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[1] In this study the causes of the seasonal cycle of mixed layer salinity in the tropical
North Atlantic Ocean are investigated from a combination of satellite, atmospheric
reanalysis, and in situ data sets. Results indicate that the salinity balance varies regionally,
leading to a seasonal cycle in sea surface salinity (SSS) with significant spatial
inhomogeneity. For example, horizontal salinity advection plays a key role in the salinity
balance of the western tropical North Atlantic (10–25�N, 50–65�W), where seasonal
variations in SSS are relatively large. In contrast, in the north-central basin (15–25�N,
20–50�W), freshening from meridional advection balances an excess of evaporation over
precipitation, resulting in a very weak seasonal cycle of mixed layer salinity. Farther south
(5–15�N, 20–45�W), seasonal variations of precipitation are more significant and drive
a pronounced seasonal cycle of mixed layer salinity. Throughout most of the tropical
North Atlantic the sum of the surface moisture flux and horizontal advection
underestimates the mixed layer salinity tendency during boreal fall and winter. This is the
time of year with highest wind speeds and highest negative buoyancy flux, suggesting that
vertical turbulent entrainment of high-salinity thermocline water may be important.
Daily measurements from a moored buoy in the central tropical North Atlantic are
consistent with this interpretation. The results of this study highlight the complexity of the
seasonal salinity balance in the tropical North Atlantic Ocean and the need for continued
in situ monitoring of upper ocean salinity and currents to complement future space-based
surface salinity measurements.
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1. Introduction

[2] Salinity plays an important role in tropical climate
through its effects on upper ocean stratification. Significant
salinity stratification within a deeper isothermal layer can
generate a ‘‘barrier layer’’ between the base of the isother-
mal layer and the base of the mixed layer [Lukas and
Lindstrom, 1991; Sprintall and Tomczak, 1992]. Barrier
layers affect sea surface temperatures (SST) by reducing
the entrainment of cool thermocline water into the mixed
layer. They also affect currents by trapping momentum
input from the wind in a shallow surface layer, thereby
producing strong surface flows [e.g., Vialard and Delecluse,
1998].
[3] One of the regions where these effects are likely to be

important is the tropical North Atlantic. This region is
characterized by strong river discharge, seasonally varying
precipitation, and southward subduction of high-salinity
water from the subtropical North Atlantic. All of these

factors contribute to the formation of significant (thickness
>10 m), seasonally varying barrier layers that impact local
SST [Sprintall and Tomczak, 1992; Pailler et al., 1999;
Ffield, 2007] (Figure 1). Changes in SST in the tropical
North Atlantic in turn affect rainfall in Northeast Brazil and
sub-Saharan Africa [Lamb, 1978; Hastenrath and Grei-
schar, 1993; Giannini et al., 2003] and tropical cyclone
formation and intensification within the Atlantic basin
[Saunders and Harris, 1997; Shapiro and Goldenberg,
1998; Goldenberg et al., 2001; Latif et al., 2007].
[4] Previous observational efforts to understand the sea-

sonal cycle of sea surface salinity (SSS) in the tropics have
focused mainly on the Pacific and Indian Oceans or on
large-scale, global analyses [e.g., Delcroix and Hénin, 1991;
Delcroix et al., 1996; Cronin and McPhaden, 1998; Johnson
et al., 2002; Rao and Sivakumar, 2003]. A common theme
among all of these studies is the importance of precipitation
and horizontal salt advection in the seasonal salinity balance.
Analyses of the seasonal salinity balance in the tropical
Atlantic are more limited in comparison to those in the other
tropical oceans. Dessier and Donguy [1994] analyzed SSS
measurements from ships of opportunity and research vessels
and found a pronounced seasonal cycle of SSS throughout
most of the tropical North Atlantic. They concluded that SSS
variability in the western tropical North Atlantic is governed
mainly by freshwater outflow from the Amazon and Orinoco
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Rivers and that variability in the central basin is driven
primarily by changes in the surface moisture flux (evapora-
tion minus precipitation; E–P). Foltz et al. [2004] examined
the causes of the seasonal cycle of mixed layer salinity at four
Pilot Research Moored Array in the Tropical Atlantic
(PIRATA) locations along 38�W. They found that the sea-
sonal cycle of mixed layer salinity along this meridian is
balanced to a large extent by seasonal variations of horizontal
salinity advection and precipitation.
[5] Both of the aforementioned studies were limited by

data availability. The basin-scale analysis of Dessier and
Donguy [1994] did not explicitly estimate the contributions
from horizontal or vertical salinity advection. In contrast,
the study of Foltz et al. [2004] presented a more detailed
mixed layer salinity analysis that nevertheless was limited to
four mooring locations at a single longitude. As a result,
there remains considerable uncertainty regarding the causes
of the seasonal cycle of SSS in the tropical North Atlantic.
In this study we combine satellite, in situ, and atmospheric
reanalysis products to diagnose the seasonal cycle of mixed
layer salinity in the tropical North Atlantic, expanding on
the results of Dessier and Donguy [1994] and Foltz et al.
[2004].

2. Data and Methods

2.1. Data Sets

[6] We combine salinity measurements from a variety of
sources in order to generate a seasonal climatology of SSS.

Surface salinity data from various sources have been
merged successfully in several previous studies, primarily
for examining variability in the Pacific Ocean or for
statistical analyses along ship tracks in the Atlantic [e.g.,
Delcroix et al., 1996, 2005; Maes et al., 2006]. A global
objectively analyzed monthly climatology of surface salin-
ity is available from the World Ocean Atlas 2001 (WOA01
[Boyer et al., 2002]). However, this data set does not
include surface measurements from ships of opportunity,
which comprise a significant portion of the historical
database in the tropical North Atlantic (Figure 2). We have
therefore created a monthly climatological SSS data set
from the combination of measurements from ships, World
Ocean Database 2001 (WOD01), Argo, and PIRATA
moorings.
[7] SSS samples have been collected by research vessels

and ships of opportunity in the tropical Atlantic since 1977
[Dessier and Donguy, 1994]. The samples are collected
every 3–6 h, giving a spatial resolution of 0.5–2� along
ship tracks and an accuracy of �0.1 psu [Reverdin et al.,
1994]. Beginning in 1995 thermosalinograph (TSG) meas-
urements began to replace bucket sampling. Measurements
are made every 15 s, and median values over 5 min are
recorded, giving an along-track resolution of �0.02� and an
accuracy of �0.02 psu [e.g., Hénin and Grelet, 1996]. The
bucket and TSG data sets are available for 1989–2006 from
the Global Ocean Surface Underway Data (GOSUD) pilot

Figure 1. (a) Mean December–March evaporation-minus-precipitation (cm month�1, contours) and
surface winds (arrows). (b) December–March surface salinity (contours, psu), near-surface currents (vectors),
and barrier layer thickness (shading). (c and d) Same as Figures 1a and 1b except for June–September.
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project (ftp://ftp.ifremer.fr/ifremer/gosud). The analysis of
Delcroix et al. [2005] suggests that there are �5 (6)
independent SSS samples in each 2� north–south (east–
west) transect, corresponding to a sampling interval of �2 h.
Since our gridding procedure (described later in this section)
estimates SSS in 2.5� � 2.5� grid boxes, we average all
bucket and TSG data to 2-h means.
[8] We also use SSS data from bottle samples and

conductivity-temperature-depth (CTD) profiles that are
available from WOD01 [Conkright et al., 2002] beginning
in the early 1900s and from Argo floats beginning in 2000
[Roemmich, 2000]. Argo data include both real-time and
delayed mode salinity profiles that have passed the
corresponding quality control tests at all depth levels [Wong
et al., 2003]. Argo and WOD01 profiles are vertically and
linearly interpolated to a depth of 5 m, and this value is used
as an estimate of SSS. Since 1998 salinity measurements
have been available from the PIRATA moorings at depths of
1 m, 20 m, 40 m, and 120 m [Servain et al., 1998]. These
data have an accuracy of 0.02 psu [Freitag et al., 1999] and

a decorrelation timescale of �2 d [Delcroix et al., 2005].
We therefore average all PIRATA salinity data to 2-d means
and use measurements from a depth of 1 m as estimates of
SSS.
[9] Our analysis procedure begins with the removal of

duplicate data and data with values <20 psu or >40 psu. We
then collect all SSS measurements in 2.5� � 2.5� bins for
each climatological month and remove values that are not
within three quartiles of the median in each monthly grid
box. The individual SSS data are then interpolated onto a
2.5� � 2.5� grid for each climatological month using
objective analysis (see Appendix A).
[10] We use a variety of other data sets in addition to the

SSS climatology described above. These include the monthly
climatological mixed layer depth (MLD) estimates of de
Boyer Montégut et al. [2007] (hereinafter referred to as
BM07) and Monterey and Levitus [1997] (hereinafter re-
ferred to as ML97). The BM07 data set is based on vertical
temperature and salinity profiles fromWOD01 andArgo, and
the ML97 MLD is based on World Ocean Database 1994
(WOD94) temperature and salinity profiles. The typical
vertical resolution of the WOD94, WOD01, and Argo
profiles near the surface is 5 m. The BM07 data set is
available on a 2� � 2� grid and the ML97 data set on a
1� � 1� grid. The BM07 MLD estimates are based on the
criterion of the density equivalent of a 0.2�C temperature
decrease from a depth of 10 m (generally �0.07 kg m�3 in
the tropical North Atlantic) using individual temperature
and salinity profiles, whereas ML97 use a 0.125 kg m�3

density increase from the surface from objectively ana-
lyzed fields. BM07 found that the criterion of the density
equivalent of a 0.2�C temperature decrease from 10 m is
small enough to capture the seasonal variations of MLD
but large enough to avoid aliasing the effects of the diurnal
cycle. In contrast, the ML97 criterion may be contaminated
by measurements of the shallow diurnal warm layer since it
uses surface reference values. Indeed,ML97 estimates are 0–
15 m shallower than BM07 estimates throughout most of the
tropical North Atlantic.
[11] We also obtained the monthly climatological barrier

layer thickness (BLT) data set of BM07. The BLT is defined
as the difference between the isothermal layer depth, calcu-
lated using the criterion of a 0.2�C decrease from a depth of
10 m, and the mixed layer depth. This data set is used only
to examine the large-scale climatological conditions in the
tropical North Atlantic (Figure 1) and is not used in the salt
budget analysis described later in this section.
[12] Monthly mean estimates of surface evaporation are

obtained from a combined satellite/reanalysis product on a
1� � 1� grid for the time period 1981–2002 [Yu et al., 2004]
and from the International Comprehensive Ocean-Atmo-
sphere Data Set (ICOADS [Worley et al., 2005]) on a 1� �
1� grid for the period 1960–2002. The reanalysis products
in the Yu et al. [2004] analysis consist of the NCEP/DOE
reanalysis-2 (hereinafter NCEP2 reanalysis [Kanamitsu et
al., 2002]) and the ECMWF 40-year reanalysis [Simmons
and Gibson, 2000]. Surface turbulent fluxes were computed
from these products using daily mean wind speed, SST, and
humidity in the bulk flux algorithm developed from the
Coupled Ocean-Atmosphere Response Experiment
(COARE [Fairall et al., 2003]). The ICOADS data set
consists of ship observations of the latent heat flux param-

Figure 2. Total number of surface salinity measurements
from (a) World Ocean Database 2001, (b) Global Ocean
Surface Underway Data project (GOSUD), and (c) the
combination of Argo and PIRATA.

C02013 FOLTZ AND MCPHADEN: TROPICAL NORTH ATLANTIC SALINITY BALANCE

3 of 14

C02013



eter, W(qs � qa), where W is wind speed, qs is saturation
specific humidity, and qa is air specific humidity. We use the
Fairall et al. [2003] algorithm to estimate the total latent
heat flux and evaporation from the flux parameter. Because
the Yu et al. [2004] product incorporates satellite and
reanalysis data, it provides extensive spatial and temporal
coverage. In contrast, ICOADS suffers from significant data
gaps, but has the advantage of using direct measurements
for latent heat flux calculations. For each data set we form a
monthly mean climatology using all available data.
[13] We use three different precipitation data sets in this

study. Monthly mean estimates are obtained from the Global
Precipitation Climatology Project (GPCP [Adler et al.,
2003]) and the Climate Prediction Center’s Merged Analy-
sis of Precipitation (CMAP [Xie and Arkin, 1997]). Both
use measurements from rain gauges and from satellite
infrared and microwave sensors and are available for
1979–2006 on a 2.5� � 2.5� grid. The two products differ
primarily in the methodologies used to combine the in situ
and satellite data sets. The third precipitation data set we use
consists of monthly mean precipitation estimates from the
Microwave Imager and Precipitation Radar onboard the
Tropical Rainfall Measuring Mission satellite (TRMM).
These data are available on a 0.5� � 0.5� grid for 1998–
2006 and are not included in the GPCP and CMAP
analyses. For each product we form a monthly climatology
from all available data to maximize the number of realiza-
tions of the mean seasonal cycle.
[14] We obtained three different estimates of horizontal

mixed layer velocity. One calculates currents at an average
depth of �15 m using velocity estimates from surface
drifters and ship drifts, together with satellite-based sea
level and wind stress [Grodsky and Carton, 2001]. These
data are available as a monthly climatology on a 2�-lat �
3�-lon grid. The second uses near-surface velocity from
satellite-tracked drifting buoys and is available as a monthly
mean climatology on a 1� � 1� grid [Lumpkin and Garzoli,
2005]. Finally, we obtained estimates of horizonal velocity
averaged in the upper 30 m from the Ocean Surface Current
Analysis–Realtime (OSCAR [Bonjean and Lagerloef,
2002]). This method uses satellite sea level, wind stress,
and SST, together with a diagnostic model, to calculate
velocity on a 1� � 1� � 5-d grid for the time period 1993–
2006. The OSCAR product has the advantage of more
complete spatial and temporal coverage than the ship drift
and drifter-based climatologies because it uses satellite
measurements, but has the disadvantage of not being con-
strained by direct velocity observations.
[15] We use a number of data sets to assess the role of

mixed layer turbulence generation and vertical entrainment
in the salinity balance (described in section 4). These
include monthly estimates of NCEP2 reanalysis wind speed
and net surface longwave radiation emission for the time
period 1983–2002, and the Yu et al. [2004] surface latent
and sensible heat flux and Zhang et al. [2004] surface
shortwave radiation for the same time period. The Zhang
et al. data set uses cloud properties from the International
Satellite Cloud Climatology Project (ISCCP) combined with
a radiative transfer model and is available on a 2.5� � 2.5�
grid. Climatological subsurface salinity data were obtained
fromWOA01 on a 1��1� grid at a vertical resolution of 10m
in the upper 30 m and 25 m between 50 m and 150 m.

[16] Finally, we use data from the PIRATA moorings at
15�N, 12�N, and 8�N along 38�W to estimate entrainment
(see section 4) and to estimate uncertainties associated with
the evaporation and precipitation products described previ-
ously in this section (see Appendix A). Measurements at
these locations, begun in 1998 and continued through the
present, include subsurface temperature and salinity, air
temperature, relative humidity, wind velocity, shortwave
radiation, and precipitation. From 1998 to June 2005, ocean
temperature was measured at 11 depths between 1 m and
500 m, with 20-m spacing in the upper 140 m, while salinity
was measured at 1 m, 20 m, 40 m, and 120 m at all
moorings. Beginning in July 2005, additional temperature
measurements have been made at 10 m and 13 m and
additional salinity measurements at 10 m and 60 m at the
15�N, 38�W mooring. Air temperature and relative humid-
ity are measured at a height of 3 m above sea level,
shortwave radiation and rainfall are measured at 3.5 m,
and wind velocity at 4 m. Daily averages are transmitted to
shore in real-time, while high temporal resolution data (1 to
10 min averages) are internally recorded. Here we use the
daily averaged data for the time period January 1998 to
October 2006.
[17] All of the aforementioned monthly climatologies

were regridded to a 2.5�-lat � 2.5�-lon grid for consistent
analysis across all fields. We use the combined ship/
WOD01/Argo/ PIRATA SSS analysis together with GPCP
precipitation, Yu et al. [2004] evaporation, BM07 MLD, and
Grodsky and Carton [2001] velocity estimates in an initial
analysis of the mixed layer salinity balance in the tropical
North Atlantic. The other data sets described above are then
used to estimate entrainment and to assess uncertainties in
the salinity budget.

2.2. Methodology

[18] To address the causes of the seasonal cycle of surface
salinity in the tropical North Atlantic we consider the mixed
layer salinity equation

@S

@t
¼ E � Pð ÞS

rh
� v � rS þ � ð1Þ

[19] The terms in (1) represent, from left to right, mixed
layer salinity tendency, surface freshwater flux, horizontal
advection, and the sum of terms that we cannot reliably
estimate. Here h is the depth of the mixed layer, S and v are
salinity and horizontal velocity, respectively, vertically
averaged from the surface to a depth of �h, E is evapora-
tion, and P is precipitation.
[20] Mixed layer salinity tendency is estimated using the

monthly gridded SSS as a substitute for S. We have found
that differences between S and SSS are generally small in
comparison to seasonal variations of SSS, based on meas-
urements from the PIRATA moorings at 8�N, 12�N, and
15�N along 38�W. Monthly climatological RMS differences
between S and SSS are 0.05, 0.04, and 0.03 psu at 8�N,
12�N, and 15�N, respectively. Differences are significantly
reduced when higher vertical resolution temperature and
salinity data from WOA01 are used to estimate S (RMS
differences are 0.03, 0.02, and 0.01 at 8�N, 12�N, and 15�N,
respectively). Maximum differences at all locations tend to
occur when the barrier layer is thickest, which is during
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boreal fall at 8�N and 12�N and boreal winter at 15�N [Foltz
et al., 2004].
[21] The residual (�) likely consists mainly of the combi-

nation of entrainment, vertical turbulent diffusion, and
horizontal eddy advection. The potential role of entrainment
in the salinity balance is discussed in section 4. For all terms
in (1) we form monthly climatologies and smooth with a
3-month running mean filter. We estimate errors for each
term in (1) on the basis of uncertainties in the estimation
of SSS, MLD, mixed layer currents, evaporation, and
precipitation (see Appendix A and section 4).
[22] In order to increase the statistical reliability of our

calculations, we consider the mixed layer salinity balance
averaged in three regions of the tropical North Atlantic
(western (W), northern (N), and southern (S); Figure 3a).
The W and S boxes encompass regions with strong seasonal
SSS variability (standard deviation >0.2 psu), while the N
box encompasses a region with much weaker variability in
comparison. The W region is influenced by the transport of
relatively fresh water from the south and is characterized by
a thick barrier layer during boreal winter (Figure 1b). The
northern box (N) bounds a region of high annual mean SSS
(>37 psu) that is located north of the climatological position
of the ITCZ. SSS in this region exhibits almost no seasonal

cycle despite changes in E–P of�5 cm month�1 (Figures 1a
and 1c).
[23] The southern tropical North Atlantic (box S in

Figure 3a) is more strongly influenced by ITCZ precipita-
tion than either the W or N regions and additionally exhibits
significant seasonal variability of the zonal mixed layer
currents. Our choice of the bounds for region S was
influenced by the presence of a sharp, meridionally oriented,
SSS front near 45�W (Figure 1). The combination of the SSS
front and strong zonal currents (monthly mean values of
�40 cm s�1 during boreal fall) leads to large uncertainties in
our estimates of zonal mixed layer salinity advection west of
�45�W.We therefore focus on the central ITCZ region to the
east of this meridian.

3. Results

[24] Before considering the mixed layer salinity balance
in detail, we examine the surface oceanic and atmospheric
fields in the tropical North Atlantic. Seasonal variations of
the surface moisture flux (E–P) reflect seasonal changes in
the position and intensity of the band of high precipitation
associated with the intertropical convergence zone (ITCZ).
During boreal winter and spring the ITCZ is farthest south
and E–P < 0 in the 0–5�N latitude band. The northeasterly
trade winds are strongest in these seasons, driving a
maximum in evaporation in the 10–20�N latitude band
(Figure 1a). The ITCZ moves northward and intensifies in
boreal summer. The strongest precipitation shifts eastward
toward the African coast, and evaporation weakens north of
the ITCZ (Figure 1c).
[25] The dominant source of freshwater runoff in the

tropical North Atlantic is the Amazon River. Outflow from
the Amazon reaches a minimum in boreal fall and winter
[Dai and Trenberth, 2002], coinciding with a maximum in
SSS throughout the western basin (Figure 1b). Surface
currents are mainly westward during these seasons so that
outflow is confined near the coast of South America.
Freshwater runoff peaks in May–June, contributing to a
large pool of low-salinity water in the western tropical
North Atlantic (Figure 1d). Zonal surface currents reverse
and intensify during boreal summer, transporting low-salin-
ity water eastward from the mouth of the Amazon in the 5–
10�N latitude band [Muller-Karger et al., 1988].
[26] In response to changes in E–P, river runoff, and

oceanic circulation, seasonal SSS variability is strongest
near the mouth of the Amazon, with a secondary maxima in
the northwestern basin and in a zonal band centered near
10�N (Figure 3a). The secondary maximum in the north-
western basin is associated with the expansion and contrac-
tion of the Amazon plume, and the local maximum in the
central basin roughly coincides with the northernmost
extent of the ITCZ. Surface salinity variability is weakest
in the subtropical North Atlantic, where the annual mean
SSS is high and the seasonal cycle of precipitation is weak
(Figures 1 and 3).
[27] Next we consider the mixed layer salinity balances in

the three regions shown in Figure 3, beginning in the west.
In the W region, SSS reaches a maximum in boreal winter
(>36 psu), then decreases rapidly during boreal spring to a
minimum of �35.2 psu in July and August (Figure 3b). The
period of significant freshening during boreal spring is

Figure 3. (a) Standard deviation of monthly climatologi-
cal SSS (contours; light shading >0.2 psu, dark shading
>1 psu). Boxes denote averaging regions for Figures 4–9;
solid triangle indicates position of the PIRATA mooring
used in this study. (b) Seasonal cycle of SSS in each of the
regions shown in Figure 3a.
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caused by the northwestward advection of low-salinity
water from the Amazon (Figure 4). Meridional advection
dominates zonal advection during the first half of the year
because of a stronger meridional SSS gradient (Figure 5).
The maxima in meridional velocity and @S/@y and the
corresponding minimum of meridional advection (maxi-
mum freshening) during May–July occur �1 month after
the maximum in Amazon River discharge to the south.
Zonal advection provides freshening throughout the year in
the W region, with a seasonal cycle that is in phase with that
of meridional advection (Figure 4a). The minimum in zonal
advection during June–July coincides with maxima in
westward mixed layer velocity and the negative SSS gradi-
ent in the southern portion of the W region (south of 15�N;
Figure 5).
[28] The seasonal cycle of E–P is considerably weaker

than that of either component of horizontal advection. As a
result, changes in mixed layer salinity in the W region are
driven primarily by changes in horizontal advection. The
sum of the E–P and horizontal advection terms under-
estimates the mixed layer salinity tendency throughout most
of the year, however, suggesting that unresolved processes,
such as entrainment and eddy advection may also be
important (see section 4).
[29] Next we consider the salinity balance in the northern

tropical Atlantic (box N in Figure 3a). This region is

characterized by higher annual mean SSS and a much
weaker seasonal cycle in comparison to the western tropical
North Atlantic (Figure 3b). The positive salinity tendency
induced by an excess of evaporation over precipitation is
balanced by the northward transport of fresher water from
the region underlying the mean position of the ITCZ
(Figure 6). As a result, the seasonal cycle of mixed layer
salinity tendency is close to zero throughout the year. The
annual mean and seasonal variability of meridional mixed
layer velocity and @S/@y are weaker in this region in
comparison to the W region, explaining the weaker annual
mean and seasonal amplitude of meridional advection in the
N region. There is a weak maximum in the amplitude of
meridional advection during boreal winter that is associated
with corresponding maxima in northward velocity and @S/@y.
[30] Seasonal variability of SSS increases southward from

the subtropical North Atlantic, reaching a maximum near
10�N (Figure 3a). The enhanced variance in this region (box
S in Figure 3a) relative to that in the N region results mainly
from an enhancement of the seasonal cycle of E–P in the S
region (Figure 7a). Precipitation reaches a maximum during
August –September, when the ITCZ is farthest north
(Figure 1c), driving a freshening tendency of mixed layer
salinity in the S region (Figure 7). During boreal winter E–
P reverses sign, tending to increase mixed layer salinity.
However, E–P at this time is balanced to a large extent by
freshening due to northward currents in the presence of a
positive SSS gradient. As a result, the sum of the forcing
terms predicts only a weak increase in salinity during boreal
winter, whereas the actual mixed layer salinity increases
more substantially (Figure 7b). Zonal advection is weak
throughout the year in the S region, whereas the results of
Muller-Karger et al. [1988] imply significant eastward
transport of low-salinity water from the Amazon in the
5–10�N latitude band during boreal summer and fall. The
observational analysis of Foltz et al. [2004] also suggests
that zonal advection provides a significant source of fresh-
ening at 8�N, 38�W during August–November. The differ-
ence between our results and those of Muller-Karger et al.
[1988] and Foltz et al. [2004] relates to our large zonal
average (over 25� of longitude), which smears out some of
the zonal advective effects that would be evident on smaller
spatial scales.

4. Residual

4.1. Data Dependence

[31] In boreal winter the sum of evaporation, precipita-
tion, and horizontal advection underestimates the mixed
layer salinity tendency by �0.1 psu month�1 in the N
region and by �0.2 psu month�1 in the W and S regions
(Figures 4b, 6b, and 7b). There are several possible explan-
ations for these discrepancies, one class of which relates to
errors in the data sets we have used. First, there are
uncertainties in our estimates of precipitation. In an attempt
to better quantify these uncertainties, we have compared
monthly climatologies from GPCP, CMAP, and TRMM.
Differences between the SSS tendencies from GPCP and
CMAP are <0.03 psu month�1 throughout the year in the W
and N regions and are <0.05 psu month�1 in the S region.
Maximum discrepancies occur in September–October,
when climatological precipitation is greatest. In all three

Figure 4. (a) Terms in the mixed layer salt balance in the
W region (see Figure 3a for bounds of the region): surface
moisture flux (E–P), zonal advection (U ADV), and
meridional advection (V ADV). (b) Sum of the terms in
Figure 4a (dashed) and the mixed layer salt storage rate
(solid). Shading and hatching are one standard error for the
sum and storage, respectively (described in Appendix A).
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regions CMAP estimates are higher, consistent with the
analysis of Yin et al. [2004]. The residuals in the salinity
balance are therefore larger in all regions if CMAP data are
substituted for GPCP. Absolute differences in SSS tenden-
cies due to GPCP and TRMM are smaller (<0.02 psu
month�1 in the W, N, and S regions), with TRMM estimates
generally higher. It is therefore unlikely that uncertainties in
precipitation can explain the residuals in the W, N, and S
regions, which indicate a missing source of salt.
[32] It is also unlikely that uncertainties in evaporation

contribute significantly to the residuals. We have compared
the Yu et al. [2004] and ICOADS monthly climatologies of
evaporation and found differences in inferred SSS tenden-
cies of <0.02 psu month�1 (ICOADS estimates are higher).
Maximum differences occur in boreal spring/summer, when
the residuals in the area-averaged salinity balances are
smallest. Substitution of ICOADS evaporation into the
salinity balance in the N region results in a significant
negative residual during May–July of �0.02 psu month�1

(i.e., the sum of horizontal advection and E–P exceeds the

salinity storage rate). In the W and S regions the residuals
are not changed significantly.
[33] The salinity balance is also affected by the criterion

used to estimate mixed layer depth (MLD). In an attempt to
quantify this sensitivity, we have compared the monthly
climatological MLD estimates of BM07 to those of
ML94.Throughout the tropical North Atlantic ML94 esti-
mates are 0–15 m shallower than those of BM07. The
differences are largest in boreal winter, when the MLD is
deepest (40–65 m). The only term in the salinity balance
that is affected by changes in MLD is the surface moisture
flux (E–P; equation (1)). Substitution of ML94 MLD into
the salinity balance results in a �0.1 psu month�1 increase
in the E–P term in the W region and a �0.02 psu month�1

increase in the N region, reducing the storage-sum residuals
in both regions to within the errors bars of our calculations.
It is therefore possible that uncertainties in MLD may
contribute significantly to the residual in the W and N
regions. In the S region substitution of the ML97 MLD
increases the magnitude of the E–P term by �0.1 psu
month�1 during July–October, when precipitation is stron-

Figure 5. Latitude-time plots of (a) zonal and (b) meridional mixed layer velocity and (c) zonal and
(d) meridional salinity gradient averaged zonally in the W region. Shading in Figures 5a and 5b
emphasizes strong westward (>15 cm s�1) and northward (>10 cm s�1) velocity, respectively. Shading in
Figures 5c and 5d emphasizes strong westward (>0.03 psu deg�1) and northward (>0.15 psu deg�1) SSS
gradients, respectively.
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gest. This results in an increase in the magnitude of the
residual during these months. During January–April, when
E–P > 0 in the S region, substitution of ML97 MLD
reduces the residual by �0.02 psu month�1. Since the
magnitude of the residual is >0.1 psu month�1 during these
months, it is unlikely that uncertainties in MLD alone can
account for our inability to close the salinity budget.
[34] There are also uncertainties in our estimation of

horizontal advection that are due to a combination of
uncertainties in horizontal mixed layer salinity gradients
and mixed layer velocity. We have compared estimates of
horizontal mixed layer salinity advection using the Grodsky
and Carton [2001] (hereinafter referred to as GC01) cur-
rents to estimates from OSCAR and from the surface drifter
climatology of Lumpkin and Garzoli [2005] (hereinafter
referred to as LG05). Horizontal advection based on GC01
and LG05 currents agree reasonably well throughout the
tropical North Atlantic, with discrepancies of at most 0.1
psu month�1 (Figure 8). Substitution of LG05 currents for
GC01 currents does not significantly affect the residual in
either the W, N, or S region. In contrast, OSCAR currents
are consistently weaker than GC01 and LG05 currents
throughout the tropical North Atlantic (Figure 8). This is
consistent with the analysis of Johnson et al. [2007], which
found that OSCAR underestimates horizontal velocity pole-
ward of 10� of latitude. Differences are largest in the W
region, where both GC01 and LG05 currents predict fresh-
ening of 0.2–0.6 psu month�1 during boreal winter through
summer and OSCAR currents give freshening of <0.2 psu
month�1 throughout the year (Figure 8a). The W region is
relatively well sampled by surface drifters in comparison to

the rest of the tropical North Atlantic (LG05), giving
confidence to the drifter-based climatologies in this region.
[35] In the N region the differences between advection

estimates are similar in magnitude to the residual, suggest-
ing that horizontal advection may be an important source of
uncertainty. In the S region the differences in advection are
similar to those in the N region (�0.05 psu month�1),
whereas the magnitude of the residual is much larger
(�0.2 psu month�1 during boreal fall/winter). In this region
it is therefore unlikely that errors in horizontal advection
account for a significant portion of the discrepancies in the
salinity balance.

4.2. Interpretation in Terms of Physical Processes

[36] It is also possible that unresolved physical processes
contribute significantly to the residual in each region during
boreal fall/winter. Among the possibilities is vertical turbu-
lent mixing, which involves both turbulent entrainment and
diffusion. The combination of these processes may have a
significant effect on SSS, given the presence of a thick
barrier layer (i.e., subsurface source of high salinity) during
these seasons (Figure 1b). In the following paragraphs we
interpret the residuals in terms of entrainment, recognizing
that diffusive processes, which we cannot explicitly deter-
mine, may also be involved.
[37] On the basis of Kraus and Turner’s [1967] one-

dimensional thermocline model, mixed layer deepening
(i.e., entrainment velocity >0) occurs when the combination
of wind and surface buoyancy forcing results in a net
generation of turbulent kinetic energy in the mixed layer.
The surface buoyancy flux is defined as B = Bh + Bw, where

Figure 6. Same as in Figure 4 except for the N region (see
Figure 3a for bounds of the region).

Figure 7. Same as in Figure 4 except for the S region (see
Figure 3a for bounds of the region).
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Bh = acp
�1Q is the component due to the surface heat flux

and Bw = brS(P � E) is the component due to the
freshwater flux. Here a is the coefficient of thermal expan-
sion of seawater, cp is the heat capacity, Q is the surface heat
flux (shortwave radiation + latent heat loss + net longwave
radiation emission + sensible heat loss), and b is the
coefficient of haline contraction. Throughout most of the
tropical North Atlantic wind speed reaches a maximum in
boreal winter (Figure 9a). In contrast, the surface buoyancy
flux reaches a distinct minimum in December and January,
with a net loss of buoyancy in the W and N regions during
these months (Figure 9b). The strong seasonal cycle results
primarily from changes in Bh (the peak-to-peak amplitude of
Bw is <2 mg m�2 s�1 in all three regions). The combination
of strongwinds and weak buoyancy flux during boreal winter
should cause the mixed layer to deepen in all three regions
(Figure 9c). In the absence of horizontal mass divergence, the
positive MLD tendency, in combination with an increase in
salinity with depth at the base of the mixed layer (Figure 9d),
would act to increase mixed layer salinity.
[38] In an attempt to quantify the contributions from

entrainment in the W, N, and S regions, we consider a
three-dimensional expression for entrainment velocity, we,
given by

we ¼ H @h=@t þr � hvð Þ ð2Þ

where H is the Heaviside unit function (H = 0 when the term
in parentheses is <0 and H = 1 otherwise) [Stevenson and
Niiler, 1983]. Following Moisan and Niiler [1998] entrain-
ment is defined as (DS)weh

�1, where DS = S�S�h. We use
monthly climatological BM07 MLD and GC01 v to
estimate the terms in (2) and WOA01 salinity to estimate
DS. Results are similar if ML97 MLD and OSCAR or
LG05 currents are used.
[39] However, in all three regions the magnitude of the

divergence term in (2) is <0 throughout the year in all three
regions and therefore tends to decrease the magnitude of
entrainment during boreal fall/winter, when @h/@t > 0. The
magnitude of the divergence term is at most 30% that of @h/
@t so that our estimate of entrainment is determined pri-

Figure 9. (a) NCEP/DOE reanalysis-2 (NCEP2) wind
speed averaged in the W (solid), N (dashed), and S
(triangles) regions. (b) Same as Figure 9a except for net
surface buoyancy flux. Values >0 indicate buoyancy flux
into the ocean. (c) Same as Figure 9a except for mixed layer
depth. (d) Same as Figure 9a except for the difference
between mixed layer salinity and salinity at the base of the
mixed layer (DS).

Figure 8. (a) Horizontal salinity advection in the W region
estimated using GC01 currents (solid), OSCAR currents
(dashed), and LG05 currents (squares). (b) Same as
Figure 8a except for N region. (c) Same as Figure 8a
except for S region.
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marily by increases in mixed layer depth. Entrainment
calculated from (2) using monthly climatological data,
however, is <0.03 psu month�1 in the N and S regions
and <0.05 psu month�1 in the W region. These values are
much smaller than the residuals of our balances. Only
positive entrainment velocities (i.e., mixed layer deepening)
contribute to changes in mixed layer salinity, so it is
possible that high-frequency fluctuations of h and DS
(period <2 months), which are not captured by the monthly
mean climatologies, may be important. We therefore esti-
mate entrainment using daily averaged PIRATA subsurface
temperature and salinity measurements at 15�N, 38�W
(Figure 3a shows the mooring location in relation to the
averaging regions). We restrict our analysis to the period
July 2005 to March 2007 when salinity was measured at 1,
10, 20, 40, 60, and 120 m since the coarser vertical
resolution of the moored salinity measurements in earlier
records leads to significant uncertainties in the estimation of
h and DS. Data during April–November 2006 are excluded
from the analysis because of the presence of unrealistic
salinity drifts at 20 m and 40 m, which limit the usable
record lengths to �12 months. We estimate DS and h from
daily subsurface temperature and salinity at the mooring
using the criterion of a 0.07 kg m�3 density increase from a
depth of 10 m as in BM07.

[40] Daily measurements from the PIRATA mooring at
15�N suggest that entrainment may play an important role in
themixed layer salinity balance of the tropical North Atlantic.
Entrainment reaches a peak of�0.15 psumonth�1 in January
2006, about three times the maximum value of entrainment
estimated using monthly climatological h and DS (Figure
10c). The seasonal cycle of entrainment is well correlated
with the seasonal cycle of barrier layer thickness (Figures 1b,
1d, and 10a). A thicker barrier layer generally corresponds to
a sharper vertical salinity gradient at the base of the mixed
layer, which increases the magnitude of DS (Figure 10b).
[41] Almost all of the entrainment at the mooring location

is caused by deepening of the mixed layer on timescales of
less than 2 months. Entrainment estimated from monthly
climatological mixed layer depth is much weaker in com-
parison since it does not account for these high-frequency
fluctuations. Maximum monthly values of entrainment are
an order of magnitude smaller (<0.01 psu month�1) when
monthly climatological h, DS from the moorings are used
instead of daily values. During boreal winter the barrier
layer is thick (up to 40 m) and there are significant high-
frequency fluctuations of mixed layer depth (Figure 10a).
Each time the mixed layer deepens the barrier layer erodes,
inducing a positive flux of salt into the mixed layer. The
peak of entrainment in January 2006 corresponds to a
significant increase in DS in the presence of strong mixed
layer depth and barrier layer thickness fluctuations.
[42] The seasonal cycle of entrainment at the PIRATA

location corresponds reasonably well with the storage-
minus-sum residuals averaged in the N and S regions. In
addition, there are some similarities between our results and
those of Foltz et al. [2004], which are based on data from
the PIRATA moorings along 38�W but which were not
analyzed for high-frequency fluctuations of entrainment.
Foltz et al. [2004] showed a discrepancy between the mixed
layer salt storage rate and the sum of the forcing terms at
15�N that implied a missing source of salt during most of
the year, consistent with our area-averaged residuals and our
estimates of entrainment at this location.
[43] It is also possible that horizontal eddy advection may

contribute significantly to the salinity balance of the tropical
North Atlantic. We anticipate that this term will be most
important in the W region, where there are significant
horizontal salinity gradients in the presence of strong intra-
seasonal variations of surface velocity (�50 cm s�1 [e.g.,
Johns et al., 1990; Richardson et al., 1994; Fratantoni and
Glickson, 2002]). In a numerical modeling study, Ferry and
Reverdin [2004] concluded that eddy advection plays only a
minor role in the evolution of interannual SSS anomalies in
the western tropical North Atlantic in comparison to large-
scale horizontal advection and entrainment. However, it is
unclear how these results translate to the seasonal cycle. In
addition, Ferry and Reverdin [2004] noted that their model
produced too few retroflection eddies, implying that experi-
ments with a higher horizontal resolutionwill likely be required
to accurately assess the role of eddy advection in the western
basin.

5. Summary and Discussion

[44] This study attempts to diagnose the seasonal cycle of
mixed layer salinity in the tropical North Atlantic from a

Figure 10. (a) Isothermal layer depth (solid line) and
barrier layer thickness (shading), estimated from daily
PIRATA subsurface temperature and salinity at 15�N, 38�W.
(b) Difference between mixed layer salinity and salinity at the
base of the mixed layer (DS) and (c) entrainment at the same
location. All time series have been smoothed with two passes
of a 3-d runningmean filter. Bold line in Figure 10c is monthly
averaged entrainment estimated from daily values. Vertical
bars are one standard error (described in Appendix A).
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variety of satellite and in situ data sets. Within the error bars
of our calculations, we have found that changes in mixed
layer salinity during most of the year and throughout most
of the basin are balanced by a combination of horizontal
salinity advection, evaporation, and precipitation.
[45] The western tropical North Atlantic (10–25�N, 50–

65�W) exhibits a pronounced seasonal cycle of surface
salinity that is driven primarily by changes in horizontal
salinity advection. Mixed layer salinity decreases during
boreal spring and summer in response to the northwestward
advection of low-salinity water from the Amazon. Horizon-
tal transport peaks in June–July, roughly 1 month after the
peak outflow from the Amazon. Increases in salinity during
the remainder of the year are associated with a reduction in
the transport of low-salinity water from the southeast.
[46] In the northern tropical Atlantic (15–25�N, 20–

50�W), changes in the surface moisture flux are balanced
by changes in meridional advection, resulting in a very
weak seasonal cycle of mixed layer salinity. Farther south
(5–15�N, 20–45�W) seasonal variations of precipitation
are stronger. There is a period of significant freshening
during boreal summer and fall, when the ITCZ is farthest
north, and an increase in salinity during boreal winter, when
evaporation exceeds precipitation.
[47] The sum of the monthly averaged forcing terms (E–

P and horizontal advection) underestimates the mixed layer
salinity tendency in all three regions during boreal fall and
winter. During these seasons there is a maximum in surface
wind speed and a minimum in surface buoyancy flux
throughout the tropical North Atlantic. The in-phase rela-
tionship between these sources and sinks of turbulent
kinetic energy should result in a deepening of the mixed
layer during boreal fall and winter. The mixed layer deep-
ening occurs in the presence of a sharp vertical salinity
gradient at the base of the mixed layer, suggesting that
vertical entrainment may explain a significant portion of the
residual. Daily measurements from a PIRATA mooring in
the central tropical North Atlantic are consistent with this
interpretation, revealing high-frequency fluctuations of
mixed layer depth and the vertical salinity gradient at the
base of the mixed layer (DS) that together generate a
significant vertical flux of salt into the mixed layer. These
fluctuations are not captured by monthly climatologies.
[48] Our results generally agree with those of Foltz et al.

[2004]. Their study is based on similar SSS and mixed layer
velocity climatologies, together with measurements from
PIRATA moorings along 38�W. They also found that
meridional advection and E–P dominate in the central
tropical North Atlantic (15�N and 12�N) and that precipi-
tation dominates farther south (8�N). Foltz et al. [2004]
used monthly climatological mixed layer depth and DS to
estimate entrainment at each PIRATA location and found
that it contributed insignificantly to the mixed layer salinity
balance. In this study we used daily estimates based on
measurements from the PIRATA mooring at 15�, 38�W and
found that entrainment plays a more significant role, espe-
cially during boreal fall and winter. These results may at
least partially account for the missing source of salinity in
the balance estimated by Foltz et al. [2004] at 15�N.
[49] There are significant uncertainties associated with

our estimates of horizontal salinity advection and entrain-
ment. Errors in salinity advection are caused by a combi-

nation of uncertainties in mixed layer depth, horizontal SSS
gradients, and mixed layer velocity. Vertical temperature
and salinity profiles from Argo and satellite-based SSS
estimates from Aquarius [Koblinsky et al., 2003] will help
to reduce uncertainties in mixed layer depth and SSS,
respectively. There are also uncertainties in the estimates
of the surface moisture flux, which rely primarily on
measurements from satellites. Continued in situ measure-
ments of precipitation at the PIRATA mooring locations will
help to quantify these uncertainties.
[50] The introduction in July 2005 of 10 m velocity

measurements at several locations in the PIRATA array will
help to assess uncertainties in mixed layer velocity analyses
and to reduce uncertainties in the estimation of horizontal
salinity advection. Additional salinity measurements at 10 m
and 60 m, begun at these same PIRATA sites in July 2005,
will help to better define the mixed layer depth and DS.
Even higher resolution measurements (5 m) of temperature
and salinity in the upper 100 m at these sites would be
desirable for 1–2 years to improve our estimates.
[51] Finally, we have neglected horizontal eddy advec-

tion, which may contribute significantly to the salinity
balance of the tropical North Atlantic. We anticipate that
this term will be most important in the western basin, where
there are significant horizontal salinity gradients in the
presence of strong intraseasonal variations of surface ve-
locity. The current observational network of surface velocity
and SSS measurements is inadequate for reliably estimating
eddy advection. Well-designed, high-resolution, numerical
modeling experiments hold the most promise for quantifi-
cation of this term.
[52] The results of this study suggest that the mixed layer

salinity balance of the tropical North Atlantic Ocean results
from the complex interplay of surface fluxes, horizontal
advection, and vertical entrainment. However, there are
significant uncertainties associated with the estimation of
these processes, especially horizontal advection and entrain-
ment, that limit our ability to accurately diagnose seasonal
sea surface salinity variability in this region. Improved
understanding of the seasonal cycle, which is by far the
strongest source of surface salinity variability in the tropical
North Atlantic, will depend on continued improvements in
surface flux estimates as well as continued measurements of
mixed layer currents and subsurface salinity to augment
future satellite-based sea surface salinity observations.

Appendix A: Objective Analysis and Error
Estimates

[53] Because of limitations in sampling frequency, we
have found that a simple gridded SSS analysis is noisy in
space and contains some monthly grid boxes with no data.
We therefore apply a Kriging objective analysis technique to
the individual SSS observations to produce smoother maps
and to fill regions devoid of data. This method assumes that
the covariance function of SSS depends only on the
separation of two data points and finds a local estimate
based on a weighted average of all values within a specified
search radius.
[54] Kriging is performed on a 2.5� � 2.5� mesh using the

EasyKrig3.0 software available from http://globec.whoi.edu/
software/kriging/easy_krig/easy_krig.html. We first calcu-
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late an empirical semivariogram using all available measure-
ments (ge(r) = C(r = 0) � C(r), where ge(r) is the semi-
variogram at a separation distance r and C is the covariance).
We then fit ge to a smooth exponential function

g rð Þ ¼ s� nð Þ 1� e�
r
Lð Þ

ph i
þ n ðA1Þ

where g is the modeled semivariogram, normalized by the
variance (C(r = 0)), for a separation distance r; s is the ‘‘sill’’
(maximum value of the semivariogram for large separation
distances) corrected for the ‘‘nugget effect’’ (n, which
accounts for measurement error). The length scale (L) and
power (p) determine the shape of the semivariogram (i.e.,
the decorrelation length scale and the manner in which the
covariance decreases with increasing r). We use the
following values for the parameters in (A1), based on a
least squares fit to the empirical semivariogram: s = 0.92, n
= 0.012, L = 0.05, and p = 1.26. We note, however, that the
results presented in this paper are not highly sensitive to
reasonable changes in these parameters.
[55] Our error analysis takes into account uncertainties in

the estimation of each term in the salinity equation (1). We
first estimate errors for each climatological calendar month
in each 2.5� � 2.5� grid box. Monthly errors in SSS (�S) and
mixed layer depth (�h) are estimated as one standard error of
all available observations for each calendar month. Mea-
surement errors are ignored since they are generally about
an order of magnitude smaller than sampling errors, which
are �0.04–0.2 psu. Errors in horizontal mixed layer cur-
rents (�u,v) are difficult to quantify because there are no
long-term moored current records in the tropical North
Atlantic for comparison. For simplicity, we therefore as-
sume an optimistic error in both velocity components of
5 cm s�1. Errors in mixed layer salinity tendency are then

estimated as �@S/@t =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2Stþ1

þ �2St�1

q� �
/Dt, where Dt = 2

months. Errors in zonal salinity advection are estimated

as �uadv =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2u @S=@xð Þ2þu2�2@S=@x

q
, with an analogous

expression for �vadv. Here �@S/@x =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2Sxþ1

þ �2Sx�1

q� �
/Dx,

with Dx = 5�. Here we have assumed that the errors for
different quantities are uncorrelated.
[56] The methodology described above gives error esti-

mates for the mixed layer salinity storage rate, horizontal
advection, and entrainment in each 2.5� grid box. To
estimate errors for each region shown in Figure 3a, we
follow Smith et al. [1994] and estimate the degrees of
freedom for each area-averaged quantity as

dof ¼ N
XN
i¼1

s2
i

" # XN
i¼1

s2
i þ 2

XN�1

i¼1

XN
j¼iþ1

cov xi; xj

 �" #�1

ðA2Þ

Here si
2 is the variance at grid box i, N is the number of grid

boxes in a given averaging region, and cov(xi, xj) is the
covariance between the quantity in grid boxes i and j. For
the extreme case in which the time series in each pair of grid
boxes are uncorrelated, dof = N, and when the time series
are perfectly correlated, dof = 1. Using (A2), monthly

climatological errors for the area-averaged quantities are
estimated as

�ave ¼
1

dof

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dof

N

XN
i¼1

�2i

vuut ðA3Þ

where �i is the error for grid box i.
[57] Error estimates for the monthly Yu et al. [2004]

evaporation and GPCP precipitation analyses are based on
comparisons to measurements from the PIRATA moorings
at 8�N, 12�N, and 15�N along 38�W. Daily averaged
precipitation is available directly from the moorings, while
evaporation is estimated from daily buoy air temperature,
relative humidity, SST, and wind speed using a bulk
algorithm [Fairall et al., 2003]. We form monthly averages
from the daily PIRATA precipitation and evaporation esti-
mates and estimate errors for each calendar month as the
RMS difference between the monthly Yu et al. [2004] and
GPCP analyses and the corresponding monthly PIRATA
estimates. This gives error estimates only at the four buoy
locations along 38�W. Errors for each of the averaging
regions are estimated as follows. For the W and N regions
we use the error estimates at 15�N, 38�W, and for the S
region we use the mean of the errors at 12�N and 8�N.
These precipitation error estimates likely overestimate the
true errors since they assume that the moored rain gauges
are error-free. In addition, errors may be overestimated
because the comparison does not account for the different
spatial sampling of the GPCP rainfall estimates, which are
area averages, and the PIRATA measurements, which are
from single locations. Nonetheless, typical errors inferred
for in E–P are relatively small (<0.02 psu month�1 for the
W and S regions and <0.005 psu month�1 for the N region)
in comparison to those for horizontal advection (�0.1 for
the W and S regions and �0.02 for the N region).
[58] There are significant uncertainties associated with

our estimation of errors for horizontal mixed layer salinity
advection, evaporation, and precipitation. In addition to the
formal error analysis described above we have therefore
provided a comparison of several different horizontal ve-
locity, evaporation, and precipitation products to further
quantify uncertainties in the mixed layer salinity balance
(see section 4).
[59] In order to assess errors in daily entrainment esti-

mated from the PIRATA mooring at 15�N, 38�W we make
use of high-vertical-resolution (<5 m) temperature and
salinity profiles from the World Ocean Database 2001
(WOD01) as follows. First WOD01 temperature and salin-
ity profiles in the tropical North Atlantic (5–25�N, 20–
65�W) are resampled to the measurement depths of the
mooring temperature and salinity using linear interpolation.
We then estimate h and DS from the original WOD01
profiles (ho, DSo) and from the resampled profiles (hr, DSr).
The differences between ho and hr and between DSo and
DSr give estimates of the errors associated with calculating
h and DS from the limited vertical resolution available at
the moorings. We collect ho, DSo, hr, and DSr into 3 m
vertical bins based on the value of hr. We then use the RMS
differences between ho and hr and between DSo and DSr in
each vertical bin to estimate the errors associated with the
daily mooring h and DS. We also add to the mooring-based
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h and DS the mean ho � hr and DSo � DSr. Typical errors
in h and DS are 5 m and 0.03 psu, respectively. Typical
values of ho � hr and DSo � DSr are 5 m and 0.005 psu,
respectively.
[60] The number of degrees of freedom for the daily time

series of h and DS is then estimated as

dof ¼
X25
i¼0

s2
i

" #
1

N

� �
ðA4Þ

Here N is the number of days and si is the autocorrelation at
lag i. Error estimates for monthly averaged entrainment
from the mooring are then estimated as in (A3).
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