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ABSTRACT

A method to match the response of the SBE-3 temperature sensor and the SBE-4 conductivity celt isdescribed.

The technique uses a recursive filter in the time domain, which allows direct calculation of salinjty and deps:ty,

and thus offers a significant computational advantage over other methods. The response of any sensor may be

matched or sharpened using this method provided that the sensorcan be modeled appropriately.. .
Using this method the useful bandwidth of the SBE-3 temperature sensor may be improved by a factor of

between 3 and 7, depending on the permissible signal-to-noise ratio degradation. It is also possible to match
the SBE-3 and SBE-4 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 dlowed to freefdl through
the water when released from a research vessd. These
sensors fal a a constant velocity and sample conduc-
tivity, temperature and water pressure. From these
measurements, salinity and density may then be cal-
culaed (UNESCO, 198 1).

The work described in this paper deds with the tem-
peraiure and conductivity sensors that are used on the
conductivity-temperature-depth (CTD) probes devel-
oped by the Centre for Environmenta Fluid Dynamics
(CEFD). These probes use commercidly 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 partid 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 converted:to the physical vari-
able through a calibration-*equation contained in a
ROM and evaluated by -a microprocessor within the
CTD probe. Cdlibrated data are sent to the research
vesdl via a signd cable. A full'discussion of the CTD .
probe is given by Fozdar ( 1983).

The sensing eement 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 cdl. 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 at 1
m s~ was calculated to be 38.5 X 107® m3s™".

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 salinity

and density. Spiking may be caused by atime lag be-
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 responsq
may be corrected by numerically filtering the temper-
ature and conductivity signals to provide “spike-free” ,
salinity and density values (Fofonoff et al., 1974).

At
sirable to sharpen the sensor response in order to pro-
vide accurate finescale measurements for computing
small-scale fluid properties such as the displacement
scale and dissipation (Imberger, 1985).

v,

In this paper a computationally efficient technique<

is presented that allows the sensor responses to be

the same time as spiking is eliminated, it is de ,
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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 signd must be taken before the correction may be
applied. If time-domain calculations (such as salinity
and densty) 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 possble to achieve more ac-
curate corrections since one can use the actua transfer
function of the sensor rather than an approximation.

One example of the frequency-domain technique is
given by Caldwell and Dillon ( 198 1), 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 alows direct correction of the time series. Their par-
ticular method used convolution to correct the signd;
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 equivaent to multipli-
caion 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 frequency domain.
This is due to the comparative efficiency of the FFT
dgorithm. Hence their method offers no red advantage
over spectrd  techniques.

Fofonoff et al. ( 1974) developed a correction method
dmilar to that presented in this paper. The sensor was
modeled as a first-order system described by the dif-
ferential eguation:

dT 1
== (T -
T

A (1.1)

where Ty is actual temperature, T the measured tem-
perature, and r the time constant. They then approx-
imated dT/dt by taking a least-squares fit to the Sope
of the time series over 3 points. This has an averaging
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effect, which prc sduces good correction at low frequen
cies but does not correct high frequencies. The resul
gives a sgna-to-noise ratio advantage over the “ideal®
correction, however the cutoff frequency is not con
trollable. The recursive time series technique desctibed
in the current paper alows better control over the an g
rection than that used by Fofonoff et al. (1974), sineg
sharpening and smoothing occur independently ‘bu
simultaneously. Furthermore, the least-squares techd
nique requires more calculations than the recursive fild
tering technique.

2. The experiment

In order to properly model the boundary layed
aound the sensors and reproduce any averaging effects
the experiment needed to be dynamic, with @ known’
input to the sensors. Possible inputs included an imd
pulse or a step. Both of these lend themselves t0 apalysigd
in the time domain, and it can be shown thag 3 ﬁm
order response to either of these inputs has qn easily}
derived transfer function that may be used to desigr
numerical filters. Gregg and Meagher (1980) yused &
thin heated plume as an impulse input when studying
the response of small glass-rod thermistors, but they
pointed out that difficulties arose because of tempers
aure changes outsde the plume caused by cnrculauo.
patterns. In the experiment described in the currentl
paper, a step was chosen as the input to the Sensors
because circulation could be minimized by using &
diding gate as a partition. Furthermore, a step vaasrel-}
atively simple to generate on the large scale required.
by the dimensons of the SBE sensors. 1

The University of Western Austrdia Hydraulics
Laboratory concrete flume and towing carriage were
used for the experiments. The flume is 50 m long and
1.2 m wide, and the water was at a depth of | m. A
pneumatically operated gate was placed in the flume.
to provide the partition for the step interface. The water
on one side of the gate was heated and sdted to provide
the step input. The experimental setup is shownsche-,
matically in Fig. 1. The carriage was used to tow’ the
CTD probe through the water with the sensors
mounted horizontally, simulating the Situation in thei
field where the CTD probe fals verticaly.

A fast-response thermistor anda fast-response cons
ductivity cell were mounted on the carriage to docus
ment the interface width and shaperemaining behi
the retreating gate. The fast-response temperature
sor was a FP-Q7 thermistor, andthe fast-response oonw
ductivity (FRC) sensor was a miniature four-electrode
cdl designed by Head ( 1983). The fast-response sensors
were cdibrated in Situ using temperature and  condue-
tivity measurements obtained from the SBE sensars. .

The interface was required to be shap and well de=
fined. It was decided to use a “positive’* step, which
had an increase in conductivity (a) and tempera
(T), with the sainity and density increasing slight@
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aross the step. The cold side conssted of tap water (¢
= 0.04 S m™") 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 sdt consging of 99.4% sodium
chloride. The water was stirred before each run to
diminate errors from leakage around the gate, heat
diffuson through the gate, and convection of fresh wa
ter through the gate during the short interval when the
diding door was open.

For the purpose of finding the transfer functions of
the sensors, the interface was assumed to be a perfect
dep. This assumption was not strictly correct because
the opening of the gate caused some mixing of the in-
teface before the CTD sensors passed through; how-
ever, the fadt-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 andyss presented below is for a first-order sys
tem, but may be extended to cover a system consisting
of severd cascaded fird-order  stages.

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

w=Yr=yX1-e") +y, (3.)
where
Yk is the sensor output for sample number k after
the step,
Wi, yeaetheinitia and final equilibrium sensor out-
ut&
T is ?he time constant of the response (first order),
| 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 a. ( 1974) to model the

view of experimental Setup.

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

-1 lnyi
'7- = —7—', (32
where
y _VF T Yk
Yk —}’I-‘ —

Thus, the slope of a plot of Iny} versus time is equa
to = 1/7. 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 congtant is measured as long
after 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 Six where Sk = S(kA)
and k is an integer. The sequence of samples S = S,
S, 8, ..., S, ... is for convenience written
as {S,}.

hke Z-transform of a sequence { Sk} is denoted by
Sz) and is defined as follows

@ -5 S,

k=-

(3.3)

where z is a complex variable in a region of convergence
such that |Siz*| exists (see Gabel and Roberts, 1973).
k

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

®
S(Z) = z Ska.

k=0

(34)

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 {8k} and
S(2), { Ry} and R(z), {H,} and H(z), are Z-transform
pairs, then

Sk = Ry Hy &= S(2) = R(2)- H(2), (35)

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 afilter with a transfer
function H(z). Thus an input sequence X(z) produces
an output Y(2) = 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 (2) to reproduce the true input X(z):

X(z) = Y(2): H-‘(z) = X(2)- 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:

Y@

H(2) X@)

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,

X = {(i Ior k<O (39
, for k=0
and the exponential output sequence is
0, for k <0
Ve = {1 - gt for k=0 (39)
wherea=e™4".  shavpent
x =1FORk>0
1 —r—r—¢
—_— -
TIME
INPUT
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The Z-transform of each of these sequences may be
found by using the definition (3.4):

X(2) = E} xzk = %z" = -——-l—-, Izl < 1 (3.10)1
k=0 ku0 1-z :

. _(-az ;

YO F e ag <1 (3.11)

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

_Y(2) _ l-az ., _ \_ (—az
H(z)_X(Z)_(l—z)(l—az) A
312

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 saisfy the difference equation corresponding
to (1.1). :

'I('he) inverse transfer function alows 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 aso in- :
CreaseS any noise present, as shown diagrarnmatically§
in Fig. 3a

In order to reduce the high-frequency noise it is nec-
essary to refilter the sharpened signa. If the time con-
stant for the smoothing is chosen to be equa to that
of the origina sensor, the result will be the origina
output spectrum. By choosing a smdler 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 till retaining a close approximation to the
actud input (Fig. 3n). |

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 .

i
;

]

TIME

e mk e . L

OUTPUT

FIG. 2. Input step and output exponential for a first-order system.
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O“ IDEAL SPECTRUM nf FIRST-ORDER FILTER
=34
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- ' S
log f log f, tog f
’ MULITPLY BY INVERSE SPECTRUM TO RECOVER IDEAL SPECTRUM
db -
A o
INVERSE SFECIRUN //
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/ /7
+34
/
- 2L y
RESTORED SIGNAL =1
AMPLIFIED NOISE
\3/ e
L..... _____ -’ L....._....-/
+ o~ - + -
tog 1, log f togf, logf, tog f
(a) (b)

FiG. 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 f% to
improve signal without excessive noise amplification. Signal (solid line), inverse spectrum
(longdashed ling), noise (short-dashed line).

results in a total sharpening/smoothing transfer func- _l-a
tion: R = | —a (Sk - aSy) + a,.Rk_l. (315)

F2)=H'(2)H (2

= ly (3.13)

where
a'=edr,

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

The Z-transform representation of the required
sharpening/smocthing  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 {R}, and the original sensor
output by {S]}.

R(z2) = S(2)-R2). (3.14)

Substituting (3.13), using the shifting property of the
Z-transform, and rearranging  gives

Equation (3.15) fully defines the kth sharpened/
smoothed output Rx in terms of its previous vaue Ry-y
and the sensor output signal {S}. 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

RAW OUTPUT
f

SHARPENED

SIGNAL

TIME

Fi. 4. Sharpening and smoothing of a nonideal step response.
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TasLe I. Summary of data.
Initial Find Initial Find -
temperature temperature conduct|V|ty conductivity

Run (°C) °0) (Sm™) S m™) Remarks

| -— - 0.0395 0.1768 No temperature step, FRC not installed
2 18.203 19.209 0.0405 0.1730 FP-07 not installed

3 18815 21.489 0.0432 0.1799 Step not sharp

§ 18.928 21.023 0.0422 0.1770

6 T 1% 26 0% 0064 80 0

inputs and outputs for the calculation. For example, a
filter congging of three cascaded fird-oder  Shapen
ing/anocthing dages requires the presat input (sansor
output) and three previous inputs and outputs (S,
Si— |, Sk=2,Sk-3, Ri-1, Rk-2, Ry-3).

A first-order sharpening/smoothing filter has nota-
tion of the foom 70/ 10, which mears it wes Shapensd
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 amply a cascade of three firt-order filtars A
time constant of zero implies that the signal was left
udteed. To futhe reduce nde a high frequendes
a recursive third-order bilinear Butterworth filter
(hereafter referred to as a “brick-wall” filter) was im-
plemented (Gabd and Robats 1973). The filter is des
ignted by its 3 dB autoff frequency (H2).

4, Results

The dataset desyibed in the fdlloning sedions con
sds of dx runs through the eP In dl runs the CTD
probe velocity was 1.0 m §7°, and the sampling fre-~
quency wes 50 Hz The oomlxi]\nty adl wes pumped
so that the velocity at the cell entrance was equal to
the towing speed. The data runs are summarized in
Tdde 1

The time condants were found from the naturd log
aithm of the normdized sep response (32). Once the
fird time condant was chosn, the process wes repedted
to correct for further time constants in the sensor re-
sponse function until the frequency corresponding to
the width of the front was reeched.

TABLE 2. Time constants (ms) messured from normdized naturd
logarithmic plots of each raw sgnal and the sharpened temperature
signals.

SBE3 SBE-3
Run FRC SBE-4 FP{Q7 SBE-3 67/0 67/0:24/0
1 29 - - — -
2 5.7 21 - 71 25 —
3 5.3 34 130 69 24 9
4 53 22 126 69 24 10
5 53 31 152 67 23 12
6 45 22 123 71 27 10

a. Conductivity

The above procedure was carried out on both the
BE4 ad the fad-repone snsr. The reslt
condarts ae shoan in Teble 2, in which itcan secm
that the time constant of the FRC was approximately -
5 ms in dl runs This indicates thet the sep was indesd,
dap. Typcd FRC ad pumpd SBE4 9 reposs)
ae soan in Fg 5 An unpumped SBE-4- Step respo:
is ovalayed for comparison :

The pumped SBE-4 response was sharpened using]
a first-order sharpening filter with a time constant of;
20 ms Fgue 6 dows an exarple of a comedted out-
put, as wdl as illusrding the ovarshoot induoed when:
a time congat of 25 ms wes usd A logaithmic Plot;
of the same raw signal is shown in Fig. 7. The shor! ti
straight-line portion of this curve partly confirms the*
20-ms time constant. However, beyond the initial-.j
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 of
a three-electrode cell to a sharp step change in co®-,
ductivity moving through the cell. ,

0.18 \ % d
UNPUNPED SBE -4 *
FRC 4
0.15 1
k
- E
PUMPED SBE—4 §
8 oo
0.05
002 |
0 000 1200 1800 2400 3000 3800 4200 lﬂ

TIME (ms)

AG. 5 Conductivity step response measured for FRC cell and

pumped SBE-4 sensor (Run 4), with an unpumped response overe’
layed.
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0.03

0 160 300 460 600 750 900 1050 1200
TIME (m/s)

Fe. 6. Raw and filtered conductivit% step response for various
sharpening filter time congtants. Note the overshoot when the time
congtant s too large.

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

2a C|C2 )

= . G),0<k<1
. L(«C,(l-k)+C2k ’

2a C|C2

—_— Cl, 1gk<

L(GQ—M+QG—@+l)l k<2

4.1)

where L is the length of the cell, a is the cross-sectiona

area of the cell, k/2 is the fraction of the cell filled with

the more conductive fluid, and C, and C, are the con-
ductivities of the two fluids (S m™"). 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 (C; =0.04Sm™,C, = 0.17 Sm™) and for a
relatively large conductivity step (Cy = 0.031 Sm™,
;=436 Sm™).

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 actua cell
may be expected to show significant rounding of the
theoretical sharp edges and notch because of the finite
sze 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,
rewlaﬁing in further smoothing of the measured output
sgnal.

For the purposes of the static experiment, the SBE-
4 conductivity sensor was removed from the probe and
mounted verticaly in a 300-mm deep tank. Initidly
the tank was half filled with tap water (¢ = 0.031 S
m™') so that the cell was completely immersed. Salty
waer (¢ = 436 S m™') was then injected into the bot-
tom of the tank through a smal hole covered by a flat

PARKER AND
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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 dlowed 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 cdll and the cel was completely immersed
in the sdty water. Figure 8b shows a graph of the read-
ings, as well as the postion of the eectrodes within the
cell. It can be seen that the actual response showed the
same characteristics as those predicted by the theoret-
ica 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 a the entrance, and further mixing occurs be-
cause of therecesses in which the electrodes are housed.
Modeling the cell as a4 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 eectrodes would be 37 ms. At a sam-
pling rate of 50 Hz, 37 ms s less than 2 samples, so
the shape of the dtatic 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

-1.54

-5.04

-7.64
200 300 400 500 gop
TIME {(ms)

700 800 900 1000
FIG. 7. Natural logarithm of normalized step response for pumped

SBE-4 conductivity sensor. The 20 ms dlope line is shown for com-
parison.
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. 8. (@) Theoretical static response of a three electrode cell,

and (b) measured dtatic 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 cel. Using numericd 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 resistance to the in-
coming flow than does a square cross section.

b. Temperature

The response of the SBE-3 temperaiure 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 therma interia,
since the FRC gave 5 ms for the step. §
The dominant time constant of the SBE-3 sensor j
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 10a). The logarithmic plot of the:
sharpened signal is shown in Fig 9b in which a 24 maj
time constant is evident. A logarithmic plot of the dou-
blefiltered signal reveded a further time constant of 8
ms (Fig. 9¢c). At this level of filtering, the resolution of
the experiment was reached. The fully sharpened signa
67/0:24/0:8/0 is shown in Fig. 10b. :
It is hypothesized that these three time constants are:
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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 smple glassrod thermistors is dis
cussed by Gregg and Meagher (1980), who found that
the attenuation of the temperature signa by the
boundary layer had a significant effect on the response
of the thermistor.

5. Matching 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 diminate spik-
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ing. Initially, it was hoped to match the response of
the sensors a a sharpness very close to that of the fast-
response sensors. Attempts to achieve this were suc-
cessful in that a sharp “spike-free” signd could be ob-
tained, but problems arose because the filters greatly
amplified any noise present in the raw signa. An ex-
ample is given in Fig. 11, which shows a plot of sharp-
ened temperature (67/0:24/0:8/0), sharpened conduc-
tivity (20/0), and the corresponding calculated salinity
and density values. Close examination of this dataset
reveds fluctuations in the caculated 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 signals with a 125 Hz “brick-wal” low-pass
filter, some noise was dfill present.

For this reason, it was decided to match the responses
a alevel less sharp than the idea level. This was a
compromise  between getting the sharpest posshle sig-
nal and keeping the noise amplification low. It was
found tha the optimum result was achieved with a 67/
10 first-order sharpening/smoothing filter applied to
the temperature signa, and a 0/15 sharpening/
smoothing filter applied to the conductivity signal.

21.01 0

70

600

1854 (0} J
759 s00 1060 1200

0 160 300 460 900
TIME (ms)

Fe. 10, (a) Raw and filtered temperature step response for various
sharpening filter time constants, showing overshoot for time constants
greater than 67 ms, and (b) raw and fully sharpened temperature
showing each cascade of the sharpening filter.
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tivity filtered 20/0. The practical salinity and density were calculated
according to UNESCO ( 198 1).

These filter values were confirmed by the spectrd anal-
ysis discussed later. Using these time constants, the
cdculated sdinity and density were spike free, and after
applying a 125 Hz brick-wall low-pass filter to the sa-
linity, densty, and sharpened temperature signals they
were considered adequatdly 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 filter 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 atypical run.

When implementing the filters it was found that the
brick-wall low-pass filter was best applied after the cal-
culation of sdinity and density. If the caculations 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  0/15.
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rav conductivity signd 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. Spectra verification of response matching technique

The signal corrections described in this paper may
be further substantiated by considering the signd  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 spectra plot oft
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-maiching 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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BRG. 12. Raw (solid ling), and optimum (dashed line), step responses’
(Run 4). The temperature filter was 67/10, and the conductivity filter
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corresponds to a three-fold improvement in the tem-
perature 3dB bandwidth, and demonstrates the ability
of the technique to remove spiking in sdinity and den-
sty by matching the sensor responses.

The high-frequency noise present in the spectra
shown in Figs. 13 and 14 may be reduced by applying
athird-order “brick-wall*’ filter; however, to demon-
drate 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 12-point fast Fourier transform
(FFT). The spectral estimates were multiplied by the
angular frequency (w) to correct for the use of a sep
input rather than an impulse, and then squared to pro-
duce power spectral density. Finaly, the 5 12 spectra
points were averaged into 64 bins to improve the spec-
trad  estimates.

7. Application to a typical CTD cast

Much can be learned from a single CTD cast if the
temperature and the conductivity are carefully matched
and if the response is fast enough, at the given profile
speeds, to resolve al significant finescale structures. The
filtering described above is now routinely applied to
al the CTD data which have a working resolution of
about 20 ms or 0.02 m a a profiling speed of 1 m s™".
The need to define structures down to these scales has
been identified by maay workers (for a review see
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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 monctonicaly 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 M from the monotonic density
profile, a useful indicator M3L? (m? s™3) of the dissi-
pation of turbulent kinetic energy is obtained.

The results from atypical profile are shown in Fig.
15a, with an expansion of scaes in Fig. 15b. The effect
of the matching is clearly visible on al 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 signd
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-
sderable 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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RG. 14. Spectral plot ofoptimum matched responses of temper-
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8. Summary and discussion

The sensor-response correction technique described
in this report 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 thermd 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 sensor. By modeling the
sensor in this manner, the Z-transform yields a partic-!
ularly elegant recursive technique for correcting the
output of the sensor in the time domain. The techniqué
has an identica effect to that of correcting the sensot;
spectrally, but the computation time is significantlys
reduced since it is not necessary to transform to and®
from the frequency domain. 1

The number of stages of correction necessary is de-
termined by the requirements of the user. In the ab=
sence Of noise it would be possible to correct the sensof
response to perfection, but the upper practical limit i
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determined by the loss of signal-to-noise ratio at high
frequencies. It has been shown that it was possible to
improve the 3B cutoff frequency by a fadtor of about
7 with some noise amplification. However, the more
conservative correction applied to the temperature
sensor to match the conductivity sensor response (to
within 1 dB up to 15 Hz) resulted in the improvement
of the cutoff frequency by a factor of around 3. Note
that this improvement resulted from the use of only a
single correction time constant.

The use of a time-domain correction technique al-
lons <inty and dadty to be cdodaed immedady.
Moreover, the recursive nature of the technique de-
sribed in this reportallows high cutoff frequency, low-
pess reoursve filtes to be implemated Smultaneoudy
to reduce noise outside the band of interest.

The main disadvantage of the recursive time series
technique is that it may not be successfully applied to
any arbitrary sensor. A sensor with a response that is
not exdly modded as a cascaded fird-order filter should
not be corrected as such. The curve in the log-plot of
the conductivity-sensor step response (Fig. $-shows
that this sensor is such a case. It may be legitimate to
fit a draght line to the curve and deive one time con
dat, but to try to obtain sevad time condants would
nat be possble In gengd, sansors with a poor response
due to averaging or nonliner effeds (auch as the SBE-
4 conductivity cell) are not good candidates for more
than single time constant correction.
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