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APPENDIX B

CALCULATION OF PLUME VELOCITIES
USING THE
THERMAL WIND EQUATION
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PREAMBLE

The thermal wind equation allows an estimate of the
baroclinic component of the horizontal velocity perpendicular to the
line joining two vertical profiles of density. The thermal wind
equations are derived from the equations for geostrophic flow as
follows. Having assumed steady flow at low Reynolds number, with
negligible frictional effects, the equations for horizontal velocities u
and v in a geostrophic balance are:

19p
-fv = -p Ix (Bla)
19dp
f]_]:-"_'__ Blb
S Oy (B1b)

Here p is the reference density, f the Coriolis frequency, and p the
pressure at any given depth. Differentiating (Bla) and (B1b) with
respect to z, we have

) a2
2 P = 5 iaa
£ fu) = —zpaz B2b
oz (p U) = -aya ® ( )

Assuming the pressure to be hydrostatic (i.e. g—f:: -pg), we find

.4 gop
3z PV) = g5 (B3a)
3 gop
az (pu) = f ay' (B3b)

Equations (B3a,b) are the thermal wind equations, describing the
vertical gradient of horizontal velocities set up by a horizontal
gradient in density. These equations may be integrated vertically to
give
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_ 2 (9p
V=< J L dz (B4a)
0
-h
g (9p
TR dz . B4b
pfj y e
0

In performing this last step, we have neglected a constant of
integration, which is an unknown barotropic component of the
horizontal velocity field. Several methods have been utilized to
adjust for the unknown barotropic component. The most common is
to assume that the velocities are negligible at some reference depth
(the "depth of no motion"), and to normalize the calculated velocity
profile to that depth. This method works well in areas where there
is no horizontal shear at the reference depth. In areas of strongly
sloping isopycnals, however, this may not be the case. In such a
situation it has been suggested that an isopycnal surface be used as
a "layer of no motion", rather than a reference depth. This assumes
that flow is constant along an isopycnal surface. A third method,
used for coastal regions, has been to integrate from the offshore,
extending the isopycnals inshore along their last observed slopes or
along the steric heights (Reid and Mantyla, 1976).

METHODS

The horizontal gradient of density was calculated from cubic
splines (IMSL routines CSAKM and CSDER), fit to the densities at a
given depth for Stations 1-5. The velocity at this depth and station
was calculated using equation (B4b). The integrand was evaluated at
each depth and summed vertically to calculate the velocity profile
for each station. The velocity profile was then adjusted by either 1)
subtracting the 20 m velocity from the profile, 2) subtracting the
velocity at the 1025 kg m-3 isopycnal from the profile, or 3) making
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the 20 m velocity at inshore stations equal to the 20 m velocity at
Station 5.

RESULTS

Equation (B4b) was applied to the data from May 27, 1988.
The hydrography showed a strongly sloping pycnocline, and the
wind stress was fairly weak (Chapter 4, Figures 4-2, 4-12). The
velocities calculated using the three methods of barotropic
correction were practically identical. The velocity profiles using the
method 1 and 2 corrections are shown with the density structure in
Figure B-1. The surface waters of the plume show southward
alongshore velocities 0.2 m s-! greater than the offshore surface
waters. A strong shear zone is evident near Station 2, the location of
the maximum concentrations of Alexandrium tamarense (Figure B-
1¢).

DISCUSSION

Application of the thermal wind equations to the density
structure seen May 27, 1988 indicated a strong southward surface
jet of buoyant water. Velocities in this jet were 0.2 m s-! greater
than the ambient waters. These velocities agree well with those
calculated using Margule's equation (Chapter 4). The location of the
peak velocities coincided with the maximal concentrations of
Alexandrium tamarense.

The hydrographic data from May 27, 1988 were chosen for
this calculation because of the weak wind field at that time. Thus
the velocities calculated are representative of the alongshore
velocities of the buoyant plume with no wind stress. As discussed in
Chapters 4 and 5, the alongshore wind stress can have a significant
impact on the hydrographic structure, and presumably the velocity
structure, of the plume. For density profiles such as were seen on
May 23, 1989 (Chapter 4, Figure 4-6), the thermal wind equations
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would have given northward alongshore velocities. The model of
Chao (1987) would suggest, however, that the plume was advecting
slowly southward. Thus interpretation of the results of the
application of equation (B4b) can be problematic. The computed
velocity structure should be analyzed critically with consideration of
the prevailing winds and knowledge of the local hydrographic
conditions.

The velocities calculated above reinforce the hypothesis that
the plume acts as a vehicle for the alongshore transport of toxic
dinoflagellate populations. The association of the peak
concentrations of Alexandrium tamarense with the peak alongshore
velocities could be due to the cells originating in that water mass, or
could be an artifact created by the shears within the plume. The
lack of information on the alongshore distributions of the cells
makes this a difficult point to address.

Integrating the velocities vertically gives an estimate of about
3 x 104 m3 s-1 for the alongshore transport of the water in the
plume. From Figure 4-9, the area of freshwater on May 27, 1988
was about 104 m2, or a fraction of freshwater of 0.025. Thus the
alongshore flux of 0 psu water was about 750 m3 s-! on May 27,
1988. This flux is almost exactly equal to the combined flows of the
Androscoggin and Kennebec Rivers at that time. Thus all of the fresh
water in the plume can be accounted for by the flows of these two
rivers, using velocities calculated from the thermal wind equations.
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APPENDIX C

DATA FROM A THERMISTOR CHAIN
MOORED NEAR STATION 2,
MAY-JULY, 1988
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PREAMBLE

One of the hypotheses we sought to test during the course of
this study was the hypothesis of wind-driven control of the toxic
dinoflagellate blooms. A convenient measure of wind-driven
upwelling and downwelling motions in stratified coastal waters is
the vertical fluctuation in temperature. Coastal upwelling should
cause a decrease in inshore surface temperatures, and a possible
homogenization of the inshore waters. Downwelling-favourable
winds should cause a warming of the inshore waters and deeper
waters as warm surface water is forced toward the shore. The data
from a thermistor chain can give a continuous record of vertical
temperature fluctuations; unfortunately, a single chain cannot
resolve the changes into along- and across shelf components. Thus
alongshore advection of different water masses cannot be
conveniently distinguished from across-shelf advective motions.

The use of ancillary data sets can aid in interpreting the
thermistor chain time series. Time series of surface wind stress,
hydrographic data, and satellite images of sea surface temperature
proved particularly useful in identifying dominant physical forcings.
The major forcings identified were the Mj tide, the alongshore wind
stress, and surface heating.

METHODS

An Aanderaa Instruments TR-1 temperature recorder was
moored with a 40 m, 12-thermistor chain as shown in Figure C-1.
The last thermistor was doubled back to enhance the vertical
resolution in the surface layer. The top thermistor was about 5 m
from the surface, with nominally 3 m between adjacent thermistors.

The thermistor mooring was first deployed from the R/V Jere
A. Chase on May 23, 1988, about 1 km northeast of Station 2, at
LORAN coordinates 13642.5, 25939.17. The recorder was set to
record at an interval of 15 min. A timed explosive bolt released the
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RECORDER

Figure C-1. Arrangement of the thermistor chain on the mooring.
The recorded was attached near the explosive release, with the
thermistors extending upward into the water column. The last
thermistor was doubled over to obtain greater resolution in the
near-surface waters.
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mooring weights on June 29, 1988. The chain was redeployed on
July 1, 1988, with a recording interval of 5 min. The mooring was
finally retrieved on July 20, 1988.

The data were plotted as temperature vs. depth using the
contouring routines of UNIMAP. Smoothing of the data to remove
the tidal signal was done in the INTERPOLATION routines of
UNIMAP.

RESULTS

The strongest signal seen in the data of Figures C-2 and C-3 is
the My tidally-forced fluctuation in temperature. The range of
temperature at a given depth over a tidal cycle was sometimes as
much as 3° C.

The smoothed temperature data of Figure C-2 and C-3 show
several long-timescale events. A warming of the surface waters can
be seen, particularly after Julian day 162 (June 10). A sudden
cooling of the surface waters, and warming of the deeper waters on
Julian day 154 (June 2), was reversed on day 155-156 (June 3-4).

DISCUSSION

The main signal seen in the thermistor chain records is
fluctuations on the Mj tidal frequency (semi-diurnal). These
fluctuations are particularly strong after July 3 (Julian day 185;
Figure C-3), probably in response to calm weather and a full moon
at that time. The tidal amplitude in this region is approximately 2 m,
thus some of the temperature fluctuation is caused by vertical
motions of the pycnocline across the thermistors. However, the
rather weak stratification at that time (Chapter 4, Figure 4-3)
suggests that other mechanisms must be acting.

The data of Moody et al. (1984) indicate the tidal ellipse in
this region to be elongate in the across-shelf direction, with an
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across-shelf tidal excursion of approximately 6 km. The horizontal
advection of a sloping thermocline across the thermistor chain could
account for much of the temperature fluctuation seen. It was the
regularity, and long duration of this signal that first led us to
investigate the hypothesis of a relatively stable front in the region.

The motion of a temperature front across the thermistor chain
mooring can account for much of the variability in the temperature
records. The sudden cooling of surface waters on June 2, followed by
warming on June 3-4 can be explained through the effects of a
strong downwelling-favourable wind event at that time (Chapter 4,
Figure 4-12). With warm waters inshore, such a wind would bring
cold offshore surface waters inshore. If the sloping front were to
steepen, warmer inshore waters could be moved offshore, causing
an increase in temperature at the deeper thermistors. The
hydrographic data of May 27 and June 3, 1988 (Chapter 4, Figure 4-
3) indicate that this was probably what happened.

A cooling of the temperatures on days 146-149 (May 26-28),
and day 151 (May 30), was probably caused by the upwelling-
favourable winds at those times (Chapter 4, Figure 4-12).

The long-term cooling of deep water after Julian day 160
(June 8; Figure C-2) is unexpected given the surface heating at that
time. It is possible that by this time the fresh water flow was so low
that the warm waters of the buoyant plume were no longer forcing
the inshore pycnocline downward (Chapter 4, Figure 4-3, June 16).
Thus cold offshore waters could have gradually moved nearer the
surface as the pycnocline shoaled and relaxed to the horizontal.

The time series data from the thermistor chain were
invaluable in explaining the hydrographic patterns recorded in this
region. The data were consistent with the wind and tide-driven
motions of a coastal front across the thermistor mooring. The
strength and duration of the temperature signal gave considerable
insight into the dynamics and duration of the buoyant plume. It was
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these data, in fact, which initiated the formulation of the plume
advection hypothesis (Chapters 4 and 5).
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APPENDIX D

SUMMARY OF
HYDROGRAPHIC AND BIOLOGICAL DATA
FOR
CRUISES TAKEN NEAR
PORTSMOUTH, NEW HAMPSHIRE,
1987-1989
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PREAMBLE

A 30 km transect off Portsmouth, New Hampshire was
sampled between April and September of 1987-1989. The sampling
procedure is described in Appendix A. The station locations are
shown in Figure 3-1 of Chapter 3. Their coordinates are:

Station 0: 43°04'28.1" N  70°42'37.5" W
Station 1: 43°03'30.2" N  70°39'57.7" W
Station 2: 43°02'52.3" N  70°35'15.9" W
Station 3: 43°02'05.6" N  70°30'09.8" W
Station 4: 43°00'54.9" N  70°24'15.7" W
Station 5: 43°00'00.2" N  70°18'56.6" W

The following unnumbered figures summarize the oT, salinity (psu),
temperature (°C), beam-c (m-!), fluorescence (relative units, may
not be comparable between years), and cell concentrations (cells 1-1)
for the dates indicated at the bottom left of each panel. No beam-c
data were available for 1987, since we did not have a
transmissometer. Some panels are missing as the data were not
worked up.

The cruises were aboard the R/V Jere A. Chase, excepting the
cruises on May 19, June 8 and June 27 1989, which were taken
aboard the C/V Unity. No pumping system was deployed during
these cruises, thus no fluorescence data were available. Only surface
and 10 m samples were collected for cell counts. Not all stations
were sampled on all cruises, and on some cruises the CTD data were
lost. The following figures summarize the processed data.
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