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ABSTRACT

After a brief description of humidity measurement and a short presentation of methods of microwave refrac-
tometry for evaporation flux, a new X-band refractometer system is presented. Based on a new design and a
new material for the microwave cavity, it does not need calibration for refractive index variations because of
its reduced thermal time constant.

The new device has been combined with a sonic anemometer and traditional mean meteorological measure-
ments on a 12-m shipborne mast. It has been found to be very efficient for obtaining humidity fluctuations and
fluxes in the CATCH 97 (Couplage avec I’ ATmosphére en Conditions Hivernales) and FETCH 98 (Flux, Etat
de la mer et Télédétection en condition de fetCH variable) experiments under various wind and stability con-
ditions. The inertial subrange is of very high quality. To first order, the evaporation flux and refractive index
flux are very similar. In extreme meteorological conditions, such as those encountered during CATCH, the
sensible heat flux contribution must be determined independently.

A great advantage of the system is that the contamination by salt, as is typical for other devices at sea, has

been found to be negligible for the conditions encountered.

1. Introduction

Measurement of humidity fluctuations over the seafrom
a fixed (e.g., tower) or a mobile (e.g., ship) platform is
very difficult due to the problem of contamination of the
various instruments used (salt, particles, aerosol contam-
ination) and the problems of reliability. The accurate and
reliable measurement of humidity fluxes and humidity
fluctuations is nonetheless a very important goal when
studying ocean—atmosphere exchanges, and measurements
of the mean specific air humidity ratio of water vapor mass
have been attempted for many years.

Different techniques and devices for estimating hu-
midity have been developed since the beginning of the
20th century, including:

» humidity absorption by hygroscopic substances to es-
timate absolute humidity,
o wet bulb thermometry (measurement of the temper-
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ature difference between a humidified thermometer
and a‘' dry reference thermometer’”) or dewpoint mea-
surements (dew temperature measurement when adew
deposit appears on a cooled surface) to estimate rel-
ative humidity.

Many systems were built, and progress in electronics
has brought about new devices often using other kinds
of properties such asfrequency variation of piezoelectric
systems, the variation of the electric capacitance as a
function of humidity, and systems measuring the ab-
sorption of emitted infrared and UV radiation.

A slow measurement of humidity can now be carried
out in the lower atmosphere (above the ocean) for hu-
midity variations between 20% and 100%, with a rel-
ative accuracy between 5% and 10%. For a compre-
hensive analysis of the state of art at the end of the
1970s, see McKay (1978) or Coantic and Friehe (1980).
Saturation phenomena (hysteresis) due to precipitation
or response changes related to pollution by particlesare
now relatively well understood. This is not the case for
fast-response humidity measurements at the sea surface,
which remain a challenge today. Humidity is often large
at the sea surface, where an important amount of par-
ticulate, especially salt, contamination is present.
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For mean humidity measurement, a coarse time re-
sponse of 10 s or more is acceptable, but for measuring
fluxes, one needs a finer time response. When using, for
example, theinertial dissipation method, atimeresponse
of less than 100 ms is required, which corresponds to
a distance scale of about 2.5 m at a wind velocity of
25 m s, A good sensitivity in the humidity fluctuation
is also required, and a noise level typically smaller than
20 mg m=2 is a reasonable goal (Auble and Meyers
1992).

The two following techniques are mainly used to es-
timate humidity fluctuations (see, e.g., the paper by
Priestley and Hill (1985):

e Lyman-alpha systems that involve ultraviolet radia-
tion absorption in the water vapor absorption band
(Tillman 1965). These systems are very sensitive to
salt contamination. Moreover, numerous calibrations
must be done due to the drift of the Lyman alpha
Source;

» Two different kinds of infrared analyzers relying on
the passage of air through a tube or in situ measure-
ments (Leuning and Judd 1996), namely:

« closed-path sensors such as the LI-COR, Inc. Lin-
coln, Nebraska (LI-COR) 62xx series analyzers,
which use the absorption of infrared radiation by
water vapor (Hay 1980). Using tube intakesis much
less sensitive to optical contamination effects but is
rather slow;

 open path sensors, such as the system described by
Auble and Meyers (1992), the OPHIR Corporation,
Littleton, Colorado (OPHIR) IR-2000 infrared ab-
sorption hygrometer, or the LI-COR’s recent LI-
7500 gas analyzer. Optical window contamination
by salt and particles is a serious drawback.

Moreover, the technique using tunable diode laser
(TDL) is promising. The quality of TDL measurements
of water vapor at near-infrared wavel engths has recently
improved due to the availability of advanced lasers.
Humidity fluctuations can aso be deduced from the
refractive index measured with a microwave refractom-
eter using a resonant microwave cavity (Gilmer et al.
1965; Ottersten 1969a). Resonant cavity refractometers
were developed in the 1960s for studying clear-air tur-
bulence and radio propagation (see, e.g., Coantic and
Leducq 1969) and for comparing refractive-index fluc-
tuations with clear-air radar echoes (Ottersten 1969b).
The main drawback of the microwave radiometer system
was associated with volumic variations of the cavity
and, as described by Priestley and Hill (1985), a fre-
guency cut-off located too low in the inertial subrange.
Therefore, though the technique was promising for more
than 30 yr, it has not been extensively used. In this paper,
we analyze how after a few modifications such an in-
strument can be used to derive the latent heat flux.
First, we briefly describe the background necessary
to understand how to obtain humidity and humidity flux-
esfrom the refractive index. In the next section, we give
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a technical description of the Centre d' Etude des En-
vironnements Terrestre et Planétaires (CNRS), France
(CETP) refractometer and explain how previous tech-
nical difficulties have been overcome. We then show
how the system has been used in an experiment on an
oceanographic ship. Finally, an analysis of data col-
lected during the severe conditions of the Couplage avec
I’ ATmosphére en Conditions Hivernales (CATCH) ex-
periment in the North Sea (Eymard et a. 1999) and the
FETCH (Flux, Etat de la mer et Télédétection en con-
dition de fetCH variable) experiment in the Mediter-
ranean Sea (Hauser et al. 2000) is presented. The method
chosen and results are discussed. We conclude with the
great potential of this new microwave refractometer for
deriving humidity and fluxes.

2. Humidity measurement over the ocean

a. Background on humidity, refractive index, and
fluxes

Beforeinvestigating more quantitative measurements,
it isuseful to recall afew basic relations. Vapor pressure
e (absolute humidity in hPa) isrelated to air temperature
T (in K), vapor density p,, and gas constant for water
vapor R, by

e=p,RT. (@)

Dry air pressure P, (in hPa) isrelated to air temperature
T (in K), air density p,, and gas constant for dry air
R, by

P, = paR.T. 2
The atmospheric pressure P (in hPa) is given by
P=P,+e (©)

The specific humidity Q is the ratio between the mass
of water vapor in an air volume and the total air mass
in the same volume:

Q= (RJR)e/[P = (1 — (R/R)))€]
= 0.622¢/(P — 0.378e). )

Themixing ratio r isthe ratio between the mass of water
vapor and the dry air mass in the same volume:

r = (R,/R)e/(P — €) = 0.622¢/(P — e). (5)
As e/P < 0.04, in the literature, one often finds
r = Q = 0.622¢/P (6)

[see, e.g., Stull (1988) for more details about humidity
description and units]. Relative humidity RH, often ex-
pressed in percentage, is the ratio between air mixing
ratio r and air mixing ratio r,, at saturation:

RH = r/r, = ele,,

where e, is the water vapor pressure at saturation.
The relationship between the refractive coindex N,

()
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the refractive index n,, vapor pressure, atmospheric
pressure, and temperature is

N=(n — 1) x 10° = AP/T)(1 + Be/T),  (8)

where A and B are constant with respect to the wave-
length in the radio frequency range. The equation of
Smith and Weintraub (1953) has been in standard use
for many years:

N = 77.6P/T + 3.73 X 105 e/T=. 9)

The overall error in N islessthan 0.5 at sea level pres-
sures for very moist air (Thayer 1974). Hence, using
the specific humidity given by (4), one gets

N = P(77.6/T + 6.0 X 10° Q/T?) (10)

from which, knowing the temperature and the pressure,
the specific humidity can be estimated.

b. Relationship between index fluctuation and
temperature and humidity fluctuation

Computing the partial derivative relative to pressure,
temperature, and humidity,

8N, = [(IN/aP) + (IN/0Q)(9QlaP)] 5P

= [77.6/T]5P, (11)
SN, = (AN/aT)S8T

= P[-77.6/T2 — 12.0 X 10° Q/T3]8T, (12)
8N, = (ON/9Q)8Q = P[6.0 X 105/T2]86Q,  (13)

and choosing usual ocean surface parameter values such
as those found in the Atlantic Ocean (P = 1013 hPa,
T = 300 K, relative humidity RH between 10% and
100%), with a temperature fluctuation 6T = 1 K and
O6P/P =~ 0.18T/T so that 8P = 34 Pa[as 6P/P is con-
sidered to be small relative to 6T/T (Kistler 1959), an

upper bound can be used], we derive the following two
functions of the Bowen ratio 8 (Stull 1988, 274-275)
related to the humidity by 6Q = (Cp/Lv)8T/B (where
Cp is the specific heat constant at constant pressure and
Lv the latent evaporation heat):

* 8Ny/6N, = the ratio between the variation of N due
to Q and the variation of N due to P,

» 8Ny/6N; = the ratio between the variation of N due
to Q and the variation of N dueto T.

Figure 1 shows the variation of 6N,/6N, and 6N,/6N;
with B. Over the ocean, the actual B range has been
evaluated during the FETCH experiment described in
section 4a. The representation of 6N,/8N, and 6N/6N,
for 50% and 100% relative humidity shows that the
humidity-induced variation is two orders of magnitude
larger than that due to pressure and one order of mag-
nitude larger than that due to temperature. This shows
the interest of using refractive index fluctuations to de-
rive sea surface humidity fluxes. In the following, cap-
ital letters will be used for mean values and lower case
letters for fluctuations.

Various methods to obtain evaporation fluxes can be
proposed. The classical Eddy Correlation Method
(EDM) givesthe evaporation flux (wq) knowing vertical
velocity of air fluctuations w and temperature flux (wt)
at the same location:

(wn) = aN/aQ(wq) + IN/OT(wt), (14)

where (. ..) denotes a temporal average. On board a
ship, the vertical movement modifies the correlations
and cospectra of (wn) and (wt) within a wide range of
timescales and frequencies. The method then requires
the knowledge of the ship movement parameters (six
degrees of freedom) in order to correct the data for this
motion.

A method based on the computation of structure func-
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tions has been proposed to derive fluxes by means of a
clear-air radar [see, e.g., Gossard (1960) and Rabin and
Doviak (1989)]. Theideaisto derive surface fluxesfrom
the structure function of index fluctuation C2;

C2 = [a?C? + b2C2 — 2abC?], (15)

where C?, C2, and C2 are the structure functions of
temperature fluctuations, humidity fluctuations, and
temperature and humidity covariance, respectively. This
method is particularly attractiveif the temperature struc-
ture function is directly computed using, for example,
acoustic sounders or scintillometers. The inertial-dis-
sipative method, described in section 5 of this paper, is
similar; however, it does not use C%, asit is generally
not easy to estimate.

3. Technical description of the CETP
refractometer

a. Previous designs

The initial design (Crain 1948; Birnbaum 1950) was
used to determine the dielectric permittivity of gases. It
combinesacircular cylindrical ““open’ cavity operating
in the TE,,;; mode near 9.4 GHz with a frequency mea-
surement system. If we fill a cavity, whose refractive
index is n,, with a gas, the resonant frequency will be
given by f, which is related to the wavelength A by

(16)

where u is a constant related to the shape of the cavity.
If the cavity keeps its shape, A is constant, and then

Af/f = —An,/n,. (17)

The measurement of the refractive index is reduced to
a frequency measurement. As N is related to n, by (8),
the integration of (17) gives

N = N, — (105 + No)(f — fo)/f, or
N = [—(10° + Np)/f]f + (10° + 2N,), (18)

where f,isrelated to agiven value of N,. Then, asingle
calibration point is needed. We have considered this
kind of microwave refractometer because of itsinherent
linearity, even if other types have been developed in the
past (Straiton 1964). Another motivation is the reduced
effect of moisture and dust particles depositing on the
walls, also reported by Straiton (1964).

The frequency measurement system was initially de-
pendent on a sealed reference cavity and a frequency
discriminator (Crain 1950) suitable for atmospheric
measurements. Later, a voltage-controlled oscillator
(VCO) was tuned to a submultiple of the sampling cav-
ity resonance by means of a phase sensitive detector.
The VCO frequency (=100 MHz) was then counted
(Vetter and Thomson 1971). A major simplification in
refractometer design was carried out at Rutherford Ap-
pleton Laboratory, Chilton, United Kingdom. (R.A.L.)
by eliminating the reference oscillator. A GaAs FET

A = u/nf,
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amplifier was simply connected in series with a sam-
pling cavity (Yilmaz et al. 1983). A microwave fre-
guency counter provided a time resolution of 10 ms.

We have tested this concept and unfortunately found
that the system oscillated at a frequency that depended
on the phase of the microwave amplifier transfer func-
tion. This phase is closely related to the amplifier sat-
uration conditions. Therefore, it was not possible to en-
sure alow offset relative to zero phase, that is, to safely
operate close to resonance.

b. The new design

We have brought together the best of the previous
designs.

1) Sensor UNIT (FIG. 2)

A cavity made with the lowest expansion material
was used. This solution has been previously experi-
mented by Corning Glass (Gunderson and Smith 1968).
We chose Zerodur-M glass ceramic from Schott Gla-
swerke (Mainz, Germany) because of its low temper-
ature hysteresis (Haug et al. 1989). The machining and
silver plus gold plating was made by Quartex.* An al-
ready known and proven cavity geometry was used such
as the one implemented by the R.A.L. The proportion
of end surface area removed is close to 90%, as pre-
viously described (Thompson et al. 1959). The circuit
comprises a VCO phase-locked on the resonance (De-
lahaye and Fournet—Fayas 1988).2 A mechanical design
suitable for ground, ship, and airplane operation was
employed.

2) CONTROL UNIT

A microwave frequency counter was used, which was
able to count a 9.4-GHz signal with a frequency reso-
[ution of 100 Hz and a time resolution of 10 ms and
included a down converter in order to reduce the final
counting range to 06 MHz. A high stability crystal
oscillator was used to drive a 9.0-9.9-GHz frequency
synthesizer with a 1-MHz step size. This synthesizer is
useful to adjust the local oscillator frequency of the
microwave frequency counter according to the dimen-
sions of different cavity fabrication batches. It is aso
cheaper to add a synthesizer than to reduce machining
tolerances.

In order to study and optimize the residual drift and
to make the calibration easier, we have added the fol-
lowing:

 two thermoregulated heating systems around the co-

L This French company’s activity has been integrated into Atmostat/
Metaceram (Villgjuif, France).

2Work undertaken by ONERA/CERT under study contract CNET
87-6B-012 accepted on 23 March 1987.
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Fic. 2. The 3D representation of the shipborne refractometer sensor.

axial cables between the cavity and the electronics
(T.e) @nd close to the phase lock circuitry (Tq ),

e an air temperature sensor (T,,) made with a 0.25 mm
diameter type K thermocouple from Thermocoax (Su-
resnes, France) and an air pressure sensor (P,,) made
with a diffused piezoresistive transducer from Endev-
co (San Juan Capistrano, California),

» an additional temperature sensor made with a 1-mm
diameter type K thermocouple successively mounted
inside the glass ceramic material (T,,) and on one
of the coaxial to waveguide adapters (T, ..c),

» analog and digital outputs on the control unit.

Because of losses at 9.45 GHz, an external amplifier is
used when the length of coaxial cablelinking the control
unit and the sensor unit exceeds 5 m, allowing a 70-m
operating distance.

Two identical models have been built, one for air-
borne applications and one for shipborne use. The fol-
lowing specific improvements were carried out on the
shipborne model:

« Inorder to avoid condensation around the unventilated
parts, dry air can be blown into the electronic box
just behind the cavity from a pressure-regul ated pump
through a drilled SMA test connector.

» The cleanliness of the cavity when the horizontal wind

velocity istoo low has lead to the addition of asuction
fan in order to suck any particles through quickly. A
thin stainless steel mesh attached at the front (Fig. 2)
stops the larger ones.

3) DYNAMIC RESPONSE TO THE AIRFLOW
ORIENTATION

Using the refractometer for flux measurements on
board a ship, the transfer function of the cavity and its
angular response were analyzed, since it is not always
possible to keep the sensor unit directed upwind. The
effect of the presence of the different elements will be
discussed below.

The distance response of the instrument was estab-
lished to be of about L, = 1 m, basedon experimental
and theoretical studies (Gilmer et al. 1965), due to the
shape and dimension of the system. Thus, the wave-
lengths smaller than L, (and therefore frequencies higher
than F, = U/L,, where U is the relative wind speed)
are not considered.

The air velocity inside the refractometer is altered by
the presence of the protection mesh at the upwind end
and by the suction fan at the downwind end. In order
to calibrate these effects, laboratory experiments were
conducted in awind tunnel at Institut de Recherche sur
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Fic. 3. Variation of the air velocity U, inside the cavity when a wind velocity U is applied
(horizontal wind incidence « = 0), measured in a wind tunnel at IRPHE.

les Phénomenes Hors Equilibre (CNRS), France (IR-
PHE). The apparatus was put in the middle of the wind
facility, and the air velocity was measured using small
hot wire anemometers (DISA 55 M 01: 1 mm X 3 um)
inside the cavity, U,,,, and outside the refractometer, U.
Wind velocitiesfrom 0to 15 m s—* were applied. Several
configurations were tested, with and without the pro-
tection mesh and the suction fan. Figure 3 shows the
variation of U,, with U, with the mesh and the fan
installed. At low wind speed (U < 5m s1), the suction
fan induces an increase of the flow, and U, is greater
than U. At higher wind speed, the protection grid creates
a discharge downstream of the refractometer entrance,

1.2

inside the cavity, and the fan is not sufficient enough
to evacuate the flow; therefore, U, is lower than U.
The calibration curve U,,, = f(U) is aso shown in
Fig. 3. The variable U,,, depends on the horizontal in-
cidence angle « (the ship is not always pointed into the
wind direction, and, for rough sea states, « may vary
significantly). In the laboratory wind tunnel, wind mea-
surements were conducted with horizontal incidence an-
glesranging from 0° to 90°. Figure 4 showsthe variation
of U,, with alpha. There is clearly an effect at high
winds and large incidence angle. However, the calibra-
tion curve is valid within 10% accuracy for incidence
angles lower than 40°. In actual conditions, data with

Angular response U . (a) / U ;,(a=0)

0.0 L

20

40

60 80

Incidence angle « relative to the wind (degree)

Fic. 4. Variation of air velocity U, inside the cavity with the horizontal wind incidence angle
a, measured in a wind tunnel at IRPHE.
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Fic. 5. Variation of the VCO input voltage when a small ball is thrown through the cavity.

alpha greater than a threshold value of 30° were not
considered. Although U,,, is not used in the following
computations, it appears that the flow is not disturbed
in the angular ranges mentioned above, in spite of the
obstacles. Thus, what is measured is indeed N, except
for excessive angles. There is no index variation when
the fan is turned off.

c. Performance of the new design
1) DYNAMIC PERFORMANCE

Flux measurements mainly require good dynamic per-
formance. If the sample frequency is 50 Hz and the cut-
off frequency of the antialiasing filter of the acquisition
unit is 25 Hz, the response time of the instrument must
be close to 15 ms. In the laboratory, we have adjusted
the time constants of the phase locked loop in order to
get this value for the rise and fall time, when a small
ball isthrown through the cavity (Fig. 5). Asthe sample
volume is not precisely defined on each open side of
the cavity, this measurement is not accurate, but it gives
an upper limit.

The airborne model flying at 100 m s~* was used to
check the high frequency response by direct comparison
with a Lyman-alpha hygrometer (Nacass et al. 1995).
On entry into a cloud top, we have observed similar
output signalswith adelay corresponding to the distance
between the locations of both instruments (Fig. 6). The
power spectrum from 0.01 to 12.5 Hz is the same for
both, and no discrepancy is observed from the f~53 law
during clear air conditions.

2) STATIC PERFORMANCE

The expansion coefficient of the cavity (=10-¢ K1)
is higher than expected. For applications that need an
absolute value of humidity, this aspect is still under

development. In the case of flux measurements, it is
only required to check the very small influence of drift
variations over the power spectrum. In a calibration
chamber, we changed the temperature of dry nitrogen
around and inside the cavity from 20° to 0°C and mea-
sured the difference AN between the experimental value
of N and the theoretical one. We observed that AN varies
roughly from 0 to —20 but with a delay of 5 min (Fig.
7). This long delay may be due to the low thermal con-
ductivity of glass ceramics. This means that higher fre-
guency variations of temperature are integrated and thus
the drift variations induce negligible errorsin the power
spectrum over 0.01 Hz.

The dynamic performance corresponds to the slope
of the transfer function (18). AsN, isnegligiblein com-
parison with 108, this slope is independent of N, drifts.
The static performance is linked to the term (10° +
2N,) and is directly related to the drift of N,. As this
drift has a time constant of several minutes, the refrac-
tometer iswell suited to applications requiring only var-
iation measurements in arange starting at 0.01 Hz, such
as flux determination using the Inertial Dissipative
Method (IDM). High frequencies larger than 0.01 Hz
are particularly adapted to IDM, since they are much
less subject to distortion and ship motion effects than
the EDM.

4. Experimental implementation
a. The installation of the refractometer

The shipborne refractometer has been successively
installed on two different ships during two international
campaigns. The CATCH experiment was part of the
Fronts and Atlantic Storm-Track Experiment (FASTEX)
program carried out in January and February 1997 in
the North Atlantic (Joly et al. 1997; Eymard et al. 1999).
The study of energy exchanges between the ocean and
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Fic. 6. Comparison between time series measured by a Lyman—alpha hygrometer and the
refractometer on entry into a cloud top.

the atmosphere was performed from the R/V Le Suroit.
The FETCH campaign took place in March and April
1998 in the Mediterranean Sea (Dupuis et al. 1999;
Hauser et al. 2000). One of its objectives was the mea-
surement and the parameterization of the turbulent flux-
es at the interface between the ocean and the atmo-
sphere. The two CETP refractometers were used, one
on the Merlin IV aircraft and the other on the R/V
L’ Atalante.

On a large ship, a good accuracy for atmospheric
measurements and especially humidity can be obtained
only at the bow at some height above the deck (Blanc
1986; Nacass 1999). Therefore, atmospheric sensors
have been mounted on the same 12-m mast on both
ships (see Fig. 8 for the implementation on board
L’ Atalante). Three cables link the refractometer sensor
and the control unit: a multiplepair cable for the power
supply of the sensor and the fan and housekeeping data,
a coaxial cable for the 9.4-GHz signal, and an incom-
pressible plastic tube delivering low pressure dry air to
the sensor. It would have been preferable to put the
control unit close to the sensor, but a waterproof box
able to evacuate heat produced by the frequency syn-
thesizer was difficult to design; thus, long cables were
used despite the fact that coaxial cable is somewhat
expensive.

b. The surrounding instruments

Thefollowing atmospheric and radiation sensorswere
also installed at the top of the mast and at the same
level as the Shipborne Refractometer Sensor (SRS):

 a three-axis Ultrasonic Anemometer Sensor (UAS)
“research vertical”’ from Gill Instruments Ltd. The
UAS setup in FETCH (Fig. 9) is different from the
setup in CATCH. We changed it because of some

perturbation on vertical air velocity dueto the support.
The acquisition of the analog data outputs of the re-
fractometer is carried out by this unit too;

« two identical ventilated Young radiation shields with
temperature and relative humidity sensors HMP 233
from Vaisalg

» two sets of anemometers‘‘wind monitor’” from Young
for wind speed and horizontal wind direction;

« two digital barometers from Atmospheric Instrumen-
tation Research and from Vaisala;

» aglobal Solar Irradiance Sensor (SIS) CM3 and afar
infrared irradiance sensor CG1 from Kipp and Zonen
mounted on a universal joint;

» an optical rain detector ORG 115 from Scientific Tech-
nology.

A roll-pitch-heave sensor 335B from TSS (U.K.) Ltd
was also mounted at the top of the mast during the
FETCH experiment.

The above sensors are complemented for time and
positioning with a GPS receiver SV6 from Trimble.
Some sensors are located underwater including the fol-
lowing:

» 2 sensors that give the direction and speed relative to
the surface in order to calculate the absolute wind
parameters. a gyroscope Brown SGB 1000 installed
on the gravity center shown in Fig. 7 and an electro-
magnetic two-axis knotmeter from Alma;

» the sea surface temperature, which is measured at 5 m
deep with a platinum hull thermometer fitted inside the
sea water aspiration at the stem. The temperature close
to the surface is then deduced by means of a model.

The acquisition and recording units are doubled for re-
dundancy. All parameters are continuously recorded, but
the data are only valid when the ship is heading upwind.
The sampling frequency is 50 Hz for the refractometer
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Fic. 7. Comparison of temporal variations of the refractometer error with the temperature
during a sudden cooling of the sensor when ventilated with dry nitrogen.

and the sonic anemometer, 1 Hz for GPS, and 0.1 Hz
for the others. Because of the availability of analog
acquisition inputs on the sonic anemometer, it was sim-
pler for subsequent analysis to use it for recording the
refractometer data. This led to the installation of an
additional 70-m multiple-pair cable, as can be seen in
Fig. 10.

5. Data processing and analysis
a. Flux computation methodology

In this study, the derivation of the turbulent fluxesis
based on the IDM, which does not require any motion
correction for shipborne measurements. Indeed, dissi-

pation rates of the different parameters (here denoted
ase,, &, and e,,) are calculated from the high-frequency
energy spectra of the signals (u, t,, and n, respectively,
fluctuations of along mean horizontal wind speed U, of
sonic temperature T,, and of air refractive coindex),
within the inertial subrange (lower frequencies are dis-
turbed by the ship motion). Application of IDM to stan-
dard measurements of wind speed, air temperature, and
specific humidity are described in Large and Pond
(1981, 1982) for example, while previous developments
with a sonic temperature can be found in Larsen et a.
(1993) and Dupuis et a. (1997). The method we use
with a refractometer can be summarized as follows.
First, the dissipation rates are estimated by

[TT1

[
External equipment

Gravity center

39m -]

Fic. 8. Sketch of the arrangement of the atmospheric instrumentation during the FETCH
experiment.
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FiG. 9. Atmospheric sensors on top of the 12-m mast during tests before the FETCH experiment: Ultrasonic
Anemometer Sensor (UAS), Shipborne Refractometer Sensor (SRS), and Solar Irradiance Sensor (SIS)
(photograph by G. Lachaud).

External equipment on a 12m mast

Shipborne Sonic Roll-pitch-heave Gilobal Solar, far Temperature,
Refractometer Anemometer Zensor M infrared Pressure,
Sensor (SRS) Sensor (SAS) Irradiance Humidity,

* Y Sensors (SIS), Wind velocity,
* - * Optical rain

| Sonic Meteo detector

| anemometer acquisition unit - sensors

I acquisition unit

!

|
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+ Internal equipment inside a cabin
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control unit gl Centralized Storage unit

* Lol acquisition and
1 visualisation —»—g
Refractometer Pressure and | unit
safety acq. unit Time (GPS)
Heading, Sea surface External equipment in the sea
Knotmeter [ | temperature

Fic. 10. Block diagram showing the various sensors and acquisition units of the atmospheric

instrumentation on the R/V L’ Atalante during the FETCH experiment.
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e, = (L Ja,)¥2(2m/V), (19)
g = (L/a)e?(2mIU)?3, (20)
e, = (L Ja,)e¥2(2m/U)23, (21)

where L, L, and L, respectively, are the averages of
spectral energy times the 5/3 power of the frequency
within an inertial subrange for u, ts, and n. The variable
a;, With i = u, ts, and n, is a universal constant. Ex-
perimental values of the Kolmogorov constant «, [Eq.
(19)] and of the Obukhov—Corrsin constant «, [EQ.
(20)], are 0.55 and 0.8, respectively. We choose «,, =
0.8 as an assumption for a passive scalar. The variable
U is the relative wind speed measured by the sonic
anemometer.

The spectra have been calculated every half hour, and
the inertial subrange is automatically chosen by fitting
over several frequency bands. A high-frequency limit
of 5 and 25 Hz, respectively, for relative wind speeds
of 5 and 25 ms-*, respectively, is associated with the
design of the sensor because of the applied response
distance of 1 m. Only samples with relative wind di-
rection within =30° in the bow are selected (see section
3b). Other applied criteria concern the steadiness of the
ship tragjectory; the quality of the —5/3 slope and the
4/3 ratio of the energy times the 5/3 power of the fre-
quency of v and w, respectively; the horizontal trans-
verse; and vertical transversal velocity fluctuations over
u, that is, the assumption of local isotropy (see Dupuis
et al. 1997). Figure 11 shows examples of spectra of
air refractive index for a wide range of meteorological
conditions. This figure emphasizes the very high quality
of the high-frequency response of the refractometer. The
width of the inertial subrange (zero slope in Fig. 11b)
is at least one decade (for wavelengths ranging between
1 and 10 m), which allows one to estimate accurately
the dissipation rate of the air refractive index. These
dissipation rates are then used to cal culate the kinematic
fluxes (uw), (wt), and (wn) through the budgets of tur-
bulence kinetic energy (TKE) and of variances of both
the sonic temperature and the air refractive index. In
the budgets, isotropy and stationarity are assumed. Pro-
duction terms are expressed by the universal stratifi-
cation functions (®,,, ®,, ®,), following the Monin—
Obukhov similarity theory:

U = {kZe [[D(ZIL) — ZIL — @, ,(ZIL]} 2, (22)
(W) = sign((wtbulK)[ KZU* &, /D (Z/L)]¥2, (23)
(wn) = sign((wnybulk)[ kZu* , /D, (Z/L)] V2, (24)

where Z is the height of measurement above the sea
surface and @, (Z/L) is an imbalance function intro-
duced by Yelland and Taylor (1996) and Dupuis €t al.
(1997) in order to parameterize the vertical transport
terms in the TKE budget. The Monin—Obukhov length
L can be estimated using a bulk formula

L = —T,u**/(gkwt,)), (25
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where (wt,) is the buoyancy flux and t, is the virtual
temperature. The methodology problems related to the
IDM method are beyond the scope of this paper. It
should, however, be noted that the implementation of
the method is still under investigation in order to provide
the highest quality of flux estimates. A compromise has
to be found between iteration processes ensuring the
independence of the flux estimates on initial guesses of
L by bulk formulae and a minimization of noise am-
plification on dissipation rates [see Eymard et al. (1999)
for discussion on this point]. Since the signs of (wn)
and (wq) cannot be determined by the IDM, bulk es-
timates are used instead, following Egs. (23) and (24).
In practice, the probability of obtaining a negative (wn)
is very small, in contrast to the case of (wt,). The sen-
sible and latent heat fluxes (wt) and (wq) are then de-
rived:

(Wty) = aTJaT(wt) + 9T /oQ{waq), (26)

where 9T /0T and 9T,/0Q are deduced from T, = (1 +
0.518Q) T and (wn) is obtained using Eq. (14). The
dN/0Q and oN/oT are of the order of 7 and —1.2, re-
spectively. The variability of the ratio and the respective
impact of latent and sensible heat flux on the refractive
index flux will be discussed in more detail in the fol-
lowing section.

b. First results

Figures 12 and 13 show examples of flux calculations
described in the previous section. The spectra are com-
puted over 5-min samples, then averaged over 30-min
time periods. The top panels compare latent heat fluxes
determined from the IDM (circles) and from a bulk
aerodynamic formula, based on Smith et al. (1988) and
DeCosmo et a. (1996), as a reference (solid line). If
U,,, isthe neutral wind speed at 10 m height, the neutral
drag, evaporation, and heat coefficients Cg,, C,,, and
C.n, respectively, are given by

C,, = 0.93 X 10°?
Cy, = (0.61+0.063U,,,) X 102
Co = Cy = 12 x 103

for Uy, < 5mst
for U, > 5ms?
for unstable cases

and

C,=07X 103 for stable cases.

The bulk fluxes are based upon measurements made
with Vaisala HMP 233 temperature and humidity sen-
sors, Young anemometers, and a platinum hull ther-
mometer, which were described in section 4. The two
other panels show the meteorological conditions en-
countered during the two campaigns, CATCH and
FETCH, respectively A detailed analysis of flux param-
eterization would be beyond the scope of this paper,
since many other factors, such as flow distortion, can
interfere. The reader should refer to other papersdealing
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Fic. 11. Example of normalized spectra of air refractive index as a function of (a) frequency
or (b) wavelength. The spectra correspond to a large range of wind speed and air temperature

minus sea temperature or humidity difference.

with this subject: Eymard et al. (1999) for CATCH and
Dupuis et al. (1999) for FETCH. Nevertheless, one can
notice that the qualitative agreement between the two
estimates of latent heat fluxes is very good. The re-
fractometer thus allowed usto record about 500 samples
of latent heat flux for a very wide range of conditions
(124 during CATCH and 378 during FETCH). During
the CATCH experiment, wind speeds were found to
range between 0 and 23 m s%, and air—sea temperature
differences between +12° and —3°C were observed, as
displayed in panels 12b and 12c. During the FETCH
experiment, wind speeds were found to range between

0 and 18 m s*, and air—sea temperature differences
between +8° and —7°C were observed, as displayed in
panels 13b and 13c.

c. Discussion

The refractometer isavery promising sensor for mea-
suring latent heat flux over the ocean because of the
very high quality of its high-frequency response, which
is important using the IDM and because the sensor has
been found to be very reliable and to allow continuous
long-term measurements in extreme meteorological

Unauthenticated | Downloaded 01/25/21 05:16 PM UTC



MARcH 2001 DELAHAYEET AL. 471

(a) b0 | T I T T T
o —— from bulk empirical formula
O from refractometer measurements
. 400 —
£
=
< 300
3
5
£ 200 1 g
= ! b %
[0 p 3
g Sy
| i
100 ]JI \
0 | | L
10 35 40 45
Day (from 01/01/97)
(b) 2 ] 1 | T | | T
CATCH
20— —
= 15 |— -
2
Q
i)
2
= 10 b
£
=
5 —
0 | I L | ] I
10 15 20 25 30 35 40 45
Day (from 01/01/97)
(c) # | T T T T T T
--------- Sea surface temperature (°C) CATCH
20 |- —— Air temperature (°C) -
o b
Y
5
i
@
Q.
£
(%}
'_
-5 L 1 ! | I | I
10 15 20 25 30 35 40 45

Day (from 01/01/97)

FiG. 12. (a), (b), and (c) Time series of latent heat flux (solid line: bulk empirical formulae;
circles: refractometer measurements as described in section 5.1), wind speed, and air plus sea
surface temperature, respectively. These data concern the CATCH/FASTEX campaign.
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Fic. 13. Same as Fig. 12 but for the FETCH campaign.

conditions such those encountered during the CATCH
experiment. The instrument has some limitations how-
ever. The most severe limitation of the instrument is
related to the perturbation by liquid water inside the
cavity in certain meteorological conditions such as driz-

Zle, rain, or even air saturated by water vapor. In these
cases, the measurements of refractive index are no lon-
ger reliable and must be rejected. However, this limi-
tation is common to most fast humidity sensors, and as
mentioned in section 2, a system of air suction has been
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FiG. 14. Histograms of (a) Bowen ratio, (b) |6N/8N,|, and (c)
[6No{wa)/SN(wt)| for the CATCH and FETCH campaigns.

used to allow the refractometer to work very rapidly
after the rain or drizzle has stopped. As far as sea spray
is concerned, arough estimate of the number of particles
at the level of 17-m height can be estimated (following
Makin 1998), and the temperature warming due to par-
ticle evaporation and of the consecutive flux perturba-
tion in the cavity can be computed. Using a drastic
hypothesis of a multiplicative effect of 100 in the prob-
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able number of particles due to ship dynamic effect
gives (for a wind speed of 15 m s ¢ and a friction ve-
locity of 1 m s*) a warming of 2.5 X 108 °C corre-
sponding to a heat flux contribution of 4.1 X 104 W
m~-2, which is negligible. Though the sensor is theo-
retically not sensitive to such small contamination, some
laboratory tests and intercomparison between other flux
estimates computed with other instruments should be
made to confirm these results.

As the refractometer is not a direct measurement of
air humidity, average values of air temperature, humid-
ity, and pressure as well as estimates of sensible heat
flux are needed to provide latent heat fluxes [see Eq.
(26)]. Asshownin Fig. 1, regarding the standard Bowen
ratio over the sea (=0.2), the air refractive index flux
depends mainly on latent heat fluxes. In almost all cases,
bulk estimates of sensible heat flux can be used, but
attention should be paid to particular situations with
very moist air and/or high air—sea temperature differ-
ences. While processing CATCH and FETCH data, we
found some samples with high Bowen ratios leading to
very comparable contributions of heat and evaporation
fluxes in the refractive flux. Figure 14 shows the major
differences between these two experiments. Figure 14a
shows that the two campaigns are characterized by dif-
ferent Bowen ratio. If a classical value of 0.2 is found
to be representative for FETCH, a much higher value
of 0.5 is obtained for CATCH. Moreover, although it is
of smaller importance, a much higher variability of the
ratio of 6N,/8N; isobserved during CATCH than during
FETCH (panel 14b). Consequently, during FETCH, a
very small percentage of samples shows a significant
impact of the sensible heat flux in the refractive index
flux (less than a few percent of samples have [6N(wap)/
SN (wt)| less than 5), but this is no longer true for
CATCH, where good quality sensible heat fluxes should
also be computed for estimating latent heat flux from
the air refractive index flux (about 30% of samples have
|6No(wa)/ SN (wt)| less than 5) as shown in panel 14c.
In these cases, one needs a more accurate estimate of
sensible heat flux than using a simple bulk estimate.
Unfortunately, as explained in detail in Eymard et al.
(1999), during CATCH, the spectra of sonic temperature
were found to be of very poor quality and therefore
could not used here, contrary to FETCH. Therefore, the
latent heat flux estimated during 30% of CATCH period
is probably less accurate.

6. Conclusions

We have described arefractometer device, technically
improved to analyze refractive index intensity and fluc-
tuations over the sea. This system can be calibrated with
a precision of six refractive index units and has been
utilized with success to estimate shipborne humidity
fluctuations and latent heat flux at sea during the very
severe winter conditions of the CATCH 97 experiment
in the North Atlantic Sea, with strong wind and sea state
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(particles projection), and during FETCH 98 in the M ed-
iterranean Sea, with strong wind and salt deposition.
The refractive index can be considered as a ‘‘ passive
scalar.” Itsfluctuation density spectrum exhibitsa —5/3
spectrum range between 0.1 and 10 Hz, providing avery
high quality inertial subrange. The refractive index is
primarily a function of humidity, less importantly of
temperature and pressure. The last term is always neg-
ligible. A method is proposed to calcul ate the latent heat
flux based on refractive index flux and an estimate of
the sensible heat flux. The latter is generally found to
be small enough to justify the use of a bulk parame-
terization. However, in some meteorol ogical conditions,
such as in 30% of CATCH cases, its contribution can
be significant. The refractometer does not need calibra-
tion for refractive index variations. It is very resistant
to salt and other contamination and looks very prom-
ising for future routine use to measure humidity fluxes
in combination with a sonic anemometer:

The latent heat fluxes derived from CATCH and
FETCH by the inertial dissipation method compare well
with bulk estimates, and the system has been found to
be very robust in high sea states. The good results ob-
tained during these two experiments have allowed the
refractometer system to be implemented in subsequent
experiments involving French research vessels for ob-
taining real-time fluxes.
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