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Abstract. The solar diurnal and semidiurnal tidal oscilla- plications: tidal pressure waves load the ocean and land, and
tions in surface pressure are extracted from the operationahe resulting deformations must be precisely modeled when
analysis product of the European Centre for Medium Rangeanalyzing, for example, sea level (Ponte and Gaspar, 1999)
Weather Forecasting (ECMWEF). For the semidiurnal tideor gravity (Wahr et al., 1998; Velicogna et al., 2001). For
this involves a special temporal interpolation, following Van these and other applications, globally well-resolved baromet-
den Dool et al. (1997). The resulting tides are comparedric tides S(p) and $(p) are required.

with a “ground truth” tide data set, a compilation of well-  Global S (p) and S(p) fields have traditionally been con-
determined tide estimates deduced from many long timestructed by empirical means (e.g. Haurwitz and Cowley,
series of station barometer measurements. These compar973; Dai and Wang, 1999; Ray, 2001). Tidal harmonic
isons show that the ECMWF (analysis) tides are significantlyanalyses of hourly barometric measurements, taken at a large
more accurate than the tides deduced from two other widelyaumber of globally distributed stations, can be spatially in-
available reanalysis products. Spectral analysis of ECMWFerpolated (optimally or otherwise) to yield globally grid-
pressure series shows that the tides consist of sharp centrakd fields. More recently, estimates based on general circu-
peaks with modulating sidelines at integer multiples of 1 cy-|ation models (Zwiers and Hamilton, 1986; Madden et al.,
clelyear, superimposed on a broad cusp of stochastic energy998) and on analyses produced by weather centers (Hsu
The integrated energy in the cusp dominates that of the sideand Hoskins, 1989; Van den Dool et al., 1997; Ray, 2001)
lines. This complicates the development of a simple empir-have also been examined. The latter products are of spe-
ical model that can characterize the full temporal variability cial interest because they are based on “optimal” estimates
of the tides. of the state of the atmosphere arrived at through advanced
Key words. Meteorology and atmospheric dynamics (waves n.wod.eling and data e}ssimilation techniqugs. Gridded analy-
and tides) sis fields have a typical 6-hour sampling interval, however,
which leads to & solutions that are standing waves, rather
than westward propagating, and with much underestimated
i amplitudes near longitudes where sampling times happen to
1 Introduction coincide with times of the Snodes. Temporal interpolation

The spectrum of atmospheric surface pressure exhibits strongzrzzi (:[ir)]otl)Ztu;F dltggr%c ngtr tt:ei:l:glgnzrrg?igg;ﬁ}ﬁs re-
peaks at diurnal and semidiurnal periods, a well-known man- i < 1o be tested v '
ifestation of the solar atmospheric tides. These global at- ComMparisons of. lobal barometric tides. derived from the
mospheric oscillations, forced primarily by water-vapor and omparise 9 . ' i .
available gridded analyses with the meteorological station

ozone radiational absorption, constitute a major part of thed t o ful test of th vzed field q al
total surface pressure variance in the tropics and make an jmpaia provide a usetul test of the analyzed Tields and also

portant contribution to the local daily cycle elsewhere. Thethe mterpolat,on methods (Van den Dool et al., 1997.)' Ray
tides have long been studied both in their own right (Chap-(2001) exammeq &p) in the re"?‘”‘f’"yses qf the National

man and Lindzen, 1970) and for what they potentially re- Centers for Environmental Pred|ct|on—Nat|qnaI Center for
veal about the atmosphere (e.g. Wilkes, 1949; Cooper, 198 mmospheric Research (NCEP-NCAR), as interpolated by

Hamilton, 1983; Braswell and Lindzen, 1998). Our work is an den Dool et al. (1997), and the NASA Goddard Earth

: ; ; Observing System (GEOS-1), for which 3-h fields were
partly motivated by modern oceanographic and geodetic apévailablegandyno intt(-:‘rpolatior? was required. Comparisons

Correspondence tdR. D. Ray (richard.ray@gsfc.nasa.gov) with data revealed significant inadequacies in the representa-
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tion of S(p) in both reanalyses (Ray, 2001). Similar detailed ECMWF results are also broadly similar to the climatologies
comparisons for §p) are missing, but significant discrep- based on the NCEP-NCAR reanalysis (Van den Dool et al.,
ancies between theoretical and observed estimates have be2897), although ECMWF peak amplitudes are consistently
noted (Braswell and Lindzen, 1998; Ray, 1998). smaller by~0.5mb in the tropics.

In this paper, we examing &) and $(p) solutions based As a preliminary assessment of seasonal effects, Figs. 2
on the operational analyses of the European Centre for Medand 3 showp,maps for March and June climatologies, re-
ium-Range Weather Forecasts (ECMWF) (Hsu and Hoskinsspectively. At low latitudes amplitudes are larger in March
1989). We find that these solutions are far more accuratehan in June by~0.5 mb, indicating a substantial semiannual
than those from the two reanalysis fields considered by Raynodulation of the wave number-two pattern associated with
(2001). S,. Stronger amplitudes in March coincide with the maxi-

In what follows, we first describe the ECMWEF fields and mum solar insolation (and thus strongest forcing) over trop-
the methodology used to create climatological daily cyclesical regions. Peak amplitudes do not particularly follow the
of surface pressure (Sect. 2), and then discuss in detail reshift in maximum solar insolation from the equator in March
spective $(p) and S (p) solutions in comparison with those to the Tropic of Cancer (23N) in June, which is not unex-
from other analyses (Ray, 2001) and the barometer datgected since the atmosphere’s response to radiational forc-
(Sects. 3 and 4). Animportant aspect of the atmospheric tideig is dominated by equatorially symmetric modes (Lindzen,
is their variability (Chapman and Lindzen, 1970; Lindzen, 1990). Comparisons between June and December clima-
1990), and both spectral analysis and monthly climatolo-tologies (not shown), nevertheless, indicate that the response
gies are used to assess these effects in the ECMWF fieldgver land and land-ocean contrasts are enhanced in the sum-
(Sect. 5). mer hemisphere. Substantial annual modulatiomaignals

over land are, therefore, expected. More detailed discussion
of seasonal effects is given below when examininga8d
2 Dalily cycle in ECMWEF surface pressure fields S, solutions.

2.1 Six-hourly climatologies 2.2 Time interpolated climatologies

Surface pressurg,,) analyses from ECMWF were obtained As previously discussed, the 6-h fields in Fig. 1 cannot rep-
from the archives at NCAR for the period 1986-1998. Prior resent the propagating Signals. For proper resolution of
to 1986 ECMWEF analyses were provided on coarser gridsthe S tide, we followed essentially the interpolating method
and at the start of our study 1998 was the last complete yeadeveloped by Van den Dool et al. (1997), which implicitly
in the NCAR archives. For the 13-year period considered,assumes that the barometric tide propagates westward with
surface pressure fields were available four times daily (00:00the Sun at approximately 1#. Merely shifting one pattern
06:00, 12:00, and 18:00 UT) on a regular 1.188id in lon- by 9¢° westward in Fig. 1 does not yield the observed pat-
gitude and Gaussian grid in latitude with 160 points. Valuestern 6 hours later, however, partly because of the presence
were interpolated in latitude to a regular 1.12fsid to facil- of nonmigrating tidal signals. Nonmigrating components as-
itate analyses. For the purposes of studying seasonal modgociated with land features and having relatively short spa-
lations of the barometric tides, we calculated monthly clima-tial scales have been noted (Fig.1). To minimize the effects
tologies of the daily cycle ip,. For each month all the anal- of such signals on the interpolation, at each latitude filter-
yses at each given time of day (totaling the number of daysng was applied to the climatological fields to retain only the
in respective month times 13 years) were averaged to obtaironal mean plus the first 10 zonal wave numbers, as in Van
four mean fields at 00:00, 06:00, 12:00, and 18:00 UT. Re-den Dool et al. (1997). The,Ssolutions described below
sults in the paper are based on these monthly climatologiesyere not overly sensitive to the filter wave number cutoff and
with the daily time mean at each grid point removed. results with more smoothing did not lead to any measurable
Figure 1 shows the 13-year averaged daily cyclgjrmob- improvements.
tained by averaging the 12 monthly climatologies. A clear Given the longitudinal grid spacing of 1.12%ve chose to
zonal wave number-two pattern, approximately alternatingcreate an interpolated series at 45-min intervals, which gave
in sign every 6 hours, underlines the dominant presence oén integral number of grid points (10) for the distance trav-
the $ tide, but its westward propagation cannot be discerneckeled by the tides between samples. The interpolation proce-
from the 6-h maps. The differences in patterns separated bgure was as in Van den Dool et al. (1997) with one differ-
12 h also hint at the presence of variability associated withence: the filtereg, patterns were assumed to propagate at
the § tide. Amplitudes are largest in the tropics and de- the nominal rate of 18hour without any differential phase
cay to small values at high latitudes. Spatial variations areadjustments for the various zonal wave numbers. Van den
smooth over the oceans but shorter scale structures appeBwool et al. noted that the phase propagation of each wave
over land and particularly so over high orography. In gen-number can deviate from the expected values and tried to
eral, the overall characteristics of the ECMWF daily cycle allow for such dispersion effects. The determination of the
in p, are consistent with past theoretical and observationaphase propagation was, however, ambiguous. For simplicity,
studies of the air tides (Lindzen, 1990; Dai and Wang, 1999)we have ignored these effects in our procedure.
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Fig. 1. Climatological daily cycle of surface pressure (mbar) calculated from 13 years of ECMWF analyses at 00:00, 06:00, 12:00, and
18:00 UT. Negative values are shaded. Contour interval is 0.4 mb.
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Fig. 2. As in Fig. 1 but showing climatological daily cycle for March.
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Fig. 3. As in Fig. 1 but showing climatological daily cycle for June.

To create interpolated values at any timet 8¢ in hours, By tracing out successive contours @f the high-pressure
wheret, is a time for which an analysis is available, the fol- peak of $(p) can be easily followed in time. Figure 5 shows
lowing procedure was applied: (1) the climatological patternit marching westward, leading the Sun by roughly 60r
atr, was propagated westward by a distance d¢f 455+ to about 2 h, a well-known feature 0 S
yield W; (2) the next available climatological patterrya6 Similar figures have been computed from other reanalysis
was propagated eastward by a distance 6f 56 — 6t)  surface pressure fields (e.g. Dai and Wang, 1999; Ray, 2001)
to yield E; (3) the two resulting fields were averaged as and from simulations (e.g. Zwiers and Hamilton, 1986). The
[(6—6t) x W48t x E]/6. Interpolated solutions are thus ex- annual mean £tide, derived from the NASA Goddard Earth
actly equal to the observed (filtered) climatologies at 00:00,0bserving System (GEOS-1) reanalysis (Schubert et al.,
06:00, 12:00, and 18:00 and correspond to a weighted avi1993) and from the NCEP-NCAR reanalysis (Kalnay et al.,
erage of the two closest patterns at other times, with prop41996), temporally interpolated by Van den Dool et al. (1997),
agation effects accounted for by the shifting in (1) and (2).was extensively compared by Ray (2001). Comparison of
Figure 4 shows, as an example, the resulting 13-year averageig. 5 with corresponding NCEP-NCAR and GEOS-1 charts
daily cycle inp, at 1.5h intervals. The, patterns exhibit  (Figs. 2 and 3 of Ray, 2001) shows gross similarities but also
little contamination by short scale land effects and progresshows some immediate differences. The ECMWF tidal am-
smoothly westward in time, as intended. plitudes are smaller in the tropical latitudes than NCEP and

more zonally symmetric than GEOS-1. The NCEP reanaly-
. sis amplitudes are thought to be too large (Van den Dool et
3 Annual mean S tide al., 1997).

. . More quantitative comparisons and tests of thesbefds
Global charts of the amplitude and phase of thdi@e can can be obtained by employing the set of “ground truth” S

be readily extracted from the interpolated fields of Fig. 4 by =" . ; .

a least-squares fit to a simple sinusoid at every geographi(efs't'm"’ltes of Ray .(2001)'. These are t|d<_a estimates based on

location: analyses of long tlme series pf barometric pressure measure-
ments from 428 widely distributed meteorological stations.

S2(p) = A2C092T — ¢2). (1)  This set of station estimates is a merger of three previous
compilations by Haurwitz (1956), Hamilton (1980), and Ray

The results are shown in Fig. 5. With taken as Univer- (1998). Considerable care was taken in deriving each of the

sal Time (in appropriate units), the phasés a “Greenwich  tidal estimates, and they likely represent the best “ground

phase lag” as traditionally employed in ocean-tide studiestruth” knowledge we have of the,Side. While temporal



R. D. Ray and R. M. Ponte: ECMWF Barometric tides 1901

0 100 200 300

Fig. 4. Interpolated climatological daily cycle at 1.5 h intervals. Time marches horizontally from the top left corner (00:00 UT) to the bottom
right corner (22:30 UT).

Table 1. S, rms differences {b) with station estimates

all above latitude  ocean
stations 1000m <30° stations MAD*
NCEP-NCAR reanalysis 151 245 296 208 82
GEOS-1 reanalysis 168 196 300 238 85
ECMWF; operational 124 177 243 211 69
ECMWF operational 112 159 230 134 52
ECMWF(2) operational 110 141 221 156 54

* Median Absolute Difference
1 Before phase correction

Of 428 stations, 42 are above 1000 m, 157 are low latitude, 46 are classified oceanic.
Solution ECMWF(2) corresponds to Fig. 7.

variability in the tide (see below) can itself produce differ- imizing interannual variations). Table 1 summarizes the root-
ences between models and stations, this has been minimizedean-square (rms) and median absolute differences (MAD)
by using, to the greatest extent possible, stations with arbetween the 428 stations and each of the three gridded prod-
integral number of full calendar years (thereby minimizing ucts we have at our disposal. In all cases our temporally in-
intra-annual variations) and long multi-year time series (min-terpolated ECMWEF fields appear to yield the more accurate



1902 R. D. Ray and R. M. Ponte: ECMWF Barometric tides

T
0 180 240

Fig. 5. Amplitude (ub) and Greenwich phase lags (degrees) of $@Htide, calculated as described in the text. The phase contour interval
of 30° corresponds to 1 hin time.

estimates of & of 1° implies that the ECMWF Stide is generally too late

We should stress that Table 1 compares ECMWF operaby 20 min. Similar phase discrepancies were noticed in the
tional analysis tides with GEOS and NCEP-NCAR reanal- Other two reanalysis tides (Ray, 2001), with NCEP too late
ysis tides. The difference between meteorological center®y roughly 30 min and GEOS-1 too early by roughly 60 min
is probably less significant than the differences between ddepending on how the time-tag in the GEOS product is in-
reanalysis and a modern analysis, the latter having considt€rpreted). We are not in a position to offer credible explana-
erably finer resolution in both vertical and horizontal (e.g. tions for the cause of such time discrepancies, except to say
T170 vs. T62 grids). In fact, an unpublished study of NCEP that they appear to be fairly robust (as in Fig. 6) and that the
operational analysis fields suggests that its tidal signals ar€/fors cannot be in the station data. The statistics of Table 1

more realistic than the NCEP reanalysis (H. Van den Dool,Show the model-station comparisons both before and after
personal communication, 2002). the model phases have been corrected, and the statistics for

Figure 6 shows the amplitude and phase differences bet_he corrected phases are lower, as expected. (Both NCEP and

tween the ECMWE tide and each of the 428 station esti_GEOS-l statistics reflect phases already corrected for their

mates, plotted as a function of latitude. Amplitude differ- deduced systematic errors, as discussed more fully in Ray,

ences are noticeably larger and more scattered in tropical Iagom')

itudes where the tide itself is maximum. At first glance, and A possibly legitimate criticism of Fig. 5 is that the map
consistent with Table 1, this scatter is less pronounced than imay be too zonally symmetric, an artifical by-product of
similar diagrams for NCEP and GEOS-1 (Ray, 2001, Figs. 5the wave number filtering employed by us and by Van den
and 6). Also noticeable in Fig. 6 (top) is a consistent phaseDool et al. (1997). In fact, examination of the Fig. 1 mean
discrepancy between ECMWEF and the test stations. Exceppressures suggests thatiBay well embody significant non-
for a small band near the equator, all latitudes betwe@€mM60 migrating components — note, for example, the outline of
and 60 S suggest that the ECMWF phasesre too large.  Australia, evident in several of the diagrams of Fig. 1. Such
(Larger phase scatter in high latitudes is of no significanceland-fixed features are evident in the GEOS-1 semidiurnal
because of the very small amplitudes.) The mean phase digide, which was deduced directly from the 3-h pressure data
crepancy in Fig. 6 is 977 the median is 104 A phase error  without wave number filtering (Dai and Wang, 1999; Ray,
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150 ° | Table 2. S differences fb) with 25 ocean stations
fg’ 1004 . °F RMS MAD*
§ 2 NCEP-NCAR  reanalysis 112 81
g GEOS-1 reanalysis 124 73
E ECMWFy operational 74 51
@ ECMWF operational 66 51
©
i -

1504 © B * Median Absolute Difference

o : : : : : : 1 Before phase correction
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600 number filtering because it is well known (Haurwitz and
= Cowley, 1973) that §is dominated by large non-migrating
S 400 ’ I components with complicated spatial distributions. The S
§ 200 - | tide is evidently susceptable to significant diurnal boundary-
g layer effects over land masses and land-ocean boundaries.
% 0 ° 8§ Therefore, we avoid altogether using our temporally interpo-
2 lated fields to deduce;Snd return to the original 6-h fields
2 200 1 L of Fig. 1, which are sufficient to determine a diurnal wave.
§ At each geographical location we fit to the four mean pres-

-400 1 B sure fields (i.e. unfiltered fields at 00:00, 0600, 12:00, and

‘ ‘ 18:00 UT as given in Fig. 1) a sinusoid of form
80 60 40 20 0 -20 -40 -60 -80

Latitude (deg)

S1(p) = A1cosT — ¢1). 2
Fig. 6. Amplitude and phase differences between ECMWF-implied
S,y(p) tide and estimates based on 428 barometer stations. A smaflOceanographers usually add 186 this argument.) The re-
systematic error in the phases is readily apparent. sulting amplitudesi1 and phase lagg; are shown in Fig. 8.

The spatial complexity of these fields is highly pronounced

relative to the simple semidiurnal wave of Fig. 5. Large
2001), and which may thus be more realistic in this regardnon-migrating amplitudes, fixed to certain land features, are
than our Fig. 5. Yet the few features that can be tested by thelearly apparent. The main migrating component is most ap-
ground-truth stations suggest that the non-migrating GEOSparent over the tropical oceans where the phases again show
1 features must be treated with caution. For example, whilean approximately constant westward march, now lagging the
the amplitude contours in Fig. 5 are almost perfectly east-Sun by roughly 258 or 17 h (or, equivalently, leading the
west across the North Atlantic Ocean, the GEOS-1 ampli-Sun by roughly 7 h). From Fig. 8 this migrating (zonal wave
tudes collapse to a minimum at mid-ocean (Dai and Wanghumber-one) component is no more than perhaps half the size
1999, Fig. 16); the ground-truth stations, however, suggesof the semidiurnal wave, while the non-migrating compo-
no such collapse (Ray, 2001). nents in some regions (e.g. South America) exceed all semid-

Given the 6-h ECMWF sampling, it is impossible to re- iurnal amplitudes.

cover unambiguously any real non-migrating component of It would be highly desirable to compare the &de of
Sp,. We can, however, restore the non-migrating in-phaseFig. 8 and other reanalysis tides against a “ground truth” data
componentA, cosg; by fitting a sinusoidal wave to the dif- set similar to that used above fog.SJnfortunately, we know
ference between our model Eq. (1) and the data of Fig. 1. Thef no similar compilation that is reliable. Our efforts to locate
modified $ amplitude and phase charts are shown in Fig. 7,Bernard Haurwitz’s old compilation have so far proven futile.
and the relevant ground-truth statistics are listed in Table 1As a makeshift, but limited, test data set we adopt a set of 25
under the label “ECMWF(2).” According to Table 1 the land S; station estimates from small oceanic islands (Ray, 1998).
regions of the new solution, and especially the high-altitudeThis set of oceanic stations is, of course, completely inade-
regions, are more accurate, but the oceanic regions are dejuate for testing tidal fields over the continents where the S
graded, and the overall accuracy is about the same. signal is largest, but it is nonetheless valuable in two ways: as
a test of the predominantly migrating Somponent, which
appears to be best isolated in oceanic stations, and as a reli-
ability test of the oceanic diurnal pressure forcing for those
investigators interested in sea level. Comparisons against this
Similar charts may be derived for the diurnal(p) tide. In 25-station set of Sestimates are given in Table 2. The re-
this case, however, it is important to minimize any wave quired NCEP and GEOS-1; $ields were deduced in similar

4 Annual mean S tide
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Fig. 7. Amplitude (ub) and Greenwich phase lags (degrees) of g stide, as in Fig. 5, except with the in-phase, non-migrating component
restored. This solution is denoted “ECMWF(2)” in Table 1.

fashion to the Sfields described above, with the NCEP re- 5 Variability of ECMWF tides

sults based on non-interpolated 6-hour grids.
Significant variability in atmospheric tides is a well-known
fact (e.g. Chapman and Lindzen, 1970; Haurwitz and Cow-

our 25 . . imited llow f liabl ley, 1973). In this section we examine the nature of this vari-
ur 25-station test set is too limited to allow for a reliable ability as implied by the ECMWF series.

independent estimate of any systematic phase error, as seen
above for $. If the error is caused by a simple time-tag prob-
lem (perhaps related to the times that data are ingested int

the analysis), then the observegl&ror of 10 implies a 3 . N, .
error in §. Applying a 5 shift to the § phases does reduce A standard approach to studying Va”a.b'l.'ty n atmos_pherlc
tides is to concentrate on seasonal variations, either in terms

the rms difference with the 25-station estimates (although th%]c monthly means or in terms of the so-called Llovd seasons
median absolute difference is unchanged). This rms reduc: Y Y

tion is thus consistent with a 20-min error in the ECMWF (Wlnte'r, summer, equmc_)ctlal);' see, for example, Chapman
pressures and Lindzen (1970). It is straightforward to form monthly

estimates of § p) and $(p) from the monthly climatologies
discussed in Sect. 2. Figures 9 and 10 show the resulting
amplitudes of both tides.

Table 2 also lists the rms and median absolute differences The annual and semiannual modulations nd8e very
between the 25 stations and the NCEP and GEOS-1 (reanatlear in Fig. 9. In low latitudes the smallest amplitudes oc-
ysis) diurnal tides. As the statistics make clear, the ECMWFcur during June and July, but the largest occur during the two
(analysis) g estimates are the most reliable of the three prod-equinoctial seasons of March—April and September—October.
ucts. We emphasize that this statement applies exclusively tdhis is, of course, consistent with some of the features dis-
the oceanic regions, since none of the 25 stations is from &ussed in the context of Figs. 2 and 3 above. The same
continental region. pattern of reduced tropical amplitudes in June and July and

g.l Monthly analyses
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Fig. 8. Amplitude and Greenwich phase lags of thg S tide, as deduced from ECMWF surface pressures.

strongest amplitudes during equinoctial months appears taol1 sink; component (i.e. the component corresponding to

hold also for 3, although this is less obvious because of the 06:00 local time). Smallest amplitudes are again in June and

exceedingly complex spatial patterns. July, but otherwise the oceanic regions are dominated by the
Figures 11 and 12 summarize the tropical responses by deannual modulation, whereas the land regions have a strong

picting the in-phase and out-of-phase tidal components aversemiannual modulation with relatively weak amplitudes in

aged over all tropical regions of the globe. (Such diagramsJanuary and December.

are essentially equivalent to Chapman’s “harmonic dials”.) In passing we might mention that Figs. 11 and 12 show

To allow for proper zonal averaging of these figures, weboth the strengths and the weaknesses of the Lloyd system of

have converted all phase lags to correspond to mean localveraging. While the “J season” of May—August gives fairly

solar time: k, = @, + nA, wherea is east longitude and consistent estimates for all three diagrams, the “D season” of

n is 1 for diurnal and 2 for semidiurnal. (Phases have alsoNovember—February includes a very wide range of phases, if

been adjusted for the systematic error noted in Fig. 6.) Fig-not of amplitudes. Averaging such data into one “season” is

ure 11 shows an unsymmetrical three-leaf clover pattern forof doubtful utility.

S,, which is consistent with dominant annual and semian-

nual modulations. Again, the smallest amplitudes are cleary6.2 Spectral analysis

in the northern summer months, while northern winter am-

plitudes are near the annual mean. Figure 12 separates thfe complementary approach to understanding variability in

tropics into oceanic and land regions because of their distides is afforded by spectral analysis of the original surface

similar responses, which is primarily in the large quadraturepressure time series. This approach highlights some of the
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Fig. 9. Monthly mean amplitude of theo$p) tide as deduced from ECMWF surface pressures.

limitations of using simple monthly means. Wunsch and Figure 13 shows the frequency spectrum estimated from
Stammer (1997) computed the frequency-wave number spedour full years of six-hourly ECMWF surface pressures
trum of the ECMWEF surface pressures, and we here fol-(years 1996-1999). Although no spectral smoothing has
low up on their work by studying in more detail the spectral been performed, the spectrum is still relatively smooth be-
structure near the tidal peaks. Wunsch and Stammer displagause summation over all wave numbers significantly re-
the two-dimensional spectrum, which we need not repro-duces random noise, thus allowing the delineation of some
duce here. The two-dimensional spectrum may be summedgery subtle spectral features. There are clear peaks at the an-
over all wave numbers to yield a simple one-dimensional fre-nual (0.0027 cpd) and semi annual (0.0055 cpd) frequencies
guency spectrum representative of the global pressure fieldnd at the $and $ tidal frequencies, the latter occurring
(for details, although in an oceanographic context, see Wunat the ECMWF Nyquist frequency. (Compare the somewhat
sch and Stammer, 1995). similar Fig. 9 of Ponte, 1993.) There are also some curious
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Fig. 10. Monthly mean amplitude of the;$p) tide as deduced from ECMWF surface pressures.

small peaks between the two tidal frequencies; close exam©One sees the detailed fine structure around the tidal peaks
ination shows them occurring at frequencies 1.314, 1.628(the fundamental spectral resolution here is 0.25 cpy). There
1.685, and 1.932cpd. The latter is the expected lunar tides a clear, broad cusp of enhanced energy surrounding both
Mo, but the others are unexpected and correspond to no tidaldal peaks. This cusp spans a frequency range of roughly
or modal period that we are aware of (e.g. Hamilton and Gar-t0.01 cpd on either side of the main spectral line. In addition
cia (1986) find several modal peaks in the Batavia pressuréo the cusp, and most prominent in, $here are modulations
spectrum but none corresponds to Fig. 13 frequencies). Thef the main peaks at integral multiples of once per year. For
first two peaks are apparent harmonics of amf®dulation,  S$; the annual modulations are relative strong, each represent-
since they are equidistant from 1.0 cpd. Our conjecture ising about a tenth of the energy of the main line. This is con-
that these peaks are likely spurious, related to some featursistent particularly with the oceanic regions of Fig. 12. For
of the ECMWF processing. S, only the semiannual modulation is apparent; if an annual

Figure 14 is a “zoom” view of Fig. 13 near 1 and 2 cpd. modulation peak exists, it is buried within the cusp. Presum-
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Table 3. Integrated energy in tidal bands,Pa ‘g
g
S1 S £ 350 - -
Primary line 1070 3300 o
Secondary sideline(s) 120 30 2 .
Incoherent cusp 310 500 %‘ Tropical
s Ocean
(04
300 A B
ably the $ tide has a similar structure above the Nyquist fre-
quency, which is folded back into frequencies below 2 cpd. ‘ ‘
Table 3 summarizes the integrated spectral densities 0 50 100 150
over the appropriate frequency ranges that surround the In phase component (ubar)

tidal peaks of Fig. 14. In both diurnal and semidiur-

nal cases, the cusps represent comparable energy, abdtig. 12. As in Fig. 11 but for $(p), and separated into tropical

(0.2mb¥, while the modulating sidelines represent signifi- 0cean and land regions.

cantly sm_al_ler amounts, glthough more in the dlu_rna_l _ba_n dfaiI to capture the majority of the tidal variability that resides

than semidiurnal. In relation to the main peak, variability is within the cusps

more important for the diurnal tide. (Note that the values for '

the main peaks in Table 3 are reasonably consistent with the

global $ and § amplitude fields shown in Figs. 5 and 8, g Summary remarks

respectively: for these fields the rms over a complete tidal

cycle is 570ub for S, corresponding to a variance of 3300 Thirteen years of operational ECMWF fields were used to

P&, and 315ub for Sj, corresponding to a variance of 1000 construct monthly climatologies of the daily cycle in surface

P&.) pressure for the study of the&) and S(p) tides. Com-
From Fig. 14 we conclude that the ECMWF tides display parisons with station pressure data and products from other

modulations at once and twice per year (and even tiny furtheweather centers showed that thg ® and S(p) tides are

peaks at 3, 4, and 5 times per year), but that these modulawell represented in the ECMWF analysis. The available 6-

tions are dominated by a complex cusp of incoherent, esserhourly fields sample the,Side at its Nyquist frequency, but

tially stochastic, energy that complicates the development obur findings indicate that simple time interpolation schemes,

simple models. For example, the monthly means of Figs. 9as proposed by Van den Dool et al. (1997) and used here,

and 10 could be adequately represented by an annual modgan work well in extracting the propagating 8de. The

lation and a few higher harmonics, but such a model wouldECMWF tides were found to have a phase bias-@D min
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see Wunsch and Stammer (1995). S 02| Semidiurnal i
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relative to the observations. Such a shift in time can be eas- > 10" 7 ]
ily corrected a posteriori, but the reasons behind it remain %
unclear. i 10° 5 3
Analyses of the monthly climatologies and four years gz
(1996-1999) of 6-h fields revealed a complex, seasonal mod-;’% 10" - 3
ulation of the tides superimposed on an apparently more im-
portant cusp of variability at interannual and other shorter 102 w w w
periods. The 4-year series analyzed in Fig. 14 does not per- 1.98 1.99 2.00 201 2.02
Frequency (cpd)

mit, however, a full evaluation of the interannual and longer
period variability of the tides. Furthermore, a strong Eidli , ) ) , ,
occurred in 1997-98 and may have affected the estimateg_'g' 14. Detalled_ VIEWS of the spectrum of Fig. 13 _surr_oundmg the
tidal variability at interannual periods in Fig. 14. The study lurnal and semidiurnal peaks. Frequency resolution is 0.25 cpy.
of longer records would be needed to better quantify the vari-

ability of the § and $ tides, and, in particular, the size of

the annual and semiannual modulations relative to variabilitypaj, A. and Wang, J.: Diurnal and semidiurnal tides in global sur-

at longer periods. face pressure data, J. Atmos. Sci., 56, 3874-3891, 1999.
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