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WAVES IN THE GULF OF CALIFORNIA - M. HENDERSHOTT
Trieste, 1991

1.Tides and Tidal Dissipation in the Gulf of California

The Gulf of California may be idealized as a waveguide of, say width W and depth D. In such &
waveguide Kelvin modes of the form { =~ exp[-ist+iky-xf/c] or § = expliot-iky+xf/c] propagate

along the waveguide with dispersion relauon o=kc, where c=VgD. Poincaré modes have the form
¢= cos(nmx/W+phase factorjexp(-ict+iky) with dispersion relation o= = {2 + 212+ (n/W)=).

They are evanescent along the waveguide e.g. 1 is imaginary if (c2- 2 - c2(nr/W)2) < 0. This
happens if the frequency is subinertial or even in the superinertial case if D is large enough or Wis
small enough. In the Guif the latter is sufficiently the case that even for n=1 Poincaré modes are
evanescent. Consequently away from either the mouth of the Gulf (where the Pacific effectively
sets the cross Gulf variation of tidal elevation) or the closed end of the Gulf, the semidiumnal tide
can consist only of a pair of oppositely travelling Kelvin waves.

Tavlor (1921) considered the reflection of an incoming Kelvin wave from the closed end of a
guiflike marginal sea. No pair of Kelvin waves can satisfy the condition of no normal flow at such
a closed end; all the Poincaré modes are needed as well. But since they are evanescent. their
influence decays exponentially away from the closed end so that some distance away from it only
the Kelvin waves remain. If there is no dissipation, the reflected Kelvin wave has the same
amplitude as the incoming Kelvin wave; their superposition displays amphidromic points spaced
(n/k) apart along the centerline of thewaveguide. If there is energy loss in the vicinity of the
closure, then the reflected Kelvin wave’s amplitude is less than the amplitude of the incident Kelvin
wave and the amphidromic points are shifted towards the ‘outgoing' side. In the Gulf of California
the outgoing side is Baja California. Figure 1.1 (Hendershott and Speranza, 1971, Figures 2-5)
shows tidal elevation for a sequence of problems with closure boundary condition upormat=c{ in
which the constant a varies from zero (no dissipation on reflection) to 0.56/sec (almost complete
absorbtion of incident radiation). The shift of the amphidromic point towards the "outgoing’ side is
very clear.

Now Miller (1966) estimated the total loss E; of energy in the Gulf of California to be about 4x1017
ergs/sec. (For comparison, the energy lost to friction in the global tide - mainly in shallow seas
such as the Bering Sea, the Sea of Okhtosk, the Timor Sea, the Patagonia Shelf - is about 2x101%
ergs/sec.) We thus expect a shift of the amphidromic point(s) in the Gulf of California.

A simple Kelvin wave fit (Hendershott and Speranza, 1971) to semidiumal (Mp) tide gauge data at
Guaymas, La Paz, Topolobampo and Mazatlan indeed shows a Baja-ward shift of the semidiumal
amphidrome (Figure 1.2, Hendershott and Speranza, 1971, Figure 10) implying corresponding
appreciable energy dissipation north of the mid Gulf. Hendershott and Speranza (1971) estimated

E, = 1.5x1017 erg/sec for the M tide:from this fir.

Filloux's (1973) interpolation-without-dynamics of tide gauge observations clearly shows this shift
of amphidrome (Figure 1.3; Filloux, 1973, Figure 2.) He can estimate sea level fluctuations ;
directly from his map, and cross-gulf-average tidal flow v from the draining of the tidal prism 1n
northern gulf, and so can estimate directly the flux of energy <pg{vD> x (Gulf Width) into the
northern Gulf. He thus estimates E; = 4:35x1016 erg/sec for the tide (E; = 4.85x1016 erg/sec for ail
lunar tidal constituents). It is noteworthy that Filloux's cotidal map (Figure 1.3) puts the
amphidrome a good deal further north than Hendershott and Speranza's map (Figure 1.2): this
means that Hendershott and Speranza's map (a fit to Topolobamppo and La Paz) badly



overestimates the tide at Guaymas and hence probably overestimates the amplitude of the Kelvin
wave on the continental coast of Mexico and the dissipation as well.

Stock (1976) constructed a numerical dynamical model of Guif tides, and chose the spatial
distribution of dissipation that best made the model match Filloux's collected observations in the

sense of minimizing Zqaions/model prediction - Filloux's observation)2. He thus estimated both E;
and its along Gulf distribution. He found E; = (4.5 to 5.0)x1016 erg/sec; the corresponding along-

Gulf distributions of dissipation for various bottom stress laws are shown in Figure 1.4 (Stock,
1976, Figures V-4 and V-6).

Tidal energy may be dissipated by various forms of friction, by conversion into internal waves
and subsequent radiation, and finally in regions where strong velocity gradients occur in the
interior of the fluid. (in the Gulf of California, such regions are the hydraulic jumps believed 10
occur as the tide floods southward or northward over the shallow sills in the narrow straits
between the northern Gulf and Guaymas basin.) The foregoing estimates include conmributions
from all of these mechanisms. It is likely that much. indeed perhaps most, of the tidal energy
dissipated in the Gulf is lost to bottom friction in the far northern Gulf or in the straits. [ will not
devote further attention to discussion of the physics and parameterization of this component of the
dissipation because I believe Zimmerman will talk about it in his lectures. Instead 1 will concentrate
on internal wave dissipation by radiation away from localized generation regions, and on
dissipation in hydraulic jump regions. That disscussion follows immediately, but before reading 1t 1t
may be helpful to look over the subsequent description of internal waves and hydraulic effects in
the Gulf.

The most direct way to think about internal wave radiation of tidal energy lost to intemal waves in
localized generation regions is to look at the amount of energy that realistically large internal waves
can cary away from generation regions, and ask whether or not it is is an appreciable fraction of ali
the energy dissipated. If the crests of tidally generated internal waves (possibly but not necessanly
of tidal period) are a horizontal distance L long, then the radiated energy (ergs/sec) is LECg where
E is the energy density (erg/cm?) in a water column from sea surface to ocean floor and Cy is the
group velocity of energy propagation. It turns out that the most energetic internal waves generated
by tides in the gulf are not of tidal period, but instead are packets of much higher frequency waves
(periods = one hour). For these, the expressions for the period averaged potential energy density
and group velocity are particularly simple:

PE = (1/2)po <f N2{2dz>, E=Z PEJ Cg=~ | Ndz/(nr),

in which the vertical integrations are over the water column (of depth D), <> 1s the average over a
wave period Te.g. <> = T1J,T dt, Zis the vertical displacement of water parcels in the internal
wave field, and and N(z) is the Brunt-Vaisala frequency (assumed greater than the wave frequency
in the WKB approximation that led to the formula for Cyg.) If the Brunt Vaisala frequency were a
constant No, then for internal waves of maximum vertical displacement No,

If we take L=50km, No=2cph, D=300m and {o = 50m, we get LECg=3.7x1016 erg/sec. As will
be seen below, each packet consists of a few crests and troughs and hence takes a few hours to
pass by a particular location. The average amount over a tdal period of energy radiated is thus not
just LECg but rather [(duration of packet / udal period) LECg] ; it is thus the order of about 101
erg/sec, the order of 20% of the esumates of Filioux (1973) and of Stock (1976). On the basisof a
somewhat more detailed description of the wave packets as viewed from SEASAT SAR images.



Fu and Holt (1984) estimated a upper bound of 5x10!5 erg/sec for the loss of tidal energy to
ravelling intemal waves in the gulf.

Tidal energy may be lost at the generation region as well as by subbsequent radiation awayn from
the generaton region.The discussion below indicates that the generation regions are places where
supercritcal flow with hydraulic jumps and travelling bores may occur. Dissipation in internal
hydraulic jumps in a two layer flow is discussed by Baines (1984). Since however the two layer
approximation is not nearly as good over the gulf sills as it is, for example, in the Straits of
Gibraltar (e.g. Armi and Farmer, 1988 and papers cited there), a simple discussion along the lines
of, e.g. Lamb (1932) is all that is available in order to roughly estimate energy loss in hydraulic
jumps or bores occuring during the tidal cycle. Imagine therefore a near bottom layer of dense fluid
of thickness h and flow speed u under a deeper and quiescent upper layer. If there is a transition in
layer depth. both mass flux Q=uh and momentum flux M=u2h+g'h%/2 (per unit mass and unit
width of jump) must be the same on either side of the transition but the energy flux E=uh(u?/2 +
g'h) will decrease (where g' is the vertical acceleration g of gravity multiplied by the relative
density difference Ap/p between moving and quiescent layers, ¢.g. the reduced gravity). Since,
from these,

M=Q2fh+g'h2/2 , E:Q[QZ/(th) + ghl,

we have
AM = Q2(1/hy -1/hy) + (g/2) (hp2 -12) =0,

AE = (Q/2)[ Q¥(1/h2? - 1/h2) +2g'(hz - hy) ]
so that finally

AE = (g'Q/4) Ah3/(h1h2), Ah = (h; - hp)

This multiplied by the cross-sill with L of the jump or bore and by the density p of the moving fluid

gives the energy loss per second as fluid flows through the jump. If we take g=1000 emy/sec?,
ap/p =.001, h =400 m, u = 1.0 m/sec, and L =10 km (for all jumps over all sills) we get

AEom] = (pg'Lh2u/4) [Ah3/(hh1h2)] = 4x1016 [Ah3/(hh1h2)] erg/sec.

The uncertainties in this estimate are large; it must be adjusted downward to account for the facts
that hydraulic conditions vary widely over a tidal cycle and that flow at neaps may be subcritical.

The factor [Ah3/(hh1h3)} is probably substantially less than one; the following discussion
summarizes what little is known about the sizes of parameters needed to make this estimate. Taken
at face value, it suggests that gulf-wide dissipation in jumps and bores is probably only a fracuon
of the energy radiated in internal wave packets, although in the vicinity of the sills it may be very
important.
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2. Internal Wave Packets and Hydraulic Phenomena in the Gulf of California

In August, 1974 a CALCOFI Cruise in the Gulf of California recorded evidence of high amplitude
(order 50 m) undulatory displacements of isotherms over San Lorenzo sill. Figure 2.1 shows
the location of hydrographic stations along a section passing from the north end of Ballenas
Channel southward over San Lorenzo sill into Guaymas basin together with the depths of selected
isotherms along the section. The wavelike pattern in isotherms over San Lorenzo sill cannot be
taken too literally, as time variation of the actual pattern is probably seriously aliased into it;
nonetheless it is clear that large vertical excursions of fluid parcels occur near this sill. Similasly
great vertical excursions have since been documented over San Esteban sill, over the sill at the
north end of Ballenas Canal, and over San Lorenzo spur.

Patterns strongly suggesting internal wave packets propagating away from San Lorenzo sill and
away from the three other locations just noted are prominent in the synthetic aperture radar (SAR)
images recorded by SEASAT in July-October of 1978 (Fu and Holt, 1984). It is not known with
certainty what feature of the sea surface outlines the internal wave field in these images; most likely
the radar responds to the effect of internal wave orbital currents on small (centimeter scale) surface
waves. Figure 2.2 (Fu and Holt, 1984, Figure 2) is a typical spring tide image; packets were
clearly visible at spring tides, and barely detectable at neaps. Figure 2.3 shows the locations of
the leading crests of the most prominent groups visible in a number of images. They appear 10
eminate from the four locations noted above, although close study of the images shows a wealth of
less prominent detail associated either with secondary reflections of waves from these packets or
else with waves generated at other sites.

In January 1990, Badan et al (1991) made simultaneous five hour long vertical profiles of
temperature {by yoyoing a CTD) and of horizontal and vertical velociues (with a shipboard acousdc
doppler logger current profiler made by RDInstruments of San Diego, CA). Figure 2.4 (Badan et
al, 1991, Figure 4) shows the results. Since the wave period is so short (about one hour) the
earth's rotation may be neglected. Taking y to be the direction of wave propagation (with velocity v
in the y direction), the waves satisfy

Vi = ‘Hy, N2W = 'Hzl, VY+WZ = 0

where w is vertical velocity in the upward (z) direction (z=0 at the surface), N is the Brunt-Vaisala

frequency, and I1 = p/po where p is the pressure. If the Vaisala frequency is constant (No), then
first mode solutions are

v = vply-ct) cos(nz/D), IT = Iy(y-ct) cos(nz/D),

w = wo(y-ct) sin{nz/D), L= Loly-ct) sin(rnz/D,

in which £ is the vertical displacement, w = {;, the propagation speed is c=NoD/r and the functions
Wo, Lo are related to v by

wo = vor (Dfcm), Lo = Vo (D/cT) = vo/No.

(Note that, inconveniently, the choice of z=0 at the sea surface makes wo, Lo< O correspond to
upward vertical velocity or displacement, respectively.) These relatonships are cleariv visible in

Figure 2.4.



At this station the Brunt-Vaisala frequency N is about 2 cph and the depth is about 315 m so that
¢=ND/r = 0.3 m/sec. Since the wave peniod is about an hour, the wavelength is about 1100 m.
The ratio between vertical and horizontal velocities for periodic motions (period T) is wo/vg =
2n/NT = 2n/(4n rph x 1 hour) =1/2. The vertical displacement of isotherms is about 70 m.

Qver the sills, the water column at spring tdes is instantaneously frequently statically unstable over
many tens of meters. Thus for example the vertical profiles of temperature, salinity and density
over San Esteban sill as the spring dde floods southward that are shown in Figure 2.5 show
unstable stratification over the lower half of the water column. At such times, the profiles evolve so
rapidly that the down and up parts of the cast appear unrelated.

Figure 2.6 (Paden,1991, Fig 21 plus individual temperature profiles) shows the results of an
XBT transect southward over this sill as the tide flooded southward. The extrerhe vertical
excursions (over 200 m!) of fluid parcels implied by the isotherm displacements are especially
noteworthy, as is the location just downstream of the sill of the most unstably stratified temperature
profile.

The extreme vertical excursions of isotherms imply that very cold water is brought to the surface in
these regions. This will be documented in more detail in the discussion of the large scale
circulation, where it will be suggested that this is an important mechanism in the overall heating ot
the northern Gulf by the atmosphere. The sea surface in these regions around spring tides shows
patches of water tens to hundreds of meters across into which shori waves cannot propagate,
suggesting violent upwelling in their centers. A aircraft IR sensor map of sea surface temperature
over San Esteban sill when the tide is flooding northward shows a cold patch about a kilometer in
diameter on the north side of the sill.

In January of 1990, Badan et al (1991) returned to this site with the Acoustic Doppler Current
Profiler and took some sections over the sill as the tide flooded southward. Figure 2.7 (Badan et
al, 1991, Fig. 3) shows one such transect together with isotherms from an elecirical BT. Because
the tide turned about the time the ship passed over the sill, appreciable tme variation of the flow is
aliased into this transect. Nonetheless, the important point for this discussion is that the measured
tidal velocities are greater than the local speed of first mode internal waves over most of the
transect; the flow is supercritical. The spring tidal cycle in these regions will thus be marked by the
occurence and dissolution of internal hydraulic jumps as the current increases and decreases; these
are probably closely connected with the radiation of the internal wave packets whose occurence has
been documented above.

3. Coastally Trapped Waves in the Gulf of California.

Christensen et al (1983) and Enfield and Allen (1983) have found poleward propagating
nondispersive events in sea level along the Pacific coast of Mexico in summer-fall over the
frequency range 0.02 to 0.37 cpd. They seem to originate in the alongshore polward movement of
tropical storms as far as 20°N and thereafter propagate as free events into the Gulf at least as far as
Guaymas. Figure 3.1 (Enfield and Allen, 1983, Fig. 2) shows a number of such events in 1971,
and Figure 3.2 (Enfield and Allen, 1983, Fig. 5) shows details of two such events together with
the tracks of the storms believed to have produced them.

More recently Merrifield and Winant (1989) have again observed such events in the Gulf, but in
alongshore current and bottom pressure as well as in sea level. Figure 3.3 (Merrifield and
Winant, 1989, Figure 14) shows such events in sealevel and bottom pressure from Salina Cruz

(about 16°S and 1000 km away from the mouth of the Gulf along the Pacific coast of Mexico) o

/

ra



San Francisquito, about 100 km north of Guaymas inside the Gulf). Within the Gulf, events
appear to propagate at roughly 200-250 kpd.

Extensive measurements along the Guaymas-Santa Rosalia line give a good idea of the spanal
structure of pressure fluctuations in the water column as these events pass Guaymas towards the
northern Gulf. Bottom pressure measurements and density measurements in the overlying water
column allow reconstruction of p(x,z.t) during events such as the energetic one from 8-15 July of
1984. Figure 3.4 (Merrifield and Winant, 1989, Figure 15) shows (panel a) offshore decay of
the bottomn pressure signal away from Guaymas and (panel ¢) decay with depth of pressure signal
in offshore column 200 m deep. Figure 3.5 (Merrifield and Winant, 1989, Figure 16) shows the
spatial distribution of the pressure signal associated with the domonant EOF of pressure along this
wransect; the offshore decay scale is about 50 km and the vertical decay scale is about 150 m. As
will be seen below, this signal is uncorrelated with Guaymas winds or with winds over the Gulf
(they tumn out to be very similar).

The flow associated with this pressure signal is strongly geostrophic in the cross-shelf direction.
Figure 5 (Merrifield and Winant, 1989, Figure 21) compares the observed along-shelf flow and the
geostrophic flow (computed from the foregoing estimate of the pressure signal) near Guaymas and

near Santa Rosalia. Observations of the along-shelf flow v and of (fpo)-!dp/dx are significany
correlated at both stations with correlation coefficients of 0.47 at Guaymas and 0.41 at Santa
Rosalia; the regression coefficients are 0.71 and 1.09 respectively. It is clear to the eye that the
cormelation is substantally higher during the most energetic event (July 8-15, 1984).

In the along-shore direction the local acceleraton is strongly correlated with the alonshore pressure
gradient but not at all with local winds, indicating wave propagation towards the northern Guif.

Thus Figure 3.6 (Merrifield and Winant, 1989, Figure 23) shows that v, and po-ldp/dy at
Guaymas and Santa Rosalia correspond well during events. Table 3.1 (Merrifield and Winant,

1989, Table 5) shows that v and py-ldp/dy are well correlated at both stations; especially along
the Guaymas shelf break po-ldp/dy accounts for over 40% of the variance in vi. The correlation

is greatest at a lag of about 15 hours in part because the estimate of po-ldp/dy uses instruments at
Guaymas and Isla Tiburon, and hence is centered about 50 km north of Guaymas (this would
produce a lag of about 50km/250kpd = 5 hours, why the observed lag is appreciabiy larger is not

known). Table 3.1 also shows that along-shore wind stess 1Y accounts for virtuallv none of the
variance in along-shore acceleraton, as would be expected for remotely generated signals.

Finally, in the most energetic event of 8-15 July 1984 Figure 3.7 (Merrifield and Winant, 1989,
Figure 24) shows that the vertical displacement of isotherms is a mirror image of sea level
displacement with about a 60 m fall of isotherms in the upper 130 m corresponding to a 20 cm rise
in sea level. As sea level rises, fluctuations in the flow are northward; all these signals are in the
sense expected for a poleward propagating Kelvin wave.

It is natural to ask whether such propagating disturbances can be reflected in the far northern Gulf
and return southward along the coast of Baja California. In fact, Figure 3.8 (Merrifield and
Winant, 1989, Figure 25) shows that in both 1983 and 1984, near coastal pressure or adjusted
(inverse barometer removed) sealevel signals at Guaymas consistently reappear 710 9 days later in
temperature fluctuations at 70-100 m depth just offshore of Santa Rosalia. Table 3.2 (Memifield
and Winant, 1989, Table 2) shows similar correlation between offshore temperatures at Guaymas
and Santa Rosalia, but no similar lagged correlation appears in corresponding currents.
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Locations of leading crests of internal wave groups visible
on SEASAT SAR images labeled in hours (rounded to nearest)
after foregoing low tide at -Puerto Penasco. Islands and
coastline sketched from Rev 1355 and Rev 1140. It is not
known whether occasional apparent'failﬁre of crests to pro-
gress uniformly is due to missing initial crest, to changes
in projection from one image to another (images were not ra-

gistered to common grid), or to time variable currents.

Rev Date Time (GMT) (MST} Low Tide {(MST} Lag

1226 20 Sept 17:31 10:31 ©:53 C:38 (%
1183 17 Sept 17.1% 10.15 - 8:06 2:0% (2}
1441 - 5 Sept 18:33 11:33 9:06 2:27 (2%}
1140 14 Sept - 17:04 10:04 6:07 3:58 (4}
1355 29 Sept 18:11 11:11 6:23 4:48 (5)
193 10 July- 12:20 05:20 22:26% 6:54 (7)
k1Y) 24 July 02:13* 19:13 10:56 8:17 {8}

# preceeding day
* following davy

Stations Y8 and Y9, occupied 8 and 10 hours after foregeing low

tide, are marked by x's between Isla San Esteban and Isla San Lorenzo.
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Figure 2.4.3a: Temperature (°C, dark line), salinity (ppm, light line), and potential density
(standard units, dotted line) profiles at station 82 of Pichicuco 6, near San Esteban sill.
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