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Abstract

The horizontally variable density stratification and background currents are taken into the variable-coefficent
extended Korteweg-de Vries (evKdV) theory to obtain the geographical and seasonal distribution of kinematic
parameters of internal solitary waves in the Andaman Sea (AS). The kinematic parameters include phase speed,
dispersion parameter, quadratic and cubic nonlinear parameters. It shows that the phase speed and dispersion
parameter are mainly determined by the topographic feature and have limited seasonal variation. The maximum
phase speed is 2.6 m/s, which occurs in the cool season (November) in the middle of the AS, while the phase
speed in the cool season is slightly larger than those in other seasons, up to 11.4% larger than that in the rainy
season (July) in the southern AS. The dispersion parameter in the cool season can be 22.3% larger than that in the
hot season. The nonlinear parameters have significant seasonal variation, and they can even change their signs at
the continental slope in the north of the AS, from season to season. Meanwhile, the algebraic solitons dominate in
the AS with minimum amplitudes (a,;) ranging from 0.1 m to 102 m, and the maximum a,; occurs in the cool
season in the southern AS. The effect of the background flow on the parameters is also studied. The background
flow has a great influence on the nonlinear parameters, e.g., the value of cubic nonlinear parameter can be

reduced by 1/3 when the background flow is not considered.
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1 Introduction

Internal solitary waves (ISWs) have been extensively ob-
served by both in-situ measurements (Perry and Schimke, 1965;
Osborne and Burch, 1980; Hyder et al., 2005) and satellites re-
mote sensing images (Apel et al., 1985; Alpers et al., 1997; da Silva
and Magalhaes, 2016; Zhou et al., 2016; Magalhaes and da Silva,
2018; Wang et al., 2019) in the Andaman Sea (AS). Exxon produc-
tion Research Company conducted an in-situ oceanographic
measurement program in the southern AS. The measurement
showed that ISWs appeared in packets at a frequency of about 12 h
and 26 min and the internal wave induced currents can be up to
1.8 m/s (Osborne and Burch, 1980). Hyder et al. (2005) observed
eastward propagating ISWs with an amplitude of 60 m in the

northeast of the Andaman Islands.

ISWs in the AS occur all year round, but most ISWs are ob-
served by satellite images from February to April (hot season),
and following from May to October (rainy season), and the least
from November to January (cool season). The spatial distribu-
tion of ISWs also shows significant difference. ISWs are mostly
observed in the northern Sumatra Island, western Malay Penin-
sula, Nicobar Islands and northeastern Andaman Islands (Wang
etal., 2019). Thus, ISWs in the AS have remarkable spatial and
temporal difference. However, the characteristics of ISWs in the
AS remain unclear, which is different from the South China Sea,
where characteristic parameters has been calculated (Grimshaw
et al., 2010; Liao et al., 2014; Kurkina et al., 2017b). What are the
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seasonal variation and spatial distribution of the characteristic
parameters in the AS? How does the hydrological background in-
fluence the characteristic parameters of ISWs? All these prob-
lems need to be studied.

Osborne and Burch (1980) concluded that ISWs in the AS can
be well described by the Korteweg-de Vries (KdV) theory. The
KdV equation was first derived by Benney (1966), providing a ba-
sic solution to estimate the weakly nonlinear ISWs characterist-
ics, such as the wave speed, the disperison and nonlinear para-
meters. However, the nonlinear term in the KdV equation is very
small. When the pycnocline lies just in the middle depth of the
fluid, the nonlinear term will vanish. Thus the extended KdV (eK-
dV) equation in which the high-order nonlinear term is con-
sidered was derived (Kakutani and Yamasaki, 1978; Lamb and
Yan 1996; Grimshaw et al. 2002). Furthermore, since kinematic
parameters can be affected by the background flow which can
vary in space and time. When the background flow is taken into
account, the variable-coefficient extended KdV (evKdV) equa-
tion is derived (Zhou and Grimshaw, 1989; Holloway et al., 1999;
Grimshaw, 2001; Grimshaw et al., 2004, 2010).

In this paper, based on the evKdV equation, we focus on the
geographical distribution and seasonal variation of kinematic
parameters of ISWs in the AS, and examine the effects of the vari-
able stratification and background currents on these kinematic
parameters. The rest is arranged as follows. The data and theoret-
ical methods are described in Section 2 and Section 3, respect-
ively. The results and discussion of these calculations are presen-
ted in Section 4. The conclusions are presented in Section 5.

2 Data

The topographic data used in this study are obtained from
ETOPO1 Global Relief Model with a spatial resolution of 1'. The
monthly temperature and salinity data with the 0.5°x0.5° hori-
zontal resolution are derived from the Simple Ocean Data Assim-
ilation (SODA) system, version 2.1.6, and have been averaged
over decades. The depth of hydrographical data can reach to
5000 m. The monthly background current data from 2011 to 2018
obtained from the Hybrid Coordinate Ocean model (HYCOM)
have been averaged. For convenience, we interpolate the above
data so that the resolutions are 0.125°x0.125° horizontally and
5 m vertically, respectively. Figure 1 shows the surface horizontal
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velocity vectors in the AS in each season. Zhou et al. (2016) col-
lected thousands satellite images and observed that the ISWs
mainly propagated along the east-west direction. Therefore, here
we only consider the effect of the zonal component of back-
ground flow. The surface current velocities vary greatly with sea-
sons. In the hot season (March), the maximum zonal current ve-
locity is 0.32 m/s in the southwest of the AS, whilst in the rainy
season (July), the zonal current velocities get larger in the central
and northern AS with a maximum of 0.51 m/s, and the current
velocity in the cool season (November) is smaller than those in
the other two seasons. The maximum zonal current velocity is
0.27 m/s in the north of the AS.

3 Variable-coefficient extended Korteweg-de Vries equation
When the influence of the horizontally variable stratification

and background currents have been taken into account, the evKdV

equation (Grimshaw et al., 2004) used in this study is as follows:
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where x is the horizontal coordinate, ¢ is the time; 7(x, t) is the
vertical displacement of the pycnocline; ¢, #, o and ; are the lin-
ear phase speed, dispersion parameter, quadratic and cubic non-
linear parameters, respectively. The function Q(x) is the linear
amplification factor due to variable depth and horizontally vari-
able hydrology. The phase speed ¢ is determined by the eigen-
value problem for ® (z). Under the Boussinesq approximation,
the modal equation is as follows:

%{[ch(z)Z%

with the boundary conditions ® (0) = ® (—H) = 0 and normal-

}+N2 (z)® =0, Q)

ized condition ® (zmax) = 1, where Zmax is negative value of the
depth with the maximum value of ®. U (z) is the background zon-

1/2
al velocity; H is the total water depth; N (z) = <*§¥) is the
pdz

buoyancy frequency; and p is the potential density. Take position
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Fig. 1. Multi-year averaged horizontal surface current velocity vectors (unit: m/s) in the Andaman Sea in March (a), July (b) and

November (c) from Hybrid Coordinate Ocean model.
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6°N, 94°E as an example, the vertical profiles of the potential -670 m and —650 m, respectively.

density and buoyancy frequency in different seasons are shown The dispersion, quadratic and cubic nonlinear parameters S,
in Figs 2a and b, respectively. It shows little difference between @ and a; are given by

different seasons. The maximum values of N in July and Novem-

0
ber both occur at 85 m, whilst the maximum in March occurs at / (c— U)2<I>2dz
105 m. The modal Eq. (2) is solved by difference method. Figure g = 1 Ju 3)

0 2
3a presents the solutions of ¢ (2) in different seasons at 6°N, 94°E, 2 / (c—U) (E) dz
where Zmax in March, July and November are very close, —640 m, J—H dz
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Fig. 2. The vertical profiles of the potential density p (a) and buoyancy frequency N (b) at 6°N, 94°E.
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Fig. 3. Numerical solutions of the vertical structures of the model function & (z) (a) and the nonlinear correction T'(z) (b) at 6°N, 94°E.



Wu Yugqi et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 4, P. 14-22 17

oo 4

= ©)

where

= —o <%>2 + 50 (c— U) ((:Ti)s —6(c— )2<‘3—‘§>4.

Here T(z) is the nonlinear correction to the modal structure,
which can be found as a solution of the following eigenvalue
equation:
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with boundary conditions T(0) = T(-H) = 0, and the normalized
condition T (Zmax) = 0, where Zmax can be found from ® (zmax) = L
The vertical structure of T(z) at 6°N, 94°E is shown in Fig. 3b. The
isopycnal surface displacement € (z, X, £) is given by
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The wave function # (¥, £) equals to the isopycnal surface dis-
placement at the depth Zmax. The term Q in Eq. (1) is given by
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The subscript 0 refers to a reference horizontal position x,,
here we take the grid points at 94°E as the reference points. After
the variable substitution,

Q= ®)

Clrs) =105, (10)

Eq. (1) can be reduced to
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The steady-state solution of Eq. (11) is

A
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where the parameters A, B, k and 7 are given by
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The amplitude of the ISW is determined as
A o
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Only one parameter in Eq. (12) is arbitrary, and the others can
be expressed through it. For ¢1<0 and 0<B<1, the polarity of the
solitons is determined by the sign of a. In the case >0, the
soliton has positive polarity in the “table-top” form. The soliton
amplitude is bounded by upper limit,

(29

o (17)
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For a,>0, there are two branches of ISWs. In the case >0 and
1<B<+00, the amplitude of a solitary wave varies from zero to in-
finity. When a<0 and —0o<B<-—1, the ISW has negative polarity,
and the absolute value of the ISW amplitude varies from

20,
Qo '

aa =

(18)

to infinity. a, is the minimum amplitude of the ISW.

In the following, we first use evKdV equation with stratifica-
tion and background currents to calculate the characteristic
parameters of ISWs in the AS, then, these parameters are calcu-
lated in the case of U (2)=0, and the effect of background cur-
rents on these parameters is discussed by comparison. Besides,
slow variation of the hydrology is assumed in the evKdV theory.
In the AS, the stratification and water depth vary slowly in the ho-
rizontal direction in most area. Therefore, the evKdV theory is
suitable here.

4 Results and discussion

4.1 Parameters of the linear terms in the evKdV equation

The phase speed ¢ and dispersion parameter  are two linear
parameters in Eq. (1). Their seasonal variation and spatial distri-
bution are shown in Figs 4-7. These parameters are apparently
mainly determined by the bathymetry. Seasonal change of strati-
fication has limited impact on them. The maximum phase speed
in the AS is 2.6 m/s in the cool season (November), which loc-
ated in the middle of the AS. From Figs 4a-c, we can see that the
seasonal variations of these two linear parameters are almost
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Fig. 4. Geographic distribution of the phase speed ¢ in March (a), July (b) and November (c). The white lines are isobaths in m.
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Fig. 5. Zonal distribution of phase speed c obtained by evKdV equation with background currents (solid lines) and without
background currents (dashed lines) along the transects of 6.5°N (a), 10°N (b) and 13.5°N (c). The thick red lines represent the

bathymetries along the transects.

negligible in the area where the depth is less than 2 000 m. In or-
der to better understand the variation of parameters in various
regions of the AS, we select transects 6.5°N, 10°N and 13.5°N to
represent the southern, central and northern AS, respectively.
Figures 5a-c (solid lines) indicate that the phase speed is the
largest in the southern AS and the smallest in the northern AS.
The seasonal difference in the phase speed is also the largest in
the south. The phase speed in the cool season (November) can
be 11.4% larger than that in the rainy season (July). The maxim-
um phase speed occurs in different seasons with different tran-
sects. In the southern and central AS, the phase speed is the
largest in the cool season, while in the north it is the largest in the
rainy season.

The spatial distribution of the dispersion parameter f is also
mainly related to topographic feature. The maximum value of #
is 5.23x10° m3/s in the rainy season. Figures 6 and 7 show that 8
in the deep water area, i.e., the central of the AS, have obvious
seasonal difference. While in the south and north, the seasonal
variation of f is insignificant. In the central region, f in the cool
season (November) is the largest, and in hot season (March) is
the smallest. £ in the cool season can be 22.3% larger than that in
the hot season.

The dependence of the linear parameters of ISWs on bathy-
metry in the AS agrees with the conclusion in the South China
Sea (SCS) (Liao et al., 2014). However, in the AS, the phase speed
and dispersion parameter are both smaller than those in the SCS,
and they show little season variation.

4.2 Parameters of the nonlinear terms in the evKdV equation

Compared with linear parameters ¢ and /8, the nonlinear
parameters « and ; are sensitive with background currents and
density stratification (Figs 8-11). Their seasonal variations are
significant. They can even change their signs at some locations,
especially at the continental slope north of the AS, from season to
season. This is mainly due to the change of the depth with max-
imum buoyancy frequency at the continental slope.

The positive extremum of @ mainly appear near the contin-
ental slopes and islands where bottom topographies change
sharply. In the north and east of the AS, from rainy season to cool
season, the sign of a changes from positive to negative, i.e. the in-
ternal solitary wave deforms from an elevation wave to a depres-
sion one. When the depth is larger than 1 000 m, the value of &
fluctuates around -0.006 5 s~1. Figures 9a-c show that in the
southern and central AS, there is a significant seasonal change in
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Fig. 6. Geographic distribution of the dispersion parameter g in March (a), July (b) and November (c). The white lines are isobaths in m.
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Fig. 7. Zonal distribution of the dispersion parameter p obtained by evKdV equation with background currents (solid lines) and
without background currents (dashed lines) along the transects of 6.5°N (a), 10°N (b) and 13.5°N (c). The thick red lines represent the

bathymetries along the transects.

o. The value of @ in the rainy season is up to 23.3% greater than
that in the cool season in the southern AS, and 28.5% greater than
that in the hot season in the central AS. In the northern AS, the
seasonal variation of a is very small in the deep water area and
becomes larger on the continental slope. The value of a is very
similar to the result in the SCS (Cai et al., 2014), which fluctuates
around —0.006 s~! in deep sea area. However, due to the signific-
ant seasonal variation of the density stratification, a shows larger
seasonal variation in the SCS.

The quadratic nonlinear term may vanish when the upper
layer depth is equal to the lower layer depth in a two-layer fluid,
in this case the role of the cubic nonlinear term increases. In the
shallow water area, the cubic nonlinear parameter ¢ is negative
and its value is smallest in the cool season, which can reach
-0.004 4 m/s. In the deep sea, a; is positive and the value is the
largest in the cool season, which can be up to 0.007 m/s. The sea-
sonal variation is obvious, especially in the central AS (Figs 10
and 11). The value of 1 in the hot season can be 71.9% larger than
that in the rainy season. a; in the rainy season are much smaller
than those in the other two seasons in the deep water area.

4.3 Amplitudes of the ISWs in the AS

The polarity of the ISW is determined by the sign of nonlinear
parameters (¢, a1). Note that the negative cubic nonlinear para-
meters are only present in the shallow water area, the algebraic
solitons dominate in the AS. Figure 12 illustrates the geographic
distribution of minimum algebraic solitons amplitudes a,, in the
areas with positive a;. The larger values are mostly located in the
areas with a water depth less than 2 000 m but larger than 1 000 m.
This is different from the results in the northern SCS, the Medi-
terranean Sea and the Black Sea where the larger ones all exist in
the areas with a water depth shallower than 1 000 m (Liao et al.,
2014; Kurkina et al., 2017a). a,, is the largest in the cool season,
ranging from 0.1 m to 102 m, and the maximum a_ occurs in the
southern AS.

4.4 Effect of background currents

Figure 1 shows that both speeds and directions of back-
ground currents in the AS vary a lot in seasons and space. To fig-
ure out the effect of the variable background currents on the sea-
sonal variation and spatial distribution of ISWs in the AS, we
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compared the results discussed above with the results without
considering background currents. Figures 5 and 7 (dashed lines)
show the zonal distribution of linear parameters (c, ) along each
transect when U(z) = 0. The results are similar to those presented
in solid lines. The maximum phase speed is 2.5 m/s in the cool
season. The dispersion parameters keep the same order of mag-
nitude. The distribution of the phase speed and dispersion para-
meter still depend mainly on the topographic feature. However,
without considering background currents, the difference
between the results in rainy season and hot season shrinks.

The zonal distribution of nonlinear parameters (&, 1) are
shown in Figs 9 and 11 (dashed lines). Different from linear para-
meters, nonlinear parameters are greatly affected by the back-
ground flow. The quadratic nonlinear parameters fluctuate
around -0.005 5 s~! in the deep sea of the southern and northern
AS. While in the central AS, the value of & is around -0.002 5 s~! in
the deep sea, it is almost half of the result of considering the
background flow. In the shallow water, the results in different
seasons vary a lot, especially in the northern AS. The cubic non-
linear parameters a; even change their signs. In the deep sea, the
value of ; is around 5.5x10~* m/s, much smaller than the result

of considering the background flow, i.e., o1 is reduced by approx-
imately 1/3. Therefore, the background flow has a great influ-
ence on nonlinear parameters. In the deep sea, the absolute val-
ues of @ and ¢, are smaller when U(z) = 0. In the shallow water
area, the results vary greatly with seasons.

5 Conclusions

In the paper, the evKdV theory is used here to evaluate kin-
ematic parameters of ISWs in the AS. The horizontally variable
density stratification and background currents are taken into ac-
count in the evKdV theory. The temperature and salinity data are
from SODA, and the background zonal velocities are from HY-
COM. Based on these data, the phase speed, dispersion paramet-
er, quadratic and cubic nonlinear parameters, and amplitude of
ISWs in the AS are obtained. The phase speed and dispersion
parameter are mainly determined by the topographic feature in
the AS and have little seasonal variation. The phase speed can be
up to 2.6 m/s in the cool season, and it is slightly larger in the cool
season than those in the other two seasons, especially in the
southern and central AS. In the cool season, the phase speed can
be 11.4% larger than that in the rainy season. The dispersion
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parameter in the cool season can be 22.3% larger than that in the
hot season. The quadratic and cubic nonlinear parameters have
significant seasonal variation, these nonlinear parameters can
change their signs at the continental slope in the AS, from season
to season. In the deep sea, the value of the quadratic nonlinear
parameter fluctuates around -0.005 5 s~1. The cubic nonlinear
parameter is negative in the shallow water and positive in the
deep sea. Based on the nonlinear parameters, it is concluded that
the algebraic solitons dominate in the AS, and the maximum a,
is 102 m, which happens in the cool season in the southern AS.
To figure out the effect of background currents, we also calculate
the linear and nonlinear parameters under the evKdV theory
without considering background currents. The results show that
background currents have little effects on the phase speed and
dispersion parameter, but greatly change the quadratic and cu-
bic nonlinear parameters. The nonlinear parameters vary greatly
with seasons in the shallow water area without considering the
background flow. The cubic nonlinear parameter can be re-
duced by 1/3 in the deep sea. The above conclusions are import-
ant to the deeply understanding of internal waves in the Andam-
an Sea.
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