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Abstract: The effects of natural convection heat transfer from the hydrosphere to the atmosphere are investigated
numerically on the climate in current work under the assumptions that the hydrosphere phase is influenced by viscous
dissipation and that there is an evaporation region at its surface where density is pressure dependent. Furthermore, the
impacts of atmospheric nanoparticles are examined using Buongiorno’s Model. This is carried out by constructing a two-
dimensional mathematical model in the form of a spherical coordinate system that includes three regions: the hydrosphere,
the evaporation and the atmosphere, connected through trans-boundaries. To better comprehend the physical importance
of the proposed study, the system of governing equations is altered into a dimensionless system using a set of relevant
variables and numerically answered using the finite difference approach via primitive variable formulation and the Gaussian
elimination scheme. The consequences of numerous dimensionless variables, such as the viscous dissipation parameter in
the hydrosphere, the density variation parameter in the evaporation region and the Brownian motion parameter and the
thermophoresis parameter in the atmospheric region, are seen on climate patterns. The radial distribution of temperature
across the hydrosphere, evaporation zone, and atmosphere is observed using concentric contour plots for Grashof number
Gr = 8 and 20. The results indicate a distinct negative temperature gradient, with the highest thermal intensity at the
hydrosphere and progressively lower values toward the outer atmospheric region, highlighting steady radial heat transfer
through the evaporation zone.
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Gr  Grashof number
Grr  Thermal Grashof number for atmosphere
Grc  Concentration Grashof quantity for atmosphere
c, Specific heat (Jkg'K~1)
g Gravitational acceleration (ms~2)
P Pressure of fluid
T Temperature (K)
C Nanoparticle concentration expansion coefficient
Dp  Brownian diffusion coefficient (m*s~!)
Dy Thermophoresis diffusion coefficient (m?s~!)
T- Ambient temperature
T, Hydrosphere surface temperature (K)
T Evaporation surface temperature (K)
Tx Atmosphere surface temperature (K)
k Thermal conductivity (Wm~ K1)
N Brownian motion parameter
Np Thermophoresis parameter
Greek letters
¢  Non-dimensional temperature
Bc  Concentration expansion coefficient
B Thermal expansion coefficient (K™!)
Ae  Density variation parameter for evaporation phase
& Nanoparticles concentration
v Dimensionless pressure
v Kinematic viscosity (m?s~!)
p  Dynamic viscosity (Nsm™2)
p  Density (kgm—?)
Pa  Atmospheric density variation parameter
&4 Atmospheric viscosity variation parameter
Na  Atmospheric thermal conductivity variation parameter
Q  Viscous dissipation parameter
a  Thermal diffusivity (m?s~!)
Y  Location representative (angle)
Subscripts

A Atmosphere region
H Hydrosphere region

E  Evaporation region

1. Introduction

Weather dynamics, energy transfer, and the global hydrological cycle are strongly influenced by interactions between
the hydrosphere and the atmosphere, which play a central role in regulating the Earth’s climate system. In particular, viscous
dissipation within the hydrosphere alters local temperature gradients and convective flow structures by converting kinetic
energy into thermal energy, thereby contributing to localized heating effects. Simultaneously, pressure-induced density
variations near the hydrosphere-atmosphere interface influence evaporation rates, buoyancy forces, and vapor diffusion
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processes. Moreover, the presence of suspended nanoparticles in the atmospheric layer modifies thermal conductivity and
radiative transport characteristics, further affecting interfacial energy exchange. A quantitative understanding of these
coupled mechanisms, namely viscous heating in water, pressure-dependent density behavior in air, and nanoparticle-
enhanced thermal transport, is essential for developing accurate surface-atmosphere interaction models. Such improvements
enhance the representation of heat-exchange feedback mechanisms and contribute to more reliable climate prediction
frameworks relevant to climate change mitigation.

A result for steady axisymmetric convection from nature between thermally similar spheres with common center was
developed by Mack and Hardee [1] by treating all fluid properties as constants, with the exception of specific weight, and
neglecting viscous heating. Free convection between two thermally comparable concentric spheres with ratios of diameters
varying from 1.09 to 2.81 was examined experimentally by Scanlan et al. [2]. The results of an experimental and numerical
investigation of convection flow that naturally occurs within horizontal isothermal concentric cylinders were published by
Kuehn and Goldstein [3]. For instance, local heat-transfer coefficients and heat distributions are experimentally determined
values. An effective finite difference approach combined with the cubic spline interpolation methodology was utilized
by Lee et al. [4] to produce numerical solutions for the variation of the wall temperature for thin cylinders and needles
with a curvature parameter. In [5], Chamkha investigates the unsteady, uniform double-diffusive convective circulation
of a binary combination of gases in a rectangular enclosure with a temperature-dependent energy source or sink and a
homogenous permeable material. Asbik et al. [6] studied continuous laminar mixed convection mathematically in a
fluid-saturated, pointing upward, homogeneous permeable enclosure. Temperature and concentration gradients on the
vertical walls are the source of the buoyant forces that drive the fluid motion. Alam et al. [7] described the effects of viscous
dissipation on magneto-hydrodynamic natural convection movement across a sphere in the setting of heat generation.
The impacts of an atmospheric pressure on natural convection heat transfer from the horizontal cylindrical specimen
were experimentally investigated by Saidi and Abardeh [8]. By solving three-dimensional Boussinesq equations with
dimensionless variables such as temperature, vorticity vector, and vector potential functions, Sheremet [9] theoretically
reproduced transient natural convection heat transport zones within a sphere. Using the Buongiorno model, Khan and
Uddin [10] have investigated the consequences of thermophoresis and Brownian motion on the flow, temperature, and
mass transfer off a regular plate with a given surface heat flux. By connecting some of the methodologies and concepts
used in many fields involved with the phenomenon of evaporation in the natural environment, Brutsaert in [11] improved
our understanding of evaporation. Parveen et al. [12] explored the effect of viscous dissipation upon the natural convection
movement considering a viscous incompressible fluid next to a vertically wavy, evenly heated surface. Garoosi et al.
[13] investigated the natural convection heat transport of nanofluid numerically in a two-dimensional square cavity that
included several heater-cooler pairs. Numerous collections of isothermal-walled heaters and coolers are installed inside the
cavity, which has insulated walls. In [14], Lappa discussed how a deviation from the known behavior of gases at normal
temperatures can impact the flow and how to suitably extend a standard numerical framework for compressible flows with
low Mach numbers to simulate thermal flows at high temperatures. A mathematical model was created by Kazemi et al.
[15] to explain how the transport processes at the interface are coupled with the momentum, mass and heat transfer in the
fluids. In evaporation from a concave meniscus for different vacuum pressures, the model was utilized to comprehend the
temperature profiles in the liquid and vapor as well as the experimentally acquired velocity field in the liquid. The infinite
spinning disk problem was resolved by Mustafa [16] in the scenario when a nanofluid which is electrically conducting
is present in the space above the rough disk. Brownian motion and thermophoresis effects caused by nanoparticles are
incorporated using the Buongiorno model. Ashraf and Fatima [17] introduced the matter of periodic convective flow
around various sphere points when viscous dissipation is present. Considering the impact of viscous dissipation in the
energy equation, Ahmad et al. [18] investigated the flow of an incompressible micro-polar fluid with mass and heat transfer
via a resistive permeable medium between planar channel walls. lasiello et al. [19] explored the impact of both hypo-and
hyperthermia on a bent artery. The heat source or sink is applied from the inside of the artery (the lumen side). The
curvature effect of the artery is represented by the change in the arterial curvature ratio, whereas the wall is modeled with a
multilayer model that addresses the different properties of the various layers. The collective process of mixed convection
flow and thermo-phoretic transport along the sphere’s surface was investigated by Abbas et al. [20]. Khan et al. [21]
examined the physical phenomenon of fluid outbreak through a boundary layer into a plume area above the sphere’s
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surface and free convection Nano-fluid heat transfer along a sphere. They also examined the impact of heat generation
when an applied magnetic field was included. In the context of viscous dissipation via a porous media, Mishra and Kumar
[22] investigated mass transfer, procreative or absorptive temperature, and magneto-hydrodynamic flow of Nano-fluid
current across a wedge. Heat transfer properties and natural convection flow of Buongiorno’s mathematical model Nano-
fluid flow within a square cavity with adiabatic surroundings on the top and bottom walls and isothermal surroundings
on both side walls were examined by Reddy and Sreedevi [23]. Using Buongiorno’s Nano-fluid, Khatun and Nasreen
[24] numerically modeled free convective flow within the trapezoidal zone with oscillatory materials and temperature
distributions at both inclined boundaries. Akhter and Ashraf [25] created a mathematical model for the bio-convection
movement of a Nano-fluid immersed in a Darcy-Forchheimer medium with a nonlinear stretchable surface. In order to
account for slip flow, Ashraf et al. [26] examined the implications of viscous dissipation and thermos-phoretic motion on
the two-dimensional fluid traveling along various spherical positions. Ashraf et al. [27] investigated the cyclical behavior
of convective heat transfer features of fluid current across an electrically conductive cone implanted in the permeable
environment by introducing viscous dissipation effects into the energy equation. Nadeem et al. [28] discussed the effects
of thermophoresis and Brownian motion with viscous dissipation, as well as the viscoelastic fluid flow across a nonlinear
expanding porous sheet with suction and injection. Heat transmission characteristics of copper or water Nano-fluid flow
across a dual-direction stretched sheet were theoretically examined by Owhaib and Al-Kouz [29]. Begum et al. [30] used
numerical simulations to investigate how the unstable natural convection flow of a Newtonian fluid that is incompressible
into a rectangular chamber is affected by viscous dissipation and continuous volumetric heat generation. Ullah et al. [31]
investigated how the mass and heat transport of reacting chemicals and magnetic nanofluids over the stretched sheet were
affected by a detailed analysis of thermal density, viscosity dissipation, chemical reaction, and thermophoresis. Ashraf et
al. [32] investigated the physical effects of thermal radiation on heat and mass transmission in a nanofluid round a sphere.
NematpourKeshteli et al. [33] conducted a simulation that demonstrated the possibility of simultaneous harvesting and
storing of solar thermal energy via a lobed double-pipe heat exchanger with Phase Change Materials (RT82) in a solar
collector energy storage unit. NematpourKeshteli et al. [34] suggested remedies for enhancing the heat-flow-characteristic
of paraffin used as a Phase Change Material (PCM) in solar flat-plate collector systems for both home and industrial solar
uses. Ramirez et al. [35] introduced a hygro-thermo-mechanical model, which was used as a tool to simulate the effect of
temperature and moisture-related phenomena on the mechanical performance of masonry walls. They also presented a
fully-coupled heat and mass transfer model and prepared a 2D finite element model to investigate the reaction of a brick
masonry wall under different hygro-thermal conditions. Khan et al. [36] focused on the MHD second-grade nanofluid
flow with produced magnetic field and viscous dissipation on an exponentially stretched surface. The solutal and thermal
energy equations were investigated in the context of fluctuating thermal conductivity and the thermophoretic effect. The
consequences of Carreau fluid flow along a curved stretch surface were thoroughly examined in a study by Ullah et
al. [37]. Numerous factors, including viscous dissipation, convective boundary conditions, thermophoresis, nonlinear
thermal radiation, Brownian motion, and nonlinear mixed convection, are meticulously considered in this paper. Khan
et al. [38] investigated nonlinear mixed convection in magnetohydrodynamic nanomaterial flows. The flow across the
stretching barrier is computed. Melting of heat is investigated. Heat generation, radiation, and Joule heating are all taken
into consideration by the thermal equation. The Arrhenius activation energy of chemical processes is examined. Random
motion and thermophoresis properties are examined. NematpourKeshteli et al. [39] investigators focused on utilizing heat
transfer improvement methods, including nanoparticles, porous metal foams, and extended surfaces, for the thermal energy
storage system of a flat plate solar collector based on Phase Change Material (PCM). With a focus on climate change,
Nadeem et al. [40] investigated the effects of thermophoretic particles produced during the combustion of fossil fuels in a
bi-stratified atmosphere with thermal sinks in the plume region and catalytic reactions taking place in the source zone. The
implications of oscillating thermal waves on convective heat transfer in the presence of a heat source and sink have been
thoroughly addressed by Rehman et al. [41]. In order to describe the complex, non-linear nature of vorticity, heat transfer,
and fluid flow, the study begins by creating the momentum, heat, and continuity equations. Nabwey et al.’s study of the
origins and consequences of convective transport of heat in humid air [42] demonstrated the phenomenon’s importance in
a variety of physical contexts, such as climate research, engineering, and meteorology. Imtiaz et al.’s work [43] looks
at a hybrid nanofluid for convective heat transfer along the surface of an inclined hemisphere and its effect on climate
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change. In order to demonstrate how different hydrosphere and atmosphere densities affect climate change, Igbal et al. [44]
employed thermal jump effects in the atmosphere area. Igbal et al. [45] emphasized the impact of the hydrosphere’s and
the porous atmosphere’s varying thermal conductivity and viscosity on climate change. Shahraki et al. [46] investigated
the charging performance upgrade in a Triplex-Tube latent Heat thermal energy storage system (TTHX) that features the
addition of longitudinal fins and alumina nanoparticles in Phase Change Materials (PCMs). They carry out numerical
simulations that establish the systematic consideration of not only fin length, thickness, number, and orientation but also the
effect of Nano-Enhanced PCMs (NEPCMs) in coming up with the best configurations for enhanced charging performance.

Thermophoresis, apart from being a primary factor in the movement of nanoparticles, is a very important mechanism
in almost all practical engineering applications. Its influence is seen in medicine as well [19]. Thermophoretic forces guide
the movement of nanoparticles in the delivery of heat-based drugs and other treatments. In building and environmental
engineering, thermophoresis causes a change in the deposition of aerosols, indoor air quality, and the transfer of heat
through surfaces that are heated. In addition, their ability to transfer the heat of the particles has found applications in
solar energy systems, heat exchangers, and electronics cooling devices, where temperature-gradient-driven particle motion
enhances effective thermal conductivity and energy transport. The present study, inspired by these applications, integrates
thermophoresis into a hydrosphere-atmosphere framework to see how nanoparticle-induced thermal transport may affect
the heat exchange processes at the interface which are significant for the energy balance of the climate.

The objective of this study is to bridge this gap by examining the integrated effects of these three parameters, providing
a more comprehensive understanding of the thermal interaction at the atmosphere and waterbodies interface and Earth’s
energy balance. The current research has taken a step further in the area of climate change mitigation by conducting a
numerical study that has revealed the role of pressure gradients, viscous dissipation, evaporation, and the presence of
nanoparticles in the interfacial heat exchange. These processes have a direct impact on the global warming of the surface,
the positioning of the different air masses, and the thermal feedback loop. By improving the physical understanding of
these coupled transport phenomena, the proposed model supports the development of more reliable climate prediction
frameworks and mitigation-oriented thermal regulation strategies.

2. Analytical structure and basic equations

Thermal interaction between the hydrosphere and the atmosphere is a natural phenomenon. Compared to the
atmosphere, the hydrosphere absorbs more heat from incoming solar radiation. Heat is transferred by evaporation from
the warmer hydrosphere to the cooler atmosphere across the hydrosphere-atmosphere interface. Figure 1 illustrates the
two-dimensional, axisymmetric geometry of the spherical coordinate system under consideration, consisting of three
concentric regions. The velocity components in the r and 6 directions are denoted by u, and ug, respectively. The inner
sphere represents the hydrosphere surface at temperature T = T;,, which is connected via interfacial boundaries to the
evaporation zone at temperature 7 = T, and subsequently to the atmospheric region at temperature T = Ty. By natural
convention, the temperatures satisfy 7,, > Tg and Tg > Tj4.

The concentric spherical geometry utilized in this research is meant to describe a perfect case of hydrosphere-
atmosphere interaction in which heat and mass are mainly transferred in the radial direction from a large water body to the
air. Such a layout is particularly appropriate for the average thermal exchange processes modeling over lakes, reservoirs,
or small oceanic regions, where the effects of curvature are significant and the azimuthal variations are relatively small.
The assumption of symmetry around the axis simplifies the problem to radial and angular transport while ignoring edge
effects, which is a reasonable assumption when the characteristic length scale of the hydrosphere is significantly larger
than the thermal boundary layer thickness. This method is in line with previous investigations into natural convection
between concentric spheres and spherical surfaces, where the main aim is to separate buoyancy-driven and interfacial heat
transfer mechanisms under controlled geometric conditions.
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Figure 1. Schematic diagram of hydrosphere-atmosphere interface

2.1 Hydrosphere region

In this study, the hydrosphere zone is considered to be influenced by viscous dissipation, which converts kinetic
energy into heat due to internal friction within the fluid. This effect is particularly important in boundary layers near the
hydrosphere surface, where it can significantly alter the thermal behavior of water bodies. The hydrosphere is modeled as
a sphere of radius a and is assumed to be incompressible, with uniform density, viscosity, and thermal conductivity. The
temperature at the surface of the evaporation zone, Tr serves as the ambient temperature for the hydrosphere, establishing a
thermal connection between the two regions through interfacial boundaries. Following the approaches outlined in [39, 40],
the dimensionless governing equations for this flow configuration are provided below.

i, 1 9 (sinbiy) B

St : !
Jdf  sind 90 0
_Jiig . dig J%
u,7;+uga—é9 = W;iGqu)cosy, 2)
90 a9 1 9% dig \*
i lg=— = — Q 3
bror 1050 = Py o T\ 08 ) )
constrained on boundary conditions
Gg=0, G4,=0, ¢=1,ati=0,
4
g —0, ¢ —0,as7— oo,
v T, —Tg) a® v? . o
where Pry = —, Gry = M and Q = ——— are Prandtl, Grashof and viscous dissipation constant
o 02 ATa’C,

respectively.
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2.1.1 Methodological framework and computational strategy

The present problem is solved using the finite difference method. The governing equations (1)—(4) are first expressed
in a suitable form through the primitive variable formulation. These differential equations are then discretized using
the finite difference approach, which transforms them into a system of algebraic equations. The procedure follows the
methodology outlined in [39], resulting in the algebraic system presented below.

U —U Ritu U ARU 2AROU, o, 22RO U 5

rarn ) = Uiy Ty ( O+1, ) — OG-, .i)) TEeG ) T iV, ;) cotOi— — g ( 8. ;) % j—l)) O
AUg,_, , +BUq, , +CUs,,, , =D, (6)
A'Dg(i 1, jy+B' o, jy+C' o1, jy =D, (7

with boundary conditions

Ug,. . =0, Ur(i,j) =0, q)(i,j) =1 atRj:O,
®)

Uy,

i J) —>0, q)(i,j) —>Oast—><>o.

2.2 Evaporation region

The evaporation zone is depicted as an extremely thin interface that divides the hydrosphere and the atmosphere, and
at which the exchange of mass, momentum, and energy occurs. The model assumes that the flow in this region is laminar,
incompressible, and fully developed. The assumption of local thermal equilibrium between the liquid and gas phases is
made; thus, only one temperature field is needed for describing the temperature in the interfacial zone and for ensuring a
continuous temperature match at the trans-boundaries. The variations in density in the evaporation region are assumed
to be dependent on pressure, and they are, therefore, included in the governing equations. As a result, the Boussinesq
approximation is not applied since it would not be able to adequately represent the pressure-induced density variations
which are very important for the modeling of the buoyancy effects driven by evaporation. Using the method of Reference
[40], the non-dimensional version of the evaporation region model corresponding to this approach is introduced below.

dn, 1 9 (sindi)

— Q= ~ :0, 9
ar +sin9 00 ©)
iy dig _ 0 (i

iy 37 + g 28 oF <e 37 + Grg ¢ cos?y, (10)
“w*”eae—maf<e 37 ) an

subject to boundary conditions
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g —0, ¢ —0, asf—> oo, (12)
r—b bur bug N T—TA P—PA
;= Ar = g = ) = 07 = ) = ) 13
d b i v 1o )% ¢ TE—TA PE—PA ( )
Tp —Th) b [(P’PA)} 1
where Grg = w and p(P) = pwe * 1 with z s bulk modulus by [11].

2.2.1 Methodological framework and computational strategy

To investigate the current problem, we employed the finite difference methodology, which is widely utilized in
related domains. The governing equations (9)—(12) are transformed into a more acceptable form using primitive variable
formulation. The finite difference methodology is used to discretize differential equations, which are then converted into
algebraic equations. To carry out the aforementioned technique, we followed [39], which generated the algebraic equations
with boundary conditions presented below.

U = Ritu U, ARU, 2AR®,U, o, 2AR9 () U 14

st ) = Y T ( Oir1, j) — YOG, j)) - 0u j iV, ;) cotOi = —g ( 0: ;) — Vs _,,])) , (14

AUg,_, , +BUs, , +CUs,, , =D, (15)
/ / / Y

A @9(1,717 P +B CIDQ(L’ P +C CIDQ(M_’ N D, (16)

Ug; ;) =0, Uy, ) =0, @5y =1atR; =0,

(

Uy, . — 0, dD(i,j)—)Oast—an. (17)

(i, J)

2.3 Atmosphere region

The atmospheric zone is assumed to be concentrated with nanoparticles. The Buongiorno Model is utilized to study
the properties of nanoparticles in this region. Corresponding dimensional equations using [40] are:

du, 1 JdsinBug _0

or Tdsne 00 ’ (18)
dug ug g _ d dug
o(7) (a +d89) -2 (u(T)ar> - gBpa (T — To)cos Y+ gfcpe (C—Cu)cosy,  (19)
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T  ugdT |1 a( ar> .

oy a0~ cpmar M ar or or T 1. \ or

2
Dy 2c ol (37) ] : (20)

dC  ug dC d*C Dy 9*T

wor 4 98 = Prga Y T g @b
in accordance with boundary conditions
ug=0,u,=0,T=Ty,C=Cqpatr=d, 6 >0,
(22)
ug >0, T - T, C—>Csxasr— o, 62>0.
The dimensionless form of Egs (18)—(22) is given below:
di, 1 9 (sinbi)
oy 2 =, 23
Jdf  sin® 90 @)
_ditg . dig\ d dilg
(1—Ba0) (u,% +ugaé> =5 {(1+£A¢) 5 +Grr ¢cosy+Gre € cosy, (24)
99 . dp\ 1 9 ¢ 9E 99 29\’
(1—PBag) (@ c9f+u989> = Pr, 07 ((I‘H”IA(D)W +Np (1= Pag) 3 o7 +N; (1-PBag) 55 ) (25)
S d&  9&E 1 (9’6 N 99
ur8f+u689_8c<8f2 N, 972 ) (26)
Cp)pDp (Cs — Coo Cpy)pDr (Ty — T —T.)d? —Co)d?
where,Nb:<p r)pDs (Ca >, t:(p p)pPr (T ),GFT:—gﬁ(TA ZT)d ,Grc:—gﬁC(CAZC)d and
V(pCy), VI (pCy), v v

v . . . .
Sc = Do are Brownian motion parameter, thermophoresis parameter, thermal Grashof number, concentration Grashof

B
number and Schmidth number respectively.
Subject to boundary conditions

lg=0, 4,=0, ¢=1, E=1latr=0,
(27)

g —0, ¢—0, &—>0ati— eo,

with variables
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Ur=—, fp=——, 0=0, o=——1 = : (28)

2.3.1 Methodological framework and computational strategy

To explore the current problem, we used the finite difference methodology. The governing equations (18)—(21) are
changed into a more suitable form by employing primitive variable formulation. The finite difference methodology is
utilized to discretize differential equations before converting them into algebraic equations. To carry out the aforementioned
procedure, we used [39], which created the algebraic equations and boundary conditions shown below.

Urin, j) = U T % (U9<i+1. Yo, j>) ~ARUg, ;) — 28RO Uy, cot®; — ZAAIz)@i (U%: » ~Ya /—1>> 29
AUy, j +BUy, j +CUs;,, , =D, (30)
A'®g,_,  +B®g,  +C'Pq,,, =D, 31)
A"y 4B E y+C i, y=D", (32)

with discretized boundary conditions

(33)

Ug — 07 ¢(i,

(i J)

2.3.2 Numerical accuracy and advantages

The present study employs the Finite Difference Method to solve the coupled heat and mass transfer equations in the
hydrosphere-evaporation-atmosphere system. This method is particularly suitable due to its simplicity, ability to handle
structured grids, and flexibility in applying complex boundary conditions. By discretizing the governing equations into
algebraic forms, this method accurately captures variations in velocity, temperature, and nanoparticle concentration across
the three regions. The resulting tridiagonal systems are solved iteratively using the Gaussian elimination method, which
efficiently reduces computational cost and memory usage. The numerical algorithm was implemented in FORTRAN 95, a
language well suited for array-based scientific computations.

The computational domain is discretized on a uniform 81 x 81 grid, with AR = 0.05 and A® = 0.05. Iterations are
performed until the convergence criterion:

max ’Ug(l_ P ’ + max

105
Uri s ‘ + max |CI>(,-" j)| < €, where e e=10"",

is satisfied. Variations in the computed non-dimensional temperature and velocity fields remain below 107>, ensuring
numerical stability and precision up to five significant digits. The prescribed boundary conditions are fully satisfied
throughout the computational domain, as confirmed both graphically (Figures 2—7) and in tabular form. Post-processing
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and visualization were performed using Tecplot 360 to examine velocity distributions, thermal fields, and heat transfer
patterns in detail.

The Finite Difference Method offers several advantages for this study: it provides accurate resolution of steep gradients
in velocity, temperature, and concentration; it allows precise control over convergence and numerical stability; and it
is computationally efficient when combined with iterative solvers for sparse matrices. Overall, the combination of this
method, validated boundary conditions, controlled convergence, and a uniform grid ensures that the results are numerically
robust, physically consistent, and reliable for analyzing heat and mass transfer at the hydrosphere-atmosphere interface.

3. Results and discussion

In this study, the effects of atmospheric nanoparticles concentration using Buongiorno’s Model, pressure dependent
density at interface, and hydrosphere with viscous dissipation effects all considered in relation to the thermal exchanges
among the hydrosphere and atmosphere, which serve as the foundation for controlling Earth’s climate system. An effective
coding scheme is developed with the help of the primitive variable formulation, and the resulting equations are discretized
via Gaussian elimination method using Laher Fortran-95. The resulting data is imported into Tecplot 360, where it is
shown as tables, graphs, and contour plots. The results obtained for each of the regions under investigation are separated
into three distinct regions the Hydrosphere Zone, the Evaporation Zone, and the Atmosphere Zone for the sake of clarity.

3.1 Hydrosphere zone

(a) (®)
024 o 1.00
0.20 : .80l
0.16f I
i 0.60
S 012 =
! 0.40
0.08 I
‘ 020}
0.04 I
0.00 = : | 0.00 b—— S ’
0.00 1.00 2.00 3.00 4.00 0.00 0.50 1.00 1.50
R R

Figure 2. Heat transfer profile and velocity profile for different viscous dissipation parameter values Q = 1 x 107> and 1 x 10~! when Pry = 7.0,
Y=0.5,1.5and 2.3, Gry = 8.0

Figure 2a illustrate the influence of viscous dissipation Q on velocity distribution under different angular positions 7.
At lower Y = 0.5 radian, the velocity peaks are highest, indicating strengthen convective momentum transfer near the
hydrosphere surface. As 7 increases to vy = 2.3 radians, the peak velocity drops and the flow spreads more slowly,
representing weaker convection and a thicker, more stable boundary layer. A higher value of Q corresponds to stronger
internal friction within the fluid, which resists motion and causes energy loss. As a result, the peak velocity drops and
the profile flattens. This suppression effect is more significant at y = 0.5 radian, where convection would otherwise be
strongest. From a climate perspective, enhanced viscous dissipation near the hydrosphere surface may reduce the vertical
and radial transport of heat, limiting the efficiency of natural convection. This can contribute to localized thermal buildup
and influence broader atmospheric circulation patterns that regulate climate variability. The thermal distribution showed in
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Figure 2b discloses the influence of angular position and viscous dissipation parameter on the behavior of the temperature
in hydrosphere zone boundary layer. For all scenarios, the dimensionless temperature & decreases with radial distance
R, but the rate of this decay varies significantly with angular position. At ¥ = 0.5 radian, the temperature drops quickly,
signifying a steep thermal gradient and efficient heat transfer away from the surface. As the angular position increases to
Y = 1.5 radians, the profile becomes flatter, suggesting slower thermal diffusion and greater heat retention. This implies a
thicker thermal boundary layer at higher angles, which is often associated with weaker convective transport. An increase in
Q results in raised temperature profiles for all angular positions. This activity can be attributed to the internal generation of
heat through viscous friction, which contributes additional energy to the system. Subsequently, higher viscous dissipation
reduces the rate of heat loss, especially near the surface region, altering the thermal boundary layer thickness. In Figures 2
and 3 The range of R ~ 1.2 — 1.4 at which the overlap is seen is a result of the local balancing of the viscous dissipation
and buoyancy forces, thus leading to the least sensitivity of the parameter to changes. The corresponding period suggests a
mixing region between the flow of the boundary layer and the still outer parts.

3.2 Evaporation zone
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Figure 3. Heat transfer profile and velocity profile for different density variation parameter values Az = 0.03 and 1.00, when Prg =7.0,y=0.5, 1.5, 2.3
rad, Grg = 8.0

Figure 3a illustrates the dimensionless velocity Uy as a function of radial distance R for several angular positions
and values of the density variation parameter. The results exhibit that both angular location and density stratification
significantly affect the flow behavior. At lower angular positions y = 0.5 radian, the velocity profiles exhibit higher
peaks and sharper slopes, demonstrating stronger natural convection and thinner boundary layers. At the position y = 1.5
radian, the peak velocity weakens and the profile broadens, implying a gradual weakening of convective transport and
a more stabilized flow regime. The influence of the density variation parameter Ag is also noticeable. For Az = 0.03,
which represents weak density variation (nearly constant density), the buoyancy forces are more efficient, resulting in
higher flow velocities and enhanced convective strength. In contrast, when Ag = 1.00, demonstrating stronger density
variation, the convective motion is suppressed. This occurs because greater density gradients increase stratification and
reduce the efficiency of buoyancy-driven flow, thereby thickening the boundary layer and lowering the overall momentum
transport. In Figure 3b the temperature distribution is shown, the profiles steadily display a monotonic decay from the
surface R = 0, with the rate and amount of this decrease being sensitive to both angular position and density variation
effects. At y = 0.5 radian, the temperature drop rapidly, indicating large thermal gradient which implies efficient convective
heat transfer. At position Y = 1.5 radians, the decay become more slow, resulting in uniform distribution and retained
temperature over large radial distance. This reflects the development of a thicker thermal boundary layer, where convective
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is comparatively weaker. The influence of Ag is especially noteworthy. For smaller value, the fluid behaves more like
negligible density medium increasing buoyancy-driven convection. On the other hand, larger value tends to stabilize
the fluid and decrease convection. In the context of climate interaction, such stratified thermal structures may affect
the exchange of energy between hydrosphere and atmosphere, decrease mixing, and contribute in warming the certain
hydrosphere regions, affecting regional climate stability.

3.3 Atmospheric zone
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Figure 4. Profiles of concentration, heat transfer, and velocity at different concentration values Grashof’s number Gre = 5.00 and 8.00, when Prq = 0.71,
Y=0.5, 1.5 and 2.3 radians, Grr = 1.1, B4 = 0.03, g4 =0.04, N4 =0.7, N, =0.5, N, = 1.5, Sc=1.5

Figure 4a—c illustrates the variation of the dimensionless velocity, Temperature and concentration profile by means of
radial distance, providing the impacts of angular location y and the concentration Grashof number Gr¢, which describes
the buoyancy force encouraged by concentration gradients. (nanoparticles). The outcomes in Figure 4a demonstrate that at
the angle ¥ = 0.5 radians, the velocity profiles range their highest peak values, reflecting strong natural convection near to
the surface, where concentration gradients are more effective in driving buoyant motion. For the position y = 1.5 radians,
the velocity decreases expressively, indicating weak convection due to geometrical spreading and reduced local gradients.
It is also noted that increasing Gr¢ leads to rise in peak velocity areas across all positions because enhanced concentration
buoyancy promotes convective flow by amplifying the upward force. In the context of climate systems, this behavior is

Volume 7 Issue 3|2026| 2733 Contemporary Mathematics



important for understanding how concentration gradients can deepen natural convection near the hydrosphere atmosphere
interface. Regions with stronger buoyancy may exhibit enhanced mixing and vertical transport of heat and mass, which play
a vital role in regulating energy exchange and climate feedback mechanisms. In Figure 4b—c, the profiles of temperature
and concentration exhibit a decaying trend from origin. At location y = 0.5 radians, both profiles drop rapidly, highlighting
strengthen convection and for location y = 1.5 radians, the profiles are flatter as compared to other locations which shows
gradual flow, thicker boundary layer and weak convection. The presence of nanoparticles alters the thermal and mass
transport features of the flow. Nanoparticles improve thermal conductivity, which can steepen the temperature gradient
near the surface, but their extra mass and interaction with the base fluid can also increase viscous resistance. Overall, the
coupled behavior of temperature and nanoparticle concentration profiles shows that angular positioning and concentration
impacts play a critical role in governing heat and mass transfer. This has important implications for climate-related studies,

where nanoparticle flows and evaporation-driven concentration slopes affect energy exchange in hydrosphere- atmosphere
interaction.
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Figure 5. Profiles of concentration, heat transfer, and velocity for various Schmidt number values Sc = 0.22 and 0.75, when Pry =0.71, y=0.5, 1.5 and
2.3 radians, Gr¢ = 2.0, B4 =0.03, g4 =0.04, N4 =0.7, N, =04, N, = 1.1, Gry = 1.2

Figure 5a—c presents the effect of the Schmidt number Sc = 0.22 and 0.75 and angular position y = 0.5, 1.5 and
2.3 on the dimensionless velocity, temperature, and nanoparticle concentration profiles. As Schmidt number is the ratio
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of momentum diffusivity to mass diffusivity, plays a significant role in determining how nanoparticles affect flow and
transport properties. At lower Sc = 0.22, nanoparticles diffuse more rapidly, resulting in stronger concentration buoyancy
forces that increase the flow velocity and steepen the concentration gradient. This shows the higher peak in the velocity
profile and thinner momentum boundary layers, particularly at position ¥ = 0.5 radian having strong natural convection.
When Sc increases to 0.75, the mass diffusivity decreases implies that nanoparticle movement become slow. This leads to
noticeable decline in velocity and expansion of velocity profile, especially seen at Y = 1.5 radian. The temperature and
concentration profiles also reflects the same trend that at low Sc, the thermal gradient is sharper, whereas for high Sc it
becomes gradual indicating weaker concentration gradients. Additionally as angular position increases from 0.5 to 1.5
radian, all profiles tend to flatten. This is because the radial driving forces become less effective at higher angular locations
due to geometric dispersion and reduced local gradients.
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Figure 6. Profiles of concentration, heat transfer, and velocity for various Brownian motion parameter values N, = 1.10 and 13.5, when Pry =0.71,
y=0.5, 1.5, 2.3 rad, Gr¢ = 1.5, B4 = 0.003, g4 = 0.004, n4 = 0.5, N; = 0.7, Sc =4.0, Grp = 1.1
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Figure 7. Profiles of concentration, heat transfer, and velocity for various thermophoresis parameter values N; = 0.70 and 1.5, when Pry = 0.71,
y=0.5, 1.5, 2.3 rad, Gr¢ = 1.5, B4 = 0.003, g4 = 0.004, n4 = 0.5, N = 12.5, Sc =4.0, Grr = 1.1

Figure 6a—c presents the Brownian motion parameter’s effect on velocity, temperature and concentration distributionon
for angular positions. As N,, increases from 1.10 to 13.5, the temperature profiles exhibit a noteworthy rise, particularly
adjacent the surface, highlighting increased heat transfer due to deepened random motion of nanoparticles. The thicker
thermal boundary layers and slower temperature decline, particularly at lower angular position y = 0.5 radian where
convection is stronger. The velocity indicates a slight increase in peak values with higher Ny, as Brownian-induced thermal
energy strengthens buoyancy forces. However, this effect lessens at higher y = 1.5 radian, where the velocity decreases
and the boundary layer widens due to reduced convective movement. In the concentration profiles, increasing ¥ from 0.5
to 1.5 causes the nanoparticle distribution to flatten, reducing the gradient near the surface. This reflects increased particle
diffusion from high-to low-concentration zones. In Figure 7a—c, the effect of the thermophoresis parameter N, represents
the effect of temperature gradients on nanoparticle movement, affecting particles to move from hotter to cooler regions.
For increasing N;, the temperature profiles exhibit a rise, principally near the wall, due to the accumulation of nanoparticles
away from the surface, which deepens the near-wall thermal gradient and thickens the thermal boundary layer. For, higher
N; boosts the thermal energy retention and increases concentration gradients by directing nanoparticles away from hot
zones. Thicker thermal boundary layers lead to slower temperature fall, especially at angular positions (y = 1.5 radian)
with higher convection. The velocity shows a minor rise in peak values with larger N, although this effect decreases
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when y = 0.5 radian. Tables 1-3 show the heat and nanoparticle concentration flow rates for various parameters in the
atmospheric zone. The heat transfer rate and concentration fluxes with increasing Gre, Grr and Sc are growing for all
positions Yy = 0.5, 1.5 and 2.3 radians However, for the parameters Nj,, N;, Ba, N4 and €4 the rate of heat transfer and rate
of concentration show decreasing behaviour for increasing parameter’s values for all angular positions y = 0.5, 1.5 and
2.3 radians.

Table 1. Concentration rate and heat transfer for various parameter values in the atmospheric region at position y = 0.5 radian

Gre  Grr Sc Ny N, Ba Na € Heat flux (%)Rzo Nanoparticles flux (%>R70

5.0 - - - - - - - 0.33681 0.79369

8.0 - - - - - - - 0.36984 1.12981
- 1.20 - - - - - - 0.27930 0.64237
- 1.70 - - - - - - 0.31297 0.92660
- - 0.22 - - - - - 0.33948 0.36916
- - 0.75 - - - - - 0.34677 0.65914
- - - 1.10 - - - - 0.26075 0.76717
- - - 13.5 - - - - 0.00150 1.31025
- - - - 0.7 - - - 0.00381 0.77495
- - - - 1.5 - - - 0.00190 1.32733
- - - - - 0.007 - - 0.00388 0.77539
- - - - - 0.050 - - 0.00290 1.31599
- - - - - - 2.50 - 0.29916 0.76302
- - - - - - 7.50 - 0.29022 1.28507
- - - - - - - 0.008 0.26049 0.76623
- - - - - - - 0.700 0.24468 1.13658

Table 2. Concentration rate and heat transfer for various parameter values in the atmospheric region at position y = 1.5 radian

Gre Grr Sc Ny N, Ba i € Heat flux ~ Nanoparticles flux

5.0 - - - - - - - 0.17962 0.42527
8.0 - - - - - - - 0.19724 0.60938
- 1.20 - - - - - - 0.14910 0.34529
- 1.70 - - - - - - 0.16735 0.49944
- - 0.22 - - - - - 0.18412 0.20296
- - 0.75 - - - - - 0.18549 0.35447
- - - 1.10 - - - - 0.13898 0.41452
- - - 13.5 - - - - 0.00088 0.70903
- - - - 0.7 - - - 0.00207 0.41491
- - - - 1.5 - - - 0.00111 0.71789
- - - - - 0.007 - - 0.00210 0.41514
- - - - - 0.050 - - 0.00167 0.71217
- - - - - - 2.50 - 0.15977 0.41133
- - - - - - 7.50 - 0.15484 0.47346
- - - - - - - 0.008  0.13884 0.41403
- - - - - - - 0.700  0.13081 0.61480
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Table 3. Concentration rate and heat transfer for various parameter values in the atmospheric region at position y = 2.3 radian

Gre  Grr Sc Ny N; Ba N €A Heat flux ~ Nanoparticles flux

5.0 - - - - - - - 0.31444 0.74116

8.0 - - - - - - - 0.34526 1.05611
- 1.20 - - - - - - 0.26074 0.59985
- 1.70 - - - - - - 0.29226 0.86642
- - 0.22 - - - - - 0.31739 0.34505
- - 0.75 - - - - - 0.32395 0.61564
- - - 1.10 - - - - 0.24342 0.71666
- - - 13.5 - - - - 0.00143 1.22559
- - - - 0.7 - - - 0.00358 0.72365
- - - - 1.5 - - - 0.00180 1.24201
- - - - - 0.007 - - 0.00364 0.72406
- - - - - 0.050 - - 0.00274 1.23160
- - - - - - 2.50 - 0.27927 0.71264
- - - - - - 7.50 - 0.27100 1.20142
- - - - - - - 0.008  0.24318 0.71578
- - - - - - - 0.700  0.22850 1.06310

The non-dimensional temperature field ® has been illustrated through the contour plots presented in Figures 8a—c
and 9a—c. The three areas—the hydrosphere, evaporation zone, and atmosphere—are represented by concentric regions.
The hydrosphere at the core contains the hottest temperature, which then gradually tapers off during the transition to the
atmospheric region that is surrounding it. The whole process of temperature gradation is well exemplified with the aid of a
color-gradient showing from deep pink-red at the center to blue-green at the border, thus vividly portraying the organized
decrease in temperature from the center outwards.
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Figure 8. Heat exchange between Hydrosphere and Atmosphere through evaporation region for Gr = 20 at various positions (a) ¥ = 0.5 radian; (b)
¥ = 1.5 radian; (c) ¥ = 2.3 radian

In addition to the stated direct and indirect heat transfer, the assigned isotherms are also presented in the plots as one
of the strategies to provide the heat transfer direction and relative estimates. Constant temperature lines (isotherms) denote
the loci of temperature, which thus offer a quantitative measure valid for examining the temperature gradient between the
regions. For instance, the temperature line that delimits the pink area in the hydrosphere in Figure 8a has a ® value of
about 1.2279. This value is very much above the temperatures for the same radial position in the case of the evaporation
zone and even more, it is tremendously above the corresponding values of the outer atmosphere region. Thus, it is very
clear that the path of a single isotherm from the hydrosphere through the evaporation zone to the atmosphere, by a gradual
lowering of @, indicates a continuous outward radial heat flow.
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Figure 9. Heat exchange between Hydrosphere and Atmosphere through evaporation region for Gr = 8 at various positions (a) y = 0.5 radian; (b)
v = 1.5 radian; (c) Y = 2.3 radian

In addition, the evaporation zone serves as a transitional layer that regulates the thermal interaction between the highly
energetic hydrosphere and the slightly cooler atmosphere. This area acts like a buffer zone that absorbs, redistributes, and
slowly dissipates heat, which in turn reduces the temperature differences and maintains the flow of heat transfer. These
contour plots not only reveal the intricate spatial distribution of temperature but also allow a clear visual understanding of
the basic physics of radial heat transport in this multi-zone system. The main cause of the large gradients is the thermal
resistance that exists at the hydrosphere-evaporation and evaporation-atmosphere interfaces, where there are extreme
variations in properties. This phenomenon has a physical justification in the heat transfer between the interfaces and the
evaporation process.

4. Conclusion

This study investigates the numerical impact on thermal behavior relevant to climate change by examining heat
exchange across the hydrosphere (with viscous dissipation), the evaporation zone (with pressure-dependent density),
and the atmosphere (with nanoparticle concentration). These regions are coupled through interfacial boundaries. The
governing equations were transformed into a dimensionless form using the primitive variable formulation and solved using
the finite difference method. The results are presented as profiles and contour plots, showing the influence of various
physical parameters, including the thermal Grashof number, concentration Grashof number, viscous dissipation parameter,
Brownian motion parameter, and thermophoresis parameter, on velocity, heat, and nanoparticle transport. All parameters
significantly affect radial heat transfer and mass transport. A summary of key observations is presented below.

* For lower Schmidt numbers (Sc¢ = 0.22) and smaller angular positions (y = 0.5 rad), velocity, heat, and nanoparticle
transport are enhanced due to stronger buoyancy and higher diffusivity. In contrast, at y = 1.5 rad and Sc = 0.22, convective
transport is suppressed, leading to a thicker boundary layer and reduced thermal exchange across the hydrosphere and
atmosphere.

* For the Brownian motion parameter (N, = 13.7) at ¥ = 0.5 rad, the velocity profile and nanoparticle concentration
reach maximum values, whereas the heat transfer rate attains its maximum at N, = 1.10 for the same angular position.
Similarly, for the thermophoresis parameter (N, = 1.5) at ¥ = 0.5 rad, the velocity profile and concentration rate are
maximized, while the highest heat transfer occurs at N; = 0.7.
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» Tables 1-3 make it evident that heat transfer rate for N,, N, Sc and Gr¢ is maximum at the angular position Y = 0.5
radians.

* A negative radial temperature gradient is shown by the contour plots, which show a steady drop in temperature from
the hydrosphere to the atmosphere. The physical understanding of heat transport from the warmer hydrosphere into the
cooler atmosphere via the evaporation zone is supported by this behavior.

* Overall, it is observed that for all parameter profiles, tables, and contour plots under discussion, the heat transfer
rate reaches its maximum at the angular position y = 0.5 radians.

The findings of this research provide insight into how the mechanisms of heat exchange between the hydrosphere and
the atmosphere can either enhance or suppress thermal transport depending on the physical conditions. It is very important
to know these mechanisms in order to determine the areas that are prone to heat accumulation and reduced mixing, which
are the main causes of climate warming and variability. Consequently, the current computational framework can assist in
refining climate models and in the development of mitigation strategies that are aimed at controlling thermal feedback and
energy redistribution.

5. Future recommendations

Numerical exploration that is currently being performed can take multiple routes in the future to make it even more
applicable and relevant to different areas of climate-related studies. In particular, future research can focus on:

* The three-dimensional and time-dependent models to obtain a better view of how the hydrosphere and atmosphere
interact during transient environmental conditions.

* The integration of more physical mechanisms such as thermal radiation, turbulence effects, and phase-change
dynamics may lead to a more thorough and accurate depiction of the heat and mass transfer at the interface.

+ Using temperature and concentration dependent thermophysical properties along with different nanoparticle models
could also be a way to enhance prediction accuracy.

* In addition, the linking of the suggested numerical framework to observational or climate reanalysis data would
make its application even more useful in the context of large-scale climate modeling and mitigation-oriented assessments.
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