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Nodal Modulation of the Lunar Semidiurnal Tide in the

Bay of Fundy and Gulf of Maine

Abstract. Observations, numerical modeling, and theoretical calculations show
how the 18.6-year modulation of the main lunar semidiurnal tide in the Bay of Fundy
and Gulf of Maine is reduced from its astronomical value of 3.7 percent to 2.4
percent by the effects of friction and resonance. The agreement of the three
approaches increases confidence in model predictions of widespread changes in the
tidal regime resulting from development of tidal power.
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The world’s highest tides occur in the
Bay of Fundy and have been attributed
(1) to a near-resonant response of the
Bay of Fundy-Gulf of Maine system.
Proposed development of tidal power
would increase the tides throughout this
region by bringing the system closer to
resonance. Detailed predictions of this
increase have been made by a numerical
model (2) that has been calibrated
against observed tides. We report that
study of the long-period variations in the
tide support the idea of resonance and
the validity of the numerical model.

The astronomical forcing of the main
lunar semidiurnal tide (M, tide), which
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has a period of 12.42 hours, varies by
+3.73 percent during 18.61 years be-
cause of variations in the declination of
the moon’s orbit (3). It is generally as-
sumed in tidal prediction that the ob-
served M, tide will be modulated by the
same amount. In the few instances in
which long records of sea level have
been analyzed to check this assumption
4, 5), they show noticeable differences
from the astronomical values. Using
more recent data, we examined the de-

parture of the modulation of M, from the
value predicted in the equilibrium tide
and we compared our results with those
from a numerical model and from theo-
retical calculations.

An unmodulated tidal constituent
would take the form of A cos(wt — 6),
where A is amplitude, » is the tidal
frequency, ¢ is time, and 6 is a phase lag.
The theoretically modulated tide may be
written A(1 + RcosAf)cos(owt — 8 + u)
where A = —2mw(18.61 years)™!, u =
—RsinAt. As mentioned, for the M, tide,
R = (0.0373 and so | u | is 2.14°. Because
the observed tide may be different from
this, we consider it in the form A[1 + R’
cos(At — &')lcos(wt — 6 + u'), where
u' = —asinAt + bcosAt, with R', &', a,
and b to be determined from the data.
When the observed modulation equals
the theoretical astronomical modulation,
R'=R,8 =0,a=R,and b = 0.

Data on sea level from Saint John (Fig.
1) for the years 1947 through 1971 were
Fourier analyzed at the M, frequency for
each year and the amplitude and phase
fitted with our model. The results may be
compared (Table 1) with those of a simi-
lar analysis by Doodson (4) for 1894
through 1916. Data from Boston and Bar
Harbor for 1947 through 1966 were ana-
lyzed by complex demodulation. To en-
sure that we were looking at the re-
sponse of the Fundy-Maine system and
not the North Atlantic, data from Halifax
for 1920 to 1980 were also analyzed.

The numerical model of Greenberg (2)
was used with the imposed M, tide at the
shelf edge increased by 3.73 percent
(R = 0.0373) to see how well the model
response corresponded to observation.
To account for open boundaries (6), a
trial was also made with boundary ampli-
tudes scaled up by 4.0 percent.

460 .:. |

420} .

1 1
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Fig. 1. The Bay of Fundy and Gulf of Maine.
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Table 1. Results from tidal analyses and model trials. For a discussion of error limits see (7).

R' (%) 3 a b (deg)
Data (deg)  (deg)
Anal- Model Model anal- anal- Anal- Model Model
ysis 3.73 4.0 ysis ysis ysis 3.73 4.0
Astronomical 3.73 0 2.14 0
Halifax 3.64 0.4 2.08 0.01
(1920-1980)
Saint John 2.30 2.15 230 -—-12.0 222 -0.18 —-0.13 -0.14
(1947-1971)
Saint John (Doodson)  2.40 28.6 2.71 -0.19
(1894-1916)
Bar Harbor 2.35 239 2.56 3.6 239 —0.11 0.02 0.02
(1947-1966)
Boston 2.61 2.55 2.74 6.8 2.52 -0.34 0.04 0.04
(1947-1966)
Transport 236  2.53 0.03 0.03

The model results agree well with the
observations (Table 1). The variation in
the response, R’, at different ports, ap-
pears to be real, with the lower values
near the upper Bay of Fundy, where tidal
friction is most important. We can think
of no reason why the modulation of the
response should not be in phase with the
modulation of the forcing, and thus we
consider 8’ to be a measure of the confi-
dence in the analysis (7). Similarly, a
should be equal to the astronomical val-
ue; any difference is a measure of the
error in a and b. The fact that b is small
from data and models, less than 0.4°
everywhere (1° =~ 2 minutes), indicates
that the phase is not greatly modified
from the nodal value. The analysis of the
Halifax data indicates that the North
Atlantic responds directly to the nodal
modulation without any other complicat-
ing effects.

The reduced nodal modulation in the
Bay of Fundy and Gulf of Maine can be
interpreted in terms of the proximity of
the system to resonance, at M,, and the
effect of quadratic bottom friction. A
simple model (/) for the response at
location x to forcing at frequency o is
Rell(x,m)exp(inf)] with
{(x,0) = F@)S®[1 — /oy + i2Q)7"17"

)]
where F(w) represents the forcing ampli-
tude, S(x) the spatial response (a ‘‘nor-
mal mode”’ in which friction as well as
other dynamics produce spatial varia-
tions of amplitude and phase), wg the
resonant frequency, and Q the ‘‘quality
factor’’ that is inversely proportional to
the damping effect of bottom friction.

For linear bottom friction (that is, fric-
tion proportional to the speed of the
current), Q is a constant, independent of
the amplitude { of the response, which
thus increases by the same amount as the
forcing F. However, for the more gener-
ally accepted quadratic friction (propor-
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tional to the square of the current),
QO « (! and so the fractional increase in
I ¢ | is less than that in | F |. The extent
to which the modulation is reduced de-
pends on the parameter r = 20, | 1—
w/wg | which relates the two terms in the
denominator of Eq. 1; Qg is the Q of the
average tide. If | F | and | { | increase by
factors of 1 + n and 1 + m, respective-
ly, then

l+m=0+nlr+il
Ir+il+mi]! )

and for small m and n

m_(1+7 _(2min - 1\~
n o \2+ 2" T \T =i ®)
as plotted in Fig. 2. We note that for a
system exactly at resonance r = 0 and
hence m/n = 0.5.

In applying this formula we use
n = 0.0373 (the astronomical, rather
than the shelf edge, modulation is appro-
priate). The data and model results (Ta-
ble 1) show that m varies a little spatial-
ly, so that our model in Eq. 1 is an
oversimplification, but m is certainly less
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Fig. 2. The parameter r = 2Q, | 1 — w/wg | as
a function of the ratio m/n of the response
modulation to forcing modulation. The value
of m plotted assumes n = 0.0373 and the
resonant period assumes Qo = 5.

than n. We could use the average,
0.0242, for the three ports analyzed, but
the most appropriate value is that for the
modulation of the mass transport across
the shelf edge. For models 3.73 and 4.0,
this is 0.0236 or 0.0253 (Table 1), leading
to r=0.85 or 1.05, so that (8 for
Qo = 5, the resonant period 2m/wq is 13.5
or 13.7 hours. A comparison of models
and data suggests that an average of the
two models is appropriate, leading to
13.6 hours for the resonant period (9).

A general theory of tides in gulfs (10)
suggests that the resonant period is de-
creased by a fraction of about Q~%8
from its frictionless value and wy will
change if Q changes. Allowing for this
reduces the resonant period for M, from
13.6 to 13.5 hours and suggests that
weaker tidal constituents [which have 50
percent more damping than M, for qua-
dratic bottom friction ()] should have a
resonant period of 13.4 hours. This is
close to the 13.3 hours estimated in a
study (1) of the fortnightly and monthly
changes in the tides that also allowed for
quadratic bottom friction and the fre-
quency-dependent response implied by
Eq. 1.

Alternatively, if the resonant period of
M, were 13.3 hours, Fig. 2 shows a
predicted value of 2.2 percent for m,
slightly less than, but still close to, the
observed values.

In conclusion, we have shown that (i)
the nodal modulation of the M, tide in
the Bay of Fundy and Gulf of Maine is
spatially variable but approximately
+2.4 percent rather than the astronomi-
cal value of 3.7 percent; (ii) this is in
agreement with the predictions of a nu-
merical model; and (iii) the effect can be
attributed to the quadratic nature of bot-
tom friction by a simple model for near-
resonant response. The results of this
simple model are in reasonable agree-
ment with another estimate and confirm
that the tides in this region are roughly
equally limited by friction and the fre-
quency difference between M, and the
resonant frequency. The internal con-
sistency of these results confirms the
accuracy of the models in their descrip-
tion of the present regime and hence
increases confidence in their use for pre-
dictions (2) of changes due to tidal power
development (11).
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Induction of AIDS-Like Disease in Macaque Monkeys with
T-Cell Tropic Retrovirus STLV-III

Abstract. The T-cell tropic retrovirus of macaque monkeys STLV-III has morpho-
logic, growth, and antigenic properties indicating that it is related to HTLV-III/LAV,
the etiologic agent of the acquired immune deficiency syndrome (AIDS) in humans.
Four of six rhesus monkeys died within 160 days of STLV-III inoculation with a
wasting syndrome, opportunistic infections, a primary retroviral encephalitis, and
immunologic abnormalities including a decrease in T4+ peripheral blood lympho-
cytes. These data show that an immunodeficiency syndrome can be produced
experimentally in a nonhuman primate by an agent from the HTLV-III/LAYV group of
retroviruses. The STLV-III-macaque system will thus provide a useful model for the
study of antiviral agents and vaccine development for human AIDS.
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A T-cell tropic retrovirus with striking
similarities to HTLV-III/LAYV, the etio-
logical agent of the acquired immune
deficiency syndrome (AIDS) in humans,
was recently isolated from macaques
(Macaca mulatta) (I). We have called
this virus simian T-lymphotropic virus
type III (STLV-III) of macaques. Like
HTLV-III/LAV, STLV-III can be isolat-
ed from T lymphocytes and grows pref-
erentially in T4" rather than T8" lym-
phocytes. By electron microscopy, it has
a cylindrical nucleoid and buds in a fash-
ion typical of type C retroviruses (I).
Furthermore, radioimmunoprecipitation
of proteins from STLV-III-infected
cells, with the use of a monoclonal anti-
body as well as sera from humans sero-
positive for HTLV-III/LAV, has re-
vealed virus-specific proteins of 160,
120, 55, and 24 kilodaltons, all similar in
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size to the major gag and env proteins
encoded by HTLV-III/LAV (2).

All the isolates of STLV-III to date
have been obtained from animals with
evidence of an immune deficiency syn-
drome or lymphoma. Macaques with this
syndrome develop profound T-lympho-
cyte dysfunction and eventually die of
lymphomas or opportunistic infections
by a spectrum of agents similar to those
seen in humans with AIDS (3). It is
therefore important to determine the
pathogenicity of this macaque retrovirus
and to explore the possibility of develop-
ing an animal model for human AIDS.
Such a model would facilitate both the
testing of new treatment modalities for
this disease and the development of a
vaccine to protect against this syndrome.
We now report the results of experimen-
tal infection of macaques with STLV-III.

The STLV-III used in these studies
was isolated from a rhesus monkey des-
ignated Mm251-79, which had been in-
oculated with tissue from another rhesus
monkey with a naturally occurring retro-
orbital lymphoma (4). Mm251-79 died 26
months after inoculation and at necropsy
was found to have a poorly differentiated
lymphocytic lymphoma. Viably frozen
splenocytes from this animal were cocul-

tivated with phytohemagglutinin (PHA)-
stimulated human peripheral blood lym-
phocytes (PBL) that were maintained in
cultures to which crude supernatants
containing interleukin-2 (IL-2) were add-
ed. The growth of STLV-III was detect-
ed by the measurement of reverse tran-
scriptase (RT) in the culture supernatant
and was confirmed by electron micro-
scopy (I). The virus stock was expanded
by seeding the day-14 supernatant from
this culture onto normal human T cells
growing in the presence of IL-2. Inocula-
tion of this supernatant onto Raji cells
and canine thymus cells yielded no virus
growth as determined by RT assay of
culture supernatants, indicating that no
simian type D retrovirus was present.
Inoculation of this material onto Vero
cells and human embryonic lung cells
yielded no virus growth as determined
by the appearance of cytopathic effect.
Thus there was no evidence that other
viral agents were present in the inocu-
lum.

Six monkeys were selected for inocu-
lation with this agent. Four of them were
6 months old and had not been used in
previous studies; the other two were 18
months old and had been inoculated 15
months previously with the macaque ret-
rovirus D/New England. While it has
been suggested that type D retroviruses
may play some part in immune deficien-
cy syndromes in macaques (5), the two
previously inoculated animals used in
the present study appeared to be free of
disease when the study began (6). They
did, however, have a few enlarged axil-
lary and inguinal lymph nodes. Except
for lymphadenopathy in the D/New En-
gland infected animals, the six monkeys
were found to be normal when they
underwent physical examinations at the
beginning of the study. Cocultivation of
PBL from the four 6-month-old animals
with Raji cells and canine thymus cells
yielded no type D retrovirus, and cocul-
tivation of PBL from all six animals with
HUT-78 cells yielded no type C retrovir-
uses. That the animals were normal was
also indicated by the results of routine
hematologic and serum chemistry stud-
ies, by their PBL absolute T4 and T8
numbers (Table 1), and by the blastogen-
ic responses of their PBL to concanava-
lin A (Con A), pokeweed mitogen
(PWM), xenogeneic stimulating cells,
and Candida antigen.

The virus used in the inoculations was
grown on human T cells maintained in
culture with IL-2. Each animal received
an intravenous inoculation of 1.7 ml of
pooled supernatants from day 14 and 18
cultures of the second passage of this
STLV-III isolate. The RT activity of the
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