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6 [1] The seasonal cycle of mixed layer salinity and its causes in the Southern Ocean are
7 examined by combining remotely sensed and in situ observations. The domain-averaged
8 terms of oceanic advection, diffusion, entrainment, and air-sea freshwater flux
9 (evaporation minus precipitation) are largely consistent with the seasonal evolution of
10 mixed layer salinity, which increases from March to October and decreases from
11 November to February. This seasonal cycle is largely attributed to oceanic advection
12 and entrainment; air-sea freshwater flux plays only a minimal role. Both oceanic
13 advection-diffusion and the freshwater flux are negative throughout the year, i.e., reduce
14 mixed layer salinity, while entrainment is positive year-round, reaching its maximum in
15 May. The advection-diffusion term is dominated by Ekman advection. Although the
16 spatial structure of the air-sea freshwater flux and oceanic processes are similar for the
17 steady state, the magnitude of the freshwater flux is relatively small when compared to that
18 of the oceanic processes. The spatial structure of the salinity tendency for each month is
19 also well captured by the sum of the contributions from the air-sea freshwater flux,
20 advection-diffusion, and entrainment processes. However, substantial imbalances in the
21 salinity budget exist locally, particularly for regions with strong eddy kinetic energy and
22 sparse in situ measurements. Sensitivity tests suggest that a proper representation of
23 the mixed layer depth, a better freshwater flux product, and an improved surface salinity
24 field are all important for closing the mixed layer salinity budget in the Southern Ocean.

25 Citation: Dong, S., S. L. Garzoli, and M. Baringer (2009), An assessment of the seasonal mixed layer salinity budget in the Southern

26 Ocean, J. Geophys. Res., 114, XXXXXX, doi:10.1029/2008JC005258.

28 1. Introduction

29 [2] Temperature inversions in the upper water column
30 where the surface layer is colder than the subsurface layer
31 are common in the Southern Ocean [e.g., de Boyer
32 Montegut et al., 2007; Dong et al., 2007], suggesting that
33 salinity plays an important role in stabilizing the water
34 column. To illustrate the importance of salinity in the
35 Southern Ocean, we examined the contributions of temper-
36 ature and salinity to the density seasonal cycle in the mixed
37 layer. Amonthlymixed layer temperature/salinity climatology
38 was constructed from Argo float profiles (described in section
39 2) to compute density, and only regions with data for all
40 months were included. The salinity contributions (rs) were
41 calculated using the time-mean temperature and monthly
42 salinity fields, whereas the temperature contributions (rt)
43 were calculated using the monthly temperature and time-
44 mean salinity fields.
45 [3] Figure 1 shows the ratio between the amplitudes of
46 the seasonal variations in rs and rt, A(rs)/A(rt), where A(rs)
47 and A(rt) are the amplitudes of the seasonal harmonic of rs
48 and rt, respectively, which suggests that the seasonal

49variations in the mixed layer density are generally domi-
50nated by temperature changes (ratios less than 1). However,
51salinity plays an increasingly important role farther south
52(particularly near the sea ice edge where seasonal migra-
53tions of the ice edge play a large role in determining the
54seasonal mixed layer density) and at other specific
55geographical regions. The ratio (Figure 1) exceeds 0.5 in
56most regions south of 40�S, particularly for regions in close
57proximity to sea ice and within a 5� latitude band north of
58the Subantarctic Front (SAF) where Subantarctic Mode
59Water (SAMW) is formed. This suggests that salinity
60contributions to the seasonal variations in the mixed layer
61density are about half of or nearly equal to the contributions
62from temperature. Therefore, the role of salinity cannot be
63neglected, and understanding salinity variability and what
64controls it are important to understanding SAMW
65formation, which has been linked to the upper limb of
66the meridional overturning circulation [e.g., Sloyan and
67Rintoul, 2001; Rintoul and England, 2002].
68[4] Other efforts that have examined the role of salinity in
69the ocean have shown that salinity plays an important role
70in the dynamic height variability of the tropics [Maes, 1998;
71Maes et al., 2002]. Antonov et al. [2002] examined the
72steric sea level variations for 1957–1994 and suggested that
73in the subpolar North Atlantic the contributions of temper-
74ature and salinity to the total steric sea level were nearly
75equal but of opposite sign. The sparseness of data in the
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76 Southern Ocean has hampered examination of the role of
77 salinity in sea level variations. However, in view of its role
78 in density on a seasonal time scale, we expect that salinity
79 may play an important role in steric sea level changes in the
80 Southern Ocean.
81 [5] In contrast to the extensive studies conducted on the
82 upper ocean heat budget [e.g., Vivier et al., 2002; Dong and
83 Kelly, 2004; Roemmich et al., 2005; Dong et al., 2007],
84 much less attention has been paid to salinity variability,
85 again in large part due to the sparseness of available
86 observations. Even the role of the different processes that
87 impact seasonal salinity variability are still unknown. Pre-
88 vious efforts that examined the salinity balance have
89 focused mainly on the tropics [Cronin and McPhaden,
90 1998; Johnson et al., 2002; Foltz et al., 2004; Foltz and
91 McPhaden, 2008]. For example, the recent study by Foltz
92 and McPhaden [2008] for the tropical North Atlantic
93 discussed the complexity of the seasonal salinity balance
94 in this region and the need for continuous in situ measure-
95 ments of salinity. The lack of available observations has also
96 limited the scope of numerous studies on salinity variability
97 to a focus on long-term trends using measurements sepa-
98 rated by years and decades [e.g., Wong et al., 1999; Curry et
99 al., 2003; Boyer et al., 2005].
100 [6] Up to the present, the salinity balance in the Southern
101 Ocean has not been examined to our knowledge. Although
102 direct observations in the Southern Ocean have historically
103 been sparse, particularly of salinity, recent satellite and in
104 situ observations provide some of the necessary data for a
105 preliminary examination of the mixed layer salinity balance.
106 Argo profiling floats provide salinity measurements with
107 good spatial and temporal coverage. Satellite measurements

108of wind and sea surface height (SSH) can be used to
109estimate ocean Ekman and geostrophic advection, respec-
110tively, and their role in the salinity budget. Similar to air-sea
111heat fluxes, freshwater fluxes (evaporation minus precipita-
112tion) have large uncertainties in the Southern Ocean because
113of the limited available in situ data. As an example, Figure 2
114shows the long-term mean freshwater fluxes obtained from
115the European Centre for Medium-Range Weather Forecasts
116(ECMWF) reanalysis 40 data and the Southampton Ocean-
117ography Centre (SOC). Although the large-scale spatial
118structure for both products has a positive freshwater flux
119(positive flux defined as out of the ocean) north of 45�S and
120a negative freshwater flux to the south, their detailed
121structure and magnitude differ substantially. With typical
122values of 1.5 m yr�1 for the long-term mean, their magni-
123tudes can differ by 1 m yr�1 (Figure 2c). Thus, we must
124determine whether the existing data provide adequate
125information to close the mixed layer salinity balance.
126[7] In this study, we use remotely sensed and in situ
127observations to evaluate whether the salinity budget of the
128mixed layer closes on a seasonal timescale in the Southern
129Ocean. To the extent that the budget does not close, what
130improvements can be made to the ocean observing system?
131Issues such as the relative role of air-sea freshwater fluxes
132and oceanic processes in the salinity balance, and the
133relative importance of horizontal advection versus vertical
134entrainment in the Southern Ocean, will be addressed. The
135upcoming 2010 salinity mission from space will stimulate
136numerous studies which should benefit from the present
137study.
138[8] Section 2 provides a simplified description of the
139processes governing mixed layer salinity variability,

Figure 1. The ratio between the seasonal cycle amplitudes (A) of the mixed layer density due to the
salinity and temperature seasonal changes, i.e., A(rs)/A(rt). The black lines denote the Subantarctic Front
(SAF, northern line) and Antarctic Polar Front (PF, southern line), respectively. The two yellow outlines
indicate the areas of the regional salinity budget in the Indian and Pacific oceans.
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140 followed by a discussion of the satellite and in situ obser-
141 vations used in this study. Section 3 describes the analyzed
142 results of the mixed layer salinity balance. Conclusions are
143 given in section 4. The sensitivity of the salinity budget to
144 the choice of various data sets is given in Appendix A.

145 2. Method and Data

146 2.1. Methodology

147 [9] The processes governing mixed layer salinity vari-
148 ability are similar to those governing mixed layer temper-
149 ature variability, including freshwater fluxes, horizontal
150 advective and diffusive processes, and vertical entrainment

151at the base of the mixed layer. The equation for the mixed
152layer salinity tendency (@Sm/@t) is

@Sm
@t
¼ Sm E � Pð Þ

hm
� um � rSm þ kr2Sm �

weDS

hm
; ð1Þ

154where Sm is the mixed layer salinity, hm is the mixed layer
155depth, we is the entrainment velocity, DS is the salinity
156difference between the mixed layer and just below the mixed
157layer, and k is the eddy diffusivity (set to be 500 m2 s�1).
158The choice of eddy diffusivity does not influence the
159results: 500 m2 s�1 is chosen simply because it provides the

Figure 2. Long-term mean freshwater water fluxes (E � P) from the (a) ECMWF and (b) SOC, and
(c) the differences in the long-term mean freshwater water fluxes between ECMWF and SOC. E � P is
defined as positive out of the ocean, i.e., increasing salinity. The units are m yr�1.
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160 minimum imbalance in the salinity budget. E and P
161 represent the evaporation and precipitation rates, respec-
162 tively, while E � P is defined as positive out of the ocean
163 and vice versa. The horizontal velocity, um, includes the
164 geostrophic (ug) and Ekman (ue) components. All terms in
165 (1) were directly estimated from in situ and satellite
166 observations. Freshwater fluxes from river runoff and ice
167 melt were not included due, in large part, to the sparsity of
168 data available to account for them explicitly. Instead, the
169 residual imbalance includes these processes.

170 2.2. Data

171 [10] Gridded fields for both Sm and hm were derived from
172 Argo float profiles of temperature, salinity, and pressure
173 [Gould and the Argo Steering Team, 2004]. All available
174 Argo profiles south of 30�S with a ‘‘good’’ quality flag from
175 January 2000 to June 2008 were used, while profiles with
176 pressure offset errors were excluded (http://www.usgodae.
177 org/argo/news/). The number of profiles in each 2� latitude
178 by 5� longitude grid box (Figure 3a) indicated that there were
179 more profiles in the Pacific and Indian oceans to the north of
180 the SAF. The number of profiles in each month (Figure 3b)
181 varied from 7000 in September to 9000 in May with little

182seasonal bias. Following de Boyer Montegut et al. [2004] and
183Dong et al. [2008], we determined the mixed layer depth, hm,
184from individual float profiles based on a density difference
185criterion, Dr = 0.03 kg m�3, where Dr is the density
186difference from the topmost near-surface value. A monthly
187climatology was then objectively mapped [Roemmich, 1983]
188from the individual hm using a decorrelation scale of 2� latitude
189by 5� longitude and 30 days in time. A detailed description of
190the mixed layer depth in the Southern Ocean is given byDong
191et al. [2008]. Using the same objective analysis as Dong et al.
192[2008], a monthly climatological salinity map was derived
193from individual Argo salinity profiles.
194[11] The net freshwater flux, E � P, includes two
195components, evaporation (E) and precipitation (P), and a
196number of E and P products are available. A monthly
197climatology constructed from 12 years (1990–2001) of
198ECMWF reanalysis 40 data (ERA40) [Uppala et al.,
1992005] was used in this study because it provided the best
200balance in terms of root-mean-square (RMS) differences
201between the salinity tendency and the sum of the contribu-
202tions from the freshwater flux, ocean advection-diffusion,
203and entrainment processes. The ERA40 freshwater fluxes
204are on a 2.5� � 2.5� grid, which were linearly interpolated

Figure 3. Number of Argo profiles (a) in each 2� latitude by 5� longitude box and (b) in each month.
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205 to a 1� � 1� grid to match the salinity maps. The sensitivity
206 of the results to the various E � P products is given in
207 Appendix A.
208 [12] The oceanic advection term (um � rSm) includes both
209 the geostrophic (ug � rSm) and the Ekman (ue � rSm)
210 components. We made use of the geostrophic velocity (ug)
211 product produced by AVISO (Archiving, Validation and
212 Interpretation of Satellite Oceanographic data), which is
213 derived from the merged SSH fields of all available satel-
214 lites (TOPEX/POSEIDON, Jason-1, ERS-1 and 2, Envisat,
215 GFO). The satellite-derived geostrophic velocity fields are
216 on a 7 day temporal resolution and a 1/3� � 1/3� spatial
217 resolution [Ducet et al., 2000]. To be consistent with the
218 temporal period and spatial resolution of the salinity maps
219 derived from Argo profiles, the satellite velocity fields from
220 January 2000 to June 2008 were averaged to produce a
221 monthly climatology on a 1� � 1� grid.
222 [13] We used pseudostress fields from the Center for
223 Ocean-Atmospheric Prediction Studies (COAPS) to
224 estimate the Ekman velocity, ue, which is related to the
225 surface wind stress (t) by ue = t � k̂/r0 fhm The COAPS
226 gridded wind fields were objectively mapped onto a 1� � 1�
227 grid from QuikSCAT scatterometer measurements [Pegion
228 et al., 2000]. We computed 6-hourly stress fields using the
229 parameters of Yelland and Taylor [1996] for the period
230 January 2000 to June 2008 and used the averages to
231 produce a monthly wind stress climatology. We used hm
232 to represent the Ekman depth due to the lack of knowledge
233 about the true Ekman depth in the Southern Ocean. The
234 sensitivity of the salinity budget to this approximation is
235 discussed in Appendix A.
236 [14] The last term on the right-hand side of (1) describes
237 the entrainment of water from below the base of the mixed
238 layer. The entrainment velocity (we) was determined from
239 the turbulent kinetic energy balance, which is controlled by

240wind stirring and a stabilizing effect due to surface heating.
241A detailed description of we is given by Qiu and Kelly
242[1993] and Dong and Kelly [2004]. Turbulent heat fluxes
243derived from the Objectively Analyzed air-sea Fluxes
244(OAFlux) [Yu and Weller, 2007] were used to calculate
245we, as were radiation fluxes from the International Satellite
246Cloud Climatology Project (ISCCP) [Zhang et al., 2004]
247and wind stress fields from COAPS. The entrainment
248velocity was set to zero during the detraining period. The
249OAFlux product integrates satellite observations with
250surface moorings, ship reports, and atmospheric model
251reanalyzed outputs. Daily and monthly turbulent OAFlux
252data for 1958–2006 are available on a 1� � 1� grid. We
253used the monthly OAFlux data from 2000 to 2006 to derive
254a monthly climatology. The ISCCP radiative fluxes
255for 1983–2006 are available with a spatial resolution of
2562.5� � 2.5�. We averaged the 3-hourly ISCCP radiative
257fluxes from 2000 to 2006 to produce a monthly climatology
258and then linearly interpolated it to a 1� � 1� grid to match
259the salinity maps.
260[15] The salinity differences (DS) between the mixed
261layer and just below the mixed layer were calculated from
262individual float profiles directly, then objectively mapped to
263a monthly climatology with a 1� � 1� grid. These salinity
264differences are relatively stable in time. Figure 4 shows the
265yearly averaged DS. The mixed layer is generally fresher
266than the subsurface layer, as shown by the negative DS,
267particularly south of 45�S. The positive DS to the north,
268except in the center of the Pacific and Atlantic oceans,
269indicates that the mixed layer is saltier than the subsurface
270layer. The spatial structure of DS is most likely due to the
271spatial distribution of the air-sea freshwater flux (E � P),
272which is positive north of 40�S and negative to the south
273(Figure 2). Positive DS is also seen extending from the
274northwest to the southeast in the western Pacific, which is

Figure 4. The time-mean salinity difference (psu) between the mixed layer and just below the mixed
layer from Argo float profiles.
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275 probably related to the advection of the saltier water by the
276 subtropical gyre.
277 [16] An autocorrelation analysis indicates that the fresh-
278 water fluxes have an e-folding scale of 8� latitude by 16�
279 longitude, suggesting that the freshwater fluxes are poten-
280 tially smoother than other variables such as the wind stress
281 and SSH fields. To roughly match the spatial resolution of
282 all of the variables, we smoothed the salinity and velocity
283 fields using an 8� � 8� trianglular filter. This smoothing
284 process effectively reduced eddy features in the geostrophic
285 advection along the Antarctic Circumpolar Current (ACC),
286 which do not appear in the other data sets and, subsequently,
287 improved the balance of the mixed layer salinity budget.

289 3. Results

290 [17] We first examine the steady state to evaluate how
291 well the contributions of freshwater flux and oceanic
292 processes are balanced over the long-term average. We then
293 focus on the seasonal variability of the salinity budget. We
294 note that the results shown in this section (our base case) are
295 our best estimate in terms of the balance between the

296salinity tendency (left-hand side of equation (1)) and the
297sum of the contributions (right-hand side of equation (1))
298from the freshwater flux, ocean advection-diffusion, and
299entrainment processes. The sensitivity of the results to the
300choice of data set is given in Appendix A.

3013.1. Mean State

302[18] For the steady state, the freshwater flux through the
303air-sea interface should be balanced by the oceanic processes
304(advection, diffusion, and entrainment). In general, the E �
305P is negative in our study region except to the north of 45�S
306in the eastern part of each ocean basin. The negative E � P
307causes a freshening of the mixed layer. The overall spatial
308pattern of the E � P (Figure 5a) and that of the sum of the
309oceanic processes (Figure 5b) are similar, but with opposite
310sign as expected, except in the southern part of the sub-
311tropical gyre in the Atlantic (35�S–45�S, 320�E–350�E)
312and to the north of the SAF in the eastern Indian and
313western Pacific oceans where both E � P and the oceanic
314processes show negative values, i.e., a freshening effect to
315the mixed layer. However, the magnitude of the E � P is
316smaller than that of the oceanic processes, and the small-

Figure 5. Spatial distribution of the time-mean (a) air-sea freshwater flux defined as positive out of the
ocean (Sm(E� P)/hm), (b) oceanic processes (advection + diffusion + entrainment), (c) advection-diffusion
term, and (d) entrainment. The black lines denote the SAF and PF, respectively. Units are psu yr�1.
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317 scale structure shown in the oceanic processes is missing
318 from the E � P.
319 [19] Dividing the oceanic processes into horizontal
320 (advection-diffusion) and vertical (entrainment) terms, we
321 found that the advection-diffusion term (Figure 5c), domi-
322 nated by Ekman advection, acts to reduce mixed layer
323 salinity in the Atlantic and Indian oceans north of the
324 ACC. To the south of the Polar Front (PF) and in the
325 Pacific Ocean, the advection-diffusion term tends to
326 increase the salinity. An examination of the velocity and
327 salinity gradient fields suggests that the spatial structure of
328 the advection-diffusion processes can be attributed to the
329 meridional salinity gradient (Figure 6). The spatial structure
330 of the entrainment term (Figure 5d) is very similar to that of
331 the E � P term, but of opposite sign. The entrainment is
332 positive over most regions in the Southern Ocean except to
333 the north of 40�S in the Indian and eastern Atlantic oceans.
334 [20] Although the velocity and salinity fields were
335 smoothed to roughly match the E � P decorrelation scale,
336 a relatively small-scale structure is still shown in the oceanic
337 processes (Figure 5b), in particular along the ACC. This
338 small-scale feature is missing from the E � P term

339(Figure 5a), suggesting that a better E � P product could
340improve studies with a focus on the ACC region.

3413.2. Seasonal Variations

3423.2.1. Domain Average
343[21] In this section we examine the salinity balance
344averaged over the entire Southern Ocean (0–360�E,
34535�S–65�S) to evaluate how well the seasonal cycle of
346the mixed layer salinity is captured on a basin-wide scale by
347the air-sea freshwater exchange, ocean advection, diffusion,
348and vertical entrainment terms.
349[22] As shown in Figure 7a, the sum of the contributions
350(gray line) to salinity change from air-sea freshwater flux,
351ocean advection-diffusion, and entrainment well captures
352the annual evolution of the salinity tendency (black line) on
353the domain average, although the sum of the contributions
354has a negative bias when compared to the salinity tendency.
355The salinity tendency is positive from March to October and
356negative from November to February, indicating that salinity
357in the mixed layer increases from austral fall to winter and
358decreases from summer to spring. The salinity tendency
359reaches its maximum in May and minimum in December.
360To examine the potential causes for the lower bias in the

Figure 6. The (a) meridional and (b) zonal salinity gradient from the time-mean mixed layer salinity
field. Units are 10�6 psu m�1.
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361 sum of the contributions (Figure 7), we performed an
362 examination of the seasonal mixed layer temperature budget
363 with temperature maps derived from the Argo profiles in a
364 similar manner as the salinity maps. Using the same velocity
365 and mixed layer depth fields, the sum of the air-sea heat
366 fluxes from the OAFlux and oceanic processes roughly
367 balances the temperature tendency, suggesting that the
368 velocity fields are reasonable. The negative bias in the
369 sum of the contributions (gray line, Figure 7a) is most likely
370 due to the biases in the air-sea freshwater fluxes (E � P).
371 [23] An examination of each term on the right-hand side
372 of (1) suggests that the seasonal cycle of the surface salinity
373 is dominated by oceanic processes: horizontal advection-
374 diffusion and vertical entrainment. The advection-diffusion
375 term is always negative throughout the year, which can be
376 attributed to the year-round westerly wind transporting
377 fresher water from the south to the north. The advection-
378 diffusion shows a weak seasonal cycle, with its maximum
379 freshening effect in December and January. This maximum
380 advective freshening effect in austral summer is probably
381 related to the ice melting near Antarctica, which is subse-

382quently transported to the north via the Ekman process. The
383domain-averaged entrainment is positive year-round and
384experiences a strong seasonal cycle. The entrainment reaches
385its maximum in May and June, then decreases to zero by
386August. Similar to the advection-diffusion term, the air-sea
387freshwater flux term is also negative year-round, but its
388magnitude is about half of the advection-diffusion term.
389Unlike the mixed layer temperature budget where the air-sea
390heat exchange dominates its seasonal cycle, the air-sea
391freshwater flux plays little role in the seasonal variability
392of the mixed layer salinity averaged in the Southern Ocean.
393[24] By dividing the advection-diffusion term into geo-
394strophic advection, Ekman advection, and diffusion compo-
395nents (not shown), similar to the mixed layer temperature
396budget of Dong et al. [2007], we found that the contribution
397of the geostrophic advection is negligible. The diffusion
398term is also very small and does not contribute to the Sm
399seasonal cycle on the domain average. Most of the varia-
400tions in the advection-diffusion term come from the Ekman
401advection. We further divide the advection into zonal and
402meridional components (Figure 7b). The Ekman advection

Figure 7. (a) Domain-averaged salinity budget for the Southern Ocean (35�S–65�S). The gray curve is
the sum of the contributions from air-sea freshwater fluxes (red, positive out of the ocean), oceanic
advection-diffusion (blue), and vertical entrainment (green) to the salinity tendency (black).
(b) Contributions of the zonal and meridional geostrophic advection and Ekman advection to the total
advection. The vertical lines in Figure 7a correspond to one standard error for each term. Units are
psu yr�1.
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403 is dominated by the meridional component, whereas the
404 zonal component is close to zero. This is consistent with the
405 large meridional Ekman transport from strong westerly
406 winds and a large meridional salinity gradient. Both the
407 zonal and meridional components of the geostrophic advec-
408 tion are relatively small when compared to the meridional
409 Ekman advection, but not negligible. The minimal role of
410 geostrophic advection in the salinity tendency is due to the
411 compensation of its zonal and meridional components
412 (Figure 7b).

413 3.2.2. Spatial Variation
414 [25] To illustrate the spatial distribution of each term and
415 to assess how well the atmospheric and oceanic processes
416 capture the spatial structure of the salinity tendency, Figures 8
417 and 9 show all of the individual components in equation (1),
418 their sum, and the differences between the left-hand and
419 right-hand sides of equation (1) during January (Figures 8a–8c
420 and 9a–9d) and May (Figures 8d–8f and 9e–9h). These
421 components approximately correspond to the maximum and
422 minimum of the salinity tendency.

423[26] In January, the salinity tendency (Figure 8a) is
424negative over most regions south of 45�S and positive near
425the northern boundary in the Indian and Pacific oceans,
426except in the central Pacific. The sum of all of the
427contributions (Figure 8b, right-hand side of equation (1))
428shows similar spatial patterns to the salinity tendency.
429However, its magnitude is larger than that of the salinity
430tendency as shown by their differences (Figure 8c). Large
431differences between the salinity tendency and the sum of the
432contributions are seen to the north of the ACC in the
433Atlantic and Indian oceans where the sum of the contribu-
434tions shows a strong freshening effect. The surface fresh-
435water flux term (Figure 9a) is negative south of 45�S and
436positive to the north, except in the center of the Pacific and
437Atlantic oceans. The minimum E � P term occurs to the
438north of the ACC, where the salinity experiences strong
439freshening (Figure 8a). The Ekman advection (Figure 9b) is
440mostly negative, with the strongest freshening effect north
441of the ACC. Positive Ekman advection occurs in the
442southeast Pacific (40�S–55�S) and in the region close to

Figure 8. Spatial distribution of salinity tendency, the sum of the contributions to the salinity tendency,
and their differences (salinity tendency minus the sum) for (a–c) January and (d–f) May, respectively.
Units are psu yr�1.
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443 the PF between 0 and 90�E. To the south of the SAF, the
444 Ekman advection is weak due to both reduced wind and the
445 weak gradient in the salinity field (Figure 6). In contrast to
446 the large-scale spatial structure shown in the E � P and
447 Ekman advection terms, the geostrophic advection (Figure 9c)
448 is dominated by small-scale features in the zonal direction,
449 particularly along the ACC. A strong freshening effect of
450 the geostrophic advection is seen in the Brazil-Falkland
451 Confluence region (35�S–50�S, 300�E–330�E). The en-
452 trainment term (Figure 9d) is quite small in January and
453 mostly positive. Relatively large values of entrainment are
454 seen in the Brazil-Falkland Confluence region. In the
455 northeast South Atlantic (35�S–40�S, 0–40�E), the entrain-
456 ment shows negative values, suggesting that fresher sub-
457 surface water is entrained into the mixed layer. The
458 diffusion term (not shown) is weak throughout the year,
459 and its spatial distribution is very similar in each month.

460[27] The salinity tendency in May (Figure 8d) shows a
461similar structure to that of January (Figure 8a), but with
462opposite sign. The salinity tendency is positive over most
463regions south of 45�S and is generally negative to the north.
464This indicates that the mixed layer becomes saltier in austral
465winter. Again, the sum of all of the contributions (Figure 8e)
466well captures the spatial distribution of the salinity
467tendency, although its magnitude is relatively large. The
468strong magnitude in the sum can be seen from the differ-
469ences (Figure 8f) between the salinity tendency and the sum
470(Figure 8d minus Figure 8e), which show a similar structure
471as the sum, but with opposite sign. Both the E � P term
472(Figure 9e) and Ekman advection (Figure 9f) show a similar
473structure to their counterparts in January, but their magni-
474tudes in May are about half of those in January. In fact, the
475spatial structure of the E � P and Ekman advection terms
476are similar year-round. The geostrophic advection (Figure 9g)
477also shows a similar structure to that in January (Figure 9c)

Figure 9. Spatial distribution of the atmospheric and oceanic processes in the salinity budget for (a–d)
January and (e–h) May. Figures 9a and 9e denote the surface freshwater flux term (positive out of the
ocean), Figures 9b and 9f denote Ekman advection, Figures 9c and 9g denote geostrophic advection, and
Figures 9d and 9h denote vertical entrainment. Units are psu yr�1.
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478 with comparable magnitude. The salinity increase in May is
479 mainly due to the vertical entrainment process (Figure 9h),
480 which is very strong and mostly positive south of 40�S.
481 North of 40�S, except in the western part of the Pacific and
482 Atlantic oceans, the entrainment shows negative values
483 because the subsurface water entrained into the mixed
484 layer is fresher when compared to the mixed layer water
485 (Figure 4). The maximum entrainment appears in the Indian
486 Ocean around the SAF (60�E–90�E).
487 3.2.3. Regional Budget
488 [28] As shown in Figure 1, salinity plays a larger role in
489 the Indian Ocean than in the Pacific Ocean north of the SAF
490 where the SAMW is formed. Thus, it is important to
491 understand the differences in the salinity budget for these
492 two regions, which will shed light on the regional similar-
493 ities and differences of the mode water formation process.
494 To examine the salinity balance in the Indian and Pacific
495 oceans north of the SAF, we averaged the terms in
496 equation (1) to a 5� latitude band to the north of the SAF,
497 which corresponds to the regions with formation of the deep
498 mixed layers. Figures 10a and 10b show the averaged terms
499 in the two regions, respectively.

500[29] The salinity budget in the Indian Ocean (Figure 10a)
501is similar to that averaged over the entire Southern Ocean
502(Figure 7). However, the magnitude of each term averaged
503in the Indian Ocean is three to four times larger, except for
504the E � P term, which shows comparable magnitude with
505that averaged over the entire Southern Ocean. Similar to the
506domain average, the seasonal cycle of the salinity tendency
507is well captured by the sum of all of the contributions, with
508the exception being during August and September when the
509salinity tendency is positive, whereas the sum of the
510contributions produces negative values. The maximum
511and minimum salinity tendency occur in June and January,
512respectively. The E � P term is very small and close to zero.
513The seasonal evolution of the mixed layer salinity is mainly
514controlled by the vertical entrainment and horizontal advec-
515tion-diffusion processes. The entrainment term shows a
516strong seasonal cycle, but is always positive. The maximum
517entrainment occurs in April and May, one to two months
518prior to the peak of the salinity tendency. The advection-
519diffusion term, dominated by Ekman advection, is always
520negative, and its maximum freshening effect is in January.
521When combined with Figure 1, which shows that the

Figure 10. Salinity budget averaged over a 5� latitude band north of the SAF for (a) the Indian Ocean
(80�E–120�E) and (b) the Pacific Ocean (240�E–280�E) where the deep mixed layer is formed in austral
winter. The correspondence of the colors is the same as in Figure 5. The vertical lines correspond to one
standard error for each term.
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522 salinity plays an equal or more important role in the density
523 seasonal variation, this suggests that oceanic processes play
524 an important role in the SAMW formation in the Indian
525 Ocean on a seasonal time scale. In particular, vertical
526 entrainment brings saltier water into the mixed layer from
527 the subsurface and, subsequently, modifies the mixed layer
528 density.
529 [30] The salinity budget in the Pacific Ocean north of the
530 SAF (Figure 10b) shows a different scenario from that
531 averaged over the entire Southern Ocean (Figure 7) and
532 that in the Indian Ocean (Figure 10a). The magnitude and
533 seasonal evolution of the salinity tendency are comparable
534 with those averaged over the entire Southern Ocean. The
535 salinity tendency reaches its maximum in July and mini-
536 mum in January. The positive salinity tendency is due to the
537 vertical entrainment term. In the Pacific, the E � P term
538 plays a dominant role in the freshening of the mixed layer,
539 while the advection-diffusion term plays only a minimal
540 role. The E � P term is negative throughout the year
541 with the maximum freshening effect in austral summer
542 (January –February) and minimum in austral winter
543 (June–September). The advection-diffusion is quite small
544 and shows a weak seasonal cycle, with negative values in
545 the austral summer and fall and positive values in the
546 spring. An examination of the contributions from the

547geostrophic and Ekman components (not shown) suggests
548that the positive advection-diffusion comes from the merid-
549ional component of the geostrophic advection. Figure 1
550shows that salinity plays a relatively small role in the
551density seasonal variation in the Pacific, suggesting that
552salinity may not be a primary driver of the SAMW
553formation in the South Pacific, at least on a seasonal time
554scale. Hence, even with its dominant role in the salinity
555seasonal changes, the importance of the E � P in the
556formation of SAMW still needs further examination.

5573.3. Imbalance

558[31] If all the data were perfect, Figures 8a and 8b would
559be expected to be the same, as would be Figures 8d and 8e.
560Although the salinity tendency can be explained by the sum
561of all the terms in the domain average (Figure 7), large
562differences at individual locations appear in Figures 8c and
5638f. We examined the imbalance (d) in (1), defined as the
564difference between the salinity tendency (left-hand side in
565(1)) and the sum of all of the other terms (right-hand side in
566(1)), i.e., the difference between the black and gray lines
567in Figure 7. We first examined the domain-averaged imbal-
568ance (Figure 11a), the monthly root-mean-square (RMS)

569imbalance, rms(d) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

d2i =n
q

, where di is the imbalance at

Figure 11. (a) Domain-averaged root-mean-square imbalance of the salinity budget. (b) Spatial
distribution of the root-mean-square imbalance. Units are psu yr�1.
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570 each grid point i, and n is the number of data points for a
571 given month. Figure 11a suggests that the RMS imbalance
572 has no apparent seasonal variation, with an average rms(d)
573 of 0.52 psu yr�1.
574 [32] To examine the spatial distribution of the imbalance,
575 following the methodology for the monthly imbalance, we
576 computed the RMS imbalance at each grid point. Here, di is
577 the imbalance at time i, and n is the number of data points at
578 a given geographic location, which equals 12 in this case. In
579 most regions, the RMS imbalance is less than 0.5 psu yr�1

580 (Figure 11b). A relatively large imbalance is seen around
581 the SAF, whereas in the entire Pacific section the imbalance
582 is small, close to zero, which is primarily due to the small
583 values of the budget terms. One of the major features shown
584 in Figure 11b is the large imbalance along the Brazil Current
585 (35�S–50�S, 300�E–315�E) and in the broad Agulhas
586 Retroflection region (40�S–45�S, 0–70�E). Both regions
587 experience strong freshening (Figure 5c) from oceanic
588 advection, which can be attributed to the strong salinity
589 gradient (Figure 6) in these regions. This freshening from
590 oceanic advection is only partially compensated by the
591 positive E � P term (Figure 5a), suggesting that the E �
592 P data may not fully capture the oceanic processes in these
593 regions.
594 [33] Many factors can contribute to the imbalance,
595 including errors in the constructed salinity fields, freshwater
596 flux products, unaccounted for effects of seasonal ice melt
597 or variations in river runoff, representation of the mixed
598 layer depth, and velocity fields. Of these factors, the
599 freshwater fluxes are expected to be the largest contributor
600 to the mixed layer salinity budget error, as only limited
601 Southern Hemisphere data are available for the reanalysis
602 products and, hence, the reliability of these fluxes is
603 uncertain. The regions near the sea ice edge do not expe-
604 rience a large RMS imbalance in the residual of the mixed
605 layer salinity budget, which we take as confirmation that the
606 effect of sea ice is not a dominant part of the residual. A
607 detailed description of the sensitivity of the mixed layer
608 salinity balance to the choice of data set is given in
609 Appendix A. In summary, we found significant differences
610 in the RMS imbalance if we change our choice of E � P,
611 mixed layer depth, and salinity field. Changing the choice
612 of wind product and mean geostrophic velocity does not
613 have a significant influence on the results. This suggests
614 that a better mixed layer salinity budget for the Southern
615 Ocean can be achieved by improving the accuracy of the
616 freshwater flux products, increasing the spatial sampling of
617 the salinity field, particularly in regions with strong eddy
618 activity, and improving the representation of the mixed layer
619 depth.
620

621 4. Discussion and Conclusions

622 [34] In this study, the seasonal mixed layer salinity
623 balance in the Southern Ocean (0–360�E, 35�S–65�S)
624 was examined from a combination of remotely sensed and
625 in situ observations. An examination of the time-mean
626 balance indicated that, although the spatial structure of the
627 freshwater flux term is similar to that of the oceanic
628 processes (advection, diffusion, and entrainment) with op-
629 posite sign as expected, its magnitude is relatively small,

630consistent with the results for the tropics [Johnson et al.,
6312002].
632[35] For the domain average, the mixed layer salinity
633undergoes a seasonal cycle. It increases from March to
634October and decreases from November to February. This
635seasonal evolution in salinity is well captured by the sum of
636the contributions from the oceanic and atmospheric pro-
637cesses. However, the sum of the contributions shows a
638negative bias. Unlike the mixed layer temperature budget in
639the Southern Ocean where the air-sea heat fluxes dominate
640the temperature seasonal cycle, freshwater fluxes play a
641minimal role in the salinity seasonal cycle. The seasonal
642variation in the mixed layer salinity is dominated by vertical
643entrainment, which can be mostly attributed (above 70%) to
644the seasonality of the vertical entrainment velocity. The
645advection-diffusion term, dominated by meridional Ekman
646advection, plays a secondary role.
647[36] The sum of all of the contributions also captures the
648spatial structure of the salinity tendency. South of 40�S, the
649salinity tendency is spatially coherent; it increases from
650March to October and decreases fromNovember to February.
651To the north of 40�S, the seasonal variation in salinity
652tendency is generally opposite to that south of 40�S. The
653spatial structure of each term is similar throughout the year,
654although its magnitude changes with time. The freshwater
655flux term is negative south of 45�S and positive to the north.
656The Ekman advection acts to decrease salinity in most
657regions with the maximum freshening effect just to the
658north of the SAF. The geostrophic advection is dominated
659by relatively small-scale structures, particularly near the
660vicinity of the ACC. The entrainment is mostly positive
661except near the northern boundary, suggesting that more
662saline water is entrained into the mixed layer from the
663subsurface.
664[37] Although both the seasonal evolution and spatial
665structure of the mixed layer salinity are fairly captured by
666the atmospheric and oceanic processes, substantial imbal-
667ances exist in the regional salinity budget. On average, the
668mixed layer salinity budget in the Southern Ocean has a
669root-mean-square imbalance of 0.52 psu yr�1. Large
670discrepancies between the salinity tendency and the sum
671of the contributions from the air-sea freshwater flux, advec-
672tion, diffusion, and entrainment terms are found in the
673Brazil-Falkland Confluence and Agulhas Retroflection
674regions. These regions collocate with regions of the highest
675kinetic energy in the Southern Ocean (Figure 12), suggest-
676ing that the eddy dynamics in these high energetic regions
677may not be well represented in existing data products,
678specifically for the freshwater flux products and the salinity
679fields from in situ measurements whose spatial distribution
680tends to be biased. An examination of the spatial distribu-
681tion of the Argo float profiles (Figure 3a) shows that the
682profiles in regions with a strong RMS imbalance are
683relatively sparse. Thus, the spatial structure of the salinity
684field may not be well captured by salinity objective maps,
685suggesting that an increase in the salinity measurements in
686these energetic regions can potentially improve the salinity
687budget.
688[38] Various sensitivity tests were performed to evaluate
689the contributions of uncertainties in different data sets to the
690imbalance. No significant differences in the RMS imbalance
691were found using different mean geostrophic advection or
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692 wind stress fields. This indicates that the uncertainties in the
693 velocity fields are not the major contributors to the imbal-
694 ance. Results from six different net freshwater fluxes (see
695 Appendix A for detail) showed significant differences in the
696 RMS imbalance, suggesting that a better freshwater flux
697 product is needed to close the budget. Significant differ-
698 ences in the RMS imbalance were also found when the
699 salinity climatology from the World Ocean Atlas 2005
700 (WOA05) was used. Using the WOA05 salinity product
701 instead of those derived from Argo profiles gave a RMS
702 imbalance of 0.88 psu yr�1. This large difference is prob-
703 ably due to the lack of salinity measurements in the WOA05
704 for the Southern Ocean since 70% of the Argo float profiles
705 used in our salinity maps were collected after 2005. This
706 suggests that a better salinity field is important to close the
707 budget. Hence, it is critical to accumulate salinity measure-
708 ments continuously.
709 [39] The Aquarius satellite, which is planned for launch
710 in 2010, will provide monthly maps of global surface
711 salinity with an accuracy of 0.2 psu. The Argo profiles
712 show that the surface salinity and mixed layer salinity differ
713 by only 0.001 psu on average with a standard deviation of
714 0.01 psu, suggesting that satellite observations of surface
715 salinity well represent the mixed layer salinity, at least in the
716 Southern Ocean. To examine the accuracy of the surface
717 salinity measurements required to provide a better salinity
718 budget, we applied a Monte Carlo technique where random
719 errors with RMS(S) were added to the salinity maps. We
720 then examined the RMS differences between the salinity
721 tendency (@S/@t) from the original maps (considered as
722 ‘truth’) and that from the salinity maps with random errors.
723 This process was repeated with different magnitudes of
724 salinity error, i.e., by varying the RMS(S) from 0 to
725 0.5 psu. Our examination suggested that, to achieve results
726 that are better than the uncertainties (�0.52 psu yr�1)
727 induced by freshwater flux and oceanic processes for the
728 Southern Ocean, satellite salinity measurements need to
729 have an accuracy of 0.12 psu or less. Nevertheless, the
730 spatial resolution of the salinity measurements from space,

731particularly for regions with strong eddy activity, has the
732potential to provide a better representation of the spatial
733salinity gradients and, hence, provide better estimates of the
734oceanic advection and diffusion processes.

735Appendix A: Sensitivity of the Salinity Budget to
736Choice of Data

737[40] The results of the mixed layer salinity budget in the
738Southern Ocean presented in sections 3.1 and 3.2 are our
739best estimate from existing data with Sm, hm, and DS from
740Argo float profiles; freshwater flux from ECMWF; geo-
741strophic velocity from AVISO; and Ekman velocity from
742COAPS winds. These data form our ‘‘base case’’ estimate
743of the mixed layer salinity budget. The base case has a
744rms(d) of 0.52 ± 0.03 psu yr�1, where the error bars are
745twice the standard error. To help evaluate how the uncer-
746tainties in these data influence the mixed layer salinity
747budget on a seasonal time scale, we examined the sensitivity
748of the salinity budget to the choice of data set.
749[41] Various data sets were used in the sensitivity test,
750including mean geostrophic velocity data derived from the
751mean SSH of Maximenko and Niiler [2005] and GRACE
752[Tapley et al., 2003]; Ekman velocity-derived data from the
753surface wind stress fields of the National Center for Envi-
754ronmental Prediction/National Center for Atmospheric
755Research (NCEP/NCAR) reanalysis and that from a blended
756sea wind product from the National Climate Data Center
757[Zhang et al., 2006]; a mixed layer depth climatology from
758de Boyer Montegut et al. [2004], World Ocean Atlas 1994
759(WOA94), and the World Ocean Atlas 2001 (WOA01). No
760significant differences in the RMS imbalance were found
761using various geostrophic and Ekman velocity fields.
762Similar to the heat budget in the Southern Ocean [Dong
763et al., 2007], the RMS imbalances of the salinity budget
764based on different mixed layer depth products are significantly
765different, with a maximum rms(d) of 0.93 ± 0.06 psu yr�1

766using hm from WOA94. This suggests that a proper repre-

Figure 12. The temporally averaged (1993–2007) eddy kinetic energy (EKE) derived from AVISO
geostrophic velocity data [(EKE = (u02 + v02)/2]. Units are cm2 s�2.
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767 sentation of the mixed layer depth is important to close the
768 budget.
769 [42] Six net freshwater flux (E � P) climatologies,
770 including the ECMWF reanalysis 40, were tested. In addi-
771 tion to the monthly climatology from the NCEP/NCAR
772 reanalysis [Kalnay et al., 1996] and that from the South-
773 ampton Oceanography Centre (SOC) [Josey et al., 1998],
774 three blended climatologies were constructed using evapo-
775 ration (E) data from the OAFlux and precipitation (P) data
776 from the Climate Prediction Center Merged Analysis of
777 Precipitation (CMAP), enhanced CMAP (CMPAE) [Xie and
778 Arkin, 1997], and Global Precipitation Climatology Project
779 (GPCP) [Adler et al., 2003], i.e., E(OAFlux) � P(CMAP),
780 E(OAFlux) � P(CMAPE), and E(OAFlux) � P(GPCP).
781 Both the CMAP and GPCP precipitation were developed
782 using multisatellite estimates only, whereas the CMAPE
783 precipitation also included precipitation values from the
784 NCEP/NCAR reanalysis. All three satellite-based precipita-
785 tion products are available from 1979 to the present on a
786 monthly basis with a spatial resolution of 2.5� of latitude
787 and longitude. To be consistent with the Argo and OAFlux
788 time periods, the three blended E � P climatologies were
789 constructed from averages between 2000 and 2006. The
790 SOC flux climatology, with a spatial resolution of 1� � 1�,
791 was derived from in situ meteorological reports in the
792 Comprehensive Ocean Atmosphere Data set 1a (COADS)
793 covering the period 1980–1993. Of the six net freshwater
794 flux products, the ECMWF gave the smallest RMS imbal-
795 ance (0.52 ± 0.03 psu yr�1) and the SOC flux the largest
796 RMS imbalance of 0.65 ± 0.04 psu yr�1. The differences in
797 the RMS imbalance from the various E � P products
798 suggest that a better freshwater flux product is needed to
799 advance the understanding of salinity variability and the
800 processes controlling it.
801 [43] Ekman advection may be sensitive to assumptions
802 about the Ekman depth, i.e., the depth of penetration of the
803 wind-driven flow. In this study, we used the mixed layer
804 depth, hm, as the Ekman depth. In cases where the true
805 Ekman depth is shallower than hm, the Ekman advection is
806 confined to the mixed layer, and the Ekman depth does not
807 influence the salinity budget. However, if the Ekman depth
808 is deeper than hm, the Ekman velocities are overestimated,
809 resulting in an overestimate of the Ekman advection in the
810 mixed layer. To test the sensitivity of the mixed layer
811 salinity budget to a deeper Ekman depth, we increased the
812 Ekman depth to twice that of hm, which effectively reduced
813 the Ekman transport within the mixed layer to one half of its
814 original value. The RMS imbalance decreased by 0.04 psu
815 yr�1. Another test we performed was to assume that the
816 Ekman depth is no less than 100 m, i.e., the Ekman depth is
817 set to be 100 m whenever hm is shallower than 100 m. The
818 RMS imbalance was reduced by 0.03 psu yr�1. These tests
819 suggest that a better knowledge of the Ekman depth can
820 improve the mixed layer salinity budget in the Southern
821 Ocean.
822 [44] Unlike the mixed layer temperature whose variations
823 in space and time can be well represented by satellite SST
824 measurements with continuous spatial and temporal cover-
825 age, existing salinity maps are derived from sparse in situ
826 measurements. The uncertainties in the salinity field may
827 contribute to the imbalance. We examined the sensitivity of
828 the salinity budget to Sm by making use of the salinity

829climatology from the World Ocean Atlas 2005 (WOA05).
830With all of the other data sets the same as our base case, the
831results using Sm from the WOA05 gave an average RMS
832imbalance of 0.88 ± 0.06 psu yr�1. The large difference
833from our base case is probably due to the lack of salinity
834data in the World Ocean Database 2005, as the majority of
835the Argo profiles (70%) were from the post-2005 period.
836Although the spatial structure of the salinity data from the
837WOA05 is similar to our objective map for the Argo float
838profiles, the WOA05 field is much smoother, particularly
839around the ACC where the salinity gradient is the largest.
840This suggests that it is important to continuously accumu-
841late salinity measurements with better spatial resolution to
842resolve the relatively fine structure of the salinity field.
843Ultimately, an improved salinity field for the Southern
844Ocean will improve our understanding of the upper ocean
845processes governing the meridional overturning circulation.
846[45] Note that the residual imbalance included some
847unresolved variations due to seasonal changes in the fresh-
848water fluxes from sea ice. To further quantify the effect of
849sea ice seasonal variations, we used the monthly sea ice area
850from the National Snow and Ice Data Center of the
851University of Colorado, which suggested a total Antarctic
852ice area change of �12 � 1012 m2 on a seasonal time scale.
853This gave a freshwater input/output of 12 � 1012 m3

854assuming a sea ice thickness of 1 m (typical for the
855Antarctic sea ice). If we assume this amount of freshwater
856is evenly distributed in our study region, it is equivalent to
8570.13 m yr�1 freshwater input/output, which is about 20% of
858the RMS difference between the freshwater fluxes from
859SOC and ECMWF. Thus, the seasonal variations in sea ice
860is not a large contributor to the salinity imbalance when
861compared to the uncertainties in the E � P data.
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