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Concurrent surface water measurements were used to calibrate and 
interpret remotely sensed data collected from an aircraft platform. 

I N T R O D U C T I O N  plumes and receiving waters in the New York 
X P E R I M E N T S  conducted in the United States Bight include suspended matter, chlorophyll a, 
coastal zones indicate that pollution and and temperature (Hall and Pearson, 1977; Polcyn 

oceanographic features have distinctive spectral and Sattinger, 1979). Information on distributions 
characteristics (Johnson and Harriss, 1980; o f  these parameters in conjunction with other 
Johnson and Ohlhorst, 1981; Klemas et al., 1976). measurements (i.e., nutrient and contaminant con- 
Remotely sensed wide area synoptic coverage centrations and biological processes) could pro- 

ABSTRACT: Concurrent surface water measurements made from a moving 
oceanographic research vessel were used to calibrate and interpret remotely 
sensed data collected over a plume in the New York Bight Apex on 23 June 1977. 
Multiple regression techniques were used to develop equations to map synoptic 
distributions of chlorophyll a and total suspended matter in the remotely sensed 
scene. Thermal (which did not have surface calibration values) and water qual- 
ity parameter distributions indicated a cold mass of water in the Bight Apex 
with an overflowing nutrient-rich warm water plume that originated in the Sandy 
Hook Bay and flowed south near the New Jersey shoreline. Data analysis indi- 
cates that remotely sensed data may be particularly useful for studying physical 
and biological processes in the top several metres of surface water at plume 
boundaries. 

provides information on these features that is not vide an increased understanding o f  the role o f  es- 
readily available by other means. Features o f  par- tuarine outwelling on continental shelf dynamics. 
ticular interest include plumes from rivers, bays, Aircraft and satellite remote-sensing systems 
and other estuaries which distribute pollutants have been used (1)  to locate, identify, and map 
and nutrients over the highly productive conti- features without the requirement for concurrent 
nental shelf waters. Parameters that have been surface measurements; and ( 2 )  to determine 
measured using remote-sensing techniques in quantitative distributions o f  specific parameters 
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by means of regression and other data analysis 
techniques, using concurrently collected surface 
measurements. Surface measurements in most of 
the experiments cited above were based on ship or 
helicopter sampling from a number of preselected 
sample locations on a preselected schedule that, in 
many cases, limited flexibility during the actual 
experiment. One means for more fully utilizing 
surface ships and providing experimental flexibil- 
ity is to utilize continuous sampling techniques 
(e.g., fluorometry for chlorophyll a). In addition to 
the greater spatial coverage by the ship, communi- 
cation between the aircraft and ship may be used 
to guide the ship to regions of potential interest. 

It is the purpose of this paper to present results 
of a plume study from a coordinated aircraft-ship 
experiment conducted in the New York Bight on 
23 June 1977. Concurrent surface water measure- 
ments made from a moving oceanographic re- 
search ship were used to calibrate and interpret 
remotely sensed data collected from an aircraft 
platform. Verbal communications were main- 
tained during the experiment in order to coordi- 
nate remotely sensed and surface measurements. 
The experiment described here was conducted 
jointly by the National Aeronautics and Space 
Administration (NASA) and the National Oceanic 
and Atmospheric Administration (NOAA). 

Remotely sensed data were collected in con- 
junction with surface measurements made from a 
moving oceanographic research ship in the New 
York Bight Apex. During the experiment on 23 
June 1977, data were collected in the New Jersey 
nearshore waters (Figure 1). One of the features 
monitored, and the focus of this paper, was the 
Hudson-Lower Bay estuarine plume which ema- 
nates from Sandy Hook Bay and flows southeast 
down the New Jersey shore. Results and in- 
terpretations of one part of the total experiment, 
specifically for data collected from about 0900 
hours eastern daylight time (EDT) to 0940 hours 
EDT, are presented. The experimental locations 
are along ship tracks 1 and 2 and aircraft flight 
lines AC-1, AC-4, AC-5, and AC-7 (Figure 1). 

Remotely sensed data were collected by a Mod- 
ular Multispectral Scanner (M2S) and a Zeiss 
mapping camera onboard a NASA Johnson Space 
Center (JSC) C-130 aircraft from an altitude of 3.0 
km (10,000 ft). The M2S has 11 bands in the visi- 
ble, near infrared, and thermal spectral ranges. 
Bandwidths and wavelengths of the remote sen- 
sors are shown in Table 1, along with spatial 
coverage information at the flight altitude. Data 
collections were accomplished by multiple over- 
flights over the moving ship as it steamed ap- 
proximately south-southeast along the New Jersey 
shore (Figure 1). Data flights at about 20-minute 
intervals were planned so that overlapping re- 
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FIG. 1. Ship track and selected aircraft flight 
lines during NASNNOAA experiment in the 
New York Bight Apex on 23 June 1977. 

motely sensed data could be used to synoptically 
map features in the experimental area. (Remotely 
sensed data were collected in 8500 m wide scans 
centered on the aircraft flight lines. 

Surface measurements were made from the 
NOAA research ship Albatross I V  moving at 11 
knots. Data were continuously recorded to deter- 
mine chlorophyll a and suspended matter con- 

TABLE 1. SPECTRAL AND SPATIAL CHARACTERISTICS 
OF REMOTE SENSORS AT 3.0 KM ALTITUDE 

Modular Multispectral Scanner (M2S) 
Band Bandwidth (nm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Scan width 
Resolution 

Zeiss Mapping Camera 
Spectral Range Film Resolution (m) Footprint (m) 

400-700 nm Color 0.4 4550 x 4550 



THERMAL AND OCEANOGRAPHIC PARAMETER DISTRIBUTIONS 

centrations at the sampling depth of about 2 m by 
using a Turner fluorometer and turbidimeter, re- 
spectively. The fluorometer was calibrated prior to 
the experiment using the spectrophotometric 
method for "corrected" chlorophyll a according to 
Lorenzen's (1967) equations given by Strickland 
and Parsons (1972), and employing actively 
growing cultures of Skeletonema costantum. 
While the experiment was in progress, discrete 
samples were removed from the fluorometer in- 
take every 15 minutes to standardize the instru- 
ment. 

Discrete samples also were removed from the 
turbidimeter intake at 15-minute intervals and 
analyzed according to the procedure in Standard 
Methods (APHA, 1975) to standardize the instru- 
ment. Filtration was accomplished using What- 
man GF/F (nominal particulate retention 0.7 pm) 
glass fiber filters. Samples were filtered under low 
vacuum (approximately 55 mm Hg). 

Concentrations of suspended matter and 
chlorophyll a along with corresponding radiances 
from the M2S at the same locations in the area 
selected for quantitative analyses are listed in Ta- 
bles 2 and 3. These surface measurements were 
taken between 0924 and 0935 EDT. Radiance 
measurements were from the corresponding air- 
craft overflight (AC-7). 

Representative radiance values in the remotely 
sensed scene were used for qualitative analysis 
(e.g., for temperature distributions where no cor- 
responding surface measurements were made) 
and quantitative analyses (e.g., using concurrent 
surface measurements). For the analysis of tem- 
perature distributions, representative radiances 
were determined by averaging over a 10 by 10 
pixel field, then multiplied by an instrument 
calibration to determine sea surface temperature. 
The field size was determined empirically as the 
appropriate area to compensate for uncontrollable 
spectral and spatial uncertainty. Representative 
radiance values for the quantitative analyses (e.g., 
chlorophyll a and total suspended matter) were 
determined by locating the sample location as ac- 
curately as possible, then taking the average of a 10 
by 10 pixel field at that location to obtain the rep- 
resentative value as discussed above for the tem- 
perature distributions. Instrument calibration val- 
ues were then used to determine average radiance 
values in each of the M2S bands. 

Photographic products (from the Zeiss mapping 
camera) and M2S thermal band (Band 11) were 
used to locate features of primary interest in the 
remotely sensed scene. Evaluation of thermal data 
collected and instrument calibration indicated that 
a sea surface temperature difference of 0.25" C 
could be detected. Comparison of the remotely 
sensed thermal distributions with the color aerial 

TABLE 2. SURFACE MEASUREMENTS ALONG SHIP'S TRACK 
FROM 0924 TO 0935 EDT 

Observation Time Chlorophyll a 
NO. EDT w m 3 )  

1 092400 53.5 
2 0924:22.5 52.0 
3 0924:45 53.5 
4 0925:07.5 55.1 
5 0925:30 50.0 
6 0925:52.5 53.5 
7 0926:15 57.0 
8 0926:37.5 58.5 
9 0927:OO 60.2 

10 0927:22.5 60.2 
11 0927:45 66.8 
12 0928:07.5 77.2 
13 0928:30 85.0 
14 0928:52.5 80.0 
15 0929:15 80.0 
16 0929:37.5 100.0 
- 0930:OO OFF SCALE* 
- 0930:22.5 82* 
- 0930:45 60* 
- 0931:07.5 42* 
17 0931:30 38.1 
18 0931:52.5 37.1 
19 0932:15 34.0 
20 0932:37.5 30.7 
21 0933:OO 30.7 
22 0933:22.5 32.0 
23 0933:45 32.6 
24 0934:07.5 26.4 
25 0934:30 27.5 

Suspended 
Matter (mgll) 

- - 

* Plume interface (not used in regressLon analyses) 

photography indicated a cold mass of upwelled 
water in the Bight Apex with an overflowing warm 
water plume that originated in the Sandy Hook 
Bay and flowed southeast into the Bight waters 
(Figure 2). 

Further comparisons of the thermal map, pho- 
tography, optical spectral range data, and concur- 
rent shipboard measurements indicated a signifi- 
cant gradient where the research ship crossed the 
plume boundary at about 0930 EDT. Th'  IS area, 
indicated on the thermal mapping (Figure 2), was 
the focus of detailed quantitative analyses. 

Quantitative analyses were performed on the 
continuously recorded surface measurements of 
chlorophyll a and suspended matter and corre- 
sponding radiances. To minimize the time differ- 
ences (between surface and remotely sensed mea- 
surements), observation locations were selected 
immediately behind and in front of the ship at the 
time of aircraft overflight and along the ship's 
track. Time differences between remotely sensed 
and surface measurements were within six min- 
utes. Twenty-nine observations were taken from 
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TABLE 3. REMOTELY SENSED RADIANCE MEASUREMENTS ALONG SHIP'S TRACK FROM 0924 TO 0935 EDT 

Observation 
No. 

Radiance in M2S Bands, MW/CM9-STER-MICRON 

the surface measurement strip charts (Tables 2 and 
3); however, as discussed later, only 25 observa- 
tions were used in the quantitative analyses. 

Multiple regression analyses were used to relate 
surface measurements of chlorophyll a and sus- 
pended matter (measured as turbidity) to normal- 
ized radiance measurements in the visible and 
near infrared spectral range (Bands 1 to 10) of the 

2 4 
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KILOMETERS 
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FIG. 2. Thermal distributions from aircraft 
measurements of sea surface temperature ("C) 
in a selected part of the experiment area (ship 
track from about 0847 to 0940 EDT) on 23 
June 1977. 

M2S. In the analysis, radiance spectra for plume 
water and background water were very nearly the 
same, making arithmetic enhancement of the data 
necessary in order to attain suitable correlations. 
Minimum and maximum values of radiance for 
backeround water were extracted from the full - 
range of data collected in the experiment. For each 
sample point, the individual radiances were 
scaled in each channel according to the span be- 
tween minimum and maximum values to yield 
normalized values. The average normalized value 
over all 10 channels was computed as a reference. 
The difference between the individual normal- 
ized value and the average normalized value was 
assigned to the particular channel as its enhanced 
radiance parameter for correlation and mapping. 
This was an extra step in the analysis beyond pro- 
cedures as previously published (e.g., Johnson 
and Bahn, 1977; Johnson, 1978). 

Regression equations for concentrations of 
chlorophyll a and suspended matter were 

Chlorophyll a, mg/m3 = 94.49 + 1419.6 zz - 
1499.5 z4 

Suspended matter, mgll = 33.19 - 166.65 z, 

where the zi are the normalized radiance differ- 
ences for the M2S bands. 

Statistical parameters for the regression analyses 
are given in Table 4. 

Comparison of the remotely sensed and mea- 
sured values of chlorophyll a concentrations are 
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shown on Figure 3. Distributions are approxi- 
mately random about the fitted line, indicating 
that the linear model is adequate for this set of 
data. Suspended matter analyses indicate similar 
charcteristics. A correlation coefficient of 0.719 
indicates relatively low covariance between con- 
centrations of chlorophyll a and suspended matter. 

Thermal variations (from aircraft calibrated data) 
and concentrations of chlorophyll a and sus- 
pended matter (determined from the appropriate 
regression equations) are shown in Figure 4 along 
with surface observations for the selected part of 
the ship track. The estimated ship location at the 
time of aircraft overflight (AC-7) is also shown. 
The plume is readily distinguished from the sur- 
rounding coastal waters by the individual and/or 
combined measurements. 

Both temperature and suspended matter con- 
centrations are relatively flat in the plume and re- 
ceiving coastal water (e.g., from 0924 to 0929 EDT 
in the plume and 0931 to 0935 EDT in the oceanic 
water) while the chlorophyll a concentrations in- 
crease rapidly and somewhat erratically as the 
ship approaches the plume boundary (from 0924 to 
0929 EDT). There are spikes in both chlorophyll a 
and suspended matter concentrations as the ship 
moves through the boundary (at about 0930 EDT) 
to the more uniform coastal water. Four data 
points at the plume interface indicated different 
spectral characteristics and were not included in 
the final regression equations for chlorophyll a 
and suspended matter concentrations. These 
spectral anomalies are probably due to differences 
in remote sensing and surface measurement tech- 
niques as well as the probable sloping (nonverti- 
cal) interface at the plume boundary. (Note that 
the remotely sensed radiances are integrated val- 
ues from the top several metres of the water col- 
umn while the surface measurements are deter- 
mined from continuous water sampling at a 2- 
metre depth.) 

Comparison of the thermal and concentration 
graidents along the ship's track suggest several 
interesting possibilities. First, the thermal dis- 
tribution indicates relatively mild and uniform 
rates of mixing between the plume and coastal 
water in the top metre of surface water; second, 
the erratic and rapid increase of chlorophyll a near 

Correlation Standard Range of 
M2S Coefficient, Error of Surface 

Parameter Bands R Estimate Measurements 

Chlorophyll a 
(mg/m3) 2, 4 0.936 7.4 26- 100 

Suspended 
matter 
(mfdl) 5 0.965 0.8 24-34 

REMOTELY SENSED 
CHLOROPHYLL, 

MGlM3 

/' 

1 1 1 1 1 1 1 1 1 l 1  
0 2 0 4 0 6 0 8 0 1 0 0 1 b  

MEASURED CHLOROPHYLL, MCIM~ 

PIG. 3. Comparison of remotely sensed and sur- 
face measured values of chlorophyll a from 0924 
to 0934 EDT 

the plume boundary and the spikes of chlorophyll 
a and suspended matter concentrations suggest 
small scale patchiness near the edge of the plume; 
third, on the oceanic water side of the plume there 
is a short mixing zone as evidenced by the gradual 
decrease beyond the spikes; and finally, the spa- 
tial displacement between the remotely sensed 
and shipboard measurements in the plume 
boundary indicates a sloping interface with depth 
between the plume and adjacent oceanic waters. 
Similar characteristics at plumelfront interfaces in 
the Delaware Bay have been identified and re- 
ported by Klemas and Polis (1977). It appears that 
more detailed studies of the optical and thermal 
remotely sensed data in conjunction with the 

AIC OVER SHIP 
TEMPERATURE. 14.8 

OC 

14.4 

TOTAL 
SUSPENDED 

MATTER, 28 
MGlL 

I - REMOTELY SENSED 

- .,,FAEE (AT PLUM 
CHLOROPHYLL, mp ),.- A BOUNDARY) 

MGlM3 

FIG. 4. Comparison of sea surface temperature ("C) 
and concentrations of total suspended matter and 
chlorophyll a along part of the ship's track. (Open cir- 
cles are) surface measurements used in regression 
analyses. (Solid circles are): surface measurements not 
used in regression analyses. Solid lines determined 
from regression analyses (except temperature which 
used aircraft calibration values). 
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shipboard measurements may provide additional 
information on the oceanographic processes at the 
plume interfaces; however, they are beyond the 
scope of the present analysis. 

Chlorophyll a distributions were determined 
using the earlier regression equation over a por- 
tion of the area shown in Figure 2, specifically for 
the area covered by AC-7. (As noted earlier, this 
was for the period when the ship moved across the 
plume boundary.) This chlorophyll a distribution 
is shown on Figure 5. As may be seen, the essen- 
tial outline of the plume is indicated by 
chlorophyll a concentrations (Figure 5) as well as a 
thermal boundary (Figure 2) at the same location. 
Thus, the plume is characterized by having warm 
temperatures and high chlorophyll a concentra- 
tions. Outside of the plume, water had generally 
low chlorophyll a concentrations. However, we 
also may differentiate water southeast of the 
plume into two different temperature regions (see 
Figure 2) which have similar chlorophyll a con- 
centrations. The cooler water (15' C and less) may 
be related to local upwelling and the warmer 
water (greater than 15" C) is part of the normal 
surface water. 

Results of a joint NASAINOAA experiment con- 
ducted in the New York Bight Apex on 23 June 1977 
indicate that a single aircramsingle oceanographic 
research ship combination can be used effectively 
to locate and map oceanographic features in near- 
shore coastal zones. Combined thermal and water 
parameter distributions were used to locate and 
map the distribution of a cold mass of upwelled 
water in the Bight Apex and an overflowing 
nutrient-rich warm water plume that emanated 
from Sandy Hook Bay and flowed southeast near 
the New Jersey shoreline. 

During the experiment, communication be- 
tween the aircraft and ship directed the ship to 
features of interest. Remotely sensed data were 

FIG. 5. Quantitative chlorophyll a con- 
centrations in mg/m3 from remotely sensed 
data along flight line AC-7 (map is compressed 
spatially along flight line-see Figure 2). Ship 
track and position at 0930 are shown. 

collected on multiple overflights of the ship by a 
multispectral scanner and camera onboard an air- 
craft platform at 3.0 km altitude. Surface mea- 
surements by the moving ship were made using 
continuously recording instruments to determine 
concentrations of chlorophyll a and total sus- 
pended matter. Multiple regression techniques 
were used to develop regression equations to de- 
termine distributions of these parameters in the 
plume and at the boundaries. Thermal and 
oceanographic parameter mapping of the plume 
indicated general agreement. Finally, it appears 
that remotely sensed data may provide informa- 
tion for additional studies of physical and biologi- 
cal processes in the top several metres of the water 
at plume boundaries. 
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