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ABSTRACT

A method to match the response of the SBE-3 temperature sensor and the SBE-4 conductivity cel3  isdescribed.
The technique uses a recursive filter in the time domain, which allows direct calculation of salinity  and de&,
and thus offers a significant computational advantage over other methods. The response of any seas&  $ay  be

‘. ’ .-
‘-’

matched or sharpened using this method provided that the sensor.can  be modeled appropr$ately,.
Using this method the useful bandwidth of the SBEJ  temperature sensor may be improved by a factor,of

- .:w

between 3 and 7, depending on the permissible signal-to-noise ratio degradation. It is also possible to match
the SBE-3 and SBE4  responses closely and thus remove spikes in the profiles of calculated salinity and density.

1. Introduction

The need to measure temperature, salinity, and
density profiles in the field has resulted in the devel-
opment of sensors that are allowed to free-fall through
the water when reieased from a research vessel. These
sensors fall at a constant velocity and sample conduc-
tivity, temperature and water pressure. From these
measurements, salinity and density may then be cal-
culated (UNESCO, 198 1).

The work described in this paper deals with the tem-
perature and conductivity sensors that are used on the
conductivity-temperature-depth (CTD) probes devel-
oped by the Centre for Environmental Fluid Dynamics
(CEFD). These probes use commercially available sen-
sors; specifically a SEA-BIRD SBE3 oceanographic
thermometer and a SEA-BIRD SBE-4 conductivity
cell. The frequency output from each sensor is trans-
mitted to a counterboard circuit that counts the num-
ber of cycles and partial cycles within each 20 ms period
with 20 ns (50 MHz) resolution. Thus the sensor pro-
vides an average frequency output for each sampling
interval. The output is convertedto  the physical vari-
able through a calibration-‘equation contained in a
ROM and evaluated by ‘a microprocessor within the
CTD probe. Calibrated data are sent to the,research
vessel via a signal cable. A full‘discussion  of the -D  ;
probe is given by Fozdar’(  1983).

The sensing element of the SBE-3 sensor is a glass-
coated thermistor bead protected by a 0.8 mm diameter
stainless steel tube. The thermistor forms one arm of
a Wien bridge oscillator circuit, which converts its re-
sistance  to a frequency. The sensor time constant spec-.
ified by the manufacturer is 70 ms.

The SBE-4  conductivity sensor is a flow-through cell,
employing three electrodes in a 0.12-m long, 4-mm
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diameter glass tube (see Pederson and Gregg, 1979).
The outer electrodes are held at the same potential,
and the resistance between the center electrode and the
outer pair is measured to yield the conductivity of the
fluid within the cell. Thus, the conductivity sensor out- -’
put represents a spatial average over the length of the
cell, and this results in a temporal smoothing that is,
dependent on flushing time of the cell. Because of the
high hydraulic resistance of the cell, its flushing time
is insufficient for adequate resolution of finescale fea-
tures, and consequently a pump is required to draw
water through the cell at a velocity comparable to,  the
drop velocity. The pumping rate for CTD drops’&  1
m s-’  was calculated to be 38.5 X lO-‘j m3 s-‘.

The phenomenon of salinity and density spiking is
well documented and details are given by Home and
Toole ( 1980). The problem occurs because the sensors
have different, nonideal, dynamic response functions.
The nonideal response causes the temperature and, ,.
conductivity signals to become mismatched, and .thus  -.%
produces over- or undershoot in the calculated salin~ity :’
and density. Spiking may be caused by a time lag be-

‘1

tween the sensors, or by a mismatch in the dynamic
response functions of the sensors. The. time lag between,
the sensors may be removed by physically shifting, the ~,
sensors on the CTD probe. The mismatch in response,,:: ,‘.-
may be corrected by numerically filtering the temper-
ature and conductivity signals to provide “spikefrai”  ,
salinity and density values (Fofonoff et al.,  1974). .
At the same time as spiking is eliminated, it is de _

sirable to sharpen the sensor  msxmsein  order to pro-
vide accurate finescale measurements for computing

-;.  .,

small-scale fluid properties such as the displacement I-.  !
scale and dissipation (lmberger, 1985).

In this paper a computationally efficient technique< .: ,,
is presented that allows the sensor responses to be

~:

__.
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matched to eliminate salinity and density spiking, and
simultaneously improves the response time of the
system.

A number of researchers have developed response-
sharpening methods that use spectral techniques to
correct the signal. These techniques are carried out in
the frequency domain, so the Fourier transform of the
raw signal must be taken before the correction may be
applied. If time-domain calculations (such as salinity
and density) are required, the inverse Fourier transform
of the corrected spectrum must be taken to obtain a
corrected time series. The computational inefficiency
of this technique is its main disadvantage. The main
advantage is that any response may be corrected, since
no assumptions need be made about the sensor or its
model. Furthermore, it is possible to achieve more ac-
curate corrections since one can use the actual transfer
function of the sensor rather than an approximation.

One example of the frequency-domain technique is
given by Caldwell and Dillon ( 198 l), who improved a
thermistor response by correcting its spectrum. How-
ever the correction applied was that for a first-order
filter; the recursive method described herein is more
efficient since it can achieve the same correction with-
out converting to frequency. Gregg and Hess (1985)
used Legendre polynomials to accurately approximate
the transfer function of a sensor in frequency space.
The correction must be applied by multiplying the
spectrum of the required data by the inverse of the
approximated transfer function. It would also be pos-
sible to use the actual transfer function and not go
through the exercise of polynomial fitting.

Horne and Toole (1980) note that a time-domain
correction is preferable to frequency techniques since
it allows direct correction of the time series. Their par-
ticular method used convolution to correct the signal;
the convolution used the inverse Fourier transform of
the inverse of the actual sensor transfer function. In
essence, their technique is identical to the frequency-
domain corrections mentioned previously since con-
volution in the time domain is equivalent to multipli-
cation in the frequency domain. In fact it can be more
efficient to carry out a convolution by taking FFTs  of
both series and multiplying in the fmuency  domain.
This is due to the comparative efficiency of the FFI
algorithm. Hence their method offers no real advantage
over spectral techniques.

Fofonoff er al. ( 1974) developed a corm&ion  method
similar to that presented in this paper. The sensor was
modeled as a first-order system described by the dif-
ferential equation:

$ = $ (To - T),

where 7’e  is actual temperature, T the measured tem-
perature, and T the time constant. They then approx-
imated dT/dt  by taking a least-squares fit to the slope
of the time series over 3 points. This has an averaging

effect, which prc --_-I
ties  but does not correct hig
gives a signal-to-noise ratio advantage over the “id
correction, however the cutoff frequency is not
trollable. The recursive time series technique desct
in the current paper allows better control over the an
rection than that used by Fofonoff et al. (1974),  sine
sharpening and smoothing occur independent1
simultaneously. Furthermore, the least-squares
nique requires more calculations than the recursiv
tering technique.

2. The experiment

In order to properly model the boundary 1
around the sensors and reproduce any averaging e
the experiment needed to be dynamic, with a
input to the sensors. Possible inputs included
pulse or a step. Both of these lend themselves to
in the time domain, and it can be shown that
order response to either of these inputs has a
derived transfer function that may be used to
numerical filters. Gregg and Meagher (1980)
thin heated plume as an impulse input when studyi
the response of small glass-rod thermistors, but theyl
pointed out that difficulties arose because of temperA
ature changes outside the plume caused by
patterns. In the experiment -

circulatiod
-

paper, a step was chosen as the input to the s e
because circulation could be minimized by USI
sliding gate as a partition. Furthermore, a step w
atively simple to generate on the large scale r
by the dimensions of the SBE sensors.

The University of Western Australia Hydraul
Laboratory concrete flume and towing carriage
used for the experiments. The flume is 50 m 1
1.2 m wide, and the water was at a depth
pneumatically operated gate was placed in
to provide the partition for the step interface.
on one side of the gate was heated and salted to pro
the step input. The experimental setup is shown
matically  in Fig. 1. The carriage was used to tow
CTD probe through the water with the sen
mounted horizontally, simulating the situation in
field where the CTD probe falls vertically.

A fast-response thermistor and
ductivity cell were mounted on the
ment the interface width and shape
the retreating gate. The fast-respo
sor was a FP-07  thermistor, and
ductivity (FRC) sensor was a miniature four&
cell designed by Head ( 1983). The fast-response
were calibrated in situ using temperature and c
tivity measurements obtained from the SBE senso

I

-3j

The interface was required to be sharp and well
fined. It was decided to use a “positive’* step, which
had an increase in conductivity (a) and tempera-
(T), with the salinity and density increasing slight@
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TOWING CARRIAGE DATA ACOUISTION  SYSTEM

DIRECTION OF TRAVEL

GATE ACTUATORS

-yy-----
I,

SLIDING GATE” FAST RESPONSE SENSORS

SBE SENSORS 1 W l

WARM. BALTY  WATER
I

COLD, FRESH WATER I

FIG. I. Schematic elevation view of experimental setup.

across the step. The cold side consisted of tap water (0
= 0.04 S m-l)  which remained at room temperature
(around 19’C).  The warm section of the flume was
heated to between 2 and 3°C above room temperature
using electric heating elements, and was salted using
swimming pool grade salt consisting of 99.4% sodium
chlorjde. The water was stirred before each run to
eliminate errors from leakage around the gate, heat
diffusion through the gate, and convection of fresh wa-
ter through the gate during the short interval when the
sliding door was open.

For the purpose of finding the transfer functions of
the sensors, the interface was assumed to be a perfect
step. This assumption was not strictly correct because
the opening of the gate caused some mixing of the in-
terface before the CTD sensors passed through; how-
ever, the fast-response sensors showed that this mixing
was minimal.

3. Filtering

Using the stepresponse measurements it is possible
to find the sensor time constants. The technique used
to determine the sensor time constant from natural
logarithmic plots of the normalized step response was
as follows.

The analysis presented below is for a first-order sys-
tem, but may be extended to cover a system consisting
of several cascaded first-order stages.

The form of a first-order step response is given by

yk = (YF - YIP  1 - e-I”) + YI, (3.1)
where

Yk is the sensor output for sample number k after
the step,

YI,  yF are the initial and final equilibrium sensor out-
put&

7 is the time constant of the response (first order),
I is the time from the step (=kA),
A is the sampling interval.

This equation is equivalent to the differential equa-
tion ( 1.1) used by Fofonoff et al. ( 1974) to model the

sensor. Rearranging (3.1) and taking the natural log-
arithm of each side yields

-1 lny;-=-
t ’ (3.2)7

where

vi = YF  - Yk

YF -  YI

Thus, the slope of a plot of lny;  versus time is equal
to - l/7. A plot in this form also gives an indication
as to whether or not the response of a sensor is first-
order. The dominant time constant is measured as long
alter the step as possible to remove the effects of shorter
time constants. These may be subsequently removed.

During the sampling process the continuous signal
is captured at instants kA separated by the sampling
interval A. This produces samples Sk  where Sk  = S(kA)
and k is an integer. The sequence of samples S = SO,
sl, &, . . . , Sk,  .  .  . is for convenience written
= {Sk}.

The Z-transform of a sequence {Sk} is denoted by
S(z) and is defined as follows:

m

s(z)  = 2 Skzk,

k--a
(3.3)

where z is a complex variable in a region of convergence
such that z&rkl  exists (see Gabel and Roberts, 1973).

It may L assumed that the signal has a value of zero
for negative time, allowing the Z-transform to be re-
defined by

Q)
42)  = 2 &zk. (3.4)

k-Q

The Z-transform has the useful property that a shift in
the time domain corresponds to a premultiplication
by z in the transform domain. Thus multiplying a se-
quence by z has the effect of shifting the time sequence
by one sampling interval. Similar analogies with Fou-
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tier-transform theory exist for convolution. If {Sk}  and
S(z), { &} and R(Z), {J&j  and H(z), are Z-transform
pairs, then

Sk  = Rk*Hk  M S(z)  = R(z)*  H(z), (3.5)

where the asterisk denotes convolution, and the dot
denotes multiplication. Thus convolution in the time
(or sequence) domain corresponds to multiplication in
the Z-transform space.

A sensor can be modeled as a filter with a transfer
function H(z). Thus an input sequence X(z) produces
an output Y(z) = X(z). H(z). The basic method in-
volved in correcting for a sensor response is to find the
transfer function H(z), invert it to find the inverse
transfer function H-‘(z), and apply it to the output
sequence Y(z) to reproduce the true input X(z):

X(z) = Y(z)-  H-‘(z) = X(z). H(z).  H-‘(z). (3.6)

The transfer function H(z) may be found if expressions
for the input X(z) and corresponding output Y(z) are
known:

(3.7)

The following analysis will proceed with the assump
tion that the sensor has a first-order response. Thus for
an applied stepinput sequence the output is a first-
order exponential sequence with time constant T , as
shown in Fig. 2. For a step input,

0,

I

for k < 0
x&  =

1 , f o r  k20 (3.8)

and the exponential output sequence is

0 , for k < 0
1 - ak, for k a 0

where a = ecu/‘. 5~“xrpe*  \

(3.9)

The Z-transform of each of these sequences may be
found by using the definition (3.4):

x(z) = 5 x&z& = g zk = A, IZI  < 1 (3.10)
k-Q s

Y(z) =
(1 -a):  O

(1 - z)(l  -az)’
IZI  < 1. (3.11).

The first-order transfer function is calculated from
(3.7):

Y(z)H(z)  = - = (1 - a)z

X(z) (1 - z)(l  - az)

(3.12)

Equation (3.12) is the general transfer function of a
first-order system and may be used to find the output
sequence for any input sequence. This result can be
shown to satisfy the difference equation corresponding
to (1.1).

The inverse transfer function allows the reconstruc-
tion of the input signal from the sensor output. In terms
of the frequency spectrum of the signal, this corre-
sponds to the amplification of the high-frequency
components to recover the signal lost by the forward
transfer function. Unfortunately, the process also in-
creases any noise present, as shown diagrammatically
in Fig. 3a.

In order to reduce the high-frequency noise it is net-
essary  to refilter the sharpened signal. If the time con-
stant for the smoothing is chosen to be equal to that
of the original sensor, the result will be the original
output spectrum. By choosing a smaller time constant
(i.e., higher cutoff frequency) for the smoothing a com-
promise is made between recovering the input perfectly
while amplifying noise excessively, and controlling the
noise while still retaining a close approximation to the
actual input (Fig. 3b).

A first-order filter of the same form derived for the
original sensor (3.12) may be used for controlled
smoothing. The new time constant is denoted 7’, and

xk=l FORk>O

TIME

INPUT OUTPUT

FOG.  2. Input step and output exponential for a fimt-order system.

TIME ;
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d b

0

d b

FIRST-ORDER FILTER

MULITPLY  BY  INVERSE SPECTRUM TO RECOVER IDEAL SPECTRUM

d b

t

0
INVERSE SPECTRUMINVERSE SPECTRUM /

/’

I ’AMPLIFIED NOISEAMPLIFIED NOISE

/I(

FIO.  3. The effect of multiplying a signal by its inverse spectrum. (a) “Ideal” correction,
showing excessive noise amplification; (b) Controlled cut-off of correction at /: to
improve signal without exccsive  noise amplification. Signal (solid line), inverse  spectrum
(longdashed line), noise (short-dashed line).

results in a total sharpening/smoothing transfer func-
tion: Rk = +=+, - czSk-,)+ a'Rk-,. (3.15)

where

F(z) = K’(z)  * H’(z)

1 - a’ 1 - az=-.-
l - a  1 - a ’ z ’

a’ = ,-a/r**

Equation (3.15) fully defines the kth sharpened/

(3.13) smoothed output Rk in terms of its previous value &-I
and the sensor output signal {Sk}.  The algorithm used
to implement this calculation is straightforward.

Cascaded stages of the preceding filter are imple-
mented in the same way, but require more previous

_

CONTROLLED CUT-OFF

The separate effects of sharpening and smoothing
are shown diagrammatically in Fig. 4. It is possible to
cascade several stages of first-order sharpening/
smoothing filters to correct sensors that have a response
containing several first-order time constants.

The Z-transform representation of the required
sharpening/smoothing filter must be transformed back
to sequence space for implementation. This is easily
accomplished using the shifting property of the Z-
transform. Suppose the sharpened/smoothed output
sequence is denoted by {Rk},  and the original sensor
Ok!tpUt by {Sk}.

R(z) = 42).F(z). (3.14)

Substituting (3.13),  using the shifting  property of the

RAW OUTPUT

SMDOTHED

TIME

Z-transform, and rearranging gives FIG. 4. Sharpening and smoothing of a nonideal  Ssep response.
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TABLE I. Summary of data.

Run

Initial
temperature

(“C)

Final Initial
temperature conductivity

c-3 (S m-l)

Final
conductivity

(S  m-‘)

,

RCmarks

1 - -
9 18.203 19.209

IX  x75 21.4895
4

_-.---
18.928 2 1.023 0.0422 0.1770

0.0395 0.1768 No temperature  step, FRC not instalkd
0.0405 0.1730 FPa7 not installed
0.0432 0.1799 Step  not sharp

: 19.694 19.153 * 21.526 21.802 0.0426 0.0454 0.1800 0.1803

inputs and outputs for the calculation. For example, a
filter consisting of three cascaded first-order sharpen-
ing/smoothing stages requires the present input (sensor
output) and three previous inputs and outputs (Sk,
Sk- I , Sk-2,  Sk-39  h-1,  h-2,  Rk-3).

A first-order sharpening/smoothing filter has nota-
tion of the form 70/ 10, which means it was sharpened
with a time constant of 70 ms and smoothed with a
time constant of 10 ms. A third-order sharpening/
smoothing filter has the notation 70/10:50/10:20/10,
which is simply a cascade of three first-order filters. A
time constant of zero implies that the signal was left
unaltered. To further reduce noise at high frequencies,
a recursive third-order bilinear Butterworth filter
(hereafter referred to as a “brick-wall” filter) was im-
plemented (Gabel and Roberts, 1973). The filter is des-
ignated by its 3 dB cutoff frequency (Hz).

4. Results

The dataset described in the following sections con-
sists of six runs through the step. In all runs, the CTD
probe velocity was 1.0 m s-‘,  and the sampling fre--
quency  was 50 Hz. The conductivity cell was pumped
so that the velocity at the cell entrance was equal to
the towing speed. The data runs are summarized in
Table 1.

The time constants were found from the natural log-
arithm of the normalized step response (3.2). Once  the
first time constant was chosen, the process  was repeated

to correct for further time constants in the sensor re-
sponse function until the frequency corresponding to
the width of the front was reached.

TA~IX  2. Time axstants  (ms) measured from normalized natural
zmic  pIoa  of each  IPW  signal and  the sIwpcned  tcmpuaturc

SBE3 SBE-3
Run F R C  S B E - 4  FPa7 S B E - 3 67P 67/0:24/o

29 - -
: 5.7 21 - 7 1 5;

-

3 5.3 34 13.0 69
4 22

:*; 31
12.6 69 ii

-;;
1 0

5
415  22

15.2 67
::

12
6 12.3 71 1 0

a. Conductivity

The above procedure was carried out on both the
SBE-4 and the fast-response sensor. The resulting time
constants are shown in Table 2, in which
that the time constant of the FRC was approximately
5 ms in all runs. This indicates that the step was indeed
sharp. Typical FRC and pumped SBE-4 step response8
are shown in Fig. 5. An unpumped SBE-4
is overlayed for comparison.

The pumped SBE-4  response was sharpened usi~
a first-order sharpening filter with a time consl
20 ms. Figure 6 shows an example of a corrected out-
put, as well as illustrating the overshoot induced when
a time constant of 25 ms was used. A logarithmic
of the same raw signal is shown in Fig. 7. The shon
straight-line portion of this curve partly confirms the
20-t& time constant. However, beyond the initial
straight-line section of the curve there is a long tail
indicating that a first-order model is not a good ap
proximation. Further insight into the behavior of the
SBE-4 may be gained by noting the static response
a three-electrode cell to a sharp step change in co
ductivity moving through the cell.

I c

0.18

0.15

-

c

;;

8

0.12 I

0.W

0.05

0.02

IJNPUMPED  SW-4

\
PlN?EDtwA

FlCi.  5. Conductivity step response measured for FRC cell 111
pumped SBE-4  sensor (Run 4),  with an unpumped response overC
15yUl.
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0.03 J J

0 160 300 4&l  600 750 sl?o  1050 lzoo
TIME (m/r1

FIG. 6. Raw and filtered conductivity step response for various
sharpening filter time constants. Note the overshoot when the time
constant is too large.

It may be shown that the conductance (Siemens)
measured by the cell is given by:

2a GC2

L
G =

C,(l - k) + C2k
+ c2 ,O<k<l

cc2

Ci(2-k)+Czji  -k)
+ Cl \1’

l<k<2

(4.1)

where L is the length of the cell, a is the cross-sectional
area of the cell, k/2 is the fraction of the cell filled with
the more conductive fluid, and Cr and CZ  are the con-
ductivities of the two fluids (S m-l). Note that this
equation is nonlinear. Figure 8a shows plots of the
theoretical static response of the conductivity cell cal-
culated from (4.1) for a relatively small conductivity
step  (Cl = 0.04 S m-‘, C2  = 0.17 S m-i)  and for a
relatively large conductivity step (Ci  = 0.031 S m-‘,
C2  = 4.36 S m-l).

A significant feature of both plots is the “notch” that
occurs when the conductivity step is at the midpoint
of the cell. Experimental results with the actual cell
may be expected to show significant rounding of the
theoretical sharp edges and notch because of the finite
size of the electrodes and distortion of the electric field
in the cell. In addition, mixing of the two solutions
within the cell would be expected to produce a wider
interface instead of the sharp theoretical input step,
resulting in further smoothing of the measured output
signal.

For the purposes of the static experiment, the SBE-
4 conductivity sensor was removed from the probe and
mounted vertically in a 300-mm  deep tank. Initially
the tank was half 6lled with tap water (u = 0.031 S
m-i)  so that the cell was completely immersed. Salty
water (u = 4.36 S m-‘) was then injected into the bot-
tom of the tank through a small hole covered by a flat

plate. The water level was slowly raised and the salt
water interface moved upwards through the cell. The
interface was observed by means of a shadowgraph,
and its height was measured on the side of the tank.
Readings were taken approximately every 10 mm.
These height readings were considered to be accurate
to +5 mm. Before each reading the salt water input
was turned off and the interface allowed to settle. The
conductivity readings were displayed every second and
were seen to be constant to within 0.005 S m-‘. This
procedure was followed until the interface was above
the top of the cell and the cell was completely immersed
in the salty water. Figure 8b shows a graph of the read-
ings, as well as the position of the electrodes within the
cell. It can be seen that the actual response showed the
same characteristics as those predicted by the theoret-
ical model.

Although useful in the understanding of the con-
ductivity cell, the static response does not fully define
the dynamic response. In the dynamic case there is a
great deal of mixing in the cell resulting from the con-
traction at the entrance, and further mixing occurs be-
cause of the t-eases  in which the electrodes are housed.
Modeling the cell as a 4 mm pipe, for a velocity of 1
m s-’  entering the 7 mm entrance tube, the velocity
in the cell pipe is approximately 3 m s-‘,  giving a
Reynolds number of 12 000. Thus the flow in the cell
is turbulent during dynamic conditions. Even if one
assumes that the interface moves unaltered through
the cell, the total time taken for the step to travel be-
tween the outer electrodes would be 37 ms. At a sam-
pling rate of 50 Hz, 37 ms is less than 2 samples, so
the shape of the static response curve will not be evident
in the dynamic case.

In the dynamic case, a-boundary layer exists at the
wall of the cell. A delay in mixing through this layer

0.0

-1.5

0 - 3 . 0

8
3 - 4 . 5

- 5 . 0

-7.6

260 360 460 lilo Bio  lioo
TIME hd

FKL  7. Natural logarithm of normalized step response for pumped
SBE-4 conductivity sensor. The 20 ms slope line is shown for com-
parison.
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0 1 2

DISTANCE ALONG CELL

(9

a-k
0 1 2

DISTANCE ALONG CELL

(ii)

b ,

p il.

i
8 2.

1.

0-

E L E C T R O D E S

I

0 2 5 50 7 5 loo 1 2 5 1 5 0 1 7 5 200
DISTANCE ALONG CELL (mm)

I%. 8. (a) Theoretical static response of a three ela%wIc  cell,
and (b) measured static response  of SBE-4 sensor.

causes a delay in the conductivity readings reaching
equilibrium, because each electrode is in the form of
a collar surrounding the cell tube. The boundary layer
has been studied by Gregg et al. (1982) for a square
cross-section  conductivity cell. Using numerical models
and flow visualiition techniques, these authors found
that the boundary layer considerably slowed the step
response of a cell. This effect will be evident in the
SBE-4, even though the SBE cell has a circular cross
section which tends to offer less msistance  to the in-
coming flow than does a square cross section.

b. Temperature

The response of the SBE-3 temperature sensor was
slower than that of the pumped SBE-4 conductivity
sensor. The time constants measured for the SBE3

sensor and the FE-07 thermistor are shown in Table
2. Note that the FE-07 thermistor had a time constant
of around 13 ms, probably due to its thermal interia,
since the FBC gave 5 ms for the step.

The dominant time constant of the SBE-3 sensor
was 67 ms, determined by measuring the slope of the
natural logarithmic plot of the normalized step re-
sponse  (Fig 9a).  Observation of the sharpened signal
confirmed this result; larger time constants introduced
overshoot (Fii lOa).  The logarithmic plot of the
sharpened signal is shown in Fig 9b in which a 24 ma
time constant is evident. A logarithmic plot of the dou-
ble-filtered signal revealed a further time constant of 8
ms (Fig. 9c).  At this level of filtering, the resolution of
the experiment was reached. The fully sharpened signal
67/0:24/0:8/O  is shown in Fig. lob.

It is hypothesized that these three time constants are
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FIG.  9. Natural logarithm of normalized step response  for, (a) SBE-
3 raw signal, (b) SBE3 sharpened with a 67 ms time constant, and
(c) SBE-3 sharpened with a 67 ms and then a 24 ms  time constant.
The 67.24, and 8 ms slopes are shown in the rcspwtive  fipzs.

related to the heating of the metal shroud surrounding
the thermistor, heating of the actual thermistor, and
the exchange of heat through the fluid boundary layer
surrounding the sensor. The size of the boundary layer
would be dependent upon the speed of the sensor
through the water. The speed dependence of the dy-
namic response of simple glass-rod thermistors is dis-
cussed by Gregg and Meagher (1980),  who found that
the attenuation of the temperature signal by the
boundary layer had a significant effect on the response
of the thermistor.

5. Matchhg  the responses

The purpose of sharpening was to obtain as much
high-frequency information as possible. However, there
is little value in sharpening the response of each sensor
unless the responses can be matched to eliminate spik-

ing. Initially, it was hoped to match the response of
the sensors at a sharpness very close to that of the fast-
response sensors. Attempts to achieve this were suc-
cessful in that a sharp “spike-free” signal could be ob-
tained, but problems arose because the filters greatly
amplified any noise present in the raw signal. An ex-
ample is given in Fig. 11, which shows a plot of sharp-
ened temperature (67/0:24/0:8/O),  sharpened conduc-
tivity (20/O),  and the corresponding calculated salinity
and density values. Close examination of this dataset
reveals fluctuations in the calculated density which were
due to noise in the sharpened temperature. This noise
was due to the triple cascade filter, and even after fil-
tering the signais with a 12.5 Hz “brick-wall” low-pass
filter, some noise was still present.

For this reason, it was decided to match the responses
at a level less sharp than the ideal level. This was a
compromise between getting the sharpest possible sig-
nal and keeping the noise amplification low. It was
found that the optimum result was achieved with a 67/
10 first-order sharpening/smoothing filter applied to
the temperature signal, and a O/15  sharpening/
smoothing filter applied to the conductivity signal.
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FIG. 10.  (a) Raw and filtered temperature step response for various
sharpening filter  time constant$  showing ovcmhoot  for time constants
gmtcr than 67 ms, and (b) raw and fully sharpened  tcmpcmtum
showing each cascade of the sharpening filter.
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Ftc.  1 I. Raw and fully sharpened step response (Run 4),  showing
the salinity and density calculated from the time series. The SBE-3
temperature has been filtered 67/0:24/0:8/O,  and the SBE-4 conduc-
tivity filtered 20/O.  The practical salinity and density were calculated
according to UNESCO ( 198 1).

These filter values were confirmed by the spectral anal-
ysis  discussed later. Using these time constants, the
calculated salinity and density were spike free, and after
applying a 12.5 Hz brick-wall low-pass filter to the sa-
linity, density, and sharpened temperature signals they
were considered adequately low in noise. For example,
typical noise in a raw temperature signal is 0.0008”C
rms. Optimum sharpening amplifies this to 0.0036”C
rms, and a 12.5 Hz brick wall tilter  then reduces the
noise to 0.00 16°C rms. Figure 12 shows a comparison
between raw values and optimum values of tempera-
ture, conductivity, and density for a typical run.

When implementing the filters it was found that the
brick-wall low-pass filter was best applied after the cal-
culation of salinity and density. If the calculations were
performed using the brick-walled temperature, the
match was not so good because of the nonlinearity of
the equation of state for seawater.

It has been shown that the optimum match between
temperature and conductivity involved smoothing the

raw conductivity signal since the first-order sharpened
temperature was still less sharp than the raw pumped
conductivity. Despite the resulting loss of some high-
frequency conductivity information, Fig. 12 shows that
the optimum density had reached within 10% of its
final value in less than 100 ms. The raw density con-
tained a large spike and took over 300 ms for this same
response.

6. Spectral verlflcatlon  of response matching technique

The signal corrections described in this paper may
be further substantiated by considering the signal spec-
tra. Frequency plots of the raw temperature and con-
ductivity impulse-response signals are shown in Fig.
13. It is clear that the mismatch in response was the
cause of the spiking evident in the calculated salinity
and density. Also shown in Fig. 13 is a spectral plot of
the triple time-constant sharpened temperature signal.
The 3dB bandwidth has been increased by a factor of
about 7, and an increase in the high-frequency noise
is also apparent. The flatness of the corrected spectrum
is an indication that the cascaded first-order model is
an excellent approximation to the actual transfer func-
tion of the SBE-3 sensor.

Figure 14 shows the response-matching ability of this
technique. The optimum sharpened/smoothed tem-
perature and conductivity signals produce spectra that
are matched to within 1 dB from DC to 15 Hz. This
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FIG. 13. Spcctml  plot of raw temperature, raw conductivity,
and fully sharpened temperature, Run 4.

corresponds to a three-fold improvement in the tem-
perature 3dB bandwidth, and demonstrates the ability
of the technique to remove spiking in salinity and den-
sity by matching the sensor responses.

The high-frequency noise present in the spectra
shown in Figs. 13 and 14 may be reduced by applying
a third-order “brick-wall*’ filter; however, to demon-
strate the noise amplification caused by the sharpening
filter the low-pass filter has not been applied.

Note that the spectral plots were produced from the
normalized sensor stepresponse multiplied by a
Blackman-Harris window (Harris, 1978) before trans-
formation with a 5 1Zpoint  fast Fourier transform
(FFT’).  The spectral estimates were multiplied by the
angular frequency (w) to correct for the use of a step
input rather than an impulse, and then squared to pro-
duce power spectral density. Finally, the 5 12 spectral
points were averaged into 64 bins to improve the spec-
tral estimates.

7. Application to a typical CID  cast

Much can be learned from a single CTD cast if the
temperature and the conductivity are carehdly matched
and if the response is fast enough, at the given profile
speeds,  to resolve all significant finescale  structures The
filtering described above is now routinely applied to
all the CTD data which have a working resolution of
about 20 ms or 0.02 m at a profiling speed of 1 m s-l.
The need to define structures down to these scales has
heen  identified by v workers (for a review see

Muller and Pujalet, 1984) and results mainly from the
requirement to calculate the displacement scale of the
motion. The displacement scale L (Thorpe, 1977) is
the vertical distance a water particle has to be moved
in order to produce a monotonically increasing density
profile from the given measured profile. This distance
is directly related to the Ozmidov length (Ozmidov,
1965) and the available potential energy of the water
column (Dillon, 1984). When combined with the
buoyancy frequency A4 from the monotonic density
profile, a useful indicator M3L2  (m* sd3)  of the dissi-
pation of turbulent kinetic energy is obtained.

The results from a typical profile are shown in Fig.
15a, with an expansion of scales in Fig. 15b.  The effect
of the matching is clearly visible on all plots, and the
influence on the displacement scale  (Fig. 15a) and the
dissipation estimate (Fig. 15a) is quite dramatic. In
particular, for the step near 3.4 m, expanded in Fig.
15b,  it is seen that the unstable spike in the raw density
profile has been removed, resulting in a smooth two-
step structure which appears to be the result of a small
intrusion. On the other hand, the corrected signal was
somewhat less stable near the 6 m mark. The signal
there has a considerably larger displacement scale and
therefore indicates a more active dissipation regime
than that of the raw signal. The important point to
note is that the matching of the sensors has led to con-
siderable modification of the estimate of the dissipation,
indicating the sensitivity of these estimators to any
mismatch of the raw temperature and conductivity
signals.
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FIG.  14. SpaXml  plot ofoptimum m8tchcd  responses oftempcr-
aturc  and amductitity.  Run  4. Note matching within 1  d.B  up to
IS Hz.
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(b) Expnnded  view of data in (a).

8. Summary  and discussion

The sensor-response correction technique described
in this mport  will be referred to as the recursive time-
series technique. The SBE-3  temperature sensor has
been modeled as a cascaded first-order system with
three different time constants. It is hypothesized that
these time constants correspond to the thermal effects
of the fluid boundary layer (dependent on speed
through the water), the thermal inertia of the protective
metal shroud, and the thermal inertia of the glass
thermistor bead. The time constants may be found in
a number of ways, but the most accurate and direct

method is by plotting the natural logarithm of the nor:
malized  step response of the sense
sensor in this manner, the Z-transfo
ulariy elegant recursive technique
output of the sensor in the time dom
has an identical effect to that of
spectrally, but the computation time is sign%
reduced since it is not necesmry  to transform to
from the frequency domain.

The number of stages of correction necessary is
termined by the requirements of the user. In the
sence of noise it would be possible to correct the se
response to pkfection, but the upper practical limit
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