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Abstract. The main goal of this exploratory study is to determine how the 
temperature-salinity relationship changes with horizontal length scale and depth in 
the ocean. Temperature and salinity were measured on a range of scales from 4 m 
to 1000 km, towing a SeaSoar along isobars and isopycnals in the subtropical gyre 
of the North Pacific, during the winter of 1997. The wavelet transform technique 
is used to compute the horizontal density ratio and thermohaline variability as a 
function of scale and location. Measurements along an isobar in the mixed layer 
show that the horizontal density ratio is 1 at all scales observed; that is, horizontal 
temperature and salinity gradients tend to cancel each other in their effect on 
density. Thermohaline variability at small scales is intermittent and clusters around 
large-scale thermohaline anomalies. Below the base of the mixed layer, horizontal 
gradients of temperature are only partially opposed by salinity, and the density 
ratio is close to 2. In the thermocline the distribution of thermohaline variability 
is uniform along isobars but intermittent and colocated at different scales along 
isopycnals. Density-compensated variability, ubiquitous in the mixed layer, is 
reduced along deeper isopycnals. Compensation of horizontal temperature and 
salinity gradients supports recent theoretical ideas that mixing in the winter mixed 
layer depends on horizontal density gradients. 

1. Introduction 

In the upper ocean, a remarkable correlation exists 
between temperature and salinity gradients. In the 
mixed layer, abundant examples of horizontal fronts 
with temperature and salinity that nearly cancel in their 
joint effect on density can be found on scales of 10- 
100 km [i.e., Roden, 1975, 1989; Yuan and Talley, 1992). 
A few observations have been made of horizontal density 
fronts on scales finer than 10 km in which the temper- 
ature gradient is partially opposed by the salinity gra- 
dient [e.g., Flament et al., 1985; Rudnick and Luyten, 
1996]. A useful measure of the degree of compensation 
is the density ratio R defined as the ratio of the rela- 
tive effect of temperature and salinity on density over 
a spatial interval. A front that is cold and fresh on one 
side and warm and salty on the other, so that temper- 
ature and salinity have opposing effects on density, has 
a density ratio of 1. A front where the effect of tem- 
perature is twice and opposite to that of salinity has 
a density ratio of 2. Stommel [1993] and Chen [1995] 
computed the density ratios of large-scale meridional 
temperature-salinity (T-S) gradients in the surface wa- 
ters of all oceans in the range of latitudes between 20 ø 
and 50 ø and concluded that R has a mean close to 2, 
even though individual fronts can have a density ratio 
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markedly different from 2. On smaller horizontal scales, 
between 20 m and 10 km, Rudnick and Ferrari [1999] 
found that the mixed layer density ratio is 1, not 2. In 
the waters just below the subtropical mixed layer, den- 
sity variations due to temperature are often opposed by 
those due to salinity. Density ratios computed across 
vertical distances of 1-10 m are typically between 2 and 
3 [e.g., Schmitt and Evans, 1978; Dugan et al., 1992; 
Mack and Schoeberlein, 1993]. A first goal of this ex- 
ploratory study is to determine how the density ratio 
changes with spatial scale and vertical position in the 
upper 300 m of the subtropical oceans. 

The establishment of T-S compensation in the mixed 
layer can be rationalized in a few different ways. One 
explanation is that climatological distributions of pre- 
cipitation, evaporation and air-sea heat exchange con- 
spire with entrainment of thermocline waters to create 
and juxtapose patterns of temperature and salinity with 
a fixed density ratio. A more satisfactory explanation 
relies on regulating mechanisms in the mixed layer to 
create correlations between temperature and salinity, 
regardless of the large-scale atmospheric forcing. The 
basic idea is straightforward: temperature and salin- 
ity are dynamically active because they contribute to 
density gradients. All processes that depend on den- 
sity gradients are potentially capable of creating T-S 
relations by acting only on fluctuations of temperature 
and salinity that reinforce in their joint effect on den- 
sity. Perhaps the oldest branch of models in which the 
dynamics depends exclusively on horizontal density gra- 
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dients descends from $tommel's [1961] two-box idealiza- 
tion of the thermohaline circulation. Stommel posited 
a transport law in which the exchange of mass between 
boxes is proportional to the square of the density differ- 
ence. Some 30 years later, Storereel [1993] and Store- 
reel and Young [1993] used the same model to propose 
a regulator mechanism for the mixed layer. The tem- 
perature and salinity in the two boxes are established 
by the interaction between a mean horizontal tempera- 
ture gradient and a stochastic forcing of random rainfall 
and evaporation. Provided that the random fluctua- 
tions are large, the average ratio of the temperature 
and salinity differences across the two boxes is 2. A 
second class of models has been developed to parame- 
terize the transport of heat and salt in a mixed layer 
idealized as a shallow system with strong vertical mix- 
ing. Young [1994] suggested that the horizontal dif- 
fusivity of temperature and salinity in such a mixed 
layer is proportional to the horizontal density gradient 
squared. The physical explanation of this parameteri- 
zation is illustrated in the analysis of Ferrari and Young 
[1997]. Assume that atmospheric forcing and entrain- 
ment of thermocline waters create random distributions 

of temperature and salinity in the mixed layer. Regions 
will exist in which the horizontal gradients of temper- 
ature and salinity will happen to compensate in their 
effect on density, whereas in other regions they will cre- 
ate horizontal density gradients. The horizontal den- 
sity gradients will slump under the action of gravity 
and restratify the mixed layer. Any subsequent strong 
vertical mixing results in a weakening of the horizontal 
density gradient. Those T-$ gradients that are com- 
pensated do not slump and do not experience horizon- 
tal dispersion and therefore persist. The strength of the 
dispersion increases as the horizontal density gradient 
becomes larger and may be described by a horizontal 
diffusivity that is an increasing function of the density 
gradient. The specific functional dependence is deter- 
mined by the details of the slumping process. At small 
horizontal scales this mechanism is essentially a shear 
dispersion driven by slumping horizontal density gradi- 
ents, and the eddy diffusivity turns out to be propor- 
tional to the density gradient squared. At scales larger 
than the local Rossby radius, rotation affects the slump- 
ing in the form of baroclinic instability. The results of 
numerical simulations [Pavan and Held, 1996] and the- 
oretical investigations [ Visbeck et al., 1997; Haine and 
Marshall, 1998] suggest the adoption of an eddy diffu- 
sivity proportional to a power of the horizontal buoy- 
ancy gradient between i and 3. 

A tight relationship between temperature and salin- 
ity is also observed in the waters below the mixed layer. 
This has been described as the result of different pro- 
cesses. Iselin [1939] noticed that there is a correspon- 
dence between horizontal profiles in the surface mixed 
layer and vertical profiles in the upper thermocline. 
He concluded that water properties set in the winter 
mixed layer are transported to the interior essentially 

unchanged along surfaces of constant density. An alter- 
native explanation is that the thermocline structure is 
established by double-diffusive mixing [Schmitt, 1981, 
1999]. Salt fingers transport more salt than heat and 
tend to rotate and tighten the T-$ curve. Further, salt 
finger convection is a strong function of the density ra- 
tio, decreasing rapidly for values larger than 2. Thus 
salt fingers can account for a tight T-•q relationship and 
a density ratio of 2. 

This study presents observations of the T-$ relation- 
ship in the mixed layer and in the upper thermocline on 
an unprecedented range of horizontal scales from l0 m 
to 1000 km. T-•q measurements were collected with 

a SeaSoar equipped with a conductivity-temperature- 
depth profiler (CTD). The development of a new vehicle 
control system to track isobars and isopycnals has been 
a key element in the success of the experiment. Data are 
analyzed using wavelet techniques to identify the distri- 
bution of T-$ variability as a function of length scale 
and location. The wavelet transform [Daubechies, 1992] 
is a mathematical tool, much like the Fourier transform, 
of potential use in the analysis of data. In this paper, 
wavelet coe•cients are used to calculate statistics rele- 

vant to thermohaline variability. 
The paper is organized as follows. A summary of the 

data is given in section 2. Measurements along a sur- 
face of constant pressure in the mixed layer are used 
to discuss statistics of the density ratio and the distri- 
bution of thermohaline variability at different scales in 
section 3. The analysis of thermohaline variability is 
extended to measurements along isobars and isopycnals 
in the upper thermocline in section 4. Sawtooth pro- 
files between the surface and 320 m are used to provide 
a description of the changes of thermohaline variability 
with depth in section 5. A summary and conclusions 
are provided in section 6. 

2. Data 

The Spice experiment consisted of a cruise in the east- 
ern North Pacific along 140øW, between 25 ø and 35øN. 
This area is representative of the T-$ variability of the 
North Pacific subtropical gyre, away from boundary 
currents. The cruise was conducted from January 24 
to February 20, 1997. There were two main reasons to 
prefer wintertime for this experiment. First, the mixed 
layer is deep (-• 100 m) and well mixed so that the ef- 
fects of diurnal solar heating are reduced. Second, the 
water found in the subtropical mixed layer in this season 
is subducted in the thermocline and plays an important 
role in the formation of central water masses. 

Measurements were taken towing a SeaSoar equipped 
with a Sea-Bird CTD. All sensors were fixed to the rear 

wing of the SeaSoar pointing directly into the flow; their 
calibration is discussed in Appendix A. Upper bounds 
on instrumental errors, estimated as the RMS difference 
between the measurements returned by the two sets of 
sensors, are 1.3 x 10 -3 øC for temperature, 1.4 x 10 -3 psu 
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Plate 1. A summary of the Spice experiment data set. The potential density section along 
140øW is measured towing a SeaSoar along a sawtooth path. The straight white lines are isobar 
tows at 50 and 200 dbar. The heavy black lines are isopycnals 24.8 kg m -3 and 25.5 kg m -3 as 
measured during the sawtooth tow. The jagged white lines are tows along these isopycnals. 

for salinity, and 1.2 x 10 -3 kg m -3 for potential den- 
sity. Supporting measurements included a fluorom•ter, 
mounted on top of the SeaSoar body, Global Positioning 
System (GPS) navigation, a shipboard acoustic Doppler 
current profiler (ADCP), and meteorology. 

The observational program consisted of five north- 
south sections of 10 degrees of latitude, approximately 
equivalent to 1100 km, in which the SeaSoar was towed 
along different measurable surfaces using a new digital 
flight controller. In the first section the SeaSoar was 
flown along a sawtooth profile. The controller com- 
manded the SeaSoar to fly between 5 and 320 dbar in 
less than 12 min, while keeping dive rate and cable ten- 
sion within specified bounds. The second and third sec- 
tions were level tows at 50 dbar in the mixed layer and 
200 dbar in the seasonal thermocline. The controller 

used the difference between the locally measured pres- 
sure and the pressure it was supposed to track to main- 
tain the SeaSoar along the desired isobar. Surfaces of 
constant potential density were chosen for the last two 
sections, one that went from beneath the mixed layer to 
outcropping (24.8 kg m -3) and the other that remained 
in the seasonal thermocline (25.5 kg m-3). The con- 
troller operated by responding to differences between 
the chosen potential density and the one measured in 

real time. The isobar and isopycnal tow patterns were 
accomplished using a proportional integral derivative 
(PID) control algorithm [Shinskey, 1988]. 

A complete summary of the experiment is given in 
Plate 1. The potential density section, as measured by 
the sawtooth tow, provides the background thermoha- 
line fields on scales larger than 3 km. At a cruising speed 
of -.• 4 m s -1 , the SeaSoar completed a minimum of five 
and an average of seven cycles per hour. These data 
were averaged into bins of 12 min in time (a horizontal 
resolution of • 3 km) by 8 m in depth. The length of 
the bins ensured that the SeaSoar completed at least 
one cycle per bin, while vertical resolution was set to 
be equal to the vertical resolution of the ADCP. This 
snapshot shows the main features of the upper ocean 
structure found in the survey region. There is a well 
developed mixed layer in the upper 100-150 m that sits 
over the thermocline. The corresponding pictures of po- 
tential temperature and salinity show that temperature 
is the vertically stratifying component, while salinity 
decreases with depth for latitudes south of 32øN. 

High horizontal resolution was obtained by towing 
the SeaSoar along two isobars for the full 10 ø of lat- 
itude. The straight white lines in Plate 1 are isobar 
tows at 50 dbar in the mixed layer and 200 dbar in the 
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Plate 2. Potential temperature • (blue lines), salinity S (green lines), and potential density 
cr• (red lines) along the •50 dbar pressure surface: (a) the signals over the entire tow from 25 ø to 
35øN and (b), (c) and (d) successive magnifications by a factor of 10 of the shaded portion of 
the panel above. Plates 2a-2d span horizontal sections of 1113, 111, 11, and I km, respectively. 
The vertical axes for temperature and salinity are scaled by the thermal and haline expansion 
coe•cients so that excursions of temperature and salinity are presented as the change they imply 
on density. Every temperature fluctuation is mirrored by one in salinity of the same amplitude 
that cancels its effect on density, even at the smallest scales. 
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seasonal thermocline. Stable temperature and salinity 
measurements were possible at a frequency of I Hz, and 
thus the isobar tows allowed a horizontal resolution of 

4 m at a mean towing speed of 4 m s -• . RMS speed fluc- 
tuations remained within 0.2 m s -• and contributed to 

an uncertainty of 5% in estimates of spatial scales from 
temporal measurements. The control system worked 
better than anticipated, and the SeaSoar followed an 
isobar to within an RMS deviation of 0.3 dbar at an 

average slant of 0.4 ø in the mixed layer and an RMS of 
0.4 dbar at an average slant of 1.0 ø in the thermocline. 

The jagged white lines in Plate I are tows along 
isopycnals. The shallower tow tracked the isopycnal 
24.8 kg m -3 starting from beneath the mixed layer 
and crossing its base south of 29øN, while the deeper 
tow followed an isopycnal in the upper thermocline 
(25.5 kg m-3). The control system was successful at 
following isopycnals to within an RMS deviation of 
0.02 kg m -•. The black lines are the isopycnals 24.8 
and 25.5 kg m -• as measured during the sawtooth tow. 
The difference between the black and white lines is due 

to oceanic variability; that is, the isopycnals moved dur- 
ing the time between surveys. 

3. Thermohaline Gradients in the 

Mixed Layer 

The goal of this section is to obtain statistics of tem- 
perature and salinity fluctuations in the mixed layer 
along a horizontal surface. Horizontal scales below I km 
are poorly explored in the ocean, and simultaneous 
measurements of temperature and salinity in the mixed 
layer over a range of scales from 4 m to 1100 km are 
unprecedented to our knowledge. The measurements 
were made along the 50 dbar pressure surface, chosen 
to bisect roughly the mixed layer (Plate 1). These data 
are used in the following two sections (1) to quantify the 
degree of compensation between temperature and salin- 
ity over horizontal scales from 20 m to 10 km and (2) to 
show that frontal zones are composed of thermohaline 
fluctuations on a wide range of scales. 

3.1. Thermohaline Compensation in the Mixed 
Layer 

Data from the 50 dbar tow show that each feature in 

potential temperature is mirrored in salinity through- 
out the mixed layer over length scales from hundreds 
of kilometers down to several meters (Plate 2). Po- 
tential temperature and salinity gradients coincide so 
that density gradients are minimized: horizontal fronts 
tend to be cold and fresh on one side and warm and 

salty on the other. In Plate 2 the vertical axes for tem- 
perature and salinity are scaled by the corresponding 
expansion coe•cients, so that a unit distance is the 
same in potential temperature, salinity, and potential 
density. This presentation emphasizes that tempera- 
ture and salinity fluctuations have hardly any signature 
in density. Successive enlargements of a frontal region 

show that compensation occurs down to scales as small 
as 10 m. Strong horizontal density gradients are rarely 
observed at all scales. Pressure fluctuations around the 

depth of 50 dbar are small, with an RMS of 0.3 dbar, 
and not correlated with the thermohaline fields (Fig- 
ure 1), proving that the observed gradients are not due 
to profiling vertical stratification. 

The correlation between thermohaline gradients is of- 
ten quantified in terms of the ratio of the relative effect 
of potential temperature and salinity on density, the 
density ratio, 

aA0 

R- •AS' (1) 
where a - -Orr0/O0 and • - Otto/OS are the expan- 
sion coefficients of potential temperature and salinity 
in units of kg m -• øC-• and kg m -3 (psu) -•. The po- 
tential temperature and salinity differences A0 and AS 
are taken over a spatial interval. Horizontal fronts in 
which temperature and salinity have opposing effects on 
density, as those shown in Plate 2, are said to be com- 
pensated and have a density ratio of 1. Fronts where the 
effect of temperature on density is larger and opposite 
to that of salinity have a density ratio between I and 
c•. The arctangent of the density ratio is known as the 
Turner angle, 

Tu- arctan(R). (2) 

The branch of the arctangent is chosen such that -•r/2 < 
Tu _< •r/2 (this choice differs from the one used in the 
literature on double diffusion but is more convenient 

for the present study). The Turner angle is positive 
when temperature and salinity counteract each other 
in their effect on density. Across compensated fronts, 
•A0 - •AS and Tu - •r/4, while temperature fronts 
only partially opposed by salinity have a Turner an- 
gle between •r/4 and •r/2. The advantages of using Tu 
rather than R are apparent: (1) the infinite scale of R is 
replaced by a finite one running from -•r/2 to •r/2, (2) 
the indeterminate value obtained when AS - 0 is well 

defined in terms of Tu, and (3) temperature-dominated 
regions (1 < R < c•) and salinity-dominated regions 
(0 < R < 1) occupy the same space on the Tu scale. 
All computations are therefore carried out in terms of 
Tu, but the results are discussed in terms of R because 
it has a more intuitive interpretation. 

A quantitative description of the compensation seen 
graphically in Plate 2 is obtained by computing the 
density ratio over a wide range of horizontal scales. 
In order to determine temperature and salinity fluctu- 
ations as a function of scale and location the T and 

$ signals are convolved with analyzing functions com- 
pact in location and wavenumber. Like a microscope, 
these functions increase spatial resolution to focus on 
progressively smaller scales at the cost of resolution in 
wavenumber. In fact, achieving arbitrarily high reso- 
lution both in location and wavenumber is impossible, 
in exact analogy with the Heisenberg uncertainty prin- 
ciple. A good compromise is obtained with a basis of 
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Figure 1. Pressure fluctuations measured by the SeaSoar during the isobar tow at 50 dbar. Fig- 
ures la-ld show sections of the tow corresponding to the thermohaline measurements of Plates 2a- 
2d. Pressure is not correlated with the thermohaline fields, proving that the signals in Plate 2 
are not due to profiling vertical stratification but reflect true horizontal variability. 

analyzing functions in the form of wave packets local- 
ized in both spaces. By changing the wavelength of the 
oscillations proportionally to the e-folding of the wave 
packet in space the analyzing functions maintain a con- 
stant number of oscillations at all scales. This technique 
is generally referred to as the wavelet transform. 

The wavelet transform is defined as the convolution 

of a signal with a set of functions, called wavelets, of 
changing width to resolve different scales (Appendix B). 
Wavelets are derived by dilation of the so-called mother 
wavelet, keeping constant the quality factor i•, defined 
as the ratio of the wavenumber at which the window is 

centered to its spread in wavenumber. In the following 
analysis the mother wavelet is a sinusold multiplied by 
a Gaussian, 

1 

•b(x) -- • exp(-x 2) exp(iQx), 
with Q = 2v/•r. This mother wavelet, generally re- 
ferred to as the Morlet wavelet, is optimum in the sense 
that the product of the resolution in wavenumber with 
that in location is minimum in Hilbert space. The 
wavelet coefficients at scale l and position x0 for po- 
tential temperature and salinity are given by 

1//o,••b'(X-Xø)O(x)dx (3) ,x o ( l , x o ) - 171 l 
1 - xo AS(l, xo,-i•//o••b*(x i )S(x, dx. (4, 

The wavelet transform is here defined to have unit 
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gain so that the wavelet coefficients of a monochro- 
matic signal of unit amplitude have unit amplitude 
at the wavelength of the monochromatic signal. The 
wavelet coefficients of 0 and $ are multiplied by the 
respective expansion coefficients a and /• low passed 
at scales larger than 1 with a Gaussian filter (71(x) - 
1/(x/• I/I)exp (-x2/12). The resulting series aAO(1, xo) 
and •AS(1,Xo) give the amplitude and phase of tem- 
perature and salinity fluctuations in density units as a 
function of wavelength and location. 

The real parts of the wavelet coefficients of potential 
temperature and salinity aAO and •AS, for horizon- 
tal wavelengths between 20 m and l0 km, are used to 
obtain a statistical description of thermohaline compen- 
sation. The wavelet coefficients by themselves are not 
a statistical measure; they are the result of a mathe- 
matical transform such as the coefficients of a Fourier 

transform. Compensation can be quantified only by 
computing statistics of the wavelet coefficients. Plate 3 
displays the joint probability density functions (PDFs) 
of aZk0 and •AS for wavelengths of 20 m, 100 m, I km, 
and 10 km. Thermohaline fluctuations tend to be larger 
at long wavelengths: the amplitude of the wavelet co- 
efficients decreases by a factor of 4 between l0 km and 
20 m. The joint PDFs have broad tails and peaked 
centers. Compensation is nearly total for the strongest 
fronts: these are the extreme events that extend out in 

the tails along the compensation line aAO = •AS. At 
small scales the clouds of points are tilted at an angle 
somewhat steeper than 1, so there is some departure 
from compensation. The magnitudes of aA0 and 
reported on the axes depend on the quality factor 
For smaller Q the wavelet is less selective in wavenum- 
ber space, and the wavelet coefficients are larger be- 
cause they account for variability over a wider range of 
wavenumbers. However, the shapes of the PDFs are in- 
dependent of these details, and using a different Q does 
not change any of the results of this paper. 

Joint PDFs of the thermohaline fluctuations empha- 
size the distinction between typical fronts, in the center 
of the P DFs, and extreme fronts, in the tails. Typical 
temperature and salinity fronts cluster near the origin 
and are not as well compensated as large ones; that is, 
the red clouds in the center of the contour plots are 
not as elongated as the blue tails. The distinction be- 
tween the two populations is especially evident at scales 
smaller than 100 m. A blowup of the central region of 
the joint P DF for a wavelength of 20 rn demonstrates 
that the ratio of the major to the minor axis of the 
cloud of points approaches 1 for the weakest fluctua- 
tions (Plate 4): at short wavelengths compensation is 
not ubiquitous but is a feature of the strongest fronts. 

A consideration of two different measures of the den- 

sity ratio is used to show how/i• varies with scale and 
frontal strength. One measure of the density ratio for 
a given wavelength is the slope of the principal axis 
of the joint PDFs shown in Plate 3. The principal 
axis is found by setting the covariance between tern- 
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Figure 2. Density ratio as a function of wavelength 
computed as a median ratio (solid line) and as the slope 
of the principal axis (dashed line) of the wavelet coef- 
ficients for T and S at 50 dbar. The right axis shows 
values of density ratio/i•, while the left axis shows the 
corresponding values of Turner angle Tu. The principal 
axis estimate of the density ratio is strongly influenced 
by the strongest fronts and remains between 1.1 and 
1.4. The median of the density ratio is near I at wave- 
lengths down to 100 m. Below 100 m the median drops 
suddenly and is 0.6 at a scale of 20 m. 

perature and salinity wavelet coefficients to zero. Be- 
ing a quadratic measure, it is especially sensitive to the 
largest fronts. The slope of the principal axis is a bit 
larger than unity, between 1.1 and 1.4, for all scales be- 
tween 20 m and 10 km (Figure 2). A second measure 
of the typical density ratio is the median ratio of the 
wavelet coefficients of temperature and salinity. The 
median is a robust estimator in the sense that it is not 

particularly sensitive to outliers. The median density 
ratio is less than the slope of the principal axis at all 
wavelengths (Figure 2) because small changes of tem- 
perature and salinity are less correlated than are large 
ones. The median is close to I at large scales and drops 
abruptly at wavelengths smaller than 100 m. 

The P DFs of the Turner angle help to interpret the 
differences between the median density ratio and the 
slope of the principal axis (Figure 3). These PDFs have 
a single mode at R between 1 and 1.6 at all scales be- 
tween 20 m and 10 km. The slope of the principal axis 
and the mode differ at most by 0.3 (if the statistics of 
the wavelet coefficients aAO and •AS were Gaussian, 
the two parameters would coincide). The median den- 
sity ratio is close to the slope of the principal axis at 
scales larger than 100 m because, at these scales, fronts 
are typically compensated. At scales smaller than 100 m 
a large fraction of temperature and salinity fluctuations 
are poorly correlated and are as likely to assume any 
value of density ratio. Therefore the P DFs are com- 
posed of a uniform distribution, due to uncorrelated 
weak T-S fluctuations and a peak due to few cornpen- 
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Figure 3. Probability density functions of the Turner angle for measurements along 50 dbar at 
wavelengths of (a) 10 km, (b) 1 km, (c) 100 m and (d) 20 m. The dashed and the dotted lines are 
the slope of the principal axis and the median R of the wavelet coe•cients of temperature and 
salinity at that wavelength. The distributions have a single mode between 1 and 1.6 (within 0.3 
of the slope of the principal axis). The number of points in the tails increases suddenly at scales 
smaller than 100 m, indicating the presence of numerous uncorrelated thermohaline fluctuations. 

sated strong fronts. The flattening of the PDFs is re- 
flected in the sudden drop of the median density ratio. 

Uncertainties in the estimated horizontal density ra- 
tio have a number of different causes. Standard errors, 
calculated with a bootstrap method [Efron, 1982], are 
• 0.004 for the median density ratio and • 0.01 for 
the slope of the principal axis. Statistical uncertain- 
ties in these estimates are relatively small because of 
the large amount of data. Errors due to contamina- 
tion of the data from profiling vertical stratification and 
from instrumental noise are more difficult to quantify. 
The effect of variability introduced by the vertical dis- 
placements of the SeaSoar is addressed by repeating 
the calculations of the density ratio on a subset of data 
obtained at crossings of the 50 dbar surface. Crossings 
are computed by linearly interpolating T and •q between 
measurements 1 s apart that cross the pressure surface. 
The density ratio is estimated at each wavelength by 
using all differences of temperature and salinity avail- 
able for separations within 10% of that wavelength. 
The median R and the slope of the principal axis re- 
main within 0.06 of the values shown in Figure 2, at 
all wavelengths. Therefore the vertical displacements 
of the SeaSoar have a small effect on estimates of R. 

Variability due to instrumental error is modeled as the 
difference between the T and •q measurements of the 

two sets of sensors mounted on the SeaSoar (divided by. 
x/• under the assumption that instrumental noises in 

the two sensors are independent). This estimate of the 
noise is likely an overestimate because it includes instru- 
mental errors as well as real thermohaline variability at 
scales smaller than the distance between the two sets of 

sensors (72 cm). The sensitivity of estimates of the den- 
sity ratio to this noise is addressed by performing the 
wavelet analysis on data with a constant density ratio 
at all scales, corrupted with the signals obtained from 
the differences of the two sets of sensors. Monte Carlo 
simulations show that the effect of this noise is null on 

the slope of the principal axis and 0.1 on the median 
R, even at the smallest scales. Therefore both profil- 
ing of vertical stratification and instrumental noise can 
be excluded as explanations for the sudden drop of the 
median R at wavelengths shorter than 100 m. 

The ubiquitous presence of compensated thermoha- 
line gradients supports recent theoretical ideas on the 
horizontal dynamics of the mixed layer. Young [1994] 
and Ferrari and Young [1997] suggest that mixing driven 
by density gradients is more effective than mixing that 
homogenizes both the thermal and haline components 
indiscriminately; that is, the mixed layer mixes horizon- 
tally in such a way that density gradients are dissipated, 
while compensated temperature and salinity gradients 
persist. A horizontal diffusivity equal for temperature 
and salinity but dependent on horizontal density gradi- 
ent reproduces this behavior. 

Measurements show that temperature and salinity 
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Plate 3. Joint probability density functions of the wavelet coefficients of potential temperature 
c•A0 and salinity •AS at wavelengths of (a) 10 km, (b) 1 km, (c) 100 m and (d) 20 m for 
measurements along 50 dbar. The dashed black lines have a slope of 1. The points in the tails of 
the distributions are elongated along the slope of 1, indicating a tendency for large gradients to 
cancel each other in their effect on density. The shape of the distributions, extremely peaked in 
the center and with long tails, suggests that the horizontal structure of the mixed layer is formed 
by relatively few strong density-compensated fronts separated by regions of weak thermohaline 
variability. 
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Plate 5. Wavelet scalograms of spice along 50 dbar in the mixed layer. (a) Spice sca.logram for 
wavelengths between 100 kin and 500 m. (b) Spice scalogram of a section 11 km long, also shown 
in Plate 2c, for wavelengths between 2 km and 10 m. The black crosses are twice the square roots 
of the second moments of the wavelet fitnctions squared in location and wavelength domains and 
indicate the resolution of the analyzing wavelet. Resolution in space and in wavelength increase 
toward the top (note that the vertical axis is logarithmic). High values in the scalogram indicate 
regions of strong spice gradients. High and low values show up in vertical stripes and imply that 
small-scale gradients tend to be particularly large at large-scale fronts. 
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Plate 6. Wavelet scalograms of potential density along 50 dbar in the mixed layer for the 
same sections shown in Plate 5. The spectral levels of potential density are a couple of orders 
of magnitude smaller than those of spice, indicating that most of the temperature and salinity 
variance is compensated Variability peaks in the same location at all wavelengths as for spice. 
Bands of high variability appear at wavelengths shorter than 100 m, showing that compensation 
is not as typical at those scales. 
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fronts tend to be compensated at all scales between 
100 m and 10 kin. At scales below 100 m, compensation 
depends on frontal strength, as shown by the difference 
in the median /i• and the slope of the principal axis; 
that is, strong fronts tend to be more compensated than 
weak fronts. The decrease in the median density ratio 
reflects a change in the thermohaline dynamics of the 
mixed layer. The dominant turbulent eddies that stir 
the mixed layer have an aspect ratio close to 1 and a 
size close to 100 m (the depth of the mixed layer in the 
region of the survey). These turbulent eddies may be 
Langmuir cells, driven by wind and surface waves, or 
convection cells, driven by negative buoyancy fluxes at 
the surface. The process of slumping and mixing is valid 
only at scales larger than the turbulent eddy scale [Fer- 
rari and Young, 1997]. At smaller scales the relation- 
ship between temperature and salinity can break down 
in the absence of strong density gradients because me- 
chanical stirring homogenizes temperature and salinity 
anomalies indiscriminately and does not select any par- 
ticular density ratio. On the other hand the strongest 
density fronts slump under the action of gravity at all 
scales, and T-$ compensation is seen for the largest 
gradients down to 20 m. 

3.2. Wavelength and Location Dependence of 
Mixed Layer Thermohaline Variability 

Measurements along 50 dbar are analyzed to inves- 
tigate the distribution of thermohaline variability as a 
function of wavelength and location. Surface fluxes and 
entrainment create horizontal thermohaline anomalies 

in the mixed layer. In section 3.1, the analysis showed 
that the internal dynamics destroys temperature and 
salinity gradients that happen to produce density gra- 
dients. The goal in this section is to study the effect of 
stirring of thermohaline anomalies by horizontal flows, 
either geostrophic or wind driven. The hypothesis is 
that stirring cascades thermohaline variability down to 
small scales, in a way similar to that described by Batch- 
elor [1959] for a passive tracer advected by a homoge- 
neous and isotropic velocity field. 

Horizontal profiles of temperature and salinity along 
50 dbar are extremely intermittent. A systematic ex- 
amination of succeeding enlargements of the profiles in 
Plate 2a reinforces the impression that T and S are typ- 
ically uniform, except in confined regions where they 
change abruptly. These abrupt changes form frontal 
regions characterized by fluctuations on all scales from 
several kilometers down to 10 meters. Suitable analysis 
tools are now discussed for determining and interpret- 
ing the correlations of thermohaline variability between 
different scales. 

Temperature and salinity are strongly coherent in the 
mixed layer. Therefore an analysis of thermohaline vari- 
ability in terms of T and S would be quite redundant. 
Working with potential density and a state variable de- 
fined to be sensitive only to fluctuations of temperature 
and salinity along isopycnals is more convenient. Such 

a variable is usually defined to increase for hot and salty 
water and has come to be named spice (Veronis [1972] 
introduced this variable, and Munk [1981] used the word 
spiciness). For small fluctuations of temperature and 
salinity, spice variations Ar are defined as the thermo- 
haline variations locally orthogonal to density in a 
plane rescaled with the local expansion coefficients, 

The differences A0 and AS are calculated over some 

spatial interval, and the expansion coefficients, c• and 
•, are averaged over the same interval. A global defi- 
nition of spice is necessary when analyzing large ther- 
mohaline fluctuations [ Veronis, 1972; Jackett and Mc- 
Dougall, 1985]. For the purpose of this paper a local def- 
inition is preferable because spice is used to characterize 
thermohaline variability over a T-S range for which the 
equation of state for seawater is approximately linear. 

The distribution of spice and potential density vari- 
ability in location and wavelength is given by the squared 
magnitudes of the wavelet coefficients, hereinafter re- 
ferred to as a wavelet scalogram. Wavelet coefficients 
are computed as discussed in section 3.1 (wavelet co- 
efficients of spice are the sum of wavelet coefficients of 
temperature and salinity in density units). The nor- 
malization of the coefficients used in this section en- 

sures that the integral of the wavelet scalograms across 
all wavelengths and all latitudes gives the total spice 
and potential density variance. The wavelet scalograms 
are in units of density squared per unit wavelength, per 
unit distance; that is, (kg m-a) 2 m -2 (see Appendix B). 
Scalograms are the result of an integral transform and 
are analogous to periodograms computed with a Fourier 
transform. Spectra are statistical measures of the dis- 
tribution of energy density as a function of wavelength 
and are obtained by averaging wavelet scalograms over 
all locations and Fourier periodograms over wavelength 
bands. The degrees of freedom of these estimates de- 
pend on the number of wavelengths over which the av- 
erage is carried. In wavelet analysis this value is set by 
the quality factor Q. Wavelets are therefore appropriate 
for this study because by maintaining Q constant they 
trade off resolution in wavelength for resolution in loca- 
tion as needed to resolve the details of the thermohaline 

signals at different wavelengths. 
The scalogram of spice along 50 dbar for wavelengths 

between 100 km and 500 m is plotted in Plate 5a. The 
first 20 km of the tow are not included in Plate 5a be- 

cause tuning the control system of the SeaSoar to fol- 
low accurately the isobar took slightly over an hour. 
The two confined regions with high spice energy den- 
sity at scales larger than 10 km correspond to the two 
largest frontal regions visible in Plate 2a, one between 
29 ø and 30øN and the other between 32 ø and 33øN. 

The scalograms are characterized by vertical stripes of 
high variability at all scales separated by regions where 
variability is 6 to 7 orders of magnitude smaller. Only 
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in the presence of a large-scale gradient do appreciable 
thermohaline fluctuations at small scales exist. If the 

wavelet scalogram is averaged over regions of high vari- 
ability, spectra are white as a function of wavelength. 
The same is true for regions with low variability, but the 
spectral levels are much smaller. Spectra flat as a func- 
tion of wavelength 1 are red as a function of wavenum- 
ber k because variability per unit wavelength is equiva- 
lent to variability per unit wavenumber times k -2. The 
spectral slope holds all the way down to scales of l0 m. 
A blow-up of the spice scalogram shown in the lower 
panel of Plate 5b visually demonstrates that high vari- 
ability becomes more intermittent at small scales and is 
localized in the same regions from wavelengths of kilo- 
meters down to meters. 

The wavelet scalogram of potential density at wave- 
lengths longer than 100 m shows patterns similar to that 
of spice, but the energy levels are a couple of orders of 
magnitude smaller (Plate 6). Such a difference between 
spice and potential density variability indicates that 
large thermohaline fluctuations are typically compen- 
sated in the mixed layer. Potential density variability of 
a smaller section of data illustrates that compensation 
begins to fail at scales shorter than 100 m and density 
fluctuations become comparable to compensated T-$ 
fluctuations (Plates 5b and 6b). Breaking of compen- 
sation at scales shorter than 100 is consistent with the 

results obtained in the analysis of the density ratio. 
Colocated variability at different scales is observed 

both in spice and in potential density scalograms; the 
mechanism responsible for this colocation does not dis- 
tinguish between active (density) and passive (spice) 
scalars. The signature of large-scale fronts at small 
scales is likely to be generated by geostrophic and wind- 
driven velocity fields that horizontally stir the mixed 
layer. Stirring produces small scale fluctuations only at 
large-scale T and $ fronts, where there is thermohaline 
structure to be stirred. In regions with strong temper- 
ature and salinity anomalies the velocity field transfers 
the high variability down to the scales of dissipation. In 
regions with little thermohaline structure the process is 
analogous, but the variability transferred is orders of 
magnitude smaller. 

The structure of the temperature and salinity fields, 
composed of frontal zones with large gradients sepa- 
rated by regions of small gradients, is characteristic of 
passive scalars advected by a stirring field. The PDFs 
of the wavelet coefficients for T and $ depart strongly 
from Gaussians and develop exponential tails at small 
scales. The kurtosis goes from a nearly Gaussian value 
of 4 at 10 km to values in excess of 80 at 20 m. Qualita- 
tively similar distributions are predicted for fluctuations 
of passive scalars advected by a random velocity field 
[Sinai and Yakhot, 1989; Danaila et al., 1999]. 

4. Thermohaline Gradients in the 

Upper Thermocline 

Measurements along a shallow isobar in the mixed 
layer have been used to show that lateral changes in 
temperature and salinity are largely compensated on 
scales from 20 m to l0 kin. This result cannot hold 

in the waters of the thermocline where density differ- 
ences due to temperature exceed density differences due 
to salinity to produce the observed density stratifica- 
tion. Data along the 200 dbar isobar and along the 
24.8 kg m -a and 25.5 kg m -a isopycnals are now used 
to investigate the T-$ relationship of the upper ther- 
toocline and to describe the changes in thermohaline 
variability across the base of the mixed layer. 

4.1. Thermohaline Variability Along an Isobar 
in the Upper Thermocline 

An accurate measurement of both temperature and 
salinity on varying horizontal scales in the thermocline 
has been the goal of several studies in the past. For in- 
stance, Mack [1989] and Dugan et al. [1992] report on 
towed chain measurements of temperature and conduc- 
tivity, Magnell [1976] and Ga.• ,-'j and Schmitt [1982] 
show data from horizontal •f •s. These studies focus 

on variability on scales of cm to 100 m. Notably, 
$amelson and Paulson [19,',8] studied larger scales us- 
ing a 1400 km tow of a thermistor chain, but the only 
salinity data are from the surface and are, of necessity, 
heavily smoothed because they derive from ship's in- 
take. During the Spice experiment both temperature 
and salinity were measured in the thermocline on hori- 
zontal scales from 4 m to • 1100 kin. 

Profiles of potential temperature, salinity, and po- 
tential density are shown in Plate 7 for a tow along 
200 dbar, an isobar chosen to remain well beneath the 
base of the mixed layer at all latitudes. Every density 
fluctuation due to temperature is opposed by a smaller 
one due to salinity at all observed scales down to 10 
m, the smallest scales visible in Plate 7d. The con- 
trol system maintained the vehicle within an RMS of 
0.4 dbar from the pressure surface of 200 dbar and con- 
tamination of horizontal temperature and salinity mea- 
surements by the vertical excursions of the SeaSoar is 
minor (Figure 4). Plate 7d and Figure 4d offer visual 
evidence that the measured T-$ profiles describe real 
horizontal variability. During the time shown in that 
section the control system performed worse than usual, 
and the vertical displacements are quite large; yet the 
fronts in temperature and salinity are not correlated 
with pressure. Only in regions of weak horizontal ther- 
mohaline variability, vertical fluctuations contaminate 
the T-S horizontal profiles. Measurements of pressure 
are used to eliminate this undesired signal. First, ver- 
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Figure 4. Pressure fluctuations measured by the SeaSoar during the isobar tow at 200 dbar. 
Pressure is not correlated with the thermohaline fields, proving that the strong fronts in Plate 7 
are not due to profiling vertical stratification but reflect true horizontal variability. In this section 
the SeaSoar was towed from north to south, and the large excursions between 33.3 ø and 35øN 
occurred while tuning the control system. After this first transient the RMS pressure fluctuations 
were 0.4 dbar. 

tical T and $ gradients are computed as that part of 
T and $ that is correlated with pressure on sections of 
250 s (-• 1 km in length). Then, the signal produced by 
pressure excursions through the estimated vertical gra- 
dients is subtracted from the measurements of T and S. 

This correction removes the effect of vertical stratifica- 

tion averaged over a horizontal scale of I kin. Contam- 
ination due to changes in stratification over horizontal 
scales of < i km and vertical scales of < 0.4 m is not 
eliminated. 

Wavelet coefficients of temperature and salinity are 
calculated for wavelengths between 20 m and 10 kin, 
and their joint PDFs are displayed in Plate 8. Data 

north of 33.3øN are not used in the analysis because at 
the beginning of this southward going tow the controller 
was not tuned yet and vertical oscillations of the Sea- 
Soar were quite large (Figure 4). The joint PDFs are 
in the form of clouds elongated along a slope slightly 
steeper than 2, indicating a tendency for density vari- 
ations due to temperature to exceed density variations 
due to salinity by a factor of -• 2. The correlation be- 
tween the wavelet coefficients of T and $ is extremely 
tight at scales > i kin. At smaller scales an increasing 
number of coefficients cluster in a circular cloud near 

the origin. The PDFs become the superposition of two 
different populations: the large thermohaline gradients 
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Figure 5. Density ratio at 200 dbar as a function of 
wavelength computed as a median ratio (solid line) and 
as the slope of the principal axis (dashed line). The 
principal axis estimate of the density ratio is greatly 
influenced by the strongest fronts and remains nearly 
constant at 2.4 for scales between 10 km and 80 m. 

At smaller scales it decreases slightly. The median of 
the density ratio is near 2.2 at wavelengths larger than 
500 m. At shorter wavelengths it drops and is 0.4 at 
20 m. 

in the tails, characterized by a tight correlation, and the 
weak gradients in the center, for which the the correla- 
tion is quite poor. 

The median density ratio and the slope of the prin- 
cipal axis of the thermohaline gradients are used to 

study how compensation varies with scale and frontal 
strength. The slope of the principal axis of the joint 
P DFs is nearly constant at 2.4 for scales between 10 km 
and 40 m but decreases slightly at smaller scales to be- 
come 1.8 at 20 m (Figure 5). The median R is less than 
the slope of the principal axis at all wavelengths (Fig- 
ure 5), because small fluctuations of T and S are less 
correlated than large ones. The median is close to 2.2 
at large scales, starts decreasing at wavelengths smaller 
than -• 300 m, and drops abruptly below 50 m. The 
PDFs of the Turner angle have a single mode within 
0.1 of the principal axis at all wavelengths, proving that 
typical salinity gradients oppose temperature stratifi- 
cation (Figure 6). At scales of 100 and 20 m, a large 
Ëaction of uncorrelated weak temperature and salinity 
gradients fills the tails of the PDFs and consequently 
the peaks decrease. This change in shape of the PDFs 
is captured by the drop in the median R at small scales. 

Uncertainties in the estimates of the density ratio are 
now investigated. Standard errors, calculated with a 
bootstrap method, are < 0.005 for the median density 
ratio and < 0.05 for the slope of the principal axis. Er- 
rors due to contamination of the data from the ver- 

tical motion of the SeaSoar are not significant, as is 
proved by calculating the density ratio on a subset of 
data obtained by interpolating T and $ on crossings 
of the 200 dbar surface. Both the median R and the 

slope of the principal axis remain at all scales within 
0.1 of the values shown in Figure 5. Instrumental error, 
estimated with the same Monte Carlo technique used 
for the analysis of the 50 dbar tow, explains 50% of 
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Figure 6. Probability density function of the Turner angle at wavelengths of (a) 10 km, (b) 
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salinity at that wavelength. The distributions have a single mode between 2.4 and 1.8 (within 
0.1 of the slope of the principal axis). The peak of the PDF broadens at scales shorter than 500 
m, indicating the presence of numerous uncorrelated thermohaline fluctuations. 
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24.8 kg m -3 is found and the scalogram of spice is measured along the 50 dbar isobar. The 
isopycnal 24.8 kg m -3 sits at the base of the mixed layer for latitudes between 25 ø and 28.8øN 
and then crosses into the mixed layer. At 31.5øN the isopycnal outcrops. Spice variability along 
the isopycnal is lower in the thermocline than in the mixed layer. Stripiness in the scalogram is 
more evident for measurements in the mixed layer, both along the isopycnal and the isobar. 
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Plate 12. Potential temperature versus salinity for measurements collected between the surface 
and 300 m by profiling along a sawtooth pattern. The axes for potential temperature and salinity 
are scaled by the thermal and haline expansion coefficients calculated for the average temperature 
and salinity. Thermohaline variability is mostly along isopycnals in the mixed layer (red points) 
and develops a diapycnal component at depth (green and blue points). 

the drop at scales shorter than 50 m in the principal 
axis and the median R. This noise affects estimates 

of density ratio in the thermocline more than in the 
mixed layer because the variance of the difference be- 
tween measurements from the two sets of sensors is 3 

times larger at 200 dbar than at 50 dbar. This increase 
in variance can be due to the degraded performance of 
the control system and the sensors at depth as well as 
to real variability on scales shorter than the separation 
of the sensors. Separating the relative contribution of 
these sources of variability is not possible and part of 
the loss in T-S correlation at small scales could be an 

artifact of the measurement procedure. 
The horizontal density ratio in the thermocline is not 

I because internal waves and geostrophic eddies displace 
isopycnal surfaces in the vertical and create horizontal 
density gradients. Every time the SeaSoar crosses a 
tilted isopycnal, the sensors measure a density differ- 
ence due to temperature that is twice and opposite to 
that due to salinity. This is consistent with previous 
observations [Schmitt and Evans, 1978] that most T-S 
relationships of the upper thermocline in the subtrop- 
ical oceans are described by a density ratio between 2 
and 3. Schmitt and Evans studied vertical T-S profiles 

from hydrographic stations, while the present analysis 
uses horizontal profiles. The density ratio is the same 
over vertical and horizontal sections because thermoha- 

line gradients are much larger across than along isopyc- 
nals in the strongly stratified waters of the thermocline. 
Therefore, as long as the profiles intersect isopycnal sur- 
faces, the density ratio measured is diapycnal. At hor- 
izontal scales shorter than --• 300 m, the SeaSoar does 
not cross isopycnals as often as at large scales. The di- 
apycnal density ratio is still close to 2, as shown by the 
principal axis, but the median R drops because the hor- 
izontal profiles are characterized by numerous regions of 
weak and uncorrelated temperature and salinity gradi- 
ents. Mixing generated by breaking internal waves and 
shear instabilities is a likely cause of patches of uni- 
form temperature and salinity with horizontal scales of 
hundreds of meters and vertical scales of a few meters 

[Mack, 1989]. 

4.2. Thermohaline Variability Along and 
Across Isopycnals in the Upper Thermocline 

Distributions of heat and salt in the ocean thermo- 

cline depend on mixing and stirring along and across 
density surfaces. In the past the focus has been on 
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measurements of the vertical structure of the thermo- 

cline, which is dominated by diapycnal gradients. Dur- 
ing the Spice experiment, T-$ measurements were col- 
lected along isobars and isopycnals and provided an 
ideal data set to contrast the thermohaline structure 

along and across isopycnals. 
The wavelet scalogram of spice along 200 dbar shows 

the distribution of thermohaline variability along an iso- 
bar in the thermocline for wavelengths between 500 m 
and 100 km in the latitude range between 25 ø and 
35øN (Plate 9). The 200 dbar scalogram looks very 
different from that along 50 dbar in the mixed layer 
(Plate 5). Spice variability along 200 dbar is spread 
uniformly through all wavelengths and locations, while 
in the mixed layer bands of high variability are sepa- 
rated by relatively calm regions. In the thermocline the 
internal wave field displaces surfaces of constant density 
at all latitudes and wavelengths. Thus horizontal pro- 
files of temperature and salinity are dominated by the 
diapycnal gradients created by the tilting of isopycnals. 
The spectrum of potential density is at all wavelengths 
within a factor of 2 of the empirical Garrett-Munk pre- 
diction for internal waves [Garrett and Munk, 1975]. 
Potential density and spice spectra are both red with a 
slope of-2, but spectral levels for spice are 8 to 10 times 
larger. This disparity in energy levels is a result of the 
competing effects of temperature and salinity on den- 
sity; if temperature and salinity were perfectly corre- 
lated with a density ratio of 2, the spice variance would 
be 9 times the density variance. 

Towing the SeaSoar along isopycnal surfaces filters 
out the internal wave variability. The wavelet scalo- 
gram of spice along the isopycnal 25.5 kg m -3, shown 
in Plate 10, is different from that along 200 dbar, even 
though the two surfaces span the same waters for most 
of the tows. Along 25.5 kg m -3 energy densities are at 
least an order of magnitude smaller, and variability is 
intermittent: stripes of high energy at all wavelengths 
are separated by relatively uniform regions. This struc- 
ture is similar to that seen at 50 dbar in the mixed layer. 
In both cases the colocation of thermohaline variabil- 

ity at different wavelengths is created by stirring fields 
that are horizontal in the mixed layer and along isopyc- 
nals in the thermocline, where the dynamics are mostly 
geostrophic. Horizontal tows in the thermocline do not 
show these colocations because the diapycnal gradients 
due to the tilting of isopycnals are larger than those 
generated by stirring along isopycnals. 

A tow along the 24.8 kg m -3 isopycnal helps to ad- 
dress the question of how the thermohaline structure 
observed in the mixed layer is modified as waters are 
subducted in the thermocline. This isopycnal sits right 
at the base of the mixed layer from 25 ø to 28.8øN, where 
it crosses into the mixed layer (shallow jagged white 
line in Plate 1). The scalogram of spice along this tow 
is composed of three different regions (Plate 11). Be- 
tween 25 ø and 28.8øN the isopycnal meanders at the 
base of the mixed layer. The spectral levels are simi- 

lar to those measured along 25.5 kg m -•, but a clear 
sequence of regions of high and low spice variability can- 
not be seen. When the isopycnal emerges in the mixed 
layer, between 28.8 ø and 31.5øN, spice variability in- 
creases and spectral levels tend to peak in the same loca- 
tions at all wavelengths. North of 31.5øN, water of den- 
sity 24.8 kg m -• is no longer present and the SeaSoar 
is towed along the 50 dbar surface. The changes in the 
wavelet scalogram reflect the changes in the processes 
that create thermohaline anomalies. At the base of the 

mixed layer the velocity field is partly across isopycnals 
because of strong ageostrophic currents, and diapycnal 
mixing is strong. As a result, the spice scalogram along 
24.8 kg m -• is not as stripy as that along 25.5 kg m -3. 
Spectral levels of spice are higher when the isopycnal is 
in the mixed layer than when it descends in the thermo- 
cline, which can be interpreted as evidence that spice 
is consumed by mixing processes acting on temperature 
and salinity patterns as the isopycnal penetrate in the 
thermocline. The scalogram of spice is more energetic 
and less stripy along the 24.8 kg m -• isopycnal in the 
mixed layer than along the 50 dbar isobar. Some of 
the variability observed along 24.8 kg m -3 is probably 
introduced by the erratic path followed by the SeaSoar 
in the attempt to track the poorly defined isopycnal in 
the mixed layer. 

5. Depth and Density Dependence of 
Thermohaline Variability in the Upper 
Ocean 

Data from the 50 and 200 dbar tows demonstrate that 

thermohaline gradients are strongly coherent over hori- 
zontal scales larger than 20 m. In the mixed layer, tem- 
perature and salinity gradients are correlated so that 
they tend to compensate in their effect on density. In 
the upper thermocline, density gradients due to tem- 
perature are twice as large but opposite to those due to 
salinity. The goal of this section is to use data collected 
along a sawtooth pattern to study how the T-S rela- 
tionship changes with depth between the surface and 
320 m. 

The data collected by profiling along a sawtooth pat- 
tern are averaged into bins of 12 min in time (equivalent 
to a horizontal resolution of • 3 km) by 8 m in depth 
as discussed in section 2. A diagram of potential tem- 
perature versus salinity for all binned data shows that 
thermohaline variability is mostly along isopycnals in 
the mixed layer and develops a diapycnal component 
only at depth (Plate 12). The density-compensated 
variability observed in the upper 100 m of the ocean is 
reduced at depth, as proved by the reduced spreading 
of points along denser isopycnals. 

The visual description of compensation offered by 
Plate 12 can be quantified in terms of spice variance 
along different isopycnals. Temperature and salinity 
data are binned in a two-dimensional array of 12 min 
in time by 0.05 kg m -3 in density. Spice variance is 
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Figure 7. (a) Spice variance along each potential density surface that spans the whole range 
of 10 ø in latitude. (b) Spice variance (solid line) and potential density variance (dashed line) as 
a function of depth. As a function of density, spice variability decreases along deeper isopycnals, 
while as a function of depth, it reaches its maximran at depths crossed by the base of the mixed 
layer. Density variance is smaller than spice variance at all depths. 

computed separately for each density bin as 

- (0>) + (s)) , 

where averages are carried over all points in a density 
class and the expansion coefficients c• and • are com- 
puted for the average temperature and salinity. Spice 
variance decreases monotonically as a function of den- 
sity (Figure 7a). Isopycnals that either outcrop at the 
surface or sink below 320 m are omitted from Figure 7a, 
because a comparison of total variance is meaningful 
only for surfaces that span the same latitude range. A 
reduction of spice variability with increasing density is 
expected because denser isopycnals are subducted by 
the wind-driven circulation at higher latitudes [Tal- 
lest, 1985] and have experienced dissipation for a longer 
time. 

Spice variance computed from data gridded as a func- 
tion of depth does not decrease monotonically with 
depth (Figure 7b). The largest spice variability is in 
the depth range occupied by the base of the mixed layer, 
between 100 and 150 m, where both temperature and 
salinity change abruptly. Spice variance is larger along 

isobars than along isopycnals because horizontal profiles 
include both along-isopycnal and diapycnal variability 
when surfaces of constant density are tilted. Further 
insight is gained by comparing spice and potential den- 
sity variance as a function of depth. Spice variance is 
much larger than potential density variance in the up- 
per 2150 m of the water column because salinity opposes 
temperature gradients (Figure 7b). At depth, spice and 
density variances become comparable. The deeper por- 
tion of the sawtooth profile is below the surface salinity 
maximum, and there salinity stratification is too weak 
to contrast temperature. 

The degree of thermohaline compensation can be 
quantified by computing the density ratio from data 
gridded as a function of depth. Wavelet coefficients of 
temperature and salinity are calculated at a wavelength 
of 10 km, separately for each depth, using a Motlet 
mother wavelet with O - x/•r. The horizontal spacing 
of the gridded data is 3 km, and a small O is necessary to 
resolve properly the wiggles of the wavelet over 10 km. 
The two measures of density ratio, median R and slope 
of the principal axis, help to understand how the T-S 
relation varies with depth. Both measures estimate a 
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Figure 8. Horizontal density ratio as a function of depth computed from data collected profiling 
along a sawtooth pattern between the surface and 320 m. (c) The density ratio, estimated as the 
median R (solid line) and as the slope of the principal axis (dashed line) of wavelet coefficients 
for a wavelength of 10 kin. To emphasize the sharp change in density ratio across the base of the 
mixed layer, scatterplots of the wavelet coefficients of potential temperature and salinity, each 
multiplied by the respective expansion coefficients, are shown separately for measurements (a) 
in the mixed layer and (b) in the thermocline. The mixed layer base is defined by a 0.1 kg m -3 
difference from the shallowest measurement. Scatter plots are elongated along a line of slope 1 
in the mixed layer (dashed line), indicating a tendency for compensation. In the thermocline the 
scatterplots are tilted along a steeper line in agreement with a density ratio close to 2, shown as 
a dashed line of slope 2. 

density ratio of 1 in the mixed layer and between 2 and 
3 in the upper thermocline (Figure 8c). The sharp tran- 
sition between the two values happens across the base of 
the mixed layer, which spans the depth range between 
100 and 150 m (Plate 1). Scatterplots of the wavelet 
coefficients of temperature and salinity separately for 
measurements above and below the mixed layer empha- 
size how abrupt the transition between the two water 
masses is (the base of the mixed layer is defined by a 
0.1 kg m -3 density difference from the shallowest mea- 
surement). The points in the scatterplots are close to 
a slope of 1 in the mixed layer and tilted at a steeper 
angle in the thermocline (Figures 8a and 8b). Despite 
exchanges of waters by entrainment and detrainment 
between the mixed layer and the thermocline the T-S 
structure in the two layers is very different. 

The increase of density ratio with depth is sharper in 
the slope of the principal axis than in the median R. In 
the range of depths between 100 and 150 m the hori- 
zontal thermohaline gradients are a combination of two 
different populations: compensated fronts in the mixed 
layer and the horizontal projection of diapycnal fronts in 
the upper thermocline. The slope of the principal axis is 
extremely sensitive to the large diapycnal gradients, and 
its value shifts to 2 at 100 m in response to a few sub- 
mixed-layer gradients. The median R increases gradu- 
ally from 1 to 2 in the 100-150 m range, as the fraction 
of thermohaline gradients sampled from the thermocline 
grows and eventually outnumbers the mixed layer gra- 
dients. For depths between 150 and 250 m the slope of 
the principal axis is slightly larger than the median R 
because north of 32.5øN the stratification is weak, and 
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haline gradients are not as well correlated with tem- 
perature fluctuations; these weak density fronts reduce 
the median but do not affect the principal axis. Below 
250 m the two estimators drift apart because they re- 
spond differently to the weak salinity stratification at 
depth. 

The density ratio evolves from 1 to 2 across the base 
of the mixed layer, and spice is reduced along deeper 
isopycnals. This does not imply that the T-S relation- 
ship is any tighter in the thermocline than in the mixed 
layer. The opposite is actually true. In the mixed layer 
the T-S diagram is collapsed along an isopycnal, while 
at depth the T-S points are quite spread b•t the ther- 
mohaline variability along isopycnals is reduced. 

6. Discussion and Conclusions 

The Spice experiment has revealed the thermohaline 
structure of the upper ocean on a wide range of scales. 
Measurements along the 50 dbar isobar in the •nixed 
layer show that temperature and salinity gradients on 
horizontal scales of 20 •n to 10 km tend to compen- 
sate in their effect on density. This result contrasts 
with the structure measured at 200 dbar in the upper 
thermocline on the same range of scales where density 
differences due to temperature are correlated with but 
exceed density differences due to salinity by a factor 
of • 2. A sawtooth profile shows that the horizontal 
density ratio increases rapidly from 1 to 2 across the 
base of the mixed layer. Small-scale temperature and 
salinity gradients cluster around large-scale thermoha- 
line fronts in the mixed layer along isobars and in the 
thermocline along isopycnals. The distribution of ther- 
mohaline variability in the seasonal thermocline is dif- 
ferent along isobars and isopycnals. Along isobars it 
is dominated by internal waves; along isopycnals it is 
dominated by geostrophic stirring. Spice variability is 
reduced along deeper isopycnals. 

In the mixed layer, horizontal temperature and salin- 
ity fronts tend to be compensated at all scales from tens 
of meters to tens of kilometers. This can be rational- 

ized in terms of simple dynamics. Random atmospheric 
forcing and entrainment of thermocline waters intro- 
duce horizontal temperature and salinity gradients in 
the mixed layer. The subsequent slumping of the heavy 
fluid under light fluid together with vertical mixing re- 
moves any horizontal density differences while leaving 
behind those temperature and salinity differences that 
do not affect density. A horizontal diffusivity depen- 
dent on the density gradient reproduces this behavior 
[Ferrari and Young, 1997], but the specific functional 
dependence cannot be inferred from the measurements. 
The mixing of horizontal density gradients is so efficient 
that only its end consequences are typically observed. 

An important, question is whether the compensation 
seen in the mixed layer of the North Pacific subtrop- 
ical gyre is representative of other oceans. Observa- 
tions reveal that temperature and salinity balance in 

their joint effect on density at all scales smaller than 
10 km, roughly the local Rossby radius of deformation 
computed across the base of the mixed layer. At these 
scales tile thermohaline structure is likely to be indepen- 
dent of geographical location. Analysis of SeaSoar data 
from the Subduction experiment in the winter mixed 
layer of the subtropical North Atlantic confirms that 
T-S fronts are typically compensated on the horizontal 
scales of a few kilometers resolved in this experiment 
[Rudnick and Luyten, 1996]. Compensation is therefore 
to be expected in all mixed layers if vertical mixing is 
strong enough to mix away slumping isopycnals, as in 
midlatitudes during winter. The horizontal structure 
of mixed layers in other seasons, when mixing is weak, 
might be substantially different. Finally, the small den- 
sity changes on scales larger than 10 km are likely to 
be special to the region of the North Pacific under con- 
sideration. Hautala and Roeromich [1998] find that the 
waters subducted from tile surface mixed layer sampled 
in the Spice experiment form a thick layer of constant 
density at depth. 

The present analysis shows that the mixed layer den- 
sity ratio is typically 1 at scales shorter than 10 km, 
while Stommel [1993] and Chen [1995] found that at 
basin scales the density ratio in the subtropics has a 
mean close to 2. These results suggest the hypothesis 
that the density structure of the winter mixed layer is 
step-like with regions of/• = 1 separated by sharp den- 
sity fronts (as observed near the Azores frontal region 
by Rudnick and Luyten [1996]). The large-scale density 
ratio is then other than unity because it measures a few 
noncompensated frontal zones, but most of the thermo- 
haline structure is actually compensated. Observational 
confirmation of the existence of a staircase-like T-S re- 

lationship requires horizontal tows long enough to cross 
a number of strong density fronts. 

The question remains as to what sustains a large-scale 
density ratio of • 2 in the world's oceans. External 
surface forcing is certainly important: the meridional 
gradient in heat flux dominates that of freshwater flux, 
driving the large-scale density ratio of the mixed layer 
toward values larger than 1. However ,the ratio of heat 
to freshwater fluxes is variable in large-scale maps and 
does not drive the mixed layer toward a constant den- 
sity ratio of 2 [Schmitt et al., 1989]. Apparently, the 
the large-scale density ratio is the result of the com- 
bined action of external forcing and internal dynamics 
of the ocean. An obvious direction of future research is 

to extend the nonlinear diffusion models discussed by 
Ferrari and Young [1997] to include atmospheric forc- 
ing. The presence of atmospheric feedbacks on thermal 
anomalies, but not. salinity ones, might break the sym- 
metry between T and S at large scales, as proposed by 
Storereel [1993] in his "mixed layer regulator" model, 
and produce a step-like mixed layer formed of compen- 
sated T-S gradients separated by a few localized density 
fronts. 

The external forcing on the mixed layer is due to me- 



16,880 FERRARI AND RUDNICK: THERMOHALINE VARIABILITY IN THE UPPER OCEAN 

chanical stirring as well as buoyancy fluxes. The effect 
of stirring on distributions of temperature and salinity 
is investigated using the wavelet transform. Wavelet 
scalograms show that small-scale variability of spice 
peaks around large-scale thermohaline fronts. Coloca- 
tion of fronts at large and small scales is interpreted as 
evidence that the velocity field cascades spatial variabil- 
ity from large to small scales [Klein and Hua, 1990]. 
The T-S structure of the mixed layer is therefore the 
result of various processes. Surface buoyancy fluxes 
and entrainment of thermocline waters create horizon- 

tal thermohaline anomalies. Stirring by geostrophic 
and wind-driven velocity fields creates temperature and 
salinity gradients at small scales. The combined action 
of slumping and mixing rapidly destroys density gradi- 
ents at small scales. 

Tows along 200 dbar and along a sawtooth profile 
demonstrate that the diapycnal density ratio in the wa- 
ters below the mixed layer is close to 2. There are two 
conceivable explanations for the density ratio of 2 in 
the upper thermocline. The first is that the density 
ratio of 2 is set in the thermocline by double diffu- 
sion [Schmitt, 1981, 1994, 1999]. The second is that 
the large-scale density ratio of 2 in the mixed layer is 
transferred at depth as waters are subducted. Both 
mechanisms are likely to play a role and deserve at- 
tention. The double-diffusive process of salt fingering 
is particularly active when the density ratio is near 1 
but is ineffective at density ratios above 2. In the ther- 
mocline low levels of turbulence [Gregg, 1989; Ledwell 
et al., 1993] allow double diffusion to develop, and the 
density ratio of I is progressively modified as the mixed 
layer waters are subducted until a value of 2 is reached. 
In addition, Stern [1967] showed that fingering insta- 
bility is a strong spice consumer. Salt fingers cause 
warm salty anomalies to rise across isopycnals, because 
they lose more salt than heat, and cold fresh anomalies 
to sink across isopycnals, because they gain more salt 
than heat. The process continues until the anomalies 
disappear and spice is eliminated. 

The alternative explanation of the T-S relation in the 
upper thermocline starts from the observation that the 
thermocline waters measured in the Spice experiment 
have been recently subducted by the wind-driven con- 
vergence of mixed layer waters at midlatitudes [Talley, 
1985]. Therefore Stommel's [1993] observation that the 
large scale density ratio is -• 2 in the mixed layer of all 
subtropical oceans together with Iselin's [1939] result 
that vertical profiles of temperature and salinity in the 
subtropical thermocline are coincident with meridional 
profiles in the winter mixed layer suggest that the diapy- 
cnal structure of the mixed layer is transferred unaltered 
at depth. In the thermocline, geostrophic currents tend 
to follow isopycnals, and they stir those portions of the 
temperature and salinity fields that are compensated. 
The large spice gradients produced by stirring are even- 
tually destroyed by mixing, leaving behind only the 
noncompensated T-S gradients [Storereel, 1962]. Mea- 

surements along a sawtooth profile showed that spice is 
indeed reduced along deeper isopycnals, which are sub- 
ducted farther north from the region sampled and have 
experienced geostrophic stirring for a longer time. 

The results of the Spice experiment raise some inter- 
esting issues for numerical modeling of the upper ocean. 
The density-driven mixing active in the winter mixed 
layer is the result of isopycnal slumping and vertical 
mixing on scales of 100 m, but it creates compensation 
on scales of 10 km. There are ocean circulation models 

that can resolve scales of l0 kin. If some parameteri- 
zation of density-driven mixing is not included in these 
models, the horizontal structure of the mixed layer will 
resemble the atmospheric forcing and will not be char- 
acterized by density-compensated structures. Further, 
any inaccuracy in the horizontal structure of the mixed 
layer is transported at depth along isopycnals and af- 
fects the overall T-S relation of the subtropical thermo- 
clines. 

Appendix A' Calibration of the Sensors 

The Sea-Bird CTD probes measure temperature T 
and electrical conductivity C of seawater. Meaningful 
small-scale salinity measurements require temperature 
and conductivity sensors that are colocated and whose 
frequency response are matched over the scales of inter- 
est. The consequences of not meeting these conditions 
are seen at regions of high gradients in temperature 
and conductivity because artificially high or low values 
of salinity and density can appear in the measurements. 
This phenomenon is referred to as salinity spiking. Dig- 
ital filters are applied to the time series to correct for 
the mismatch caused by the difference in the sensor re- 
sponses and by the phase lag due to the physical sepa- 
ration of the sensors along the tow direction. 

The simplest model includes a time lag between con- 
ductivity and temperature and an exponential relax- 
ation of temperature to its true value [Horne and Toole, 
1980]. In mathematical terms a set of two partial dif- 
ferential equations relates the temperature T and con- 
ductivity C of a water parcel to the measured Tob8 and 
Cobs at time t, 

z(t) = 

c(t) = 

and in Fourier space, 

•'T d• + To•8(t) (A1) 
Co•(t + % ), (A2) 

T(f) - (1 - 27ri f•%)Tos•(f) (A3) 
A A 

C(f) - exp(-27rif•' c)Coss(f). (A4) 

T(f) and Tob•(f) are the Fourier transforms of the 
A 

true and the observed temperature profiles, C(f) and 
A 

Cost(f) are the Fourier transforms of the true and 
the observed conductivity profiles, and f is frequency. 
Equations (A!)-(A4) provide a relationship between the 
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true and observed spectra and are used to calibrate the 
measurements. 

In order to obtain r T and rc, the conductivity of 
seawater is assumed to be linearly related to tempera- 
ture, with a much smaller dependence on salinity, pres- 
sure, and higher-order temperature terms. The cross- 
spectrum between Tob8 and Cob8 can therefore be ap- 
proximated by 

( •', exp(2•i f % ) I 2 I T•s(f)•o•s(f))-7 l q-2•rifrT I•(f)l ' (A5) 
where ? - OC/OT and () denotes an ensemble aver- 
age. The constants r T and r e are determined by fit- 
ting the function 2•rf% - arctan(2•rfrr) to the phase 
of the observed cross-spectrum. The fit is done using 
only frequencies below 4 Hz because the signal becomes 
too noisy at higher frequencies. The values obtained 
are rT - 0.05 s and r e - 0.02 s along the sawtooth 
tow and r• - 0.08 s and r e - 0.01 s along the isobar 
and isopycnal tows. The change in the time response of 
the sensors is a consequence of the different properties 
of the flow during the various tows. True temperature 
and conductivity spectra are reconstructed by applying 
the filters (1-2•rifrr) and exp(-2•rif%) to the Fourier 
transforms of To• and Co• low passed at 4 Hz. The 
corrected temperature and salinity signals are finally 
averaged in I s bins to obtain stable measurements. A 
temporal resolution of 1 s corresponds to a spatial res- 
olution of 4 m at the cruising velocity of 4 m s -1. 

No correction is made for the effect of thermal mass 

in the response of the conductivity cell. Morison et al. 
[1994] found that thermal mass can cause an offset be- 
tween T-$ curves for upward and downward casts. This 
symptom is not seen in the data set analyzed here. In 
fact the towing speed (and therefore the flushing rate) 
is 4 m s -1 and the vertical profiling speed is typically 
i m s -1 in the sawtooth tow, and substantially less 
in the isobar and isopycnal tows, and therefore thermal 
mass effects are expected to be smaller than in the study 
referenced, where vertical velocities were substantially 
higher. 

Appendix B' The Wavelet Transform 

Frequently in oceanography integral transforms are 
used to relate a signal f(x) to a basis of analyzing func- 
t:•ons •a (x), 

f (a, x) - f (x');b: (x' - x)dx'. (B1) 

The function f(a, x) is called the transform of f(x) and 
it is a function of the parameter a, involved in the def- 
inition of the basis •a. Using the convolution theorem, 
the integral transform (B1) can be equivalently writ- 
ten is terms of the Fourier transforms f(k) of f(x) and 
?•a(k) of 

f (a, x) - • f (k);b: (k) exp(-i k x)dk. (B2) 

The intervals Ax and Ak, over which the integrands in 
(B1) and (B2) are significantly different from zero, are 
always such that the product Ax. Ak is bounded from 
below (the value of this lower limit depends on the exact 
definitions of Ax and Ak). This result is known as the 
Heisenberg uncertainty principle in quantum physics. 
The wavelet transform achieves a good compromise for 
compactness in location and wavenumber with a basis 
of analyzing functions in the form of wave packets with 
a finite spread in both spaces [Daubechies, 1992; Farge, 
1992; Holschneider, 1995]. The tradeoff between com- 
pactness in x and k spaces is chosen to maintain the 
same resolution (number of oscillations of the analyz- 
ing function in Ax) at all wavenumbers. That is, the 
wavelength of the oscillation increases proportionally to 
the localization in space Ax so that the analyzing func- 
tions maintain a constant number of oscillations for all 
k. 

In mathematical terms the continuous wavelet trans- 

form of a signal f(x) is defined as the integral trans- 
form with a family of analyzing functions •p•,xo(X) = 

• ) and is given by the set of coefficients 

f (1, Xo) - f (x);b,,xo (x)dx, (B3) 

where 1 is the scale parameter and x0 is the location 
parameter. The functions •/,•o(X) are called wavelets. 
Changing the value of 1 has the effect of dilating ([/I > 1) 
or contracting (Ill < 1) the function •p(x). Changing x0 
has the effect of analyzing the signal f(x) at different 
positions. The normalization factor A(1) is arbitrary: in 
this paper it is either 1/Ill or 1/V/•. The first choice is 
used in the analysis of the density ratio and guarantees 
that the wavelet transform has unit gain. The second 
choice is used to compute scalograms and ensures that 
the integral of the wavelet transform in wavelength and 
location gives the total energy. 

The function •p(x), called the mother wavelet, must 
satisfy two requirements: (1) it must be compact in 
location and wavenumber space; that is, Ax and Ak 
must be finite, and (2) it must satisfy the admissibility 
condition 

1 /_+• I•(k)12dk<• c (B4) - . 
Condition (1) implies that the spread of the mother 
wavelet in x space must be finite (Ax = cr < oe) 
and proportional to the spread in k space (Ak = D/or 
for some constant D). The localization of the wavelet 
•l,•0 (x) in x space is then lcr and in k space it is D/let. 
Condition (2) guarantees that •(k) decays rapidly as 
k --• oe and that •k(0) - 0. The mother wavelet has 
therefore zero mean, f_+• •(x)dx - O. 
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If Ax and Ak are defined as the square roots of the 
second moments of [•h] 2 in the x and k spaces, the 
mother wavelet that minimizes the product Ax. Ak is 
the so-called Motlet mother wavelet, 

½(x) -- (•r) -x/2 exp(-x 2) exp(iQx). (B5) 

This mother wavelet does not satisfy the admissibility 
A 

condition because •h(0) •- 0, but for [QI • 4 the Morlet 
wavelet at zero wavenumber is not different from zero 

for calculations in single precision. The resolution of 
the Morlet wavelet is set by the quality factor Q, i.e. 
the ratio of the wavenumber at which the window is 

centered to its spread in the k space. 
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