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Introduction 21 

 22 

In the Supporting Information we first derive the equations for the convergence of the 23 

meridional flux of zonal momentum at the equator. We then give the details of the 24 

model set-up and of the analysis applied to the model output, after which we focus on 25 

the analysis of the mooring data. 26 

 27 

 28 

 29 



Methods 30 

The meridional flux of intraseasonal zonal momentum 31 

The zonal momentum equation is given by 32 

 33 

D
x

p
yv

z

uw

y

uv

x

uu

t

u


























0

1)()()(


      (S1) 34 

 35 

where here Cartesian coordinates have been used, for simplicity, with x increasing 36 

eastward, y northward and z upward, with corresponding velocity components u, v and 37 

w, respectively, p is the pressure and 0  is a representative density for sea water. The 38 

equation has been written for an equatorial beta-plane with y = 0 at the equator, and D 39 

represents dissipation. In order to focus on the time scales longer than intraseasonal, a 40 

temporal low-pass filter, represented by an overbar, is applied (at fixed height) to give  41 
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 44 

where the local time derivative has been retained to represent the slow time variation 45 

of the equatorial currents compared to that of the primed variables which represent the 46 

intraseasonal variability. It is implicit in the above that the low-pass filter satisfies the 47 

Reynolds condition, i.e. that terms of the form   �̅�𝑣′̅̅ ̅̅   can be neglected. The vertical 48 

momentum flux convergence,
z

wu






)(
, due to internal waves encountering critical 49 

layers, has been proposed as a mechanism for accelerating the deep jets [Muench and 50 

Kunze, 2000]. However, since our model does not adequately resolve internal waves 51 

but still realistically reproduces the jets, this term is not discussed further here. The 52 

dominant balance in (S2) at the equator (y = 0) is then given by  53 
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 56 

where, here, the dissipation includes not only the low-pass filter of D but also 57 

contributions from the other terms in the averaged equation (e.g. the zonal advection 58 

terms) that are associated with dissipation [Ascani et al., 2015]. The meridional flux of 59 



intraseasonal zonal momentum is given by vu   and its convergence at the equator by 60 

y

vu






)(
. 61 

 62 

Model Set-up 63 

The model simulations were carried out using the MITgcm [Marshall et al., 1997] 64 

with a horizontal grid resolution of 0.25° and 200 levels in the vertical with a finer 65 

resolution in the upper part of the water column than further down [Ascani et al., 66 

2015; Matthießen et al., 2015, 2017]. The model domain is a rectangular basin in 67 

latitude/longitude space with a flat bottom at depth 5000 m, closed walls at the 68 

northern, southern, western, and eastern boundaries, a width of 72
o
 in the zonal 69 

direction and extends meridionally from 20°S to 20°N. Vertical mixing is 70 

parameterized using a Richardson number dependent scheme [Pacanowski and 71 

Philander, 1981] with a background vertical diffusivity of 10
-5

 m
2
 s

-1
 and biharmonic 72 

friction is used in the horizontal for both tracers and momentum with coefficient 2 x 73 

10
10

 m
4
 s

-1
. The bottom friction is set to zero and the model is forced at the surface by 74 

a time-independent wind stress that is switched on at the start of the integration, the 75 

model being initialized in a state of rest with a specified horizontally uniform density 76 

stratification. The wind stress is zonally uniform and is the zonal average of the 77 

annual mean wind stress from NCEP [Kalnay et al., 1996]. Potential temperature is 78 

the only active tracer, salinity being kept constant and uniform at 35 psu, and a linear 79 

equation of state is used, as in Ascani et al. [2015] and Matthießen et al.[2015, 2017]. 80 

The initial potential temperature field is obtained by area-averaging potential 81 

temperature at each depth from the World Ocean Atlas [Levitus et al., 2013] within 82 

the region of the Atlantic Ocean corresponding to the latitude range of the model 83 

domain. Throughout the integrations, the surface temperature is relaxed to the initial 84 

surface temperature with a time scale of 30 days. 85 

 86 

Vertical mode decomposition from model output 87 

The mean potential temperature profile T(z), diagnosed over the whole 180 years 88 

of model integration at the center of the basin and averaged between 2.5°S and 2.5°N, 89 

was used to compute a mean buoyancy frequency profile from the linear equation of 90 

state used by the model. Based on this profile the baroclinic vertical structure 91 

functions are computed by numerically solving the eigenvalue problem of 92 

Sturm-Liouville type [Gill, 1982] 93 
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with boundary conditions 0
ˆ1

2


dz

pd

N

n  at the bottom and 0
ˆ

ˆ
2


dz

pd

N

g
p n

n  at the 96 

surface. g is the acceleration due to gravity. The result is an orthogonal set of vertical 97 



structure functions, np̂  and associated constants nc  representing the phase speed of 98 

gravity waves for a particular vertical mode. The vertical mode amplitudes are 99 

normalized such that 100 
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 103 

where H is the depth of the model ocean (here 5000 m). The horizontal velocity 104 

components can now be expanded in terms of vertical modes as 105 

 106 







0

ˆ),(),(
n

nnn pvuvu , 107 

 108 

where nu  and nv  are the projection of u and v, respectively, onto the n
th

 vertical 109 

mode given by 110 
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 114 

The flux of intraseasonal zonal momentum from model output 115 

The model was used to produce 180 years of 5-daily instantaneous output of 116 

which the first 75 years were considered as model spin up and were discarded for the 117 

analysis. The horizontal velocity components were separated into a low frequency and 118 

a high frequency part by using a temporal low-pass filter having a cut-off period of 70 119 

days and the filter is a weighted moving average using a Hanning window as weights. 120 

It should be noted that this form of low-pass filter is not guaranteed to exactly satisfy 121 

the Reynolds condition that has been used to derive equations (S2) and (S3). 122 

However, given the spectral gap between the time scale of the deep jets (several 123 

years) and that of the intraseasonal variability, the error should be small. Unlike the 124 

mooring data (see below), we do not apply a 20 day low-pass filter before applying 125 

the 70 day low-pass filter since we do not have tides, and only weak internal waves, in 126 

the model. To be comparable to the results from the observations the convergence of 127 

the meridional flux of intraseasonal zonal momentum in the center of the basin is 128 

computed as the difference in the flux between 0.75°S and 0.75°N divided by the 129 

distance between the two locations. For Figure 4a, the time mean of the convergence 130 

of the flux of intraseasonal zonal momentum was first removed followed by the 131 

application of an additional 70 day low-pass filter before plotting. 132 

 133 



    For the regression of the convergence of the momentum flux on the slowly 134 

varying equatorial zonal velocity shown in Figure 5, the additional 70 day low-pass 135 

filter was not applied. This was done in order to ensure comparability with the 136 

regression based on the mooring data for which the convergence of the momentum 137 

flux was not low-pass filtered. To account for the autocorrelation of the time series of 138 

both the intraseasonal zonal and meridional velocity fluctuations, the estimate of the 139 

standard error of the regression slope is scaled by )1/()1( yxyx rrrr   where rx and 140 

ry are the autocorrelation coefficients of each time series at lag 1 (here 5 days), 141 

following Bretherton et al.[1999]. 142 

 143 

Modal decomposition of the power input 144 

The power input by the convergence of the meridional flux of intraseasonal zonal 145 

momentum into the slowly varying equatorial zonal velocity is given by 146 

 147 
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 149 

The vertical integral of the power input can be expressed by expanding the 150 

intraseasonal velocity fluctuations into vertical modes as 151 
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 154 

This allows us to diagnose the contribution of the intraseasonal fluctuations associated 155 

with different vertical modes to the vertically-integrated power input. This is done by 156 

evaluating the above expression for individual pairs (n, m), where n and m are the 157 

vertical mode numbers of the intraseasonal zonal and meridional velocity fluctuations, 158 

respectively, to give: 159 
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 162 

Mooring Data 163 

For this study, we used horizontal velocity data obtained from an equatorial 164 

current meter mooring at 23°W deployed from 2002 to 2016. The dataset is an update 165 

of that described in Bunge et al.[2008], Brandt et al. [2016] and Claus et al. [2016]. 166 

From 2006 to 2011, the equatorial mooring was part of a moored array along 23°W 167 

installed for three mooring periods. The mooring array consisted of three moorings 168 

located at 0.75°S, the equator, and 0.75°N, and was first deployed in June 2006, 169 

serviced in February 2008 and October 2009, and finally recovered in June 2011. The 170 



equatorial mooring was equipped with two acoustic Doppler current profilers 171 

(ADCPs): one 150 kHz upward looking instrument at a depth of about 200 m and 172 

another 75 kHz instrument either downward looking from just below the upper 173 

instrument or upward looking from larger depth. Unfortunately, the upper instrument 174 

failed during the first mooring period June 2006 to February 2008 leading to a slightly 175 

reduced measurement range. At the off-equatorial moorings, we used only upward 176 

looking instruments, either 150 kHz or 75 kHz leading to slightly varying depth 177 

ranges. All velocities were detided using a 40 hour low-pass filter and subsampled to 178 

12 hour intervals. Here, we used only velocity data from two depth ranges, i.e. 56 to 179 

150m and 300 to 500m. Additionally, we used horizontal velocity data from two 180 

McLane Moored Profilers (MMP) installed at the moorings at 0.75°S and at the 181 

equator during the mooring period from October 2009 to June 2011. They covered the 182 

common depth range 1090 to 3490 m. The MMPs were programmed to occupy 183 

profiles in bursts of two one-way traverses every 4 days, with the one-way profiles 184 

initiated 6 h apart. No temporal filter was applied to the acquired velocity data. The 185 

oceanic variability on intraseasonal timescales clearly exceeds the measurement 186 

accuracy of the different instruments in use. 187 

 188 

Vertical mode decomposition from observations 189 

    Shipboard CTD measurements taken during the mooring service cruises were 190 

used to calculate individual buoyancy frequency profiles that were averaged to derive 191 

a mean buoyancy frequency profile N
2
 for the depth range 0 to 4500 m. The 192 

subsequent computation of the baroclinic vertical structure functions and their 193 

normalization were performed identical to the model analysis with the depth, H, set to 194 

the maximum depth of the buoyancy frequency profile (here 4500 m). 195 

 196 

 197 

The flux of intraseasonal zonal momentum from observations  198 

Zonal and meridional velocity data were taken from three different moorings 199 

(each consisting of three mooring periods between 2006-2011) along 23°W at 0.75°S, 200 

equator, and 0.75°N. All data were low-pass filtered with a cut-off period of 20 days 201 

to reduce short timescale noise. For the Reynolds-averaging, the resulting velocities 202 

were separated into slowly varying (marked by an overbar) and fluctuating (marked 203 

by a prime) components: 204 

 205 

vvvuuu  , . 206 

 207 

The slowly varying components were derived by applying a 70-day low-pass filter 208 

particularly removing the intraseasonal variability having a dominant period of about 209 

30 days (Figure S3A shows the equatorial zonal velocity as an example). The 210 

fluctuating components were then derived by subtracting the slowly varying 211 

components from the 20 day low-pass filtered time series. The convergence of the 212 

meridional flux of intraseasonal zonal momentum was calculated using the fluctuating 213 



components from pairs of moorings: 1) North-South uses data from moorings at 214 

0.75°N and 0.75°S (Figure S3B), 2) North-Equator uses data from moorings at 215 

0.75°N and the equator (Figure S3C) and 3) Equator-South uses data from moorings 216 

at the equator and 0.75°S (Figure S3D). It should be noted that below 1000 m, only 217 

the moorings at and south of the equator are available and this only for roughly 18 218 

months in 2010 and 2011 (Figure S3D). 219 

For the depth range 300 to 500 m, the slowly varying zonal velocity at the 220 

equator was further separated into seasonal and interannual components. The 221 

interannual component was derived by subtracting the semi-annual and annual 222 

harmonics from the slowly varying zonal velocity followed by the application of a 223 

270 day low-pass filter. The seasonal component was then derived by subtracting the 224 

interannual component from the slowly varying component (Figure S4). For each 225 

filter application the lengths of the time-series were reduced by half the window size 226 

at the beginning and at the end of the time series. 227 

In a next step, the regression of the convergence of the meridional flux of 228 

intraseasonal zonal momentum on the slowly varying equatorial zonal velocity was 229 

calculated. Before calculating the regression the time-averaged zonal velocity was 230 

subtracted from the slowly varying zonal velocity. This was done only in the upper 231 

500 m as below the mean was generally weak and not well-enough determined from 232 

the available data. To estimate the standard error of the regression slopes, the degrees 233 

of freedom (DoF) for the following data blocks were obtained: 1) the Equatorial 234 

Undercurrent range from 56 to 150 m, 2) the shallow Equatorial Deep Jet (EDJ) range 235 

from 300 to 500m, 3) the deep EDJ range from 1090 to 2000 m, and 4) the deepest 236 

EDJ range 2000 to 3490 m. The choice of 2000 m is based on noting that when 237 

computing the regression slope at each depth separately, a clear regime change occurs 238 

near 2000 m depth, with the sign of the slope changing as shown in Figure 5. The 239 

DoF were calculated from the autocorrelations of the time series and profiles, 240 

respectively, of the slowly varying equatorial zonal velocity and the convergence of 241 

the meridional flux of intraseasonal zonal momentum from each data block. The 242 

decorrelation time and space scales were estimated as the lags at which the 243 

autocorrelation functions averaged over all depth levels and time steps, respectively, 244 

fall below e
-1

. Here, always the largest time and space scales of the two quantities to 245 

be regressed on each other were chosen. The total DoF for each block were then 246 

calculated by multiplying the length of the time series and the length of the depth 247 

vector divided by their respective decorrelation time and space scales. The resulting 248 

regression slopes between the slowly varying zonal velocity at the equator and the 249 

convergence of the meridional flux of intraseasonal zonal momentum are given in 250 

Table S1 together with its standard error and the DoF for different depth ranges and 251 

mooring pairs. Also given are the statistical quantities when the slowly varying zonal 252 

velocity is separated into an interannual and a seasonal component. 253 

 254 

Finally, we note that the low-pass filters applied to the mooring data are not 255 

guaranteed to exactly satisfy the Reynolds condition that is assumed in deriving 256 

equations (S2) and (S3) above. As for the model data, this is unlikely to pose a 257 



problem for our explanation for the maintenance of the deep jets given the large 258 

spectral gap between the time scale of the deep jets (4.5 years) and that of the 259 

intraseasonal variability. However, the resulting error could be larger in the case of 260 

the annual and semi-annual period variability, especially the latter for which a clear 261 

spectral gap is not present.   262 

 263 

 264 

  265 



 266 

Figure S1. Power input associated with the different vertical normal modes, Pnm, 267 

to the slowly varying zonal velocity at the equator in the model. Note that the power 268 

input originates, to a good approximation, from pairs of vertical mode numbers that add 269 

up to or differ by 14, the dominant vertical mode associated with the deep jets in the 270 

model. The details of the computation of Pnm can be found in the Supporting 271 

Information, above. Note also that the Pnm shown have been time-averaged over the full 272 

analysis period of 105 years. 273 

  274 



 275 

Figure S2. The distortion of intraseasonal waves by the deep jets shown 276 

schematically for the vertical plane. An initially barotropic wave (left hand panel) is 277 

advected by the deep jets (shown by the blue arrows) in such a way as to generate an 278 

intraseasonal wave with the same vertical structure as the deep jets (right hand panel). 279 

The corresponding momentum flux convergence is shown in red. /  indicates 280 

southward/northward flow associated with the intraseasonal wave. 281 

 282 

  283 



(A)  284 

 285 

 286 

(B) 287 

 288 

 289 

 290 

 291 

 292 

 293 

2007 2008 2009 2010 2011

0m

500m

1000m

1500m

2000m

2500m

3000m

3500m -0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2
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(D) 297 

 298 



Figure S3. Available time series of velocity data and derived quantities as a 299 

function of depth [m] and time [yr] from the equatorial mooring array along 300 

23°W. The slowly varying zonal velocity [m s
-1

] (A) was derived from the equatorial 301 

mooring. The convergence of the meridional flux of intraseasonal zonal momentum 302 

[10
-7

 m s
-2

] was derived from the mooring pairs (B) at 0.75°N and 0.75°S, (C) at 0.75°N 303 

and at the equator and (D) at the equator and 0.75°S. 304 
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(A) 332 

 333 

(B) 334 

 335 

Figure S4. Slowly varying zonal velocity at the equator as a function of depth [m] 336 

and time [yr] from the equatorial mooring at 23°W, separated into an interannual 337 

component (A) and a seasonal component (B). See the section on “The flux of 338 

intraseasonal zonal momentum from observations” in the Supporting Information, 339 

above, for the details of the derivation of the two components. 340 
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 342 

Table S1. Statistics of the regression analysis from the mooring data. Given is the 343 

slope of the regression, b in [s
-1

], its standard error, σ in [s
-1

], and the number of 344 

degrees of freedom, N.  345 

 346 

Depth \ Moorings 
0.75°N – 0.75°S 0.75°N –Equator Equator –0.75°S 

 

56-150m 

 b = -1.77e-8 

σ = 1.60e-8 

N = 224 

 

 

70-150m 

 

b = -1.53e-8 

σ = 6.69e-9 

N = 186 

 b = -2.17e-8 

σ = 1.23e-8 

N = 186 

 

300-500m 

b = 1.02e-8 

σ = 3.85e-9 

N = 85 

b = 1.38e-8 

σ = 6.39e-9 

N = 85 

b = 6.62e-9 

σ = 4.72e-9 

N = 85 

 

1090-2000m 

  b = 5.68e-9 

σ = 4.23e-9 

N = 81 

 

2000-3490m 

  b = -3.95e-9  

σ = 3.92e-9 

N = 182 

 347 

Separation into interannual and seasonal components 

300-500m 

(interannual 

component) 

b = 1.07e-8 

σ = 4.23e-9 

N = 40 

b = 7.87e-9 

σ = 8.03e-9 

N = 40 

b = 1.35e-8 

σ = 6.58e-9 

N = 40 

300-500m 

(seasonal  

component) 

b = 7.24e-9 

σ = 3.75e-9 

N = 114 

b = 6.40e-9 

σ = 6.42e-9 

N = 114 

b = 8.09e-9 

σ = 6.25e-9 

N = 114 

 348 
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