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Bio-optical and physical variability in the subarctic North 
Atlantic Ocean during the spring of 1989 

T. Dickey, 1 J. Marta, 2 M. Stramska, 1 C. Langdon, 2 T. Granata, 1 A. Plueddemann,3 
R. Weller, 3 and J. Yoder 4 

Abstract. A unique set of physical, bio-optical, and meteorological observations were made from a 
mooring located in the open ocean south of Iceland (59o29.5 ' N, 20ø49.8' W) from April 13 to June 12, 
1989. The present measurements are apparently the first to resolve the rapid transition to springtime 
physical and biological conditions at such a high latitude site. Our data were collected with bio-optical 
and physical moored systems every few minutes. The abrupt onset of springtime stratification was 
observed with the mixed layer shoaling from •-550 m to •-50 m in •-5 days. During this period a major 
phytoplankton bloo m occurred with a tenfold increase in near-surface chlorophyll concentration in less 
than 3 weeks. Our statistical analysis indicates that the velocity shear in the upper layer is driven 
primarily by local wind stress. Mesoscale variability is also apparent from these and concurrent airborne 
oceanographic lidar observations. Our complementary modeling results suggest that the near-surface layer 
may be reasonably well described by a one-dimensional model and that the spring bloom was initiated 
during incipient near-surface restratification. 

1. Introduction 

The Marine Light in the Mixed Layer (MLML) study was 
motivated by a desire to improve our understanding of the 
variability of upper ocean bio-optical properties and 
bioluminescence as affected by physical forcing at a high- 
latitude site [e.g., Marra, 1989]. In particular, the 
seasonal restratification of a deeply mixed layer and the 
onset of a springtime phytoplankton bloom were of 
primary interest. The structure of the upper ocean is 
regulated by the fluxes of momentum, heat, salt, and light 
from the atmosphere. These fluxes affect temporal and 
spatial changes in distributions of phytoplankton, 
zooplankton, nutrients, and other biogenic matter, all of 
which can contribute to bio-optical variations. Advection 
and a variety of biological processes (e.g., predation, 
phytoplankton light adaptation, nutrient cycling, etc.) are 
important as well. 

Our observations were designed to obtain data which 
could be used to determine cyclic (e.g., diurnal, tidal, 
seasonal, etc.) and episodic (e.g., synoptic weather event 
scale, advective transport of materials, phytoplankton 
blooms, etc.) changes in the physical, optical, and 
biological environment. These measurements are required 
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to identify key processes, to establish statistical 
relationships among fundamentally related physical and 
bio-optical parameters, and for interdisciplinary models. 
Discussions concerning the sampling considerations and 
technologies relevant to this and similar studies are 
presented by Dickey [1991]. The Icelandic MLML field 
program took place during two separate observational 
periods (MLML 1, April 13 to June 12, 1989, and MLML 
2, April 30 to September 6, 1991). This report focuses on 
the results of the first field year. 

The present study site (Figure 1), located at 59ø29.5'N, 
20ø49.8'W which is near ocean weather station (OWS) India 
(or I) (59øN, 19øW) and ocean weather station Lima (or L) 
(57øN, 20øW), was considered a nearly optimal area 
because of (1) the great dynamic range in key 
meteorological, physical, and biological variables on the 
seasonal scale as determined from historical data [e.g., 
Williams and Robinson, 1973; Williams, 1974; Williams 
and Hopkins, 1975, 1976; Robinson et al., 1979; 
Colebrook, 1984; Lambert and Hebenstreit, 1985], (2) 
logistical accessibility, (3) water depth, and (4) sufficient 
distance from the subarctic front. 

At the MLML 1 site, conditions may be summarized as 
follows: waters are cold with surface waters ranging in 
temperature from N9øC to 13øC, skies are generally cloudy 
(i.e., three-fourths cloud covered on average), winds average 
~8 m s- 1 in summer and -•18 m s-1 in winter, and often, 
there are mesoscale features. The mixed layer is known to 
shoal from several hundred meters to. a few tens of meters 

during the spring with concomitant large phytoplankton 
blooms [Esaias et al., 1986], which have been described as 
some of the largest transient signals on the planet 
[Ducklow, 1989]. The extremely deep wintertime mixed 
layer is caused by a combination of convective cooling and 
mechanical mixing. The shoaling of the mixed layer in 
springtime is caused by increased surface radiation and 
decreased wind stress. The period from January to March is 
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Figure 1. Location of the Marine Light in the Mixed Layer (MLML) mooring for the 1989 field study and the 
mooring configuration (only upper 250 m shown here) including the depths of the multivariable moored systems 
(MVMS), bio-optical moored systems (BOMS), bi01uminescence moored systems (BLMS), and temperature 
sensors (TPODs). Ocean Weather Station India (I) and Ocean Weather Station Lima (L) are also indicated. 

characterized by deep mixed layers, high nutrient 
concentrations, and low plankton concentrations. The 
April to May period is a time of transition when the mixed 
layer shoals and spring phytoplankton blooms occur as 
light exposure becomes sufficient. Past studies indicated 
wintertime chlorophyll values in the range of 0.1-0.2 mg 
m -3 and May values in the range of 2-5 mg m -3. The 
phytoplankton concentration generally peaks in June. 
Importantly, neither the nature of these biological 
transitions nor their physical counterparts has been studied 
in detail previously because of the lack of adequate 
sampling technologies. 

The oceanic region in the vicinity of Iceland is 
complicated as several water masses (e.g., North Atlantic 
Central Water, Subarctic Intermediate Water, and North 

Atlantic Deep Water) converge in the surrounding waters. 
To the south of Iceland the North Atlantic Current is 

characterized by meanders and eddies [Krauss and Meinke, 
1985]. Mesoscale features have been documented using 
remotely sensed sea surface temperature and color [Aiken et 
al., 1992], sea surface elevation [Robinson et al., 1993], 
airborne oceanographic lidar (AOL) [Yoder et al., 1993], 
and towed vehicles (J. Aiken, personal communication, 
1993). 

Interestingly, Gill [1975] examined mid-ocean eddy 
activity using data from several weather ships in the North 
Atlantic and found that OWS I was characterized by less 
mesoscale variability than other locations. Nonetheless, 
mesoscale variability is a ubiquitous feature of the region 
based on the analysis of Robinson et al. [1993] and our 

own results. Most assuredly, the site of the present study 
provides a unique opportunity to observe a very deep mixed 
layer which shoals in the springtime, principally as a 
result of local atmospheric forcing, and which results in 
conditions favorable for large blooms of phytoplankton. 

Another major program, the Joint Global Ocean Flux 
Study North Atlantic Bloom Experiment (NABE), was 
conducted in 1989, with measurements taking place 
primarily along 20øW from 18øN to 70øN with intensive 
sampling at 47øN, 20øW (see Ducklow [1989] and volume 
edited by Ducklow and Harris [1993]). Airborne 
oceanographic lidar (AOL) data were collected as part of 
NABE with some tracks in the vicinity of the MLML 1 
mooring [Yoder et al., 1993]. These data, which are 
discussed herein, enable evaluation of spatial variability in 
near-surface chlorophyll fluorescence. 

The present report focuses on the springtime evolution 
of physical and bio-optical properties at the high-latitude 
MLML 1 study site in 1989. Processes occurring at the 
site on the diurnal timescale are reported by S tramska and 
Dickey [1992], a model simulation of the upper layer 
temperature structure using the present data set is presented 
by Stramska and Dickey [1993], and the evolution of 
primary production based on the mooring data is described 
in our companion paper [Stramska and Dickey, 1994]. 

2. Methods 

The MLML 1 mooring was deployed on April 13, 1989 
(Julian day or J.D. 103), in open ocean waters (depth 
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-2800 m) -400 km south of Iceland (Figure 1). To our 
knowledge, the observations reported here were taken at 
the highest latitude of any surface-to-bottom mooring to 
date. The mooring, which was heavily loaded with 
instruments, was subjected to extremely adverse 
environmental conditions including high winds, large 
waves, and strong currents. The mooring parted because 
of a pear ring failure below the surface buoy on June 12, 
1989 (J.D. 163). The surface buoy was recovered in July 
1990. The analysis of data obtained from the buoy and 
consideration of the mooring design indicated that the 
static tension and cyclic loading of mooring hardware were 
higher than expected, which led to the component failure. 
Ultimately, the subsurface instruments were recovered from 
the ocean bottom -1 1/2 years after deployment. Because 
of the extreme pressure, some instruments were damaged 
beyond repair and data were not recoverable from some 
instrumentation packages [e.g., an acoustic Doppler current 
profiler [Ptueddemann et at., 1993], bio-optical moored 
systems [Smith et at., 1991], and biotuminescence moored 
systems [Swift et at., 1988]]. Nonetheless, data were 
recovered from seven of the eight multivariable moored 
systems (MVMS), the temperature measurement packages, 
and the meteorological system. Data described here were 
obtained from MVMS units at nominal depths of 10, 30, 
50, 90, 110, 150, and 250 m, and temperature sensors at 
depths of 200, 350, 400, 450, 500, 550, 600, 650, 700, 
and 750 m (Figure 1). The depth estimates are based on 
mooring component lengths, and some variability (few 
meters) results from changing current structure. Finally, it 
should be noted that a redesigned mooring was successfully 
deployed and recovered from this same site in 1991. 
Details concerning both moorings are given by 
Ptueddemann et at. [1993], and some of the results are 
presented by Stramska et al. [1994] as well as in other 
forthcoming papers. 

The MVMS and some of the data sets collected 

previously with the MVMS have been described in 
considerable detail earlier by Dickey [1991] and Dickey et 
al. [1991, 1993a, b]. Briefly, the MVMS utilizes a suite of 
sensors and a data acquisition system enabling high- 
frequency sampling of key physical and bio-opticat 
variables. The general sensor suite for the system includes 
the following' a vector-measuring current meter for 
horizontal velocity measurements [Wetter and Davis, 
1980], a thermistor for temperature measurements, a beam 
transmissometer (660 nm) for measuring beam attenuation 
coefficient or beam c [Bartz et al., 1978], a strobe in situ 
fluorometer [Bartz et at., 1988], a photosynthetically 
available radiation (PAR) or scalar irradiance sensor 
[Booth, 1976], an upwelling radiance (683 nm) sensor, and 
a pulsed electrode dissolved oxygen sensor [Langdon, 
1984]. Downwelling irradiance sensors (488 nm)replaced 
PAR sensors at depths of 90 and 150 m. Neither PAR nor 
downwelling irradiance sensors were placed on the 250-m 
MVMS, and no data were obtained from the 70-m 
instrument because of a recorder failure. 

Meteorological sensors mounted on a surface buoy 
measured atmospheric pressure, wind speed and direction, 
air and near-surface sea temperatures (2 m depth), relative 
humidity, and shortwave solar radiation [Dean and 
Beardstey, 1988; Wetter et at., 1990]. The meteorological 
data (using 7.5-min averages) were used to determine the 

fluxes of momentum, heat, and light across the air-water 
interface. Wind stress was computed using measured wind 
speed, air density, and a drag coefficient calculated from a 
bulk aerodynamic formula. The sensible and latent surface 
heat fluxes were computed using standard bulk formulas 
[e.g., Large and Pond, 1982]. The net longwave radiation 
was estimated using a bulk parameterization formula [Fung 
et at., 1984]. The humidity sensor failed; therefore proxy 
air humidity data collected during the period at OWS Lima 
(57øN, 20øW) were used for computation of the latent heat 
flUX. 

Data were taken from the MVMS units every 1 min for 
the instruments located at depths of 10, 50, 90, and 150 m 
and every 7.5 min for the instruments located at depths of 
30, 110, and 250 m. Data consist of averages for all 
sensors except for the fluorometer and the dissolved 
oxygen sensor, which were sampled instantaneously. A 
summary of calibration and interpretive information may be 
found in several previous papers [Dickey et at., 1991, 
1993a; Marta et at., 1992; Marta and Langdon, 1993]. 

Time series data presented here are 15-min averages. 
Data on some plots (e.g., mixed layer depth and current 
stick plots) have been bandpassed using a 24-hour Gaussian 
window. The autospectra of physical and bio-opticat 
variables have been determined using standard signal 
processing techniques [e.g., Bendat and Piersol, 1966]. 
The current and wind data represent vector time series and 
have been individually combined and resolved into 
clockwise (CW) and counterclockwise (CCW) components 
[e.g., Gonetta, 1972]. Individual records were divided into 
11 subsamples, each about 5 days long. Each subsample 
consisted of 512 data points. Rotary spectra for wind 
stress, currents at 10 m, current shear (10-30 m and 10-110 
m), along with coherence between wind stress and currents 
at 10 m and coherence between wind stress and current 

shear (10-30 m and 10-110 m), were computed and are 
discussed later. Spectra for temperature, beam c, and 
chlorophyll fluorescence were computed using ensembles of 
1024 points (corresponding to ~10 days). In addition, the 
spectra were smoothed at frequencies greater than the 
semidiurnal frequency using band averaging. 

3. Observations 

Representative sea surface temperature maps are shown in 
Plate 1 for the period April 12-June 19, 1989 (or J.D. 102- 
170) for the geographical region of interest (50ø30'N to 
65ø37.5'N and from 2ø30'W to 37ø30'W). These maps, 
which were provided by NOAA Ocean Services and obtained 
from the Jet Propulsion Laboratory's Physical 
Oceanography Distributional Active Archive Center data 
facility, are based on available in situ and remotely sensed 
data obtained over 7-day sampling intervals. These maps 
(with horizontal resolution of ~18 km) indicate the 
temporal evolution of coarse scale temperature variability; 
however, detailed mesoscale features are not well resolved 
because of averaging over the long sampling interval. The 
maps indicate that the waters in the vicinity of the 
mooring remained at -8øC until a relatively rapid warming 
phase which occurred between J.D. 150 and J.D. 170. The 
northward propagation of the warming trend is consistent 
with the seasonal solar insolation forcing, and the timing 
and magnitude of the warming phase are internally 
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Plate 1. Composite sea surface temperature maps in the region of the MLML study. Each panel represents an 
average of-7 days of data. The location of the MLML mooring is indicated. Note that red denotes cooler 
temperatures and blue, warmer temperatures because of the special color table used to enhance mesoscale features. 
The scene depicted in each panel covers the region from 50ø30'N to 65ø37.5'N and from 2ø30'W to 37ø30'W. 

consistent with the 10-m mooring temperature records 
(Figure 3). No satellite altimetry data were used for the 
present study, as the Geosat data products for the region 
were too degraded for the deployment period. 

The frequent passage of atmospheric fronts is indicated 
by high variability in atmospheric pressure, air 
temperature, shortwave radiation (primarily caused by 
changing cloud conditions), and wind stress (Figure 2). 
The periods of very low atmospheric pressure (-990 mbar 
or less) were centered around J.D. 103, 121, 135, 140, and 
162. Wind stress was typically high during these periods; 
however, there were intense winds associated with other 
short-lived atmospheric disturbances as well. Wind stress 
exceeded 0.6 Pa every few days through-J.D. 144. After 
-J.D. 144, the wind stress did not reach 0.6 Pa again until 
~J.D. 162, near the end of the observations. Air 
temperature varied over a range of-2-12øC during the 

course of the observations. The high variability in air 
temperature decreased after -J.D. 144 when a gradual 
warming trend began. This is also consistent with 
increasing net heat flux. The greatest atmospheric event of 
the observational period was centered near J.D. 135, as 
indicated by the atmospheric pressure (-980 mbar), and 
wind stress occasionally exceeded 1.2 Pa. In summary, 
atmospheric forcing was intense with passage of fronts 
every few days through-J.D. 144. After-J.D. 144, wind 
stress was typically less than -0.3-0.4 Pa and both net 
heat flux and air temperature showed gradual increases. Our 
meteorological measurements are in general agreement with 
historical data collected at OWS I [Lambert and Hebenstreit, 
1985]. 

Time series of temperature obtained from depths of 10, 
30, 50, 90, 110, 150, 200, 250, 350, 400, 450, 500, 550, 

600, 650, 700, and 750 m are shown in Figure 3. For 
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Figure 2. Time series of 15-min averaged surface 
meteorological variables including atmospheric pressure, 
air temperature T a, shortwave radiation E d, wind stress, and 
net surface heat flux. For reference to this figure and the 
following time series plots, please note that Julian day 
(J.D.) 110 is April 20 and J.D. 160 is June 9. 
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Figure 3. (a) Time series of daily averaged temperature for 
depths of 10, 30, 50, 90, 110, 150, 200, 250, 350, 400, 
450, 500, 550, 600, 650, 700, and 750 m. Temperatures 
for depths less than 250 m are solid curves; those for 

convenience, temperatures for depths less than 250 m are depths greater than 250 m are dashed curves. (b) Time 
distinguished from those deeper than 250 m as solid and series of daily averaged mixed layer depth and the depth of 
dashed curves, respectively. Interestingly, the water the 1% light level photsynthetically available radiation 
column is nearly isothermal in roughly the upper 250 m (PAR). The mixed layer depth is defined as the depth at 
until ~J.D. 144, when seasonal stratification is clearly which the temperature is 0.1øC or 0.5øC cooler than the 
evident. Several criteria for mixed layer depth (MLD) were near-surface (10 m) temperature. (c) Time series of the daily 
applied to the temperature data, however, only two are averaged mixing timescale (TM=mixed layer depth/friction 
reported here. The first is defined as the depth at which the velocity) where the mixed layer depth is based on both the 
temperature difference with respect to the temperature at 10 0.1øC and the 0.5øC criteria. 
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m is equal to 0.1øC. The second uses a 0.5øC differential. 
The latter gives deeper mixed layer estimates and is less 
sensitive to the onset of near-surface stratification. The 

shoaling of the seasonal thermocline is abrupt, occurring 
within only ~5 days. Application of the 0.1øC and 0.5øC 
MLD criteria results in a shoaling of the MLD from -150 m 
to less than ~25 m and from greater than 550 m to ~50 m, 
respectively (Figure 3). Finally, there are large excursions 
in isotherms at greater depths, from ~250 to 750 m, as 
well as in the upper water column (Figure 3). It should be 

noted that although these appear as major hydrological 
features, the temperature differential is small but 
significant, with deep water temperatures ranging from 
~6.5øC to ~8.2øC over the entire period of the experiment. 
Lambert and Hebenstreit [1983] have reported weekly 
temperature fluctuations of up to 1.0 to 1.5øC at 125 m 
which appear to be attributable to mesoscale features. 

A rough measure of the time it would take for a particle 
or passive organism to move from the base of the mixed 
layer to the surface is the mixing timescale defined here as 
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Figure 4. Time series of daily averaged wind stress vectors and current vectors for depths of 10, 30, 50, 90, 110, 
150, and 250 m. 
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T M = MLD/(friction velocity), where friction velocity is are shown as daily averaged vectors as well. The daily 
defined as the square root of the quotient of wind stress and averaged horizontal currents ranged from -10 cm s -1 to -90 
water density [e.g., Denman and Gargett, 1988; Dickey et cm s -1. There is no obvious relationship between the 
al., 1993a]. Time series of TM using the 0.1øC and 0.5øC magnitude and direction of the wind stress and the daily 
criteria are presented in Figure 3. As expected, T M is averaged currents of the upper 250 m, as emphasized by our 
several times greater using the latter criterion. There is statistical analysis presented in the Discussion section. 
considerable variability in T M throughout the observational The daily averaged current flow direction may be described 
period, however, it is important to note the decrease in TM by the following sequences. The currents are directed 
by more than an order of magnitude after -J.D. 144. There primarily toward the northeast (-50 cm s -1) from J.D. 103 
are a few intermittent intervals when the mixing timescales through J.D. 116. The currents then shift rather abruptly 
are relatively low prior to stratification. toward the southeast, remaining in that direction through 

Wind vectors are shown as a stick plot in Figure 4. J.D. 135 (-30 cm s-l). From J.D. 135-156 the currents 
Current data collected with the MVMSs in the upper 250 m rotate slowly clockwise, peaking in intensity -J.D. 138 
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temperature, and current speed Sp for depth of 10 m. Figure 5b. Same as Figure 5a, except for depth of 30 m. 
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Figure 5c. Same as Figure 5a, except for depth of 50 m. Figure 5d. Same as Figure 5a, except for depth of 90 m. 

and then decreasing until ~J.D. 150, when they strengthen A contour plot of temperature versus depth may be found in 
again. The currents are directed toward the north from J.D. our companion paper [see Stramska and Dickey, 1994, 
160-162. Generally, the temperature changes in the upper Figure 3b]. More detailed analyses concerning advective 
portion of the water column prior to the onset of seasonal aspects are presented in the Discussion section. 
stratification are modest, and it is not easy to directly The following description focuses on data collected 
associate variations in the temperature time series with within the upper 250 m which are of primary interest with 
changes in current direction. However, after the onset of respect to bio-optical variability. Time series (15-min 
stratification it is likely that the interruption of near- averaged data)of PAR, beam attenuation coefficient (beam 
surface warming, at which time both temperature decreases c), chlorophyll fluorescence, temperature, and current speed 
and current direction changes, is caused by the advection of are shown in Figures 5a-5d for depths of 10, 30, 50, and 
cool water (Figure 3). There appears to be no obvious 90 m, respectively. The temperature at 10 m varies little 
advection of warm water or abrupt current direction changes until ~J.D. 150, when it begins to increase. There are also 
when the seasonal stratification is initiated on ~J.D. 144. increases at the deeper depths but with a time lag. This is 
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consistent with the notion that the stratification sequence 
was primarily a local process. The currents were variable 
over the course of the observations but were relatively low 
in value at the onset of stratification. Beam attenuation 

coefficient and chlorophyll fluorescence show strong diel 
variability at 10 m. Details concerning diel variability are 
presented by Stramska and Dickey [1992]. Rapid increases 
in beam attenuation coefficient and chlorophyll 
fluorescence through the upper 50 m are apparent 

beginning on ~J.D. 140. Surprisingly, this is a few days 
prior to the obvious shoaling of the mixed layer. This 
effect has been examined in more detail using a numerical 
model of upper ocean turbulence combined with a model of 
phytoplankton growth in our companion paper where time- 
depth contour plots of chlorophyll fluorescence and beam c 
are shown [see Stramska and Dickey, 1994, Figure 4]. We 
have suggested that phytoplankton growth was very 
sensitive to even small increases in near-surface stability, 
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Figure 6. Rotary spectra of horizontal components of wind stress, currents at 10 m, and current shear between 10 
and 110 m. CW and CCW indicate clockwise and counterclockwise components, respectively, of the rotary 
spectra. The local inertial period is 13.8 hours. The 95% confidence limits are also represented. At bottom are 
coherence versus frequency plots for wind stress and currents at (left) 10 m and (right) for wind stress and current 
shear (between 10 and 110 m). Positive frequency corresponds to counterclockwise rotation and negative 
corresponds to clockwise rotation. 
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Figure 7. Spectra of (a) temperature, (b) beam attenuation 
coefficient, and (c) chlorophyll fluorescence. Spectra were 
computed using the 10-m time series data. 

leading to increases in near-surface stability and increases 
in phytoplankton abundance [Stramska and Dickey, 1993, 
1994]. Advection is apparent in the near-surface 
temperature data prior to stratification. It is possible that 

modest increases in values of beam attenuation coefficient 

and chlorophyll fluorescence and, to a lesser extent, 
temperature, may be associated with advection in roughly 
the upper 50 m around J.D. 110 and possibly around J.D. 
130. 

The PAR variation is characterized by the obvious diurnal 
cycle, however, the most impressive feature is the sharp 
decline which occurs at all depths beginning around J.D. 
!40 (Figures 5a-5d). More specifically, the 1% light depth 
lies at a depth of ~60-70 m prior to stratification and at 
about-•50 m after stratification (Figure 3). Importantly, 
the surface irradiance is quite high, though continuing to be 
highly variable because of clouds, after J.D. 140 until the 
end of the observational period. The decrease in PAR and 
subsequent, continued depressed values of PAR are 
consistent with the sharp increase and continued elevation 
of beam attenuation coefficient and chlorophyll 
fluorescence. Thus it is unlikely that the PAR 
measurements were adversely affected by biofouling. 
Further, previous studies in similar waters using these 
sensors have indicated that fouling does not become 
problematic within these periods [Dickey et al., 1991, 
1993a]. 

4. Discussion 

The variabilities observed in the physical and bio- 
optical observations using the mooring time series are 
represented as spectra in Figures 6 and 7. For the present 
observations the inertial period is 13.9 hours (0.072 cph). 
There is the appearance of a peak at the inertial frequency 
in the upper 50 m. The spectrum of temperature at 10 m 
shows a weak hint of a diurnal peak (0.042 cph) with no 
such peak at greater depths. The spectra of beam 
attenuation coefficient and chlorophyll fluorescence are 
characterized by a diurnal peak at 10 m. Spectra for all 
variables at all observed depths have been computed, but 
only a few are shown here. The coherence and phase 
relationships between key bio-optical and physical 
variables are discussed for the diurnal cycle by Stramska 
and Dickey [1992]. 

2 

1.5 

1 

0.5 

1.5 

1 

0.5 

1.5 

1 

0.5 

0 

WATER TEMPERATURE 

- 10-1 lorn __ ._.. • 
ß 

ß 

- 
30-110rn 

ß ' ' ' I .... I ' ' ' ' I .... I .... I ' ' ' I - 
. 

ß 

ß . 

50-1 lorn 

110 120 130 140 150 160 
DAY 1989 

Figure 8. Time series of water temperature differences 
between depths of 10 and 110 m, 30 and 110 m, and 50 
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local heating. We have done a similar calculation for 
currents (Figure 9). There is relatively small shear between 
50 and 110m. The greatest shear is between 10 and 30 m. 
Several periods of high shear are evident. The coherence 
between wind stress and currents at 10 m and the coherence 

between wind stress and current shear between 10 and 110 

m are shown in Figure 6. The coherence between wind 
stress and currents is not significant which suggests that 
most of the energy in the currents is not associated with 
local forcing. In contrast, the coherence between wind 
stress and shear (for shears between 10 and 110 m and 

160 between 10 and 30 m (the latter not shown here)) is 
significant, which indicates that local forcing is likely 
producing the observed shears. A final observation is that 
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Figure 9. Time series of 15-min averaged wind speed 
components. U is zonal, and V is meridional component. Z 
Also, time series of 15-min averaged current differences • 60 
between 10 and 110 m, 30 and 110 m, and 50 and 110 m. I:1 
Again, U is zonal and V is mcridional component. 

In order to help to identify advective features, we have 
subtracted the temperature at 110 m from temperatures 
measured at shallower depths (Figure 8). The fundamental 
working assumption is that the local response is linearly 
superimposed on a signal associated with mesoscale 
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17 

features. Results of this manipulation suggest that the Figure 10. Maps of flight paths of P-3 aircraft on (a)J.D. 
major changes in temperature in the upper 50 m were due to 141, (b) J.D. 144, and c) J.D. 154. 
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the upper layer appears to be, at times, isolated from the 
lower layer, with the upper layer being influenced primarily 
by air-sea heat and momentum exchanges and the lower 
layer being dominated by mesoscale currents which advect 
differing water masses past the mooring. 

A complementary set of observations of sea surface 
temperature and ocean color were obtained in the vicinity 
of the mooring as part of the North Atlantic Bloom 
Experiment during ]'.D. 141, 144, and 154 using the AOL 
and an infrared radiometer [Hoge et al., 1986]. A general 
description of the aircraft observational program is 
presented by Yoder et al. [1993]. Briefly, the infrared 
radiometer and AOL were flown on a NASA P-3 aircraft and 

used to measure sea surface temperature and laser-induced 
chlorophyll fluorescence with a spatial resolution of 0.1 
km along the flight path [Yoder et al., 1993]. 

Flight path segments closest to the MLML mooring site 
for J.D. 141, 144, and 154 are illustrated in Figure 10, and 
AOL results are illustrated in Figures 11-13. The exact 
times when the P-3 flew over the mooring site are given in 
the figure captions. Note that the infrared radiometer did 
not operate after J.D. 141, so temperature data are not 
available for J.D. 144 and 154. 

On J.D. 141, surface temperature varied by no more than 
~0.4øC from 20øW to 21.5•W with a mean temperature 
slightly greater than 8•C (Figure 11), which is consistent 
with the mooring time series data (Figure 5a). Temperature 
increases to the west of the mooring reaching ~8.8øC near 
22•W. Chlorophyll fluorescence is relatively uniform 
within ~25 km of the mooring, however, considerable 
variability (extreme values greater than 4 mg m -3) are 
observed near 22øW. Mooring measurements of 
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Figure 11. (a) Chlorophyll concentration and (b) surface temperature data collected on J.D. 141 along line AB 
by P-3 aircraft. Aircraft was over the mooring site at 1410 local time. 
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Figure 12. Surface chlorophyll concentration data collected on J.D. 144 (a) along line AB and (b) along line 
CD. Aircraft was over the mooring site at 1220 local time for line AB and at 1334 local time for line CD. 

chlorophyll are about half those observed with the AOL, 
probably because aircraft and mooring sensors were never 
directly intercalibrated. For example, calibration of AOL 
fluorescence:chlorophyll a on J.D. 141 was based on sea 
truth data collected near 20øW, 53øN [Yoder et al., 1993], 
more than 700 km away from the MLML mooring site. 

On J.D. 144 the P-3 made both east-west and north-south 

passes over the mooring (Figure 10). Chlorophyll 
fluorescence measured by the AOL varied about twofold 
within 200 km of the mooring site (Figure 12). It should 
be noted that AOL overflight data are instantaneous 
snapshots over the mooring site, and there are considerable 
diel and more rapid variability as recorded by the moored 
instruments. 

The final overflight was on J.D. 154, and it should be 
noted that line CD is not directly over the mooring (see 
Figure 10). AOL measurements taken during this flight 
showed more spatial variability than the other three flights 
(Figure 13). Note that extreme spatial variations in 
chlorophyll were-2-3 mg m -3 over-30 kin, with 
concentrations as high as 4.0-5.5 mg m '3 in isolated 
patches (Figure 12). The mooring data indicate typical 

current speeds of ~30 cm s -1 (-30 km d -1), which implies 
that a patch observed by the AOL would appear as a 
temporal change at the mooring with a timescale of the 
order of ~1 day if the feature were advected with these same 
speeds. This is likely a minimum advective timescale, as 
most 30-km scale patches would likely move at much lower 
speeds. Nonetheless, advection could possibly contribute 
to some of the high day-to-day chlorophyll variability 
observed at the mooring from J.D. 150 to 160 (Figure 5). 

There are several similarities between the present results 
and those obtained during Biowatt in the Sargasso Sea 
[e.g., Dickey et al., 1991; Marta et al., 1992; Dickey et 
al., 1993a]. For example, the shoaling of the mixed layer 
and the onset of seasonal stratification occur within a few 

days in both cases. In addition, major spring blooms 
occurred within a few days of the shoaling. For the present 
study it is suggested that very modest stratification may be 
sufficient to initiate the proper bloom conditions [e.g., 
Colebrook, 1979, 1982; Bishop et al., 1986; Townsend et 
al., 1992; Stramska and Dickey, 1993, 1994]. At least 
during our observational programs the Biowatt site was 
characterized by considerably greater mesoscale activity 
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Figure 13. Surface chlorophyll concentration data collected on J.D. 154 along (a) line AB and (b) line CD. 
Aircraft was over the mooring site at 1325 local time for line AB. Note that the aircraft did not pass directly 
over the mooring on line CD. 
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