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Submesoscale?  
Submesoscale compared to ‘mesoscale’ Loop 
Current and Loop Current Eddies  

Similar to  ‘surface mixed layer instabilities’: 

-Similar relevant parameters (Ri ~ 1-10) 

-Similar sub-observational scales, O(10 km) 
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Figure 2. Temporal evolution of the plume. (a), (b) and (c), velocity fields after 1, 2 and 3
rotations periods, respectively. The outer contour marks 20% of the inflow buoyancy. (d)
!, bulge and ", coastal current widths normalized by the inflow Rossby radius, (g′H )1/2f −1,
plotted against normalized time. (e), (f ) and (g), plume vorticity normalized by the planetary
vorticity, f , after 1, 2 and 3 rotations periods, respectively. The solid and dotted lines are the
0.4 and −0.4 contours, respectively.

Once the source was turned on, buoyant water immediately separated from the wall
and formed a broad jet-like current. The current was deflected to the right after half
of a rotation period and impinged on the wall 5Lr downstream of the source. After
one period, the central vortex structure was established, and the coastal current began
to form along the wall (figure 2a). After two and three rotation periods, the bulge
widened further, but the coastal current width remained constant (figure 2b, c, d).
The widths of the coastal current and bulge were measured based on the location
of the maximum gradient in the buoyancy field and normalized by Lr . After the
first three rotation periods, the coastal current width was slightly greater than Lr ,
and remained constant thereafter. The bulge continued to increase in size throughout
the experiment, however, reaching approximately 6Lr after seven rotation periods
(figure 2d).

The anticyclonic circulation is also evident in the vorticity field generated from the
measured velocity field (figure 2e, f, g). The centre of the bulge is dominated by a
circular region of negative vorticity and bounded by a band of positive vorticity at its
edge. As the bulge grows, the central anticyclonic region expands; however, the band
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the bulge, presumably due to baroclinic instability.
Thus, it is found that the bulge does not reach a steady
or equilibrium state by day 30. When the calculation is
extended until day 60, the bulge still grows chaotically
as shown later (in section 5c and Fig. 14).

It is considered that the coastal boundary current is
stable because the isohaline does not move offshore
from day 10 to day 30. However, the growing bulge
suggests that the freshwater transport in the coastal
boundary current is not equal to the river discharge,
and that a nonnegligible fraction of the river discharge
debouches into the bulge. We evaluate the freshwater
transport (F) in the coastal boundary current as fol-
lows:

F ! !!So " S
So

u dA, #4.1$

where So denotes the ambient salinity, S is the calcu-
lated salinity, and u is the alongshore velocity. Equation
(4.1) represents the integration over the whole y–z
cross section at x ! 200 km. Figure 4 shows the time
series of the freshwater transport. The result shows that
the freshwater transport in the coastal boundary cur-

rent is less than 40% of the river discharge. The effect
of tides will be explained later in section 5b.

Figure 5 shows particle locations every 4 days until
day 16. Also shown are isohalines in the top layer. The
bulge in this period extends offshore monotonically, so
that we are able to avoid the complexity caused by a
combination of baroclinic and inertial instabilities. Par-
ticles are represented by large dots when they satisfy
the criterion (2.12); hereinafter, the particles undergo-
ing inertial instability are called unstabilized particles.
Looking at the panels from day 4 to day 12, one finds
unstabilized particles mainly on the right-hand side of
the river mouth.

We calculate the ratio of the number of unstabilized
particles to the total number of particles in the area of
Fig. 5 and show its time series in Fig. 6. About 10% of
all particles are unstabilized before day 10 when the
bulge is relatively small, approximately 20 km in diam-
eter. Thereafter, as the bulge grows, the ratio decreases
to about 5% by day 20. In general, the curvature of
particle trajectories, and hence the centrifugal force ap-
plied on particles, become small in large bulges.
Thereby, the decrease of the ratio suggests that the
centrifugal force plays a significant role in inducing in-
ertial instability. To investigate the dependency of in-
ertial instability on the curvature, two Rossby numbers
(Rr and Ro) of all unstabilized particles before day 16
are shown in Fig. 7. A significant fraction of the unsta-

FIG. 3. (top) The 34.5-psu isohalines in the top layer every 5
days from the beginning of the calculation. To distinguish the
isohalines easily, areas inside 10- and 30-day contour lines are
shaded with different tones. (bottom) Side view of 34.5-psu iso-
halines along the sidewall at y ! 20 km.

FIG. 4. Time series of the freshwater transport at x ! 200 km.
The transport is normalized by the river discharge. The time series
in the case with tidal currents is also depicted (see section 5b).
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Figure 5. Model run 3. Density anomaly at the surface and integral stream function (solid contours are 
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positive, dashed contours are negative; contour interval is 5 10 m s ) at four d•fferent t•mes dunng a 10 
day cycle of discharge variation. 

toward the coast along the downstream edge of the 
anticyclone. This terminates the continuous band of the 
lightest water near the coast in the range 90<x<105 km 
(Figure 5, day 10). The separation of the lightest water in the 
bulge and in the downstream coastal current results in the 
formation of a secondary bulge or anticyclone at x= 100-120 
km on day 10-12.5. When the discharge resumes, the 
anticyclonic circulation around the bulge still dominates the 
dynamics near the source for some time: On day 12.5 
discharged buoyant water turns slightly upstream and then 
flows around the anticyclone. The newly discharged water 
remains separated from the "old" lightest water in the center 
of the anticyclone (Figure 5, day 12.5). In the downstream 
part of the anticyclone, penetration of denser water toward 
the coast and then upstream continues. The gap between the 
lightest water in the bulge and in the downstream coastal 
current widens with the formation of closed streamlines in 

the secondary bulge. Only when the discharge regains its 
maximum strength on day 15 does recirculation in the bulge 

cease. Streamlines originating from the mouth turn to the 
right, continue through the bulge and completely suppress 
closed streamlines associated with the anticyclone. The 
secondary bulge is shifted offshore by the enhanced current 
at the wall because of higher discharge. There is no 
"discontinuity" in the surface density field between the 
anticyclonic bulge and the downstream coastal current. 

The variable discharge causes uneven growth of the bulge 
depending on the particular phase of the inflow cycle (Figure 
6). Here we show the temporal evolution of the -1.5 kg m -3 
density contour representing the position of the front 
separating buoyant and ambient waters. From day 5 through 
day 7.5, during high but subsiding runoff, the bulge grows 
mainly in its downstream part. From day 7.5 through day 10, 
during low runoff, the bulge radially advances in its 
upstream and central parts but retreats in its downstream 
segment. From day 10 through day 12.5 the bulge continues 
to advance laterally in all directions except at its downstream 
edge where the isopycnal -1.5 kg m -3 almost reaches the 
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Figure 6. Model run 3. Location of the density anomaly contour-1.5 kg m -3 at the surface is shown at 2.5 
day intervals from day 5 through day 15. Triangles indicate the maximum offshore extension of the bulge. 
The heavy dashed line indicates the offshore scale of the baroclinic Rossby radius, Rd. 
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TABLE 1. Parameters for the numerical calculations discussed in section 3. Runs 1–4 form bottom-advected plumes. Run 5 forms a surface-
advected plume. Runs 6–9 form intermediate plumes. Variables are defined in the text except for xu, which is the along-shelf coordinate of
the upstream edge of the buoyant inflow. Units are kilometers for xu, L, ys, and yb; meters per second for yi; kilograms per cubic meter for
ri; and meters for hb. In each case, the coastal depth is h0 5 25 m. Runs 5–9 use the variable vertical mixing coefficients defined in section 3.

Run xu L s yi ri Ro S h0/sL ys hb yb
1
2
3
4

60
60
60
60

30
30
30
30

0.001
0.001
0.003
0.003

0.2
0.3
0.3
0.5

21.0
21.0
20.5
20.5

0.067
0.100
0.100
0.167

0.164
0.164
0.116
0.116

0.833
0.833
0.278
0.278

21.2
21.6
15.7
17.5

55.6
68.1
96.3
124.3

30.6
43.1
23.8
33.1

5 90 20 0.003 0.15 22.5 0.075 0.389 0.417 33.1 24.9 0.0
6
7
8
9

60
60
60
90

30
30
30
30

0.003
0.003
0.003
0.003

0.3
0.2
0.3
0.2

21.0
21.0
22.0
22.5

0.100
0.067
0.100
0.067

0.164
0.164
0.232
0.260

0.278
0.278
0.278
0.278

21.6
21.2
30.0
33.2

68.1
55.6
48.2
35.2

14.4
10.2
7.7
3.4

FIG. 5. Plan views of (a) streamfunction, (b) surface velocity vectors (plotted every second grid point),
and (c) density anomaly at the surface for run 1 (Table 1) at day 90. Contours are 21.9 3 105 to 1.5 3
105 by 2 3 104 m3 s21 for streamfunction and 0.1ri to 0.9ri by 0.1ri kg m23 for density anomaly. Negative
contours are dashed and positive contours are solid. The straight dashed lines are the 50-m and 100-m
isobaths.

110 km downstream of the buoyancy source). In gen-
eral, the plume develops according to our expectations.
It turns to the right as it enters the model domain, oc-
cupying the entire water column, and gradually spreads
offshore to a distance of about 30 km as predicted. The
downstream convergence of streamfunction contours
near the offshore edge of the plume (Fig. 5a) demon-
strates that the flow gradually accumulates within the
frontal zone as the buoyant current flows downstream.
A fairly long alongshelf distance is required for the total
transport of buoyant inflow to be confined within the

frontal zone. However, the velocities shoreward of the
front at the downstream end of the model domain (x 5
300–350 km in Fig. 5b) are quite small, showing that
the flow assumed in deriving yb (section 2) has almost
been established.
Figure 6a shows that the frontal zone has moved off-

shore to the depth where u reverses at the bottom of the
front, thereby eliminating offshore buoyancy transport
in the bottom boundary layer within the entire frontal
zone. At this downstream location, the frontal current
is still stable (instabilities appear farther downstream

Yankovsky and Chapman (JPO, 1997)



numerical experiments using idealized inlet-coast model configu-
rations, but the bulge structure and circulation patterns are more
complicated due to the complex coastlines and island chains
surrounding the Changjiang River estuary and Hangzhou Bay.

Fig. 5 shows the vertical structure of bulge region. As shown in
Fig. 5a, the isohalines are nearly horizontal near the coast but
sloping at the plume front. The vertical eddy diffusivity is small and
approaches 10!5 m2 s!1. No bottom boundary layer is formed when
the tide is switched off.

3.2. Bulge detachment during neap-to-spring transition

Nowwe examine how the tide changes the salinity structure and
circulationpattern in the bulge region. RunTA has the same runoff of
104 m3 s!1 as Run NA but includes the tidal forcing. Fig. 6 shows the
surface distributions of salinityand tidally averaged currentobtained
from Run TA. Since tides in East China Sea have a strong fortnightly
cycle,we take three snapshots: one atneap tide (day102); oneduring
the neap-to-spring transition (day 107); one at spring tide (day 110).

Fig. 4. Surface distributions of (a) salinity and (b) current vector in Run NA. The contour interval for salinity is 3 psu in (a). The thick solid line marks the cross section analyzed in
Figs. 5 and 8.

Fig. 5. Distributions of (a) salinity and (b) logarithm of eddy diffusivity in Run NA in a cross-shelf section within the bulge region.

Z. Rong, M. Li / Estuarine, Coastal and Shelf Science 97 (2012) 149e160 153

In the presence of tides, the upstream plume penetration is much
reduced. The bulge which is anchored to the estuary mouth in the
non-tidal run is now swept downstream (southward) but reaches
further in the offshore direction. At neap tide, turbulent mixing is
weak so that the plume spreads out of the estuary mouth and turns
right to form a buoyancy-driven coastal current outside the island
chain and along the China East Coast (Fig. 6a and b). Salinity shows
a progressive increase from the Changjiang mouth to the down-
stream coastal current region as the plume mixes with more saline
shelf water. In the tidally average current field, one sees a large
recirculating eddy sitting at the estuary mouth, connecting to
a smaller eddy offshore and the buoyancy coastal current further
downstream. It should be noted that the current speeds reach
30e50 cm s!1 and aremuch stronger than the tidal residual currents
(a few cm s!1). Moreover, the tidal residual currents show different
spatial patterns (Tang,1988; Lee and Beardsley,1999). Therefore, the
currents shown in Fig. 6 are primarily driven by the buoyancy force
associated with the river plume.

An interesting phenomenon occurs during the transition from
the neap to spring tide, as shown in Fig. 6c and d. A patch of low
salinity water (as represented by 22 psu contour line) appears to be

separated from the low-salinity plume water issuing from the river
mouth. The recirculating eddy as identified in the residual current
field also appears to be detached from the river mouth (Fig. 6d). At
the spring tide, the low salinity patch is completely detached from
the river mouth, as evidenced by closed contours of constant
salinity lines (28 psu) in Fig. 6e. In the residual current field (Fig. 6f),
two distinct regions can be identified: one outflow region outside
the river mouth where freshwater shoots in the offshore direction
and a large but weaker recirculation region to the southeast of the
Changjiang River where three smaller eddies are joined together.
This freshwater patch subsequently streams down the East China as
a part of the buoyancy-driven coastal current. It is worth pointing
that another plume patch as marked by a closed contour of 31 psu
salinity can be identified further downstream (between 28.5" and
29.5" N latitude in Fig. 6c and e), resulting from a plume detach-
ment occurred during the previous spring-neap cycle. As these
plume patches stream down the coast, they mix with the ambient
shelf water and eventually form a continuous coastal current,
although local salinity minima are still clearly visible.

Tounderstand thephysicalmechanismresponsible for theplume
detachment, we select a station outside the mouth of Changjiang

Fig. 6. Surface distributions of salinity (upper panel) and tidally averaged currents (lower panel) at (a, b) neap tide, (c, d) neap to spring transition and (e, f) spring tide in Run TA. In
(b) the triangle marks the station used for the time series analysis in Fig. 7. The contour interval for salinity is 3 psu.

Z. Rong, M. Li / Estuarine, Coastal and Shelf Science 97 (2012) 149e160154
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top). On 12 August, Tropical Storm Bonnie approached to within
about 250 km SE of the delta. The storm impacted the eastern edge of
the shelf, bringing significant winds (~10 m s−1) and surface waves.
These conditions likely led to the dissipation and movement of
hypoxic waters, although our results and those of Rabalais et al.
(1994) show that hypoxia can become re-established within 1–
2 weeks after storm events, such that by the time of our 19–27 August
cruise (Fig. 1; bottom) hypoxia was re-established in the region. Near-
bottom waters at all inshore (10–15 m) stations, however, were no
longer hypoxic (two stations near 92°W were low but not hypoxic)
and the near-bottom low oxygen water had moved further offshore
(15–30 m total water depth), particularly south and southwest of the
mouth of Atchafalaya Bay (91°W–93°W). We cannot ascertain
whether the lack of hypoxia in shallow waters (total depth less than
15 m) was solely because of erosion of the pycnocline due to shear
mixing or caused by offshore movement of the bottom water mass
due to downwelling advection, but likely it was a combination of both
processes.

The spatial pattern of near-bottom dissolved oxygen concentra-
tions (Fig. 1) clearly shows that the bottom hypoxia was broken into a
series of patches along the shelf. Most notable, however, was the
observation of a meander of the freshwater front along the inner shelf.
The meander is apparent as a wave-like structure seen in the vertical
sections taken along the 20-m isobath (Fig. 2) and in plan view from
satellite imagery (Fig. 3). The wavelength of this feature is
approximately 50 km and about four wavelengths are distinguishable
between 91°W and 93°W. The feature is also seen in the plan view of
surface salinity observations along the cruise track (Fig. 4). The
position of the meander in Fig. 3 coincides almost exactly with
changes in the 10-m bathymetry of the region, which marks the outer
boundary of shoals, the remains of relic subaqueous deltaic sedimen-
tary facies along the Louisiana coast (Neill and Allison, 2005). These
shoals, which have depths less than ~5 m, also have a spacing of about
50 km.

Themost striking characteristic of the vertical structure of properties
is that near-bottom dissolved oxygen concentrations vary with the
crests and troughs of the along shelf density structure. At the troughs,
the vertical gradient of density is strengthened, leading to high water-
column stability (i.e., large Brunt-Väisälä frequency, which is propor-
tional to the vertical gradient of density and is the frequency in which a
vertically displaced particle will oscillate in a stratified environment).
Mixing across the pycnocline is, therefore, inhibited and, as a result,
dissolved oxygen levels beneath the trough tend to be low. At the
wave crests, the isopycnals aremorewidely spaced, therebyweakening
thewater-column stability. Because stability isweak, downwardmixing
is promoted and oxygen-rich waters from the surface are injected
downward into the water column, reoxygenating the near-bottom
waters.

The crests of the wave are associated with onshore flow regimes
and relatively high salinity values, while troughs are associated with
seaward flow and low salinity as shown by shipboard measurements
of current velocity and ship flow through salinity observations (Fig. 4).
This is consistent with satellite imagery (Fig. 3), which shows
increased particulate matter (Fig. 3; top) and chlorophyll a concen-
trations (Fig. 3; bottom) associated with the offshore flow regime and
lower salinity water. Current velocities associated with the meander
are 30–40 cm s−1 at about 14 m depth, at or just below the mean
depth of the pycnocline (Fig. 2). The meander was also observed
repeatedly in cruises during 2005, 2007 and 2008 (a vertical section
along the 10-m isobath during a cruise in July 2008 is shown in Fig. 5)
and similar spatial features have been observed frequently in satellite
imagery of the region, for example, October 2005 (Fig. 6) and October
2002 (Fig. 7). Ship measurements with enough spatial resolution to
resolve the meander are rare and simultaneous satellite coverage is
even rarer, especially in summer when cloudy conditions prevail over
the Gulf.

We believe that the observed distribution of hypoxic waters during
this period was dependent on the current response to both wind stress

Fig. 2. Vertical section along the 20-m isobath off the Louisiana shelf during August 2004. The color denotes dissolved oxygen concentrations (ml l−1) while the contour lines denote
specific density (kg m3). Salinity is the main control on density in this region in summer. Station locations along this section are shown as white circles in Fig. 3.

27S.F. DiMarco et al. / Journal of Marine Systems 80 (2010) 25–35

Fig. 3. Satellite imagery of the Louisiana shelf on 13 August 2004 from Terra-1 MODIS (top: true color), and Oceansat-1 OCM (bottom, chlorophyll a [mg m−3]) showing seaward
wave-like extensions as described in the text. Imagery taken about one week before cruise described in text. Isobaths shown in each panel are 5, 10, and 20 m. Also shown are station
locations (white circles along the 20 m isobath) for the vertical section shown in Fig. 2. Chlorophyll a values have not been validated with in situ measurements and could be affected
by suspended sediments and pigments such as colored dissolved organic matter (CDOM).

28 S.F. DiMarco et al. / Journal of Marine Systems 80 (2010) 25–35

Dimarco et al (2010 JMS)

Topography or instability?

50 km

50 km
50 km



the simulated upper layer average salinity is saltier than
measured, negative (blue) values are fresher. The skill is
calculated for each cruise using point-by-point comparisons
over the upper 50 m of the water column. The skill is positive
in all cases, indicating that the model is a more accurate
representation of the observations than the climatology. The
skill is typically larger than 0.6, indicating that the model

reproduces about 60% more variance beyond that already
described by the seasonal climatology. The error is more or
less randomly distributed in space, and predicted salinity is
higher at some stations and lower at others. These patterns of
errors may be associated with misrepresentation of the meso-
scale eddies in our model (Figure 2). Energetic eddies on the
order of 50 km have been observed in this region, which are

Figure 2. Each panel shows the error in predicted salinity for twelve shelf-wide cruises (part of the
Mechanisms Controlling Hypoxia field program) averaged over the upper 50 m of the water column,
normalized by the RMS of the observed salinity relative to climatological salinity. The cruise dates and
model skill are also shown for each cruise. The number of salinity profiles used for each cruise is shown in
Table 1.
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caused by the nonlinear interaction of river plume and
bathymetric structures [DiMarco et al., 2010] and modeling
study suggested that these eddies are hard to simulate
because they can be chaotic due to nonlinearity [Hetland and
DiMarco, 2012; M.Marta-Almeida et al., Evaluation of model
nesting performance on the Texas-Louisiana continental shelf,
submitted to Journal of Geophysical Research, 2012].
[19] The smallest model skill (0.25) occurs for the

September cruise in 2007 (Figure 2). This is because the
salinity observations are close to climatology during that
cruise. We calculated the dimensional RMS of observations
relative to model and climatology for each cruise (Table 2).
From Table 2, we can see the smallest (Obs ! Clim)RMS
(1.90) occurs for the September 2007 cruise. Therefore, a
small denominator in equation (1) causes a small skill even
though the model error is comparable to other cruises
(Table 2). This indicates, for this cruise, much of the vari-
ability in the salinity measurements has already been cap-
tured by climatology. However, a skill of 0.25 means the
model is able to reproduce 25% more variance than those
already described in climatology.
[20] Figure 3 shows error histograms for salinity simulation,

this time over the entire profile depths. The histogram repre-
sents point-by-point model error, normalized by the RMS of
the observation relative to the climatology over a particular
cruise. To gain some insight into the cross-shore structure of
the model error, the normalized error is separated into three
bathymetric ranges: 0–20 m, 20–50 m, and 50–200 m.
[21] From Figure 3, we can see the model is able to

reproduce the observed salinity especially at the deep sta-
tions. The deeper water masses, hydrographic stations taken
in water depths between 50 and 200 m, show small bias and
less than a standard deviation in the normalized spread in the
errors. Error histograms in shallower water are broader, and
show occasional bias (e.g., September 2007), particularly in
stations taken in water shallower than 20 m. The model error
is seldom normally distributed, as assumed by most modern
data assimilation techniques. Rather, there are fairly large
biased sections of the shelf that contribute to distinct sec-
ondary side lobes in almost all of the hydrographic com-
parisons. Thus, the spread in the Gaussian section of the
error represents errors that are unresolvable by the model. It
would most likely be possible to correct for the larger-scale

water mass biases represented by the secondary off-center
peaks.
[22] The comparisons between model-simulated and observed

salinity indicate the model simulates a realistic salinity field
on the Texas-Louisiana Shelf (thus the far-field plume
structure). Since we notice it takes about two years for the
salinity field to reach equilibrium (salt content on the Texas-
Louisiana Shelf becomes stable) in our domain, we exclude
the first two-year simulation results (2003 and 2004) in the
following analysis. We study the characteristics of distribu-
tion, transport, filling and flushing times of the Mississippi
and Atchafalaya discharged freshwaters on the Texas-Louisiana
Shelf using the model results from 2005 to 2010.

4. Results

4.1. Climatological and Interannual Variability
of Freshwater Thickness and Vertically Integrated
Freshwater Transport
[23] In order to study the spatial distribution of the fresh-

water, we use the freshwater thickness h, which is defined as

hm x; y; tð Þ ¼
Z 0

!H
dyem x; y; z; tð Þdz; ð4Þ

where x, y, z, and t are along-shore, across-shore, vertical
and time variables respectively. Dye is the river water con-
centration, m is the dye index (1 is for Mississippi, and 2 is
for Atchafalaya), and H is the total water depth. The physical
explanation of the freshwater thickness is the thickness of a
freshwater layer if we ‘unmix’ the water column such that all
the freshwater lies on top of pure ocean water. For the dye
thickness, hm, it is the fresh water associated only with one
source.
[24] The vertically integrated freshwater transport for each

river is defined as

Qm

!
x; y; tð Þ ¼

Z 0

!H
u! dyem x; y; z; tð Þdz; ð5Þ

where Qm

!
is the transport, and u! is the vector velocity. Qm

!

can be treated as the volume transport normalized by the
grid length (dx or dy). In this study, we examine both the
climatological (average over years 2005–2010) and inter-
annual variability of the monthly mean freshwater thickness
and vertically integrated transport for Mississippi and
Atchafalaya, respectively.
[25] Figure 4 shows the climatological monthly mean

Mississippi freshwater thickness and transport on the Texas-
Louisiana Shelf. The majority of the freshwater stays inside
of 50-m isobath throughout the year. Typical Mississippi
freshwater thickness is on the order of 1 m, although it can
reach 3 m near the river mouth. The freshwater thickness
decreases dramatically to <0.1 m seaward of the 50 m iso-
bath. The Mississippi freshwater can reach the western
boundary of the model domain (%23&N) in the non-summer
months due to downwelling favorable winds, while in July
and August the freshwater is pooled on the Texas-Louisiana
Shelf and the southern edge of the freshwater stays on the

Table 2. Root-Mean-Square (RMS) of the Observed Salinity
Relative to Modeled Salinity and Climatological Salinity,
Respectively (Equations (2) and (3)) for Each Hypoxia Cruise
During Years 2004 to 2008

Hypoxia Cruise RMS (Obs ! Mod) RMS (Obs ! Clim)

2004 MCH01 1.61 3.33
2004 MCH02 1.24 3.38
2004 MCH03 1.52 2.47
2005 MCH04 1.52 3.79
2005 MCH05 1.69 3.42
2005 MCH06 1.29 3.35
2005 MCH07 1.40 3.42
2007 MCH08 1.44 4.38
2007 MCH09 1.56 3.51
2007 MCH10 1.65 1.90
2008 MCH11 1.39 6.13
2008 MCH12 1.36 5.00
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caused by the nonlinear interaction of river plume and
bathymetric structures [DiMarco et al., 2010] and modeling
study suggested that these eddies are hard to simulate
because they can be chaotic due to nonlinearity [Hetland and
DiMarco, 2012; M.Marta-Almeida et al., Evaluation of model
nesting performance on the Texas-Louisiana continental shelf,
submitted to Journal of Geophysical Research, 2012].
[19] The smallest model skill (0.25) occurs for the

September cruise in 2007 (Figure 2). This is because the
salinity observations are close to climatology during that
cruise. We calculated the dimensional RMS of observations
relative to model and climatology for each cruise (Table 2).
From Table 2, we can see the smallest (Obs ! Clim)RMS
(1.90) occurs for the September 2007 cruise. Therefore, a
small denominator in equation (1) causes a small skill even
though the model error is comparable to other cruises
(Table 2). This indicates, for this cruise, much of the vari-
ability in the salinity measurements has already been cap-
tured by climatology. However, a skill of 0.25 means the
model is able to reproduce 25% more variance than those
already described in climatology.
[20] Figure 3 shows error histograms for salinity simulation,

this time over the entire profile depths. The histogram repre-
sents point-by-point model error, normalized by the RMS of
the observation relative to the climatology over a particular
cruise. To gain some insight into the cross-shore structure of
the model error, the normalized error is separated into three
bathymetric ranges: 0–20 m, 20–50 m, and 50–200 m.
[21] From Figure 3, we can see the model is able to

reproduce the observed salinity especially at the deep sta-
tions. The deeper water masses, hydrographic stations taken
in water depths between 50 and 200 m, show small bias and
less than a standard deviation in the normalized spread in the
errors. Error histograms in shallower water are broader, and
show occasional bias (e.g., September 2007), particularly in
stations taken in water shallower than 20 m. The model error
is seldom normally distributed, as assumed by most modern
data assimilation techniques. Rather, there are fairly large
biased sections of the shelf that contribute to distinct sec-
ondary side lobes in almost all of the hydrographic com-
parisons. Thus, the spread in the Gaussian section of the
error represents errors that are unresolvable by the model. It
would most likely be possible to correct for the larger-scale

water mass biases represented by the secondary off-center
peaks.
[22] The comparisons between model-simulated and observed

salinity indicate the model simulates a realistic salinity field
on the Texas-Louisiana Shelf (thus the far-field plume
structure). Since we notice it takes about two years for the
salinity field to reach equilibrium (salt content on the Texas-
Louisiana Shelf becomes stable) in our domain, we exclude
the first two-year simulation results (2003 and 2004) in the
following analysis. We study the characteristics of distribu-
tion, transport, filling and flushing times of the Mississippi
and Atchafalaya discharged freshwaters on the Texas-Louisiana
Shelf using the model results from 2005 to 2010.

4. Results

4.1. Climatological and Interannual Variability
of Freshwater Thickness and Vertically Integrated
Freshwater Transport
[23] In order to study the spatial distribution of the fresh-

water, we use the freshwater thickness h, which is defined as

hm x; y; tð Þ ¼
Z 0

!H
dyem x; y; z; tð Þdz; ð4Þ

where x, y, z, and t are along-shore, across-shore, vertical
and time variables respectively. Dye is the river water con-
centration, m is the dye index (1 is for Mississippi, and 2 is
for Atchafalaya), and H is the total water depth. The physical
explanation of the freshwater thickness is the thickness of a
freshwater layer if we ‘unmix’ the water column such that all
the freshwater lies on top of pure ocean water. For the dye
thickness, hm, it is the fresh water associated only with one
source.
[24] The vertically integrated freshwater transport for each

river is defined as

Qm

!
x; y; tð Þ ¼

Z 0

!H
u! dyem x; y; z; tð Þdz; ð5Þ

where Qm

!
is the transport, and u! is the vector velocity. Qm

!

can be treated as the volume transport normalized by the
grid length (dx or dy). In this study, we examine both the
climatological (average over years 2005–2010) and inter-
annual variability of the monthly mean freshwater thickness
and vertically integrated transport for Mississippi and
Atchafalaya, respectively.
[25] Figure 4 shows the climatological monthly mean

Mississippi freshwater thickness and transport on the Texas-
Louisiana Shelf. The majority of the freshwater stays inside
of 50-m isobath throughout the year. Typical Mississippi
freshwater thickness is on the order of 1 m, although it can
reach 3 m near the river mouth. The freshwater thickness
decreases dramatically to <0.1 m seaward of the 50 m iso-
bath. The Mississippi freshwater can reach the western
boundary of the model domain (%23&N) in the non-summer
months due to downwelling favorable winds, while in July
and August the freshwater is pooled on the Texas-Louisiana
Shelf and the southern edge of the freshwater stays on the

Table 2. Root-Mean-Square (RMS) of the Observed Salinity
Relative to Modeled Salinity and Climatological Salinity,
Respectively (Equations (2) and (3)) for Each Hypoxia Cruise
During Years 2004 to 2008

Hypoxia Cruise RMS (Obs ! Mod) RMS (Obs ! Clim)

2004 MCH01 1.61 3.33
2004 MCH02 1.24 3.38
2004 MCH03 1.52 2.47
2005 MCH04 1.52 3.79
2005 MCH05 1.69 3.42
2005 MCH06 1.29 3.35
2005 MCH07 1.40 3.42
2007 MCH08 1.44 4.38
2007 MCH09 1.56 3.51
2007 MCH10 1.65 1.90
2008 MCH11 1.39 6.13
2008 MCH12 1.36 5.00
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Texas shelf (!26"N) because of upwelling favorable winds
(Figure 4).
[26] The vectors in Figure 4 show the climatological

monthly mean depth-integrated Mississippi freshwater
transport in our domain. One feature shown in this figure is
that the maximum freshwater transport occurs to the west of
the Mississippi delta between 89"W and 90"W (a region

known as the Louisiana Bight). The freshwater transport can
reach 0.6 m2 s#1 in magnitude due to the combined effect of
the following three reasons. First, Mississippi river fresh-
water thickness is maximum (Figure 4). Second, a semi-
persistent meso-scale gyre stays in this region throughout the
year; currents within this gyre are strong [Ichiye, 1960], and

Figure 3. These histograms show the normalized model error in predicting salinity from hydrographic
measurements during the MCH program. Histograms are normalized by the RMS of the observed salinity
relative to climatological salinity. The histogram is shaded by the three bathymetric ranges: 0–20 m (red),
20–50 m (green), and 50–200 m (blue). Note: the stations during the 2005–2008 cruises are all inshore of
50-m isobaths.
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MARTA-ALMEIDA ET AL.: MODEL NESTING ON THE TX-LA SHELF

Figure 7. Model surface salinity noise of IASNFS!24 run, perturbed by increasing and decreasing the
wind forcing and river discharge 5%. Left panel shows the results for June, July, and August 2008; at
right are shown the results for December 2008 and January and February 2009.

different forcing in the parent and nested models did not
degrade the nested model results; to the contrary, the nested
results had the highest skill. Thus, it seems our nesting tech-
nique is insensitive to differences in the parent and nested
model solutions.

[42] The model skill assessment was based on the salinity
due to its major role in the shelf stratification. Temperature,
however, also gives an important contribution to the strat-
ification, especially during the summer months [Li et al.,
2012]. For this reason, the skill was also calculated based

13

Simulations suggest: 
- eddy field is chaotic, 
- strongest in summer, and 
-may be triggered by a 

variety of processes. 

Marta-Almeida et al. (JGR, 2012)



ZHANG ET AL.: WIND-MODULATED BUOYANCY CIRCULATION OVER THE TEXAS-LOUISIANA SHELFX - 9

Figure 9. Profiles of monthly mean density (black contours) and alongshore flow (colors)

during spring and summer months of 2011 on the cross section shown in Figure 1. The density

contours are plotted at intervals of 0.5 kg m�3. The thin pink line draws the zero velocity contour.
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Z. Zhang and Hetland (JGR, submitted)
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In order to form, 
eddies need to fit.
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Qualitative eddy boundary
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Conclusions: 
!

Eddies need to fit  —  S < 0.3.   
This may be why baroclinic instabilities 
are rare in river plumes. 

!

When eddies form, the field evolves to S ~ 0.3. 
This suggests that eddies cannot export 
fresh water from the shelf alone. 


