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Measurements for satellite validation 
made from the RV Alliance during 
October and November 1991 

P.J. Minnett 

Executive Summary: This memorandum presents measurements of marine 
surface meteorology, sea-surface temperature and atmospheric profiles taken 
from the RV Alliance between 1 October and 9 November, 1991. These are 
to be used to study the accuracy with which sea-surface temperature and at- 
mospheric precipitable water can be measured by infrared and microwave ra- 
diometers on earth observation satellites. 

The measurements were taken on passage from Amsterdam to La Spezia, during 
two short instrument trials cruises, and on a non-interference basis during the 
cruise SPG 1/91 in the western Mediterranean Sea. 

The calibrated measuremerits of sea and air tem~erat~ures, relative humidity, 
and long- and short-wave downwelling surface radiation are presented here 
as time series, beginning a t  about 15002 on October 1 and continuing until 
about 19002 on November 8, with the exceptions of days when the ship was in 
port a t  La Spezia. True winds, net long-wave surface radiation flux, and the 
turbulent air-sea exchanges of sensible and latent heat have been calculated 
and are presented. Profiles of atmospheric temperature and humidity are also 
displayed, and the ship's track is given in a graphical forrn. 

This data report also serves to record the environmental conditions in which 
the other activities on the Alliance took place. 
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Measurements for satellite validation 
made from the RV Alliance during 
October and November 1991 

P.J. Minnett 

Abstract: Measurements of sea-surface temperature, surface meteorology 
and atmospheric profiles were taken from the RV Alliance between 1 Octo- 
ber and 9 November 1991. During this time the ship sailed from Amsterdam 
to La Spezia and then was deployed in the western Mediterranean Sea. The 
measurements are presented in graphical form, and daily statistics are given as 
tables. True winds, net long-wave radiation and turbulent air-sea fluxes have 
been calculated and are also presented. The measurements were made for ap- 
plication to studies of the accuracies of the retrieval of sea-surface temperature 
and atmospheric precipitable water from satellite radiometers. 

Keywords: air-sea interaction o English Channel o Mediterranean Sea 0 
meteorology o NE Atlantic Ocean o sea surface temperature 
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Purpose 

The measurements presented liere were taken to provide data with which to make 
direct comparisons with the measurements of sea-surface temperature (SST) and the 
atmospheric water vapour burden (sometimes referred to as the precipitable water, 
PW) made from satellites. The satellite measurements are those of the operational 
Advanced Very High Resolution Radiometer (AVHRR) on the NOAA (National 
Oceanic and Atmospheric Administration) series of polar orbiting satellites, the op- 
erational Special Sensor Microwave Imager (SSM/I) on the DMSP (Defense Meteoro- 
logical Satellite Program) series of polar orbiters, and the experimental Along-Track 
Scanning Radiometer on the polar obiter ERS-1 (ESA First Remote Sensing satel- 
lite) of the European Space Agency (ESA). The in situ measurements were taken 
from the NATO RV Alliance in the eastern Atlantic Ocean and western Mediter- 
ranean Sea. 

The measurenlents can also be used to confirm the results of atnlospheric radia- 
tive transfer models used to simulate the satellite ineasurements for the purpose of 
algorithm development (e.g. Llewellyn-Jones et al., 1984) or for the study of the 
theoretical error characteristic of satellite measurements (e.g. Minnett, 1986; 1990). 

Furthermore the ship-borne measurements provide data for the study of the oceanic 
thermal skin effect (e.g. Robinson et al., 1984; Schluessel et al., 1987), by which 
the exchange of heat between the ocean and the atmosphere causes a temperature 
difference between the radiative temperature of the sea surface and that measured 
in the bulk of the water. 

These measurements are complimentary to those taken during a cruise of the RV Al- 
liance in June 1990 in a collaborative experiment, called the Mediterranean Aircraft- 
Ship Transmission Experiment (MASTEX), with the Meteorological Research Flight 
of the UK Meteorological Office (Minnett and Saunders, 1989; Saunders and Min- 
nett, 1990; Minnett, 1992). 
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Background 

Measurements of sea-surface variables from instruments on earth satellites are of 
'great importance in oceanographic and climate change studies. In particular the 
large data sets generated by operational satellites offer an unrivalled description of 
pertinent variables on a global scale. In particular the AVHRR SST measurements, 
which now span more than a decade, are of great potential. A critical step in the data 
processing to retrieve SST from the satellite infrared measurements is in accounting 
for the effects of the intervening atmosphere. This is done by combining collocated 
measurements taken at different wavelength intervals (or channels) according to a 
simple algorithm. The precise form of the algorithm, or the coefficierits used in 
an algorithm, can be determined by either comparing large sets of siniultaneous 
satellite and in situ measurements (e.g. Strong and McClain, 1984) or by numerical 
simulations of the passage through the atmosphere of the radiation detected by the 
satellite radiometer (e.g. Minnett, 1986; 1990). Satellite measurements from which 
SST values can be derived are usually taken in the infrared part of the electro- 
magnetic spectrum (although some measurements have been successfully made with 
those detecting microwave radiation), in spectral intervals where the atmosphere is 
relatively transparent. One such 'atmospheric window', at -10-12 pm wavelengths, 
roughly coincides with the peak of the Planck function at temperatures typical of 
the sea-surface, and channels 4 and 5 of the AVHRR share this 'window'. The 
main component of atmospheric effects in this spectral interval is that due to water 
vapour, which exhibits so-called continuum absorption and emission, and this has 
a wavelength dependence across the window, being stronger at  longer wavelengths. 
The appropriate combination of satellite measurements at  these wavelengths can 
compensate, to a large degree, for the atmospheric effects. However, one of the 
main uncertainties is the description of the correct behaviour of the atmospheric 
water-vapour continuum (e.g. Grant, 1990), and shortcomings in its specification 
in radiative transfer models is a significant source of uncertainty in the numerical 
simulations and the resulting SST retrieval algorithms. 

An alternative approach to the atmospheric correction in satellite SST retrievals, 
is to measure twice the infrared radiation at the satellite height arriving from the 
sea surface, each time through a different atmospheric path length. This is the 
measurement principal of the ATSR, which employs a conical scan mechanism to 
make measurements of the radiation leaving the sea surface with emission angles 
close to zero and close to 55'. In addition it makes multi-channel measurements at  
the same spectral intervals as the AVHRR. It also takes microwave measurements, 
but only at  nadir, from which the PW can be calculated. 
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Broad swath (-1400 km) measurements of PW are made by the SSM/I, and these 
can be validated by direct comparison with the PW values derived from the ship- 
launched radiosondes. 
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Itinerary 

The ship sailed from Amsterdam at about mid-day on October 1. The route from 
Holland was through the English Channel, across the Bay of Biscay, southward to 
the west of Portugal and through the Strait of Gibraltar, and across the Western 
Mediterranean to La Spezia. We ran into a severe storm during the night of October 
1, which caused the ship to loose several hours' headway. Furthermore, the devel- 
opment of an inexplicable vibration of the propeller shafts ca.used a. brief diversion 
to La Coruiia for an underwater inspection by divers. No fouling was seen and the 
problem was solved by the ship's engineers en route. 

The ship was in the port at  La Spezia from the 9 to 15 October, 18 October, and 
21 to 24 October to change over other equipment between cruises. The two short 
cruises on 16-17 October, and 19-20 October were in waters near to La Spezia, while 
the final cruise from 25 October to 9 November was divided between the Corsican 
Sea to  the south of the island of Elba, and the western Mediterranean Sea to the 
west of Sardinia. 

The track of the ship for the period 1 October to  9 November is shown in Fig. 1. 
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Figure 1 A track plot of the position of the RV Alliance for the period 
covered by this report. The ship sailed from Amsterdam on October 1, arriving 
in La Spezia on October 9. Daily track plots are given i n  Appendix A .  
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Ship-Board Instrumentation I 

For very nearly all of the period at sea, high quality measurements of sea-surface 
temperature, surface meteorological variables and surface infrared radiances were 
taken by a set of instruments mounted on the ship and logged by computers. The 
ship is equipped with a set of meteorological sensors (including SST thermome- 
ters) and a precision infrared SST radiometer and these were augmented by a sky 
radiometer and a radiosonde station for this cruise. I 

4.1. SURFACE METEOROLOGICAL VARIABLES 

The system for measuring surface meteorological and oceanographic variables is 
called the ZAN (ZEN0 Alliance Network). This measures surface meteorological 
and oceanographic variables using various instruments distributed about the ship, 
the characteristics of which are given in Table 1. The sensors are sampled by remote 
'Intelligent Sensor Interfaces' (ISIs), where calibration coefficients are applied and 
where mean values of measurements are calculated and stored before being trans- 
mitted to a central computer on a fibre-optic LAN (Fig. 2). A fuller description of 
the system is given by Reynolds et al. (1988). 

The wind speed and direction were measured by R.M. Young anemometers (propeller 
and wind-vane type) mounted an the foremast, at a height of about 16 m above the 
water-line, and on a 7 m lattice-work mast at the stern of the ship, bringing the 
sensors to a height of about 12 m. The foremast carries two identical sensors to 
provide redundancy in case of failure and the three sets of sensors together ensure 
good measurements from all directions irrespective of the relative wind direction. Air 
temperature and humidity are also measured by precision thermistors and 'Rotronics 
hygromer' sensors at the same locations as the wind speed and direction. Again 
there are two sets of sensors at the foremast and one at the stern. Also mounted 
on the foremast are two radiometers, manufactured by the Eppley Laboratory, one 
to measure the downwelling short-wave insolation and the second to measure the 
downwelling long-wave radiation. The radiometers were not gimballed and therefore 
their measurements are subject to contamination by ship roll and pitch. This effect 
is believed to be small as MacWhorter and Weller (1991) have shown that, for the 
short-wave case at least, the drop in signal is less than 10% for amplitudes of rocking 
< 35". Angles of pitch and roll were much less than this. 

All of the sensors attached to the ZAN were sampled during this cruise at 1 Hz and 
a 1-min block average was generated at intervals of generally 2 min. I 
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Table 1 Characteristics of the RV Alliance sensors1 

Variable Sensor Type Units Resolution Accuracy Comments 

Sea surface Self-calibrating O C 0.05 0.2 Skin temperature 
temperature infrared radiometer 
Sea surface Precision 
temperature thermistor 
Sea surface Precision 
temperature thermistor 

sky Radiometer 
temperature 

Air Precision 
temperature thermistor 
Relative 
humidity 

Hygristor 

Wind speed Propeller 
anemometer 
Wind Vane 
direction 
Short-wave Pyranometer 
radiation 

Long-wave Pyrgeometer 
radiation 
Atmospheric Radiosonde 
temperature 
profile 

m s-l 0.1 

degree 1.0 

Wm-2 0.1 

W m-2 0.1 

"C 0.1 

data from a 
depth of -10 cm 
data from a 
depth of 3 m 

Humidity Radiosonde % 0.1 2.0 
profile 6 

lSensors mounted on the foremast are at a height of 16 m above the water line, 
and those at the stern 12 m. The self-calibrating SST radiometer was mounted 8 m above the 
waterline. 

In addition to the computer-logged measurements, the bridge officers take routine 
marine weather observations according to the WMO schedule, usually at 6-h inter- 
vals. 
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Figure 2 Schematic representation of the instruments of the ZAN (Zeno- Alliance 
Network) on the RV Alliance. IS1 stands for Intelligent Sensor Interface, FOIU is Fibre- 
Optics Interface Unit, J is Junction box, IMS is Information Management System, SST  is 
Sea Surface Temperature, T is Temperature. 

4.2. SEA-SURFACE TEMPERATURE 
Sea-surface temperature was measured by three independent instruments: an in- 
frared radiometer detected the electromagnetic emission from the surface, a towed 
thermistor measured the in situ temperature at  a notional depth of 0.1 m, and a 
high accuracy thermistor measured the bulk temperature at  a depth of about 3 m 
below the water-line. The towed thermistor could only be deployed in calm to mod- 
erate seas, and when the ship's speed was below about 8 kn; as a consequence this 
sensor could only be occasionally used. 
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4.2.1. Radiometric skin temperature 

The SST radiometer contains an ambient temperature detector which receives a 
signal from the sea-surface 'chopped' against the radiance from a black body ref- 
erence target, the temperature of which is measured by a precision thermistor. At 
programmed intervals the instrument is internally calibrated by bringing into the 
field of view first a hot black-body target, and then a cold black-body target. The 
cold target temperature floats at ambient temperature, and is generally somewhat 
cooler, by I0C, tha.n the reference black-body. The hot black body target is heated 
to about 9 or 10°C above the temperature of the cold black body target. The ra- 
diometer was controlled by an IBM Personal Computer, which also logged the data 
onto disk. The radiometer was programmed to sample the sea-surface radiance and 
reference temperatures as means of generally ten or twenty independent samples, 
the standard deviations of which were also calculated, and to conduct a calibration 
cycle a.fter about every 10 min of observa.tions. The calibration cycle took about 
2 min. 

4.2.2. Bulk temperature a t  -- 0.1 nl. 
'The near-surfa.ce in situ sea-surface temperature was measured at a nominal depth 
of 0.1 m by a thermistor mounted in a surface-following device towed on an elec- 
tromechanical cable from the forward crane, or from a boom extended sideways from 
the forward working-deck. This device is called the cappello and the measurements 
were logged by the ZAN system. The towing speed of the cappello can be limited 
in high sea-states, and for this reason its use was restricted during this experiment 
especially during transits at cruising speed. 

4.2.3. Bulk temperature at  -- 3 m 

The bulk sea temperature was measured continually by a Sea-Bird sensor mounted 
on a ram that extends it through the hull at a depth of about 3 m. The sensing 
element is about 40 cm beyond the hull, on the forward port side about 25 m behind 
the bow, just forward of the level of the bridge. This is connected to the ZAN by 
an IS1 and its sampling is not restricted by sea state nor ship's speed. 

4.3. S K Y  RADIOMETER 
A Barnes PRT-5 precision infrared radiation thermometer was mounted in the Aft 
Bridge, measuring through an open door, inclined skywards at  about the same 
angle as the SST radiometer was inclined towards the sea, to mezsure the infrared 
radiation in the 9-13 pm interval arriving at the sea surface from the sky. This is a 
necessary correction for the radiative SST measurement, as a small fraction of the 
sky radiation is reflected into the SST radiometer. The sky radiation is very variable, 
being strongly dependent on the presence of clouds, especially low clouds with warm 
bases. The data were digitized and archived on an IBM Personal Computer. 
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Table 2a Successfu1 radiosonde launches (October) 

Date Time Position Min. P Comments 
( P P ~ )  

Sky clear 
Some high cloud 
Some high cirrus 
Large areas of sky clear 
Sky clear; radio noise 
Sky clear 
Sky clear, sea calm 
Perfect conditions 
Sky clear 
Very good conditions 
Very good conditions 
Very good conditions 
Very good conditions 
Some cloud, low and high 
Much cloud on horizon, atmosphere very dry 
Sky very clear, atmosphere very dry 
Sky very clear 
Sky very clear 
Sky very clear 
Sky very clear 
Sky clear, some haze 
Some high cloud, from contrails 
Sky clear 
Sky clearing after cloud 
Sky clear, after cloud 
Some cloud 
Some cloud 
Sky clear 
Sky clear 

4.4. RADIOSONDES 

Atmospheric profiles of temperature and humidity were made using disposable ra- 
diosondes carried aloft on helium balloons. The measurements are transmitted to a 
receiving station on the ship. The radiosondes were launched so their ascents coin- 
cided with satellite overpasses when the sky was reasonably clear of cloud, thereby 
increasing the chances of good satellite data. The radiosonde data were transferred 
in real time to an IBM Personal Computer for display and archiving. 

Two types of radiosondes were used during the cruise, and these differed in how 
they measured humidity. Both types, manufactured by Atmospheric Instrument 
Research Inc, measured air temperature using a well exposed thermistor and baro- 
metric pressure by an aneroid barometer. For the humidity measurement, the first 
type used a thermistor surrounded by a wick which was kept moist by water from 
a small reservoir; this gives a 'wet bulb' temperature from which the humidity can 
be calculated by reference to the air temperature through the psychrometric rela- 
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Table 2b Successful radiosonde launches (November) 

Date Time Posit ion Min. P Comments 
( P P ~  

Small amount of cloud 
Small amount of cloud 
Snlall amol~nt of clolld 
Sky clear 
Sky clear 
Sonie cloud 
Sky clear 
Some cloud 
Sky very clear 
Sky very clear 
Some cloud 
Sigriifica~it cloud amount 
Significant. cloud amount 
Sky very clear 
Some high clolid 
Son~e high cloud 
Sky clear 
Much of sky covered by t,hirl cirrus 
Sky clear 
Sky clear 
Sky clear 

tionship. In the second type relative humidity was directly measured by a carbon 
hygristor. The first type gives a very good humidity measurement as adequate air- 
flow over the sensors is assured for even low ascent rates (- 1 m s-') by small wings 
that cause the sonde to rotate rapidly as it ascends. However, once the radiosonde 
ascends beyond the freeeing level, the water over the wet thermistor freezes and the 
data become difficult to interpret; this is discussed further below. The second type 
does not suffer from this problem, but requires a more rapid ascent rate (-- 3 m s-l) 
to function well, thereby losing vertical resolution, and the hygristor measurement 
is known to loose accuracy for both very low (< 20% relative humidity) and high 
(> 80% relative humidity) values, and after the sensor has become physically wet- 
ted, such as may happen as the sonde ascends through cloud as well as in rain. To 
compare the measurements of the two types of sondes, pairs were launched on five 
occasions. Because they use the same radio-frequency the launches were sequential, 
being separated by less than one hour: the hygristor was launched first because of 
its more rapid ascent rate. 
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4.5. NAVIGATION 

Navigation information are available from the ship's PLNS (Precision Location and 
Navigation System). The ZAN obtains values of latitude, longitude, ship's speed, 
heading (gyrocompass reading) and course made good, at  intervals of about one 
minute. The PLNS synthesizes an optimum ship's navigation status from a variety 
of navigation aids including the Global Positioning System, Satellite Navigation and 
Loran-C. 

4.6. INSTRUMENT PERFORMANCE 

The long-wave pyrgeometer did not function during the passage from Amsterdam 
to La Spezia. The problem was traced to a broken cable, which was repaired on 
October 11 while the ship was in port. Data logging of this sensor began when the 
ship left port on October 16. Problems with the long-wave pyrgeometer resurfaced 
at the end of the cruise and measurements from the last two days (November 7 
and 8) are corrupt. 

Other sensors attached to the ZAN worked well. There appear to be some calibration 
problems with the measurements from the shipboard SST radiometer and these are 
not presented here. If the problems can be resolved the measurements will be the 
subject of a future data report,. 
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5 
Data  processing 

- - 

During the cruise the measurements from the ZAN were archived on disk in a FOCUS 
database from which derived variables and plots were generated in near real-time. 
Periodic inspection of the sensors took place throughout the cruise and the domes 
of the radiometers were cleaned at  intervals of a few days. There was no evidence of 
dirt or salt deposition on the radiometer domes. The anemometers were inspected 
during and after the cruise and no cvidence was found to suggest that the bearings 
were becoming worn thereby invalidating the calibration. 

5.1. CALIBRATION 

The thermometers and relative humidity sensors were calibrated before and after 
the cruise and these calibrations have been applied to the data presented in this 
report. 

End-to-end calibration tests of the cappello temperature signal made during this 
cruise against a hand-held digital thermonieter revealed a slight residual non-linearity 
in the thermistor response. A correction has been applied even though it only be- 
comes significant a t  temperatures above - 18°C: 

S S T *  = 1.066 * SST - 1.107, forSST > 16.6 "C. (1) 

Before this cruise the long-wave pyrgeometer was compared a t  the UK Meteorolog- 
ical Office with a transfer standard instrument traceable to a reference at  the UK 
National Physical La,boratory (Grimmer, 1990), and a temperature dependence of 
the gain of the device was revealed to be 

where Tsink is the instrument's sink temperature, x = 0.1219 and y = 1.993. The 
gain given by the 1nanufa.cturer is a constant with the value 4.16 p ~ / ( W m - ~ ) .  The 
data were corrected using (2) with the measurement of air temperature being used as 
an estimate of Tsink. With an air temperature of 20 "C, this changes the measurement 
of LWl by 6.6%. 
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Table 3 Angles used to select the upwind wind sensors 
- -  

Upwind sensor Relative wind direction range* 

Foremast Port 205"to 15" 
Foremast Starboard 
Stern Port 145"to 205' 

* The ship's bow defines 0" relative. 

5.2. DATA SELECTION 

The selection of the best exposed wind sensor was made by examining the relativc 
wind direction. The upwind sensors were selected according to the angles given in 
Table 3, which were determined from the measurements of an ea.rlier cruise, and the 
selection of the sensors followed a similar procedure to that used on the MASTEX 
data (Minnett, 1992). 

5.3. ICING ON THE RADIOSONDES 

The freezing of the water in the wick around the wet therlnistor and in the reservoir 
is easily identified as the latent heat of fusion causes a sudden apparent increase in 
the wet bulb temperature of several degrees, which persists for a minute or more, and 
usually causes a reversal in the sign of the wet bulb temperature depression. The 
sheath of ice over the wet thermistor acts to insulate the sensor from the ambient 
temperature (or, correctly, the te~nperature of the air saturated above ice), and the 
subsequent wet bulb temperature appears then to lag t,he dry bulb temperature 
with the result that the wet bulb ternperature depression is too positive. If the 
time constant of the heat flow through the ice from the air to the thermistor can be 
determined, a simple correctiol? can be applied to generate an estimate of the true 
air temperature saturated above ice, from which the humidity can be calculated. 

The time constant for heat flow through the frozen wick of the wet bulb therniometer 
was determined for each profile by examining the recovery of the wet bulb ternpera- 
ture (T,) after the increase in temperature caused by the wa.ter freezing. In an ideal 
situation, with the ambient conditions stationary T, would follow an exponential 
curve asymptotically approaching the correct value for an aspirated psychrometric 
temperature over ice. In reality the ambient conditions are not stationary and the 
determination of the time constant of the exponential decay is subject to consider- 
able uncertainty. 

The theoretical time constant for heat flow through a 1 mm spherical sheath of ice 
surrounding a 1 mm radius thermistor is 1.25 s (neglecting stem conduction along 
the leads to the thermistor). That the empirically determined time constants are 
significantly longer can be explained by the larger thermal capacity of the ice volume 
in the reservoir which is in good thermal contact with the thermistor bead. For 
example, if half of the initial contents cil: i ' : ~  ,!.<.:(:L~. ,iir v7c?re to have been consunled 
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by the time that freezing occurs, the remaining water would have a thermal capacity 
of about 12 times that of a 1 nim sheath, leading to a time constant of about 16 s. 

Application of a simple time constant correction improved the response of the T, 
traces, (designated Th) so that for most of the ascents Th < Ta (the air temperature 
as measured by the dry thermistor). However in nearly all cases Th > Ta at the top 
of the ascent. The position at which the sign of the temperature difference changes 
is very variable, generally lying above 400 pPa. This is not simply a further heat 
flow problem that could be corrected by using a longer time constant, as Th does 
not obviously lag Ta and Th - Ta remains quite constant as thc time rates of cha.nge 
of the temperatures changes sign a,s the radiosondes pass through the tropopause 
and into the stratosphere, which in these data is characterized by temperatures 
increasing with height. The effect can not be explained by preferential solar heating 
of the ice-covered thermistor (the plastic reservoir protrudes slightly beyond the 
radiation shield) as the effect is as pronounced for ascents in darkness as for those 
in sunlight. The cause of this effect is a.s yet unresolvc~d. A correction consisting of 
forcing the profile of absolute humidity to decay exponentially wit,h pressure al~ove 
a subjectively defined level was applied. The decay corist,arit was determined by 
examination of the absolute humidities rneasurcd by the radiosondes equipped with 
carbon hygristors, as -60 p ~ a - '  for P > 400 pPa, and 40 p ~ n - '  for P < 400 /rPa.. 
To avoid unrealistically high relative humidities resulting from this correction it was 
necessary to reduce the decay constant to 20 pPa.-' for P < 300 pPa. 

5.4. EXTENDING RADIOSONDE PROFILES T O  GREAT HEIGHT 

Those profiles that did not reach the tropopause were extended by merging each 
with the uppermost portion of the profile nearest in time that did penetrate into the 
stratosphere. To ensure,a smooth transition an exponential weighting function was 
applied for a pressure interval of up to 100 pPa in extent. All profiles were extended 
to P = 0.004 pPa by appending the required portion of a standard atmosphere 
(Beer, 1990). This extended each profile to a height of 85 km. 

5.5. GENERATION OF DERIVED VARIABLES 

From the measured data it is possible to calculate a number of derived variables. 
These are the true wind speed, the net long-wave radiation at the sea surface and 
the turbulent fluxes of latent heat and sensible heat. 

Although the sensors are all sampled at 1 Hz and 1 min averages are built up, the 
times appropriate to the average values are not exactly synchronous for all sensors. 
So before calculating derived variables it was necessary to resample the various time 
series at  a common time base. For those calculations requiring the use of sea-surface 
temperature, all of the data streams from the individual instruments were resampled 
to the time base of the port foremast sensors. 
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The true wind speed and direction were calculated from the relative wind measure- 
ments by the removal of the ship's speed and heading, which were resampled to the 
times of the wind measurements. 

The net long-wave radiation is the difference between the measured incoming long- 
wave radiation and that emitted by the sea surface at the measured sea surface 
temperature. A surface cmissivity, F ,  of 0.98 was used in the Stephan-Boltzmann 
equation: 

LW T= E ~ T ~ ,  (3) 

where a is the Stephan-Boltzmann constant (5.67 10W8 ~ m - ~  K - ~  ) and T is the 
sea-surface temperature in Kelvin. No attempt was made to model the effect of the 
t,hermal skin layer on the emitted radiation (see e.g. Robinson et al., 1984). 

The net short-wave radiation at the sea-surface has been calculated by 

swnet = sw 1 (1 - a ) ,  

where S W J  is the measured incident short-wave radiation and a  is the sea-surface 
albedo which for the present purposes has been taken as a constant with a value of 
0.06 (Payne, 1972). 

The turbulent fluxes were calculated using the standard bulk aerodynamic formulae 
which relate lat,ent and sensible heat exchanges to the standard surface meteorolog- 
ical measurenients: 

H = pcpCH U(?' - SST) , (5) 

where H and E are the turbulent fluxes of sensible and latent heats to the ocean, p 
is air density, cp is the specific heat of air, and L is the latent heat of evaporation; 
U ,  T and q are wind speed, air temperature and specific humidity measured at a 
given height above the sea-surface, SST is the sea-surface temperature and q, is the 
specific humidity at the surfa,ce, assumed to be close to saturation (98% to allow for 
the effects of salinity) at the SST.  The bulk transfer coefficients Cw and CE are 
dependent on the sensor height on wind speed and on atmospheric stability. The 
coefficients used in this study were derived using the algorithms of Smith (1988) 
using an air temperature of 20°C and a sensor height of 16 m above the water-line, 
and have explicit dependence on the sensor height, wind speed and the stability of 
the atmospheric boundary layer. 

For the purposes of this report, the turbulent fluxes, and the upwelling long-wave 
radiation, have been derived using the sea-temperatures measured by the Sea-Bird 
sensor at  a depth of about 3 m. This gives better sampling and continuity than would 
be the case using the near-surface cappello measurements, but are less accurate 
when there are significant near-surface vertical temperature gradients in the water 
(see Appendix D). 
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Data  presentation 

A plot of the ship's position derived from the PLNS is shown in Fig. 1 for the whole 
period covered by this report. For the days during which the ship was at sea ship 
tracks are given in Appendix A. 

Time-series plots of true wind speed and direction, air temperature, relative humid- 
ity, and surface pressure are presented iri Appendix B. Each plot covers a one-day 
period of the cruise, and data are plotted with full temporal resolution. The spikes 
in the true wind direction and speed result from the imperfect compensation for 
the ship's motion when the vessel was making rapid manoeuvres; the relative winds 
being averages over one-minute intervals while the ship's navigation data are spot 
samples within those int.ervals. The large excursions in surface pressure on June 6 
are associated with the erection of the stern instrument mast on which the barom- 
eter vent is mounted. Unphysical spikes in the pressure trace before this date are 
caused by deficient exposure of thc: barometer vent which was susceptible to spurious 
effects caused by wind. 

Time series of the radiative terrrls of the surface heat budget are shown in Ap- 
pendix C. These are the measured hemispheric dowrlwelling short-wave radiation 
(insolation), and hemispheric downwelling long-wave radiation. Also shown are the 
calculated upwelling long-wave radiation, net long-wave radiation, and net surface 
radia.t ion. 

Near-surface temperature time series are given in Appendix D, with the smooth 
trace being tlie Sea-Bird illeasurelnerits taken at a depth of  about 3 m and resolved 
to O.Ol°C and the discontinuous trace being the cappello measurement from about 
10 cm depth and resolved to O.l°C. 

The air and sea temperatures, and their differences, are shown in Appendix E. The 
sea temperature is that measured at a depth of about 3 m by the Sea-Bird sensor. 

The derived variables shown in Appendix F include the total turbulent air-sea heat 
exchange and the latent and sensible component fluxes. The Bowen ratio is the ratio 
between the sensible and latent heat exchanges, and the surface energy budget is 
the sum of the turbulent and radiative fluxes. 

The atmospheric profiles are presented in Appendix G against a vertical axis of 
atmospheric pressure. Each profile is identified by the time and location of the ra- 
diosonde launch. The measured variables are temperature and humidity and the 
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absolute humidity and wet bulb depression were calculated using standard meteo- 
rological algorithms. The absolute humidity trace is shown magnified by a factor of 
ten as a dashed line for humidities below 1 g m-3. 
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Discussion 

The daily statistics of the measured and derived variables are given in Table 4, and 
the daily mean values of selected variables are shown in Figs. 3-6. 

The winds experienced during the cruise were variable, with the strongest winds 
being associated with the storm in the southern North Sea at the start of the cruise, 
when speeds of over 20 ms-I were measured. Once in the Mediterranean such speeds 
were measured only during one event towards the end of the cruise. The air temper- 
atures were generally a few degrees cooler than the sea-surface temperatures, which 
were significantly higher in the Mediterranean than outside. The Mediterranean 
sea-surface temperatures decreased during the course of the cruise, as is expected 
given the season, but it is not clear that the rate of decrease truly reflects the 
autumnal cooling of the sea surface layer, or, given the extent of the cruise area, 
whether it included spatial changes. The surface humidity was very variable with 
drier atmospheric surface layers being found towards the end of the cruise. 

The atmospheric profiles reveal much variability in the vertical temperature and 
humidity structure indicating interleaving air masses. 

The measured insolation was very variable reflecting the wide range of cloud cover 
experienced during the cruise. The daily mean insolation was generally about half 
of the mean measured downwelling long-wave radiation, which in turn was smaller 
than the long-wave radiation emitted by the sea surface leading to a daily net long- 
wave radiation heat loss by the ocean often greater than 50 Wm-2. These values are 
much lower than would be experienced in conditions of clear skies. The daily mean 
net surface radiation showed a gain by the ocean of less than 100 ~ m - ~ ,  often with 
mean values much smaller. 

The turbulent fluxes were variable, reflecting the fluctuations in the wind, air-sea 
temperature differences, and surface humidity. The daily mean latent heat flux was 
always dominant over the sensible heat loss of the ocean, with peak daily mean 
turbulent heat losses sometimes in excess of 250 wmP2.  

The daily mean values of the net surface energy budget were dominated by the latent 
heat loss and were negative, with the exception of November 2, and often greater 
than -150 ~ m - ~ .  This heat loss to the atmosphere is to be expected given the 
time of year in which the measurements were made. 
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Table 4a Surface heat budget statistics: Wind  speed ( m s - l )  at 16 m 

Date 

Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4b Surface heat budget statistics: Air pressure (pPc)  

Date N 1  Mean Stand. Min. Max. 
( 0 4  dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4c Surface heat budget statistics: A i r  temperature e C) 
-- 

Date N1 Mean Stand. Min. Max. 
(Oct/ dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4d Surface heat budget statistics: Sea-surface temperature at 3 m depth PC) 

Date N 1  
(Oct/ 
Nov) 

Mean Stand. Min. M&x. 
dev. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4e Surface heat budget statistics: Air-sea temperature difference C) 

Date N1 Mean Stand. Min. 
( 0 4  dev. 
Nov) 

Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4f Surface heat budget statistics: Relative humidity (%) 

Date 
(Octl 
Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4g Surface heat budget statistics: Specific humidity at sea surface (g kg-') 

Date 
(Oct/ 
Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4h Surface heat budget statistics: Specific humidity at 16 m height (g kg-') 

Date N1 Mean Stand. Min. Max. 
dev. 

Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4i Surface heat budget statistics: Net insolation (Wm-*) 

Date N1 Mean Stand. Min. Max. 
(Oct/ dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4j Surface heat budget statistics: Downwelling long-wave radiation ( ~ r n - ~ )  

Date 
(Oct/ 
Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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l'hble 4k Surface heat budget statistics: Emitted long-wave radiation (Wm-2) 

Date N Mean Stand. Min. Max. 
(Oct/ dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 41 Surface heat budget statistics: Net long-wave radiation (WmP2) 

Date N 1  Mean Stand. Min. Max. 
( 0 4  dev. 
Nov) 

N is the number of 1-rnin averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4m Surface heat budget statistics: Net  surface radiation (Wm-2) 

Date N 1  Mean Stand. Min. Max. 
( O N  dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4n Surface heat budget statistics: Net surface radiation (Wm-2) 

Date N1 Mean Stand. Min. Max. 
( O N  dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 40 Surface heat budget statistics: Latent heat flux (WmP2) 

Date N' Mean Stand. Min. Max. 
(Oct/ dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4p Surface heat budget statistics: Sensible heat flux (Wm-') 

Date 
(Oct/ 
Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4q Surface heat budget statistics: Turbulent heat flux (Wm-2) 

Date 
(Oct/ 
Nov) 

Mean Stand. 
dev. 

Min. Max. 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4r Surface heat budget statistics: Bowen ratio 

Date N1 Mean Stand. Min. Max. 
(Oct/ dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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Table 4s Surface heat budget statistics: Surface energy flux (WWI-~ )  

Date N1 Mean Stand. Min. Max. 
( 0 4  dev. 
Nov) 

N is the number of 1-min averages used to compute the statistics. 
* Days for which the statistics are calculated for a period of less than 24 h. 
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R N  Alliance 1991 
Heat Fluxes 
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Figure 3 Bar chart of the daily mean components and resultant measured turbulent 
air-sea heat fluxes. Negative values indicate heat loss by the ocean. 
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RN Alliance 1991 
Long Wave Radiation 
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Figure 4 Bar chart of the daily mean values of the measured incoming hemispheric 
long-wave radiation, calculated emitted long-wave radiation, and resultant, at the ocean 
surface. Negative values indicate heat loss b y  the ocean. 
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RN Alliance 1991 
Net Radiation 

Day in OdNw 

Net SW radiation Net LW radiation Net surface radiation 

Figure 5 Bar chart of the daily mean net short-wave and long-wave radiation and 
resultant surface radiation budget. The measured insolation can be recovered from the net  
short-wave values by multiplication by 1/0.94. Negative values indicate heat loss by  the 
ocean. 
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RN Alliance 1991 
Surface Heat 
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Figure 6 Bar chart of the daily mean values of the turbulent air-sea heat fluxes, net 
surface radiation and resultant surface heat budget. Negative values indicate heat loss by 
the ocean. 
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