 8 10 12 14 16 18

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

λ (cm)

U
10th

 (c
m

/s
)

(A) Miles 1957

2 4 6 8 10 12 14 16 18 20

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

λ (cm)

U
10th

 (c
m

/s
)

(B) Donelan and Pierson 1987

Earth: H2O (0°C, νf = 1.85 cSt)

Earth: H2O (30°C, νf = 0.84 cSt)

Titan: Cordier et al. 2009 (νf = 2.6 cSt)

Titan: C2H6 (90 K, νf = 1.7 cSt)

Titan: CH4 Rain (94 K, νf = 0.31 cSt)

3.1 1.0 0.6 0.4 0.3 3.1
k (cm−1)

3.1 1.0 0.6 0.4 0.3
k (cm−1)

Fig. 3. Threshold wind speed at 10 m Uth
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� �
where the exponential growth rate of capillary-gravity waves is balanced by viscous dissipation. (A) Uth

10 calculated from the

theoretical model of Miles (1957). (B) U10th
calculated from the semi-empirical theory of Donelan and Pierson (1987)
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n ¼ 3:85 2� 1þ 3ðk=kminÞ2

1þ ðk=kminÞ2

�����
�����
3

þ 1:15; ð3:2Þ

lna ¼ 17:4 2� 1þ 3ðk=kminÞ2

1þ ðk=kminÞ2

�����
�����
3

þ 4:6: ð3:3Þ

While it is unknown how the specifics of wave breaking and non-lin-
ear wave–wave interactions of liquid hydrocarbon on Titan differ
from sea water on Earth, the geometrical nature of these processes
suggests that n and a are independent of variations in liquid proper-
ties and depend primarily of the shape of the wave spectrum (k/kmin).
The experiments required to validate this and other assumptions dis-
cussed herein, while important, are outside the scope of this work.

At any given wavenumber, non-zero spectral amplitude re-
quires both Uk/2 > c and a growth rate (Eq. (2.6)) that exceeds loss
from viscous dissipation (Eq. (2.5)). Since, for the same wind veloc-
ity, phase speeds are �2 times slower on Titan than Earth and the
air-to-liquid density ratio is �6.5 times higher (using the parame-
ters listed in Table 1), we can expect capillary-gravity waves to
grow both faster and larger in Titan’s hydrocarbon seas (Eq. (2.6)).

For the longer wavelength end of the spectrum, we adopt the
semi-empirically derived equilibrium spectrum of Donelan et al.
(1985) for a fully developed wind-generated sea:

Uðk;vÞlong ¼ k�4 1:35� 10�3
ffiffiffiffiffiffiffiffiffiffi
k=kp

q
e�ðkp=kÞ2 1:7Fðk=kpÞhðk=kpÞsech2½hðk=kpÞðv� �vÞ�

� 	

ð3:4Þ

where

Fðk=kpÞ ¼ e�1:22
ffiffiffiffiffiffiffi
k=kp

p
�1

� �2

ð3:5Þ

and h(k/kp) is defined as

hðk=kpÞ ¼
1:24; if 0 < k=kp < 0:31;

2:61ðk=kpÞ0:65
; if 0:31 < k=kp < 0:90;

2:28ðk=kpÞ�0:65
; if 0:90 < k=kp < 10:

8><
>: ð3:6Þ

The peak of the spectrum is given by:

kp ¼ g=ð1:2U10Þ2: ð3:7Þ
At low wavenumbers, both viscous dissipation and direct forcing
from the wind are unimportant (Donelan and Pierson, 1987). The
complete wave spectrum is a combination of Eqs. (3.4) and (3.1),
with Eq. (3.4) valid for k < 10kp and Eq. (3.1) valid for k P 10kp.
The dimensionless constants listed in Eqs. (3.1)–(3.7) are assumed
to be independent of changes in liquid and/or atmospheric proper-
ties (Donelan and Pierson, 1987).

The strength of a wave field can be characterized by its signifi-
cant wave height (H1/3). The significant wave height is defined as
the average amplitude (peak-to-trough) of the highest third of
the waves in a given wave field (Munk, 1944). In modern oceanog-
raphy, however, H1/3 is usually defined as four times the standard
deviation of the surface elevation (e.g., Kinsman, 1984). In addition
to H1/3, a wave field’s strength is also gauged by its slope distribu-
tion, which is typically expressed by the upwind and cross-wind
mean squared topographic slopes (r2

u and r2
c ). The slope distribu-

tion is essential to understanding the radar backscatter and glint
characteristics of a wave field.

The significant wave height (H1/3) and mean squared slopes
r2

u;r2
c

� �
can be approximated by direct integration of the complete

wave spectrum (Eqs. (3.1) and (3.4)) following Valenzuela (1978):

H2
1=3 ¼ 16

Z p

�p

Z 1

0
Uðk;vÞk dkdv; ð3:8Þ

r2
u ¼

Z p

�p

Z ko=C

0
Uðk;vÞk2 cos2 vkdkdv; ð3:9Þ

r2
c ¼

Z p

�p

Z ko=C

0
Uðk;vÞk2 sin2 vkdkdv; ð3:10Þ

where ru is the upwind RMS slope, rc is the crosswind RMS slope, ko

is the wavenumber of observation, and C is a constant used as a low
pass filter (Donelan and Pierson, 1987). The result of integrating
over the wave spectrum (Eqs. (3.1) and (3.4)) in Eq. (3.8) suggests
that the significant wave height scales inversely with gravity and,
for the same wind speed, is �7 times greater on Titan than on Earth.
Similarly, ru and rc calculated from Eqs. (3.9) and (3.10) are greater
by a factor of �2 on Titan for U10 < 5 m/ s. While the air–liquid den-
sity ratio affects the growth rate of capillary-gravity waves, it does
not significantly affect their limiting steepness—this follows the



408 A.G. Hayes et al. / Icarus 225 (2013) 403–412
strictly geometrical Stokes limit (see, e.g., Kinsman, 1984). Conse-
quently, for a given wind speed, there will be many more breaking
waves (white-caps) on Titan than on Earth.
4. Observing waves

Over Earth’s oceans, Walsh et al. (1998) observed RMS slopes of
�4� at Ka band (0.8 cm wavelength) under light winds near the onset
of exponential capillary-gravity wave growth (U10 � 1.6 m/s). This is
consistent with Eq. (3.9) using the wave spectrum defined in the pre-
vious section and C = 40. Given that Eqs. (3.9) and (3.10) predict
slopes to be steeper on Titan and that near infrared wavelengths
interact with more of the wave spectrum (larger ko), the RMS slope
of 0.15� derived by Barnes et al. (2011) for Kraken Mare and Jingpo
Lacus on Titan is consistent with a complete lack of wind wave activ-
ity and suggests wind-speeds below the threshold for exponential
growth (Fig. 3). In the presence of waves, glint measurements taken
by the Visual and Infrared Mapping Spectrometer (VIMS) should
indicate RMS slopes of at least a few degrees. Lower values, however,
may be expected if waves are only present in a small portion of the
footprint, which would suggest spatial variability in the wind and
wind speeds near the onset of capillary-gravity wave growth. Shan-
karanarayanan and Donelan (2001) find that wind-speeds on Earth
have significantly more variability, both spatially and temporally,
near the threshold for wind wave generation.

Andreas and Wang (2007) note that, in terrestrial seas, H1/3 is
typically independent of wind-speed for U10 < 4 m/s. This is attrib-
uted to the presence of swells created during previous episodes of
enhanced wind activity that have yet to dissipate. On Titan, a sim-
ilar phenomenon may increase the observed significant wave
heights during light winds (even for winds below the wave-gener-
ation threshold) during seasons of enhanced activity. For light
winds in shallow areas, Andreas and Wang (2007) find that H1/3

is primarily controlled by water depth, where interaction with
the sea-floor can dissipate larger amplitude waves. As discussed
in below, however, the Ku-band radar response of the wave-field
is primarily controlled by smaller capillary-gravity waves near
the Bragg frequency which, in the absence of forcing, will quickly
lose energy through viscous dissipation.

While specular observations, such as altimetry (e.g. Wye et al.,
2009) or glint (e.g., Barnes et al., 2011) measurements will be sen-
sitive to even the smallest capillary-gravity waves excited by expo-
nential feedback mechanisms, it is unclear whether or not wave
fields on Titan will be observable to the Cassini RADAR at off-nadir
geometries. At moderate incidence angles (10–60�) microwave
backscatter is dominated by Bragg scatter. In a broad spectrum
wave field, however, the smaller Bragg-scattering waves are tilted
by their larger counterparts. In order to accurately estimate the ra-
dar backscatter of such a complex wavy surface, a composite mod-
el is required in which the effect of low frequency waves is taken
into account. In such a model, the high wavenumber portion of
the spectrum is used to estimate the power spectral amplitude at
the Bragg wavenumber (kb = 2ksin(h)), while the low wavenumber
portion of the spectrum is used to generate a slope distribution
that describes the orientation of surface facets.

In order to estimate the Ku-band response of waves on Titan
lakes, we adopt the composite backscatter model described in Don-
elan and Pierson (1987). Eq. (3.1) is used to estimate the spectral
amplitude at the Bragg frequency, while Eq. (3.4) is used to deter-
mine the distribution of surface facets tilting the shorter waves. Sur-
face facets are oriented using a Gaussian probability distribution
defined by the mean square slope (ru,rc) and significant wave
height (H1/3). In addition to the longer-wavelength tilting of the
Bragg scattering waves, the model also includes a specular
component approximated by a Gaussian quasi-specular model (Har-
greaves, 1959) and an estimate of wind gustiness following the mea-
surements of Smith (1974). The framework and governing equations
of the model are described in Donelan and Pierson (1987).

The results of the composite backscatter model are presented in
Fig. 4. Between 10� and 60� incidence, the decrease in dielectric
constant (�) between water and liquid hydrocarbon results in an
8–15 dB decrease in the Fresnel reflectivity at horizontal polariza-
tion. For Bragg scatter on Titan, this decrease is partially offset by
the increase in spectral power at the Bragg frequency resulting
from the increased atmosphere-to-liquid density ratio and reduced
wave phase speed relative to Earth (see Eq. (2.6)). Nevertheless, the
backscatter cross-sections (ro) expected from hydrocarbon wave
fields on Titan are low. For wind speeds below �1 m/s and inci-
dence angles greater than 20�, predicted ro values are less than-
25 dB, which is below the noise floor of most Cassini SAR image
pixels (Fig. 4). In scatterometry mode, however, the Cassini RADAR
can measure ro values as low as �40 to �50 dB (West et al., 2008)
which, according to the two-scale backscatter model, is sensitive
enough to detect the presence or absence of waves within the
�10 km real-apertures footprint.
5. Predicted wind speeds

Lorenz et al. (2010b, 2012) discuss predicted wind speeds for Ti-
tan’s polar regions based on the Köln and TitanWRF General Circu-
lation Models (GCMs) described in Tokano (2009) and Newman
et al. (2008), respectively. In each case, they report wind speeds
in the lowest available altitude bin (300 m for Köln, 90 m for Titan-
WRF). As a heuristic, one may use an empirical law for Earth appli-
cations to estimate the wind speed variation with height below the
lowest model level, i.e., U(z) � U10(z/z10)p, where z10 is the refer-
ence height (10 m) and p � 0.11 (e.g., Hsu et al., 1994). This correc-
tion suggests factors of �0.69 and �0.79 should be applied,
respectively, to the Köln and TitanWRF results cited in Lorenz
et al. (2010b, 2012) to obtain estimates for U10.

Both models predict polar winds that are calm during the winter
months (wind speeds generally below 0.4 m/s) but increase during
the spring/summer to as high as 1.2 m/s (corrected to 10 m) near sol-
stice (Lorenz et al., 2010b). In general, the TitanWRF GCM predicts
calmer winds than the Köln model. A more recent GCM described
by Schneider et al. (2012) produces calmer winds than both models.
Future observations discerning the presence or absence of waves
during the upcoming Titan summer may help to distinguish
amongst available GCMs by comparing predicted wind speed distri-
butions to observed wave temporal frequency and amplitude.

As discussed in Lorenz et al. (2012), the wind speeds for Ligeia
Mare in late summer (Ls = 160�, where Ls is the planetocentric solar
longitude) are rather similar in the Köln and TitanWRF models. An
inspection of the time histories, however, shows a substantially la-
ter onset of strong summer winds in the Köln model. Since Cassini
observations cannot be uniquely interpreted in terms of quantita-
tive surface wind speeds without knowing the liquid viscosity, the
timing of the seasonal increase in wind speed may be the most
useful discriminator of the predictive success of these GCMs.

Herein we use the three dimensional Titan GCM of Schneider
et al. (2012), set to report Earth-daily (24 h) averaged wind speeds
at an elevation of 10 m above the surface (see Fig. 5), allowing di-
rect comparison to Fig. 3. The U10 winds are obtained from the fric-
tion velocity (uw) produced by the model and a logarithmic
velocity profile (Eq. (2.3)) with a fixed roughness length of zo = 0.5 -
cm as is assumed by the GCM. Because the friction velocity (i.e.,
surface stress at a given location) balances the angular momentum
flux convergence in the atmospheric columns aloft, and because
this angular momentum flux convergence is affected by large-scale
dynamics, the friction velocity is likely a more robust model result
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sections (ro) are shown for horizontal polarization, corresponding to the primary orientation of the Cassini RADAR while in Synthetic Aperture Radar (SAR) mode. Results for
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that is less dependent, e.g., on how boundary layer turbulence is
represented than are low-level winds. It should be noted, however,
that, to the extent that poorly constrained boundary layer dynam-
ics can affect the angular momentum flux aloft (e.g., mesoscale sea
breeze circulations), model results may differ from the local envi-
ronment. Including the effects of local-scale features, such as iso-
lated lakes or mountains, in GCM calculations will enhance their
ability to accurately predict wind speeds over Titan’s hydrocarbon
liquids. On Earth, temperature differences of �10 K between the
land and ocean result in pressure differences that generate land
and sea breezes with magnitudes of up to �10 m/s (Simpson,
1994). While physical temperature differences on Titan are ex-
pected to be low (at most 1–3 K) (Jennings et al., 2009) and pre-
dicted sea breeze magnitudes small (<1 m/s) (Tokano, 2009), land
and/or sea breezes may increase winds in the vicinity of shorelines.

Compared with the Köln and TitanWRF GCMs, Schneider et al.
(2012) predict slightly lower wind speeds, although these differ-
ences are somewhat reduced by referencing reported wind speeds
to a common elevation of 10 m using the boundary layer correction
discussed above. Remaining variations may be due to the differ-
ences between the statistical metrics used to generate reported
values as well as fundamental differences amongst the models. In
this work, outputs from the Schneider et al. (2012) GCM are aver-
aged over five Titan years. In an attempt to simplify the high quan-
tity of data produced by the GCM, we compared our estimates of
wind threshold Uth

10

� �
against the 95% quantile of the longitudinal
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distribution of daily-average surface winds at 10 m for a given lat-
itude and time. These winds should be representative of the gustier
conditions observed by Cassini if GCM predictions are accurate.
One should bear in mind, however, that there are calm days during
windy seasons (and vice versa) and some care should be taken in
drawing too strong conclusions about Titan’s winds (or models
thereof) from a small number of point observations by Cassini.
To formally assess the winds from detections or non-detections
of waves, a probabilistic (e.g., Bayesian) approach will need to be
adopted once sufficient data are available.

Poleward of 50�, the GCM reports wind-speeds below the pre-
dicted thresholds for wave generation between autumnal and vernal
equinox in each hemisphere. All of the Cassini measurements re-
ported to observe an absence of wave activity were acquired during
this time period. However, for spring/summer (�60� < Ls [ 150� in
the north or�240 < Ls [ 330� in the south), wind speeds exceeding
the minimum threshold of 0.4 m/s (pure methane) are predicted in
the polar regions. The predicted wind speeds for 70�S (Ontario La-
cus) and 70�N (Kraken Mare) are depicted in Fig. 5. The cross-
hatched region of Fig. 5 represents the range of threshold wind
speeds derived using Eq. (2.6). During spring and summer in each
hemisphere, wind speeds span the range of the predicted thresholds.
At 80�N, which is the latitude of Ligeia Mare, predicted wind speeds
in spring/summer are �27% lower than at 70�N. Ligeia Mare is the
primary target for the Titan Mare Explorer (TiME), a proposed Dis-
covery-class mission to land a capsule in a Titan lake in 2023 (Stofan
et al., 2011). In 2023 the predicted U10 at 80�N from Schneider et al.
(2012) is 0:33þ0:14

�0:10 m/s, near the minimum threshold for capillary-
gravity wave growth. Lorenz et al. (2012) report wind speeds as high
as 1 m/s at 300 m (occurring 5% of the time) using the Köln GCM of
Tokano (2009), corresponding to U10 � 0.7 m/s. The significant wave
heights to which gravity waves might grow in these or higher winds,
and the probability distribution of individual (‘rogue’) wave heights
given a significant wave height are discussed in a separate paper
(Lorenz and Hayes, 2012).

6. Discussion

The first direct attempt to detect wave activity on Titan was per-
formed by Wye et al. (2009), who showed that Ontario Lacus had a
maximum root-mean-square (RMS) roughness of 3 mm over the
�100 m Fresnel zone during the December 2008 (T49) altimetry pass.
In July 2009, the VIMS instrument observed glints from the northern
seas Kraken Mare and Jingpo Lacus (Stephan et al., 2010). Barnes
et al. (2011) analyzed the glints and found that the RMS surface slope
was at most 0.15� over the �1 km specular footprints during image
acquisition. Both of these observations suggest a complete absence of
wave activity, consistent with the calm surface winds predicted by
available GCMs near equinox (Fig. 5). Upcoming observations during
northern spring and summer, however, are predicted to exceed the ex-
pected threshold speeds of 0.4–0.7 m/s for compositions ranging from
pure methane rain (25% nitrogen and 75% methane) to atmospheric
equilibrium (Cordier et al., 2009), varying with liquid viscosity. Thus,
the presence or absence of wave activity during the Cassini Solstice
Mission may provide information constraining both the wind regime
and composition of Titan’s polar lakes and seas. The absence of surface
waves could be the result of calm winds, highly viscous fluids, or sur-
factants inhibiting the growth of capillary-gravity waves. The presence
of waves, on the other hand, will suggest winds exceeding the pre-
dicted threshold and a lack of appreciable surfactants. If an indepen-
dent estimate of wind speed can be provided, the presence of wind
waves will suggest a maximum viscosity for the lake. Similarly,
the absence of waves can provide an estimate for the minimum pos-
sible liquid viscosity.

It should be noted, however, that the viscosities pertaining to
the Cordier et al. (2009) compositions are not a strict upper limit.
As discussed in Lorenz et al. (2010b), Cordier et al. (2009) assume
thermodynamic equilibrium with the atmosphere for the main con-
stituents while the abundance of minor components (notably pro-
pane and butane, which have the largest effect on viscosity) are
estimated from the flux in a photochemical model. Any difference
in the assumed photochemical flux could lead to differences in the
concentration of the heavier compounds that increase viscosity.
Similarly, if there are large-scale migrations of liquid from one pole
to another on astronomical timescales (104–105 yrs), as suggested
by Aharonson et al. (2009), we may expect a fractionation of liquid
composition as lakes in the drying pole become enriched in heavier,
more viscous compounds. Thus the wind threshold for waves may
be different between the northern and southern hemispheres. Given
morphological indications that the north is gaining liquid at the ex-
pense of the south (e.g., drowned river valleys in the margins of the
northern seas (e.g., Cartwright et al., 2011), and a playa-like mor-
phology (Lorenz et al., 2010a), evidence for paleoshorelines (Barnes
et al., 2009) and shallow depth (Hayes et al., 2010) at Ontario Lacus),
we would accordingly predict the present-day threshold to be high-
er in the south than in the north. This of course does not exclude a
lower threshold in the past (in fact, it implies it), which could help
to explain the shorelines morphologies interpreted as wave-cut bea-
ches at Ontario Lacus by Wall et al. (2010). For liquid compositions
more viscous than those predicted by Cordier et al. (2009)
(ml > 0.026 cm2/s), the Donelan and Pierson (1987) model predicts
a power law relationship between viscosity and threshold wind
speed given by Uth

10ðmf Þ � 264� m0:57�0:03
f þ Uth

10ðmCH4 Þ. For extreme
viscosities of 10–100 times that of seawater at 30�C, the predicted
Uth

10 for liquid hydrocarbon compositions range from 1 to 3 m/s. At
even larger viscosities, Uth

10 increases to the point were the Kelvin–
Helmholtz mechanism, which is independent of ml and requires
U10 > 3 m/s, becomes the likelier wave generation mechanism. As
discussed in Section 5, however, the highest wind speeds expected
on Titan are U10 � 1 m/s.

While altimetry observations are sensitive to wave heights
comparable to the radar’s 2 cm wavelength, SAR observations are
hindered by the low Fresnel reflectivity of liquid hydrocarbon.
When applied to Titan, the two-scale model of Donelan and Pierson
(1987) predicts off-axis backscatter (h > 20�) below �20 dB for
U10 < 2 m/s. Thus, wave activity may be below the noise equivalent
backscatter ðroNE Þ of SAR images, which can range between �15
and �25 dB depending on observational geometry. On the other
hand, while the radiometric sensitivity of SAR images (at the pixel
scale) may be marginal for detecting waves, larger-scale morpho-
logical indications may help—darker regions in the lee of islands
or mountains may indicate topographic sheltering and thus not
only the presence of waves, but also the wind direction. We sug-
gest, based on the results of a two-scale backscatter model, that
SAR observations of the seas be made at as low an incidence angle
as possible. Additionally, for the larger lakes and seas, where the
radar’s�10 km real-aperture beam footprint can be fully contained
within a sea’s perimeter, the real-aperture noise floor is closer to
�40 or �50 dB, and thus scatterometry measurements (which
are routinely used to estimate sea-surface winds from wave steep-
ness on Earth) may better quantify waves. VIMS glint observations,
which have surface footprints of order 1 km, are able to measure
RMS surface slopes to a precision of 0.1� or better (Barnes et al.,
2011). As wind waves on Titan are predicted to produce RMS
slopes of at least a few degrees, they should be observable to VIMS
when it observes at specular geometries. While the Imaging Sci-
ence Subsystem has the sensitivity to observe specular reflection
from Titan’s surface (e.g., West et al., 2005), atmospheric scattering
at 938 nm limits surface observations to emission angles below
�40�, which is less than the minimum solar incidence over Titan’s
polar lake districts (Turtle, E.P., personal email communication,
2012).
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7. Summary

In summary, while the low reflectivity of liquid hydrocarbon
will make it difficult to observe the spatial structure of wind wave
behavior in SAR images, the presence or absence of wind waves
during Cassini’s Solstice Mission should be discernable on a num-
ber of occasions from altimetry, scatterometry, binned-SAR, and/
or observations of infrared glints. Furthermore, the presence or ab-
sence of waves may provide constraints on the composition of Ti-
tan’s hydrocarbon seas and/or help to discriminate amongst
available GCMs. Polar winds during upcoming Northern Spring/
Summer are predicted to exceed modeled wave generation thresh-
olds of Uth

10 ¼ 0:4� 0:7 m=s for liquids ranging from methane rain
to the more complex compositions described in Cordier et al.
(2009). The wave generation threshold for ethane, which is gener-
ally considered the primary constituent of the large seas (e.g.,
Hayes et al., 2011), is Uth

10 ¼ 0:6 m=s. Finally, Cassini may only rep-
resent the beginning of Titan wave studies. Future missions con-
cepts include orbiters better suited to repeat observation of the
sea surface (e.g., Lorenz et al., 2008; Sotin et al., 2011), airplanes
(e.g., Barnes et al., 2010), or floating capsules (e.g., Stofan et al.,
2011) that can observe wave fields in situ.
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