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Abstract: The vertical mixing structure induced by double diffusion under equal-density stratification conditions was
investigated through numerical simulations. A Fortran-based numerical model was developed to account for the differing
molecular diffusion coefficients of heat and salt, employing a non-hydrostatic two-dimensional vertical cross-sectional
framework. The simulation results were subsequently visualized using Python to examine the temporal evolution of
temperature, salinity, and density distributions. During the initial stage, thermal diffusion proceeded more rapidly than
saline diffusion, leading to temperature perturbations in the vicinity of the density interface. The results indicate that
the differential diffusion of heat and salt enhanced the spatial variability of the density structure, thereby promoting the gradual
development of vertical mixing. Overall, this study provides an intuitive understanding of the temporal evolution of a two-
layer stratified ocean system by visually demonstrating the vertical mixing process driven by double diffusion. The findings
are expected to support prospective teachers as well as middle and high school students in developing a clearer conceptual
understanding of density variations in seawater arising from differences in temperature and salinity.
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I diffusivity for heat (artificially increase by factor of 1000)

kht = 1000.*1.e-7

kzt = 1000.*1.e-7

! diffusivity for salt (artificially increase by factor of 1000)
khs = 1000.*1.e-9

kzs = 1000.*1.e-9

! ambient viscosity

ah = 1.e-4

az = le-4

r=1le-3

Fig. 1. Excerpt from the Fortran source code (sub.f95) showing the initialization of model parameters.

Table 1. Model-applied values and experimental/observational values for each parameter [1,18].
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kht o FHAIG () 1.0x 107 m’s™! =1.5x107
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kzs A1 A S F) 1.0x10° m’s”! =1.5% 107

ah W A4 ALEH) 1.0x 107 m’s”! 1.0 x 107'~1.0 x 10°
az W A4 AG(EA) 1.0x 107 m’s™! 1.0x 107*~1.0 x 1073
r A vk AL 1.0x 107 - 2.0 x107°~3.0 x 1073

Vol. 50, No. 2, 2025



107 m’s™'9] gho.2 A 283k, A vhE Al
FOE 1.0x 10722 ZA A3} tH(Table 1).
K A4S Fortran 101 & o83l 343t om, 2+
A SA A L] &5 (T), BES), Bx(p) EES
HE )4k dlo]E] 9} ¥ 2(t.dat, s.dat, rho.dat)>

= FE

3.2. Python A|E2i0|M : A1t Fx{2| Y AlZts}
Fortran 73] Z|4t A3te] $-22] Bl A|Z48h= Python

B ol A =35t} NumpyS ©]-8-3l Fortran Z=
oA Z ¥ 25 (tdat), F(s.dat), B (thodat) THI-S
By &, 2d Az A7|(NX, NZ)$F A% At
7+A )| gt5=0] 28 Python Al Edo]Ad ZE=Z A
T/33F A THFig. 2). ©]F 2t AIZF @A 9] A7 @

BEE FZ3l Maplotlibs o] &3 2 T3 FEj=

T

>
N
e
j&
32
&
&3
a3
w
>
4
1
o
>
)
=
k=)
fu
rlo
il

import numpy as np
import matplotlib.pyplot as plt
from pathlib import Path

data = np.loadtxt(path, dtype=float)
data = np.asarray(data).reshape(-1)
if data.size % ncol != O:

return data.reshape(-1, ncol)
#5733 N3 ¢ 3
itop = (minute - 1) * NZ
ibot = itop + NZ
if ibot > arr2d.shape[@]:
return arr2d[itop:ibot, :] # (NZ, NX)
zmin=-2.0, zmax=0.9):
for ax, minute in zip(axes, [1, 4, 7, 10]):

F = frame_slice(field_all, minute)
R = frame_slice(rho_all, minute)

F = np.flipud(F)
R = np.flipud(R)
im = ax.imshow(

vmin=vmin, vmax=vmax, cmap=cmap

)

# A2 473

NX = 201

NZ = 21

dx = 9.1

dz = 0.1

DATA_DIR = Path(".")

T_FILE = DATA_DIR / "t.dat"

S_FILE = DATADIR / "s.dat"

RHO_FILE = DATA_DIR / "rho.dat"

# R

x = np.arange(NX) * dx

z = (np.arange(NZ) + ©.5) * dz

Zplot = -z

extent = [x.min(), x.max(), Zplot.min(), Zplot.max()]
Xg, Zg = np.meshgrid(x, Zplot) # (NZ, NX)
# H2E do]f ¢]7]

def read_dat_text(path: Path, ncol: int) -> np.ndarray:

raise ValueError(f"{path.name}: 7} 70 {data.size}”} ncol={ncol}& '}iFo] Woj#7 23")

def frame_slice(arr2d: np.ndarray, minute: int) -> np.ndarray:

raise ValueError(f'minute={minute}= %] ¥ 9] =7} (rows={arr2d.shape[@]})")

def plot_1_4 7_10(field_all, rho_all, label, vmin=None, vmax=None, cmap="viridis",

fig, axes = plt.subplots(1l, 4, figsize=(8.4, 4.6), sharey=True, constrained_layout=True)

F, origin="lower", extent=extent, aspect="auto",

Fig. 2. Python code for data visualization.
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# A
ax.set_title(f"{minute}min")
ax.set_xlabel("x (m)")
ax.set_xticks([@, 5, 10, 15, 20])
ax.set_ylim(zmin, zmax)
axes[0].set_ylabel("z (m)")

cbar.set_label(label)
plt.show()

# dolf] 2%
t_all read_dat_text(T_FILE, NX)

s_all = read_dat_text(S_FILE, NX)
rho_all = read_dat_text(RHO_FILE, NX)
# =% 1%, 4%, 7%, 10

plot_1_4_7_10(t_ all rho_all, "Temperature (T)")

# 98 1%, 4%, 7%, 10¥
S1, sS4, S7, Sl =
frame_slice(s_all, 10)

frame_slice(s_all, 1),

plot_1_4 7_10(s_all, rho_all,

# 2% 18, 45, 7%, 10%
R1, R4, R7, R1@ = frame_slice(rho_all, 1),
frame_slice(rho_all, 10)

plot_1_4 7_10(rho_all, rho_all,

d ax.contour(Xg, Zg, R, levels=10, linewidths=0.8)

axes[0].set_yticks(np.arange(zmin, zmax + l1le-9, 0.2))
cbar = fig.colorbar(im, ax=axes, fraction=0.04, pad=0.02)

frame_slice(s_all, 4),

vminS = float(np.nanmin(np.r_[Sl.ravel(), S4.ravel(), S7.ravel(), S10@.ravel()]))
vmaxS = float(np.nanmax(np.r_[Sl.ravel(), S4.ravel(), S7.ravel(), S10@.ravel()]))
"Salinity (S)", vmin=vminS, vmax=vmaxS)

frame_slice(rho_all, 4),
vminR = float(np.nanmin(np.r_[Rl.ravel(), R4.ravel(), R7.ravel(), R1@.ravel()]))
))

vmaxR = float(np.nanmax(np.r_[R1l.ravel(), R4.ravel(), R7.ravel(), R10@.ravel()]
"Density (rho)", vmin=vminR, vmax=vmaxR)

frame_slice(s_all, 7),

frame_slice(rho_all, 7),

Fig. 2. (continued).
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Fig. 3. Temporal evolution of temperature and salinity distributions. (a) at 1 minute, (b) at 4 minutes, (c) at 7 minutes, (d) at 10
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