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Long-Period Transport Changes in the Eastern 
North Atlantic and Their Simulation 

by Propagating Waves 

GEROLD SIEDLER AND MICHAEL FINKE 

Institut fl•r Meereskunde, Kiel, Germany 

An analysis is presented of geostrophic volume transport across a zonal line along 28øN in the 
eastern Atlantic. The data 'are from an array of five moorings with 200-km spacing carrying 
temperature sensors and one current meter each for 1 or 2 years. Transport changes in the main 
thermocline relative to a fixed depth level are obtained by the use of temperature-salinity relationships. 
The transport variability is simulated by two propagating waves with first-order baroclinic mode 
structure. Solutions exist with annual and semi-annual periods and zonal wavelengths of 100-200 km 
and 300 km, respectively. Assuming quasi-geostrophic dynamics and using results on the Reynolds 
stress, the dominating waves of annual and semi-annual period are found to propagate to the 
southwest, with 450-60 ø and 25 ø to the south off the westward direction, respectively. Wave solutions 
with a 90-day period and a zonal wavelength of about 300 km are interpreted as an effect of barotropic 
waves arising due to horizontal temperature inhomogeneity. The propagation is about +25 ø off the 
westward direction. In general, good approximations are obtained with the propagating wave 
simulations in the western and central part of the array, while large differences occur between 
observation and simulation close to the Canary archipelago. Possible causes for these differences are 
discussed. 

1. INTRODUCTION 

Ocean current spectra from long-term moorings usually 
exhibit high energies at three different ranges of scales' in the 
range between a few days and about 1 hour the high energy 
will be due to internal gravity, tidal, and inertial waves; in 
the range of about 50-100 days, energy is attributed prima- 
rily to mesoscale eddies, planetary waves, and equatorial 
waves in the tropics; and at longer periods, Rossby waves 
are considered the main cause. In Figure 1 we reproduce 
spectra in energy-preserving form obtained by Mgiller and 
Siedler [1992] from almost 9 years of current meter records 
at mooring KIEL276 in the eastern North Atlantic, close to 
the area of the present study [see also Schmitz et al., 1988]. 
The position of the mooring is displayed in the map in Figure 
2. The spectra represent the barotropic and first-order ba- 
roclinic dynamical modes at frequencies below inertial. 
Maxima of energy are apparent in the range between approx- 
imately 50 days and about 1 year. The two modes account 
for about 90% of the total velocity variance at low frequen- 
cies on this position. The first three modes of horizontal 
velocity are also reproduced from Miiller and Siedler [1992] 
in Figure 3. In the main thermocline the velocity of the 
first-order baroclinic mode is larger than the barotropic and 
the second-order baroclinic velocity. The mean velocity in 
this region in the upper ocean is of order 1 cm/s [Stramma, 
1984]. The first-order baroclinic component will thus provide 
at least about half of the low-frequency current contribu- 
tions. It can be determined from the density gradients and 
the related geostrophic currents at selected main thermo- 
cline levels by fitting these data to first-order dynamical 
modes. It has been shown by Emery and Dewar [1982] and 
Siedler and Stramma [1983] that stable temperature-salinity 
(T-S) relationships exist in this region in the North Atlantic 
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Central Water (or in the main thermocline). Density and 
geopotential anomaly fields in the upper ocean can therefore 
be well approximated here from temperature data by apply- 
ing the known T-S relationships. 

The present study uses temperature time series from a 
zonal array of moored thermistor cables at 28øN to the west 
of the Canary Islands. It is our aim to determine contribu- 
tions to the flow in the low-frequency range. Wave contri- 
butions will probably dominate at these long periods. The 
wave properties obtained from fitting observational data will 
be compared to Rossby wave dynamics. Our data set does 
not permit us to determine the relevant generation pro- 
cesses, but we will briefly review the possible generation 
mechanisms that have been proposed earlier. 

A description of the internal oceanic wave field can be 
obtained by formulating a model with a superposition of 
propagating waves, and then fitting the data to the model by 
selecting the appropriate free parameters of the model. The 
fitting can be performed in the frequency domain [e.g., 
Emery and Magaard, 1976] or in the time domain [e.g., 
McWilliams and Flierl, 1976]. Price and Magaard [1983] 
discussed both alternatives. In their analysis of a Pacific 
Ocean expendable bathythermograph (XBT) data set from 
the area between Honolulu and San Francisco, they com- 
pared the stochastic approach using simulated Rossby waves 
with the deterministic approach of White and $aur [1981]. 
The results from both methods were basically consistent. 
The deterministic approach, however, provided a better 
approximation near the continental slope off the coast of the 
United States, i.e., close to the probable source region of 
westward propagating baroclinic Rossby waves. Our 28øN 
moorings are in a similar situation near the corresponding 
source region off the African coast in the Atlantic Ocean. 
Considering the scales of variations and the limited length of 
our records, only the second (deterministic) approach is 
feasible in this study. 

Empirical results on Rossby waves have mostly been 
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Fig. 1. Energy-preserving spectra of the barotropic and first baroclinic modes at mooring KIEL276 in the northern 
Canary Basin [after Miiller and Siedler, 1992], with/• the energy, v the frequency, and r the period. 

10 4 

obtained for the Pacific. We refer to the following analyses: 
Emery and Magaard [1976], Magaard and Price [1977], 
Magaard [1977, 1983], White [1977, 1982], Kang and Ma- 
gaard [1979, 1980], White and $aur [1981], and Price and 
Magaard [1983]. Using large-scale temperature data sets, 
evidence was found in these studies for considerable first- 

order baroclinic contributions of waves with annual periods 
and wavelengths of approximately 1000 km, but with some 
contributions also of wavelengths of about 300 km. There 
were also indications of semiannual and longer than annual 
wave components. Observations from the Mid-Ocean Dy- 
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Fig. 2. Map of observational area, with locations of moorings 
U, B, T, R, O, P, E, X, and KIEL276 and mean 0- to 800-m 

geostrophic volume transports from hydrographic •ata [after Stramma, 1984]. Transport between lines is 106 m 3 s- . 

namics Experiment (MODE) and the polygon MODE 
(POLYMODE) have been used to study Rossby waves in the 
North Atlantic [MODE Group, 1978]. McWilliams and Rob- 
inson [1974] described the structure of eddies which could be 
well simulated by a superposition of two first-order ba- 
roclinic Rossby waves. McWilliams and Flierl [1976] used 
one barotropic and two first-order baroclinic waves for a 
simulation of a moored data set and were able to approxi- 
mate up to 90% of the observed fluctuations. 

2. EXPERIMENT DESIGN 

In order to determine mass transport changes in the main 
thermocline using the T-S method, an array of vertical 
temperature cables was moored in the northern Canary 
Basin. The positions of the moorings U, B, T, R, O, P, E, X 
are given in Figure 2 and Table 1. They were selected with 
the intention of crossing the mean gyre flow, with a meridi- 
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Fig. 3. Mean vertical Brunt-Vfiisfilfi frequency (N) profile and 
dynamical modes F0, F l, and F2 at mooring KIEL276 [after Miiller 
and Siedler, 1992]. 
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TABLE 1. Mooring and Approximate Hydrographic Station Position, Mooring Observational Period, Nominal Instrument Depth of 
Uppermost Temperature Sensor, Instrument Performance, and Common Periods 

Period 

Latitude, Depth, 
Mooring deg N A, øW Phase Start End m Comment 

U 35ø01.8 ' 26ø28.9 ' 2 Nov. 4, 1984 Sept. 28, 1985 170 
B 32o38.9 ' 26o30.5 ' 2 Nov. 2, 1984 May 4, 1985 180 

T 30ø21.3 ' 26ø29.2 ' 2 Nov. 1, 1984 Sept. 28, 1985 230 
R 28ø00.4' 26ø29.1' 1 Oct. 27, 1983 Oct. 28, 1984 350 

? Nlnv • lqR4 Mn-c 19 lqR• ?lfl 

Current and temperature 
record short 

Temperature record 
short 

O 28ø00.3 ' 24ø30.0 ' 1 Oct. 26, 1983 Oct. 30, 1984 285 
2 Nov. 7, 1984 Sept. 28, 1985 300 

P 27ø59.3 ' 22ø23.4 ' 1 Oct. 25, 1983 Oct. 31, 1984 270 Current record 
2 Nov. 8, 1984 Sept. 28, 1985 230 short 

E 28o00.8 ' 20o25.5 ' 1 Oct. 29, 1983 Nov. 1, 1984 320 
2 Nov. 9, 1984 Aug. 17, 1985 260 

X 28ø00.9 ' 18ø18.3 ' 2 Nov. 10, 1984 Sept. 27, 1985 190 Current record short 

Depth ranges and periods selected for the analysis are TK1, Oct. 30, 1983, to Oct. 28, 1984, at 350-710 m; and TK2, Nov. 10, 1984, to 
Sept. 25, 1985, at 260-620 m. 

onal line of moorings at 26.5øW (U, B, T, R) and a zonal line 
at 28øN (R, O, P, E, X). A schematic presentation after Klein 
and $iedler [ 1989] of the large-scale flow in this extension of 
the Gulf Stream system is given in Figure 4. Our observa- 
tional area is located at the lower fight corners of these 
maps. 

A typical mooring is shown in Figure 5. Thermistor cables, 
each 400 m long and with 10 equidistant temperature sen- 
sors, were attached to the mooring line at approximately 
200- to 600-m depth in the main thermocline. The recorder 
on top of the cable also carried a pressure sensor. This 
allowed the determination of depth variations due to chang- 
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Fig. 4. Schematic presentation of the flow in the upper ocean on a 
larger scale [after Klein and $iedler, 1989]. 

ing mooring-line inclination which is caused by varying 
current drag. One current meter each was placed above the 
thermistor cable recorder. A second thermistor cable was 

attached at greater depth, usually 800-1200 m, for a study of 
the Mediterranean Water component in the North Atlantic 
Deep Water. Aanderaa instruments were used in all moor- 
ings. Measurements covered the time period from October 
1983 to October 1984 (phase 1) and from November 1984 to 
July 1985 (phase 2), with 1-year observations at the meridi- 
onal and nearly 2 years of observations at the zonal line. 

Only data from the main thermocline levels will be used in 
the present study. Details of mooring position, measurement 
period, nominal instrument depth, and instrument perfor- 
mance are presented in Table 1 and Figures 6 and 7. In 
addition to the moored instrument time series, CTD profiles 
were obtained at selected positions, particularly near the 
moorings at the times of launching and retrieval, and also 
earlier in 1983. The stations are summarized in Table 1 and 

Figure 2. 

3. DATA PROCESSING 

Temperature and pressure of the moored instruments 
were sampled at 2-hour intervals. Data were quality con- 
trolled, and obviously erroneous values were rejected. The 
time series were then low-pass filtered with a cutoff period of 
approximately 2 days in order to eliminate short-periodic 

0ø50ø .....•ii] variability, particularly internal gravity waves with tidal 
s u m m e r ......... •:•!i!i!•iiiii periods. 

The actual depth of the individual measurement had to be 
determined from the pressure records because of sensor 

o depth changes of up to 30 m during the observational period. 
A correction scheme was applied, assuming a rigid pendu- 
lum approximation (see Figure 8). The vertical displacement 
Azi of a sensor (i) below the respective pressure sensor (I) 

. will be smaller than AZl by a factor li/l I , with I i and Ii being 
the respective bottom distances of the sensors in the case of 

............ a vertical mooring line. The corrected temperature T i at a 
minimum depth z i for sensor i at time t is then obtained from 
the temperature Tmi measured at depth Zmi: 
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Fig. 5. Typical thermistor cable mooring. 
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Fig. 7. Vertical coverage by thermistor cables at moorings U-X 
during phase I (dotted columns) and phase II (open columns). The 
horizontal lines indicate depth ranges used in the analysis. 

Ti( z i, t) =Tmi[ z mi(t), t] + 
li 

OT(t) Azi(t) Azi •tAzt Oz 

(1) 

The vertical gradient O T/Oz was determined from the corre- 
sponding thermistor cable data set, averaging over 24 hours. 
The corrected temperatures were then linearly interpolated 
for each time step in order to obtain temperatures at levels 
common for all moorings used in the analysis: 350-710 m in 
phase 1 and 260-620 m in phase 2 (see Figure 7). In some 
cases extrapolation by as much as two depth increments (2 x 
40 m) was necessary, but was considered uncritical because 
of the almost linear vertical temperature variation in the 
respective depth range. Comparisons of the depth-corrected 
time series with conductivity, temperature, and depth (CTD) 
data at specific times indicated deviations which are typi- 
cally as small as 0.05øC. 

4. VOLUME TRANSPORTS 

In earlier studies of mean geostrophic transports by 
Stramma [1984] and Klein and Siedler [1989] it was shown 
that a level of no motion at 1300-1500 m leads to good 
approximations of the transport field in the upper ocean in 
this region. Stramma found a difference in mean transports 
of less than 12% when replacing the above reference level by 

1 Jan 1984 1 July 1984 1 Jan 1985 1 July 1985 
i I i i 

• current meter 

...... upper thermistor chain 

Fig. 6. Summary of current meter and thermistor cable data in the 
array. For locations see Figure 2. 

Sl 

,•,z I 

Fig. 8. Definition of terms for the correction of sensor depth 
changes. 
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TABLE 2. Hydrographic Stations 

Vessel Cruise Year Data 

Meteor 64 1983 CTD's along 28øN 
Poseidon 104 1983 CTD's along 28øN 
Meteor 69 1984 CTD's, XBT's in whole area 
Polarstern 5 1985 CTD's along 28øN 

2000 m. A change of reference levels by several hundred 
meters will thus only introduce small deviations. In order to 
obtain a first view of transport changes, we will assume that 
such a selection is also appropriate for the low-frequency 
variability of transports. This will also provide the opportu- 
nity to check whether the mean of consecutive CTD surveys 
results in transport numbers comparable to the above stud- 
ies. 

Geostrophic transports were calculated relative to 1500 m 
for the four CTD data sets which are summarized in Table 2. 

The results are presented in Figure 9. The four individual 
CTD surveys lead to the transport rates shown in Figures 
9a-9d. The transports are highly variable zonally and from 

one survey to the next. The temporal mean in Figure 9e 
indicates a maximum southward transport between moor- 
ings O and P and a northward transport near the Canary 
Islands between moorings E and X, opposite to the mean 
flow obtained in Strarnrna's [ 1984] maps. It should be noted 
that Stramma used 3 ø x 3 ø squares for averaging and an 
objective analysis scheme with a correlation scale of 470 km. 
His fields will therefore not resolve the flow in our array. The 
cumulative transport, starting integration from the western- 
most point, is presented in Figure 9f. It is directed south- 
ward, adding up to 2.5 Sv (1 Sv = 106 m3/s). This number is 
reasonably close to the 3 Sv transport in the layer 0-800 m 
(with deeper reference level) that can be deduced from 
Strarnrna's [1984] analysis (see Figure 2). We conclude that 
transports are characterized by a mean southward flow with 
variations exceeding the mean, and that the eastern part of 
•the section is probably governed by different dynamics, 
compared to the central and western part. 

We will next determine geostrophic transports from the 
thermistor cable time series using mean T-S relationships. 
Individual T-S distributions of the CTD profiles are pre- 
sented in Figure 10 for 26.5øW and 28øN. The hatched areas 
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Fig. 9. (a-d) Volume transports between sites R, O, P, E, X (see Figure 2) perpendicular to latitude 28øN from four 
CTD surveys, (e) temporal mean transports, and (f) cumulative transport. 
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Fig. 10. Temperature-salinity (T-S) distributions from CTD's 
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study. 
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Fig. 11. Volume transports (TR) between 260- and 620-m depth 
determined from geostrophic currents relative to a 620-m reference 
level for the observational period 1984-1985: 1, across 28øN; 2, 
across 27øW; and 3, across line between moorings U and X. 

included. Qualitatively, we find an inflow into the triangle 
U-R-X in the northern part from the west, corresponding to 
the Azores Current [Kiise and Siedler, 1982; Kiise et al., 
1985; Gould, 1985], and a partition into an outflow to the 
northeast and an outflow to the south of approximately equal 
magnitude. These two outflows correspond to two branches 
of the Azores Current [Klein and Siedler, 1989]. We con- 
clude that the mean relative transports from this analysis are 
consistent with earlier results on the mean geostrophic flow 
in the main thermocline in this region, both with respect to 
spatial pattern and approximate magnitude. 

Relative transport time series for the main thermocline 
layers are presented in Figures 12 and 13. One recognizes 
strong variations on time scales from a few months to 1 year. 
They can be caused by long-periodic waves or, particularly 
on the shorter time scales, by mesoscale eddies. We will 
attempt to simulate the observed transport variations by 
propagating long-periodic waves. Because of the longer time 
series and the better spatial coverage on the line along 28øN 
compared to the line along 26.5øW, we will only use the 
zonal section data for the following wave analysis. 

indicate the temperature ranges in the thermistor cable data. 
It is obvious from these graphs that temperature can be well 
related to density in these ranges. For a detailed discussion 
of errors, we refer to Siedler and Strarnrna [1983]. In the 
following study of transport variability we will avoid extrap- 
olation to the 1300- to 1500-m reference levels used for mean 

transport calculations, and will examine "relative trans- 
ports," i.e., volume transports which are calculated from 
geostrophic currents in a 360-m-thick layer relative to the 
lower boundary of this layer. The mean relative transports 
for this layer are summarized in Figure 11. The error analysis 
leads to an rms error of -+0.2 Sv. These relative transports 
will be lower than the absolute transports. 

In addition to the values for adjacent mooring pairs, the 
transport to the northeast across the line U-X is also 

5. WAVE MODEL 

Considering the results described earlier in the introduc- 
tion, an approximation of baroclinic volume transport vari- 
ations by a superposition of first-order propagating waves 
appears both appropriate and feasible in our case. We will 
first check the scales to be expected. The dispersion relation 
for baroclinic Rossby waves of first-order mode [e.g., Leb- 
lond and Mysak, 1978] is given by 

fl K NH 

• = k, 2+R_ 2 R= f•r (2) 
with angular frequency •o, wave number k* = (K 2 + 'rl •) •/2, 
zonal and meridional wave number components K and •/, 
coefficient/3 of meridional Coriolis parameter (f) change, H 
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Fig. 12. Time series of relative transports (TR) across 28øN (see Figure 2 and Table 3) during two observational 
periods (TK 1, TK2). 

the vertical scale (water depth), R the internal Rossby 
radius, and N the Brunt-Vfiisfilfi frequency. 

The latitudinal limit for baroclinic Rossby waves is given 
by 

flNH 
u, -< W c = (3) 

For/3=2 x 10 -]] m -] s -] f= 7 3 x 10 -5 s -] 4)= 30 ø 
(latitude),H = 5 x 10 3 m, andN = 2 x 10 -3 s -] we 
obtain the period *c of the latitudinal limit: 

2qi- 
* c = • "' 160 days (4) 

O) c 

Therefore only baroclinic wave periods longer than 160 days 
are to be expected in our case. The dispersion relations for 
the two cases ,/ = 0 and IKI = are given in Figure 14, 
where dashed lines refer to annual and semiannual periods. 
The wavelength ranges in these two cases are indicated by 
the intervals in the lower part of the diagram. For annual 
waves we find possible wavelengths near 100 km and be- 
tween 850 and 1250 km, for semiannual waves between 180 
and 480 km. The distance between mooring R in the west and 
mooring X in the east is only about 830 km, and we will 
therefore study only the smaller spatial scales of expected 
annual and semiannual waves (100 and 180-480 km, respec- 
tively). 

We first use a simple model assuming a linear superposi- 
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temporal mean, separate the meridional velocity v(x, z, t) 
into a vertically dependent (F) and a horizontally and 
time-dependent 07) term: 

v(x, z, t) = F(z)•7(x, t) (5) 

where x is the eastward coordinate, z the upward coordi- 
nate, and t time. 

Differentiation with respect to z results in 

Ov( x, z, t) dF( z) 
= t) (6) 

Oz dz 

or 

{dr(z))-' Ov(x, Z, t) O( x, t) = [, dz Oz (7) 
With xj (j = 1,'", 4) half-way between the mooring 
positions along 28øN, time t k (k = 1, ... , K), and Z A and 
z B equal to the depth range boundaries of the selected data 
set, we obtain 

v(xj, zA, ttO- v(xj, zB, tn) 
•7(xj, tn)-• (8) 

V(z) - V(z) 

An inspection of CTD profiles leads to the conclusion that v 
is sufficiently linear with depth in the range 
Therefore the equation can be used directly to determine •7. 
With •7(xj, t n) known, the volume transport Mø(xj, t•) 
through the area between adjacent stations with distance Ax 
and between the surface and depth z0 (with z0 = - 1500 m) 
can be calculated: 

TRANSPORT BETWEEN POS U AND X 

• -0.40 • TK 2 % 
E 

22. OCT 1984 20. JAN ! 985 20. APR 19. JUL 

Fig. 13. Time series of relative transports (TR) across 27øW and 
across the line between moorings U and X (see Table 3) during 
second observational period (TK2). 

MD(xj, tk) = •xJ+(ax/2) fz0 F(z)•7(xj,t•) dz dx Jxj- (Ax/2) o 

= •xj+(Ax/2) t7(Xj, tk) dx fz•) Jxj- (Ax/2) o 

F( z) dz (9) 

If the transport variations are caused by superimposed waves 
(0 at each time tf, we obtain the wave model transport M• TM 
with/•i "- Ai sin (KiX -- ooit '+ q•i), where q0 i is phase: 

M•W(xj, t•) = F(z) dz -- sin (KiX j -- ooit k 
o i=l Ki 

tion of two propagating baroclinic waves of first order, 
without specifying Rossby wave dynamics, to describe the 
variability of meridional volume transports. The vertical 
structure function F(z) is identical for both waves. For each 
time and position we can therefore, after subtraction of the Here we used the relation 

+ (• i) sin K iAx ] (10) 

Data 
Version 

D1 
D2 

D3 
D4 

TABLE 3. Selection of Data Sets for Simulation 

End Point Moorings 

Phase O/R P/O E/P X/E 

No. of 

Transport 
Series 

TK1 X X X 
TK2 X X X 
TK2 X X 

TK1/TK2 X X X 

Duration, 
days 

365 
157 
277 
432 
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Fig. 14. Dispersion relation of first-order baroclinic Rossby waves for 7 = 0 and K = 7- The dashed lines indicate 
annual and semiannual periods (•), the double-line ranges give wavelength (A) ranges for these periods. 

TABLE 4. Wave Solutions for Transport Time Series From Model I (Baroclinic for Annual Periods (334-371 Days) and Semiannual 
Periods (182-210 Days), Barotropic for 90-Day Periods (87-92 Days)) 

Data AF, A* K, 1_71, A, T, 4>, IcI, Itel, Icgl, I•1, 
Version No. x102% 10 ] m 2' s -] 10 -5 m -] 10 -• m -] 103 m days rad 10 -2 m s -] deg 10 -2 m s -1 deg 

2.1 -1.83 0.78 316 183 -1.7 2.0 23 0.9 42 
D1 1 0.18 

5.6 -4.72 4.17 100 346 -1.6 0.3 41 0.4 1 
2.1 -1.83 0.78 316 183 -0.7 2.0 23 0.9 42 

2 0.18 
5.6 -4.72 4.17 100 346 3.6 0.3 41 0.4 1 
1.9 - 1.58 0.44 383 183 -0.6 2.4 16 1.0 65 

3 0.18 
5.8 -4.99 4.15 97 345 -3.6 0.3 40 0.4 3 
2.0 -1.83 0.74 318 182 -0.6 2.0 22 0.9 42 

4 0.18 
5.4 -4.69 4.48 97 367 -2.6 0.3 44 0.4 5 
1.8 - 1.59 0.46 379 183 -3.4 2.4 16 1.0 63 

5 0.18 
5.4 -4.99 4.50 94 367 - 1.6 0.3 42 0.4 1 
1.8 - 1.72 0.76 334 186 -0.9 2.1 24 1.0 48 

D2 1 0.22 
4.5 -1.57 1.21 317 91 1.4 4.0 38 5.1 15 
1.8 -1.72 0.76 334 186 0.1 2.1 24 1.0 48 

2 0.22 
4.5 -1.57 1.21 317 91 1.4 4.0 38 5.1 15 
1.8 -1.72 0.76 334 186 0.1 2.1 24 1.0 48 

3 0.22 4.5 -1.56 1.19 320 90 1.4 4.1 37 5.2 15 
1.8 -1.72 0.76 334 186 0.1 2.1 24 1.0 48 

4 0.22 
4.5 -1.57 1.21 317 91 1.4 4.0 38 5.1 15 
1.6 - 1.64 1.23 306 210 0.1 1.7 37 1.3 45 

5 0.21 
3.9 -1.57 1.19 319 90 0.4 4.1 37 5.1 16 
2.7 -1.63 2.95 186 371 -0.9 0.6 61 1.1 50 

D3 1 0.20 2.7 - 1.90 0.97 295 87 0.6 3.9 27 4.4 36 
2.5 - 1.90 0.97 295 87 3.6 3.9 27 4.4 36 

2 0.27 
719 -- -- 200 • - 1.6 .... 

2.7 - 1.64 2.76 196 345 -0.1 0.7 59 1.1 48 
3 0.23 

4.3 -4.25 • • 148 0.2 .... 
2.6 -1.79 0.92 312 189 3.4 1.94 27 1.0 41 

4 0.27 
812 -3.14 • 200 • - 1.6 .... 

2.8 -2.06 0.98 275 92 0.1 3.5 26 3.8 39 
5 0.23 

1.7 -1.64 0.82 343 191 0.6 2.1 26 1.1 50 
1.6 -1.49 2.49 216 334 -0.6 0.8 59 1.3 51 

D4 1 0.27 
1.0 -4.19 4.13 107 346 2.1 0.4 45 0.4 8 
1.6 -1.71 • -- 173 0.5 .... 

2 0.25 
2.3 -2.39 • m 85 -1.4 .... 
2.0 -1.78 • • 171 1.9 .... 

3 0.28 
1.7 -1.79 0.32 346 174 0.5 2.3 2 0.7 62 
1.6 -1.72 • -- 173 0.5 .... 

4 0.26 
2.3 -2.40 • • 85 1.4 .... 
1.6 -1.72 • • 170 0.6 .... 

5 0.27 
2.1 -2.39 -- • 85 1.4 .... 

AF is the mean deviation of the data from the simulation in percent. Free parameters for fitting: A*, amplitude; K, zonal wave number; 
T, period; and •b, phase. Computed parameters in the case of Rossby wave dynamics: 7, meridional wave number; A, wavelength; c, phase 
velocity; a, angle between phase velocity and westward coordinate; c g, group velocity; and $, angle between group velocity and north-south 
line. 



2402 SIEDLER AND FINKE.' WAVE SIMULATION OF LONG-PERIOD TRANSPORT CHANGES 

TABLE 5. Baroclinic Wave Solutions for Transport Time Series From Model II 

Data AF, A * 
Version No. x102% 10 • m 2 s -• 10 -5 m -• A , T, qb, Cx, •Cgx' -1 10 • m days rad 10 -2 m s -1 10 TM m s 

2.5 -1.50 419 173 -0.2 -2.8 -1.1 D1 1 0.23 
4.0 -4.33 145 199 -2.3 -0.8 0.5 
1.9 -1.63 385 168 -0.3 -2.7 -0.8 2 0.24 
3.0 -2.89 217 167 2.5 -1.5 0.3 
1.9 -1.67 376 167 -0.3 -2.6 -0.8 3 0.24 

290 -3.14 200 172 2.2 - 1.3 0.4 
2.4 -1.46 430 175 -0.2 -2.8 -1.1 4 0.23 
4.1 -4.27 147 198 -2.2 -0.9 0.5 
2.5 -1.50 419 173 -0.2 -2.8 -1.1 5 0.23 
4.0 -4.33 145 200 -2.3 -0.8 0.5 

45.4 -2.04 308 161 -0.2 -2.2 -0.2 D1 1 0.32 
46.4 -2.06 305 162 -0.7 -2.2 -0.2 

9.0 -1.08 582 203 -0.3 -3.3 -2.0 2 0.30 
36.4 -4.14 152 195 -0.1 -0.9 0.5 
45.8 -2.04 308 161 -0.2 -2.2 -0.2 3 0.32 
46.7 -2.06 305 162 0.7 -2.2 -0.2 

9.0 - 1.08 582 203 -0.8 -3.3 -2.0 4 0.30 
36.5 -4.14 152 195 -0.1 -0.9 0.5 

6.1 -1.09 576 203 -0.3 -3.3 -2.0 5 0.30 
25.2 -4.11 153 194 -0.1 -0.9 0.5 

1.4 -1.37 459 179 -0.3 -3.0 -1.3 D3 1 0.23 
14.8 -7.85 80 311 0.2 -0.3 0.3 
0.8 - 1.04 604 207 0.4 -3.4 -2.1 2 0.30 
0.5 -4.19 150 196 -0.1 -0.9 0.5 
0.9 -1.24 507 189 -0.5 -3.1 -1.6 3 0.30 

556 -3.14 200 172 0.1 -1.3 0.4 
1.0 - 1.07 587 204 0.3 -3.3 -2.0 4 0.32 
0.8 -2.78 226 166 0.2 - 1.6 0.3 
1.3 -1.05 598 206 0.3 -3.4 -2.1 5 0.30 
0.4 -3.89 162 188 -0.2 -1.0 0.5 
1.2 -1.47 427 174 0.0 -2.8 -1.1 D4 1 0.28 
1.4 -1.86 338 163 0.3 -2.4 -0.5 
1.2 -1.47 427 174 0.0 -2.8 -1.1 2 0.28 
1.4 -1.86 338 163 0.3 -2.4 -0.5 
1.2 -1.51 416 173 0.0 -2.8 -1.0 3 0.29 
1.6 - 1.83 343 164 0.3 -2.4 -0.5 
0.9 -1.45 433 175 0.1 -2.9 -1.2 4 0.28 
1.7 -1.77 355 165 0.3 -2.5 -0.6 
0.9 -1.45 433 175 -0.1 -2.9 -1.2 5 0.28 
1.7 -1.77 355 165 0.3 -2.5 -0.6 

AF is the mean deviation of the data from the simulation in percent. Free parameters for fitting: A*, 
K, and 4. Computed parameters' Ax, zonal wavelength' T, period; Cx, zonal phase velocity component; 
and C gx, zonal group velocity component (for further explanations, see Table 4). 

TABLE 6. Typical Wave Properties Obtained From Model I (Baroclinic for Annual and 
Semiannual Periods, Barotropic for 90-Day Period) 

Annual Period, Annual Period, Semiannual 90-Day 
100-km Wavelength 200-kin Wavelength Period Period 

A, 103 m 98 ----- 4 199 ----- 15 335 ----- 23 306 ----- 16 
T, days 352 _+ 10 350 _+ 19 186 --- 8 89 --- 1 
A*, 101 m 2 s -1 4.8 _+ 1.9 2.3 +_ 0.6 1.9 +_ 0.3 3.7 +- 0.9 
ATR, 106 m 3 s -1 2.0 ___ 0.8 2.3 + 1.0 2.2 + 0.3 3.6 ___ 1.7 
emax, 10 -2 m s -1 6.3 ----- 2.4 3.0 ----- 0.8 2.5 ----- 0.3 4.9 _+ 1.2 
Icl, 10 -2 m s -1 0.33 __ 0.02 0.66 -+ 0.08 2.09 __ 0.2 3.95 __ 0.21 
lal, deg 42_+ 1 59_+ 1 22-+ 6 33-+ 5 
Icgl, 10 -2 m s -1 0.39 -- 0.03 1.16 _+ 0.1 0.99 _+ 0.14 4.78 __ 0.5 
I•l, deg 1 _+ 3 49_+ 1 49_+ 8 23_+ 11 

Here, A, wavelength; T, period' A*, amplitude; ATR, transport change amplitude; Umax, particle 
speed' c, phase velocity; a, propagation direction relative to westward' c•, group velocity; $, group 
velocity direction relative to southward. Error estimates result from averaging model results. 
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Fig. 15. Dispersion relation of barotropic Rossby waves for *7 = 0 and K = *7. The dashed line indicates the 90-day 
period (r), and the double-line range gives the wavelength (X) range for this period. 

COS I/l-- COS ]/2 = -2 sin 

with 

•t 1 + 3t2 •t 1 --3t2 
sin • (11) 

2 2 

Assuming two wave components (I = 2), the relative 
transport is determined by least squares fitting of the ob- 
served M: 

J K 

IMø(x, t•)- M2W(xj, t•)l 2= min (12) 
j=l k=l 

F(X)= • Ifn(X)l 2= min (13) 
n=l 

with/• = JK and X = (X1, X2, '" , XQ)r and/• > Q. 
X is the vector representing the variables A i, Ki, øøi, and 

•i of the elementary waves. Starting with a first guess, a 
Gauss-Newton algorithm [Gill and Murray, 1978] is used to 
determine the minimum value X*. The deviation between the 

data and the simulation is then given by $: 

S - Ifn(X*)l 2 (14) 
=1 

Up to this point we have not applied any restfictions 
required in the case of Rossby waves, but have only as- 
sumed the existence of two superimposed propagating 
waves with a vertical structure corresponding to a first 
mode. We call this our model I: 

X = (A1, A2, K1, 1<2, C. O1, OI2, •1, •2) T (15) 
In a comparison with the Rossby wave dispersion relation, 
we can check whether the results are consistent with Rossby 
wave dynamics and, if so, what meridional wave numbers 
result in that case. 
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Fig. 16. Examples of amplitudes (ATR) of measured relative 
transport time series and simulations by two superimposed propa- 
gating first-order baroclinic waves in model I for series D1 with 
1-year duration and three station pairs. 
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Fig. 17. Examples of amplitudes (ATR) of measured relative transport time series and simulations by two superimposed 
propagating first-order baroclinic waves in model I for series D2 with half-year duration and four station pairs. 

In a second model we assume westward propagating 
Rossby waves with •/= 0, and we use the particular Rossby 
wave dispersion relation: 

X = (A1, A2, K1, K2, (•)1, (•)2) T (16) 
with 

fi K i 
tøi=-- -2 i=1 2 Ki2 + R ' 

This will be our model II. 

6. MODEL RESULTS 

Various combinations of the data sets were used for the 

simulation. They had different spatial and temporal coverage 
and are summarized in Table 3. The ranges of wavelengths 
and periods which could be determined directly from the 
data are 2Ax -< A -< L and 2At -< • -< D, where Ax is the 
mooring separation as defined before, At is given by tk+• - 
t k, L is the maximum separation of x j, and the maximum 
duration of the version considered is given by D. 

The spatial sampling distances are too large to cover all 
wave numbers given in the ranges of Figure 14 indepen- 
dently. The temporal sampling, however, is adequate for 
periods of a few months to a year. By coupling the spatial 
and temporal information through the propagating wave 
model, we can use the temporal variations at the given 
positions to arrive at period and wavelength estimates. 

The first guesses needed for the start of the estimates were 
obtained from the visual inspection of the transport time 
series. Apparent periods and wavelengths were identified, 
and different initial guesses were obtained by increasing and 
decreasing these values within reasonable ranges. The num- 
bers 1-5 in Tables 4 and 5 refer to such different initial 

guesses. Linear trends were removed. The solutions ob- 
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Fig. 18. Variance of relative transport observations (open area, 
easternmost value set to 100%) and variance of two approximations 
(hatched and crossed area) with model I for a one-year (D1) and 
half-year (D2) duration. 
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tained for model I are presented in Table 4, those for model 
II in Table 5. AF is S normalized by the maximum transport 
value M ø of the version considered. Small values of AF 
indicate a good simulation. The amplitude is given by 

A* = A F(z) dz 
o 

The results indicate a lower mean deviation of the data from 

the simulation for model I than for model II. All the results 

in Table 4 not consistent with barociinic Rossby wave 
dynamics are found at the short periods of approximately 90 
days primarily resulting from versions D2 and D3. Because 
of the shortness of these versions, the short-period varia- 
tions play a more prominent role in approximating the 
observed changes. Two cases with extreme A* (period -•o•) 
are affected by numerical instability. In all data versions of 
model I, we find wavelengths between 300 and 360 km with 
semiannual periods. Major differences are found for the 
second wave. In the cases of the long data series in version 
D1 we find mostly annual waves with short wavelengths of 
about 100 km. For versions D3 and D4 we also find annual 

waves with longer wavelengths, about 200 km. 
Combining the values of free parameters in Table 4 with 

the baroclinic Rossby wave dispersion relation, a meridional 
wave number (except for its sign) and also phase and group 
velocities can be determined for annual and semiannual sig- 
nals. We can obtain information on the sign of the dominant 
meridional wave number from the Reynolds stress term u'v'. 
Mfiller and Siedler [1992] obtained significant numbers for 
moorings R and O (see their Table A3). The value is positive, 
indicating a phase propagation to the southwest. 

The main results are summarized in Table 6. In order to 

check whether changes in the choice of N and H could be 
important, these values were varied in ranges probable in the 
area. Typical variations in period T caused by these changes 
are of similar magnitude as the uncertainty of the simulation 
given in Table 6. 

In addition to cases with annual and semiannual periods, 
signals of 90-day period were found. They can be interpreted 
as an effect of a barotropic Rossby wave. In a horizontally 
homogeneous ocean, such waves would not generate tem- 
perature variability at a fixed position. If horizontal temper- 
ature gradients exist, however, barotropic waves will pro- 
duce temperature changes. With the limited depth range of 
our thermistor cables, such changes will show up both when 
fitting the data to a vertically constant mode or to a first- 
order baroclinic mode with approximately constant vertical 
gradient in the given depth range. We did not consider it 
useful to actually fit to a barotropic mode, since the variabil- 
ity is related to unknown horizontal temperature gradients. 
If such a signal occurs, however, in the baroclinic mode 
analysis, its period and wavelength can be related to the 
generating barotropic wave. The dispersion relationships for 
barotropic Rossby waves with • = 0 and • I•1 are 
presented in Figure 15. The observed 90-day wave signal 
corresponds to a barotropic wave propagating to approxi- 
mately _+25 ø off the westward direction. 

The model II simulations presented in Table 5 are of lower 
quality (larger AF). Wavelengths are between 150 and 600 km. 
It is reassuring, however, that with pure westward propagation 
required, almost all periods are about half-year where model I 
indicates the smallest deviations from westward propagation. 
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Fig. 19. Spectral estimates of energy (E) for the two period 
ranges indicated, obtained from the current meters at moorings R, 
O, P, E, X (see Figures 2 and 5). The short solid line gives the value, 
and the open area indicates the 95% confidence limits. 

Examples of observed and simulated time series in model 
I are shown in Figures 16 and 17. In Figure 18 we display the 
transport variance between moorings for two simulations, 
normalized with the maximum variance in each series. 

Obviously, the simulation is much better in the western part 
of the array than in the east. In the area with poor approx- 
imation, we earlier found an unusual behavior in the trans- 
port variability obtained from quasi-synoptic CTD casts 
(Figure 9), with predominant northward transports opposite 
to the gyre flow direction. In this eastern region the low- 
frequency currents are much more energetic than further 
west. This is also documented in Figure 19 by the spectral 
estimates obtained from the current meters in the moored 

array. The higher values close to the Canary archipelago are 
found both at the annual to semiannual wave periods (512- 
100 days) and at shorter time scales (100-2 days). 

7. DISCUSSION 

Our analysis leads to the conclusion that superpositions of 
two first-order baroclinic waves with annual and with semi- 

annual periods and a barotropic wave with a 90-day period 
provide good approximations of low-frequency variability at 
some distance to the west of the Canary archipelago. This is 
consistent with Rossby wave dynamics, although other 
processes may also play a role. The approximation, how- 
ever, is poor within 200 km of the islands. 

Most earlier studies have concentrated on annual Rossby 
waves with longer wavelengths of order 1000 km. Our results 
indicate annual contributions at shorter wavelengths of 100-200 
km and semiannual components at 300 km which are consistent 
with baroclinic Rossby wave dynamics. Earlier observations in 
the eastern subtropical North Pacific [Kang and Magaard, 
1980] and wind-driven Rossby wave models for the eastern 
North Atlantic [Hermann and Krauss, 1989] arrived at a 
northwestward direction of propagation. When assuming 
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Rossby wave dynamics, the Reynolds stress in our data 
indicates a southwestward propagation of the dominating 
wave. In the case of baroclinic waves with annual periods and 
100- to 200-kin wavelength, this leads to about 450-60 ø devia- 
tion to the south from westward propagation, and in the case of 
the semiannual waves to a direction closer to westward, with a 
deviation of about 25 ø. The direction of the barotropic waves is 
-+25 ø off the westward direction. 

The large differences between observation and simulation 
in the eastern part of the studied region can be due to the 
particular flow patterns close to the Canary archipelago or 
occur because of the existence of a source region for the 
generation of the waves which are observed further west. 
The first possibility cannot be discounted because the east- 
ern part of the observational area was situated close to the 
Canary Islands, with the Canary Current passing the archi- 
pelago from north to south. Topographically controlled 
quasi-permanent eddies can be expected to exist, changing 
slowly in structure and intensity and causing low-frequency 
current variability. Information on the particular properties 
of flow near the archipelago is too scarce, however, to 
provide any firm evidence for such a process. 

We cannot identify the generation process for the wave 
contributions in the area from our data. Various mechanisms 

have been proposed in earlier studies: wind stress forcing 
locally [White and Saur, 1981] or on larger scales [Magaard, 
1977; Price and Magaard, 1980, 1983; Krauss and Wt;ibber, 
1982; Lippert and Kiise, 1985; Hermann and Krauss, 1989], 
buoyancy forcing [Magaard, 1977], atmospheric pressure forc- 
ing [Magaard, 1977], forcing by an annual change of nearby 
along-shore currents [Mysak, 1983], and forcing by coastal 
Kelvin waves which have been wind forced in the equatorial 
belt and propagate poleward along the eastern boundary 
[Pares-Sierra and O'Brien, 1989; Johnson and O'Brien, 1990]. 

As was shown by Magaard [1977], atmospheric pressure 
changes and buoyancy changes are negligible. Local or 
remote wind stress forcing are possible mechanisms. But 
with the strong change in current magnitude and direction 
west of the Canary Islands, the process proposed by Mysak 
[1983] is also conceivable. 
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