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Abstract. One of a series of Chesapeake Outflow Plume Experiments, COPE-2, was 
conducted in May 1997 along the coast of Virginia/North Carolina. The objective of this 
experiment was to describe the coastal buoyancy jet formed by the outflow of water from 
Chesapeake Bay, its dispersion into midshelf, and the optical property changes that 
accompany these events. Wind forcing scales of 3-5 days were responsible for formation 
of the jet (downwelling favorable winds) and its dispersion (upwelling favorable winds). 
During downwelling favorable events the jet established itself along the coast with speeds 
exceeding 0.5 rn s -•, slowing and becoming more stable as it progressed. Downwelling 
circulation helped maintain the jet against the coast, and variations in wind strength 
produced wavelike variations in jet width. During upwelling favorable events, water from 
the jet was dispersed into midshelf in a thin near-surface layer. Optical surrogates for 
dissolved organic matter (DOM), chlorophyll, and suspended particles were formed using 
data from a pumped optical absorption/attenuation meter (ac-9). High loads of these 
materials were associated with the buoyancy jet and were subsequently dispersed into 
midshelf during upwelling events. During mature upwelling states, nearshore increases in 
chlorophyll and suspended particles mimicked the plume load, although relatively low 
levels of DOM made it separable from plume water by analysis of the optical signature. 
Upwelling relaxation fronts in these optical conditions could be seen. 

1. Introduction 

Estuarine discharges that enter the coastal ocean carry 
significant amounts of biotic and abiotic matter as well as 
dissolved substances that help support a rich coastal envi- 
ronment. From the dynamical point of view these discharges 
inject buoyancy and momentum into the inner-shelf regions, 
commonly forming a contra solem coastally trapped bound- 
ary jet with properties that differ from midshelf or outer- 
shelf waters. Buoyancy-formed coastal boundary jets are 
important to fisheries, to pollution dispersion, to local 
weather modification, and to naval operations. However, 
these boundary jets also vary strongly in both space and 
time, with significant storm as well as seasonal scales and 
with large alongshore to cross-shore aspect ratios, making 
them difficult to monitor using standard mooring arrays and 
shipboard surveys. Improved satellite and aircraft images 
are contributing to our understanding and prediction capa- 
bilities but still suffer from limited signal interpretation and 
from limited surface to volume extrapolation. The objective 
of ou r study is to describe the coastal buoyancy jet, formed 
by the Chesapeake Bay outflow plume along the coasts of 
Virginia and North Carolina, its dispersion into the midshelf 
regions during wind-driven upwelling events, and the optical 
property changes that accompany these events. Our long- 
term goal is to contribute to an understanding of how vari- 
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ations in the coastal buoyancy layer can be described by 
remote sensing through optical means. 

The field program for this study has gratefully exploited data 
from Rennie et al. [1999] (hereinafter referred to as RLL). 
Additionally, RLL presents background literature that deals 
with both observations and modeling of outflow from Chesa- 
peake Bay and the plume extension along the coast. To avoid 
redundancy, the reader is directed to that paper. In summary, 
our present understanding can be described as follows: the 
subtidal outflow from Chesapeake Bay first enters an inertial 
bulge just offshore of the bay entrance. The outflowing water 
executes an anticyclonic path, turning back toward the coast 
and becoming confined by Earth's rotation against the right- 
hand coast as a southward flowing buoyancy jet. This coastally 
trapped buoyancy jet appears to be initiated (or augmented) by 
southward wind stress impulses that drive water in the inertial 
bulge southward and help to maintain it against the coast by 
wind-forced downwelling. Since the principal axis of Chesa- 
peake Bay has a north/south orientation, southward wind stress 
also acts on the bay to drive an increased outflow that feeds the 
buoyancy jet. When wind stress reverses into an upwelling state 
(northward), the buoyancy layer is dispersed into the interior 
of the shelf. 

RLL also discussed several numerical models that gave at- 
tention to the far field, i.e., the buoyancy jet at an along-coast 
distance from the inertial bulge source region. Although many 
features of the buoyancy jet have been successfully modeled, 
responsiveness to wind stress, especially upwelling favorable 
winds and the dispersion of the plume, remain principal issues. 
Wind-forced impulses on storm scales of 2-6 days then make 
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Plate 1. Maps of near-surface salini•. Year day, 1997, is indicated at the top of each map. Light lines arc 
ship tracks, and the dark linc is the 29 psu isolinc. Associated wind stress vectors wcrc averaged over 12 hours 
prior to the ending of each su•cy. Gridding was weighted with alongshore five times cross shore. This 
prevented the "bull's-eye" effect duc to the jagged cruise track. 

this a highly variable region calling for methods of rapid char- 
acterization. 

For previous optical measurements in this area the reader is 
directed to the SuperFlux symposium proceedings [Campbell 
and Thomas, 1981]. A number of papers in this volume address 
in situ observations of particle and dissolved material loading 
of the plume outflow. Robertson and Thomas [1981] concluded 
that the Chesapeake Bay plume is a source of organic loading 
to the contiguous shelf ecosystem. Gingerich and Oertel [1981] 
found several turbid regions associated with resuspended ma- 
terials near the bay entrance but no indications of a turbidity 
plume associated with outflowing bay water. They related this 
ambiguity to drought conditions prior to the experiment. Per- 
tinent remote sensing contributions to these proceedings in- 
cluded multichannel ocean color observations from aircraft 

sensors, which were successfully compared to low-concentration 
in situ chlorophyll a data [Grew, 1981] and to in situ mapping of 
sediment and chlorophyll [Bowker et al., 1981]. A three-band 
algorithm, the "inflection ratio algorithm," was presented, 
which appeared to reduce extraneous atmospheric effects 
while retaining the water color information [Campbell, 1981]. 

Of particular importance to the optical focus of this study 
are the papers of Carder et al. [1991, 1993] and Lee et al. [1996], 
who demonstrate that ocean optical absorption coefficients can 
be estimated from remote sensing reflectances. They show that 
with conservative mixing of outflowing plume waters the ab- 
sorption coefficient of dissolved organic matter (DOM or gelb- 
stoff) can be used as a surrogate for salinity mapping as well as 
a means of estimating biomass, primary production, and heat 
flux. 

2. Experimental Procedure 
In the field program by RLL an array of six alongshore sites 

on the 5 m isobath wcrc instrumented with temperature/ 
conductivity sensors. This array was 57 km in length from north 
to south, centered on the A•my Corps of Enginccr's Field 
Research Facility (FRF) at Duck, North Carolina. The along- 
shore array was supplemented with an offshore linc of current 
meter moorings, centered on the FRF, and with ship-based 
conductivity-temperature-depth (CTD)/acoustic Doppler cur- 
rent profiler (ADCP) surveys. 

Drawing on the results of the RLL study, wc chose an area 
north of the FRF and relied more on rapid ship surveys to- 
gether with moorings of ADCPs and salinity and optical sen- 
sors to capture the rapidly changing buoyancy layer states. In 
May 1997, 10 mooring sites (Figure 1) wcrc instrumented 
along the Virginia/North Carolina coast. A single site north of 
False Cape, "C", was located in 9 m water depth, and a rect- 
angular nine-site array was located south of False Cape with 
three lines (D, E, and F) of three moorings each. The mooring 
lines wcrc •20 km apart. The nearshore mooring (5-6 m water 
depth) on each of these array lines was placed roughly 0.5 km 
offshore, the middle mooring (9-10 m water depth) was placed 
near the expected minimum salinity/maximum current core of 
the buoyancy layer (1-1.5 km offshore), and the offshore 
mooring (18-22 m water depth) was placed outside of the 
internal Rossby radius of deformation (•5 kin, assuming a 
20 m water column with a sigma t difference of 1 at midcol- 
umn) for a coastal trapped buoyancy layer at this latitude. 
Moorings on the array lines will bc referred to herein with the 
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Figure 1. (left) Locations of moorings (solid triangles). (right) Alongshore wind stress and salinity at 
mooring C and the middle mooring on each line. Numbered vertical dashed lines are the buoyancy jet arrival 
(rapid drop in salinity) at mooring site D2. All year days are UT. 

mooring line letter and 1, 2, and 3 starting near shore. Winds 
and significant wave height were obtained from the FRF site. 
This facility also served as the inshore site for the F line. 

Each mooring site contained a bottom-mounted 300 kHz 
ADCP with its sensor head at 0.6 m off the bottom and a 

surface temperature/conductivity logger. Currents, tempera- 
ture, and salinity were sampled at 2 min intervals over a 20 day 
period. Currents were monitored at the middle and offshore 
moorings in 1 m bins starting at 3.25 m above the bottom. At 
the nearshore moorings, currents were monitored in 0.5 m bins 
starting at 3 m above the bottom. 

At moorings D2 and E2, internally recording Wet Labs ac-9 
sensors were maintained below "watch" buoys at a depth of 
1 m for a period of about 10 days. These sensors have been 
described elsewhere [Zaneveld et al., 1992; Moore et al., 1992; 
Zaneveld et al., 1994]. The ac-9 senses optical absorption a and 
total attenuation c at nine wavelengths (412, 440, 488, 510, 532, 
555, 650, 676, and 715 nm) over a path length of 25 cm. 
Scattering coefficients are obtained by subtracting absorption 
from total attenuation (b - c - a). Each channel was cali- 
brated in the laboratory and zeroed in distilled water. The ac-9 
data presented in this study then have the absorption and 
scattering spectra for pure water removed. The relatively mi- 
nor effect of scattering on absorption was subsequently cor- 
rected by subtracting the value at 715 nm from each channel in 
the spectrum. 

Two ships, the R/V Weatherbird and the R/V Edwin Link, 
were used for rapid surface mapping and for short-term ex- 
periments. Each ship carried a pumped flow through system 
(intake at ---2 m depth) that monitored temperature, salinity, 
chlorophyll fluorescence (Turner fluorometer), and inherent 
optical properties with an ac-9 instrument. 

3. Results 

3.1. Plume and Upwelling Events 

From RLL it was clear that the buoyant plume extension 
along the coast south of Chesapeake Bay is highly variable and 

highly sensitive to wind stress. This variability is expressed in 
Figure 1 with salinity traces at each of the moorings along the 
10 m isobath recorded together with the concomitant wind 
stress. As by RLL, these traces illustrate the progressive arrival 
of low-salinity (plume) events along the coast. Such events 
occur at 3-5 day intervals and are well lag-correlated with the 
initiation of southward wind stress. 

When the winds turn to a southward (downwelling favor- 
able) wind stress, a coastal plume event is triggered. Careful 
examination of the relationship between wind stress and arrival 
of the plume in Figure 1 provides some indication that relax- 
ation of winds from a northward (upwelling favorable) wind 
stress can also trigger an event but with less amplitude. From 
the arrival time at each position along the coast and the dis- 
tance between moorings the over-ground speed of the fronts 
can be readily calculated. Using near-surface records from the 
ADCPs, the alongshore current speeds can also be obtained in 
order to provide a simple, but fairly direct, measure of the 
Froude number. For the 10-mooring array, alongshore was 
defined as -18 ø from north, which conforms fairly well with 
the slant of the coastline. It was discovered that the maximum 

southward current speed did not occur with the front but 
behind it, producing an alongshore convergence in the area 
behind the front. To calculate the Froude number (a measure 
of dynamic stability of the front), this maximum southward 
current speed was divided by the over-ground speed (Um•x/ 
Cobs). Alongshore wind stress may play a role in the dynamic 
stability of the front; hence wind stress was also calculated and 
averaged over the time between arrival at the mooring sites. 
Table 1 shows the results. 

It should be noted that plume events 1 and 3 were so weak 
and dissipated by the time that they arrived at the F line that 
they could not be well identified. In addition, the gap in the 
salinity trace at mooring site C (Figure 1) and the lack of 
identification of front 2 in Table 1 at that site was due to the 

removal of the mooring by a trawler and its subsequent re- 
placement several days later. 
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Table 1. Front Speed, Froude Number, and Alongshore Wind Stress 

Front Number Front Speed, Froude 
Mooring Pair (in Advancing Time) m s -• Number 

Alongshore 
Wind Stress, 
dynes cm -2 

C-D 1 -0.71 1.04 
C-D 3 -0.59 1.07 
C-D 4 -0.73 1.08 
C-D 5 -0.63 1.41 
D-E 1 -0.44 1.00 

D-E 2 -0.57 0.80 
D-E 3 -0.70 0.52 
D-E 4 -0.66 0.66 

D-E 5 -0.66 1.17 
E-F 2 -0.64 1.09 

E-F 4 -0.37 0.36 

E-F 5 -0.72 1.05 

C-D 1,3,4,5 -0.67 _+ 0.07 a 1.15 _+ 0.17 a 
D-E 1,2,3,4,5 -0.61 _+ 0.10 • 0.83 _+ 0.26 • 
E-F 2,4,5 -0.57 + 0.18 • 0.83 _+ 0.4V 

0.02 

-0.17 
-0.01 

-0.41 

0.35 
-0.42 

0.03 
0.05 

-0.96 

-0.65 
0.10 
0.06 

-0.14 + 0.20 a 
-0.19 _+ 0.5V 
-0.16 _+ 0.42 • 

aAverage _+ standard deviation. 

From Table 1, there appears to be a case for reduction of 
both over-ground speed and Froude number with distance 
from the source. This makes physical sense as the front is 
slowing as it dissipates energy and becomes dynamically more 
stable, although it needs to be noted that the standard devia- 
tions of both parameters cover the average differences be- 
tween sets of moorings. As for the possibility of wind stress 
influencing the Froude number, the two parameters correlated 
at r = -0.44 (n - 12), or 20% of the variance explained. 
The negative correlation means that increased southward wind 
stress correlates with an increase of Froude number. Although 
this correlation value is not high, it is sufficient to indicate that 
there is probably some influence of immediate wind stress on 
coastal plume front stability, which also makes physical sense. 

The average over-ground speed from these front arrivals 
along the 10 m isobath was 0.62 m s -• with a standard devia- 
tion of _+0.11 m s -•. This roughly compares to the average 
over-ground speed of 0.55 m s -• found by RLL along the 5 m 
isobath. The 10% lower value of their observation may be due 
to the more southward extension of their array, where speeds 
are decreasing. It should be noted that the over-ground speed 
is a measure of both the inherent propagation speed of the 
front and the ambient flow of the fluid that carries it. RLL 

adjusted this speed by subtracting the coincidental flow at their 
outside mooring, thereby estimating a propagation speed of 
about 0.38 m s -•. We tried two methods to adjust the over- 
ground speed: first, subtracting the coincidental outside moor- 
ing speed and, second, subtracting a speed at the 10 m isobath 
moorings averaged over a period of 1 hour taken 2 hours 
before the arrival of the front. The first method gave an aver- 
age adjusted propagation speed (Cadj) of 0.52 _+ 0.16 m s -•, 
and the second method gave 0.44 +_ 0.17 m s -•. Each of these 
methods reduced the observed over-ground speed as expected. 
The second method may be more valid since the ambient fluid 
velocity within the buoyancy layer width is more appropriate 
for propagation within that layer. Using the observed density 
structure during plume events, RLL made an alternative esti- 
mate of inviscid propagation speed from the gravest mode 
internal wave speed: Cin t = 0.46 m s -•. Our comparative 
estimate was 0.40 m s -•. Then a reasonable estimate of prop- 
agation speed from the two experiments (using both C in t and 

10 0.• cm s with an uncertainty' of about Cadj) is about 

Wind stress acting on the buoyancy layer adds about 40% to 
the propagation speed. It should be noted that the Froude 
number representation of stability does not depend upon this 
adjustment for ambient fluid flow since both parameters are 
carried by the ambient fluid. 

The two-dimensional aspects of coastal plume variability can 
be seen readily in salinity maps produced from ship surveys on 
six different occasions during the experiment. The mapping 
surveys took between 8 and 20 hours each with the ships 
running at cruising speed (about 10 knots). In Plate 1 these 
maps are shown along with the wind stress vector. Compari- 
sons with wind stress and plume event history prior to each 
mapping can be made by referring to Figure 1. 

On year day 126 (May 6, 1997) the wind stress began to turn 
from upwelling favorable to downwelling favorable, and the 
beginning of a plume event can be seen just south of the 
Chesapeake Bay entrance (Plate 1). The plume outflows into 
an inertial bulge, first offshore and then bending back shore- 
ward, as can be seen in this map. This is the beginning of plume 
event 1 as marked in Figure 1. Between this survey and the 
next survey on year day 129 an upwelling wind stress had 
occurred, which had dissipated the plume along the coast. By 
the time of the survey on year day 129, wind stress had once 
again turned with a down coast component, and the plume 
began again to extend south along the coast; this is plume 
event 2. Plume event 3 was missed by surveys, but the subse- 
quent upwelling/dissipation event was captured in the survey 
on year day 135. This survey showed increased salinity near 
shore and lower salinity offshore as a result of the plume being 
displaced offshore by more saline upwelled waters next to the 
coast. 

Plume event 5 was a long event that included two down- 
welling wind pulses and was captured in several stages by ship 
surveys. On year day 142 the plume was in its early stage, with 
a narrow band of low-salinity water trapped along the coast 
and extending down past the FRF pier (•--90 km from the 
Chesapeake Bay entrance). Wind stress during this first exten- 
sion had a relatively strong southward component. By the time 
of the survey on year day 143 the plume was fully extended, 
and the wind stress had undergone a second southward pulse. 
These pulses can be seen reflected in two low-salinity wavelike 
features along the coast in Plate 1. It appears reasonable that 
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these features are the result of wind stress pumping of the bay 
and the inertial bulge, not of inherent instabilities associated 
with the plume extension or of tidal pumping, although insta- 
bilities and tidal pumping may, indeed, be effective at some 
scales. The winds then began blowing upwelling favorably dur- 
ing the survey on year day 144. In this survey a band of low- 
salinity water can be seen pushed off the coast as upwelled 
water displaces the plume seaward. 

A quasi two-dimensional view of the plume and upwelling 
events can be obtained from the mooring records along the D 
line. This provides a somewhat better temporal resolution of 
events than the ship surveys. In Plates 2a and 2b a time versus 
distance offshore view of surface salinity, current vectors, and 
concomitant wind stress is presented for the short plume and 
subsequent upwelling events on year days 134-135 and for the 
longer plume event on year days 141-142. Arrival of the plume 
after a strong southward wind stress with a time lag of about 21 
hours from initiation of the event (36 hours after relaxation 
from northward wind stress maximum) can be clearly seen in 
Plate 2a. Currents associated with the arrival of the plume, 
however, are not strictly related to synoptic wind forcing since 
the wind stress is relatively weak when the front arrives. Cur- 
rents within the plume are not as strong as during other plume 
events but still occur at 50-60 cm s- • within the core. Currents 

at the offshore mooring, D3, are reversed and going weakly 
northward during the plume event. In contrast, however, with 
the relatively long lag between initiation of a plume event and 
its arrival down the coast, initiation of an upwelling event is 
established locally with low-salinity plume water disappearing 
offshore in 3-7 hours. 

In Plate 2b the effects of impulsive winds can be seen in the 
response of currents within the plume core, which also exhibit 
this pulselike character. It is interesting to note that currents at 
the offshore site increase southward in time and become larger 
than currents in the plume core. Ambient currents outside of 
the coastal trapped buoyancy layer can add considerable com- 
plexity to the dynamics of this layer. 

3.2. Optical Response 

Aircraft or satellite images using optical sensors offer a 
means of synoptically mapping the rapidly changing coastal 
zone and its biological/sediment loads. The possibility can then 
be extended to estimating dynamics from known optical forc- 
ing relationships. Optical remote sensing systems measure ap- 
parent optical properties (AaPs) of the near-surface ocean, 
which depend on the character of the ambient sunlight spec- 
trum. On the other hand, inherent optical properties (TaPs) 
are those properties of optical absorption and volume scatter- 
ing that are intrinsic to the water itself and are independent of 
ambient sunlight. The principal optical instrument that we 
have used in this study, the ac-9, measures TaPs. 

Figure 2 shows optical absorption a and volume scattering b 
spectra during an upwelling event and during a plume event at 
mooring D2. These absorption and scattering spectra demon- 
strate quite distinctive differences between the two states, with 
both absorption and scattering, in general, higher in plume 
waters compared than in upwelled waters. 

The blue end of the absorption spectra shows an amplitude 
increase of about 100% within plume water compared to 
within upwelled water. Two of the major contributors to ab- 
sorption in the blue end of the spectra are DOM and chloro- 
phyll, both of which are characteristically high in estuarine 
waters. The chlorophyll contribution consists of both chloro- 
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Figure 2. Spectra from an ac-9 at mooring site D2. (top) 
Optical absorption a over 1 day within the plume (buoyancy 
jet) and after dispersion of the plume by upwelling favorable 
winds. (bottom) Optical scattering b during the same two pe- 
riods. 

phyll a and phaeophytin a (chlorophyll decay products), which 
have peak optical absorption around 440 nm. They are also the 
cause of the secondary absorption peak at around 676 nm 
where DOM is of little significance. This is the chlorophyll 
fluorescence peak, used by standard fluorometers, and is 
higher within the plume state compared to within the up- 
welling state (Figure 2). 

In order to determine if the absorption peak at 676 nm from 
ac-9 measurements could be used as a surrogate for chloro- 
phyll this peak was calibrated against total chlorophyll (chlo- 
rophyll a plus phaeophytin a) measured using filter pad ab- 
sorption spectra with a 512-channel Spectrix radiometer. With 
18 comparison points the correlation was r = 0.95 (r 2 = 
0.90) with a 1-standard deviation fit about a linear regression 
curve of _+0.3 mg m --3 over a range of 3 mg m -3. Furthermore, 
correlation between measured DOM and the ac-9 absorption 
at 676 nm was only 0.09, indicating that there is little DOM 
influence. Hence we can reasonably use ac-9 absorption at 676 
nm as a surrogate for chlorophyll (defined herein as TaP-Chl). 

A surrogate for DOM was chosen as the difference between 
the ac-9 absorption bands of 412 and 440 nm. Since the chlo- 
rophyll absorption spectrum peaks at 440 nm and declines 
slightly at 412 nm, the difference should remove much of the 
chlorophyll contribution and highlight the DOM contribution. 
Correlation of the ac-9 absorption band difference with mea- 
sured DOM at 412 nm was 0.91 (n = 10 and r 2 = 0.83) with 
a 1 standard deviation fit about the linear regression curve of 
_+0.0014 m -• over a range of 0.012 m -•. However, the ac-9 
absorption band difference and total chlorophyll at 412 nm 
correlated at a level of 0.60, suggesting that something like one 
third of the variance in the ac-9 absorption band difference 
may be attributable to chlorophyll. This difficulty in distin- 
guishing chlorophyll from DOM by optical means in case TT 
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Figure 3. Near-surface optical surrogates from an ac-9 along 
with salinity at mooring site E2: (a) IOP-DOM, (b) IOP-Chl, 
(c) IOP-Scatt, and (d) salinity. Vertical dashed lines show 
arrival of the buoyancy jet (29 psu). Definitions of the optical 
surrogates are given in the text. 

water (optically opaque) is a fundamental problem and sug- 
gests that we need better spectral resolution. The surrogate for 
DOM will be defined as IOP-DOM = a(412)-a(440), rec- 
ognizing that some modest chlorophyll influence remains. 

Scattering spectra such as those shown in Figure 2 are com- 
plex in their composition. The spectra are dominated by par- 
ticulate scattering, which depends on particle size distributions, 
particle shape distributions, and particle optical properties. 
Basically, the scattering spectra have a higher amplitude and 
more variability in plume water as can be seen in Figure 2. This 
would be expected if the plume carries an excess particulate 
load compared to ambient shelf waters or compared to up- 
welled lower-layer waters. Efforts to separate the scattering 
spectra into constituents are still in their infancy, so we will 
simply define IOP-Scatt to be the scattering coefficient b at 555 
rim. 

A working hypothesis that has meet some success [e.g., 
Carder et al., 1993] is that if conservative mixing occurs be- 
tween low-salinity outflowing plume water and high-salinity 
ambient shelf water, then there should be a linear, inverse 
relationship between salinity and DOM. Since plume waters 
also contain high chlorophyll and particulate loads, some suc- 
cess has also been achieved in distinguishing coastal plumes in 
satellite images using algorithms that attempt to isolate these 
parameters. The temporal validity of these relationships, how- 
ever, is of major concern since neither DOM nor chlorophyll 
nor suspended particulates are conservative for long periods in 
case II waters. 

Figure 3 shows the time history of the three IOP spectral 
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Figure 4. Current components observed at mooring site E2 
with alongshore wind stress and significant wave height (from 
the FRF site): (a) alongshore current, (b) cross-shore current, 
(c) alongshore wind stress, and (d) significant wave height. 
Dark lines are near-surface currents (---1.7 m below surface), 
and light lines are near-bottom currents (3 m above bottom in 
10.7 m water depth). Vertical dashed lines represent the arrival 
of the buoyancy jet (Figure 3). 

surrogates (DOM: a(412)-a(440); chlorophyll: a(676); and 
particulate scattering: b (5 5 5)) along with salinity at mooring 
E2, the central mooring of the southern nine-mooring array. 
Figure 4 shows currents at E2 along with wind stress and 
significant wave height (from the FRF facility) covering the 
same period. Two plume events and one upwelling event were 
captured during the 10 days of ac-9 mooring. Each plume event 
is well defined by sharp drops in salinity and sharp rises in 
lOP-DOM. 

From Figure 3 we see that initiation of the plume event can 
be relatively well determined by noting sharp increases in the 
IOP parameters. However, IOP-Chl also shows an increase 
during the upwelling event (year days 138.5-140.5), although 
IOP-DOM does not. IOP-Scatt also shows a modest rise dur- 

ing upwelling. It is suggested that this increase in chlorophyll 
may correspond to a bloom initiated locally with upwelled 
waters (or chlorophyll brought up with upwelled waters). 
There is a corresponding drop in IOP-Chl when the winds 
relax from this upwelling event at the end of year day 140, 
which would indicate a relaxation shoreward of midshelf sur- 

face waters with lower chlorophyll content. 
In Table 2, correlations are presented of the three IOP- 

derived surrogates and temperature with salinity at moorings 
D2 and E2. If we accept that salinity is a reasonable tag of 

Table 2. lOP-Derived Definitions and Correlation With Salinity 

Correlation at D2 

Parameter Definition n = 1448 (R 2) 
Correlation at E2 

n = 1351 (R 2) 

IOP-DOM a(412)-a (440) -0.90 (0.81) -0.97 (0.94) 
IOe-Chl a (676)-a (650) -0.72 (0.52) -0.52 (0.29) 
IOe-Scatt b(555) -0.23 (0.05) -0.68 (0.46) 
Temperature -0.88 (0.77) -0.78 (0.61) 



11,620 JOHNSON ET AL.: CHESAPEAKE BAY PLUME AND UPWELLING EVENTS 

outflowing water from Chesapeake Bay into the coastal buoy- 
ancy layer, then these correlations can provide some idea of 
how well lap spectra can also tag this water mass. Salinity has 
the highest correlation with lOP-DaM (r = -0.90 and r - 
-0.97) and only modest correlations with laP-Chl and IOP- 
Scatt. All three parameters are negatively correlated with sa- 
linity, which indicates that plume waters have higher DOM, 
chlorophyll, and particulate loads than ambient shelf or up- 
welled waters. As a comparison, temperature correlated with 
salinity at -0.88 and -0.78 for D2 and E2, respectively, show- 
ing that laP-derived DOM can be a more conservative water 
mass property than temperature in the coastal buoyancy layer 
over storm timescales. The negative correlation indicates that 
low-salinity plume water is warmer than ambient shelf water. 

3.3. Advection and Forcing 

Wind stress events are about equally intensive during both 
the upwelling and downwelling states (Figure 1). Alongshore 
currents (Figure 4), however, are clearly asymmetric, with 
southward currents in excess of 125 cm s -• during plume 
events compared with northward currents of about 25 cm s -• 
during upwelling events. Two mechanisms can contribute to 
this asymmetry. First, an alongshore pressure associated with a 
head of outflowing bay water and, second, Ekman dynamics 
combined with the local vorticity tendency contributed by a 
sloping bottom. The first mechanism is obvious and scales to a 
pressure head equivalent O (60 cm) between the bay entrance 
and the center of our array using a simple model [e.g., Brink, 
1998] with depth-averaged flow, a timescale greater than the 
inertial timescale, and a linear bottom friction coefficient O 
(0.05 cm s-q). The second mechanism is more subtle and 
involves wind-forced flow over an offshore sloping bottom. In 
this case, with either upwelling and downwelling favorable 
wind stress a coastal jet is produced with a maximum at the 
coast and vorticity such that water parcels within the jet tend to 
leave the coast [Yang et al., 1999]. With downwelling favorable 
wind stress, however, Ekman dynamics tend to confine the 
lighter surface water within this jet to the coast, concentrating 
its flow, whereas in the opposite case, lighter surface water is 
pushed offshore, and newly surfaced bottom water must be 
accelerated. 

The cross-shore current component in Figure 4 shows a 
classic circulation picture during upwelling events (year day 
138-141) with offshore flow at the surface of about 10 cm s -• 
and onshore flow at depth of about the same speed. During 
plume events (year day 137 and year day 141-144) the cross- 
shore component showed gravest mode baroclinic semidiurnal 
oscillations of about 10-20 cm s -• amplitude, although, on 
average, the cross-shore flow maintained a downwelling sense, 
i.e., onshore at the surface and offshore at depth. Enhanced 
baroclinicity during plume compared to upwelling events 
should be expected. 

Using the rapid shipboard survey combined with moored 
ADCPs on line D, we can piece together a representation of 
three states: downwelling plume, upwelling dispersion, and 
upwelling relaxation. Figure 5 shows surface temperature, sa- 
linity, and laps from the shipboard flow through system to- 
gether with cross-shelf current profiles from the three mooring 
sites on the D line as observed during the three states. 

In Figure 5a, optical/hydrographic conditions during the 
plume state are shown. This corresponds to the sharply defined 
plume on year day 142 in Plate 1. The width of the plume 
(plume edge defined at 29 psu (J. Miller, personal communi- 

cation, 2000)) is about 4.3 km. The near-surface lOP param- 
eters in Figure 5a also define the plume very well. Downwelling 
circulation is evident with a thick shoreward flow over the 

upper water column and a weaker offshore flow in the lower 
water column. This shoreward flux of water must provide an 
acceleration tendency to the southward alongshore flow. In 
Figure 5b the upwelling state early on year day 145 is shown. 
This is a representation that occurred fairly early in the up- 
welling/plume dispersion stage before upwelling reached its 
full maturity. Temperature is beginning to lower in the near- 
shore, salinity is beginning to rise, and lap parameters have all 
lowered. The current profiles show a shallow offshore flow 
above a thick shoreward flow at depth. This current structure 
then appears to indicate that plume dispersion takes place by 
forcing it into a thin surface layer with rapid offshore displace- 
ment. 

During the upwelling relaxation period at the end of year 
day 140 a front was sighted parallel to the coastline and located 
offshore between the second and third mooring lines. This 
front was identified by ripple differences across a visibly dis- 
tinctive line. In Figure 5c, relaxation from a mature upwelling 
state is clear on year day 140, with significant relaxation frontal 
structure (offshore drop) visible in the laps. While the tem- 
perature is much lower inshore and the salinity is high, corre- 
sponding to upwelled waters, the lap parameters have also 
risen inshore compared to offshore waters. This is especially 
visible in the laP-Scatt, where we would expect that vertical 
advection or resuspension of particles has occurred during 
upwelling. The cross-shore current profiles during upwelling 
relaxation show convergence in the upper layer between moor- 
ings D2 and D3, which may be responsible for the visible 
surface front. 

The lack of obvious correlation between significant wave 
height (SWH) and lap (compare Figures 3 and 4) was some- 
what surprising. Although this may have been due to the rel- 
atively benign sea state during the experiment, we expect that 
the occurrence of higher SWH during plume-accelerating wind 
stress combined with downwelling circulation during plume 
events may have confined the surface expressions of resus- 
pended matter to shallow water. Then, except for very shallow 
water, changes of lap along the coast south of Chesapeake 
Bay appear to be forced principally by the two advective effects 
of plume extension and upwelling. Significant modifications to 
lOP spectra due to aging could not be easily distinguished from 
spreading associated with advection, although we would cer- 
tainly expect aging to occur. The one caveat to this argument 
was suggested above as local phytoplankton blooming due to 
upwelling. 

4. Summary and Discussion 
it seems clear that the plume extension (coastal buoyancy 

jet) along the coast south of Chesapeake Bay is highly depen- 
dent on wind stress direction. During the May 1997 experi- 
ment, downwelling plume events occurred at 3-5 day intervals 
in direct association with wind stress pulses with salinity drops 
across the leading edge of 5-7 psu. When the wind was down- 
welling favorable or relaxed from an upwelling favorable state, 
the plume established itself along the coast with over-ground 
speeds of 0.50-0.75 m s -• and propagation speeds of about 
0.42 m s -•. Plume speeds slowed and internal stability in- 
creased as the plume proceeded southward away from its 
source. The width of the surface expression of the plume varied 
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Figure 5. (a) Strong buoyancy jet conditions' near-surface optical surrogates (see text for definition) along 
with temperature, salinity, and cross-shore current profiles in a transect along the D line. The current profiles 
were averaged over the time of ship transect (year days 142.376-142.402), giving an uncertainty of _+0.5 cm 
s -•. (b) Upwelling conditions on year days 144.995-YD 145.035. (c) Upw•elling relaxation conditions on year 
days 140.826-140.870. 
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from 5 km with light winds and during early stages (Plate 1, 
year day 142) to tens of kilometers with strong winds and 
during mature stages (Plate 1, year day 143). 

Downwelling favorable wind stress pulses can produce 
alongshore variations in plume size that resemble dynamic 

instabilities. Although wind stress has only a weak direct cor- 
relation with dynamic stability, it appears to have a major 
impact on the width of the plume by pumping water out of the 
bay and into the coastal buoyancy layer. By contrast, when 
wind stress is upwelling favorable, the plume is rapidly pushed 
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away from the coast in a thin surface layer and mixed into 
midshelf waters. New ptu.•r•½s are not established by relaxation 
shoreward of a displaced plume, although upwelling relaxation 
did occur with visible frontal structures. 

The optical character of the coastal buoyancy layer can be 
well represented by the IOP surrogates of dissolved organics, 
chlorophyll, and suspended particles. IOP-DOM is most highly 
correlated with the plume extension and is a reasonable sur- 
rogate for salinity over timescales of 3-5 days, which is the 
advective/dispersive timescale for the wind-forced coastal 
buoyancy layer. Upwelling appears to have mimicked the chlo- 
rophyll and particulate loads of the plume by initiating local 
chlorophyll blooms and bringing additional particulates to the 
surface near shore. Lack of DOM in the upwelled waters 
suggests an absence of decaying bottom materials at this dis- 
tance from the bay's mouth. This modification of the salinity/ 
IOP relationship means that care must be taken in separating 
advective from local generation in interpretation of satellite or 
aircraft images and care must be taken to separate DOM from 
chlorophyll in case II waters, i.e., turbid coastal waters. 
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