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A B S T R A C T   

Argo float trajectory data has been used to estimate the velocities of mid-depth (1000 db) currents in the North 
Indian Ocean (NIO). The structure of the upper ocean absolute geostrophic currents can be derived more 
accurately from the Argo temperature and salinity profiles by referring to the estimated velocities rather than by 
assuming a level of “no motion”. The derived flow field reveals that the eastward zonal velocities generate 
striation-like structures in the Arabian Sea, which is most prominent above the layer of 500 db layer, with a 
meridional scale of ~300 km; however, such structures are barely observed in the Bay of Bengal. This meridional 
scale as well as the distribution of the mid-depth striations are unique to the NIO, as compared with the other 
ocean basins. The nonlinear 1 1

2-layer reduced-gravity model combined with the triad baroclinic Rossby wave 
interaction theory have been used to determine the essential factors controlling the characteristics of the quasi- 
zonal striation structure. Compared with the North Pacific Ocean, the meridional scale in the NIO is narrower, 
and is caused by the smaller basin size in the equatorial zone, rather than by the semiannual wind stress forcing 
period or the eastern boundary angle. Furthermore, the coastal trapped Kelvin waves significantly contribute to 
the generation of the zonal striations in the Arabian Sea.   

1. Introduction 

Alternating zonal flows are universally pervasive in the atmosphere 
and oceans of giant rotating planets. For instance, such alternating zonal 
flows formed by the clouds on Jupiter are noticeable in the snapshots 
taken by astronomical telescopes (Galperin et al., 2004). In the oceans of 
the Earth, the magnitude of the zonal jet velocities is lower than or 
comparable to those of the mesoscale eddies in the subtropics (Berloff 
et al., 2009a; Galperin and Read, 2019); these oceanic quasi-zonal jets 
are often referred to as striations (e.g., Wang et al., 2012, and references 
therein). Typically, the averaged velocities are not only about a few 
centimeters per second with meridional scales of ~200� 600 km (Max-
imenko et al., 2005), but also more distinct below the main thermocline, 
which is unaffected by the surface wind-driven circulation. 

Several previous works indicate the existence of mid-depth striations 
in the tropical regions of the Pacific and Atlantic oceans (Cravatte et al., 

2012, 2017; Qiu et al., 2013a, b; van Sebille et al., 2011). Furthermore, 
similar zonal striation structures were independently observed, based on 
the Argo float trajectories (Cravatte et al., 2012; Ascani et al., 2010, 
2015; Belmadani et al., 2013) or T/S profiles (Qiu et al., 2013a, b). 
Cravatte et al. (2017) further combined these two types of data to 
demonstrate geostrophic velocity reconstruction by considering the 
1000 db velocity derived by the Argo float trajectory data as a reference 
layer, rather than by assuming a “no motion” layer at 2000 db. 

Furthermore, recent studies have explored dynamic mechanisms of 
the striation-like structures. One commonly adopted theory is the arrest 
of the inverse energy cascade by barotropic Rossby waves in a two- 
dimensional turbulent ocean (Rhines, 1975); the meridional scale is 
regarded as the Rhines arrest scale (Rhines, 1975; Nakano and Hasumi, 
2005; Galperin et al., 2004; Richards et al., 2006). However, some re-
searchers reported that this scale is inconsistent with the observations 
(Maximenko et al., 2005; Berloff et al., 2009a), and also suggested that 
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most of the cascading energy can overcome the “arrest” (Berloff et al., 
2009b). Furthermore, Wang et al. (2012) demonstrated the effect of 
unstable eastern boundary currents using a simple quasi-geostrophic 
model, while Qiu et al. (2013b) used a nonlinear 11

2-layer 
reduced-gravity model to demonstrate that the Pacific North Equatorial 
Undercurrent (NEUC) jets are generated by the wind-forced annual 
baroclinic Rossby wave interactions. Moreover, Berloff (2005) proved 
similar dynamics that the generation of the zonal jets is a result of the 
nonlinear interactions of resonant basin modes. 

However, there have been relatively few studies focusing on the mid- 
depth quasi-zonal jets or the striation-like structures in the North Indian 
Ocean (NIO). Unlike the other oceans, the NIO is characterized by a 
seasonal monsoon system (Schott et al., 2009); the semiannual zonal 
wind is dominant on the equatorial Indian Ocean (Ogata and Xie, 2011), 
while the monsoon-driven circulations are complicated. Davis (2005) 
attempted to examine the mid-depth circulation in the Indian Ocean 
using hundreds of autonomous floats, and reported that the striation-like 
structure of the currents is indistinct, especially in the Bay of Bengal; this 
is probably because of the insufficient float data. Ollitrault and de 
Verdiere (2014) used the Argo float trajectory data to estimate the 
global mid-depth current. They observed the existence of alternating 
zonal bands among three oceans; however, these jets were not well 
defined in the Indian Ocean. Fig. 1 shows 13 Argo floats trajectories at 
their parking depth of 1000 db, wherein the surface drifting errors have 
been removed, and the vertical shear errors are relatively small. Thus, 
their movements can be regarded as the background velocities at their 
respective parking depths. The results suggest that the possible existence 
of alternating quasi-zonal flows at 1000 db in the Arabian Sea. The 
objective of our study is to determine the realistic mid-depth currents in 
the NIO and explore the underlying dynamics. 

This paper is organized as follows: In Section 2, we describe the data 
and method and construct the geostrophic quasi-zonal velocity data for 
each layer ranging from the surface to 1200 db. Section 3 demonstrates 
the characteristics of the mid-depth currents based on the Argo float 
trajectory data. Referring to the float-derived 1000 db layer velocity, we 
examine the quasi-zonal currents in the NIO and compare them with the 
modeled currents based on the eddy-resolving OFES model output. In 

Section 4, we use a nonlinear 11
2-layer reduced-gravity model combined 

with the triad Rossby wave interaction theory to explain and discuss the 
model results, which indicate that the meridional scale of the observed 
striations in the NIO is smaller than that in the North Pacific Ocean, and 
unravel the generation mechanism of the striations. Finally, Section 5 
presents the summary of the study. 

2. Data 

2.1. Argo float data and mapping method 

Within the NIO domain (45�-100�E, 0�-30�N), over 46,000 Argo 
profiles were acquired between January 2004 and December 2016. The 
trajectories of these floats were analyzed to obtain the time-mean jets 
under the thermocline. Fig. 2 shows the distributions of the floats as a 
function of space and time, with reasonable data coverage. We obtained 
11,312 profiles in MAM, 11,784 in JJA, 11,865 in SON, and 11,574 in 
DJF. These profiles in different seasons are equivalent in number, and no 
bias was involved in the seasonal sampling of the float data. The mean 
Argo temperature and salinity gridded climatology at 1/6� resolution 
was obtained from Roemmich et al., 2009 and updated to include 
2004–2016. The vertical resolution of this climatology is 10m down to 
180m, 20m between 180 and 500m, 50m between 500 and 1400m, and 
100m between 1400 and 2000m. 

With the advancement in estimation and quality control, Argo float 
trajectory data products, such as YoMaHa’07 and ANDRO, have become 
essential in the study of deep ocean circulation (Lebedev et al., 2007; 
Ollitrault and Rannou, 2013). According to YoMaHa’07 data, 
striation-like jets were observed in the North Pacific as well as in the 
global ocean (Ascani et al., 2010, 2015; Belmadani et al., 2013). How-
ever, YoMaHa’07 failed to capture the clear structure of the NIO stria-
tions (Ascani et al., 2010); and moreover, to our knowledge, the ANDRO 
dataset is not available for public for some data centers since 2010 
January. Therefore, we constructed a new dataset for the present study 
by the following process: we acquired the trajectory data from January 
2004 to December 2016 by adopting a strict quality control, and then 
used extrapolation to eliminate the surface drifting errors (Park et al., 

Fig. 1. Bottom topography of the North Indian Ocean (NIO) (shaded), and 13 Argo floats at 1000 db which have zonal trajectories (under a five-point moving 
average). The red/black dots indicate the eastward/westward moving floats. The surface drifting errors have been removed (Park et al., 2005). 

Y. Xia et al.                                                                                                                                                                                                                                      



Deep-Sea Research Part I 162 (2020) 103307

3

2004, 2005; Park and Kim, 2013; Xie and Zhu, 2008; Ollitrault and 
Rannou, 2013). For the period prior to January 2010, we compared our 
new dataset with that of the ANDRO in Fig. 3 and found consistence 
between the striation locations. The trajectory data were then mapped 
onto a 0.5� latitude and 2� longitude grid by the objective mapping 
technique using the Gaussian weight function: exp½ � ðΔx2Þ =ð2L2

xÞ �

ðΔy2Þ =ð2L2
yÞ�, where Δx and Δy are the zonal and meridional distances 

between a data point and the grid point respectively. Qiu et al. (2013a) 
used Lx ¼ 2� and Ly ¼ 0.5� for the North Pacific, and Cravatte et al. 
(2012) used Lx ¼ 3� and Ly ¼ 0.5� for the tropical Pacific. Herein we 
selected Lx ¼ 2� and Ly ¼ 0.5� for the NIO basin, and the obtained results 
were not sensitive to the decorrelation scales; the results were smoothed 
by a 0.5� � 0.5� moving average. Moreover, as the biases induced by the 
algorithm which include the vertical shear errors were relatively small 
when compared with the mean state (e.g., Qiu et al., 2008), they have 
not been considered in our study. 

We used the 1000 db velocity field derived from the Argo float tra-
jectory data as the reference to construct the absolute geostrophic ve-
locity in each layer using the gridded T/S Argo profile data, following 
the thermal wind relationship from the surface to 1200 db. The equa-
torial geostrophic velocities were calculated by following the method 
under β-plane approximation (Picaut and Tournier, 1991). 

2.2. OFES dataset 

We utilized the OFES (OGCM for the Earth Simulator; Sasaki et al., 
2008) output as a supplement for our observations. The OFES model is 
forced by the reanalysis wind stress data of 2000–2016 from the Na-
tional Centers for Environmental Prediction (NECP), and its output is 
available from the Japan Agency for Marine-Earth Science and Tech-
nology (JAMSTEC). The vertical resolution of the OFES model is 58 
layers (0� 2000m), the spatial resolution is 0.1� � 0.1�, and the temporal 
resolution is one month. 

2.3. Nonlinear 1 1
2-layer reduced-gravity model 

In the nonlinear 1 1
2-layer reduced-gravity model, the equations of the 

upper-ocean can be written as follows: 

h
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∂t
þ h
�
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∂y

�
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Fig. 2. Distribution of the Argo profiles in the NIO between January 2004 and December 2016. (a)Number of profiles in the 3� longitude and 1� latitude boxes. (b) 
Histogram of the profile numbers (bin width is 3 months). 
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∂h
∂t
þ

�
∂hu
∂x
þ

∂hv
∂y

�

¼ 0 (3)  

where h is the thickness of the upper layer; the total energy E ¼ g’hþ
ðu2 þ v2Þ=2. ðu; vÞ are the upper layer zonal and meridional velocities, 
respectively, f is the Coriolis parameter; ρ0 is the reference density; the 
reduced-gravity constantg’ ¼

gΔρ
ρ ; ðτx; τyÞis the surface wind stress; and 

Ah is the horizontal eddy viscosity coefficient. Notably, there is no 
background flow in Equations (1)–(3), and for the absence of an active 
deep layer, the “nonlinearity” is limited to the Reynolds stresses rather 
than the stresses due to the density anomalies. 

For the model configuration, we set the initial mean upper layer 
thickness h0 to 500 m in all experiments, which includes the core depth 
of the striations in the NIO (see Section 3); the reduced-gravity g’was set 
to a constant value of 0.018 m=s2. Therefore, h0g’ ¼ c2 ¼ 9 ðm=sÞ2, 
where c is the speed of the first-mode baroclinic gravity waves; in the 
tropical Indian Ocean (TIO), the observed c value is approximately 
2.6–3.0 m/s (Chelton et al., 1998); besides, the horizontal eddy viscosity 
Ah was set to 20 m2=s. 

The model is forced by an idealized wind stress, which is expressed as 

follows: τxðy;tÞ ¼ � w0cos
�

πy
Ly

�

cosðωatÞ, where we choose Ly ¼ 40�, and 

the amplitude of the zonal wind stress w0 is 0.039 N=m2, which is the 
averaged amplitude of the wind stress in the equatorial Indian Ocean 
(10� S� 10� N, 40�–130� E). The wind stress domain is in the 5� S� 5� N 
band, with the idealized wind τxðy; tÞin the 3� S� 3� N band; the wind 
force in the 3�–5� N and 3�–5� S bands smoothly decreases to zero. As the 
semiannual zonal wind is dominant in the equatorial Indian Ocean 
(Ogata and Xie, 2011), wa  was set at the semiannual frequency in this 
study, as already mentioned. The model runs 30 years, at a resolution of 
0.25� � 0.25�. The coastline boundary is the only difference in the model 
settings of the two experiments (see Section 4): the model domain is a 
simple box from 30�S to 30�N with a zonal width of 100� longitude 
without coastal geometry (Exp.1). and with a roughly realistic Indian 
Ocean coastline (Exp.2). 

3. Mid-depth striations in the NIO 

Fig. 4a shows the zonal component of the mean velocities at the mid- 
depth 1000 db layer: generally, the striation-like structures are 
discernible in the equatorial mid-depth region. However, the regular 

Fig. 3. Time-mean zonal velocity at 1000 db based on (a) Argo float trajectory data and (b) ANDRO dataset from 2002 to 2009.  
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zonal structure is barely observed in the off-equatorial NIO. The absence 
of apparent striations in such areas indicates that either there are no 
band-like structures at all, or the core depth of such jets is not in the 
1000 db layer. This could be the reason for the failure of the previous 
studies to demonstrate the presence of striation-like jets in the off- 
equatorial NIO. 

To test our hypothesis, we examined the vertical structure of the 
zonal velocities in the western (55�� 70�E) and eastern subdomains 
(80�� 95�E) (Fig. 4b and c). For the western subdomain, the eight 

eastward flows are located at 2� N, 6� N, 9.5� N, 12.5� N, 15.5� N, 17.5�

N, 19.5� N, and 23� N, with a meridional scale ~300 km. To better 
illustrate the alternating structures, we plotted the high-pass filtered 
velocity (Fig. 4d and e): we observe that compared with the unfiltered 
velocity, the locations of the eight eastward flows in Fig. 4c and d are 
consistent with those in Fig. 4d and e. Moreover, Fig. 4d and e shows two 
more hidden bands at 4.5� N and 21� N. In comparison, the typical 
meridional scale for the striations in the North Pacific Ocean is ~450 km 
(Qiu et al., 2013a, b). Thus, we observe that the meridional scale of the 

Fig. 4. Time-mean zonal velocity of the NIO during 2004–2016. (a) 1000 db zonal velocity based on Argo float trajectory data. Boxes with less than three data points 
are blanked. Mean geostrophic zonal currents were zonally averaged in (b) 55�–70�E and (c) 80�–95� E bands as a function of depth and latitude. (d) and (e): same as 
(b) and (d), but for the high-pass filtered (4�-box moving averaged) velocity; the depth is ranged from 0 to 1200 m. The black lines denote isopycnals from 26.4 to 
27.4 kg/m3. 
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NIO striations is much narrower. The time-mean zonal velocity of these 
jets is about 2cm/s, and the core depth is above the 500 db layer, which 
is consistent with our hypothesis. However, the Bay of Bengal does not 
exhibit clear band-like structures. 

Fig. 5a displays the zonal currents on the 27.0 kg/m3 isopycnal. 
Compared with Fig. 4a, the striation-like structures are clearer in the 
Arabian Sea. Fig. 5b shows the zonally averaged zonal velocity over 
60�� 70�E. The locations of the eastward/westward jets derived by the 
OFES simulation are consistent with the Argo observations. 

Based on the characteristics of the mid-depth currents in the NIO, the 
following two questions commonly arise:  

i) What controls the meridional scale of the observed striations?  
ii) What determines the distribution of the mid-depth striations? For 

example, why are the striations prominent in the Arabian Sea but 
barely observed in the Bay of Bengal? 

4. Discussion 

4.1. Results from the nonlinear 1 1
2-layer reduced-gravity model 

The nonlinear 1 1
2-layer reduced-gravity model could quantitatively 

simulate the first baroclinic mode response of the upper layer ocean, and 
has been successfully used to explore the formation mechanisms of the 
North Pacific Ocean striations (Qiu et al., 2013b). Therefore, to evaluate 
the vertical structure in the NIO, we calculated the first baroclinic mode 

in the NIO (Fig. 6a) by solving the eigenvalue problem
d

 

f2dΦ
N2dz

!

dz �
�

β
c

�
Φ ¼

0, for the condition: dΦ
dz ¼ 0 at z ¼ 0 and Φ ¼ 0 at z ¼ -H, where H is the 

ocean depth, N2 is the squared buoyancy frequency. β is the meridional 
gradient of the Coriolis parameter, and c is the speed of the first-mode 
baroclinic gravity waves. The regression coefficients of the zonal ve-
locity anomalies (here, the anomalies are relative to the time mean) 
against those at 500m depth based on the OFES simulation are shown in 
Fig. 6b. The OFES-simulated vertical structures of the zonal velocity 

anomalies are qualitatively similar to those of the first baroclinic mode. 
Hence, this result justifies the use of the nonlinear 1 1

2-layer 
reduced-gravity model for exploring the basic dynamics of the NIO 
striations. 

To clarify the factors that control the meridional scale of the NIO 
striations, it is instructive to individually address the following two is-
sues: (i) the frequency of the surface wind forcing, and (ii) the detailed 
coastline geometry. Unlike the other ocean basins, the equatorial NIO is 
subject to significant seasonal variations in monsoon wind forcing, while 
the eastern coastline geometry might affect the release of the baroclinic 
Rossby waves. Besides, the relatively narrower width of the equatorial 
Indian Ocean, compared with the Pacific Ocean could significantly in-
fluence the wave interactions under the external wind stress forcing. 

Fig. 7a shows the averaged zonal velocity over last 10-years. The 
eastward zonal velocities are located at 8� N, 12� N, 16� N, 20� N, and 
24� N in the northern hemisphere, and the meridional scale of the stri-
ations is approximately 400 km, which is larger than the observed scale. 
Fig. 7b shows the snapshot of the upper layer thickness anomalies in the 
last model year, wherein the breakdown of the semiannual Rossby 
waves into eddies can be observed. The difference in the meridional 
scale of the striations between Exp.1 and the Argo observations suggests 
that the semiannual period of wind stress forcing does not significantly 
influence the meridional scale. However, the zonal width between the 
locations of the eddy generation and the eastern boundary is shrunk, 
compared with the result of Qiu et al. (Fig. 8b in Qiu et al., 2013b). In 
other words, the narrower width between the Rossby wave breakdown 
line and the eastern boundary may be due to the semiannual wind stress 
forcing: If the width between the Rossby wave breakdown line and the 
eastern boundary was larger than the basin width, the Rossby waves 
travel across the whole basin rather than break into eddies; hence, the 
eddy-driven jets would not exist. The NIO basin width is relatively 
narrower, especially where the Bay of Bengal and the Arabian Sea are 
separated by the Indian subcontinent. Thus, the semiannual period of 
wind stress is important for the NIO striations. 

The time-mean zonal velocity of Exp. 2 is shown in Fig. 8a and the 
strength is roughly half that of Exp. 1. We observe that the meridional 
scale of the modeled striations becomes smaller, and is reduced to ~300 

Fig. 5. Time-mean zonal velocity on the 27.0 kg/m3 isopycnal (~500 db) averaged from 2004 to 2016. (a) The zonal velocity from the OFES simulations (contours, 
solid/dashed lines present eastward/westward flows) and derived from the Argo T/S data with the reference layer velocities on the 1000 db from the Argo float 
trajectory product (color shaded region). (b) Comparison of the zonally-averaged zonal velocity over 60�� 70�E from the Argo floats (dashed red line) and the OFES 
simulation (solid black line) in (a). 
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km; the striation-like zonal currents in the NIO appear to exist only in 
the latitudes of 4� N, 7� N, 9.5� N, 12.5� N, 15.5� N, and 18.5� N 
(relatively weaker) in the western Arabian Sea (see Figs. 8a and 9b for a 
better view). In contrast, no clear quasi-zonal jet structure is observed in 
the Bay of Bengal, in accordance with the OFES simulations and Argo 
observations. The following discussion reveals that the lack of striations 
in the Bay of Bengal is due to its narrower zonal basin than the distance 
between the Rossby wave breakdown line and eastern boundary. Fig. 8b 
shows the snapshot of the upper layer thickness anomalies of the model 
used in Exp.2, which reveals that the semiannual Rossby waves break 
down to eddies in the Arabian Sea rather than in the Bay of Bengal. 

The snapshots of the upper layer thickness anomalies from Exp.1 and 
Exp.2 show the eddies in the west of the breakdown line (see Figs. 7b 
and 8b). The generation of striations is explained as follows: As detailed 
in Qiu et al. (2013b), the convergence of the eddy potential vorticity 
fluxes contributes to the mean flow across the mean potential vorticity 
gradient (turbulent Sverdrup balance, Rhines and Holland, 1979). The 
potential vorticity Q is Lagrangian conserved, such that u⋅ rQ ¼ �

u’⋅rQ’, where Q ¼ ðf þ k ⋅r � uÞ=H. Compared with ∂Q
∂y , ∂Q

∂x is nearly 

zero; thus, u⋅rQ ¼ v ∂Q
∂y. Once vis determined, u can be estimated from 

the time-mean continuity equation. Fig. 9a shows that time-mean zonal 
velocity derived from turbulent Sverdrup balance, which agrees well 
with the result derived from Exp.2, suggesting that the striations are 
formed by the convergence of the potential vorticity fluxes associated 
with these eddies. 

Fig. 9b presents a comparison of the zonally averaged velocity 
derived from the Argo observations, OFES simulations, Exp.2, and the 
turbulent Sverdrup balance: We observe that although the location 
(latitude) of one of the westward flows at 12� N from the Exp.2 output is 
slightly higher than those from the observations, the other locations of 
the alternating eastward/westward velocity are roughly consistent with 

the observations toward the south of 16� N. However, the magnitude of 
the velocity from the OFES simulations and Exp.2 is smaller than those 
from the Argo observations. 

We further observe that the PV gradient inhomogeneity results not 
only from the meridional variation of the Coriolis parameter but also 
from the bottom topography, larger-scale background circulation, 
varying vertical stratification, and Reynolds number (Berloff and 
Kamenkovich, 2013a, b). However, compared with the Rossby wave 
phase speed (7–30 cm/s), the speed of the eastward/westward flows is 
relatively small (1–2 cm/s). Fig. 4d and e shows the vertical structures of 
the zonal velocities after the high-pass filtered and mid-depth striations 
extend vertically to the surface. Hence, as we have not considered the 
background currents and inhomogeneous stratification in this study, the 
PV gradient inhomogeneity results from the nonlinear interactions of the 
eddies. 

Qiu et al. (2013b) revealed a mechanism for the generation of zonal 
jets in the North Pacific by triad baroclinic Rossby wave interactions. 
Through the unstable triad Rossby wave interactions, the primary bar-
oclinic Rossby waves break down to eddies and then generate the 
eddy-driven zonally averaged jets. The result of Exp.2 also suggests that 
the meridional scale of the striations in the Arabian Sea may also satisfy 
the triad Rossby wave interaction theory, although the Indian subcon-
tinent is located in the middle of the NIO basin blocking the baroclinic 
Rossby waves traveling directly across the NIO basin from the eastern 
boundary. In the near-equatorial region, there is another eastward flow 
located at 2� N according to the Argo observations. However, in Exp.2, 
the eastward flows are located on the equator (unstable) and 4� N—the 
meridional scale in the near equatorial region is slightly larger than that 
in the Arabian Sea. To clarify the dynamics of the striations in the 
Arabian Sea, we used the nonlinear 1 1

2-layer reduced-gravity model and 
specified Exp. 2 with an idealized coastline. Furthermore, we hypothe-
sized that the wind-forced equatorial Kelvin wave signals propagate to 

Fig. 6. Vertical structure of (a) first baroclinic mode profile, and (b) regression coefficient of the zonal velocity anomalies against those at the 500 m depth. The solid 
lines represent the domain-averaged values, and the shades denote the standard deviations—all averaged in the NIO (5�–25� N, 45�–100� E) during 2000–2016 based 
on the OFES simulations. 
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the eastern boundary of the Arabian Sea via the coastal trapped Kelvin 
waves and then shed the westward propagating Rossby waves. Fig. 10a 
presents the locations of the stations along this waveguide. In Fig. 10b, 
we plotted the time-station diagram of the lead-lag regression of the last 
eight-year modeled upper layer thickness anomalies along the station 
locations. The wave phase speed along the coastline is estimated to be 
approximately 2.8m/s, which is consistent with the first-mode baro-
clinic Kelvin wave phase speed (2.6–3.0m/s; Chelton et al., 1998; Cheng 
et al., 2013). 

To examine the sensitivity of the horizontal eddy viscosity coeffi-
cient, we repeated Exp.2 with increased Ah values, namely 50 and 100 
m2/s, and the results of the time-mean zonal flows are shown in Fig. 11a 
and b. We observe that the model domain in Fig. 11 is the same as that in 
Exp.2, except that Fig. 11 only shows the time-mean zonal velocity in the 
Arabian Sea. The meridional scale of the striations is similar to the re-
sults of Exp.2, although with a relatively weaker strength. However, Qiu 
et al. (2013b; Fig. 16 in their published work) proved that Ah is insen-
sitive to the meridional wavelength. 

Furthermore, we repeated Exp.2 with increased and decreased wind 

forcing amplitudes (namely 0.078 and 0.0195 N/m2, as shown in 
Fig. 11c and d, respectively). The meridional scale of the striations ap-
pears larger in Fig. 11c. Although the eastward flow located at 7� N is 
very weak, there are three eastward flows in the 6�–18� N band. On the 
other hand, in Fig. 11d, there are four eastward flows in the same band, 
which is similar to Fig. 8a. However, the eastward flow located at 6.5�N 
is much clearer. The meridional scale of the striations is sensitive to the 
wind force stress, and the temporal variability of the striations can be 
also impacted by eddy trains and varying bottom topography (Khatri 
and Berloff, 2019; Chen et al., 2016). Note that we have only used the 
time-mean observations and OFES simulations to reveal the NIO stria-
tions; therefore, the transient feature of the striation-like structures is 
beyond the scope of this paper. 

4.2. Triad baroclinic rossby wave interaction 

Although the results from Exp.1 and Exp.2 suggest that the narrower 
meridional scale of the NIO striations is sensitive to the specific coastline 
geometry, the dynamic mechanism remains to be clarified. Moreover, 

Fig. 7. Result obtained from the nonlinear 1 1
2-layer reduced-gravity model with a simple box coastline (Exp.1). (a) Time-mean zonal velocity, averaged from the 

model years 20–30; (b) snapshot of the upper layer thickness anomalies at the model year 30. 
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while the complex coastline obviously plays a crucial role in the gen-
eration of the striations, the extent to which it can quantitatively 
determine their meridional scale needs consideration. For this, there are 
two potential factors that can be considered as relevant: First, the angle 
of the coastline boundary may impact the shedding of the baroclinic 
Rossby waves that could control the wave ray path and subsequently 
determine the meridional scales of the striations. Second, the basin 
width in the equatorial region in Exp.2 is much smaller than that in 
Exp.1 (cf. Figs. 7a and 8a), which means that the wind stress forcing is 
applied over a smaller area in Exp.2 than in Exp.1; therefore, the wind- 
forced equatorial Kelvin waves are weaker in Exp.2. As we have used the 
zonally uniform wind force in the model, the wind-forced energy input is 
directly proportional to the basin width along the equator; i.e., the 
smaller basin scale may be regarded as a case with weaker wind stress 
forcing, and the wind stress is sensitive to the meridional scale of the 
striations, as indicated in Fig. 11c and d. 

To better understand the generation dynamics of the NIO striations 
as well as to clarify the critical factors responsible for their smaller 
meridional scale, we herein adopted the triad baroclinic Rossby wave 
interactions theory (Pedlosky, 1987), which explains the dynamics of 

the wave breakdown. The superposition of the Rossby waves is not a 
linear process but a nonlinear interaction between these waves, which 
leads to a nonlinear coupling and energy transportation. Then, the pri-
mary baroclinic Rossby waves carry energy along the ray path to the 
equatorial region. Furthermore, using the baroclinic Rossby wave ray 
path theory (Schopf et al., 1981) combined with the no mean flow 
assumption, low-frequency wave approximation, and β-plane approxi-
mation, the solutions for the meridional eastern boundary (as in Exp.1) 
can be expressed as follows: 

θ¼
� 2ω2t

kc
(4)  

y2
T ¼ y2

0 þ
l2
0c2

β2 (5)  

x¼ x0 �
c

2ω

�

1 �
4ω2

c2 y2
T

�

θ (6)  

y¼ yT cosðθþ θ0Þ (7) 

Fig. 8. Same as Fig. 7, but with an idealized coastline (Exp. 2).  
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l¼
β
c
yT sinðθþ θ0Þ (8)  

θ0 ¼

8
>>><

>>>:

cos� 1
�

y0

jyT j

�

if l0 > 0

� cos� 1
�

y0

jyT j

�

if l0 < 0
(9)  

here x and y are the locations of the baroclinic Rossby wave ray path; θ is 
the phase of the baroclinic Rossby wave, which changes with time t; the 
subscript 0 refers to the initial values of x, y, l, and θ; c is the phase speed 
of the baroclinic Rossby wave, ω is the frequency of the baroclinic 
Rossby wave; k and l are the zonal and meridional wave numbers of the 
baroclinic Rossby wave, respectively, and yT is the maximum latitude of 
the Rossby wave energy along this particular ray. Compared with the 
Rossby waves, the coastal trapped Kelvin waves travel much faster, 
which implies that the Rossby waves are released almost simultaneously 
from the eastern boundary. To simplify these equations, we assumed 
that the wave amplitude and phase are uniform along the eastern 
boundary. As there is a meridional boundary, the waves released from 
the eastern boundary satisfy the conditions: l0 ¼ 0, yT ¼ y0, and θ0 ¼

0. Using these equations, the ray path of a semiannual baroclinic Rossby 
wave with different y0 values has been plotted in Fig. 12a. 

For a non-meridional coastline (as in Exp.2), the wavenumber vector 
k must satisfy k⋅es ¼ ls, where es is a unit vector along the coast, and ls is 
the alongshore component of the wavenumber vector (Schopf et al., 
1981). Again, assuming uniform wave amplitude and phase along the 
eastern boundary (ls ¼ 0), we have: 

k0¼ �
βcos2α

2ω

2

6
6
41 �

�

1 �
4ω2y2

0

c2cos2α

�1
2

3

7
7
5 (10)  

l0¼ � k0 tan α (11)  

x0¼ y0 tan α (12)  

where the subscript 0 refers to the initial values of the zonal and 
meridional wavenumbers k and l and the initial values of x and y. k , l, x, 
y, c, ω, and β are the same as in Equations (4)–(9); and α is the coastline 
angle relative to the North. Equation (10) suggests that the Rossby 

waves emanating from the eastern boundary must satisfy 1 � 4ω2y2
0

c2cos2a > 0, 
and the latitude of the propagating Rossby waves cannot be higher 
than ymax ¼

c cosα
2ω . Furthermore, we observe that ymax indicates the 

maximum latitude along the eastern boundary, while yT is the 
maximum latitude of the Rossby wave energy along a particular ray 
path. In Fig. 13c, for example, ymaxis 23.6�, with the eastern boundary 
having an angle α ¼ 45� (Exp.2); in Exp.1, where α ¼ 0, ymax is 33.6�. 

The model results indicate that the striations are generated by the 
breakdown of the semiannual baroclinic Rossby waves. As detailed in 
Pedlosky (1987), the quasi-geostrophic stream function can be written 
as:ψ ¼ ψ0 þ εψ1 þ ε2ψ2… , where ε ¼ U=βL2 by using the method of 
multiple time scales. At οð0Þ, the solution of the quasi-geostrophic po-
tential vorticity equation can be regarded as a linear superposition of the 
primary semiannual baroclinic Rossby waves and the 
instability-generating secondary baroclinic Rossby waves, which have a 
much smaller amplitude than the primary waves. However, at οð1Þ, εψ1 
represents the nonlinear wave interactions. When resonance occurs, the 
magnitude of εψ1 is as large as ψ0, and therefore, the nonlinear inter-
action is important for the solution. Along these ray paths of the semi-
annual baroclinic Rossby waves, the zonal wavenumber k2 and wave 
frequency ω2of the baroclinic Rossby waves are constant, owing to the 
unaltered background mean state. As the baroclinic Rossby waves 
propagate westward, their meridional wave number l2 increases ac-
cording to Equation (8), and the primary waves interact with secondary 
baroclinic Rossby waves with the growth rate rapidly increasing. As 
detailed by Qiu et al. (2013b), we can acquire the wavenumber of the 
secondary waves (l1; l3; k1; k3) by the following triad wave interaction 
relationship: 

Fig. 9. Comparison of the time-mean zonal velocity from Exp.2, OFES simulations and Argo observations. (a) Time-mean zonal velocity calculated from the turbulent 
Sverdrup balance in Exp.2 (color shaded region) and Exp.2 output (contours, solid/dashed lines present eastward/westward flows). (b) Zonally averaged zonal 
velocity derived from the model result (solid black line) and the turbulent Sverdrup balance (dashed red line), the averaged area is offshore (from the western 
boundary) 5� band. The zonally averaged zonal velocities over 60�� 70�E are from the Argo floats (gray shadowed region) and the OFES simulation in Fig. 5a (orange 
shadowed region). 
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k1þ k2 þ k3 ¼ 0 (13)  

l1þ l2 þ l3 ¼ 0 (14)  

σ1þ σ2 þ σ3 ¼ 0 (15)  

Whereσis the frequency of the primary and secondary waves, and is 
given by the linear Rossby dispersion relationship: σn ¼

kn
k2

nþl2nþF (n ¼ 1, 2, 

3), where F ¼ f2

g’h0 
(or 1

L2
d
) is the reciprocal of the square of the baroclinic 

deformation radius Ld (Pedlosky, 1987). The potential enstrophy is 
proportional to the wavenumbers. Thus, constrained by the conserva-
tion of energy and enstrophy, the secondary wavenumbers must satisfy 
the condition: K1 < K2 < K3, where Kn

2 ¼ kn
2 þ ln2 (n ¼ 1, 2, 3). 

As detailed in Pedlosky (1987) and Qiu et al. (2013b), the growth 
rate of the instability-generating secondary waves can be derived as λ ¼

A2

"

BðK2 ;K3ÞBðK1 ;K2Þ

ðK2
1þFÞðK2

3þFÞ

#1=2

, where the interaction coefficient BðKm;KnÞ ¼

ðK2
m � K2

nÞðkmln � knlmÞ (n ¼ 1, 2, 3 and m ¼ 1, 2, 3), and the amplitude of 
the primary wave A2 ¼

g’
f ha, where ha is the amplitude of the upper-layer 

thickness anomalies along the eastern boundary (see Qiu et al., 2013b 

for more details). As shown in Fig. 12b, there are a series of possible 
results for the unstable secondary Rossby waves: when the growth rate is 
maximum, the triad wave interaction has the highest probability of 
occurrence, and the primary Rossby waves feed their energy to the 
secondary waves. The most unstable secondary wave dominates the 
meridional scale of the eddies. The eddies induce the time-mean zonal 
jets through nonlinear interaction; in this case, the meridional scale of 
the striations is consistent with the shorter secondary wavelength Ly3 ¼

300 km rather than larger secondary wavelength Ly1 ¼ 750 km. Qiu 
et al. (2013b) proved that owing to the conservation of both kinetic 
energy and enstrophy, the three baroclinic waves satisfy Ly1 > Ly2 > Ly3. 
Moreover, because of their larger spatial scales, the larger secondary 
unstable waves are not dynamically effective in forming the time-mean 
flow. The turbulent Sverdrup balance requires eddy PV flux convergence 
to form the zonal-mean jet: this convergence will necessarily be small for 
large-scale eddy flows. Thus, it is the meridional wavenumber l3 of the 
most unstable shorter secondary waves (located outside the red circle, i. 
e., k3 ~ 2 � 10� 6 m� 1 and l3 ~ � 2 � 10� 5 m� 1, corresponding to Lx3 ~ 
3000 km and Ly3 ~ 300 km, respectively) that controls the meridional 
scale of the instability rather than that of the most unstable, longer 
secondary waves (located outside the circle, i.e., k1 ~ 3.5 � 10� 6 m� 1 

and l1 ~ 9 � 10� 6 m� 1, corresponding to Lx1 ~ 2000 km and Ly1 ~ 700 

Fig. 10. The lead-lag regression of the modeled upper layer thickness anomalies in the last eight-years along the station locations. (a) Distribution of stations along 
the NIO coast. (b) Corresponding time-station lag regression of the model upper layer thickness with respect to the equatorial model upper layer thickness at the 
stations indicated by the blue dots; the red star is taken as the reference time series. The upper layer thickness has been high-pass filtered with a half-power at 
30–60 days. 
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Fig. 11. Time-mean zonal velocity averaged from the model year 20–30 in the Arabian Sea from the nonlinear 1 1
2-layer reduced-gravity model that has an increased 

horizontal eddy viscosity coefficient: (a) Ah ¼ 50 m2/s and (b) Ah ¼ 100 m2/s (c) A double wind forcing amplitude w0 ¼ 0.078 N/m2, and (d) a half wind forcing 
amplitude w0 ¼ 0.0195 N/m2. Notably, the scales in the color bar are different from those in Fig. 8a. 

Fig. 12. Analytical ray paths and wavenumbers of the semiannual Rossby waves. (a) Analytical ray paths for the semiannual baroclinic Rossby waves (as in Exp.1) 
under the assumption of uniform wave amplitude and phase along the eastern boundary (also see Fig. 4 in Schopf et al., 1981). The plus symbols indicate a 
three-month interval along each path. (b) Vector (k2; l2) indicates the primary semiannual Rossby wave at location A. The discrete dots represent all possible sec-
ondary wavenumbers satisfying the triad wave interactions, the red dashed circle corresponds to K ¼ K2, and the colors indicate the value of the growth rate. 
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km, respectively) (Qiu et al., 2013b). 
The primary waves propagate to the west with the advective time 

scale 2π
K2cg

, where cg is the associated group velocity. When the advective 
time scale of the primary wave becomes equal to the e-folding time scale 
of the most unstable short secondary wave λ� 1, the primary baroclinic 
Rossby waves break down to nonlinear eddies. These nonlinear eddies 
subsequently propagate westward and interact to form the striations 
(Qiu et al., 2013b). Fig. 13 shows the geographical distributions of Ly3 
for the most unstable short secondary waves along the ray path of the 
primary baroclinic Rossby waves. The black lines indicate the locations 
where the advection time scale of the primary baroclinic Rossby wave 
equals the e-folding time scale of the secondary waves. Fig. 13e shows 
the value of Ly3 as a function of latitude, which reveals a clearer com-
parison that the meridionally-averaged Ly3 values are 386, 393, 385, and 
318 km based on the four situations in Fig. 13. The similar meridional 
wavelengths identified in Fig. 13a and b suggest that the semiannual 
period of the wind stress forcing hardly impacts the meridional scale of 
the breakdown baroclinic Rossby waves. Moreover, according to 
Fig. 13c, the baroclinic Rossby waves radiating from the non-meridional 
coastline (α¼ 45�) also have no influence on the meridional length scale 
at their break down, when compared with Fig. 13b. Furthermore, 
Fig. 13d suggests that the reason for the smaller meridional scale 
(compared to Fig. 13b) is the shorter basin width. 

5. Summary 

Based on the Argo float trajectory data and gridded temperature/ 
salinity data, we reconstructed the geostrophic currents in the NIO from 
the surface to 1200 db. The mid-depth eastward striations are located at 
2� N, 6� N, 9.5� N, 12.5� N, 15.5� N, 17.5� N, 19.5� N, and 23� N in the 
Arabian Sea and their core depths appear above 500 db; however, in the 
Bay of Bengal, such striation-like structures are not clear. The meridi-
onal scale of the multiple zonal jets is ~400–600 km in the Pacific Ocean 
(Kessler and Gourdeau, 2006; Maximenko et al., 2008b) and ~300–500 
km in the Atlantic Ocean (Table 3.1 in and Galperin and Read, 2019). 
Compared with the other ocean basins, the NIO striations typically have 
a smaller meridional scale of ~300 km. These observed features of the 
NIO striations based on the Argo observations are consistent with those 
simulated in the global eddy-resolving OFES model. 

Limited by the no mean flow assumption and β-plane approximation, 
we used a nonlinear 11

2-layer reduced gravity model to explore the 
generation mechanism of the mid-depth striations in the open ocean in 
the NIO based on the triad baroclinic Rossby wave interaction theory. 
The mid-depth time-mean striations in the Arabian Sea are possibly 
generated by the nonlinear eddy interactions due to the breakdown of 
the wind-forced baroclinic Rossby waves. More specifically, the domi-
nant semiannual wind variability over the NIO forces the eastward- 
propagating equatorial Kelvin waves. After impinging on the eastern 

Fig. 13. Analytical spatial distribution of the meridional scale for the most unstable secondary wave along the primary Rossby wave ray paths in four different cases. 
The solid lines denote the location of the e-folding time scale of the most unstable triad instability that matches the advective time scale of the primary waves. (a) 
Annual wind forcing, the meridional eastern boundary, large basin zonal extent (100�); (b) same as (a) but for semiannual wind forcing; (c) semiannual wind forcing, 
northwest-southeast oriented eastern boundary (α ¼ � 45�), large basin zonal extent; and (d) semiannual wind forcing, meridional eastern boundary, narrower basin 
zonal extent (60�). (e) Meridional scale for the most unstable shorter secondary wave as a function of latitude, and the legends (a–d) are same as in (a)–(d). 
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boundary, the equatorial Kelvin waves trigger the coastal trapped Kelvin 
waves and subsequently release a series of baroclinic Rossby waves from 
the eastern boundary. As the semiannual baroclinic Rossby waves 
propagate along their ray paths, they interact with the available sec-
ondary waves that can lead to triad instability. The primary baroclinic 
Rossby waves break down where the e-folding time scale of the most 
unstable secondary waves matches with the advective time scale of the 
primary waves, and this instability leads to the generation of isolated 
nonlinear eddies. The convergence of the potential vorticity fluxes 
associated with these eddies causes the formation of the striations. 

The model results with semi-realistic coastlines reveal that the wind- 
forced equatorial Kelvin waves play the most crucial role in generating 
the alternating striations: while both the Arabian Sea and Bay of Bengal 
have a narrow basin scale, the width of the Arabian Sea (21�, averaged 
for the 6�–21� N band) is larger than the distance between the eastern 
boundary to the Rossby wave breakdown line (17�, averaged for the 
6�–21� N band); however, the width of the Bay of Bengal (14�, averaged 
for the 6�–21� N band) is shorter than this distance. Thus, eddy-driven 
striations exist in the Arabian Sea, but are not observed in the Bay of 
Bengal. The striations appearing in the Arabian Sea are generated by the 
wind-forced equatorial Indian Ocean Kelvin waves that propagate into 
the NIO along the Bay of Bengal and the Indian subcontinent coastlines 
as coastal trapped Kelvin waves. 

Thus, unlike the other studies that have considered the unstable 
boundary currents (Wang et al., 2012) or the fastest-growing instability 
pattern combined with the uniform background flow (Berloff et al., 
2009b) to explain the generation of the alternating striations, we have 
used the triad Rossby wave interaction theory in the NIO. Our results 
have demonstrated that this theory is not only applicable to the North 
Pacific Ocean (Qiu et al., 2013b), but also to the NIO, and probably even 
to other ocean basins. 
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