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Laser Transit-Time Measurements between 
the Earth and the Moon with a Transportable System 

Abstract. A high-radiance, pulsed laser system with a transportable transmitting 
unit was used at Agassiz Station, Harvard College Observatory, Harvard, Mas- 
sachusetts, to measure the transit times of 25-nanosecond, 10-joule, 530-nanometer 
pulses from the earth to the Apollo 15 retroreflector on the moon and back. 
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On 23 September 1972, the transit 
time of a laser pulse from the earth 
to the moon and back was measured 
six times at Agassiz Station, Harvard 
College Observatory, Harvard, Massa- 
chusetts. The laser pulse was directed to 
the Apollo 15 retroreflector on the moon 
by a transportable transmitting unit 
located 237 m from the 1.5-m telescope 
used to detect the returning pulse. All six 
transit times were measured with a 
combination of delay circuits and a fast 
oscilloscope. Three of these returns, 
which were stronger than the rest, were 
also measured more precisely with a 
time-interval counter. 

Residuals for all the measured tran- 
sit times were calculated from a special 
ephemeris at the University of Texas 
(1). These residuals (observed values 
minus the computed values) tended to 
increase with epoch (time of transmis- 
sion of the laser pulse) over the period 
from 6h 36m to 815 1211 universal time 
during which they were obtained. 

The best-fitting straight line through 
the residuals from the counter readings 
had a slope of + 0.35 nsec/min with 
a standard deviation of 3.1 nsec. The 
best line through the residuals of the 
six oscilloscope readings had a slope 
of + 0.18 nsec/min with a standard 
deviation of 2.5 nsec. The differences 
in the results from the two sets of data 
are not significant. 
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The slope of the straight line through 
the residuals is related to the error in 
the station's geocentric coordinates. If 
one assumes the error to be entirely in 
latitude, the local hour angle of these 
observations implies that a slope of 1 
nsec/min corresponds to 1 arc sec, or 
23 m at the station's 42.5? latitude. 
Hence, the slopes are consistent, with 
an error of about 15 m expected in 
the conversion of the station's coordi- 
nates from the North American Datum 
to a geocentric system. 

The configuration of the transporta- 
ble laser system, which can be used 
with other large telescopes, has been 
described elsewhere (2). The excep- 
tionally high radiance of the system's 
neodymium-glass laser permits the use 
of a transmitting telescope, the diam- 
eter of whose aperture is only 0.2 m. 
It also increases the probability that 
each return generates at least one pho- 
toelectron. The system's pulse repeti- 
tion rate is 0.2 per minute. A further 

report on its operation will be presented 
elsewhere (3). 
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Inorganic Nitrogen Removal from Wastewater: Effect on 

Phytoplankton Growth in Coastal Marine Waters 

Abstract. Algal bioassays were used to demonstrate the high efficiency of a 
combined tertiary wastewater treatment and marine aquaculture system in re- 

moving inorganic nitrogen, and to show that the coastal waters off Woods Hole, 
Massachusetts, are limited in nitrogen for marine phytoplankton growth. When 
nutrients were removed from secondarily treated domestic wastewater through 
assimilation by phytoplankton in an outdoor growth pond, the pond effluent, 
in varying dilutions with seawater, could not support more phytoplankton 
growth than the seawater alone. However, when nitrogen was added back to 
the mixtures of pond effluent and seawater, the phytoplankton growth response 
was similar to that with a mixture of wastewater and seawater. This is similar 
to the findings of other researchers, and suggests that nitrogen may be the key 
growth-limiting nutrient in many coastal marine waters. The combined tertiary 
treatment-marine aquaculture system appears to be an effective means of remov- 

ing nitrogen from secondarily treated wastewater and controlling eutrophication 
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ing nitrogen from secondarily treated wastewater and controlling eutrophication 
of coastal marine waters. 

There is increasing evidence that 

nitrogen is the phytoplankton growth- 
limiting nutrient in many coastal and 
estuarine waters (1, 2). This is in con- 
trast to the traditional view that phos- 
phorus is often the growth-limiting 
nutrient in aquatic environments (3). 
As a result, considerable emphasis is 
curently being placed on finding ways 
to remove nitrogen from wastewaters 
in order to control and prevent further 
eutrophication of aquatic systems (4). 

A novel approach to this problem, 
described by Ryther et al. (5), and 
one we are currently studying, involves 
combining a nutrient removal system 
with a marine aquaculture. In this 
combined system, nutrients (mainly 
nitrogen) are first removed from 
secondarily treated domestic waste- 
water (diluted with four parts of sea- 
water) through assimilation by marine 
phytoplankton in an experimentally 
controlled outdoor growth pond. The 
phytoplankton, in turn, are removed 
from the system by filter-feeding 
herbivores such as oysters, clams, and 
mussels, all economically important 
shellfish. Any soluble inorganic nitro- 
gen remaining in the wastewater, or 
regenerated by the herbivores, is re- 
moved by passage through a seaweed 
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growth system. Details of the treat- 
ment process, and actual nitrogen re- 
moval efficiencies, will be reported 
elsewhere (6). 

To demonstrate the high efficiency 
of the process in removing inorganic 
nitrogen, and to show that nitrogen 
was the growth-limiting nutrient in the 
coastal waters off Woods Hole, Massa- 
chusetts, at the time of our study, we 
have conducted a series of algal bio- 
assays on samples from various com- 

ponents of the system. 
In the bioassay reported here we 

compared the "algal growth potential" 
(7) of the influent and effluent samples 
from the phytoplankton growth system. 
Influent samples consisted of treated 
wastewater from the secondary waste- 
water treatment facility at Otis Air 
Force Base (Cape Cod, Massachusetts), 
diluted with four parts of seawater, 
and effluent samples consisted of the 
filtrate from the growth pond culture 
(Table 1). The pond influent and efflu- 
ent samples were passed through Milli- 
pore filters (0.45 /um) and diluted with 
filtered seawater to simulate the actual 
dilutions that might occur when waste- 
waters are discharged in coastal waters. 
The dilutions used were 2 percent 
treated wastewater and 1 and 5 percent 
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growth pond effluents. These samples 
(125 ml) and a seawater control sam- 

ple were added to 250-ml flasks. We 
also enriched half of the 1 and 5 per- 
cent pond effluent samples with addi- 
tional inorganic nitrogen as NH4C1. 
These samples then contained the same 

quantity of inorganic nitrogen that 
would be present if secondarily treated 
wastewater was used in place of the 

pond effluent at the designated dilu- 
tions with seawater. All samples (four 
replicates each) were inoculated with 

approximately 3500 cell/ml of a phyto- 
plankton mixture (mainly the diatom 
Chaetoceros simplex) that had been 
taken the previous day from the growth 
pond. The flasks were incubated for 6 

days at 22?C under fluorescent lighting 
(- 5500 lumen/m2), and in vivo 

chlorophyll measurements were made 
daily on a Turner model 111 fluorom- 
eter. The averaged results are reported 
as relative percentage values of the 
maximum seawater control value (Fig. 
1). 

The addition of filtered pond efflu- 
ent to seawater had no effect over that 
of the seawater control in stimulating 
phytoplankton growth. The total in- 

organic nitrogen concentration (ZN = 
NH4 +-N + N02--N + N03--N) of 
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wastewater was used in place of the 

pond effluent at the designated dilu- 
tions with seawater. All samples (four 
replicates each) were inoculated with 

approximately 3500 cell/ml of a phyto- 
plankton mixture (mainly the diatom 
Chaetoceros simplex) that had been 
taken the previous day from the growth 
pond. The flasks were incubated for 6 

days at 22?C under fluorescent lighting 
(- 5500 lumen/m2), and in vivo 

chlorophyll measurements were made 
daily on a Turner model 111 fluorom- 
eter. The averaged results are reported 
as relative percentage values of the 
maximum seawater control value (Fig. 
1). 

The addition of filtered pond efflu- 
ent to seawater had no effect over that 
of the seawater control in stimulating 
phytoplankton growth. The total in- 

organic nitrogen concentration (ZN = 
NH4 +-N + N02--N + N03--N) of 
the pond effluerft was 5.13 jug-atom/ 
liter. When the pond effluent was mixed 
with Woods Hole seawater (IN = 2.38 
,/g-atom/liter) at the designated dilu- 
tions, the nitrogen concentrations of the 
mixtures were virtually the same as 
that of the seawater alone. 

Phosphate removal in the growth sys- 
tem was not nearly as complete as 
nitrogen removal because there was 
a gross excess of phosphorus over nitro- 

gen in the secondarily treated waste- 
water used in this study, relative to 
that normally required by phytoplank- 
ton. This situation appears typical. For 
example, Ryther and Dunstan (1) 
pointed out that the nitrogen/phos- 
phorus ratio in coastal marine waters, 
and in secondarily treated wastewater, 
is usually lower than in marine phyto- 
plankton. Thus, more phosphorus is 
available in treated wastewater than 
can be utilized by the phytoplankton. 
In our study only 35 percent of the 
inorganic phosphorus was removed in 
the growth pond, so that the final phos- 
phorus concentration in the pond efflu- 
ent was 18.36 ,ug-atom/liter. Thus, the 
phosphate concentration of the samples 
increased significantly as more pond 
effluent was added to the seawater. 
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