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Abstract Techniques based on thermography are well-
established for destruction-free material inspection. A similar
technique was invented independently in environmental sci-
ences to explore exchange processes at air-water interfaces.
The analysis was, however, limited to one-dimensional vertical
transport assuming a horizontally homogeneous and stationary
exchange process on average. In this contribution, first steps
pursuing a true spatio-temporal approach are presented. This
allows much faster measurements, identification of the trans-
port mechanisms and has the prospect to even measure the
shear stress right at the water surface, which drives exchange
processes at a windy water surface.
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1 Introduction

Lock-in thermography and heat flux thermography are well-
established techniques for destruction-free material inspection [1, 2].
A periodically varying or flashed heat flux is applied at the surface of
an object and the temperature response of the surface is captured with
a thermographic camera. The applied heat at the surface diffuses into
the material of the object. Above cracks, holes or other material inho-
mogeneities with lower heat conduction, the material surface remains
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warmer. In this way, it is possible to look below the surface of opaque
materials.

It is less known that similar techniques were invented independently
in environmental sciences [3,4] to explore exchange processes on ocean,
lake, and river surfaces or in laboratory simulation facilities such as
wind-wave tunnels. Water would be a perfectly homogeneous material
without any flow, because the applied heat at the water surface just
diffuses into the bulk of the water body. In reality, turbulent transport
processes cause inhomogeneous heat flow at the surface.

Section 2 briefly explains the basics of thermography to explore tur-
bulent transport processes across the air-water interface and the estab-
lished technique with periodic heating. Then, two new approaches are
discussed: a direct analysis of the intermittent transport process under
spatially constant irradiation (Section 3) and a line-shaped irradiation
to measure the water surface velocity and the gradient of the shear flow
(Section 4).

2 Basics

The basic characteristic of transport processes across interfaces is that
turbulent transport becomes less efficient closer to the interface because
turbulent fluctuations (“eddies”) become smaller in size. Below a cer-
tain scale, turbulent fluctuations are even damped by viscosity. This
leads to the formation of a viscous boundary layer. Therefore, the final
transport to the interface can only take place by molecular diffusion.

This basic characteristic of the transport process can be seen in ther-
mographic images, taken after a constant heat flux density was applied
to the interface for a certain time. This can be done, for instance, by
irradiating the water surface using a CO2 laser beam expanded to an
area of up to a square meter. The radiation penetrates only 14 µm into
the water. That means that the controllable heat flux density is placed
directly at the surface. An MWIR thermal camera images the water
surface temperature over a slightly deeper layer [5]. The 10.6 µm laser
radiation is not directly detected in the surface temperature images,
because the camera is sensitive only in the 3–5 µm wavelength region.

After 0.5 s, at a low turbulence level with a wind speed of 2 m/s, the
heat has penetrated only such a short distance into the water, that it is
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Figure 1: Temperature increase at the water surface in the Heidelberg Aeolotron wind-
wave tank. The area heated by a CO2 laser (about 25 cm × 25 cm) is marked
by white outline. The time after switching on the laser and the wind speed
applied to the water surace is given below the images.

still inside the viscous boundary layer. Because heat conduction into
the water is driven only by molecular diffusion, the surface tempera-
ture in the heated area is uniform (Figure 1, left image). After a four
times longer time span (2 s, Figure 1, middle image), the heat has pen-
etrated about twice the distance into the water. Now the influence of
the turbulent heat transport in deeper layers starts to become visible.
At a higher turbulence level with a wind speed of 7 m/s, the turbulent
structures can already be seen 0.5 s after switching on the heat flux and
exhibit a much finer scale and different patterns (Figure 1, right image).
With a higher wind speed, the induced velocity gradient at the water
surface is steeper and turbulence comes closer to the interface.

Previous research of the controlled flux technique has not looked into
the evolution of these structures, but rather used it for fast measure-
ments of the speed of heat exchange, expressed by the transfer velocity
k (units m/s), in wind-wave facilities [6] and at sea [7]. This is be-
cause heat can be used as a proxy tracer for environment- and climate-
relevant trace gases exchanging across the atmosphere-ocean interface
with this technique. All other field measuring techniques integrate and
average over much larger spatial and temporal scales [5]. By consid-
ering the different diffusion coefficients of heat and gases dissolved in
water, the transfer velocity of gases can be computed from those for
heat [8].
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The periodic variation of the heat flux by a CO2 laser — or lock-
in technique — has the advantage that all the information about the
response of the system is contained in the switching frequencies and its
higher harmonics. Constant or randomly fluctuating heat flux densities
by sensible heat transfer, latent heat transfer (evaporation) or radiative
cooling into the sky, are the more suppressed, the longer the amplitude
variation is measured.

At low switching frequencies, the heat response at the surface can
follow the applied heat flux density j and reaches a constant tempera-
ture increase of

∆T =
j

ρcpk
; k =

j
ρcp∆T

, (1)

so that k can be determined if the heat flux density is known; ρ is
the density and cp the specific heat capacity of water. If the switching
frequencies are increased beyond a critical frequency νc, the amplitude
of the temperature response starts to decrease. Finally, the penetration
depth becomes so shallow that the response is no longer determined
by turbulence but only by molecular diffusion. Then the temperature
amplitude response ∆T is given by [4]

∆T =
j

ρcp(2πνDh)1/2 . (2)

Dh is the molecular diffusion coefficient for heat in water (thermal dif-
fusivity). The frequency response is therefore similar to a low-pass
filter. However, the amplitude response for higher frequencies does
not decrease with ν−1 but slower, only with ν−1/2. The asymptotic
constant and the damped parts of the amplitude response curve meet
at the critical frequency νc (Figure 2). Eqs. (1) and (2) yield

νc =
k2

2πDh
; k =

√
2πνcDh. (3)

This means that the transfer velocity k can also be computed from
the measurement of the amplitude response without any knowledge
about the heat flux density j. Figure 2 also shows that transport across
the thin heat boundary layer at the water surface is quite fast. Up to
frequencies of 1 Hz the amplitude response shows no damping.
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Figure 2: Frequency response of the heat boundary layer at the water surface for fre-
quencies between 0.1 to 100 Hz; from [9].

3 Analysis of intermittency

The approach discussed so far has still two deficits. Firstly, the mea-
surements are still quite slow, because averaging over several periods
of the periodic heating and a frequency sweep are required. Secondly,
horizontal averaging over the heated footprint is performed. The av-
eraging over both temporal and spatial scales misses all the important
information contained in the patterns.

In this paper, two first steps into a true spatio-temporal analysis are
described. The setup used for these measurements is shown in Fig-
ure 3. At the water surface, the camera images an area larger than the
area heated by the CO2 laser. Because of the drift of the water induced
by the wind, a characteristic temperature profile averaged perpendic-
ular to the wind direction and time establishes (red line in Figure 4).
There is a heating zone characterized by an increase in temperature fol-
lowed by an equilibrium zone with more or less constant temperature.
After the water leaves the heated zone, the mean temperature decays
again.

The analysis here is limited to the equilibrium zone averaged only
over 25 images taken with a frame rate of 600 Hz. This arrangement
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Figure 3: Setup of thermography at the ceiling of the Heidelberg Aeolotron; from [10]

Figure 4: Temperature response at water surface by heating an area of about 60 cm ×
60 cm. Wind direction is right to left; from [10].

made it possible to measure the transfer velocity instantaneously ac-
cording to Eq. (1) with a temporal resolution of 0.042 s. This is faster
than the time constant of the transfer process.

A few seconds after the measurements were started, the wind was
switched on and within several seconds the transfer velocity jumped
up (Figure 5). At the lowest wind speed, the transfer velocity remains
quite constant, whereas with increasing wind speed more and more
spikes with up to 10 times higher transfer velocity show up. They
could be related to extensive turbulent mixing at the surface caused by
micro–scale wave breaking events (wave breaking without bubble en-
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Figure 5: Instantaneous transfer velocities k measured at different wind speeds (indi-
cated by the drive frequency of the wind fans) in the Heidelberg Aeolotron
with a water depth of 32 cm. The wind was switched on a few seconds after
the start of the measurement and was kept on for 15 min; from [10].

115



B. Jähne et al.

trainment). After the start of the wind, the wind-wave field gradually
evolves from small ripples to larger and larger gravity waves. Except
for the initial waves at medium wind speeds, where a clear overshoot
of the transfer velocity is observed, the transfer velocity is remarkably
insensitive to status of the wind wave field. When the wind is stopped
after 15 min, the transfer velocity immediately decreases.

4 Analysis of the shear current at the interface

The measurements shown above, clearly demonstrate that the wind is
the main driver of the transport process. The wind induces a shear
flow at the water interface within the aqueous viscous boundary layer.
This shear layer can also be investigated using thermography. The key
idea is to heat up only a line perpendicular to the wind direction at the
water surface with a penetration depth for the radiation of about one
millimeter matching the thickness of the viscous mass boundary and
to apply a short pulse of a few milliseconds, which yields a very thin
heated line. If only the surface was heated up by a CO2 laser, the line
would quickly disappear because of vertical diffusion into the water.
With the deeper penetration depth used here, vertical diffusion is not
dominant so that the horizontal transport in the shear layer can be
studied. An Erbium fiber laser with a wavelength in the near infrared
(1568 nm) is used, which has a penetration depth of 1.0 mm.

Stewing [11] showed that the widening of the lines at the water sur-
face is proportional with the diffusion of heat in horizontal direction, as
long as there is no shear current at the water surface, but only the wa-
ter body as a whole moves in the water channel of a wind-wave facility
(Figure 6, lower left image). This is already the case a few seconds after
the wind is turned off. Because of inertia, the water body continues to
move and decreases its velocity only slowly [12].

With a wind-induced shear current at the water surface, the situation
is completely different (Figure 6, first three images). Because of the ve-
locity gradient at the water surface, different parts of the heated line
move with different velocities. Although only the heated line at the wa-
ter surface is seen, the slower moving parts now diffuse also vertically
towards the surface. The result is that the line widens much faster in
flow direction and its temperature drops much faster. The complexity
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Figure 6: Evolution of heated lines produced by a 100 W 1540 nm fiber laser with 10 ms
duration every 200 ms at a low wind speed in the Heidelberg Aeolotron; lower
left thermal image seconds after the wind has been turned off; image sector
about 20 cm × 20 cm.

of the velocity field at the water surface influenced by a wind-induced
shear current together with wind-induced waves can be seen and stud-
ied in these images. The flow field at the surface is turbulent and there
are thin streaks in wind direction with much higher velocity.

5 Conclusions and outlook

The active thermography techniques described here show how power-
ful this optical inspection methods are. They allow a detailed analysis
of complex flow fields and transport processes at free interfaces and
can look below the surface. This progress in experimental techniques
for environmental research may also stimulate new approaches in en-
gineering sciences and material inspection.
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