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Optics, particles, stratification, and storms on the New England 
continental shelf 

W. D. Gardner, 1 J. C. Blakey, • I.D. Walsh, •'2 M. J. Richardson, 1 S. Pegau, 3 
J. R. V. Zaneveld, 3 C. Roesler, 4 M. C. Gregg, s J. A. MacKinnon, s 
H. M. Sosik, • and A. J. Williams III• 

Abstract. In situ beam attenuation and chlorophyll fluorescence were correlated with concentra- 
tion and bulk composition of particles in shelf waters during summer and spring under different 
physical forcing conditions to determine if optical parameters could be used as an additional tracer 
in examining the process of mixing in shelf waters. Time series measurements were made for two 
18 day periods during high stratification (late summer 1996, AIJ t = -3.0 kg m '3 surface to bottom) 
and low but rapidly developing stratification (spring 1997, AIJ t = 0.05 tO 0.5 kg m -3) in 70 m of 
water in a midshelf environment south of Martha's Vineyard, Massachusetts. When defined by 
hydrography and optical profiles, four layers were identified during the summer: the surface mixed 
layer, the particle/chlorophyll maximum, the midwater particle minimum, and the bottom 
nepheloid layer. Fast moving solitons perturbed the water column briefly, but no storms perturbed 
the system until large surface swells from Hurricane Edouard intensified and thickened the 
nepheloid layer. Bulk composition and optics of particles in and above the nepheloid layer were 
distinctly different after the passage of Hurricane Edouard. The hurricane passage demonstrated that 
intense atmospheric forcing greatly influences both hydrographic and optical properties in the 
entire water column, even when highly stratified (Ao t = -3.0 kg m -3, decreasing to 0.8 kg m -3 post 
hurricane), and causes massive resuspension, due initially to wave shear stress that was later 
dominated by current shear. Restratification progressed rapidly after the hurricane passed. During 
spring the water column started as a weakly stratified two-layer system hydrographically and 
optically but evolved into three layers as stratification developed. Strong spring storms aff•ted 
both surface and bottom layers but with decreasing impact as the water column stratified. 

1. Introduction 

1.1. Background and Objectives 

Continental shelves are regions of intense physical forc- 
ing, so shelf water characteristics may undergo dramatic 
changes over both short- and long-term timescales. In temper- 
ate climates, shelf waters experience annual cycles of winter 
cooling, mixing, and minimal stratification followed by 
spring and summer heating, resulting in strong stratification 
[Loder and Greenberg, 1986]. On shorter timescales the verti- 
cal structure of the water column can be affected by winds, 
waves, tides, internal waves and solitons, intrusions of slope 
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water, and storm events [Orr et al., 2000; Sandstrom and 
Elliott, 1984; Haury et al., 1983; Chang and Dickey, this 
issue]. The stratification and mixing of the water column 
affects particulate matter distributions and concentrations. For 
example, atmospheric forcing can mix the surface boundary 
layer, moving particles downward [Gardner et al., 1995]. 
Intense bottom boundar T layer mixing and sediment resuspen- 
sion can result from tidal forcing, currents, and long-period 
waves [Butman, 1987]. Stratification in spring can lead to 
plankton blooms, which increase the concentration of 
biogenic particles within the water column [Platt et al., 1991; 
Sosik et al., this issue]. During periods of high stratification, 
particles are constrained to the portion of the water column in 
which they were generated unless they are consumed, reminer- 
alized, or settle to lower regions. Strong stratification 
inhibits mixing across isopycnals, whereas mixing is more 
likely to occur in weakly stratified waters. 

To improve understanding of mixing processes and their 
influence on ocean optics and particle distributions in the 
coastal ocean, the Coastal Mixing and Optics experiment 
(CMO) was initiated [Dickey and Williams, this issue]. The 
overall objective of CMO was to examine vertical mixing 
processes associated with the seasonal pycnocline and bound- 
ary layers (surface and bottom) and their influence on hydro- 
graphic structure and distribution of optical properties of 
particulate and dissolved matter. 

The CMO objectives of this paper are to (1) characterize and 
compare hydrographic and optical structures during periods of 
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Figure 1. Map of CMO study area. The symbols mark the endpoints of transects made at the beginning of 
the summer cruise (triangles, August 17-18, 1996; Plate 1), the post-Hurricane Edouard transect (solid squares, 
September 5-7, 1996; Plate 2), and the end of the spring cruise (open squares, May 12-13, 1997; Plate 5). Time 
series measurements were made within the circle at the central CMO site. 

high (summer) and low (spring) stratification on the midshelf, 
(2) determine the bulk particle properties throughout the water 
column to characterize particles as biogenic or terrigenous in 
different seasons, (3)compare the bulk particle properties 
(concentration, organic carbon, and chlorophyll) with optical 
parameters of beam attenuation and chlorophyll fluorescence 
to characterize further water "masses" or layers, and (4) deter- 
mine how optical and bulk composition and distribution of 
particles change with different seasons, stratification, and 
forcing functions (storms, currents, waves, etc.). 

1.2. Study Area 

The CMO study area was located on the continental shelf 
south of Martha's Vineyard, Massachusetts, between 70 ø and 
71øW, 40015 ' and 40ø45'N (Figure 1)in a region known as 
the "Mud Patch," which is the only region on the eastern sea- 
board that contains >30% silt in bottom sediments [Twitchell 
et al., 1981]. This area was chosen because of its location 
seaward of the coastal boundary layer, distance landward from 
the shelf break front, distance from riverine sources of 
dissolved and particulate matter and freshwater buoyancy 
effects, smooth bottom topography, lack of major geostro- 
phic currents, considerable historical knowledge about the 
area's seasonal hydrography, presence of fine-grained bottom 
sediment for resuspension, and proximity to ports with 
research ships. Our time series station was located in the 
middle of the study area at approximately 70ø30'W, 40ø30'N 
in 70 m of water. 

Historical data from this region suggest that along-shelf 
currents range from 5 to 15 cm s '• and dominate slightly over 
the cross-shelf component, which is 5 to 10 cm s 'l. The 
average tidal component is 6-14 cm s '• [Manheim et al., 1970; 
Butman et al., 1979; Moody et al., 1987]. Surface currents are 

generally southwestward at speeds of 20 cm s '• [Mayer et al., 
1979]. Average bottom currents have been measured at 3.2 cm 
s '• in a west to southwest direction [Bumpus and Lauzier, 1965; 
Butman et al., 1982]. Winter storms can generate current 
speeds of up to 45 cm s '• with water displacements of up to 100 
km during a single event [Beardsley and Butman, 1974; 
Butman and Nobel, 1978]. The currents for CMO are described 
by Chang et al. [this issue]. 

The region is known for strong seasonal changes in hydro- 
graphy. Flagg [1987] describes the primary water masses in 
the area as Georges Bank Water (summer to winter tempera- 
tures and salinity ranging from 16 ø to 3øC and 32.2 to 33.0 
psu, respectively) and Maine Surface Water (ranging from 17 ø 
to IøC and 33.2 to 31.6 psu). In late fall the surface layer 
cools, sinks, and mixes until the entire water column is nearly 
homogeneous [Houghton et al., 1982; Palanques and Biscaye, 
1992]. During the winter a "cold pool" of water develops at 
the 60-70 m isobaths [Houghton et al., 1982]. Toward late 
spring, the surface waters are heated by solar radiation and 
increase in stratification so the water column is strongly 
stratified by midsummer, trapping the cold pool at depth. A 
shelf slope front is also commonly found south of our CMO 
time series station [Ryan et al., 1999]. The 1 year time series 
of hydrographic conditions for this experiment is presented 
by Chang and Dickey [this issue]. 

The shelf water column generally consists of three hydro- 
dynamic zones: the surface and bottom boundary layers and the 
region between the boundary layers, including the pycnocline. 
The boundary layers merge in the inner coastal zone, eliminat- 
ing the middle zone. The surface layer is mixed by winds and 
stratified by solar heating [Price and Weller, 1986] and can be 
defined as the depth at which øt has changed by a fixed amount 
[Brainerd and Gregg, 1995] (A øt = 0.01 in this study). The 
mixed layer depth (MLD)ranges from a few meters during 
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summer to tens of meters in winter. The bottom boundary layer 
or bottom mixed layer is affected by drag forces as water 
moves along the bottom or is mixed by wave energy penetrat- 
ing to the seafloor [Butman, 1987]. 

The distribution of particles in the water column depends o n 
(1) biological processes that form and destroy particles: 
primary and secondary production, respiration, and reminer- 
alization; (2)physical processes that introduce particles: 
advection from riverine sources and resuspension of bottom 
sediments; and (3)physical and biological processes that 
redistribute particles' mixing, advection, aggregation/ 
disaggregation, biological packaging, and sinking. As a 
result, particles in surface waters away from rivers are usually 
dominated by biological material, and particles in bottom 
waters are dominated by resuspended sediments and detritus 
settled from surface waters [Meade et al., 1975]. Primary 
production is much higher on the shelf than in the open ocean 
because of nutrient input from rivers, coastal upwelling, and 
deep winter mixing. Particulate matter (PM) concentrations 
measured in surface waters of the CMO area have been between 

0.5 and 3.0 mg L 'z, with up to 65% being combustible organic 
matter [Manheim et al., 1970; Meade et al., 1975' Bothner et 
al., 1981]. Combustible particulate organic matter is usually 
<30% in bottom waters. PM concentrations as great as 15 mg 
L 'z have been measured in bottom waters following winter 
storms [Bothner et al., 1981]. 

A bottom mixed layer can be identified as a zone of constant 
temperature or density [Armi and D'Asaro, 1980] and is often 
associated with a nepheloid layer whose thickness may or may 
not correspond to the bottom mixed layer thickness at a given 
time depending on the history of resuspension, particle 
settling, and hydrodynamics of bottom waters [Armi, 1978]. 
Sediment moves along the bottom when the bed shear stress 
('ct,' a function of currents, internal waves and surface waves) 
[Miller et al., 1977; Grant and Madsen, 1979; Cacchione and 
Drake, 1986; Moody et al., 1987; Bogucki et al., 1997' 
Dickey et al., 1998] exceeds a critical value for the sediments 
in the region (a function of grain size, compaction, cohesion, 
and organic matter) [e.g., Miller et al., 1977]. For particles to 
remain in suspension their settling velocity w s must be less 
than the shear velocity (u. = ('•t,/O) ø'•) generated by currents 
and waves [van Rijn, 1984]. 

Property-property plots of bulk particle composition reveal 
information about the source and abundance of particles within 
the water column. It is impractical, however, to take sufficient 
water samples to characterize rapidly changes in particle 
composition in the water column. Fortunately, the composi- 
tion of particles in water determines the inherent optical 
properties of water (attenuation, absorption, scattering, and 
fluorescence). Inherent optical properties are a function of the 
size, shape, composition, internal structure, index of refrac- 
tion, and size distribution of particles in the water [Zaneveld, 
1973], so a change in the correlation between particle and 
optical properties in time or space signals a change in the 
type and perhaps the source of particles within a water mass 
and provides information about mixing or particle dynamics. 
Thus we can rapidly assess particle properties in the water 
column by making continuous profiles of inherent optical 
properties using instruments interfaced with a conductivity- 
temperature-depth profiler (CTD) [Pak and Zaneveld, 1977' 
Gardner et al., 1985, 1993' Pak et al., 1988; Siegel et al., 
1989]. Because of the large dynamic range of optical proper- 
ties, detailed profiles may help to verify effects of mixing 
identified from hydrographic data. 

Changes in optical properties often occur at the same depth 
as changes in temperature or salinity, such as at the base of the 
surface mixed layer or the top of the bottom mixed layer. In 
fact, the simultaneous change in optical and physical proper- 
ties substantiates the zone of most recent mixing. However, a 
correlation between bulk properties of particles and optical 
parameters may or may not change at the depths of hydro- 
graphic/optical changes depending on the source of particles 
and the mixing history of the water. For example, the depth of 
the euphotic zone, often defined as the depth of penetration of 
1% of the photosynthetically available radiation (PAR) at the 
sea surface, usually exceeds the depth of the surface mixed 
layer. Thus biological particles can be produced throughout 
the euphotic zone and may generate a layer with similar 
optical and bulk properties whose thickness does not match 
that of the hydrographic (mixed) layer. 

Particles are continuously settling through the water, affect- 
ing the composition and distribution (concentration) of 
particles and their optical response. As a result, the bulk 
particle composition/optical property correlation in midwater 
may mimic that in surface waters unless the organic matter is 
significantly remineralized. Seasonal evolution, deep winter 
mixing, and storm events can transport or mix surface 
particles downward or resuspended bottom sediments upward, 
introducing particles into midwater that are similar in compo- 
sition to those in surface or bottom waters. The net effect is 

that layers can be identified on the basis of hydrography, 
optics, or particle/optical properties, but their boundaries will 
change on hourly to seasonal timescale s as a result of mixing, 
internal waves, and lateral advection. 

Most of the beam attenuation signal in optical profiles in 
the ocean comes from particles <20 /•m [Pak et al., 1988; 
Chung et al., 1996]. Particles of 20 /•m diameter have a 
settling velocity of <1 m d '• to at most 20 m d '• for dense 
particles. Thus, while optically sensed particles may not be 
conservative on long timescales, they can be used as short- 
term tracers (hours-days) of water masses and mixing when 
frequent profiles are made [Gardner et al., 1995]. 

2. Methods 

2.1. Instrumentation 

Two CMO cruises focused on time series optics and turbu- 
lence measurements for 18 days during summer and spring 
(August 19 to September 9, 1996, aboard R/V Seward Johnson 
and April 20 to May 9, 1997, aboard R/V Knorr). Each day, 
1-3 consecutive CTD profiles were made morning, noon, and 
evening at the same location in the center of the CMO study 
site. A profiling CTD included a SeaTech transmissometer, 
light backscattering sensor (LSS; spring cruise only), and 
fiuorometer to provide beam attenuation, light backscattering, 
and chlorophyll fluorescence measurements. In addition, two 
transects of stations were made across the shelf to the shelf 

break in the summer, and one transect was made in the spring 
to extend our spatial coverage. Water samples were analyzed 
for bulk composition of PM concentration, particulate organic 
carbon (POC) concentration, and chlorophyll a and were corre- 
lated with beam attenuation and chlorophyll fluorescence. The 
optical and particle data were combined with hydrographic data 
and constitute the focus of this paper. All times reported in 
this paper are local times (UT minus 4 hours) to maintain the 
context of the local solar cycle. 

Several moorings and bottom tripods were deployed <1 km 
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from our sampling site to measure atmospheric and surface 
water conditions, currents, waves, bottom shear stress, and 
other parameters [Boyd et al., 1997; Lentz et al., 1999; 
Dickey and Williams, this issue; Chang and Dickey, this 
issue]. Regional hydrographic and optical conditions were 
measured from another ship during our cruises using an 
undulating profiler [Barth et al., 1998], and satellite imagery 
was collected during most of the time series measurements 
[Porter et al., this issue]. An overview of the entire study is 
provided by Dickey and Williams [this issue]. 

2.2. Physical Measurements 

Temperature and salinity data were acquired with a SeaBird 
911+ CTD and were binned at 0.5 m intervals. No nighttime 
hydrocasts were made because the ship was utilized for turbu- 
lence measurements during that time. To fill in the nighttime 
gaps for the summer cruise, data from a microstructure profiler 
(J. MacKinnon and M. C. Gregg, Summer stratification and 
solitons: Mixing and internal waves on the New England con- 
tinental shelf, submitted to Journal of Geophysical Research, 
2000) were also binned at 0.5 m intervals, and profiles taken 
every 3 hours were used to match the 3-4 hour intervals of the 

daytime data. Sections of beam cp (defined in section 2.3) 
contain 12 hour gaps at night over which the data are extrapo- 
lated. Longer breaks in the data occurred when we left the site 
for various reasons and are excluded from the plots. MLDs and 
benthic mixed layers were calculated using a o t change of 0.01 
kg m '3 from the surface and bottom ot, respectively. 

Bottom current measurements were made from a bottom 

tripod (Benthic Acoustic Stress Sensors (BASS)data from A. 
Williams et al., Woods Hole Oceanographic Institution 
(WHOI), personal communication, 1999). Shear stress and 
shear velocity due to currents and waves were calculated from 
the summer BASS data by Chang et al. [this issue] based on the 
model of Christoffersen and Jonnson [1985]. The sensors used 
to calculate wave shear stress were not on the BASS tripod 
during the spring cruise, but we calculated current shear 
velocity from the BASS current measurements using the law of 
the wall equation: u/u, = 2.5 In (u,zJt)) + 5.1, where u is the 
free stream velocity, u, is the bed shear velocity, z is the 
distance above bottom (1.1 m), and t) is the kinematic 
viscosity of seawater. 

2.3. Optical Data 

Beam attenuation coefficients were measured using a 
SeaTech transmissometer 0• = 660 nm), and chlorophyll 
fluorescence was measured with a SeaTech fluorometer. 

Attenuation of a light beam was defined by Jerlov [ 1976] as c 
= a + b, where c, a, and b are attenuation, absorption, and 
scattering coefficients, respectively, all inherent optical 
properties of seawater with units of m -• [Zaneveld, 1973' Bartz 
et al., 1978]. Beam attenuation across a 25 cm path length (r) 
transmissometer was obtained by measuring the percent 
transmission (Tr) of light and using the conversion, c =-(l/r) 
In (Tr). The beam attenuation coefficient is the sum of attenua- 

tion due to particles (cp), water (Cw), and colored dissolved 
organic matter (CcDoM) [Pak et al., 1988]' 

C = Cw + Cp + Cc•oM (1) 

Attenuation due to Ccr•M is negligible at 660 nm in open 
waters [Bartz et al., 1978; Bricaud et al., 1981' Pak et al., 
1988], and although it may not be negligible at this shelf site 

[Sosik et al., this issue], it is a very small contribution (<0.1 
m '•) of the total attenuation signal and was neglected in this 
study. 

Assuming that particle properties (size distribution, refrac- 
tive index, internal structure, shape, and particle composition) 
remain constant, the attenuation due to particles (beam c•) is 
linearly correlated to particle concentration [Zaneveld, 1973' 
Baker and Lavelle, 1984' Gardner et al., 1985] using the 
following equation: 

c = K c PM + c w, (2) 

where K c is the slope of the regression and is a function of 
particle type, size, and refractive index. The slope may 
change with depth through the water column as particle types 
change [Baker and Lavelle, 1984; • Gardner et al., 1985' 
Bishop, 1986; Richardson, 1987; Gardner, 1989]. Attenua- 
tion due to water is essentially constant and is set at 0.364 m '• 
for this instrument. However, our minimum value for the 

cruise was slightly lower (0.350 m '•) on a cast in deep water 
(-1000 m). This value was assumed to be the "clearest water" 

and was used as c w even though it was not particle free. 
The LSS measures light backscattering at 880 nm wave- 

length. Dual light sources and sensors are mounted on the 
same plane, directed normal to the plane. The light sensors are 
shielded from the light sources and from low-angle back- 
scattering. Scattering measured with this instrument is not 
from a specific volume or pathlength, as is the case with a 
transmissometer. Using an LSS, small particles (37/xm ground 
glass) scatter four times as much light as large particles (212 
/xm ground glass) [Conner and De Visser, 1992; Bunt et al., 
1999], but little information is available about the size sensi- 

tivity of smaller natural sediment or in situ particulate matter 
versus the LSS signal. The backscattering coefficient can be 
calculated from the particle size distribution and the index of 
refraction using Mie theory. The ratio of the backscattering to 
total scattering (assumed here to be nearly proportional to the 
ratio of the LSS signal to beam c•) can then be interpreted in 
terms of these particulate parameters (M. S. Twardowski et al., 
Retrieving particle composition from the backscatter ratio and 
spectral attenuation in marine waters, submitted to Journal of 
Geophysical Research, 2000, hereinafter referred to as 
Twardowski et al., submitted manuscript, 2000). 

The relative chlorophyll fluorescence was determined with a 
SeaTech fluorometer. Chlorophyll a can be related to chloro- 

phyll fluorescence by Chl a = Kf (F1) + b, where b is an instru- 
mental offset. This regression was used to estimate and 
contour chlorophyll a as time series sections rather than using 
fluorescence because the chlorophyll a per unit of fluorescence 
was much greater in the spring than in the summer, providing 
a more realistic comparison of spring and summer chlorophyll 
abundance. Note, however, that there was more chlorophyll b 
that also contributed to the fluorescence in the spring (C. 
Roesler, unpublished data, 2000). 

2.4. Discrete Water Samples 

Water samples were obtained at six depths including the 
surface mixed layer, chlorophyll maximum, particle minimum, 
and bottom nepheloid layer. Particulate matter was filtered by 
in-line vacuum filtration (0.5 atm)by drawing 1-4 L through 
47 mm preweighed 0.4 #m Poretics filters. Samples were 
rinsed with three aliquots of deionized water, dried, reweighed, 
and corrected using wash blanks. 
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Figure 2. Beam c•, versus PM and POC. Regressions are Model II. Triangles represent surface waters (sea 
surface to base of chlorophyll maximum) in all panels (-0-30 m in summer and 0-25 m in spring). In Figures 
2a and 2d, squares represent samples from bottom waters (>50 m in summer and >35 m in spring), but in other 
panels squares include midwater samples (-30-50 m in summer and - 20-45 m in spring). In Figure 2f the solid 
diamonds represent samples from midwater (-20-45 m). Linear regressions are shown for r 2 values > 0.3 5. 
Linear regression in Figure 2f is for midwater samples. Note the scale change for the posthurricane period. 

POC samples were collected in dark I L bottles and filtered 
through precombusted 25 mm glass fiber filters. Samples were 
dried at 60øC, stored in aluminum foil, and analyzed at the 
Bermuda Biological Station with an elemental analyzer after 
acidification to remove inorganic particulate carbon. Chloro- 
phyll a samples were analyzed shipboard using standard 
acetone extraction methods and a Turner fluorometer. 

3. Results and Discussion 

3.1. Bulk Particle Properties and Optics 

3,1.1. Summer. Property-property plots for summer 
(prehurricane and posthurricane) and spring included beam c•, 
versus PM and POC concentrations (Figure 2), fluorescence 
and beam c•, versus chlorophyll (Figure 3), and PM and chloro- 

phyll a versus POC (Figure 4). For the spring cruise we also 
compared LSS with c•,, POC, and PM (Figure 5). Where reason- 
able (r 2 >0.35), model II linear regressions (regressions where 
the errors are minimized in both x and y dimensions, not just 
in one dimension) were made to quantify the relationships 
between various optical and bulk particle parameters. 

Upon examining the source of different clusters of data on 
property-property plots it was clear that for many parameters 
the data could be divided among samples from surface, bottom, 
and sometimes midwater. These divisions were generally at 
depths where there were changes in the beam c•, or fluorescence 
profiles rather than at depths of hydrographic changes 
(Figures 6 and 7). Midwater values often overlapped between 
surface and bottom values, so they were sometimes omitted 
from Figures 2-4 for clarity. For the summer period the water 
was subdivided into three depth regions: surface (0-30 m), 
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Figure 3. Fluorescence (raw volts) and beam c•, versus chlorophyll. Symbols and regressions are as in Figure 
2. In panel Figure 3f the solid diamonds represent samples from midwater (---25-40 m). Note the scale change 
for the posthurricane period in Figure 3c. 

midwater (~30-50 m), and bottom water (50-70 m). These 
divisions corresponded fairly closely to the base of the subsur- 
face chlorophyll maximum and the depth where beam c•, started 
to increase near the bottom, i.e., the top of the nepheloid 
layer. For the spring cruise the water column was similarly 
subdivided into three regions with some overlap in the depths 
of the layers because of temporal variations in weakly strati- 
fied waters: surface (0~25 m), midwater (~20-45 m), and 
bottom waters (35-70 m). 

The beam cv/PM, %/POC, and PM/POC correlations prior to 
the hurricane (Figures 2a, 2d, and 4a and Table 1) showed 
distinct differences between particles in surface and bottom 
waters, with more scatter in surface than bottom waters. The 
differences are strong evidence for two different particle 
sources. The regression of raw fluorescence to chlorophyll was 
strongly correlated, with no distinctions between surface, 
midwater, and bottom waters (Figures 3a-3c). The Chl/fl ratio 

represents the efficiency of chlorophyll fluorescence and 
depends on the phytoplankton physiology and speciation, 
including organism size and internal structure and the presence 
of detrital and accessory pigments [Zaneveld et al., 1982; 
Marra, 1997; Sosik et al., this issue]. 

The various ratios presented here can be interpreted in terms 
of bulk particulate properties. The ratio of the particulate 
attenuation to the total particulate mass (c•PM) is a parameter 
that increases with the slope of the particulate size distribu- 
tion (i.e., a higher value of a Junge-type hyperbolic slope of 
particle size distribution, which means more small particles) 
and with the average index of refraction [Baker and Lavelle, 
1984; Spinrad, 1986]. Ratios of cp/PM were similar in surface 
and nepheloid layer waters prehurricane but were about 3 times 
greater in surface waters posthurricane (Figures 2a and 2b). The 
hurricane resuspended bottom sediments, and the thickness of 
the nepheloid layer increased, increasing PM concentration in 
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bottom waters from 800 to 3000 #g L '•. More significant was 
the posthurricane decrease in the cv./PM regression slope from 
9 x 10 '4 to 4 x 10 '4, suggesting a shift to larger particles a few 
days after the hurricane passed. Hill et al. [this issue] found 
that the number of large aggregates 1 m above bottom 
decreased during the hurricane but quickly increased after its 
passage. With a tripling of particle mass in the water column 
the size and abundance of aggregates could increase quickly 
when extremely high shear rates decreased after the hurricane 
passed. 

The PM/POC ratio is inversely proportional to the percent- 
age of organic material in the total particulate matter. Because 
organic matter has a lower index of refraction than mineral 
matter, we infer that the ratio of PM/POC is inversely propor- 
tional to the average index of refraction of the particles. With 
PM/POC ratios 5-12 times greater in bottom waters than in 
surface waters, particles in surface waters clearly have a lower 

index of refraction than the nepheloid layer particles (Figures 
4a and 4b). As noted above, the c•PM ratios were similar in 
surface and bottom waters prehurricane. Since the PM/POC 
ratio suggested particles in surface waters had a much lower 
bulk index of refraction than those in the nepheloid layer, we 
conclude that prehurricane surface water particles must have 
been smaller relative to particles in bottom waters to account 
for the similar c•PM values (Figure 2a). Posthurricane ct,/PM 
values were-3 times greater in surface waters than in 
nepheloid layer waters, suggesting that posthurricane parti- 
cles in surface waters were also smaller than those in the 

nepheloid layer. 
3.1.2. Spring. In spring, beam ct, and PM were well 

correlated, especially in surface waters (Figure 2). Midwater 
values overlap the low concentration end of the bottom water 
values. Slopes of the regressions are distinctly different in 
surface and deep waters, unlike the summer period. This 



9480 GARDNER ET AL.: SHELF, OPTICS, PARTICLES, STRATIFICATION, AND STORMS 

• (m) q•do• •' (tu) q•doff • (m) q•do• • (m) q•do• '-' '-' •' • (m) q•do• 



GARDNER ET AL.: SHELF, OPTICS, PARTICLES, STRATIFICATION, AND STORMS 9481 

(f. tll •1) •.0 (l.tll) d o (l?tll •m) v II•qdoaolqD 

(m) ;q•!a H OAI•A• k •[ 

pJenop:l 

øuB91JJnif 

pJenop:l 

oueo!JJnl--I •_ 
pJenop:l '•' 

9uBo!JJ n!---I t • 

.< (m)'q;da(l •' (m) q;da(l • (m) q;da(l • (m) q•da(l 



9482 GARDNER ET AL.: SHELF, OPTICS, PARTICLES, STRATIFICATION, AND STORMS 

1.4 

1.2 

0.8 
!).6 

0.4 

0.2 

0.0 
0.0 

Mid & Bottom 

LSS = 3.86Cp - 0.211 
r 2 = 0.74 

Surface & Mid 

LSS = 0.855Cp + 0.187 
r 2 = 0.46 

0.5 

Cp (m 4) 
1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

• No Regressions 
D 

D 

200 

POC (l•g 1-1) 

400 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

Mid & Bottom 

LSS = 0.0025(PM) - 0.143 
r 2 = 0.70 

[3 

Surface & Mid 

LSS = 0.0013(PM) + 0.0834 
r 2 = 0.38 

0 500 1000 

PM (lag 14) 
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suggests distinctly different particle types and greater mixing 
and uniformity of particle composition within each layer of 
the weakly stratified water column. Correlations were poor for 
ct,/POC, cp/chlorophyll, PM/POC, and chlorophyll/POC, even 
though the data were subdivided at the base of the high- 
chlorophyll zone (Figures 2-4). The primary trend was that 
chlorophyll and POC concentrations were higher in surface 
waters because of higher biological productivity near the 
surface. Fluorescence and chlorophyll seemed to be similarly 
correlated at all depths, so all data were included in a single 
regression for each cruise (Figures 3a-3c). The increased 
scatter during the spring may be due to changing amounts of 
fluorescence per unit chlorophyll as the bloom progressed 
[Sos& et al., 1998]. 

The backscatter b o to attenuation ct, ratio was much smaller 
in surface waters than in bottom waters (Figure 5a). Hall et al. 
[2000] observed this same relationship and attributed the 
difference to the presence of more large particles in surface 
waters than in deep waters. However, our direct measurements 
of particle size distribution show that in the 1-20 /tm size 
range, particles were often smaller in surface than in deeper 
waters [Blakey, 1999]. Furthermore, analysis of Twardowski 
et al. (submitted manuscript, 2000) suggests that the bulk 
index of refraction may be the primary reason for the differ- 
ence rather than particle size. They demonstrated that the ratio 
bb/b p of backscattering b b to particulate forward scattering b e 
increases with the average index of refraction and with the 
slope of the size distribution. LSS/cp is proportional to bb/C p, 
and Cp at 660 nm is almost entirely due to scattering b p, 
though this decreases slightly in high-chlorophyll waters. 
Thus LSS/ct, is nearly proportional to bb/b p. The parameter 
bb/b p increases with the average index of refraction and with 
the slope of the size distribution. We can thus conclude that 
the surface waters during CMO contained larger or lower refrac- 
tive index particles than the deeper particles. We already 
concluded that changes in cp/PM were due to particles being 
smaller at the surface in both spring and summer, consistent 
with direct particle size measurements. Thus the surface parti- 
cles must have a smaller index of refraction, which is expected 
for a higher concentration of organic particles, causing the 
decrease in backscattering in surface waters. 

A secondary effect may be more light absorption a in 
surface waters from higher concentrations of chlorophyll-rich 
biogenic particles. Attenuation is the sum of absorption and 
scattering, and while scattering is by far the larger compo- 
nent, the absorption contribution increases in surface waters 
[Sosik et al., this issue]. The LSS measures only scattering, 
not absorption, so differences will be largest between LSS and 
beam ct, in regions where absorbing particles are present, i.e., 
chlorophyll-rich waters. Thus one would expect a smaller 
LSS/c t, ratio in surface waters where chlorophyll is abundant, 
particles are smaller, and the index of refraction is smaller. 

3.1.3. Summer/spring comparisons and con- 
trasts. Several differences were observed between the 

summer and spring data. Surface water PM and POC concentra- 
tions were greater in spring than in summer. Bottom water PM 
concentrations were greater in the summer, and POC concen- 
trations were similar (Figure 2). The correlations between 
and PM were strong in both the surface and bottom waters 
(Figures 2a-2c). There was considerably more scatter in plots 
of PM versus POC in spring than in summer (Figures 4a-4c) 
and in cp versus POC (Figures 2d-2f). 

Chlorophyll concentrations were 2-3 times greater in 
spring than in summer throughout the water column (Figure 3). 
A strong relationship was seen between chlorophyll and 
fluorescence during both time periods, though there was more 
scatter in the data in spring than in summer. We speculate that 
the increased scatter may indicate greater variance in commu- 
nity structure and photoadaptation during an active bloom 
than occurs in late summer. The bulk chlorophyll/fluorescence 
relationship showed little change with depth. 

In correlating POC and PM data with beam ct, it was appar- 
ent that at least two particle populations were necessary to 
explain the data distribution: particles from above and below 
the chlorophyll layer in both seasons (Figure 2). The change 
in correlations between layers results from a change in particle 
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Figure 6. Profiles of at, temperature, beam cp, and fluorescence prior to the hurricane, immediately after the 
hurricane passed, and 2 days later. Classification of surface, midwater, and bottom waters was based on bulk 
particle properties and optical parameters, not on at' 

type, size, or composition (see explanation above). Phyto- 
plankton were abundant in surface waters during both summer 
and spring [Sosik et al., this issue] and were the primary 
source of particles. The percentage of organic matter decreased 
with depth as POC was remineralized as plankton died or were 

ingested. These particles depleted in POC settle to underlying 
waters and were a source of particles in that region. During 
both spring and summer the percentage of POC decreased from 
50-90% in surface waters to 10-50% in bottom waters. Resus- 

pended sediments provide a second source of particles to 
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Figure 7. Profiles of at, temperature, beam cp, and fluorescence at the beginning, middle, and end of the 
spring cruise. Classification of surface, midwater, and bottom waters was based on bulk particle properties and 
optical parameters, not on at' 
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bottom waters that are compositionally distinct from settling 
phytodetritus, resulting in the much larger cp/POC slopes for 
deep samples (Figures 2d and 2e) since surface sediments have 
a substantially lower POC/PM ratio. The decrease in percent 
organic matter produces a different optical response [Zaneveld 
et al., 1982; Kitchen and Zaneveld, 1990; Morel, 1991; 

Iturriaga et al., 1991; Chung et al., 1998; Claustre et al., 
1998]. 

3.2. Hydrography and Optics 

3.2.1. Cross-shelf transects: Summer 1996. The 

general hydrographic and atmospheric conditions during our 
study were similar to those reported from previous years and 
discussed earlier. As seen in the first cross-shelf transect that 

was completed at the start of the summer period, summer 
waters were strongly stratified and the cold pool was well 
developed seaward of the 50 m isobath (Plate 1; compare with 
Plate 2 after the passage of a hurricane). The CMO sampling 
site was at the northern end of the cold pool. The entire water 
column was strongly stratified and contained a well-defined 
subsurface chlorophyll maximum that merged with the bottom 
layer at the northern end of the transect. Stratification 
decreased in shallower water but was always present. 

3.2.2. Hydrography and atmospheric condi- 
tions: Summer t_i_•e series. Sections of temperature and 
salinity (Plate 3) showed well-stratified waters for the first 2 
weeks of the study. Relatively calm, sunny weather, with only 
one major rain event, prevailed prior to the hurricane (A. 
Plueddemann et al., unpublished data, 2000). Mean seasonal 
currents were westward at 5-10 cm s '• and offshore at about 6 

cm s '• at the surface, decreasing to 1 cm s '• at 10 m and deeper 
[Lentz et al., 1999]. Winds were generally <5 m s '•, and mean 
wave heights were <2 m (Plate 4). An unexpected scientific 
bonus for a study of mixing was the occurrence of Hurricane 
Edouard (September 1, 1996), which passed within 110 km of 
the central site [Dickey et al., 1998], obliterated the cold 
pool, and rapidly mixed and stirred the water as observed in a 
transect completed about 4 days after the passage of Hurricane 
Edouard (Plate 2). The wind increased to a sustained speed of 2 5 
m s '• during the height of the hurricane, decreasing to ~ 5 m s '• 
after the passage. Long-period swell heights increased to 
nearly 3 m during the 3-4 days before the hurricane and 5-6 m 
during the hurricane. In the 4 days following the hurricane, 
swells remained high from the passage of Hurricane Edouard 
(110 km from eye) and the approach of Hurricane Hortense 
(September 14, 1996), which passed within 350 km of the 
CMO site. 

The water column was strongly stratified, with a top to 
bottom Ao t of 3.0 kg m '3 prior to Hurricane Edouard (Plate 4). 
The main pycnocline started at a depth of 5-10 m and was 10- 
20 m thick prior to the hurricane. After the hurricane the water 
column was mixed to a quasi two-layer system with Ao t of only 
0.8 kg m '3 and slight stratification within each layer (Figure 
6). Surface temperatures dropped from 21 ø to 15øC, and 
bottom waters increased from 7 ø to 11øC (Plate 3). The surface 
water began to warm and restratify as soon as the hurricane 
passed, but advection also readjusted water masses. 

Depths of specific PAR light intensities remained fairly 
constant throughout the summer cruise (Plate 4). The depth of 
10% PAR light intensity was between 17 and 22 m, and the 
depth of 1.0% PAR light intensity was between 32 and 41 m. 
No significant change was observed after the hurricane. 
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3.2.3. Beam Cp and chlorophyll distributions: 
Summer 1996. During the highly stratified summer period, 
chlorophyll ranged from 0.5 to 2.5 mg m '3 in upper waters 
with a subsurface chlorophyll maximum between 20 and 40 m 
with chlorophyll isopleths generally following øt isopleths 
(Plate 4). The depths of the 10 and 1% PAR light intensities 
(Plate 4) bound the chlorophyll maximum. A subsurface 
maximum in beam ct, was associated with the chlorophyll 
maximum, but the c t, maximum occurred some 5 m above the 
chlorophyll maximum, on average (see Figure 6). This is as 
expected [Kitchen and Zaneveld, 1990] because of photoadap- 
tation of phytoplankton. This correlation, plus bulk 
measurements of particle composition (high POC/PM values 
and high Chl/POC values; Figure 4) and discrete particle 
analysis [$osik et al., this issue], indicate that most of the 
particles in the upper waters were of biogenic origin. A subsur- 
face chlorophyll maximum is a common feature of surface 
waters under stratified conditions [Hobson and Lorenzen, 
1972; Marra, 1997]. Chlorophyll decreased throughout the 
water column 2 days before Hurricane Edouard. Chlorophyll 
concentrations were still below prehurricane levels at the end 
of our cruise (Plate 4), but a small subsurface peak in chloro- 
phyll began to develop as surface water stratified in the two 
sampling days after the hurricane. 

3.2.4. Mixed layer depths. MLDs are generally 
correlated with wind stress [Weller, 1981] but are influenced 
by the degree of stratification and nighttime convective 
cooling. MID (based on a 0.01 kg m '3 decrease in øt) was 
typically <10 m and in many instances <5 m with fluctuations 
of only 2 or 3 m between day and night depths with little 
variation apparent from atmospheric forcing before the hurri- 
cane (Plate 4). Occasionally, the MLDs actually appeared to 
deepen during the day and decrease at night, contrary to what 
would be expected for normal daytime heating and nighttime 
convective cooling and mixing [Brainerd and Gregg, 1995]. 
During the summer cruise the heat flux calculated from moor- 
ing data by A. Plueddemann et al. (unpublished data, 2000) 
indicated that the net heat flux was always into the ocean 
during the day, but the net heat flux was often out of the ocean 
during the night because the long-wave radiation was large. 
Apparently, the net result was that the strong density 
gradients and low, quasi steady energy input from both wind 
and waves, prevented the MLD from varying significantly. 
Furthermore, advection of surface water with lower density can 
stratify the water [Tandon and Garrett, 1996]. The hurricane 
caused significant mixing, but 2 days after the hurricane the 
MLD was similar to prehurricane conditions (Plate 4). 

Changes in MLD can accelerate downward mixing of parti- 
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cles and entrainment of deeper, low particle concentration 
waters from depth [Gardner et al., 1995]. During our summer 
CMO measurements, day to day changes in beam c•, in the 
mixed layer were usually <0.05 m '!. To test further for tempo- 
ral changes in small-particle load, we integrated beam c•, over 
selected depths (Figure 8). Integration of beam c•, from 0 to 5 
or 5 to 10 m showed little change. Because the MLD varied so 
little during the summer, it is unlikely that MLD changes had 
much impact on particle settling. There was a decrease in the 
integrated beam c•, from 10 to 20 m, especially after the hurri- 
cane passed. Temporal oscillations in integrated beam c•, were 
larger between 10 and 20 m than at shallower depths and 
appeared to follow a daily cycle [Blakey, 1999], suggesting 
periodic (tidal?) oscillation of a water mass (see current data of 
Chang and Dickey [this issue]) in which there were lateral 
particle concentration gradients. 

3.2.5. Bottom nepheloid layer dynamics. The 
bottom mixed layer (BML) was between 10 and 15 m thick 
(based on the same criterion of a decrease in o t of 0.01 kg m '3 
from the bottom water). A distinct bottom nepheloid layer 

(where c•, increases with depth) was present near the seafloor 
throughout the sampling period (Figure 6 and Plate 4c). The 
BML height generally encompassed the nepheloid layer 
thickness, but it was not a strictly constraining boundary. At 
times the nepheloid layer thickness exceeded the BML, 
primarily during the 4 days before Edouard arrived when large, 
long-period surface swells were present. The largest beam % 
values were in the bottom nePheloid layer and ranged from 0.3 
to 0.8 m '• in the first 10 days, increasing to 1.5 m '• in the 3 
days before Hurricane Edouard arrived. Two days after the hurri- 
cane the BML thickness was similar to prehurricane condi- 
tions (Plate 4). 

Nepheloid layers are caused by resuspension of sediments 
either locally or advected after resuspension elsewhere. In 
order to resuspend sediment the critical shear velocity for 
transport and suspension of surface particles must be exceeded. 
For a 10 •m grain the critical shear velocity is 0.6 cm s'•; for 
63 tzm the shear velocity must exceed 1.0 cm s 'l [Miller et al., 
1977]. To remain in suspension, shear velocity must exceed 
particle settling velocity (u,) w s) [van Rijn, 1984]. Stokes 
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settling velocities for mineral grains of 10 and 63 gm are 
-0.005 and -0.1 cm s '•, respectively. Grain size analysis 
revealed that nearly all sediment grains in this area were <63 
gm, and 50% were <32 gm, and most particles in the nepheloid 
layer were <10-20 /zm [Blakey, 1999]. Near-bottom currents 
were between 2.5 and 25 cm s '• prior to the hurricane, yielding 
a current shear velocity between 0.1 and 1.0 cm s '•. The wave 
shear velocity was of the order of 0.5 cm s '• before Hurricane 
Edouard (Figure 9) [Dickey et al., 1998; Chang et al., this 
issue; Hill et al., this issue]. Thus the combined current and 
wave shear velocity regularly exceeded the 0.6 cm s '• threshold 
for transport throughout the summer sampling period and u. > 
w s, so beam c•, increases in the nepheloid layer could be 
attributed to local resuspension (Figure 9). 

3.2.6. Effects of Hurricane Edouard. The effects of 
the hurricane on the shelf became evident long before the high 
winds of the hurricane arrived (Plate 4). During the 3-4 days 
prior to the closest approach of Hurricane Edouard, long- 
period wave activity increased, bottom isopycnals shoaled, 

and nepheloid layer thickness and particle concentration 
increased. Prior to the hurricane, bed shear stress was induced 

mostly by bottom currents (Figure 9c). In the several days 
before the hurricane, current shear velocity increased slightly; 
however, the wave shear stress increased even more than 

current shear stress both relatively and in absolute magnitude 
(Figure 9c). Dickey et al. [1998] found a better correlation in 
their moored instrument data between near-bottom beam cp and 
current shear stress than between cp and wave shear stress and 
concluded that resuspension of bottom sediments was domi- 
nated by currents rather than waves. They also estimated a 
critical bed shear stress of 0.8 dyn cm '2 (shear velocity = 0.88 
cm s 'l) from their data. We plotted beam %, at the bottom of 
each CTD profile versus the current and wave shear stress clos- 
est to the profile time (Figure 10) and suggest that while beam 
cp does not remain high until shear stress exceeds 0.8 dyn 
cm '2, beam cp remains high after wave shear stress exceeds 0.3 
dyn cm '2. This is consistent with the increase in nepheloid 
layer beam cv when long-period surface waves dramatically 
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increased bed shear stress several days before Hurricane 
Edouard arrived (Plate 4 and Figure 9). Thus we conclude that 
resuspension of bottom sediments was initially dominated by 
waves and only later by currents. 

At the height of the hurricane, sustained winds exceeded 20 
m s 'l with 7-8 m waves (Plate 4). The wave shear stress totally 
dominated the combined wave and current shear stress when 

the hurricane made closest approach (4 dyn cm'''). We were 
forced to return to port but arrived back on station about a day 
after the passage of the hurricane. The winds had decreased to 
5 m s 'l, but 2 m surface swells were still present. Note that 
current speeds in bottom waters reached a maximum (35 cm s 'l) 
after the hurricane passed, and the current shear stress became 
dominant, exceeding 2.3 dyn cm'". About a day after Hurricane 
Edouard the nepheloid layer thickness was still 45 m with 
beam c•, exceeding 2.5 m '• near the bottom (Plate 4c). Bottom 
PM concentration was fourfold greater than prehurricane 
values. Two days later, the nepheloid layer was only 20 m 
thick, and particulate matter concentrations dropped off con- 
siderably but were still much greater than prehurricane values. 

Young [1978] noted that following a hurricane off the New 
York Bight apex, particulate matter concentrations in bottom 
waters were at normal nonhurricane conditions within 3 days. 

He attributed this rapid clearing to the lack of fine-grained 
sediment (clay and fine silt) available for resuspension and the 
fact that the hurricane strength was not sufficient to mix the 
stratified waters, restricting most of the resuspended sediment 
to the bottom nepheloid layer. The effects of Hurricane 
Edouard were much more intense, changing the water column 
from strong, continuous stratification to a two-layered, 
weakly stratified system. 

Upon our return to the site, solar heating rapidly began to 
restratify the surface waters, and particle concentrations 
quickly decreased in bottom waters. The question is whether 
the particles rapidly flocculated and settled out locally or 
whether turbid water was replaced with clear water by advec- 
tion. Hill et al. [this issue] observed that large aggregates 
disappeared from near-bottom waters during the hurricane but 
quickly reappeared after the hurricane and argued that bottom 
shear stresses tore the aggregates apart but that lower shear 
stresses allowed them to reaggregate quickly. While reaggre- 
gation could have played an important role in clearing the 
water of particles, Chang and Dickey [this issue] noted that 
beam ct, decreased simultaneously at all depths at which they 
had optical sensors on their mooring and bottom tripod at this 
site (12, 30, 50, and 68 m), suggesting that advection brought 
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in clear water rather than particles simply settling out. Indeed, 
shipboard acoustic Doppler current profiling (ADCP) data 
revealed strong flow to the WNW throughout the water 
column, especially during and after the hurricane. Posthurri- 
cane bottom shear stresses were still sufficient to resuspend 
sediment (Figures 9a and 9b). A progressive vector diagram 
shows rapid water movement to the west in the bottom 7 m 
(Figure 11). Therefore, although bottom sediments may 
continue to be resuspended, stratification prevented particles 
from being carried high into the water column, and advection 
brought in clearer water from offshore. 

3.2.7. Hydrography and atmospheric condi- 
tions: Spring 1997. As expected, the water column was 
weakly stratified in April/May 1997 because of mixing from 
convective cooling and high winds during frequent winter 
storms. A cross-shelf transect was made at the end of the cruise 

after 2 weeks of considerable surface warming had occurred 
(Plate 5). Data from moored instruments indicated that the 
water column was thermally well mixed from mid-November to 
early December but was isohaline for only a short period in 
early December [Chang and Dickey, this issue; Lentz et al., 
1999]. In late December, high-salinity water intruded along 
the bottom, and the water column stratified except for short 
periods in mid-February and early April. Elevated salinity in 
bottom water can be observed in data from our transect (Plate 
5c). Note the change in salinity throughout the water column 
before and after the first storm (May 25; Plate 3d). 

A few days prior to our arrival at the station, a very strong 
storm had passed over the area (winds >15 m s'•). The weather 
continued to be highly variable with Nor'-Easters passing 
through the area every 3-4 days (Plate 6). Winds rarely 
dropped below 3-4 m s '• with speeds in excess of 15 m s '• 
during storm events, though each successive storm was 
slightly weaker than the previous one. Wave amplitudes 
during the cruise were highly variable, typically >2 m with a 
maximum of 4-6 m. The days were generally sunny, with 
cloudy days occurring mostly when the storms passed through. 

A weakly stratified two-layer system existed during the first 
half of the cruise and slowly evolved with time to a three-layer 
system as stratification increased (Figure 7 and Plate 6). The 
o t initially varied by as little as 0.05 kg m '3 from surface to 
bottom, with differences increasing to 0.5 kg m '3 by the end of 
the cruise. 

During the first days of the spring cruise, chlorophyll was 
distributed throughout the water column (Plate 6d). The 
elevated values in deeper waters may have resulted from earlier 
short periods of phytoplankton blooms during weak stratifica- 
tion followed by deep mixing events that distributed live 
phytoplankton throughout the water column. An alternative 
interpretation is that chlorophyll-rich particles settled into 
deeper waters. The spiky nature of the chlorophyll section 
suggests a substantial amount of chlorophyll was in aggre- 
gates [Gardner et al., 1999], but aggregates could have been 
introduced by settling or mixing. Nutrient values were high 
throughout the water column when we first arrived in the 
spring, but when we returned after the first storm, they had 
decreased in surface waters and decreased further during the 
following days [Sosik et al., this issue]. This is consistent 
with deep mixing events and subsequent biological uptake of 
nutrients in surface waters. With the onset of stratification 

(approximately April 29) the chlorophyll concentrations 
decreased in bottom waters, while they increased in surface 

waters. The diminished deep-water levels of chlorophyll were 
likely due to particle grazing and settling from bottom waters 
exceeding input from surface waters, but advection from the 
site cannot be ruled out. 

Fluorescence and chlorophyll a concentrations were higher 
in the spring than in the summer (Plate 6 and Figure 3) as 
winter cooling and mixing brought nutrients to surface waters 
[Sosik et al., this issue], fueling primary production. Around 
April 29, stratification appeared to intensify and the seasonal 
pycnocline started to develop, initiating a phytoplankton 
bloom. A phytoplankton bloom can start when the mixed 
layer is shallower than the critical depth, the depth at which 
net production exceeds net respiration [Platt et al., 1991]. 
This bloom occurred with a difference in o t from surface to 
bottom of <0.20 kg m '3. These conditions are consistent with 
other studies that noted that a o t difference of 0.1 to 0.2 kg m '3 
over 70-80 m is needed to initiate a plankton bloom 
[Townsend et al, 1992]. The bloom greatly increased both 
chlorophyll and beam c•, values in surface waters with the 
chlorophyll maximum occurring in near-surface waters. Even 
though particle concentrations increased during the bloom, 
the increase was not sufficient to affect light penetration, as 
the depths of specific PAR light intensities were fairly 
constant throughout the sampling period (Plate 6). 

3.2.8. Spring MLD. The surface MLD was usually 
deeper than 10 m and, occasionally, >20 m (Plate 6). All major 
changes in the MLD were associated with increases in wind 
stress and wave action from the passage of storms. Following 
one large storm, the MLD exceeded 30 m. Day to day fluctua- 
tions in MLD were normally <5 m and did not appear to have a 
diel period, though our data are limited mostly to daytime. 

As noted earlier, changes in MLD can mix particles down- 
ward and lower particle concentration, high-nutrient deep 
water upward. The resulting dilution can cause day-night 
changes in beam c•,. Diel changes in beam c•, also have been 
associated with cycles of phytoplankton growth and division 
[DuRand and Olson, 1996]. During CMO most beam c•, 
measurements were made during the day, so little can be deter- 
mined conclusively about diel c•, changes from most of our 
shipboard data. However, a few 24 hour cycles were measured 
during the cruise and diel variations were observed in beam c•, 
and other parameters [DuRand et al., 1999]. Also, the moored 
instrument data of Chang and Dickey [this issue] had 2 min 
sampling and is averaged hourly on their Web site 
(http://www.opl.ucsb.edu/cmo.html). Their data at 13.5 m 
suggest a small (0.1 m 'l) daily variation in beam c•, in July, 
but the instruments became fouled during August and 
September, and most of September was cloudy, minimizing 
the ability to assess any impact of diel light cycles. In the 
spring, daily variations did not seem to be coupled tightly 
with diel light cycles and may have been related to tidal 
movement of water masses containing lateral gradients in 
beam cp. 

Optical measurements can be used to demonstrate the day 
day effects of changing MLD and any nighttime mixing that 
may occur. Around April 29 the mixed layer deepened rapidly 
following an intense storm event. This mixed high PM 
concentration surface waters with lower PM concentration 

deeper waters (Figure 8b), increasing beam c•, in the 20-30 m 
depth range and decreasing beam c•, in surface waters. This 
process occurred again between May 1 and 3, with two differ- 
ences. First, there was no clear diel signal. Second, super- 
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Figure 12. (a) Wind and wave height (data from S. Anderson et al., WHO1, personal communication, 2000), 
(b) current speed at 1.1 m above bottom (data from A. Williams et al., personal communication, 2000), and (c) 
shear velocities calculated from currents at 0.74 m above bottom during the spring 1997 cruise. Wave shear 
velocity data were not available for this period. 

imposed on the second mixing event was the initiation of a 
plankton bloom, which would tend to increase beam cp and 
negate the decreases caused by dilution. 

3.2.9. Near-bottom currents and shear stress: 

Spring 1997. The BML was slightly thicker in spring (20- 
30 m) than in summer (10-20 m). Beam cp generally decreased 
at the top of the BML, so both hydrography and optics could 
be used to mark the boundary between middle and bottom 
waters. Distinguishing between middle and bottom waters on 
the basis of bulk composition of particles was not very defini- 
tive as the particles were a mix from surface and bottom 
sources (Figures 2-5). 

Beam ce and particle concentrations in the nepheloid layer 
were low during much of the spring period (Figure 7 and Plate 
6), but there were brief periods of increased concentration that 
appeared to be associated with surface storms. Peaks in the 
bottom current speed occurred 1-2 days after the peak in wind 
speed and wave height (Figure 12). Unfortunately, the instru- 
ments used in the summer to measure wave shear velocity were 
not depJoyed in the spring, so we cannot be sure of the periods 
of maximum combined wave and current shear. Beam ce 
increased near the bottom when storms passed by, but the gaps 
in our profiling data made it difficult to show correlations as 

clearly as with moored instruments. Rough weather also made 
it more difficult to profile to a consistent height above 
bottom, and changes can happen rapidly. For example, beam 
ce was only 0.5 m" with no near-bottom increase down to 68 
m on one cast, yet it increased from 1.5 to 5.5 m" between 
67.5 and 69.5 m 9 hours later. Fluorescence also doubled in 

that interval, suggesting rapid resuspension of fresh phyto- 
detritus. The next CTD cast an hour later went to only 58 m, 
failing to collect any near-bottom data. The moored data of 
Chang and Dickey [this issue] indicated a doubling of beam ce 
at 68 m depth during the storms of April 25 and 29 but not the 
factor of 4 increase noted in the single CTD profile, suggest- 
ing resuspension can vary significantly over short distances 
in the area. 

Beam cp increased during the last 3 days of the cruise, even 
though there was no significant increase in wind, waves, or 
currents. Salinity increased simultaneously with increases in 
beam ce, suggesting that the increases were due to advection of 
turbid water rather than to local resuspension. This is consis- 
tent with the moored data of Chang and Dickey [this issue]. 

3.2.10. Intrusions summer/spring. Palanques and 
Biscaye [1992] noted that intrusions of slope water onto the 
shelf could rapidly change the vertical profile of particle 
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concentration at a given location independent of particle 
settling or resuspension. Subsurface intrusions are not visible 
from satellite observations but were often apparent in sections 
made by rapid sampling with an undulating profiler [Barth et 
al., 1998; W. S. Pegau et al., Mixing of optical properties as 
evidenced in salinity intrusions observed during the Coastal 
Mixing and Optics Experiment, submitted to Journal of 
Geophysical Research, 2000, hereinafter referred to as Pegau 
et al., submitted manuscript, 2000]. 

Subsurface intrusions entered the CMO site during the 
summer and spring cruises (Pegau et al., submitted manuscript, 
2000). On August 25 a high-salinity intrusion entered the 
central CMO site from continental slope waters at about 10-25 
m (Plate 3). The intrusion of higher-salinity water appears to 
have pushed the existing water mass deeper as the PM and 
chlorophyll maxima, along with the associated 24.6 
isopycnal, moved ~ 10 m deeper (Plates 3 and 4). Following 

this intrusion, a brief bloom occurred in the waters beneath the 

intrusion, creating the highest chlorophyll values measured 
during the cruise (August 26). Measurements of particle size in 
the high particle concentration waters showed a shift from 
large to small particles [Blakey, 1999]. On the basis of 
moored measurements of inherent optical properties, a shift in 
species composition also occurred at this time [Chang and 
Dickey, 1999]. 

A second, less obvious intrusion entered the site in the 

surface waters several days prior to the hurricane (August 30), 
again bringing in offshore waters [Chang and Dickey, this 
issue]. Temperature remained constant, but salinity increased 
slightly (Plate 3). Chlorophyll values decreased rapidly 
throughout the surface layer, and the subsurface maximum 
weakened. Maximum particle concentrations shifted toward 
the surface (Plate 4). $osik et al. [this issue] noted a deepening 
of the low-nutrient values at this time and argued that the lower 
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chlorophyll values resulted from advection of water with 
different properties. Other possible, but less likely explana- 
tions, for the changes in the upper water column particle and 
pigment distributions are (1) a decrease in production or (2) an 
increase in grazing and/or aggregation. Increased rates of 
vertical mixing alone cannot explain the decrease in the 
integrated particle load (Figure 13), however, increased 
mixing could decrease production by lowering average light 
exposure and disrupting the light adaptation of the existing 
phytoplankton species. 

The only major surface intrusion during the spring cruise 
occurred beginning on May 8 when fresher water entered the 
site in the upper 20-25 m and was present for the remainder of 
the cruise (Plates 3 and 6). The intrusion also brought in water 
with lower values of beam c•, and lower chlorophyll concentra- 
tions (Plate 6). Initially, it appeared that the decrease in 
chlorophyll meant the bloom was ending, but upon further 
analysis it was seen that phytoplankton cell concentrations 
continued to increase while the composition shifted toward 

smaller and less pigmented cells [Sosik et al., 1998, this 
issue]. Measurements of particle size showed a major shift 
from 10-16 /zm particles to particles in the 2-3 and 8-10 /zm 
size range [Blakey, 1999]. 

3.2.11. Internal waves and solitons: Compari- 
son of summer and spring. The mean current speed 
calculated from the BASS current data for the first 11 days of 
the summer cruise (August 20-31) was 8.7 cm s '• compared 
with 9.4 cm s '• for the whole spring cruise (Figures 9 and 12). 
Mean bed shear velocity [Chang et al., this issue] was slightly 
larger in the spring (0.39 versus 0.36 cm s'•), yet beam 
attenuation (and particle concentrations) in the bottom 
nepheloid layer was 50-100% greater in the summer (Figures 2 
and 4 and Plates 4 and 6). On the basis of current shear 
velocity, there were more periods when critical shear velocity 
was exceeded in spring than in summer (prior to the hurricane). 
What factors would cause higher concentrations when mean 
shear velocities were lower? 

Several studies have identified internal waves as being 
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responsible for increased resuspension of bottom sediments 
[Young et al., 1981; Cacchione and Drake, 1986; Bogucki et 
al., 1997; Wang et al., this issue]. Internal waves are more 
common and intense during summer months when shelf water 
is strongly stratified, so more sediment could be resuspended 
during summer than during spring [Butman and Folger, 1979] 
and may explain the difference. 

We were able to observe the effects of large internal waves 
during CTD casts when temperature and salinity were offset by 
as much as 10 m in <30 min (Figure 14). When properties such 
as beam cp were plotted by depth, a definitive offset was seen 
in closely timed successive casts. When plotted versus %, the 
beam cp profiles lay nearly on top of one another, suggesting 
that water with the same physical and optical properties was 
moving up and down in the water column. Looking in detail at 
the near-bottom region, the passage of the internal waves 
coincides with an increase in beam cp, suggesting that internal 
waves caused resuspension at this site (Figure 14). 

In addition to internal waves, solitons were identified 

passing the moored CMO current meters [Boyd et al., 1997; 
Chang and Dickey, this issue] during the summer cruise. 
Passage of solitons could be observed in real time as large 
perturbations in the velocity structure and particle concentra- 
tions (based on backscatter) within the water column from the 
ADCP data. Their passage was also noted visually in the 
characteristic changes in sea surface roughness [Porter et al., 
this issue]. Although there was at least one occasion when we 
had the CTD in the water during the passage of a soliton, our 
profiling rate was too slow to characterize or quantify the 
influence of the passage of solitons, which traveled past the 
ship in <15 min. J. MacKinnon and M. Gregg (Mixing on the 
late-summer New England shelf: Solibores and stratification, 
submitted to Journal of Geophysical Research, 2000) have 
examined the effects of internal waves and solitons during the 
summer. 

While the difference in resuspension intensity between the 
fall and spring cruises may result largely from the difference in 
internal wave and soliton activity, there are additional poten- 
tial factors, such as a change in sediment cohesion. Butman 
and Folger [1979] and Butman et al. [1979] also reported 
seasonal changes in resuspension off the mid-Atlantic conti- 
nental shelf. They found that during the winter, bacterial mats 
formed on the sediment surface, making it more difficult to 
initiate resuspension. The cores we took during the spring had 
what appeared to be a cohesive surface mat or gel, but no 
bacterial analyses were made. 

4. Summary and Conclusions 

The extreme conditions of (1) low stratification during the 
spring onset of warming punctuated with frequent storms and 
(2) the highly stratified summer period punctuated with the 
passage of Hurricane Edouard provided an ideal setting for 
comparing bulk particle characteristics and optical signals 
under a wide range of physical mixing conditions and biologi- 
cal productivity. 

On the basis of hydrography and optics the spring water 
column was a weakly stratified two-layer system that 
developed into a three-layer system early in the cruise and 
probably persisted through the summer. Changes in hydro- 
graphic parameters (T, $, and %) were usually matched by 
changes in optical parameters (cv, LSS, and F1), e.g., at the 
base of the surface mixed layer and at the top of the BML. The 
boundary of the surface layer corresponds with the base of the 

chlorophyll layer (not the MLD). The boundary of the bottom 
layer corresponded with the top of the bottom nepheloid layer, 
which usually corresponded with the BML. The optical charac- 
teristics of particles in surface waters varied significantly 
between summer and spring (Figures 2-5). However, during 
both time periods, particles in surface waters were primarily 
biological in origin. Property-property plots of bulk particle 
(POC, PM, and chlorophyll) and optical (beam c• and scatter- 
ing) parameters provide more information for identifying 
layers with different particle types than optical profiles alone. 
Particles in surface layers were distinctly different from those 
in bottom waters in most property-property plots but not in 
others. In midwaters the particle/optical parameters over- 
lapped with particles in surface or bottom layers, depending 
on the time of year and mixing history, because particles in 
this region may have come from either the surface via settling 
or the bottom from resuspension. The use of multiple compo- 
sitional or optical parameters makes the identification of 
different layers more reliable. For example, beam cv was well 
correlated with PM in surface and bottom layers, but the beam 
cp:PM ratio differed by a factor of 3 for different layers and 
times, making it impossible to predict particle concentration 
without taking some bulk water samples. POC concentrations 
were even less predictable because of multiple sources of 
particle types. The various ratios involving cv or LSS depend 
on both the index of refraction of the particles and their size 
distribution. Other parameters such as POC/PM tell us 
nothing about size distribution but are an indication of the 
expected index of refraction of the particles (organic matter 
has a lower index of refraction than nonbiogenic particles). 
The combination of parameters can thus be used to assess at 
least qualitatively both index of refraction and particle size 
distribution (Twardowski et al., submitted manuscript, 2000). 

In the summer the resuspended sediment was generally 
confined to the BML until prehurricane surface swells and the 
passage of Hurricane Edouard resuspended large amounts of 
surface sediment and transformed the water column from well- 

stratified to a weakly stratified, two-layer mixed system. 
Particle concentrations decreased rapidly throughout the water 
column after the hurricane passed, but this appears to be due to 
advection more than to local particle settling. On the basis of 
optical and bulk particle parameters (Figures 2-5), there was 
also a change in the bulk composition and optical properties 
of particles throughout the water column before and after the 
hurricane as well as between summer and spring. 

The concentration of particulate material in the upper 40 m 
of the water was roughly comparable in spring and summer 
(prehurricane), whereas the bottom 20 m contained at least 
twice as much particulate matter in summer than in spring, 
presumably because of more active resuspension. Chlorophyll 
concentrations were 2-3 times higher in spring because of 
bloom conditions. Maximum chlorophyll (and beam cv) was 
in surface waters in spring but formed a subsurface maximum in 
summer. Chlorophyll was more evenly distributed throughout 
the entire water column during the first portion of the cruise 
(Plate 6). As stratification increased, the chlorophyll levels 
in the deeper waters declined considerably. 

The mooring data [Chang and Dickey, this issue] suggested 
that the hurricane nearly mixed the water column top to 
bottom, but by the time our ship returned 2 days after the 
hurricane, there was a weak two-layer system, with each layer 
still fairly well mixed (Plate 4). Surface temperature dropped 
>6øC, and the subsurface chlorophyll maximum nearly 
disappeared. However, 2 days after the hurricane, the MLDs 
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were the same as they were prior to the hurricane, evidence of 
rapid posthurricane restratification (Plate 4 and Figure 8). In 
contrast, stratification in the spring was very weak, so winds 
of similar magnitude during the spring storms deepened the 
surface mixed layer, which quickly shoaled after the storm 
passed and solar heating stratified surface waters. The depth of 
mixing decreased as the seasonal pycnocline developed. 

Although the local winds were of similar magnitude during 
the hurricane and spring storms, the wave height was nearly 
50% larger during the hurricane than during spring storms. The 
degree of bottom resuspension was substantially less during 
spring storms than during the hurricane (Plates 4 and 6). 
Bottom currents and shear stress increased after the spring 
storms passed, but no wave shear stress measurements were 
obtained during that period for comparison with the hurricane 
period. The increased shear appears to have caused brief 
periods of resuspension during the spring storms, but the 
increases in PM were generally small and confined near 
bottom compared with resuspension during the hurricane. We 
suggest the difference was related to the longer-period waves 
during the hurricane, which generated very large bed shear 
stresses and were later dominated by current shear stress. The 
presence of bacterial mats binding surface sediments may have 
been partially responsible for the lower degree of resuspen- 
sion in the spring. 

If we can extrapolate an annual cycle from these two data 
sets, it appears that during the winter, resuspended sediment 
could be spread throughout the water column [Orr and Hess, 
1978] and remaining biogenic particles could be similarly 
distributed. With the onset of stratification the sources of 

particles in the surface layer were primarily biogenic. 
Resuspended particles that are mixed upward may bring 
particulate matter into the middle water, during which times 
the composition of particles would be similar to those in 
bottom waters. Further stratification inhibits the upward 
mixing. Without resuspension the only source of particles in 
middle water is from biogenic particles settling from surface 
waters, so the optical properties tend toward those in surface 
waters. However, particle and optical properties change as 
particles are consumed, recycle, aggregate, and settle. While 
particles are not conservative, they are useful tracers of short- 
term events. Their distribution can be determined rapidly with 
optical instruments, but measurements of bulk particle 
properties aid significantly in defining layers of particles of 
similar origin, which result from the combined effects of 
biology, physical forcing, and particle dynamics. 
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