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Abstract. It is becoming well known that aliasing
associated with ocean tides could be a major source of
systematic error in altimeter seca-level measurements,
due to asynoptic sampling and imperfect tide modelling.
However, it has been shown that signals of non-tidal
origin may also contribute significantly to the observed
aliasing. In this paper, numerical simulations are
performed to demonstrate the full aliasing potential
associated with altimeter observations of seasonal sea-
level variability and annual Rossby waves. Our results
indicate that ignorance of non-tidal aliasing may lead to
the possibility of underestimating the total aliasing and
misinterpreting or overlooking existing geophysical
phenomena. Therefore, it is argued that an entire
aliasing picture should be kept in mind when satellite
altimeter data are analysed.

1 Introduction

The accuracy of altimetric sea-level measurements has
been steadily improving towards a striking level of
1-2 cm during the past few years (Fu et al., 1994
Cheney et al., 1994; Stammer and Wunsch, 1994; Shum
et al., 1995; Le Traon et al., 1995), thanks to the
significant advances in satellite technology, remote-
sensing instruments, as well as geophysical modelling
and data processing. With considerable minimization of
the uncertainties in orbit determination and environ-
mental corrections, an intrinsic systematic source of
error in altimeter measurements known as aliasing,
resulting from asynoptic sampling, becomes an emerg-
ing challenge to many geophysical applications. This can
be seen from the fact that, in recent altimetric studies,
aliasing is a frequently mentioned source of error (e.g.
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Jacobs et al., 1992, 1993; Schlax and Chelton, 1994a,b;
Le Provost et al., 1994; Stammer and Wunsch, 1994;
Aoki et al., 1995; Chen and Ezraty, 1996).

Alias problems in satellite altimetry are usually
addressed in connection with ocean tides, which are
most easily detectable due to their well-defined frequen-
cies associated with high energies. However, knowing
that the frequency spectrum of sea level is continuous,
infinite and geographically varying, the tide-only alias
consideration is incomplete in theory and inadequate in
reality. As shown by Chen and Ezraty (1996), aliasing in
satellite altimetry is a 4D (x,y,z and ¢) process involving
all signals within a certain temporal and spatial domain.
Although non-tidal aliasing energies are often smaller
than tidal ones, keeping in mind that aliasing in altimeter
sea-level observations is an accumulating process, the
overall non-tidal contribution may not always be negli-
gible. On the other hand, significant energy highs of non-
tidal origin have been found at periods ranging from
several days to several months in various world oceans.
For example, the existence of a barotropic planetary
oscillation resulting from low-mode inertia-gravity
waves in the Pacific Ocean is evidenced by three energy
peaks centred at 3.0, 4.0 and 5.3 days in the sea-level
spectrum (Luther, 1982; Wunsch and Gill, 1976); energy
highs are identified along 5°N for periods of 28—40 days
and along 12°N for periods of 50-90 days, associated
with sea-level oscillations along two shear fronts of the
Pacific north equatorial countercurrent (Périgaud, 1990).
Since the alias-free periods for recent altimeters, namely,
Geosat, ERS-1,2 (35-day repeat orbit) and TOPEX/
POSEIDON, are 34.1, 70.0 and 19.8 days, respectively,
many of the mentioned dynamic events which produce
energy highs are potential candidates for altimetric
aliasing. Therefore, we believe it is important to bear a
complete theoretical aliasing picture in mind when
making geophysical interpretations of altimeter sea-level
measurements.

The main purpose of this paper is to demonstrate the
full aliasing potential associated with altimeter-observed
seasonal sea-level variability and annual Rossby waves.
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In doing so, numerical experiments are designed under
previously developed theory to simulate the overall
aliasing involved in each case. These two examples are
selected because, on one hand, they are geophysically
important and observationally favourable; and on the
other, they are aliasing representative and cover all four
dimensions of the problem. The rest of the paper is
organized as follows: a brief summary of temporal and
spatial aliasings in satellite altimetry is provided in
Sect. 2; parallel descriptions of aliasing potentials
involved in altimetric observations of seasonal sea-level
variability and annual Rossby waves are presented in
Sects. 3 and 4, respectively; some concluding remarks
are given in Sect. 5.

2 A brief summary of altimetric aliasing

A detailed analysis of some aspects of the alias effects
associated with Geosat, ERS and TOPEX/POSEIDON
altimeters has been carried out by Chen and Ezraty
(1996). A brief summary of the results is presented here.

Two key parameters in addressing temporal and
spatial aliasings are the alias period 7, and alias
wavelength 4,. 7, may be expressed as a function of
satellite orbital repeat period 7; and the original period
of the signal T,

= (1)

L—E+0s|
where [X] is the greatest integer less than or equal to X,
and X denotes an arbitrary argument.

Spatial aliasing in satellite altimetry is more compli-
cated because of its along-track (near meridional) and
cross-track (zonal) anisotropy. For the purpose of this
study, we only focus on cross-track aliasing which is
closely related to temporal aliasing. On the assumption
that a harmonic signal has locally constant amplitude
and phase, the zonal alias wavelength can be written as

o Ax
”’"_n+(%’* {%’*0'5}) -

where Ax and Af are space- and time-shifts between two
adjacent longitude nodes at a given latitude, n is an
integer. Equation (2) states that there is an infinite
number of spatial aliases for each harmonic signal. In
most cases, however, only the primary alias wavelength
(n =0) is of practical importance, since shorter wave-
lengths usually cannot be resolved by altimeter mea-
surements.

It is found that in the time-domain, the alias period
appears as a non-periodic J-like function with respect to
the original period of the signal (Fig. 1). In the space-
domain, the alias wavelength varies with the original
period as a step-like function. Note that the zonal alias
wavelengths are independent of their original wave-
lengths (see Eq. (2)). In other words, the real zonal scales
of the original signals within the Nyquist band
(T, < 2T;) cannot be reflected in the observed cross-
track wavelengths, no matter how small Ax is.

(T, <2Ty) ., (2)

The alias periods and the primary zonal alias
wavelengths of six major tidal constituents for Geosat,
ERS and TOPEX/POSEIDON are listed in Table 1.
Note that the alias wavelengths are expressed in the unit
of degrees of longitude which have the advantage of
being constants with respect to latitude.

3 Case 1: seasonal sea-level variability

Seasonality is one of the fundamental features of the
ocean-atmosphere system. This is basically because most
of the primary forcings, including wind stress, heating,
rainfall and evaporation, are at annual and semiannual
frequencies (Jacobs et al., 1992). Characterization of
seasonal variation has been proven to be an important
step towards a better understanding of many atmo-
spheric and oceanic processes. This is also the case for
sea level.

Seasonal variations of sea level have been analysed
on both global and regional scales since the year-long
satellite altimeter data became available in the late
1980s. Zlotnicki et al. (1989) study the seasonal
variability in global sea level observed with Geosat
altimetry. Annual, semiannual and interannual variabil-
ities of the Southern Ocean sea level are examined by
Chelton et al. (1990) with 26-month Geosat data using
empirical orthogonal functions. Jacobs et al. (1992)
obtain the global structure of the annual and semian-
nual sea surface height variability from 2 years of
Geosat data by the least-squares technique. The annual
cycle of sea-level variation in the western tropical
Atlantic is derived by Didden and Schott (1992) from
Geosat data using objective analysis. Annual sea level
variation in the southern tropical Indian Ocean is
investigated by Périgaud and Delecluse (1992) using
both Geosat data and numerical simulations. Provost
and Le Traon (1993) analyse the spatial and temporal
scales of sea-level variability in the Brazil-Malvinas
Current confluence region with a focus on the domi-
nance of semiannual period. More recently, new efforts
have been made to reinvestigate the seasonal sea-level
changes by TOPEX/POSEIDON altimetry, in the hope
that better results could be obtained due to the
significant improvements in its data quality (Stammer
and Wunsch, 1994; Tapley et al., 1994; Knudsen, 1994,
Cheney et al., 1994; Nerem et al., 1994).

Browsing through the literature, one may easily find
that although there are some general conclusions on
global-scale sea-level variations among various authors,
the scatter, and sometimes, random nature of the results
is also evident, particularly on regional and semiannual
scales. As pointed out by Zlotnicki et al. (1989) and
confirmed by other investigators, it is difficult to discern
coherent seasonal sea-level changes for most of the
world oceans. One may be impressed by the unexpect-
edly low percentage of sea-level variances explained by
the annual and semiannual cycles, roughly 20% and
10% , respectively. In addition, qualitative comparisons
between similar results derived from TOPEX/POSEI-
DON and Levitus atlas (Levitus, 1982) indicate that the
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Fig. 1a—d. Alias period as a function of original period of a harmonic
signal under the sampling schemes of a TOPEX/POSEIDON, b ERS
(35-day repeat orbit) and ¢ Geosat; d is a zoom of ¢ centred at 0.5

differences are considerable and sometimes inconsistent.
For example, in the equatorial region, TOPEX/POSEI-
DON shows a much larger annual variation than
Levitus, while in the southern hemisphere, the annual
variation is quite small in TOPEX/POSEIDON relative
to Levitus (Nerem et al., 1994). Quantitative compari-
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days on the axis of original period. The dashed lines indicate the lower
limit of the alias period, and the upper limit is cut at 730 days

sons between TOPEX/POSEIDON and tide gauge
results show a correlation of 0.74 for the annual cycle,
but only 0.25 for the semiannual cycle (Knudsen, 1994),
which is far from being significant. These poor statistics
imply that it is often difficult to interpret or compare
such results in a meaningful and reliable way. Several

Table 1. Alias periods and primary alias wavelengths of six major tidal constituents under Geosat, ERS (35-day repeat orbit) and TOPEX/
POSEIDON sampling schemes. The direction of alias propagation is denoted as E for east and W for west

Signal T, (day) T, (day) Aao (deg)
Geosat ERS T/P Geosat ERS T/P

M2 0.5175250 317.11 94.49 62.11 8.00W 8.79E 9.01E
S2 0.5000000 168.82 00 58.74 179.90E 179.76 183.01W
N2 0.5274311 52.07 97.39 49.53 4.09E 4.29W 9.01W
K1 0.9972695 175.45 365.24 173.19 359.80E 359.53E 366.03W
0Ol 1.0758059 112.95 75.07 45.71 8.18W 8.58E 9.24E
Pl 1.0027454 4465.95 365.25 88.89 359.80E 359.53W 366.03W
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reasons have been suggested on the altimeter side which
might be responsible for the observed incoherence,
among them interannual sea-level variability and tidal
aliasing are thought to be important (Chelton et al.,
1990; Jacobs e al., 1992). Based on the descriptions in
Sect. 1, however, we speculate that non-tidal aliasing is
also a possible source of contamination. In this section,
we are going to demonstrate this effect by numerical
simulation and discuss its potential consequences.

The simulation scheme is straightforward. We con-
sider the case of Geosat which has an intermediate orbit
period (7, = 17.0505 days) among available altimeters.
Suppose we have a harmonic signal, s(¢), with an annual
period, a unit amplitude and an initial phase of zero,

s(t) = cos(2mt/365.24) , (3)

where ¢ is the time in day; and a perturbation, n(z), with
the same amplitude but a varying period 7 (in day) and
a random initial phase ¢, between 0 and 2,

n(t) = cos(2nt/T + @) - (4)

The combined signal and perturbation sampled by
Geosat altimeter is therefore,

G(t;) = cos(2nt;/365.24) + cos(2nt; /T + @) (5)

where #; =i x 17.0505 (day), and i is an integer. In the
present case, the sampling duration and the maximum
period of the perturbation are limited to 2 and 5 years,
respectively, ie., 0<7<36524x2 and 0<T<
365.24 x 5. The sampled data set G(#) is then used to
recover the annual harmonic signal expressed as,

R(t) = a x cos(2nt/365.24) + b x sin(2nt/365.24) |

(6)
where ¢ and b are regression coefficients. This is done by
a running least squares with respect to 7, on the
assumption that R(#;) = G(#). Finally, the amplitude
and phase of the recovered signal can be obtained by,

A=(a+b)" (7)
and
0 = arctan(b/a) . (8)

The recovered amplitude of the annual harmonic
signal as a function of perturbation period is shown in
Fig. 2. Within the Nyquist band (7 < 2T;), the recov-
ered amplitude basically follows its original unit value
but with numerous spikes and lobes ranging from 0 to 2
(Fig. 2a), which is mainly a reflection of aliasing.
Comparing Figs. 1c and 2a, one recognizes that a spike

>

Fig. 2a—c. The recovered amplitude of an annual harmonic signal with
respect to the perturbation period which covers a 0-20 days, and
b 20-2000 days; ¢ is a zoom of a, showing the details of the spike
pairs. The simulation is performed on Geosat ascending tracks for a
duration of 2 years. The ratio of amplitude of signal versus
perturbation is 1
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occurs when the alias period of T equals 1 year. In fact,
these spikes always appear in pairs (see Fig. 2c for a
zoom), since 7 intersects a given value twice within each
alias oscillation (see also Fig. 1d). The central locations
of the spike pairs can be approximated as,

. =T,/i, (i=1,2,3, 9)

It is obvious that the recovered amplitude of the annual
signal is very sensitive to any perturbation with a period
at or near these spikes. In the case of Geosat, the period
of the M2 tide, 0.517525 day, happens to be very close to
the left spike of the third pair in Fig. 2¢c, which is why its
contamination to the annual cycle is so remarkable (see
Jacobs et al., 1992). Meanwhile, one must realize that
the M2 tide is only one of the infinite number of
potential perturbations, although the most energetic one
in the majority of the world oceans, whose periods fall
into the sensitive bands (Fig. 2a,c). As we have pointed
out, the frequency spectrum of the sea level is contin-
uous and infinite, the contributions of other non-tidal
perturbations at sensitive periods are also inevitable. In
the Pacific Ocean, for instance, the low-mode inertia-
gravity waves with energy highs between 4-6 days
(Luther, 1982), or tropical instability waves with periods
between 28-40 days along 5°N (Périgaud, 1990) could
be real examples of such perturbations. Unfortunately,
the temporal and spatial irregularities of most of the
non-tidal perturbations usually make them very difficult
to identify and quantify. However, the existence of such
contamination potentials needs to be equally acknowl-
edged and taken into account, especially in regions
where systematic wave propagation exists.

Beyond the Nyquist period, the frequency interfer-
ence becomes less intensive but more consistent, i.c., the
probability for an annual harmonic to be contaminated
is increased (Fig. 2b). Note that the black area in Fig. 2
is proportional to the overall extent of interference.
Signals with periods between 34.1 and 200 days only
have slight influence on the recovered annual amplitude.
In contrast, signals falling into the period band between
200 and 600 days have remarkable contributions (Fig.
2b). In a sense, a large part of the recovered amplitude
actually corresponds to an average energy of this band
rather than a single annual frequency. Noticeably, a
non-interference point is located at 730 days, beyond
which the contamination becomes almost frequency
independent. This confirms the argument that the
altimeter observed annual cycle will inevitably include
part of the interannual variabilities.

The recovered phase of the annual harmonic signal as
a function of perturbation period is plotted in Fig. 3. It
is easy to recognize that the deviation pattern of phase
recovery is similar to that of the amplitude (Fig. 2). This
suggests that aliasing creates coherent impacts on both
amplitude and phase within the Nyquist band. Phase
shifts as large as +60° are found around the spikes,
while at locations other than these, the shifts are
generally small, less than a few degrees in the Nyquist
band and less than 10° beyond that band. It is

G. Chen, R. Ezraty: Non-tidal aliasing in seasonal sea-level variability and annual Rossby waves

30
a
60+
Q
o
o
35
-~ 30._
[}
2]
@
<
[oX
S 0
c
C
«©
?
S —30
>
o
o
(]
o
_60._
-90 T T T T 1 T T
0 2 4 6 8 10 12 14 16 18 20
Perturbation period (day)
90
b
©
o
(2]
(]
RS
[)]
2]
©
<
Q.
©
>
c
c
[
o
o
[
>
Q
(8]
[0
o
-90 T T T T T
20 350 680 1010 1340 1670 2000
Perturbation period (day)
90
c
60+
[}
o
(2]
3
~ 30_
[0
2]
3]
<
o
g 0
c
c
©
B
5 —304
>
[o]
[8]
& M2
—60
-390 T T T
0.48 0.49 0.50 0.51 0.52

Perturbation period (day)

Fig. 3a—c. As Fig. 2, but for the recovered phase



G. Chen, R. Ezraty: Non-tidal aliasing in seasonal sea-level variability and annual Rossby waves 1483

interesting to note that in the middle of each spike pair,
both the amplitude and the phase have a zero discrep-
ancy, meaning that perturbations at these periods have
no impact on the recovery of annual signal. This
property offers a possibility to eliminate a specific tidal
contamination on a wanted frequency. For example, if
the satellite orbit is chosen at a period which causes the
M2 period to be in the middle of one of the spike pairs
shown in Fig. 2a, a major part of its contamination to
the annual harmonic will then be removed.

In order to examine the impact of data duration on
the recovery of annual amplitude and phase, we increase
the simulation time from 2 to 4 years. It is found that the
general structure of the aliasing part has very little
change compared to Figs. 2a,c and 3a,c, except that the
spikes appear to be slightly sharper (not shown). Beyond
the Nyquist period, however, the interference pattern
has been significantly altered (Fig. 4a). This is exhibited
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Fig. 4. a As Fig. 2b, but for a simulation duration of 4 years; b Same
as Fig. 2b, but for a simulation duration of 20 years under the
sampling scheme of TOPEX/POSEIDON

by the narrowing of the main annual band and the
addition of several non-interference points. As a result,
an increase in data duration leads to a decrease in
interannual contamination. But knowing the fact that
the actual Exact Repeat Mission of Geosat lasted for
about 26 months (Cheney et al., 1991), Fig. 2b repre-
sents a more realistic picture than Fig. 4a. An example
of possible future interest is shown in Fig. 4b, which is
obtained from the simulation of TOPEX/POSEIDON-
like missions for a period of 20 years (expected from
TOPEX/POSEIDON and its follow-ons). It is apparent
that with a time-series of 20 years, the effect of non-
annual interference will be considerably minimized.

Returning to Fig. 2b, we now increase the ratio of
amplitude of signal versus perturbation from 1 to 2, and
plot the simulation result in Fig. 5. This time, there is no
change in the general pattern of interference except that
the recovered amplitude fluctuation has been reduced by
a factor of 2 compared to Fig. 2b. Therefore, the
fluctuation amplitude is found to be inversely propor-
tional to the ratio of signal to perturbation.

Next, we have an insight into the situation at
crossover points where both ascending and descending
samples are available. Again we plot the recovered
amplitude and phase of the annual signal as a function
of perturbation period using as input the altimeter data
from both ascending and descending tracks. This time,
however, we find little change in the unaliased part, but
considerable changes are observed within the Nyquist
band (Fig. 6a). The typical impact of combining
ascending and descending data is that the deviations of
both the recovered amplitude and phase are systemat-
ically reduced, particularly for some of the spikes
(compare Figs. 2a and 6a). However, the locations of
the spikes remain unchanged (Fig. 6a). An extreme case
may occur in which all other spike pairs disappear
(Fig. 6b,c, also compare with Fig. 2a,c). The exact
impact of the combination on a particular signal period
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Fig. 7. The recovered amplitude of an annual harmonic signal with
respect to the crossover time difference between successive ascending
and descending samples. The M2 tide is used as perturbation and the
simulation duration is 2 years

depends critically on the time difference of ascending
and descending measurements which varies from 0 to
T;/2 with latitude. The recovered amplitude, from the
annual signal and a perturbation of the M2 tide, with
respect to the crossover time difference, is shown in Fig.
7, which appears as a periodic oscillation. It should be
pointed out that the consequences of some of the effects
discussed have also been observed with real Geosat data
(e.g., Jacobs et al., 1992).

In summary, numerical simulations demonstrate that
altimeter-derived annual cycle of sea level is subjected to
alias contamination of both tidal and non-tidal origins
at short time-scales, and seasonal and interannual
interference at long time-scales. The uncertainties of
the recovered amplitude and phase are found to be
coherent. It is also shown that the joint use of both
ascending and descending samples at crossover points
may partly remove the alias contamination, and the
extension of data duration may partly reduce the
interannual interference. However, knowing the heavy
potentials of contamination in theory and the complex
nature of the sea-level spectrum in reality, it seems
difficult for an annual sea-level signal to be separated
faithfully from existing altimeter measurements. There-
fore, care must be taken when such results are interpre-
ted or compared.

<

Fig. 6a—c. The recovered amplitude of an annual harmonic signal with
respect to the perturbation period. The simulation is performed with
data from both ascending and descending tracks at crossover points
for a duration of 2 years. The time difference between two successive
ascending and descending samplesisa 7;/5 and b 7 /4; ¢ is a zoom of b
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4 Case 2: annual Rossby waves

Rossby waves in the ocean are westward propagation
with a time-scale of several days to several years and a
space-scale of kilometers to several thousand kilometers
(Magaard, 1983; Jacobs et al., 1993). They are the
dynamic mechanism for the transient of the ocean to
changes in large-scale atmospheric forcing. It has been
recently suggested that Rossby waves generated by El
Nifo events may account for ocean circulation anoma-
lies a decade later in the mid-latitude North Pacific
(Jacobs et al., 1994). Such ocean changes may signifi-
cantly influence weather patterns over North America.
Observations of Rossby waves have been an area of
active research in satellite altimetry since Geosat data
became available in the late 1980s [see Chelton and
Schlax (1996) for an overview]. Many of the authors have
used time/longitude diagrams of sea surface height to
identify Rossby waves, since these diagrams are thought
to provide a direct means for deriving propagation-
related parameters such as period, wavelength and phase
speed. Recently, there have been some suspicions
regarding the validity of some of these Rossby waves,
following the recognition of the confusion between
Rossby-wave propagation and aliased tidal propagation
(Jacobs et al., 1992, 1993; Schlax and Chelton, 1994a,b).
For example, Schlax and Chelton (1994a,b) have proved
that at least part of the Rossby-wave-like propagation in
the North Atlantic observed by Tokmakian and Challe-
nor (1993) is actually the aliased M2 tide.

We will demonstrate the confusion between annual
Rossby wave and aliased M2 tide through a numerical
simulation of this example. To obtain a more realistic
picture, five other major tidal constituents listed in
Table 1 are also incorporated. And for the purpose of
comparison, similar simulations are performed with
ERS and TOPEX/POSEIDON. The simulation scheme
is as follows. We first use the alias periods and
wavelengths as well as the normalized equilibrium
amplitudes of the six major tidal constituents to
construct three 180-day data sets under the sampling
schemes of Geosat, ERS and TOPEX/POSEIDON
along 0-60°E at a given latitude. The simulated sea
surface height H(,J) at longitude x(/) and time #(J) is
computed through

6
> wisin 27 (2 + 40}
H(l,J) == - :
> wi
i=1

where w; are the equilibrium amplitudes of the M2, S2,
N2, K1, Ol and P1 tides, for which values of 0.90809,
0.42248, 0.17386, 0.53011, 0.37694 and 0.17543 are
taken, respectively. Variables x and ¢ are subjected to the
following constraints defined by the satellite sampling
scheme,

x(I+1)=x(I)+ Ax , (11a)

tLJ+ 1) =¢tI,J)+ T , (11b)

I+ 1,J+1)=tI,J)+ At , (11c)

where Ax = 1.475°, T, = 17.0505 days, At = 3.0048 days
for Geosat, Ax =0.719°, T, = 35.0 days, Ar=15.998
days for ERS, and Ax =2.835°, T, =9.9156 days,
At =2.967 days for TOPEX/POSEIDON. In the pres-
ent case, we restrict 0 < x < 60° and 0 < ¢ < 180 days.
The initial phases of all six tidal constituents are set to 0,
since they are found to be insensitive to the general
propagation patterns.

Based on the simulation data created by Eqgs. (10)
and (11), three time/longitude diagrams corresponding
to Geosat, ERS and TOPEX/POSEIDON are plotted in
a, b, c of Fig. 8, respectively. As expected, alias tidal
propagation is dominated by the M2 tide. For the case
of Geosat, it is characterized by a series of westward
propagating waves with a period of around 10 months
and a wavelength of 8°, which appears to be very similar
to those observed by Geosat altimetry as annual Rossby
waves in the literature. In contrast, eastward propaga-
tion with a period of roughly 90 days and a wavelength
of 8° is produced by ERS altimetry (Fig. 8b). In Fig. 8c,
the TOPEX/POSEIDON derived tidal propagation also
shows up as eastwards-travelling waves but with an alias
period of about 60 days and an alias wavelength of 9°.
As a byproduct of this simulation, we would like to
address two additional points.

1. The diversity of the outcome. Comparing a, b and c of
Fig. 8, it is difficult to imagine that they result from the
observations of exactly the same signals at the same
location during the same period. They are so different in
temporal and spatial scales that one may wonder how
realistically each of them can represent the reality and
how well they can compare with each other. Moreover,
keeping in mind such a diversity resulting from regular
tidal signals, we naturally have to be more cautious with
altimeter-observed Rossby waves with various frequen-
cies and wavelengths.

2. The phase speed of alias tidal propagation can be
estimated through

_ mi4R.cos

UaiTOTZ, , (12)

where R, is the radius of the earth on the equator and ¢
is the latitude. The so-computed phase speed of the M2
tide is 2.2 cm/s (westward) for Geosat, 8.5 cm/s
(eastward) for ERS, and 13.2 cm/s (eastward) for
TOPEX/POSEIDON at mid-latitude. It is necessary to
note that the phase speeds obtained from Eq. (12) (back
to Egs. (1) and (2)) are totally determined by the
altimeter sampling scheme and the original period of the
signal. They do not carry any information about the real
propagation in the ocean. This is why the same M2 tide
appears as westward propagation in Geosat and east-
ward propagation in ERS and TOPEX/POSEIDON.
Likewise, for signals within the Nyquist band the alias
phase speeds estimated from time/longitude diagrams of
sea surface height do not represent the real propagation
in terms of both magnitude and direction. Therefore,
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Fig. 8a—c. Time/longitude diagrams of simulated propagation of the
combined six major tidal constituents under the sampling scheme of
a Geosat, b ERS and ¢ TOPEX/POSEIDON. The contours have
been multiplied by 100 and the interval is 20. Solid and dashed lines
denote positive and negative values, respectively

efforts to extract the real phase speed of such signals
through alias wave propagation on the basis of
altimetric time/longitude diagrams are unattainable.

Now we go one step further in demonstrating the full
aliasing potential related to annual-Rossby-wave obser-
vations. Based on the alias theory represented by Egs.

(1) and (2), alias period/wavelength windows corre-
sponding to Geosat, ERS and TOPEX/POSEIDON
with compatible time/space-scales to an annual Rossby
wave, ie. 305days < |T,| < 425days, 2° < |4,] < 10°
and T, x A4, > 0 (which ensures a westward propaga-
tion), are shown in Fig. 9. It is evident that numerous
signals with periods of less than 20 days might appear in
time/longitude diagrams as annual-Rossby-wave-like
propagation, provided they have large enough ampli-
tudes. Obviously, TOPEX/POSEIDON (Fig. 9a) has the
least probability of running into the confusion between
real and false annual Rossby waves compared to ERS
(Fig. 9b) and Geosat (Fig. 9c). The M2 tide described is
only one of the numerous elements in the Geosat
window (see Fig. 9d for a zoom). To illustrate a non-
tidal case, a candidate signal with a period of 16.29 days
in the Geosat window (Fig. 9c¢) is selected, and its time/
longitude diagram is plotted in Fig. 10. One can see that
the propagation appears to be westward with an alias
period of 365.2 days and an alias wavelength of 8.37°.
Therefore, non-tidal signals may introduce exactly the
same confusion as tidal signals, as far as annual Rossby
waves are concerned. Since Rossby waves usually
appear as regional features in altimeter observations,
the dominance of a non-tidal signal in a limited area
may easily be misinterpreted as Rossby waves, provided
it falls into the alias window.

As a summary of this section, a general conclusion
might be drawn. Annual-Rossby-wave-like propagation
as observed by altimetry may result from either real
annual Rossby waves or any of the signals falling into
the alias Rossby window (Fig. 9) as long as they have
significant amplitudes. In the latter situation, the signals
are known to have periods of less than 20 days and
therefore they are certainly not annual Rossby waves,
although the possibility of their Rossby-wave origin
cannot be completely ruled out. In addition, it is worth
mentioning the recent finding by Chelton and Schlax
(1996) that the TOPEX/POSEIDON-observed propa-
gation speeds of Rossby waves are systematically higher
than those predicted from standard theory. Suppose the
tidal part of aliasing does not undermine the finding due
to the carefully selected orbit configuration; could the
non-tidal aliasing be a factor to take into account?

5 Concluding remarks

The full aliasing potentials in altimeter sea-level obser-
vations associated with two important geophysical
cases, the seasonal sea-level variability and the annual
Rossby wave, are analysed in this study. The first case
focuses on the alias impacts on the recovery of the
amplitude and phase of an annual harmonic signal
(involving z and ¢ dimensions), while the second case
illustrates the alias consequences on some propagation
related properties (involving x, y and ¢ dimensions).
Theoretical and numerical results suggest that aliasing in
satellite altimetry is an intrinsically 4D (x, y, z and ¥)
process including both tidal and non-tidal contributions.
As a result, systematic aliasing contamination exists in
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Fig. 9a—d. Alias windows of Rossby waves with 305 < |7,| < 425 days and 2° < |4,| < 10° under the sampling schemes of a TOPEX/
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all altimeter measurements. Although most of the
simulations here are performed under the Geosat
sampling scheme, it is obvious (through comparison of
a—c of Fig. 1) that similar results and conclusions can be
expected from TOPEX/POSEIDON and ERS altime-
ters. At the present time and on global scale, aliasing is
likely to be dominated by residual tides. However, one
has to understand that the tidal part of the total aliasing
is theoretically or empirically approachable due to its

«

Fig. 10. Annual-Rossby-wave-like alias propagation of a harmonic
signal with a unit amplitude and a period of 16.29 days observed
under the Geosat sampling scheme. The contours have been
multiplied by 100 and the interval is 50. Solid and dashed lines denote
positive and negative values, respectively
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well-defined dynamics and frequencies, while the non-
tidal part has an irregular nature in terms of scale,
intensity and geographical distribution. With the con-
tinuous improvements in the accuracy of tide models,
the non-tidal contamination will become relatively more
important, as happened to the relationship between
orbital error and tidal error in the past few years (see,
e.g., Stammer and Wunsch, 1994). In fact, this might
have already been the case for some regional altimetric
applications, though without our being aware of it.
Therefore, it seems to us that now is the time to present
this technical contribution as a cautious warning
regarding this potential problem. Meanwhile, we have
to regard the present analysis as highly preliminary.
Possible questions of future concern may include the
aliasing behaviour of multi-altimeter cases, the impact
of data-processing techniques, such as filtering and
smoothing, on alias properties, etc. The results of these
studies will appear in subsequent papers.
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