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The disciplines of meteorology and oceanography are both vital to understanding the earth sys-

tem. Throughout most of the last half century, meteorology has largely been a prognostic discipline.

Forecasts made by meteorologists have been widely used and scrutinized, allowing for countless

opportunities to test and improve ideas about atmospheric circulation and physics. Since weather

forecasts involve integrating numerical models and updating the model state via data assimilation,

forecasting demands frequent use of the principles of Bayesian inference. This requirement essen-

tially confronts the physics contained within numerical models at recurring intervals and can reveal

systematic model bias.

In contrast, prognostic applications have been less prevalent in oceanography. Oceanographic

forecasts are much rarer than atmospheric forecasts and, perhaps as a consequence of this disparity,

many ideas concerning oceanic circulation have not been tested to the same degree as ideas con-

cerning atmospheric circulation. This dissertation presents three methods for testing oceanographic

ideas: applying common methodologies to analogous regions of different ocean basins; creating syn-

thetic time series to mimic the properties of oceanographic time series in order to construct null

distributions for hypothesis testing; and using water mass census information to interpret the results

of water mass transformation analysis.
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Introduction

The disciplines of meteorology and oceanography are both vital to understanding the earth system.

Throughout most of the last half century, meteorology has largely been a prognostic discipline.

Forecasts made by meteorologists have been widely used and scrutinized, allowing for countless

opportunities to test and improve ideas about atmospheric circulation and physics. Since weather

forecasts involve integrating numerical models and updating the model state via data assimilation,

forecasting demands frequent use of the principles of Bayesian inference. This requirement essen-

tially confronts the physics contained within numerical models at recurring intervals and can reveal

systematic model bias.

In contrast, prognostic applications have been less prevalent in oceanography. Oceanographic

forecasts are much rarer than atmospheric forecasts and, perhaps as a consequence of this dispar-

ity, many ideas concerning oceanic circulation have not been tested to the same degree as ideas

concerning atmospheric circulation.

This dissertation presents three methods for testing oceanographic ideas:

� Applying methodologies to analogous features from di�erent ocean basins allows for the isola-

tion of relevant processes. In the �rst chapter we study the six salinity maxima that manifest

in the subtropical oceans using an isohaline salinity budget. These maxima manifest because

evaporation exceeds precipitation in the subtropics. Five of the salinity maxima form in the

open ocean while the sixth, the North Indian, forms in the Arabian Sea. Comparing the

salinity budgets and vertical structures of the maxima allows us to �nd that despite di�erent
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surface forcing, all of the open-ocean salinity maxima have vertical di�usive 
uxes that peak

in the late winter. The eastward and poleward edges of these maxima are susceptible to a

type of mixing known as salt �nger convection that enhances the di�usive 
ux of salinity out

of the maxima in the late winter. In contrast, the North Indian salinity maximum is not

susceptible to salt �nger convection and its vertical di�usive 
ux remains relatively constant

throughout the year. We also contrast these regions to the Equatorial Paci�c Fresh Pool in a

short additional chapter.

� Synthetic time series can be used to understand the properties of oceanographic time series

in order to construct null distributions for hypothesis testing. We use synthetic time series to

mimic observed properties of time series of surface layer salinity and sea surface temperature

to examine how samples taken from such time series are a�ected by three complications: auto-

correlation, measurement error, and multiple simultaneous hypothesis tests. We then discuss

techniques that can be used to account for these complications in order to correctly construct

null distributions for hypothesis testing. These complications are critical to understand, be-

cause surface layer salinity is used by the oceanographic community to detect changes in the

hydrological cycle. We �nd that the salinity changes discussed in previous studies, while be-

lieved to be signi�cant by many members of the oceanographic community, are not signi�cant

at the levels reported in the literature when the complications are taken into account. This

work suggests that many of the conclusions within this subset of the oceanographic literature

should be reevaluated.

� The water mass transformation framework is used to relate air-sea 
uxes of heat and freshwater

to the rate of change of the density of seawater. This rate is known as the transformation rate

and its convergence, the formation rate, is used to infer the rate at which the ocean's water

masses are formed and destroyed. These estimates of water mass formation and destruction are

used by the oceanographic community to understand how air-sea 
uxes in
uence broad-scale
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ocean circulation. These inferences, however, are rarely compared against the observational

descriptions of the water masses. We conduct potential temperature-salinity censuses of the

water masses and compare the census results against the surface transformations. This tech-

nique reveals that many of the surface 
uxes that are believed to be relevant to water mass

transformation are actually related to the seasonal cycle of surface water transformation rather

than the transformation of the subsurface water masses.

These chapters share common threads, most importantly the use of conserved tracers to under-

stand the ocean. The �rst, second and third chapters use the ocean's salinity �eld to infer circulation

within the ocean and changes in the hydrological cycle. The �rst, second and fourth chapters use

isosurface budgets to study the ocean's structure and circulation. The third and fourth chapters

o�er critiques of the previously published literature and suggestions for improving our understanding

of ocean structure and the changes observed within it.

We speculate on the implications of this dissertation in a �nal concluding chapter.
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Chapter 1

Climatological Annual Cycle of the Salinity Budgets of the

Subtropical Maxima

1.1 Abstract

Six subtropical Smax exist: two each in the Paci�c, Atlantic, and Indian Ocean basins. The NI Smax

lies in the Arabian Sea while the remaining �ve lie in the open ocean. The annual cycle of E-P


ux over the S max is asymmetric about the equator. Over the NH Smax , the semiannual harmonic

is dominant (peaking in local summer and winter), while over the SH Smax , the annual harmonic

is dominant (peaking in local winter). Regardless, the SLS for all six Smax reaches a maximum in

local fall and a minimum in local spring. This study uses a multidecade integration of an eddy-

resolving ocean general circulation model (OGCM) to compute salinity budgets for each of the six

Smax . The NI Smax budget is dominated by eddy advection related to the evolution of the seasonal

monsoon. The �ve open-ocean Smax budgets reveal a common annual cycle of vertical di�usive


uxes that peak in winter. These Smax have regions on their eastward and poleward edges in which

the vertical salinity gradient is destabilizing. These destabilizing gradients, in conjunction with

wintertime surface cooling, generate a gradually deepening wintertime mixed layer. The vertical

salinity gradient sharpens at the base of the mixed layer, making the water column susceptible to

salt �nger convection and enhancing vertical di�usive salinity 
uxes out of the S max into the ocean

interior. This process is also observed in Argo 
oat pro�les and is related to the formation regions

of subtropical mode waters.
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Table 1.1: Isohaline, in psu, bounding each Smax .

Smax NA Smax SA Smax NI Smax SI Smax NP Smax SP Smax

Isohaline 37.0 37.0 35.8 35.6 35.2 36.1

1.2 Introduction

The broad patterns of SLS are set by the interaction of surface waters with the atmosphere (Wust,

1935). The descending branch of the Hadley Cell drives anticyclonic 
ow over the ocean basins

causing evaporation to exceed precipitation, elevating SLS and creating six subtropical salinity

maxima (hereafter Smax ). Five of the Smax lie primarily in the open-ocean: the Paci�c and Atlantic

Smax are located around 25� N and 20� S; the South Indian (SI) Smax is around 30� S (Gordon et al.,

2015). The NI Smax lies in the Arabian Sea and Gulf of Oman around 18� N. Coasts bound it to

the north and west. For brevity we will refer to each Smax by the �rst initial of its hemisphere and

ocean basin, e.g. North Atlantic (NA) Smax denotes the North Atlantic subtropical salinity maxima.

The Smax are bounded by di�erent isohaline values given in Table 1.1. We selected these values

as those that de�ne the maximum volume that is con�ned to the subtropical region of each basins'

corresponding hemisphere.

The annual cycle of E-P 
ux over the subtropical regions is asymmetric about the equator (Large

and Yeager, 2009). Over the NH Smax the semiannual harmonic dominates (peaking in local summer

and winter) while over the SH Smax the annual harmonic dominates (peaking in local winter). In

spite of this asymmetry in E-P forcing, the SLS of all six Smax reaches a maximum in local fall

and minimum in local spring (open-ocean Smax : Gordon et al., 2015; NI Smax : Rao and Sivakumar,

2003). On the eastward and poleward edges of each open-ocean Smax , the vertical gradient of salinity,

@zS, is destabilizing and the net surface heat 
ux (SHF) changes sign during the transition from

summer to winter. Bingham et al. (2012) depict seasonal SLS variability in these areas (see their

Fig. 4), which suggests that the position of the Smax within each basin in
uences SLS variability in

the surrounding regions.

This study employs an eddy-resolving OGCM to compute salinity budgets for all six Smax to

address two objectives: determine the importance of individual ocean processes in balancing clima-

tological mean E-P forcing and to discover why, in spite of their di�erent annual cycles of E-P, the

annual cycle of SLS for all six Smax is dominated by the annual harmonic. Following Bryan and

Bachman (2015), who studied NA Smax , these budgets are computed within a control volume that

5



is bounded by an isohaline surface in order to eliminate the mean advection term from the budget.

NA Smax is perhaps the most well-studied Smax , as it was the site of the Salinity Processes in the

Upper Ocean Regional Study (SPURS; Lindstrom et al., 2015) and is a region of high-coverage

by the Ship of Opportunity Program (Reverdin et al., 2007). Previous observation-based studies

have emphasized the importance of di�erent processes in the subtropical salinity balance: horizontal

advection by Ekman and geostrophic 
ow (Yu, 2011), vertical 
uxes (Qu et al., 2011, who only

examined NA Smax ; Bingham et al., 2012), and eddy 
uxes (Gordon and Giulivi, 2014, who only

examined NA Smax ).

While OGCMs have the ability to simulate regularly gridded �elds of oceanographic variables,

including di�usion terms that are di�cult to measure in situ, they experience a particular challenge

that is relevant to the salinity budget. Of the two components that determine the density and

stability of seawater, potential temperature, � , and salinity, S, the latter has been more di�cult for

OGCMs to model with �delity (Durack et al., 2013). Because modeled S distributions can be biased

{ even in this precise model con�guration, as discussed by Bryan and Bachman (2015) { this study

reinforces its key results with comparisons to Argo 
oat data.

1.3 Background

The subsurface structure of each Smax creates gradients that constrain large-scale patterns of vertical

mixing. The open-ocean Smax each have a subsurface salinity maximum known as STUW (O'Connor

et al., 2002). The STUW are located westward and equatorward of the sea surface salinity maxima

(shown schematically in Fig. 1.1). This displacement creates contrasting regions of@zS along the

edges of the open-ocean Smax . On their eastward and poleward edges,@zS is destabilizing { S

decreases with depth, creating a top-heavy salinity distribution. Conversely, on their westward and

equatorward edges,@zS is stabilizing { S increases with depth, creating a bottom-heavy salinity

distribution. Unlike the open-ocean Smax , the subsurface salinity maximum beneath NI Smax is

located approximately beneath the surface maximum and thus@zS is weak.

In addition to these regions of contrasting@zS, the strati�cation of subtropical oceans is a�ected

by an annual cycle of SHF, which changes sign during the course of a year. All of the Smax experience

net heating during the summer and net cooling during the winter (Fig. 1.2), however the annual

cycle of SHF over NI Smax is distinct. It has the shortest period of surface cooling (typically from
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Figure 1.1: A schematic of an open-ocean Smax . Solid lines represent isohaline contours, with
contour thickness representing salinity. The dark (light) shaded region depicts that in the mixed layer
eastward & poleward (westward & equatorward) of the SLS max@z S is stabilizing (destabilizing)
due to the displacement of STUW with respect to the SLS maximum.

mid-November to early February) and its period of surface heating is interrupted by a relatively weak

period during local summer. Consequently, its mixed layer exhibits maximum depth in January and

has a secondary maximum in July (Weller et al., 2002). The open-ocean Smax have mixed layers

that gradually deepen throughout local winter and rapidly shoal in local spring. For the open-ocean

Smax , the coldest wintertime SSTs exist on their eastward and poleward edges.

Since@zS and the vertical gradient of potential temperature, @z � , can compensate for each other

(i.e. a column with destabilizing @zS can be stabilized by@z � ) a measure of their composite in
uence

on stability is the density ratio,

R� = � T @z �= (� S@zS) (1.1)

where� T and � S are the thermal expansion and haline contraction coe�cients, respectively. The

density ratio in the surface layer changes throughout the year as E-P 
uxes alter@zS and surface

cooling in the autumn and winter weakens (warming in the spring and summer strengthens)@z � .

A notable manifestation of this air-sea interaction is the generation of various types of subtrop-

ical mode waters (MWs). In a review of subtropical MWs, Hanawa and Talley (2001) develop a

classi�cation system organizing them into types, two of which are relevant to this study: Type I {

the archetype of which is 18� MW (Worthington, 1959) { which form on the equatorward side of

western boundary current extensions due to convection induced by intense winter cooling and are

7



Figure 1.2: The climatological annual cycle of surface heat 
ux (W/m2) over each Smax in CESM.
The x-axis is o�set by six months for the SH Smax (top x-axis labels) with respect to the NH Smax

(bottom x-axis labels) to account for the hemispheric phase shift of the seasons.
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relatively uniform in potential density, � � ; and Type II { the archetype of which is Madiera MW

(K•ase et al., 1985; Siedler et al., 1987) { which form on the eastward and poleward edges of the

Smax , have variable � � and density-compensating@zS and @z � (Toyama and Suga, 2010).

Type II MWs are of particular interest in regard to the subtropical cells (STCs) (McCreary

and Lu, 1994), which are shallow overturning circulations that connect the subtropical and tropical

oceans. STCs provide a mechanism by which the properties of subtropical oceans can propagate

subsurface through the Central Waters of the thermocline (e.g. Schmitt, 1981; Sprintall and Tom-

czak, 1993) to the tropical oceans where they can potentially in
uence the frequency or intensity

of El Ni~no/Southern Oscillation (ENSO) events (e.g. Gu and Philander, 1997; Cane et al., 1997).

The formation region of Type II MWs coincides with the source region of the descending branch

of the STCs (e.g. Joyce et al., 1998; Johnson, 2006) and these MWs have been identi�ed within

the vicinity of NA S max (K•ase et al., 1985), NP Smax (Hautala and Roemmich, 1998) and SP Smax

(Tsuchiya and Talley, 1996).

Type II MW volumes vary signi�cantly throughout the year. After decaying to minimum thick-

ness in the summer, they build throughout the fall and reach peak thickness in the late winter as

surface cooling weakens@z � , which, in conjunction with the destabilizing @zS component, decreases

the stability of the column and enhances mixing. This wintertime buildup deepens the mixed layer

and increases S at depth.@zS sharpens below the MW layer near the base of the mixed layer, which,

in conjunction with the weakened @z � , decreasesR� . This enhances S 
uxes from the mixed layer

into the thermocline (Yeager and Large, 2004) and makes water columns susceptible to salt �nger

convection (Johnson, 2006). Salt �nger convection is a type of double di�usive convection arising

in water columns in which � and S both decrease with depth andR� is su�ciently low (typically

when 1 < R � < 2). Since the di�usivity of � is roughly two orders of magnitude greater than

the di�usivity of S, water parcels lose heat much faster than they lose salt and become negatively

buoyant (Stern, 1960) creating �nger-like convective plumes. Salt �nger convection acts to reduce

the potential energy stored in the top-heavy S distribution by transporting salt downward in the

convective plumes at a faster rate than they transport heat (which di�uses out of the walls of the

convective plumes). This allows salt �nger convection to transport density upgradient in a 
uid,

increase its stability and, in the context of this discussion, hasten the decay of the MW. Salt �nger

convection has been inferred from in situ data beneath the Type II MW formation regions of the

NA (St. Laurent and Schmitt, 1999; Kolodziejczyk et al., 2015), SP (Wong and Johnson, 2003;
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Kolodziejczyk and Gaillard, 2013), and NP (Sugimoto and Hanawa, 2007; Toyama and Suga, 2010).

1.4 Numerical Experiment and Results

1.4.1 Model description

We used the POP2 (Smith et al., 2010) and CICE4 (Bailey et al., 2010) components of CESM

in an eddy-resolving oceanic tripole grid (Murray, 1996) with zonal resolution of 0.1� , meridional

resolution of 0.1� cos(lat) and 62 vertical levels (10m spacing above 160m and gradually increasing

spacing towards the sea 
oor).

The equation of state is computed using the method of McDougall et al. (2003). Freshwater

forcing is imposed as a virtual salt 
ux. Vertical mixing is represented using the K-pro�le parame-

terization (KPP) of Large et al. (1994). Turbulent shear mixing and double di�usive convection are

represented by increasing vertical di�usivity above the background di�usivity, � . Shear mixing is a

function of the gradient Richardson number. Salt �nger convection is a function of R� , as de�ned

in Eq. 1.1, according to the empirical parameterization of St. Laurent and Schmitt (1999):

� DD (R� ) = � 0
d[1 � (R� � 1)=(R0

� � 1)]3 (1.2)

where R0
� = 2 :55 and � 0

d is 1 � 10� 2m2=s and 7 � 10� 3m2=s for salt and heat, respectively. The

mixed layer depth is computed as the shallowest local maximum of the buoyancy gradient.

1.4.2 Model experiment

We forced the ocean and ice components of CESM in accordance with the CORE (Gri�es et al.,

2009) guidelines. The COREv2 dataset is composed of a blend of National Centers for Environmental

Prediction (NCEP) reanalysis (Kalnay et al., 1996) and a variety of satellite-based reconstructions of

surface atmospheric state and 
ux �elds (Large and Yeager, 2009). COREv2 includes interannually

varying forcing data, spanning the years 1948-2009 and a single \normal year" which is an exactly

repeating synthetic year derived from the interannually varying data. The interannual dataset

incorporates observational and reanalysis data from a variety of sources with irregular start and

stop times. In 1979, COREv2 begins incorporating data from the Microwave Sounding Unit (MSU)

(Spencer, 1993), the Climate Prediction Center Merged Analysis of Precipitation (CMAP) product
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(Xie and Arkin, 1996) and Global Precipitation Climatology Project (GPCP) data (Hu�man et al.,

1997). Coastal runo� is imposed using the Dai and Trenberth (2002) climatology. The model was

initialized with temperature and salinity distributions from the WOCE climatology (Gouretski and

Koltermann, 2004) and spun up for 15 model years with COREv2 normal year forcing. This spin

up was shared by the experiment described in Bryan and Bachman (2015) but the integrations

branched after spinup: Bryan and Bachman continued by extending their integration for another

5 years under normal-year forcing; the integration in this study continued for another 33 years

under interannually varying forcing corresponding to the years 1977-2009. Since the transition from

normal-year forcing to interannual forcing makes the forcing �elds discontinuous, we started the

interannual forcing in 1977 to mitigate the e�ects of these perturbations and restricted our analysis

to the output from 1979-2009. Output was saved as �ve-day averages and converted to monthly

averages using a weighted mean.

1.4.3 Model analysis

To derive our salinity budget we start with the model's salinity conservation equation:

@S
@t

= �r � (uS) +
�

@
@z

�
�

@S
@z

� �
��

+ AS r 4
h S (1.3)

where S is the salinity, � is the vertical di�usivity, � � is the KPP counter gradient 
ux, and As is

the horizontal hyperdi�usivity. The surface boundary conditions for Eq. 1.3 are:

�
@S
@z

jz=0 = Sref (E � P) (1.4)

� � jz=0 = 0 (1.5)

where E is evaporation, P is precipitation, and Sref = 34:7 psu is the model's constant reference

salinity used to convert freshwater 
uxes to a virtual salt 
ux. We compute the integral of Eq.

1.3 upon climatological monthly mean output (denoted by the bar, �) within a volume, V , that is

bounded in the ocean interior by an isohaline surface@V, upon which �S = So and at the surface by
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a time-dependent outcrop area,A within which �S > So:

ZZZ

V ( �S>S o )

@S
@t

dv = �
ZZ

@V(S= So )
uS � da +

ZZ

@V( �S= So )

�
�

@S
@z

� �
�

k � da+

ZZ

A ( �S>S o )
Sref (E � P)dA +

ZZZ

V ( �S>S o )
AS r 4

h Sdv

(1.6)

Since the �rst term of the right-hand side (RHS) of Eq. 1.6 is a covariance, we can partition it into

time-mean and eddy terms:

ZZ

@V(S= So )
uS � da = So

ZZ

@V(S= So )
u � da +

ZZ

@V(S= So )
u0S0 � da =

ZZ

@V(S= So )
u0S0 � da (1.7)

The term describing time-mean velocity advection vanishes, resulting in:

ZZZ

V ( �S>S o )

@S
@t

dv = �
ZZ

@V(S= So )
u0S0 � da +

ZZ

@V( �S= So )

�
�

@S
@z

� �
�

k � da+

ZZ

A ( �S>S o )
Sref (E � P)dA +

ZZZ

V ( �S>S o )
AS r 4

h Sdv

(1.8)

We denote the terms of Eq. 1.8 from left to right, as tendency, eddy advection, vertical di�usion,

E-P and horizontal di�usion. Since CESM imposes no-
ux boundary conditions at solid surfaces,

the volume described here can intersect coastlines and the sea
oor. We use Eq. 1.8 to compute the

budget on the climatological monthly mean output of the years 1979-2009 of the integration. Bryan

and Bachman (2015) demonstrate that since eddy mixing is a two-stage process where eddies �rst

stir the 
uid, enhancing local � /S gradients, and small-scale mixing then acts upon these gradients,

computing the budget on climatological monthly mean data allows for the inference of the total

mixing induced by the eddies. Finally, to evaluate model bias, we compare the outcrop area for

each Smax to the MIMOC climatology (Schmidtko et al., 2013). Since MIMOC is largely based

on Argo data, we use only the model years that overlap with the Argo era (2000-2009) during this

comparison.

1.4.4 Model Results and Discussion

Climatological Description of the S max

Consistent with observations of STUW, subsurface isohaline contours are displaced westward and

equatorward of the surface outcrops (Fig. 1.3) of each open-ocean Smax (resembling Fig. 1.1). The
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Figure 1.3: The model climatological mean SLS. Black contours are the mean position of isohaline
surface outcrops for each Smax . Gray contours are isohalines at 100m depth. Each of the open-ocean
Smax contours at 100m depth is positioned westward and equatorward of the surface outcrop. The
NI Smax surface and 100m contours are at roughly the same position. White lines depict transects
along which depth pro�les are shown in Figs. 1.8 & 1.9.

subsurface isohaline contour is not displaced for NI Smax . The STUW of South Atlantic (SA) S max

is displaced more equatorward and less westward in comparison with the other Smax because it abuts

the coast of Brazil. In the vicinity of the open-ocean Smax , the mean mixed layer depths (MLDs)

range from around 50m in the summer months to around 100-130m in the winter months. The

simulation's annual SLS cycles, as indicated by outcrop extent (Fig. 1.4), are roughly in phase with

MIMOC observations although the amplitude of the MIMOC annual cycles is larger for all Smax .

The phase of these annual SLS cycles is also consistent with in situ observations (NI Smax : Rao and

Sivakumar, 2003; open-ocean Smax : Gordon et al., 2015) with seasonal maxima (minima) in local

fall (spring). The model tends to have a fresh bias (Fig. 1.5), with smaller outcrops for each Smax ,

with the exception of NP Smax . The open-ocean Smax outcrops tend to have a spatial bias, with

the MIMOC outcrops extending farther eastward and poleward. This bias suggests the model may

overestimate vertical di�usive 
uxes in regions that have destabilizing @zS.

Climatological S max Salinity Budgets

We consider the percentage of the climatological annual mean E-P that is balanced by each budget

term (Table 1.2). Eddy advection balances the largest percent of E-P in NI Smax (-77%), SI Smax

(-70%), NP Smax (-60%) and NA Smax (-55%). Vertical di�usion balances the largest percent of E-P

in SP Smax (-60%) and SA Smax (-55%). The tendency term is small but of the same sign as E-P in
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Figure 1.4: The annual cycle of outcrop extent anomaly (m2) from annual mean value for CESM
(black) and MIMOC (light blue).
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Figure 1.5: Model climatological mean SLS (psu, shaded) and comparison of climatological mean
Smax outcrops of the integration (black contours) and MIMOC (light blue). In all cases, with the
exception of NP Smax , the MIMOC outcrops are larger, with the largest discrepancy in SP Smax ,
where MIMOC outcrop area is nearly double that of the model. The white paths along the eastward
and poleward edges of each MIMOC outcrop are the position of the Argo 
oats over the two-year
periods described in Section 1.5.

all six Smax , indicating that the mean salinity of each Smax increased during the integration. While

this is consistent with the ampli�cation of SLS variance (Durack and Wij�els, 2010) in response to

a strengthening hydrological cycle (Held and Soden, 2006) this result could also be a consequence

of model drift (Durack et al., 2013).

Turning our attention to the annual cycles of each budget (Fig. 1.6), the SH Smax exhibit E-P

minima in the late spring (November for SA and SI; December for SP) and maxima in the winter

(June for SP; July for SA and SI). The NH Smax exhibit an annual cycle of E-P dominated by the

semiannual harmonic with wintertime maxima in January and summertime maxima in June (NP)

or July (NA and NI). In spite of this di�erence in the annual cycle of E-P, the annual cycle of net

S 
ux out of the S max into the ocean interior (which is the sum of the horizontal di�usion, vertical

di�usion and eddy advection terms) is roughly in phase for all of the Smax . In each of the open-ocean

Smax , the magnitude of net 
ux is greatest in the winter while the net 
ux for NI S max peaks in the

late fall. The magnitude of the vertical di�usion term peaks in the winter for all of the open-ocean

Smax . The magnitude of the eddy advection term nearly doubles in the winter for SI Smax and is

slightly enhanced for NA and SA Smax . It does not have a noticeable seasonality in NP and SP

Smax . In NI Smax , the magnitude of eddy advection reaches a minimum in April and maximum in

October. This is likely related to the onset of the Southwest Monsoon, which develops during the
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Table 1.2: Climatological annual mean magnitude of each budget term and the percent of E-P
balanced by each of the remaining budget terms (Sv psu). Since the mean advection term should
vanish from Eq. 1.7 it provides an estimate of the error in Eq. 1.8. We include its magnitude as an
error estimate in the rightmost column.

Smax E - P Tendency Hor Di� Eddy Adv Ver Di� Error

NA Mag 2.90 0.05 -0.01 -1.58 -1.37 1E-3
% of E-P 100% 2% 0% -55% -47% N/A
SA Mag 2.49 0.05 -0.02 -1.16 -1.36 2E-3
% of E-P 100% 2% -1% -46% -55% N/A
NI Mag 3.58 0.13 0.03 -2.74 -1.01 7E-3
% of E-P 100% 4% 1% -77% -28% N/A
SI Mag 4.4 0.1 0.0 -3.1 -1.5 2E-2
% of E-P 100% 3% 0% -70% -34% N/A
NP Mag 5.8 0.1 0.0 -3.5 -2.4 2E-2
% of E-P 100% 1% 0% -60% -42% N/A
SP Mag 3.6 0.0 0.0 -1.5 -2.2 1E-2
% of E-P 100% 1% 0% -41% -60% N/A

summer and dissipates during the fall and is associated with freshening in the Arabian Sea (Rao

and Sivakumar, 2003).

Vertical Di�usion in the Subtropics

Since the annual cycle of S 
ux from NI Smax into the ocean interior is governed by a distinct

process, eddy advection, we continue by examining why the magnitude of the vertical di�usion term

peaks in the late winter for the open-ocean Smax . However, since the vertical di�usion term peaks in

winter in the open-ocean Smax and is approximately constant throughout the year in the NI Smax ,

we analyze NI Smax in parallel with the open-ocean Smax because this contrast demonstrates how

the annual cycle of vertical di�usion is in
uenced by the annual cycle of SHF.

Fig. 7 of Bingham et al. (2012) shows that in the regions eastward and poleward of the open-

ocean Smax , a vertical 
ux term, ([ @h0]=@t)(@�S)=@z, where h0 is the seasonal variation of the MLD,

dominates their SLS budget in winter and spring. While this process is captured in the entrainment

term, Bingham et al. describe it as a \seasonal heaving of the mixed layer." We begin by interpolating

the vertical di�usion term in the model output to the depth of the mixed layer (Fig. 1.7), which

demonstrates that on the eastward and poleward regions of the Smax , there is indeed a vertical 
ux

of S through the base of the mixed layer into the deeper ocean. Since this process coincides with

wintertime surface cooling and a decrease of@z � , we also computeR� and use Eq. 1.2 to determine
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Figure 1.6: The climatological annual cycle of the salinity budget (Sv psu) for each Smax . The net

ux term is the sum of horizontal di�usion, eddy advection, and vertical di�usion.
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Figure 1.7: The simulation's climatological mean vertical di�usive 
ux of salt though the base of
the mixed layer (psu m/s, shaded). Black and gray contours are isohaline contours as in Fig. 1.3.
Light blue contours are regions where salt �nger convection penetrates the base of the mixed layer.
In the vicinity of the S max these regions of salt �nger convection are on the eastward and poleward
edges of each Smax & correspond with regions of negative vertical di�usive salt 
uxes through the
mixed layer base (magenta shaded regions).

the regions where salt �nger convection enhances di�usivity at the base of the mixed layer.

In the NA, NP and SP, these areas of S 
ux from the mixed layer into the ocean interior coincide

with the regions of Type II MW formation. MWs are typically characterized using the planetary

component of potential vorticity,

PV =
f
�

@�
@z

(1.9)

where f is the Coriolis parameter. PV is used in the study of MW since it quanti�es vertical

stability, is approximately conserved in geostrophic 
ow and is generally much larger in magnitude

than the relative potential vorticity component (Hanawa and Talley, 2001). To account for the

cross-equatorial change in the sign off we usejPVj in computations but refer to it as PV within

the text. Type II MWs have a \core" (depth of minimum PV) found around 75-100 m during the

late winter. While studies use di�erent values of PV to demarcate the boundaries of mode waters,

we use the value of Wong and Johnson (2003), wherejPVj < 3 � 10� 10m� 1s� 1, to examine the

extent of low-PV water in all basins.

Since the contrasting regions of stability are on diagonally opposite sides of the open-ocean Smax ,

we create depth transects through each Smax (Fig. 1.8 & 1.9) along the paths in Fig. 1.3. Low-

PV water forms in the surface layer along each transect however, the waters beneath these low-PV

regions generate salt �nger convection only on the eastward and poleward sides of the open-ocean
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Smax . When low-PV water forms on the westward and equatorward side of the Smax , as visible

in NP and SP, the waters underlying these low-PV volumes do not generate salt �nger convection

because@zS is stabilizing above the STUW. Similarly, the waters within NI S max are not susceptible

to salt �nger convection because@zS is weak. We also depict the seasonal evolution of the mixed

layer depth and the salt �nger convection di�usivity at intervals during the winter and spring. The

NH (SH) open-ocean Smax show mixed layer deepening from January through March (July through

September) and rapid shoaling from March through May (September through November). Salt

�nger convection forms above the mixed layer base in January (July), penetrates the mixed layer

base in March (September), and dissipates below the shoaled mixed layer in May (November). This

process is depicted in a simpli�ed schematic in Fig. 1.10.

Though we have not computed a buoyancy budget in this study, it is important to note that

the locations of these regions where the waters become susceptible to salt �nger convection are

signi�cant because of the connection between Type II MWs and the descending branch of the

STCs. This seasonal propagation of salt �nger convection provides a diapycnal mixing pathway

that transforms near-surface water into deeper, subsurface Central Water. Furthermore, since it

mixes density upgradient, the newly transformed Central Waters can escape reentrainment when

the mixed layer deepens in subsequent winters.
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Figure 1.8: Transect plots through each NH Smax along the paths shown in Fig. 1.3. Climatological
January PV (m � 1s� 1, shaded), isohaline bounding each Smax (white contours) and volumes where
jPVj < 3:0 � 10� 10m� 1s� 1 (magenta). Climatological mixed layer depth for January, March and
May is shown by mustard yellow contours ranging from dark/thick to light/thin. Climatological
areas of salt �nger convection for January, March and May are shown by blue contours ranging from
dark/thick to light/thin.
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