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Compensation of Horizontal 
Temperature and Salinity 

Gradients in the Ocean Mixed 
Layer 

Daniel L. Rudnick* and Raffaele Ferrari 

Establishment of the temperature-salinity relationship in  the ocean has con- 
cerned oceanographers for decades because o f  its importance for understanding 
ocean circulation. High-resolution measurements in  the ocean mixed layer are 
used t o  show that temperature and salinity gradients on horizontal scales o f  
20 meters t o  10 kilometers tend t o  compensate in  their effect on density. These 
observations support the notion o f  a horizontal mixing in  the mixed layer that 
depends on density gradient. 

Temperature and salinity are the two most 
important physical properties of seawater. 
First, temperature and salinity determine the 
dynamic variable density at fixed pressure. 
Second, our understanding of the general cir- 
culation of the ocean is based to a large extent 
on the use of temperature and salinity as 
tracers to infer the flow. The temperature- 
salinity relationship has therefore been an 
object of study since the early days of ocean- 
ography. Iselin (1) noticed the correspon- 
dence between horizontal profiles in the sur- 
face mixed layer (2) and vertical profiles in 
the thermocline (3) and concluded that sub- 
surface water is derived from late winter 
surface water. Properties set in the winter 
mixed layer remain essentially unchanged as 
water is transported along surfaces of con- 
stant density (4, 5). Direct observations of 
small vertical diffusivities in the thermocline 
(6, 7) support the idea that water properties 
are set at the ocean's surface and bottom 
boundaries. The question of how the temper- 
ature-salinity relationship is established in 
the mixed layer is thus of central impor- 
tance to oceanography. Further, this rela- 
tionship is of climatic importance because 
coupling of the atmosphere and ocean takes 
place through the mixed layer, and it is of 
biological importance because biomass in 
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the ocean is concentrated in the upper 
ocean where sufficient sunlight is available 
for photosynthesis. 

A measure of the relative effect of tem- 
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perature and salinity on density is the density 
ratio 

where a and f3 are the expansion coefficients 
for temperature and salinity, and the temper- 
ature and salinity differences A0 and AS are 
taken over a spatial interval. A horizontal 
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, is often said to be compensated, hav- 
ing a density ratio of 1. The phenomenon of 
compensation is well known at certain fronts 
(8, 9). A front where the effect of temperature 
on density is twice (but opposite) that of 
salinity, and hence density varies across the 
front, has a density ratio of 2. 

The last published works of Stommel(10, 
11) suggest a regulating mechanism for the 
temperature-salinity relationship in the mixed 
layer. Stommel observes that the mixed-layer 

Fig. 1. Potential density section along 140°W as measured by a sawtooth SeaSoar tow. Data are 
averaged in bins 3 km in the horizontal by 8 m in the vertical before contouring. The white line is 
a level tow along the 50-dbar surface. The mixed layer as defined by a 0.1 kg mP3 difference from 
the shallowest measurement is indicated by the black line. Mixed-layer depth varies between 100 
and 150 dbar, so 50 dbar is always within the mixed layer. 
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density ratio is about 2 in the latitude range of 
20" to 50" of all oceans. Stornmel explains 
this observation with a simple two-box model 
in which temperature is held at or relaxed to 
a linear gradient, salinity is forced stochasti- 
cally (as in the case of forcing by rainstorms), 
and a horizontal mass exchange between the 
two boxes is a function of the density gradi- 
ent. The result is that, on average, the density 
ratio of 2 is reached if the mass exchange is 
proportional to the absolute value of the den- 
sity gradient. 

Related models by Young and collabora- 
tors (12-14) suggest that the horizontal dif- 
fusivity in the mixed layer should be param- 
eterized as proportional to the density gradi- 
ent squared-in accord with Stommel's mass 
exchange, albeit with a different functional 
dependence. The physical explanation of this 
parameterization is as follows. Suppose that 
the temperature and salinity of a vertically 
mixed layer were randomly distributed. At 
some locations temperature and salinity gra- 
dients would compensate each other exactly, 
whereas at other locations they would create 
very strong horizontal density gradients; 
much of the mixed layer would lie between 
these extremes. The strong density gradients 
tend to slump as a result of gravity-that is, 
isopycnals tilt from the vertical to the hori- 
zontal (15). Any subsequent vertical mixing 
results in a weakening horizontal density gra- 
dient. This mechanism is essentially a hori- 
zontal shear dispersion, where the shear re- 
sults from slumping density gradients and 
vertical mixing results from the variety of 
processes that mix the mixed layer. Those 
temperature-salinity fronts that are compen- 
sated do not slump and therefore do not 
experience horizontal dispersion. The net re- 
sult is that density fronts are diffused whereas 
compensated fronts persist, and a density ra- 
tio of 1 is achieved. 

The goal of this study was to quantify the 
variability of temperature and salinity in the 
mixed layer on horizontal scales of 10 m to 
100 km and to evaluate the Stomrnel and 
Young models discussed above. Horizontal 
scales below 1 km are poorly explored in the 
ocean, and simultaneous measurement of 
temperature and salinity in the mixed layer 
over this wide range of scales is, to our 
knowledge, unprecedented, although compa- 
rable measurements of temperature only have 
been made (16). We conducted a cruise from 
23 January to 20 February 1997 in the sub- 
tropical gyre of the North Pacific along 
140°W between 25"N and 35ON. We made 
observations with a SeaSoar (1 7) equipped 
with sensors to measure temperature, salinity, 
and pressure (18) in a series of tows. The 
SeaSoar was first towed in a sawtooth pattern 
between the pressure surfaces of 5 and 320 
dbar: A complete cycle of the sawtooth was 
completed in 12 min or less, providing a 

horizontal resolution better than 3 km at a tows (not discussed further here) were made 
tow speed of 4 m s-'. The resulting high- along the 200-dbar surface and the 24.8- and 
resolution section of the upper ocean indicat- 25.5-kg mP3 isopycnals to investigate tem- 
ed a roughly 100-m-deep mixed layer over- perature-salinity variability on other surfaces 
lying the thermocline (Fig. 1). in the upper ocean (19). 

The second tow was made along the 50- . Data from the 50-dbar tow demonstrate 
dbar pressure surface, chosen to roughly bi- that temperature and salinity in the mixed 
sect the mixed layer. Stable temperature and layer are strongly coherent over all length 
salinity measurements were possible at a fre- scales observed (Fig. 2). Temperature and 
quency of 1 Hz, and thus the isobar tow 
allowed horizontal resolution down to 4 m. A 
newly designed control system enabled the 
SeaSoar to follow a constant pressure surface 
to a root-mean-square deviation of 0.3 dbar. 
The combination of fine horizontal resolution 
and accurate vertical control was essential to 
achieving the goal of this study. Additional 

salinity gradients coincide in such a way that 
density gradients are minirnizebthat is, 
fronts in the ocean tend to be warm and salty 
on one side and cold and fresh on the other. 
Remarkably, each temperature feature, no 
matter how small (the smallest scale visible 
in the bottom panel of Fig. 2 is on the order 
of 10 m), is mirrored in salinity. Compensa- 

. . - .  . . .-. 8 .  

1 .  .. . 
Fig. 2. Potential temperature 0 and salinity 5 at 50 dbar. (Top) Potential temperature and salinity 
over the entire tow from 25ON to 35ON. Each succeeding panel is a magnification by a factor of 10 
of the shaded region of the panel above. Note change in scale on the horizontal axis of each panel 
Vertical axes are scaled by the thermal and haline expansion coefficients so that equal excursions 
of temperature and salinity imply identical effects on density. Temperature and salinity structure 
is compensated at all scales. 
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R E P O R T S  

tion thus exists at all scales in these data, temperature and salinity. The median is a 
consistent with the Young model of density- robust estimator in the sense that it is less 
driven shear dispersion. It is notable that sensitive to outliers than is the principal axis. 
strong density gradients are rarely observed The median density ratio is less than the slope 

ers. Most studies of the tem~erature-salin- 
ity relationship have focused on the asym- 
metry in the molecular diffusion of heat 
and salt (24). It has been argued that double 

even at the smallest scales. Apparently the 
process of slumping and mixing occurs so 
rapidly that we observe only the end result. 

A suitable analysis technique for deter- 
mining whether the compeilsation sho\vn 
graphically in Fig. 2 is typical of all scales is 
the wavelet transform (20), which has the 
benefit of being both scale and location se- 

of the principal axis at all wavelengths (Fig. 
4) because small gradients of temperature and 
salinity are less well correlated than are the 
largest gradients. Median R is near 1 at large 
scales and decreases abruptly at wavelengths 
shorter than 100 m. The decrease in median R 
occurs at scales shorter than the horizontal 
scale of the dominant turbulent eddies in the 

diffusion is responsible for the vertical den- 
sity ratio of 2 (where the spatial interval is 
vertical) observed in the ocean interior 
(25). However, double diffusion is unlikely 
to be important in the mixed layer where 
mechanical mixing is very strong. An open 
question is the role of double diffusion in 
modifying mixed-layer water as it is sub- 
ducted into the thermocline. 

A question that remains is whether our 
lective. The wavelet coefficients of tempera- mixed layer (order 100 m). These turbulent 
ture and salinity were calculated for wave- eddies may be Langmuir cells (21, 22) driven 
lengths between 20 m and 10 lun and are by wind and surface waves. or connection 
displayed as scatterplots (Fig. 3). A point in a cells driven by the surface buoyancy flux 

measurements in the North Pacific subtropi- 
cal gyre are representative of other oceans. It 

scatterplot indicates the variability of temper- (23). Young's shear dispersion model is valid 
ature and salinity at a particular wavelength only at length scales larger than the turbulent 
and location. The data have a slope close to 1 eddy scale; at smaller scales the relationship 

is reasonable to assume that our obsemations 
on scales smaller than the Rossby radius of 
deformation (about 10 km) are universally 
valid. However. it is likely that the small 
density changes we observe on scales greater 

at all scales, indicating a tendency for coin- between temperature and salinity should be- 
pensation of temperature and salinlty. Scat- gin to break down. 
terplots such as these visually emphasize the Our results show that that the strongest 
outliers-that is, the largest fronts-whereas temperature and salinlty fronts tend to be 
typical temperahlre and salinity gradients compensated at all observed scales ranging 

than 10 km are special to this region of the 
North Pacific. The observational fact remains 
that the large-scale density ratio is close to 2 
(26). Iselin's observation that vertical pro- 
files of temperature and salinity in the sub- 

cluster near the ollgln These plots thus show from 20 m to 10 km This result suggests 
that the largest fionts at all scales have a that the mixed layer mixes horizontally In 
density ratio near 1. such a way that density gradients are dissi- 

A consideration of two different measures pated while compensated temperature and 
of the density ratio helps to understand how R salinity gradients persist. A horizontal dif- 

tropical interior are coincident with meridi- 
onal profiles in the winter mixed layer re- 
quires a large-scale density gradient. Our ob- 

varies with scale and frontal strength. One fusivity dependent on density gradient 
measure of the density ratio for a given wave- would produce this behavior, although we 

seivations suggest a hypothesis that the 
temperahre-salinity relationship of the win- 

length is the slope of the principal axis of the have not determined the specific functional 
cloud of points in the scatterplot. The princi- dependence. 
pal axis is found by minimizing a quadratic Our observations emphasize that, in the 

ter mixed layer is staircase-like, with regions 
of R = 1 separated by confined regions of 
strong density gradients (27). The large-scale 

measure (the covariance between temperature mixed layer, mixing activated by density 
and salinity) and is thus sensitive to the larg- gradients is more effective than mixing that 

density ratio ~ r o u l d  thus be other than unity, 
but most thermohaline structure would be 

est fronts. The slope of the principal axis for homogenizes all tracers indiscriminately. 
scales between 20 m and 10 km is a bit larger This density gradient-driven mixing is 

compensated. The question of what sustains 
the large-scale density ratio in the \vorld's 

than unity at 1.1 to 1.4 (Fig. 4). A second symmetric with respect to temperature and 
measure of the typical density ratio is the salinity, and it is responsible for the tight 
median ratio of the wavelet coefficients of correlation between fronts in the two trac- 

oceans remains open. External surface forc- 
ing is important, as the meridional gradient in 
surface heat flux dominates that in freshwater 
flux, and a large-scale R greater than 1 is 

Fig. 3. Scatterplots of 

temperature el8 and sa- 
density variability due to 0,02 

linity PAS at wavelengths 
of 10 km (A), 1 km (B), 
100 m (C), and 20 m (D). 
Plotted are the wavelet 
coefficients of tempera- 
ture and salinity each 
multiplied by the respec- R-0,02 
tive expansion coeffi- E 
cients. Dashed lines indi- $ 
cate a slope of 1. Scatter- - r 
plots are close to a slope 3 o,02~. c 
of 1, indicating a tenden- 

, i , I  71 I cy for the density ratio to 
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Fig. 4. Density ratio as a function of wave- 
length computed as a median (solid line) and as 
the slope of the principal axis (dashed line). 
Principal axis estimate of the density ratio, 
strongly influenced by the largest fronts, re- 
mains between 1.1 and 1.4. Median of the 
density ratio is near 1 at wavelengths down to 
100 m. Below 100 m, the median decreases to 
0.6 at the smallest resolved scales. Standard 
errors (calculated by a bootstrap technique) are 
50.004 for the median and 50.01 for the slope 
of the principal axis. 

ge I at these scales. 
Wavelet coefficients are 
calculated at 4-m incre- 
ments and are serially 
correlated for the lone 

1 I wavelengths, as in (A) an; - o , 0 2 ~  , , 
(B), where the points are I ,  

so closely spaced they ap- 
pear to be lines. 
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expected (28). However, the ratio of heat to 
freshwater buoyancy fluxes is variable in 
large-scale maps (28) and in time series at a 
point (29), so internal ocean dynamics may 
be required to establish a uniform large-scale 
density ratio Observational confirmation of 
our hypothesis of the existence of a staircase- 
like temperature-salinity relationship would 
require tows long enough to cross a number 
of strong density fronts and in different ocean 
basins. 
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Transient Phase-Induced 
Nucleation 

E. B. Sirota* and A. B. Herhold 

A transient metastable rotator phase occurring on crystallization of hexadecane 
into its triclinic phase from the supercooled melt was directly observed wi th  
time-resolved synchrotron x-ray scattering. In this system, the l imit  of super- 
cooling (the crystallization temperature) is determined by the thermodynamic 
stability of the transient phase wi th  respect t o  the liquid. The crystallization 
kinetics of the homologous series of n-alkanes was measured and explained in  
terms of a crossover from stability t o  "long-lived" metastability t o  transient 
metastability. This crossover allowed further confirmation of the nature of the 
transient phase. 

Materials often crystallize into metastable 
forms when cooling from the melt. Once 
formed, a metastable phase may remain sta- 
ble indefinitely even for very large under- 
coolings. However, nucleation could occur to 
create a transient phase that converts to the 
stable form during some stage of growth. In 
such a case, there may be no temperature at 
which the metastable phase will remain in- 
definitely. Transient phases are intrinsically 
difficult to observe and their study has been 
limited (1-3). Such transient states are not 
only intermediate forms on the path to the 
final state (4) but they can be key to under- 
standing the crystallization behavior. In par- 
ticular, the nucleation temperature of the tran- 
sient state can determine the observed crys- 
tallization or precipitation temperature of the 
stable phase, that is, the limit of supercooling. 
In addition, the properties of the metastable 
phase can determine the growth morphology 
of the crystal; for example, enhanced chain 
mobility in the metastable hexagonal phase 
(which is stable at high pressure) may cause 
lamellar thickening in polyethylene (3). 

The n-alkanes (C,,H,,,+,, abbreviated C,) 
are not only interesting in their own right be- 
cause of their varied behavior but are the prin- 
cipal component of petroleum waxes and the 
building block of many derivative molecules 
whose properties are strongly influenced by 
their alkyl component (5, 6). The n-alkanes 
exhibit an even-odd effect in their melting 
points and crystal structures (5, 7, 8), but the 
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ktnetics and observed hysterisis have remained 
unexplained. Here we show that the stability of 
the transient phase can be optimized for an 
appropriate choice of alkane chain length. We 
provide an example of transient phase-induced 
nucleation and explain the kinetic behavior of 
n-alkane crystallization in terms of a crossover 
from "long-lived" to transient metastability. 

In general, alkanes exhibit rotator phases 
below the melting temperature (6, 9, 10). For 
n-even alkanes, in the equilibrium phase dia- 
gram the rotator (R) phases are replaced at 
lower n by a triclinic (T) nonrotator crystal 
phase. Bulk melts of the n-odd alkanes (15 5 

n 5 29) exhibit a liquid-rotator (L+R) transi- 
tion with negligible supercooling (7, 8, 10). The 
lack of supercooling in the melts has been 
suggested (8, 11) to be related to the presence of 
a surface monolayer R phase that occurs in 
equilibrium at the liquid-vapor interface a few 
Celsius degrees above the crystallization tem- 
perature (12), and this surface R phase would 
serve as an ideal nucleation site for the bulk R 
phase (13). The equilibrium melting points ex- 
hibit a significant even-odd effect that can be 
associated with whether melting occurs from 
the T crystal (n-even) or from the R phase 
(n-odd) (7, 8). However, the even-odd effect 
disappears when observed freezing tempera- 
tures are considered (Fig. 1) because the n-even 
alkanes with high melting points supercool, 
whereas the n-odd alkanes, which crystallize 
into the R phase, do not. Is it a coincidence that 
the amount of supercooling for n-even alkanes 
is equal and opposite to the even-odd difference 
in the melting temperatures? It had been hy- 
pothesized that it is not (8). We now demon- 
strate this correspondence experimentally and 
show that short n-even alkanes crystallize 
through a transient R phase. 

www.sciencemag.org SCIENCE VOL 283 22 JANUARY 1999 




