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measurements. To that end, it is important 
to define the relative roles of air-sea fluxes 
and ocean dynamics in observed salinity 
changes, and to determine the nature of 
salinity variations that are not resolved by 
these coarse global measurements.

Regions of long-term sea surface salin-
ity (SSS) extremes are of special interest 
for studying the links between salinity 
and the global water cycle because recent 
observations show that salty regions 
are becoming saltier and fresh regions 
fresher (e.g., Durack and Wijffels, 2010). 
The SPURS-1 field campaign took place 
over a one-year period during 2012–2013 
in the North Atlantic Ocean subtropi-
cal gyre, near the location where SSS is 
highest on average (Figure  1a). The rel-
atively salty waters found at the surface 
here are subducted and carried down-
ward and southward in a “river of salt” by 
large-scale currents (Schmitt and Blair, 
2015, in this issue) and eventually west-
ward into the Gulf Stream and north-
ward into the subpolar oceans (e.g.,  Qu 
et  al., 2013). The overarching goal of 
the SPURS field campaign and associ-
ated modeling activities is to improve 

understanding of the physical processes 
influencing the formation and evolution 
of the salinity maximum.

One particularly useful way to gain 
insight into the various physical pro-
cesses that influence ocean salinity is to 
make a “salt budget.” The basic idea of 
a salt budget is to consider a given vol-
ume, or an imaginary “box,” within the 
ocean. Salinity inside the box can only 
change if salt is transported through one 
of the box’s six faces. (This transport of 
salt across an area is called a salt flux.) 
Of course, the ocean is a dynamic fluid, 
with many physical processes causing 
many kinds of motions (e.g., waves, cur-
rents, and eddies on scales of centime-
ters to thousands of kilometers), and salt 
is transported vertically and horizontally 
across all six faces of the box. 

In this article, we use SPURS-1 mea-
surements to examine one view of upper-
ocean salinity and heat budgets, with a 
fairly limited focus on the “surface layer” 
and the first several months of SPURS-1, 
when the surface layer of the salinity 
maximum region of the North Atlantic 
was deepening, freshening, and cooling 
during fall and winter (October 2012 to 
February 2013).

CONSERVATION OF SALT 
AND HEAT: SALINITY AND 
TEMPERATURE BALANCES
A salt budget, as the name suggests, is a 
process of accounting for all of the salt 
entering or leaving a control volume (or 
box) in the ocean. This exercise does 
not directly tell us what particular phys-
ical phenomena are causing changes in 
salinity within the box, but it does help 
narrow our focus to particular physical 
processes that are influencing salinity. 
Salinity variations occur on a vast range 
of temporal and spatial scales, from min-
utes to decades (e.g., Riser et al., 2015, in 
this issue) and from centimeter to global 
scales. Varying the size and shape of our 
box and the temporal averaging that we 

INTRODUCTION
The initial (2012–2013) Salinity Processes 
in the Upper-ocean Regional Study 
(SPURS) field campaign in the North 
Atlantic (SPURS-1) and the upcoming 
SPURS-2 (anticipated for 2016–2017) 
field campaign in the Pacific are intended 
to improve understanding of the physical 
processes influencing upper-ocean salin-
ity. Interest in understanding these pro-
cesses is partly motivated by the finding 
that upper-ocean salinity is a sensitive 
indicator of changes in the global water 
cycle (e.g.,  Durack and Wijffels, 2010; 
Durack et al., 2012; Durack, 2015, in this 
issue), which is inextricably tied to evap-
oration and precipitation over the ocean 
(Schmitt, 2008). There has been a phe-
nomenal improvement in our ability 
to measure salinity in the global ocean 
during the last 10 years, as the Argo float 
array and satellite salinity measurements 
from the Aquarius and the European Soil 
Moisture and Ocean Salinity (SMOS) sat-
ellites have become available. We need 
to better understand the physical pro-
cesses influencing upper-ocean salin-
ity in order to fully exploit these global 

ABSTRACT. One part of the Salinity Processes in the Upper-ocean Regional Study 
(SPURS) field campaign focused on understanding the physical processes affecting the 
evolution of upper-ocean salinity in the region of climatological maximum sea surface 
salinity in the subtropical North Atlantic (SPURS-1). An upper-ocean salinity budget 
provides a useful framework for increasing this understanding. The SPURS-1 program 
included a central heavily instrumented mooring for making accurate measurements 
of air-sea surface fluxes, as well as other moorings, Argo floats, and gliders that together 
formed a dense observational array. Data from this array are used to estimate terms in 
the upper-ocean salinity and heat budgets during the SPURS-1 campaign, with a focus 
on the first several months (October 2012 to February 2013) when the surface mixed 
layer was becoming deeper, fresher, and cooler. Specifically, we examine the salinity 
and temperature balances for an upper-ocean mixed layer, defined as the layer where 
the density is within 0.4 kg m–3 of its surface value. The gross features of the evolution 
of upper-ocean salinity and temperature during this fall/winter season are explained by 
a combination of evaporation and precipitation at the sea surface, horizontal transport 
of heat and salt by mixed-layer currents, and vertical entrainment of fresher, cooler 
fluid into the layer as it deepened. While all of these processes were important in the 
observed seasonal (fall) freshening at this location in the salinity-maximum region, the 
variability of salinity on monthly-to-intraseasonal time scales resulted primarily from 
horizontal advection. 
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use to estimate the terms in the salt bud-
get will emphasize different processes 
affecting salinity on different temporal 
and spatial scales.

The conservation of salt can be 
expressed mathematically as

	
∂S
∂t

+ • uS +    • F = 0 
	

(1)
 

where S is the salinity, ∂S
∂t

+ • uS +    • F = 0  is the 

three-​dimensional velocity vector, F is the 
diffusive or turbulent salinity flux, and 

∂S
∂t

+ • uS +    • F = 0  is the salinity flux due to ocean cur-
rents (e.g., Gill, 1982). This equation can 
be thought of as describing the change 
of salinity within the box—it states that 
the rate of change of salinity at a location  
 
( ∂S

∂t
+ • uS +    • F = 0 ) is due to differences in salt transport

 

by ocean currents (∂S
∂t

+ • uS +    • F = 0 ) on the box’s six 
faces (represented by the “∂S

∂t
+ • uS +    • F = 0 ” diver-

gence operator) or by differences in F 
on the six faces. It is convenient to inte-
grate Equation 1 vertically over the ocean 
surface mixed layer, which has relatively 
small vertical gradients of salt (and other 
properties) due to the mixing action 
of winds and nighttime convection. 

FIGURE 1. (a) Mean salinity over 2012–2013 from the Aquarius satellite (colored contours). The nominal location of the Salinity Processes in the Upper-
ocean Regional Study (SPURS) field campaign in the subtropical Atlantic (SPURS-1) is indicated by a large black box. This broader SPURS study region is 
sometimes referred to as the “large SPURS box.” (b) A close-up view inside the large SPURS box, showing the surface salinity field during the first month 
of SPURS-1 from Aquarius and the distribution of some SPURS measurements within the study region. (c) A close-up view of the inner array of SPURS 
measurements showing the SPURS-1 measurement locations and the surface salinity field during October 2012. SPURS measurements allow a view of 
the salinity field on scales smaller than the ~100 km footprint of the Aquarius radiometer. 
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Performing this vertical integration from 
the sea surface to the base of the mixed 
layer, h, and noting that seawater is nearly 
incompressible (∂S

∂t
+ • uS +    • F = 0  = 0) leads to the fol-

lowing equation for the evolution of the 
layer-average salinity:

	

∂S
∂t h

= –u •   S + ∂h( )∂t
S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

	

(2a)

(Rate of change = advection + 
entrainment + turbulent flux + 

surface flux + residual)

	
∂S
∂z

Rs = –u •   S – w ˆ ˆ ˆ
	 	

(2b)

where ∂S
∂t h

= –u •   S + ∂h( )∂t
S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

 is defined as the layer-average 
salinity, ∂S

∂t h
= –u •   S + ∂h( )∂t

S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

 is the layer-average horizontal 
velocity, quantities with hats (e.g., ∂S

∂t h
= –u •   S + ∂h( )∂t

S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

) indi-
cate the vertically varying deviation from 
the average, the subscript −h denotes the 
value at the base of the mixed layer, F–h 
is the vertical turbulent salinity flux at 
depth h, E is the rate of evaporation from 
the sea surface, and P is the precipitation 
rate. The quantity Rs is a “residual” term 
containing terms that we will not eval-
uate explicitly here. Note that the lower 
boundary of the box (the base of the sur-
face mixed layer) can change with time. 
The rate of change of mixed-layer salin-
ity is a result of contributions from hor-
izontal advection (i.e.,  currents carry-
ing relatively salty water into the box), 
entrainment of fluid into the layer, tur-
bulent exchange of fluid across the layer 
base, and surface fluxes (evaporation or 
precipitation). There are subtleties in the 
choice of definition of mixed-layer depth 
(h), but we define it here as the depth 
where the potential density increases 
by some prescribed value relative to 
its surface value.

Evaporation and precipitation at the 
sea surface do not actually change the 
amount of salt in the ocean, but they do 
dilute or concentrate the seawater and 
thus affect salinity. (Condensation on 
the sea surface can have the same effect 
as precipitation, but it is a much smaller 
contribution and is neglected here.) 

Evaporation and precipitation represent 
freshwater fluxes and mass fluxes at the 
ocean surface. If we neglect the relatively 
small effects of evaporation and precipita-
tion on the amount of water in our “box,” 
we can write evaporation and precipita-
tion as a “virtual salt flux,” (E–P)So (Gill, 
1982; Beron-Vera et al., 1999), where So is 
the salinity at the surface. 

The particular combination of terms 
on the right-hand side of Equation  2 is 
not unique, partly because the incom-
pressibility of seawater links the hori-
zontal and vertical velocity, and there 
are other ways of formulating the mixed-
layer salinity balance equation (e.g., Foltz 
et  al., 2004). While all of the terms in 
Equation 2, or alternative formulations of 
the integrated conservation equation, are 
mathematically well defined, the connec-
tion of the horizontal and vertical veloc-
ities and the different ways of grouping 
terms in the vertically averaged conser-
vation equations leads to some ambiguity 
in interpreting particular terms as “verti-
cal advection,” “horizontal advection,” or 
“entrainment” (also discussed by Cronin 
et al., 2013). This ambiguity is acceptable, 
keeping in mind that the ultimate goal of 
this budgeting exercise is to help us home 
in specifically on the physical processes 
that influence upper-ocean salinity.

There are equations for temperature 
that are analogous to the salt conserva-
tion equation and the mixed-layer salin-
ity balance equation. We also examine 
the temperature balance for comparison 
with the salinity balance. The mixed-layer 
temperature balance is

	

∂T
∂t h

= –u •   T + ∂h( )∂t
T–h
ˆ

+ + RT–
ρcph
Qo

ρcph
Q–h

	

(3)

where the terms are analogous to those 
in Equation  2: T is temperature, Qo is 
the surface heat flux, Q–h is the turbulent 
heat flux at the base of the mixed layer 
(depth  h), cp is the specific heat capac-
ity, ρ is density, and RT is the same as 
Equation 2b but with T replacing S.

THE SPURS OBSERVATIONAL 
ARRAY
The goal of quantifying the upper-ocean 
salinity budget motivated development 
of a “nested” observing strategy that 
would measure important physical pro-
cesses at a range of temporal and spatial 
scales. Estimating the terms of the budget 
required characterizing salinity changes 
within an upper-ocean control volume, 
along with salt (freshwater) fluxes across 
the top (sea surface), bottom, and side 
boundaries. At the basin scale of the 
North Atlantic Ocean, we have an inter-
esting and exciting new view of the ocean 
salinity field from the developing global 
ocean observing system, which includes 
the Aquarius/SAC-D and SMOS satel-
lite missions, the global array of Argo 
floats, volunteer observing ships, and the 
multinational PIRATA (Prediction and 
Research Moored Array in the Tropical 
Atlantic) mooring array (Bourlès et  al., 
2008). The particular central location of 
the SPURS-1 campaign (around 25°N, 
38°W) was chosen to tie in with and 
extend these larger, more sustained efforts 
(e.g.,  Figure  1a). At a somewhat smaller, 
regional scale of about 1,500 km, the 
SPURS-1 program enhanced the exist-
ing sustained observing system by work-
ing with the PIRATA program to aug-
ment measurements taken by the existing 
20°N buoy, requesting increased sampling 
of the region by the National Oceanic and 
Atmospheric Administration (NOAA) 
Volunteer Observing Ship program, and 
deploying extra Argo floats and surface 
drifters in the region (e.g., Figure 1b). 

On an even smaller scale, compara-
ble to the Aquarius microwave antenna’s 
~100 km footprint on the sea surface (the 
Aquarius "pixel scale"), the SPURS-1 mea-
surement design included a dense array 
of moorings and gliders (Figure  1c and 
Figure  2). A heavily instrumented cen-
tral mooring measured surface meteo-
rology and vertical and temporal vari-
ations in water temperature, salinity, 
and velocity. Two nearby surface moor-
ings provided time series of vertical pro-
files of temperature and salinity. With the 
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central mooring, these moorings formed 
a triangle that was about 20 km on a side. 
Three autonomous Wave Gliders sam-
pled a 100 km square box centered on the 
central mooring, measuring temperature 
and salinity at depths of 30 cm and 6.5 m. 
Three autonomous profiling Seagliders 
followed survey patterns of several tens of 
kilometers centered around the moorings, 
each collecting four to five profiles per day 
of temperature, salinity, and other vari-
ables from the surface to a depth of 1,000 
m. Several other platforms contributed 
measurements, including special salinity 
surface drifters, mixed-layer Lagrangian 
floats, turbulence profilers, autonomous 
underwater vehicles (AUVs), and ships; 
these measurements are not discussed 
further here, but they provide other valu-
able data for understanding upper-ocean 
salinity in SPURS.

The surface buoy of the SPURS-1 cen-
tral mooring was equipped with a full 
complement of meteorological instru-
ments at a height of about 3 m above 
the sea surface to measure air tempera-
ture, humidity, winds, barometric pres-
sure, precipitation, and downward solar 

and infrared radiation. These measure-
ments were used together with measure-
ments of SSS and sea surface tempera-
ture (SST) to estimate the air-sea fluxes of 
heat, momentum, and freshwater using a 
bulk-flux algorithm (Fairall et  al., 2003). 
The IMET (Improved METeorological) 
instruments used on the buoy and the 
Fairall et  al. (2003) bulk-flux algorithm 
are believed to be accurate in the annual-​
average to within 8 W m–2 for net heat 
fluxes, to within 6 cm yr–1 for evaporation 
rate, and to within about 10% for precipi-
tation (Colbo and Weller, 2009).

The central mooring also measured 
the ocean currents over the depth range 
of 3–300 m using four acoustic Doppler 
current profilers (ADCPs) and two single-​
point current meters. These velocity mea-
surements can be used together with the 
horizontal gradients of salinity estimated 
from the other SPURS measurements to 
estimate the contribution of horizontal 
advection to the evolution of salinity at 
the central mooring. 

To estimate the horizontal gradients of 
salinity and temperature, all of the salinity 
and temperature measurements from the 

moorings, gliders, floats, and ship surveys 
were mapped onto a regular spatial grid by 
an objective mapping technique, assum-
ing a Gaussian spatial autocorrelation 
function in the horizontal with decorrela-
tion scales of 75 km. The 75 km decorrela-
tion scale was chosen to provide a level of 
smoothing that yielded acceptably small 
mapping errors. To produce an estimate 
of the fields at a given time, all the data 
within a 14-day window were considered, 
and the influence of differing acquisition 
times for each data point was taken into 
account by increasing the assumed “error” 
associated with each data point (i.e., how 
closely the map is constrained to match 
the observation), depending on when it 
was measured relative to the map time. 
Maps were produced for each day of the 
yearlong field campaign, and maps sepa-
rated by roughly 10 days can be consid-
ered independent. The space-time scales 
represented in an objective mapping are 
not simple to determine (being a function 
of assumed prior statistics of signal and 
noise, the actual statistics of the signal and 
noise, and the sampling in time and space), 
but we expect that the mapping effectively 
represents spatial variations on 50 km 
horizontal scales and temporal variations 
at 20-day periods. Horizontal tempera-
ture and salinity gradients were estimated 
from the mapped fields by fitting a plane 
to the mapped field over a 50 km × 50 km 
region centered on the central mooring. 
Figure 1c shows an example of the result-
ing mapped field, along with an indication 
of the input data going into the mapping 
during the month-long period shown.

THE SALINITY FIELD AND 
CONDITIONS DURING SPURS-1
The SPURS-1 study region was centered 
where, on average, surface salinity is high-
est in the North Atlantic (e.g., Figure 1a). 
In September and October 2012, when 
R/V Knorr was in the SPURS-1 study 
region to deploy the autonomous plat-
forms that would collect measurements 
over the coming year, Aquarius satellite 
fields indicated that the highest salin-
ities were slightly to the north of the 

Evaporation and
precipitation

Vertical advection
and mixing

Horizontal
advection

FIGURE 2. Depiction of the upper-ocean salt budget concept and the SPURS-1 measurement array. 
Evaporation and precipitation at the sea surface concentrate or dilute the saltwater and provide a 
“virtual salt flux” into the ocean. These surface fluxes, together with the net horizontal and vertical 
fluxes of salt by ocean currents and mixing processes, must be balanced by changes in ocean salin-
ity. Image credit: Jack Cook, Woods Hole Oceanographic Institution
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core of the SPURS array (Figure  1b). 
This northward surface salinity gradi-
ent is also clearly seen in the SPURS-1 
data, with a mean increase in salinity of 
about 0.2 psu over the roughly 100 km 
from the southern to the northern part 
of the SPURS observational array during 
the month of October 2012 (Figure  1c). 
SPURS measurements also show vari-
ations on shorter temporal and spatial 
scales that have been averaged out in the 
analysis presented here. Some of these 
smaller-scale salinity variations are dis-
cussed by Shcherbina et al. (2015, in this 
issue), Riser et  al. (2015, in this issue), 
and Hodges and Fratantoni (2014).

Temperature and salinity measured at 
the central mooring site over the one-year 
field program show a clear annual cycle, 
with a shallow, warm, and salty surface 
layer forming during the summertime 
(Figure  3). During fall and winter, this 
surface layer becomes fresher, cooler, and 
deeper, with most of this change occur-
ring between November and February. 

Qualitatively, the seasonal changes in 
upper-ocean salinity and temperature are 
consistent with the expected response to 
the seasonal cycle in the surface fluxes of 
freshwater, heat, and momentum. During 
the late spring and summer (April to 
September), there is relatively strong sur-
face heating, along with steady evapo-
ration and little rainfall (Figure  4). This 
would be expected to contribute to the 
formation of the shallow, warm, and 
salty mixed layers observed in the August 
to October periods of 2012 and 2013. 
Autumn and early winter (October to 
January) bring increased precipitation, 
stronger winds, and net surface heat loss 
to the atmosphere, conditions that would 
be expected to contribute to the deepen-
ing, freshening, and cooling of the mixed 
layer observed during that time. 

SALINITY AND TEMPERATURE 
BALANCES IN SPURS DURING FALL 
AND WINTER
Coincident changes seen in upper-ocean 
temperature and salinity structures and in 
the surface fluxes of heat and freshwater 

are suggestive of a direct link, but the 
SPURS-1 measurements allow us to dis-
tinguish between changes that occur in 
response to local surface fluxes and those 
driven by other processes, such as hori-
zontal fluxes of different water masses. 
Here, we examine some of the terms in 
the salinity and temperature balances of 
the mixed layer, with a focus on the fall 

and winter months (October to February) 
when the mixed layer was cooling, fresh-
ening, and deepening.

Using the temperature and salin-
ity measured at the central mooring, we 
first identified the depth of the mixed 
layer, defined here as the depth where 
the potential density becomes 0.4 kg m–3 
greater than the surface value (Figure 3). 
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We averaged the salinity and temperature 
vertically over the layer and computed the 
rate of change using hourly averaged data. 
We estimated the horizontal advection 
terms (i.e., ∂S

∂t h
= –u •   S + ∂h( )∂t

S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

) using the layer-​averaged 
velocities from the central mooring and 
the mapped salinity and temperature 
products described earlier. The mooring 
data allow a direct estimate of the surface 
flux terms ((E–P)S/h and Qo/h) using the 
surface heat and freshwater fluxes esti-
mated from the buoy data (e.g., Figure 4). 
We used the data from the central moor-
ing to make an explicit estimate of what we 
are calling the vertical entrainment term, 
Ŝ–h(∂h/∂t)/h, but we note that this is only 
a part of the group of terms that is more 
commonly referred to as the entrainment 
term (e.g., compare to Foltz et al., 2004).

For the turbulent salinity and heat 
fluxes at the base of the layer (i.e., F–h and 
Q–h), we follow the normal convention 
and model the turbulent flux as a “tur-
bulent diffusion” that acts like molecu-
lar diffusion (but much more efficiently) 
to transport heat and salt vertically from 
high concentrations toward lower ones. 
Specifically, we take the turbulent salin-
ity and heat fluxes at the depth h to be 
F–h = κ(∂S/∂z) and Q–h = ρcpκ(∂T/∂z), 
where κ is the turbulent diffusivity. 
Centimeter-scale turbulence measure-
ments from temperature microstruc-
ture probes on the Seagliders deployed 
during SPURS-1 suggest that the value 
of the turbulent diffusivity, κ, was 
between 10–7 and 10–5 m2 s–1 at depth  h 
during the time period considered here. 
Estimates from temperature and veloc-
ity microstructure collected during the 
September to October 2012 cruise using 
a more conventional microstructure pro-
filer (the type used by St. Laurent, 2008) 
yielded cruise-averaged values of about 
1–5 × 10–6 m2 s–1 at depths between 50 m 
and 800 m (Lou St. Laurent, Woods Hole 
Oceanographic Institution, pers. comm., 
2014). These preliminary estimates are 
lower than the more direct estimates by 
Ledwell et  al. (1993) of turbulent diffu-
sivity from a tracer release experiment at 
a nearby location (near 26°N, 29°W) at 

about 300 m depth, which showed a time 
mean diffusivity of about 1.5 × 10–5 m2 s–1. 
For any of these values of κ, the turbulent 
flux terms will make only small contribu-
tions to the balance. The various SPURS-1 
microstructure measurements will be 
analyzed and presented in detail else-
where, and we only seek to bound the size 
of the turbulent flux terms here; we do so 
by using a large value for turbulent diffu-
sivity at the depth h, κ = 5 × 10–5 m2 s–1, 
and considering the range of likely values 
(error bounds) to be 10–7 to 10–4 m2 s–1.

With the exception of the gradient 
terms from the mapped fields, all of the 
terms were estimated using hourly average 
data from the central mooring. The terms 
were then smoothed with a three-week 
running average to focus on the seasonal 
and intraseasonal evolution of salinity 
and temperature. The mapped fields can 
be considered statistically independent 
roughly every 10 days (see earlier discus-
sion) and thus effectively resolve 20-day 
periods (commensurate with the 21-day 
smoothed fields from the mooring).

We made error estimates for all terms. 
For all of the terms except the subsurface 
turbulent flux (diffusion) terms, we esti-
mated the errors using standard prop-
agation of errors (e.g.,  Young, 1996, 
pp. 96–101) and reasonable assumptions 
about instrumental errors. A similar 
error estimate is presented in more detail 
in Farrar (2007, appendix to Chapter 3). 
We used the root-mean-square differ-
ence between the mapped temperatures 
and salinities and the measured ones as 
an estimate of the mapping error and 
used that value to estimate the error in 
the gradients determined from planar 
fits. We used estimates from Colbo and 
Weller (2009) for the errors in the sur-
face fluxes. To bound the subsurface tur-
bulent flux terms, we used a range of dif-
fusivities (10–7 to 10–4 m2 s–1) based on 
preliminary analyses of SPURS-1 turbu-
lence measurements.

The sign of the rate of change of mixed-
layer salinity (∂S/∂t) indicates whether 
salinity is increasing or decreasing with 
time. During the October to January 

time period, it was negative on aver-
age (Figure  5), indicating a net decrease 
in salinity over the time period. Positive 
or negative values of the other terms 
indicate whether these terms tended to 
increase or decrease salinity. The surface 
flux term was typically positive because of 
the excess of evaporation over precipita-
tion. The entrainment and turbulent flux 
terms were almost exclusively negative, 
indicating that these terms and the associ-
ated turbulent exchange with the fresher, 
deeper waters acted to decrease mixed-
layer salinity. The turbulent flux (diffu-
sion) term made relatively small con-
tributions to the balance, even with our 
conservative assumption of a value of dif-
fusivity that is larger than measurements 
suggest. The horizontal advection term 
was not systematically positive or nega-
tive, but instead had relatively large swings 
over time scales of one to two months. 

The sum of the surface flux, turbulent 
flux, entrainment, and advection terms 
(black line in Figure 5) corresponds rea-
sonably closely with ∂S/∂t, and the sum 
of these terms can essentially explain the 
salinity changes observed over the time 
period to within the observational error. 
The overall balance is fairly complicated, 
with substantial contributions from all of 
the terms except the turbulent flux term. 
Although the correspondence of the sea-
sonal cycle of the surface fluxes and the 
seasonal evolution of layer depth and 
salinity suggested a simple response to 
surface forcing, no one term can be said 
to be responsible for the freshening of 
the surface layer during the fall and win-
ter months. However, it is clear that hori-
zontal advection drove much of the salin-
ity variability on time scales of one to two 
months during the time period exam-
ined here (compare red and green lines 
in Figure 5). For example, the correlation 
of the rate of change of mixed-layer salin-
ity with the advection term (R2 = 0.53) is 
higher than with any of the other terms. 
The combination of salinity gradients 
and currents that led to this advection- 
induced salinity variability is examined in 
the next section.
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The mixed-layer temperature bal-
ance (Figure 6) is somewhat simpler, and 
there is a better match between the rate of 
change of mixed-layer temperature and 
the sum of the terms estimated. For exam-
ple, the squared correlation coefficient 
between the rate-of-change term and the 
sum of the other terms is R2 = 0.71 for the 
temperature balance versus R2 = 0.49 for 
the salinity balance. The bulk of mixed-
layer cooling happened during October 
and November 2012, when there were 
almost equal contributions from the 
surface flux, entrainment, and advec-
tion terms, as well as an appreciable con-
tribution from the estimated turbulent 
flux term. Remarkably, the sum of these 
terms almost perfectly accounts for the 
observed ∂T/∂t during this time period. 
The mixed layer cooled at a slower rate 
during December and January, and the 
balance of terms was more variable then, 
too. The mixed-layer cooling ceased in 
January 2013, when horizontal advection 
brought in warm water to offset the cool-
ing from the surface fluxes and entrain-
ment terms. This advection event is ana-
lyzed in more detail in the next section.

DISCUSSION
We examined the balance of terms con-
tributing to the evolution of mixed-layer 
salinity and temperature during fall and 
early winter of the SPURS-1 campaign 
near the location of climatological maxi-
mum sea surface salinity in the subtrop-
ical North Atlantic. We found that hori-
zontal advection was an important term 
in the salinity and temperature balances 
on monthly time scales, but the budgets 
do not provide any direct insight into 
the complex physical processes respon-
sible for this variability in the advec-
tion term and the resulting variability in 
the surface-layer salinity and tempera-
ture. Questions that arise include: Did 
the velocity vector rotate while the gradi-
ents remained steady? Vice versa? Did an 
eddy pass over the mooring at a particu-
lar time? To address these questions and 
provide an example of how evaluating 
the surface-layer salinity and temperature 

balances can serve as a springboard for 
homing in on the physical processes influ-
encing surface salinity and temperature, 
we decomposed the salinity and tempera-
ture advection terms (∂S

∂t h
= –u •   S + ∂h( )∂t

S–h
ˆ

+ + Rs–
h

(E–P)So

h
F–h

 and ∂T
∂t h

= –u •   T + ∂h( )∂t
T–h
ˆ

+ + RT–
ρcph
Qo

ρcph
Q–h

) to 
examine the individual components of the 
total advection term (Figures 7 and 8). The 
zonal and meridional currents (repeated 
in Figures 7b and 8b) and the zonal and 
meridional components of the gradients 
(Figures  7c and 8c) all exhibit variabil-
ity and reversals during the four-month 
period considered here. There is no 

obvious or simple relationship between 
the strength of the currents or the gradi-
ents and the magnitude of the total advec-
tion term. However, examination of the 
synoptic conditions at various times sug-
gests that this month-to-month variabil-
ity in advection results largely from the 
actions of mesoscale eddies. For exam-
ple, in late January 2013, a time when 
the salinity and temperature advection 
terms were both large, examination of 
the dynamic sea surface topography field 
(using sea surface height anomalies from 
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the AVISO product described by Pascual 
et al. [2006] and the mean dynamic topog-
raphy of Maximenko et al. [2009]) shows 
that the SPURS-1 central mooring was 
on the southeast side of a mesoscale eddy 
(Figures 7d and 8d). 

The eddy’s counterclockwise geos-
trophic circulation around the sea level 
low brought warm and salty water from 
the southwest in late January (Figures  7 
and 8). Despite this relatively large influx 
of warm, salty water to the mooring site 
by horizontal advection, the surface-layer 
temperature and salinity remained virtu-
ally unchanged (e.g., Figure 3). The salin-
ity and temperature balances indicate that 
this was partly because of compensating 
contributions from surface heat loss and 
precipitation and from entrainment of 
cooler and fresher water from below the 
surface layer as it deepened.

We look forward to improving upon 
these preliminary salinity and heat bud-
gets and using them to sharpen the 
focus on the ways that ocean dynamics 
and air-sea interaction affect the evolu-
tion of upper-ocean salinity. A rich vari-
ety of salinity measurements with high 
spatial resolution were made within the 
SPURS-1 array, and we expect to be able 
to make more direct estimates of some 
terms in the salt and heat budgets. In par-
ticular, we expect to be able to improve 
upon the advection estimate by making 
explicit estimates of terms that were left 
as residual terms here (Equation 2b), and 
to make more direct use of turbulence 
measurements made from several plat-
forms during SPURS-1.

Evaluation of surface-layer budgets 
has been a common practice for gaining 
insight into the physical processes affect-
ing the evolution of upper-ocean prop-
erties (e.g.,  McPhaden, 1982; Niiler and 
Stevenson, 1982; Foltz et al., 2004; Colbo 
and Weller, 2007; Cronin et  al., 2013; 
Holte et al., 2014). While this is certainly 
a useful tool, it is also widely appreciated 
that the choice of control volume influ-
ences the outcome of the calculations. The 
control volumes represent integrations or 
averages of the conservation equations 
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over space, and the budget equations or 
terms are almost invariably also aver-
aged over time. This temporal and spa-
tial averaging filters the contributions 
to the salinity or temperature variabil-
ity, and it can minimize the influence of 
some terms (e.g., if the lower boundary of 
the control volume, h, is made very large 
in Equation 2, the surface flux and turbu-
lent mixing terms will become increas-
ingly less important). To some extent, 
this filtering is the reason we examine 
control-volume budgets; it allows us to 
bypass terms that were not measured or 
are not of interest in a particular context 
(e.g., Niiler and Stevenson, 1982, provides 
a good example). The high density of 
salinity and temperature measurements 
in SPURS-1 allows us to make a credible 
estimate of the three-dimensional salin-
ity and temperature gradients with less 
averaging than has been required in the 
past, raising the possibility of examining 
the balance of terms at different spatial 
and temporal scales, which is something 
we will pursue during the coming months 
of SPURS analysis. 
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